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FOREWORD
Impressive progress towards the demonstration of the scientific feasibility
of controlled fusion and the design and construction of a controlled thermonuclear power reactor was reported at the Seventh IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion Research. The three volumes of these
Proceedings contain the contributed papers, summaries and discussions on the
magnetic confinement approaches to fusion, inertial confinement fusion and
fusion reactor engineering. These Conferences are now being held every two
years to keep pace with the rapid progress being made, the previous one being
held in Berchtesgaden, Federal Republic of Germany, in 1976.
The Seventh Conference was held by the IAEA in Innsbruck, Austria, from
23 to 30 August 1978. More than 500 participants and 38 observers from
32 countries and three international organizations attended. A total of 150
papers were presented at the technical sessions. The first session, on tokamak
experiments, was called the Artsimovich Memorial Session to commemorate the
contributions of Lev Andreevich Artsimovich to fusion research and to international co-operation in scientific endeavours.
The Proceedings are published in English as a supplement to the IAEA
journal "Nuclear Fusion".
The Agency promotes close international collaboration among plasma and
fusion physicists of all countries by regularly organizing conferences on controlled nuclear fusion and by holding seminars, workshops and specialists'
meetings on selected topics. The activities will, it is hoped, contribute to the
rapid use of this new source of energy to meet the world's future energy
requirements.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader's assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.
Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged. The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable,
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.
The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.
The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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Abstract
THE KMSF LASER FUSION PROGRAMME.
Laser-driven implosion experiments have been performed at both 1.06 pirn and 0.53 /um.
The fractional absorption was greater at 0.53 jum although with the laser power available at
0.53 [im it was not possible to observe effects of a high-temperature corona. Other experiments
were performed using cryogenic targets at 1.06 jum. It was found that the neutron yield and peak
fuel densities were greater when the fuel formed a liquid or solid layer on the inside of the
spherical glass-shell targets.

INTRODUCTION
The KMSF program has been engaged i n the development o f laser f u s i o n
physics by s t u d y i n g , experimentally and t h e o r e t i c a l l y , the i r r a d i a t i o n
and implosion o f s p h e r i c a l - s h e l l , f u e l - f i l l e d t a r g e t s . Experiments have
been done to q u a n t i f y the c o n d i t i o n s o f the imploded t a r g e t c o r e , t o measure
the amount o f l a s e r energy absorbed, to examine the p a r t i t i o n i n g o f t h i s
energy i n t o i t s various components, and to examine the t r a n s p o r t o f the absorbed energy. Theoretical i n v e s t i g a t i o n s have been d i r e c t e d toward achieving
an understanding o f the physical mechanisms r e l e v a n t t o these experiments.
The implosion process has been i n v e s t i g a t e d by measuring the nuclear
r e a c t i o n products and the t i m e - i n t e g r a t e d x-ray emission from the compressed
t a r g e t s . Typical neutron y i e l d s o f a few times 10 7 a t 0.4 TW and fuel
ion temperatures o f 2.2 keV from the implosion o f oO-|um-diameter f ( 1 0 aim)
(1 MPa)] t a r g e t s are c o n s i s t e n t w i t h peak compressed f u e l d e n s i t i e s o f
•^ 1 t o 2 g/cm 3 .
In implosion experiments w i t h cryogenic f u e l l a y e r s ,
x-ray pinhole photographs showed t h a t the fuel was compressed to d e n s i t i e s
as high as 7 g/cm 3 , but d e n s i t i e s o f ^ 0.5 g/cm 3 were more f r e q u e n t l y
observed. I n a l l o f these cases, the r e l a t i v e l y high d e n s i t i e s achieved
at modest absorbed energies are believed to be due to the symmetric t a r g e t
i l l u m i n a t i o n afforded by the e l l i p s o i d a l m i r r o r system.
Work supported by US Dept. of Energy under Contract ES-77-C-02-4149.
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The production and dynamics of fast ions may have important implications
for laser fusion. Fast ions constitute a small fraction (^ 82) of the mass
of the target, but carry off a sizeable amount (^ 40") of the absorbed laser
energy. The fast-ion spectra were used for determining the corona temperature
in the experiments described here.
Spherical-target implosion experiments were performed using 0.532-pm
laser light obtained by frequency-doubling the Nd:glass laser output.
These experiments indicate that relative absorption of laser light increases
at the shorter wavelength.
Targets typically absorb 20% to 30" of the 1.06-um laser light in the
ellipsoidal mirror illumination geometry. Although the relative contributions of various absorption mechanisms have not been established, resonance
absorption is believed to account for a significant fraction of the total
absorbed energy at the higher laser powers [1-3].
IMPLOSION OF CRYOGENIC TARGETS
The most important experimental observations in laser fusion studies
are those relating to the target implosion and fusion reaction processes.
The experiments are performed with an ellipsoidal-mirror illumination system [4] which produces nearly uniform illumination at near-normal incidence
[5] on DT-filled glass microshell targets. Measurements of neutron y i e l d ,
alpha-particle energy spectra, and x-ray pinhole camera images together with
numerical simulations are used to form a picture of the laser-driven implosion process [ 6 ] .
The energy spectrum of alpha particles from the DT fusion reaction
provides an upper l i m i t to the fuel ion temperature at peak compression [ 7 ] .
The energy lost by the alpha particles as they traverse the compressed fuel
and shell can provide a measure of /pdr. The magnetic spectrograph used to
measure the alpha-particle spectra is described in Reference [ 8 ] .
The time-integrated x-ray emission from the target is imaged using two
pinhole cameras [9,10]. Each camera has an array of four 5-jjm pinholes,
which are covered with beryllium-foil f i l t e r s of various thicknesses. The
inner region of intense x-ray emission occurs when the imploding tamper
material is stopped by the back pressure of the compressed 0T gas. I f the
compressed core is larger than the resolution of the pinhole camera, the
inner feature w i l l appear as a ring from which the volume compression can be
estimated. In some instances, the inner feature of the image appears as a
solid core (a central peak on the microdensitometer tracer) rather than "a
ring. Computer simulations described in Reference [10] show that this could
result i f the compressed-core radius were less than the camera resolution.
The peak could also be produced by mixing of the glass into the f u e l . Thus
reliable compression measurements cannot be obtained from these centrally
peaked x-ray photographs.
Compression symmetry is affected by illumination uniformity, f l u c t u ations in the laser beams, and i r r e g u l a r i t i e s in target surface and wall
thickness. Compression symmetry is improved when the laser-light focal
points are displaced s l i g h t l y to improve the uniformity of illumination at
the target surface and when the laser intensity fluctuations are reduced
by the plasma spatial f i l t e r .
OT-gas-filled glass microshell targets o<f diameters between 55 >;m and
80 urn were irradiated with approximately 0.5 TW of 1.06-jim laser l i g h t . On
the gas targets, the best shots produced ^ 7 x 107 neutrons, fuel ion
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temperature Ti -\. 2 keV, compressions ^ 1 - to- 2 x TO 3 and fuel densities
^ 0.5 to 2 g/cn3
Glass-shell targets, in which the fuel was condensed in a liquid layer
on the inner surface, systematically produced higher DT-fuel densities.
Targets giving the highest neutron yields had a nominal diameter of 60 urn
and a wall thickness of 0.7 um. The initial
liquid density is assumed to
be the triple point density of 220 mg/cm3. The liquid layer was rarely
uniform, displaying a typical asymmetry in thickness of two to one. This
asymmetry persisted during compression, with the compressed region in x-ray
pinhole photographs displaced from the target center an amount corresponding
to the initial asymmetry. Compressions from 50
to 350 have
been measured,
3
3
corresponding to fuel
densities
from
0.8
g/cm
to
7
g/cm
.
Neutron
yields
were ^ 2-to-7 x 10 7 and fuel ion temperatures ^ 1 to 2 keV. Additional
evidence of increased fuel densities for liquid-layer targets comes from
alpha-particle energy spectra which are downshifted from 3.52 MeV by as
much as 300 keV for liquid layer targets, but not more than 100 keV for
gas-filled targets. This downshift is shown in Figure 1 with the experimental
uncertainty being approximately 70 keV.
There have been additional experiments in which the fuel was condensed in
a solid layer on the inner surface of the shell. The asymmetry in the fuel
distribution was significantly reduced in comparison to the liquid-layer targets.
The x-ray pinhole photographs showed a more symmetrical implosion, and as a
result a more accurate measurement of the compressed fuel density was obtained.
The neutron yields were comparable with those of the liquid-layer targets at
equivalent laser power on target. The highest compression for a solid-layer
target as inferred from the x-ray pinhole photograph was 370, corresponding to
a maximum fuel density of 7 g/cm3. The original2 target diameter was 88 ^m which
would result in a <pR> of approximately 5 mg/cm in the fuel. This value for
<PR> is consistent with the observed 10% downshift in the measured alpha spectrum.
FAST IONS AND TRANSPORT
Most of the laser light energy is absorbed near the critical density
surface. Much of this energy ultimately appears as kinetic energy of the
ions in the blowoff plasma. The study of the evolution of energy partitioning involves the interrelated questions of how the absorbed energy is
transported to the remaining electrons, and how this energy is converted
into ion kinetic energy.
Ion spectral measurements have been obtained with biased charge collectors, a magnetic spectrograph, and a Thomson parabola spectrograph [8].
The Thomson parabola measures the charge-to-mass ratio in addition to the
ion velocity and so provides the most detailed information about the fast
ions. The results of typical measurements are shown in Figure 2.
The velocity distribution of these ions shows the well-known twocomponent shape [11], consisting
of a small number of fast ions with velocities in excess of 10 8 cm/sec
followed
by the majority of the ions whose
velocities are a few times 10 7 cm/sec. If this two-component spectrum
results from a two-temperature electron distribution, then by studying the
ion spectrum in detail we may be able to draw inferences about the electrons
and, therefore, about the absorption and transport processes at the target.
A straightforward interpretation of the two-component ion distribution can
be obtained from the isothermal rarefaction model [12,13]. Using this very
simple model, a measurement of the scale velocity of the ion spectrum gives
the electron temperature of the corona.
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The fast ions, with a distribution characteristic of electron temperatures near 10 keV, presumably come from the hot corona, and represent
material that has passed through the laser-!ight absorption region. The
slow ions originate in the cooler (^ 1 keV) interior of the target wall.
The sharp thermal gradient implied by this interpretation cannot be understood on the basis of classical transport coefficients, but it is consistent with the inhibited transport suggested in other experiments on planar
targets [14] with a flux limitar f = 6 {lmQ/2m^)l'z = 1/15.
The reduced heat flow results in a high corona temperature. For an
absorbed power of 10 I S W/cm 2 , the corona temperature becomes 10 keV, a
value consistent with the temperature range inferred from the ion velocity
spectra. We have compared the hot-electron temperature deduced from the
continuum x-ray spectrum with that obtained from the fast-ion spectrum on
a number of target shots. They are in rough agreement, but the x-rays
indicate a somewhat higher temperature.

WAVELENGTH SCALING EXPERIMENTS
The two approaches currently underway for maximizing the absorption of
laser light by a target are, first, varying the laser wavelength and bandwidth
and, second,varying the target design. To investigate the first approach,
neutron-producing implosion experiments were carried out at KMSF with laser
wavelengths of 1.06 nm and 0.53 pm.
A differential calorimeter positioned in the annular gap between the
ellipsoidal mirrors is used to measure the total absorbed energy. Total
absorbed energy values are obtained by assuming a uniform plasma blow-off
and extrapolating the energy measured in the acceptance angle of the detector to 4TT solid angle. For the relatively uniform illumination pattern
produced with the lens-ellipsoidal mirror focusing system, this is a good
approximation.
Absorption data shown in Figure 3 were for 50 to 170-ym-diameter targets.
Most target shots were taken using normal-incidence focusing, for which the
focal positions of the two beams were coincident with the center of the
target. For some of the data the focal position of each beam was displaced
5 to 20 um relative to the center of the target in order to produca a more
uniform illumination pattern on the surface of the target. .No significant
difference in absorption was noted in these cases comDared with normalincidence focusing.
Recent experiments at KMS Fusion on spherical targets have shown that
the fractional absorption is wavelength dependent. Experiments were performed at power levels of about 0.1 TV/ with the optics shown schematically
in Figure 4. The fractional absorption at 0.53 wn was greater than that
observed under similar conditions with 1.06-um radiation. Figure 5 (a) shows
the results of these experiments at 0.53 um, some of which were conducted
using the plasma spatial filter.
The plasma spatial filter is a beam-smoothing laser component consisting
essentially of a planar target and lens interposed in the path of the laser
beam at an early stage in the sequence of laser amplifiers. The plasma that
forms on the target at the focus of the lens behaves as an active mirror,
reflecting a portion of the beam back along the incident path to be amplified by subsequent amplifiers before being focused onto the fusion pellet.
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The result is a spajially more homogeneous laser beam with a bandwidth
of approximately +0. A as compared with the normal 4 A bandwidth. The
fractional absorption increased at 0.53 pm when the plasma filter was used.
It is not clear wnetner the increase in the absorption was due to the decrease in the number of high-intensity fluctuations in the laser beam or
to an increase in the bandwidth of the laser.
Laser power for the wavelength comparison shots was in the range
0.070 to 0.160 TW both at 1.06 urn and 0.53 urn. Corona electron temperatures
determined from ion velocity spectra using an isothermal model of the plasma
blowoff indicated electron temperatures in the range of 1 to 3 keV. The
experiments indicate that the fractional absorption was 21.4 ± 3.9% at 1.06 urn
with and 19.7 ± 3.1% without the plasma spatial filter, as shown in Figure 5(b).
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The experiments at 0.1 TW and 0.53 urn using the plasma spatial f i l t e r showed a
fractional absorption of 33.9 ± 4.43S, whereas without the plasma spatial f i l t e r
the fractional absorption was 22.3 ± 2.1%.
The highest neutron y i e l d measured at 0.53 ym using the plasma spatial
f i l t e r was 1.7 x 105 with 0.084 TW of laser power on t a r g e t . The highest
y i e l d at 1.06 ym under s i m i l a r conditions was 4.6 x 103 at 0.088 TW of laser
power on t a r g e t . The highest neutron y i e l d at 0.53 um without the plasma
spatial f i l t e r was 7 x 106 at 0.08 TW compared with 2 x 10s at 0.08 TW at
1.06 ym. The difference in neutron y i e l d is a t t r i b u t e d primarily to the
higher f r a c t i o n a l absorption at 0.53 \im. Since the corona temperatures
were 1 to 3 keV in both instances, i t appears that the flux i n h i b i t i o n was
not a serious factor in these experiments. The hot-corona temperature does
not scale with wavelength for these experiments. Further results at higher
laser power at 0.53 urn w i l l be required in order to determine the scaling
of the hot-corona temperature.
THEORY OF CRITICAL DENSITY PHENOMENA
Experiments at KMSF and elsewhere have shown that characteristics of
the laser r a d i a t i o n , such as i t s bandwidth, can have important effects on
absorption and p r o f i l e modification. Moreover, certain observables sucn

as the velocity of the c r i t i c a l surface are a measure of the thermal-electron temperature. We report some results on the influence on the hydrodynamics of the laser radiation pressure, and, to a limited extant, of the
localized electrostatic radiation due to resonance absorption.
For normal incidence and with no resonance absorption, the time evolution of the c r i t i c a l - d e n s i t y region was followed, starting from a onedimensional, hydrodynamic equilibrium for an isothermal spherical plasma.
The laser wave equation was solved exactly with a phenomenological damping
rate. Since we were interested primarily in critical-surface phenomena,
we replaced the pellet i n t e r i o r by a boundary condition on the flow and
limited our interest to times short compared with an implosion time. Only
those plasmas were studied for which there exist steady-state solutions of
the coupled equations of mass conservation and momentum conservation and of the
laser wave equation. We found, as anticipated, that the well-known density
step profiles [15] are stable steady states. These profiles are characterized
by subsonic f l u i d flow for radii less than the c r i t i c a l radius. However, i t
is well known [16] that, unless the heat flow is strongly f l u x - l i m i t e d
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between the critical surface and the ablation surface, steady-state flow
models require a sonic point interior to the critical radius. The only
steady-state profiles with supersonic flow inside the critical radius are
the plateau solutions of Mulser [17]. In Figure 6, we show an example of
each type of profile for the same ratio of incident radiation
pressure to
plasma pressure at the critical surface. In this case, !Ej 2/4irncTe = 0.25.
For higher intensities the density gradient outside the critical surface
reverses and, for high enough intensities, i.e. rEj2/4irncT > I, no true
steady state exists for supersonic flow interior to the critical radius.
However, a quasi-stationary state exists for such intensities in the frame
of a moving critical surface. In this moving frame, the flew velocity,
which is supersonic in the laboratory frame, is subsonic so that an ordinary
density step profile can result. This profile cannot be stationary very
long because the expanding critical surface reduces the radiation pressure
for a fixed incident radiation flux (Figure 7 ) .
Fluid simulations in spherical geometry that include classical heat
flow have observed this latter profile and not the plateau solution [18,
19]. That observation stimulated analysis that showed that plateaus were
unstable, and prompted the suggestion made that they would evolve into
quasi-stationary, supercritical density bumps [18].
Our simulations show that density plateaus indeed are unstable to the
formation of bumps that propagate out from the critical surface roughly at
the sound speed, provided a threshold radiation intensity is exceeded.
The
threshold intensity depends on the flow velocity, but typically [E]2/4;rncTe
i 0.5. Alternatively, plateaus exhibit a positive density gradient when
the incident intensity exceeds a certain value, and it is for intensities
above this value that plateaus are unstable. The bumps that form and propagate
out from the critical surface remain subcritical, however, and new bumps are
formed periodically. The critical surface remains fixed in space as it was
at the outset of the simulation.
Experiments at KMSF have followed the time history of the critical
surface by observing and time-resolving the harmonic emission at twice the
laser frequency. The velocity of the critical surface, if set equal to tne
sound speed of thermals, as suggested by simulations, results in a temperature of about T e "•. 2 to 3 keV. For such temperatures, the ratio of radiation
pressure
to plasma pressure at the critical surface is very small, i.e.
|E|2/4irnpT = 0.02. Thus, ponderomotive force effects should be negligible
and little profile modification due to ponderomotive forces should be
present. If profile modification is observed, it could be indicative of
rarefaction shocks due to two-temperature electron distributions or of nonclassical heat flow.
Very little work has been done to find steady-state, self-consistent
solutions of the hydrodynamic equations including ponderomotive forces when
electrostatic resonant absorption fields are present. We have found solutions [20,21] in the parameter regime for which plateau solutions exist
for normal incidence. For a fixed angle of incidence and for intensities
such that the flow remains supersonic through the critical density region,
we have found both the self-consistent
profile and the amount of resonance
absorption as a function of L\2. The model assumes an isothermal plasma
and phenomenological damping of the electrostatic2 component. The amount
of resonant absorption varies inversely with I A for this profile in a much
stronger way than particle simulations show. We believe this results more
from the fact that the particle simulations do not include supersonic
flow or spherical geometry and less from the fact that our model is missing
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essential physics. Work is in progress to try to reproduce the particle
simulation results in the corresponding regime within a fluid formulation.
CONCLUSION
The studies reported here, especially the very significant work
with cryogenic targets and green-light irradiation, open a promising avenue
for further investigation. As higher laser power becomes available, it is
expected that amplification and extension of these studies will Lead to a
more detailed practical and theoretical understanding of the laser fusion
mechanism.
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Abstract
INERTIAL CONFINEMENT FUSION AT NRL.
The NRL Inertial Confinement Fusion Program's emphasis has moved toward pellet
concepts which use longer (~ 10 ns) lower intensity driver pulses than previously assumed.
For laser drivers, this change was motivated by recent experiments at NRL with enhanced
stimulated Brillouin backscatter. For ion drivers, the motivation is the possibility that
substantial energy at 1 Ons pulse lengths may soon be available. To accept these 10-ns pulses,
it may be necessary to consider pellets of larger radius and thinner shell. The computational
studies of Rayleigh-Taylor instability at NRL indicate the possibility of a dynamic stabilization
of these thinner shells.

INTRODUCTION
The U.S. Naval Research Laboratory program i n i n e r t i a l

confinement

fusion i s divided i n t o four a r e a s :
Development of an experimental physics data base on laser-plasma
coupling and hydrodynamic a c c e l e r a t i o n .
Theoretical and computational s t u d i e s of fundamental hydrodynamics,
plasma physics, and charged p a r t i c l e beam propagation.
Development of glass l a s e r s and gas l a s e r s .
Generation, focusing, and t r a n s p o r t of MeV l i g h t - i o n beams.
* Supported by US Dept. of Energy.
' Science Applications, McClean, Virginia.
tt University of Maryland, College Park, Maryland.
§
JAYCOR, Inc., McClean, Virginia.
^ NRC Research Associate at NRL.
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The research emphasis in all of these areas has moved toward pellet
concepts which use longer Q> 10 ns), lower intensity driver pulses than had
been previously assumed. There are several motivations for this change in
emphasis.
1. For laser coupling to targets, our recent measurements of enhanced
stimulated Brillouin backscatter indicate that the highly structured laser
pulses previously suggested for laser fusion may also encounter very large
backscatter[l].
2. In recent experiments, using the Faraday rotation diagostic, we
have measured megagauss magnetic fields at high laser intensities [2].
These fields may inhibit plasma energy transport and thereby reduce the
net rocket efficiency. Several other laboratories have also found
evidence for inhibited transport, due to magnetic field and/or the ion
acoustic instability.
3. There are now several pellet concepts which use lower peak
irradiance and longer pulse lengths, thereby avoiding large stimulated
backscatter [31. In one method for using lower irradiances, the pellet^
shell mass is thinner and of larger radius. Computational studies at NRL
of the Rayleigh-Taylor instability indicate the possibility of a dynamic
stabilization of these thinner shells, so that the use of lower irradiance
drivers may be feasible [V].
h. For light-ion coupling to targets, the natural voltage variation
in the diodes can be used to bunch the ion beam during propagation in a
plasma channel. With an order-of-magnitude power multiplication, 10-ns
intense ion pulses may soon be available, to compete with lasers as a
driver for these new pellet concepts.

BACKREFLECTION EXPERIMENTS
Until recently, one of the basic pellet concepts for laser fusion
required a temporally shaped laser pulse with a long multi-nanosecond
low-intensity pulse. In experiments at NRL the effect of this shaped
pulse has been simulated by first forming a plasma blowoff with a prepulse,
and then irradiating this preformed plasma with a short high-irradiance
main pulse. The low-density plasma resulting from this prepulse will have
many similarities to that produced by the long leading portion of the
temporally shaped pulse. We found that the pre-formed plasma modifies
most aspects of high-intensity laser-plasma coupling, including the
generation of enhanced backscatter, significant increases in electron
emission above 100 keV, and accentuation of self-generated magnetic fields.
In recently published experiments, we found that the backscatter
increased with increasing prepulse, reaching hof, backscatter when the
pre-formed plasma had a scale length of 100 jjm [1]. This backscatter value
is consistent with the theory of Phillion, Kruer and Rupert [5],
Extrapolation to a reactor-sized pellet with plasma scale lengths of
1000 |un or more suggest a possible backscatter value above 90$ at laser
intensities above 10
Watts/cm2. This extrapolation provides an additional
basis for emphasizing those pellet designs which stay below 1 0 1 4 Watts/cm2,
where backscatter should be less important.
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We have also found that:
Backreflection is nearly independent of the angle of incidence on
the target, up to about 80 degrees, or nearly grazing incidence.
-

Backreflected light nearly retraces the incident rays (within 5°).

-

Backreflection is intensity-dependent, as in an instability.
The backreflection rises as the prepulse to main pulse separation
increases from zero to two nanoseconds.
The backreflection is similar for gold and plastic targets, and for
slab and pellet geometries.

THEORY OF OPTICAL RAY RETRACING
Optical ray retracing, in which the detailed transverse spatial
structure of an incident beam is reproduced in its backscatter, is a well
known experimental property of the Brillouin instability in high-power
laser-plasma interactions [6]. This effect is explainable as a type of
Bragg diffraction or volume hologram [73For simplicity, consider the incident pump radiation at the focusing
lens to consist of two or more isolated beamlets, as a model of a nonideal incident laser pulse. When these beams are focused in the plasma,
their interference pattern produces an identical pattern in the gain
coefficient. (The plasma is assumed to be operating in the strongly
damped limit.) If this focal region is many wavelengths long, then the
plasma behaves as an active volume hologram, i.e. a small plane wave noise
field propagating through the region oppositely to any one of the pump
beams will grow rapidly, while Bragg-diffracting into those directions
opposite the other pump beams. Waves that do not propagate initially along
any of these favored directions will not grow as rapidly.
In the limit of strong ion-acoustic damping, and negligible pump
depletion, the steady-state backward wave amplitude satisfies
(V2 + k2)£

= 2ik a[l + cos(K-r + <p )]£

Here K = k' - k . where k' and k are the two wavenurabers of an incident
o
o'
o
o
pump beam, and a is the gain coefficient, assumed to vary slowly in a distance
A = 2TT/K. The focal region thus behaves as an active thick diffraction
grating, with planes of maximum gain separated by A. Two diffractioncoupled noise waves will propagate through this structure with high gain
and still have the same frequency Jjeyond the periodic structure if they
satisfy the Bragg condition, "E - k' = K.
Quantitatively, one writes
e i (r) = Rexp(iS -r) + R'exp(it^r - icpQ)
with R = R(Z) and R-' = R'(Z) slowly varying.
conditions, one obtains

Then with paraxial ray
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„
, . iCpo
•^ - aR = i a R ' e

^

- (a + 1Y)R' =fcRe ^

where y - (k2 - k'2)/2k

is a dephasing factor.

If the angular detuning

(y/a) is small, and the gain (aL) is large, then one obtains the peak
growth solution with a reversed phase shift;

and an angular resolution width for a uniform slab,

e D = (8/aL)4
For a plasma with spatially varying gain, a(Z) = aoexp(-Z/<t), the angular
resolution becomes

Since a £ »
slab case.

1, this resolution is significantly better than for a uniform

SELF-GENERATED MAGNETIC FIELDS
In 1971, self-generated magnetic fields were proposed at NRL as an
explanation of some magnetic probe data [8]. In 197^ their presence was
confirmed by the Faraday rotation of a probing beam, with field strength
in the megagauss range [91. It was recognized that these fields play an
important role in laser fusion through their inhibition of thermal
transport. (For 10 s gauss and a 10-keV electron temperature, the electron
cyclotron frequency is about 10 3 times larger than the electron-ion
collision frequency, resulting in a large inhibition in transport
coefficients.)
However, although several laboratories undertook further Faraday
rotation studies, there was no published confirmation for three years.
This led to some doubt as to the magnitude and importance of these fields.
Finally, in December 1977 we obtained reliable Faraday rotation results
under a variety of conditions, e.g. probing beam timing, target material,
irradiance, prepulse effects and pellet geometry [2],
These more recent results were quickly confirmed and extended at the
Rutherford Laboratory[10], and have led to a new vitality in the experimental studies at various laboratories.
We found a large increase in the spatial extent of the fields (and possibly the magnitude) with the prepu lse. Figure 1 shows the transmission of a probe
beam through polarizer-analysers when there was a laser prepulse
containing 3H> of the incident energy 2 ns before the main laser pulse.
Near the axis of the main laser beam, the magnetic field is 1.5-P megagauss,
based on the rotation and interferometric data. Far from the axis, near
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the edge of the laser beam, the field reduces to about 0.6 megagauss. These
fields should be sufficient to strongly inhibit energy flow at the laser
intensity of 2-7 x 1 0 1 5 Watts/cm2.
LIGHT ION GENERATION
It has been demonstrated[11] that proton beams can be efficiently
extracted fromlow impedance (r~ 1 n) relativistic electron beam generators
operated in the pinched-beam mode. These light-ion beams offer several
advantages for pellet fusion, [12]. They can be ballistically focussed[l3]
for concentrating the beam down to pellet dimensions. The 10 4 -W power
required for pellet fusion can be generated from reasonable (~ 1 Q)
impedance generators (10 MA at 10 MV for protons). They have energy
deposition characteristics well matched to efficient pellet designs.
Additionally, the ion-beam energy is delivered to the target in a known
fashion independent of any plasma-dynamic or electromagnetic effects. Finally,
because of the natural voltage variation in diodes, the ion beam can be
bunched during propagation in a plasma channel. An order-of-magnitude power
multiplication may be achieved after propagation of 3-10 meters. Thus,
present long-pulse diodes (~ 100 ns) may be used to generate short, intense
ion pulses on target, significantly reducing the required generator power.
Before light ions can be seriously considered for fusion-reactor applications, a number of important technical capabilities must be demonstrated.
These are the abilities to: (1) scale beam power to the 100 TW level;
(2)focus the beam to pellet dimensions; and (3) propagate the beam over a few
meters to demonstrate both standoff between accelerator and pellet and the
ability to bunch. Here, new experimental and theoretical results will be
presented which indicate that these achievements may be possible in a
reactor scenario.
Proton- and deuteron-beam measurements have been made[l4] using both
flat and geometric-focussing geometries differing from previous solid anode
geometries[ll] in the following ways: (1) a thin-foil anode reflexing
structure which extends beyond the cathode radius; (2) a controlled vacuum
gap between foil anode and anode back-plate; and (3) the use of a smalldiameter return path which provides on-axis electrical continuity between
foil and anode back-plate. In this new flat pinch-reflex geometry, the
maximum inferred proton current from carbon activatlon[ll] averaged
0.32 ±0.1 MA corresponding to total proton yields of (1.3 ±0.^) X 1 0 1 7 with
ion pulse durations of 60-90 ns. These data indicate that nearly one half
of the diode current can be routinely extracted as protons. This represents
a nearly factor-of-two improvement in efficiency over that predicted by the
Goldstein and Lee formula[15]. Thus, the efficiency originally predicted
for ltf'-W generators has already been achieved on Gamble II at 0.5 TW.
Recent numerical simulation results suggest that this improvement can be
traced to the use of the thin-foil anode structures which allow for electron
reflexing in the anode plane.
In the new spherical-section thin-anode-foil focussing geometries, ion
focussing was tested using CD2-coated anodes and targets. These data
demonstrate a three-fold improvement in focussed-deuteron current density
over that attainable with earlier designs [I1*-]. Consistent with numerical
simulation predictions, about 1/2 of the total deuteron number produced in
the diode was observed to be focussed into a 1.9 cm 2 area,implying 70 kA/cm2
at a location 12 cm from the anode. Additional improvements in focussing
may require aspheric anode configurations in order to compensate for
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magnetic deflection in the diode. An upper limit of 'l-0 beam divergence due
to thermal, time-varying fields, or scattering effects can be associated with
the deuteron-focussing results. As will be discussed below, this figure is
sufficient to allow focussing over several-meter distances. The most recent
measurements have determined the importance of current neutralization to
good focussing. The observed large net currents are not fully understood
at this time although their reduction to safe levels can be achieved by lowdensity gas or plasma fill in the drift chamber.
After geometric focussing, the intense ion beam can be propagated in
Z-pinch plasma channels in a manner similar to that already achieved with
pinched electron beams[l6J. The low emittance of the ions allows transport
of tightly focussed beams. In a reactor, return-current heating of the
channel to 30-50 eV provides a high degree of current neutralization for
fusion-level beams propagating in backgrounds of ~ 1 0 l s cm 3 densities [17].
The beam-channel system has been shown to be stable with respect to microinstabilities for beam and background parameters of interest [l8].The currentcarrying (~ 10 5 A) plasma channel of small radius (»0.5cm) is established a
few microseconds before the short-focal-length geometrically focussed ion beam
is introduced. The interface between the vacuum diode and the plasma channel
consists of a thin foil placed at the focal point of the ion beam. The
oscillatory motion of the ions in the azimuthal magnetic field is harmonic
for a uniform current distribution. The radial displacement of the ions is
easily computed from the channel current and focussing geometry and can be
less than 0.5 cm. Self-consistent magnetic fields associated with channel
hydrodynamics and magnetic diffusion enhance beam confinement [17], Preliminary
experiments, in which a 1-cm-diameter channel is created with an exploded wire,
demonstrate 50$ efficient transport of a focussed ion beam over 50 cm [19]-

RAYLEIGH-TAYLOR INSTABILITY
Rayleigh-Taylor instability and the related but distinct asymmetry
problems are fundamental concerns to the inertial confinement fusion
community because of the severe energy penalties one must be willing to pay
to design conservatively.
The theoretical treatment of Rayleigh-Taylor modes in the ablation
layer is complicated so much by the convection, conduction and acceleration
effects attendant in the ablation process itself that analytic treatments
are at best approximate. Numerical treatments are complicated by the
requirement to treat widely disparate time and space scales with nasty
nonlinearities. Therefore little quantitative is known about the linear
phas.e in laser pellet configurations and almost nothing qualitative about
the nonlinear phases.
Our picture of the external (ablation layer) Rayleigh-Taylor instability was obtained using the sliding rezone Eulerian FAST2D [21, 4] code
in an accelerating frame of reference- .pOur current calculations have been
performed in slab geometry with a K Q T
thermal conduction law and ideal
hydrodynamics. These calculations show that:
A.

The initial linear growth for long wavelengths occurs qualitatively
as predicted by the simplest linear theories.

B.

There is a cutoff at short wavelengths which appears to force
the growth rate y toward zero.
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FIG.2. Dispersion relations depicting growth rate 7 versus wavelength Xfor the external
(ablation layer) Rayleigh-Taylor instability as computed by the FAST2D computer code.

C.

The nonlinear evolution observed is the formation of a droplet at
the location classically occupied by a spike.

D.

Rayleigh-Taylor modes with X ~ h (the shell thickness) do not
immediately fracture the shell.

E.

Dynamic stabilization by oscillating the ablation layer appears to
stabilize a wide band of the Rayleigh-Taylor spectrum.

Figure 2 presents dispersion relations for the Rayleigh-Taylor instability
of a D-T ice shell determined from a series of FAST2D calculations. Growth
rate v is shown as a function of wavelength \ for two cases. On the right
the usual plasma thermal conduction for D-T is used. On the left it has
been increased artificially by a factor of 10. For both cases the temperature at the critical region was forced to be 280 eV and the cold shell was
initially 20 pm thick. The size of the plotting symbols indicates an
estimate of the accuracy with which the growth rates could be determined
from the numerical results.
In the standard case on the right, three separate calculations were
performed with 1 n x gridding. This was done to get information on both
the long and the short wavelength ends of the spectrum. The cutoff at
short wavelength is clearly indicated in the data but is difficult to
follow down to zero growth because of the timestep limitations which result.
At long wavelengths the runs also become very long because growth rates are
low and the notion of a fixed growth rate is suspect. Nevertheless some
evidence of accelerative stabilization can be argued from the deviations of
Y below the ^Icg limit shown as a solid diagonal line in the figures. This
deviation is quite small, however, compared to what we would expect based
on recent theoretical predictions which attempt to relate the RayleighTaylor growth rate to the thickness and strength of the unstable region
where pressure and density gradients are opposed [20,21], A simple estimate
of the growth rates is
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vhere A is the width of the unstable region from the peak of p to the peak
of P
L is a length of order A(L = A/2 for the classical incompressible
problem) which can absorb the geometric complications. The function §(x)
is the eigenfunction.
Growth rates estimated using this formula and realistic p (x), P (x)
profiles predict that low power-law acceleration systems should be more
stable in reaching a given implosion velocity than a high-power system
because the thickness of the Rayleigh-Taylor unstable region goes to zero
as the acceleration decreases. The numerical evidence for this accelerative
stabilization is not all that clear-cut, as noted above. There are two
possible explanations. The first is that the theory is wrong because the
strong convection of fluid through the ablation layer is not properly
accounted for. The second explanation, that simulation code calculations
are wrong, can also be argued for the low power ablations under discussion.
Ablation layer analyses of varying sophistication performed on
homogeneous, rather ideal situations such as treated in the simulations
above [22,23,24] generally agree that 0.1 u resolution or better is needed
to resoLve the details of the Rayleigh-Taylor unstable region for the lowtemperature low-z ablations of interest. The time-dependent 2D and ID
piggy-back simulation models currently used to calculate the RayleighTaylor growth do not resolve these scales effectively because the cost
is prohibitive.
Dynamic stabilization of the Rayleigh-Taylor instability in the
ablation layer has been demonstrated for the case where the laser intensity
is varied periodically [21,4"]- The combination of this phenomenon with
accelerative stabilization and the natural cutoff at short wavelengths
should permit successful implosion of shells with a dynamic aspect ratio
of 20 or 30 to 1 [4]. We arecurrently investigating the dynamic stabilization
of layered ablators where thin, higher-z layers temporarily interrupt the
heat flow to produce the controlled oscillating accleration. To perform
these calculations and to consider the occurrence of Rayleigh-Taylor
instability at internal material interfaces, a version of the 2D SPLISH
code[253 has been adapted for Rayleigh-Taylor calculations. A reconnectable
Lagrangian grid of triangles is used to follow the Rayleigh-Taylor modes
well into the "turbulent" regime as shown in Figure 3.
The calcuation, shewn for two fluids of density ratio 2:1, is
patterned on the situation of an ablator (below) accelerating a heavier
pusher (above). The free surface above the pusher models the gas region
at the center of filled microballoons. During implosion these interfaces
are generally quite cold so the thermal conduction smoothing effects should
be small. Convective stabilization is absent and the density changes in
time will be small as well. Thus the classical Rayleigh-Taylor problem is
a good starting place and the turbulent mixing theories[26] should be
applicable here if anywhere.
Figure 3a shows the initial grid of triangles with a small sinusoidal
perturbation of the interface at t = 0. The initial velocities (in the
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accelerating frame of reference) were all taken to be zero. Figure 3b
shows the flow field as the instability enters its nonlinear phase. The
vertex locations are plotted at successive timesteps to give streaks whose
length is proportional to the local fluid velocity. Shear flow is
established as the interface steepens, giving rise to vortices centered on
the interface in a flow which has been likened to the onset of the KelvinHelmholtz instability [27]. In Figures 3c and 3d two fluids are beginning
to mix in the Rayleigh-Taylor vortices and the rate of fall of the heavy
material is no longer increasing.
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DISCUSSION
R.W. CONN: What is the diameter of the focus proton beam, both on
geometric focusing and on transport through the channel, and how does this
compare with what will be required for reactor-level targets?
S.E. BODNER: The beam remains at about 1 cm2 after transport. Reactorsized pellets will also be about 1 cm in radius. The remaining question is to
demonstrate experimentally that the beam stays at about 2 cm2 when the driver
is scaled up to the megajoule level.
W. HEINZ: What would be the appearance of a plasma channel which
focuses the beam over 10 m with a diameter of 1 cm2?
S.E. BODNER: It has been created by a pre-formed plasma, produced
perhaps by a laser beam, and the plasma is maintained by the return current.
A background plasma is necessary for stable transport.
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EXPLOSIVE-PUSHER-TYPE LASER
COMPRESSION EXPERIMENTS WITH
NEON-FILLED MICROBALLOONS
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A. HAUER, L. GOLDMAN, E. LAZARUS, C. LEE, S. LETZRING,
M. LUBIN, R. McCRORY, T. MUKAIYAMA, B. NICHOLSON, B. PERRY,
J. RIZZO, S. SKUPSKY, J. SOURES, D. STEEL, E. THORSOS, B. YAAKOBI
Laboratory for Laser Energetics,
University of Rochester,
Rochester, New York,
United States of America
Abstract
EXJPLOSIVE-PUSHER-TYPE LASER COMPRESSION EXPERIMENTS WITH NEONFILLED MICROBALLOONS.
Laser fusion targets filled with pure neon have been used to directly measure the peak
density p and pR product (density X radius) using spectrally and spatially-resolved neon X-ray
line emission. In agreement with theoretical predictions for the explosive-pusher mode, we
find peak densities in the range 0.25-0.5 g-cm"3 which are almost independent of laser power
or fill pressure. In addition, (pR) values increase from 2 X 10~4 to 6 X 10~4 g-cm~2 as the
fill pressure increases from 2 atm to 56 atm. Using these methods for density measurement
as well as other experimental signatures (such as X-ray pinhole imaging, X-ray streak photography and X-ray line emission from the tamper), the explosive-pusher mode of target dynamics
for various fill pressures was systematically investigated. These results were used as critical
normalization parameters for a one-dimensional hydrodynamic numerical code, LILAC. The
new diagnostic methods not previously available result in a better understanding of the
explosive-pusher mode. These and similar methods may become crucial in diagnosing future
higher compression implosions.

The most important parameter in laser-induced fusion experiments,
namely the product pR of compressed core density and radius, has previously been,inferred from dimensions of the region emitting x-rays or
a-particles. '
In this paper i t is shown that spectral profiles of
neon x-ray lines from neon-filled targets y i e l d direct information on
p and pR. In addition we shall present the experimentally determined
scaling dependence of pR on f i l l pressure and as predicted by our computer
code LILAC.
The experiments were performed on the DELTA four-beam laser system
at a power on target of 0.15 TW in a 40-psec pulse. The targets were
t y p i c a l l y 65um-diameter glass microballoons with a wall thickness of
order 0.6pm. The targets were f i l l e d with pure neon at pressures
ranging from 2 to 56 atm. See Table I .
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TABLE I. COMPRESSION EXPERIMENTS

EXPERIMENTAL CONDITIONS
Laser:

On«target power 0.15 X 1012 W
Pulse width 40 ps
Wavelength 1.06 fun
Focusing 4 beams, f/2 optics

Target:

Glass microballoon
Diameter 65 fun
Wall thickness 0.6 jum
Fill 2—56 atm neon

Principal diagnostic:

X-ray spectroscopy
X-ray streak photography

TIME

I 50 psec '
FIG.l.

Time- and space-resolved X-ray emission of implosion from shot #17639.

The principal diagnostic was a thaiiurn acid phthalate crystal x-ray
spectrometer equipped with a s l i t of width llym, giving simultaneously
spatially integrated spectra and spatially resolved spectra of resolution
13ym (at lOfl). In addition, an x-ray streak camera provided a
time and space resolved image of the implosion. An example is shown
in Figure 1. Spatial resolution is provided by an imaging s l i t at
right angles to the temporally resolving s l i t . Note the narrowing of
the emitting region as time increases, corresponding to the stagnation of
the imploded f i l l .
Figure 2 shows part of the x-ray spectrum emitted from glass microbaUoons f i l l e d with neon at 2.0- and 8.6-atm pressure. The Ne and
Ne x-ray lines are seen to be considerably broader than the sodium lines
from the glass shell. Their width (FWHM as large as 20 eV) is much
larger than the width (~1.5 eV) due to crystal imperfection and finite size of
the source. As we go from 2.0- to 8.6-atm f i l l pressure the intensity
of neon lines increases by varying amounts. For example, the intensity
of the Lyman-cc line remains nearly constant as the f i l l pressure increases.
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FIG.2. Microdensitometer traces of the X-ray spectrum (in the same scale) at two different
fill pressures. Sodium and silicon lines come from the glass shell. Note the wider lines of
neon.

This is clear evidence of saturation due to the self-absorption (or opacity)
of this line. As higher series members are progressively less self-absorbed,
the Lyman-g line approaches the black-body limit for the 8.6-atm case.
However, the Lyman-y line remains optically thin: although it increases
substantially with fill pressure it is still much below the black-body
limit indicated by the other lines. In terms of the optical depth at
line center (T ) we have then T (Lya) >> 1, T (LyB) ~1, and T (Lyy) « 1.
The results beiow turn out to be entirely consistent with these results.
Moving to higher series members, the broadening due to opacity decreases
rapidly whereas Stark-broadening increases (other broadening mechanisms
are negligible). The spectrum therefore "yields two kinds of complementary
measurements: the Stark profile of the Lyman-y line gives the density
(hence the compression) and the opacity-broadened Lyman-a line gives
the pR product.
Figure 3 shows a comparison of the best-fit calculated Stark profile
with the measured Lyman-y line for the 8.6-atm case. Doppler and instrumental profiles were folded into the calculated profiles but they only
have a small effect. The Staipk profiles have been calculated by Hooper
and Tighe for the case of Ne lines perturbed by a Ne ion plasma*. The
electron temperature T during the emission of neon lines needs only to
be known approximately for these calculations. Using the measured
intensity ratio I (Is - 3p)/I(ls - Is3p), we estimate T to be ~ 300 eV.
* A full description of these profile calculations is being prepared for publication
by C.F. Hooper.
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FIG.3. Fitting a Stark profile (which includes Doppler and instrumental broadening) to the
experimental profile of the Lyman-y line ofNe*9 (at 9.7 A). The profile corresponds to an
electron density Ne=l X 1022 cm'3 and Te = T[ = 300eV.
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FIG.4. Measured profiles of the Lyman-a line of Ne+9 (12.134 A) at two different neon fill
pressures of the target.
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The intensity ratio between Lya and LyB corresponds to a Planck distribution of about the same^X. Figure 3 shows that the electron density for
the 8.6-atm case is 7x10 cm" .which corresponds to a mass density 0.26
g/cm . The uncertainty in N was found to be ±25% by varying the temperature and the assumed background level within their estimated error brackets.
Assuming that the whole neon mass is uniformly compressed,we derive a .
diameter D = 19ym for the compressed neon core and a pR value of 2.5x10"
g/cm (here R is the average chord length, 2D/ir). The compression ratio
is 38. For the 2.0-atm case the final density is approximately the same
and the compression ratio is ~ 150.
We next analyze the optically thick Lyman-a line profile which is
shown in Figure 4 for the two pressure cases. Under the assumption of
a homogeneous source, the line radiative transport equation
can be solved
and gives (in local thermodynamic equilibrium) I = BT[l-exp(-x
P /P Q )];
where I is the observed line profile at frequency v; B T is Planck's
function (blackbody limit) for a temperature T; P is tKe intrinsic
line profile; and x the optical depth at line center (or at frequency
atT which P is evaluated). If x >> 1, I has a flat top of intensity
B and is wider than the source Ti.e. Stark) width. This is what is
indicated by Figure 4 where the measured Lyman-a profile is wider than
the Stark width calculated for the density found from the Lyman-y line.
Fitting I profiles to the observed profile for the 8.6-atm case?~we ,
find x o /P^ = 2x10 D sec , using the Stark profile for N = 7x10 cm .
The optical depth is related to pR through pR = (x /P )(mMc/ire f)b
where M is the ion mass, f is the line oscillator strength, and b + g is
the fraction of all neon ions which are iijigthe ground state of Ne .~
Over a wide temperature range in.which-Ne emission is significant
b ~ 0.3,which gives pR = 2.2x10" g/cm . This value agrees well with
that obtained above. The optical depth at the peak of the (electronbroadened) unshifted Stark component is ~ 100. For the 2-atm pressure
case pR ~ 1x10" g/cm .
We can also fit Stark profiles to the Lyman-0 line. Figure 5(a)
shows the best fit for the 2-atm pressure case which yieldSgthe same
density value as obtained from the Lyman-y line: N ~ 7x10 cm" .
For the 8.6-atm case (Figure 5(b)) the same profile has the wrong width
and shape. However, fitting a profile from a uniform source with the same
density but an optical depth at line center x = 0.5 (or x = 1.2 at
the peaks) we get good agreement with the experimental profile. To check
consistency we calculate x (Lyg) using the pR values obtained from the
Lyman-a line. We get for °he 2-atm case x ~ 0.4 and for the 8.6-atm
case x Q ~ 0.8 (for the peaks of the profile x ~ 2.5x ).
We next consider spatial profiles of neon lines. As an example,
Figure 6 shows the spatial profile of the neon Lyman-g line for the 8.6-atm
case. The diameter of the compressed neon core (after subtracting the
continuum) is seen to agree very well with the value (19ym) inferred
from the spectral profiles.
In addition to x-ray emission from the neon fill we also measured
and analyzed silicon x-ray line emission from the glass shell. Such
emission can come from the peripheral laser absorption region or from
the center of the target. The latter radiation is emitted when the
target reaches peak compression and the inner part of the glass shell
stagnates against the compressed neon core. Spatially resolved silicon
spectra are shown in Figure 7 for the hydrogen-like and he]ium-like+,,
resonance lines. As seen, the intensity ratio between Si
and Si
lines is very different in the core as compared with the ring. However,
this does no^indicate^apcore which is hotter than the ring: the intensity
ratios of Si
and Si
lines are determined by two different atomic
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FIG.5. (a) Fitting of a Stark profile (which includes Doppler and instrumental broadening)
to the measured profile of the Lyman-$ line ofNe*9 (10.239 A), at 2.0 atm neon
fill pressure. The theoretical profile corresponds to Ne=7X 1022 cm'3, Te = Tx = 300 e V.
(b) Same as (a) fora fill pressure of 8.6 atm neon. To is the assumed optical depth
at the line center.

models in the two regions and in fact the core turns out to be cooler
than the ring.
Most important, however, is that this data gives direct evidence
for the presence of compressed and hot silicon in the core. We are
presently unable to distinguish between the two cases of glass surrounding
the compressed fill gas and actual glass-fill mixing. It is expected,
however, that future experiments with brighter cores and improved instrumentation will allow resolution of this problem through studies of
spatially resolved optically thin silicon x-ray lines.
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NEON
LYMAN-0
(10.2 A)

CONTINUUM

INITIAL
TARGET
DIAMETER (65 Jim)

FIG. 6. Spatial profile of the Lyman-(i line ofNe*9 (10.239 A), and the nearby continuum.
The 19-fim-long bar indicates the diameter of the compressed neon core if we assume homogeneous compression and use the density obtained from spectral profiles analysis.

FIG. 7. Spatially resolved Si*13 {Is - 2p) and Si+n (Is2 - Is2p) line emission from laserimploded microballoon. Note the clear presence of silicon in the core.
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FIG.8. Comparison between the spectrum obtained at two neon fill pressures: 8.6 and
55.9 atm. Note the self-reversal of neon lines.
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FIG.9. Comparison of experimental and simulation results for peak neon pR asa function
of neon fill pressure. The circles are the experimental values. The curves are from simulations:
solid curve, peak pR; dotted curve, pR at time of peak core X-ray emission.
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Neon fill pressure was one of the most readily variable parameters
in these experiments. Theory predicts that for higher pressures the
peak density should be about the same, the temperature should drop and
the pR product increase. We have already found above that the neon
temperature drops with increasing pressure. We have also found that in
going from 2 atm to 8.6 atm fill pressure the Lyman-ct line broadens,
indicating a higher pR value. We show now that for 55.9 atm fill pressure
the pR value is still higher.
Figure 8 shows the x-ray spectrum of neon and adjacent glass lines
for 55.9 atm pressure compared with that for 8.6 atm. As can be seen,
all the neon lines now appear with a prominent central dip: they are
self-reversed. Self-reversal is the result of a temperature gradient;
the relatively hot line-emitting neon plasma is surrounded by a cooler
layer giving rise to the central dip. Since the far wings of the Lyman-a
line for the 55.9 atm case seem to have about the same intensity and
shape as for the 8.6 atm case,we approximate the 55.9 atm neon source as
consisting of two distinct regions: a central uniform region where the
line is broadened by self-absorption, having the same pR as in the
8.6 atm case, surrounded by an annular region which only absorbs the
line. We get fair agreement with the measured profile if we take the pR
in the outer layer to be equal to the pR in the core. Alternatively, we
can assume ah optically thin central emission region and a peripheral
absorbing region. Either model yields a T ~ 260. With this opacity
and an upper estimate on the temperature,, we estimate a lower bound on
the pR value from Figure 8 to be 5.5x10" g/cm . The results of pR
measurements as a function of fill pressure are summarized in Figure 9,
where comparison is made between these measurements and the theoretical
predictions based on our 1-D simulation code, LILAC.
Extensive implosion simulations were carried out with LILAC, which
incorporates multigroup fast electron transport and multigroup radiation
transport. Diagnostic replication capabilities include neon line profiles,
x-ray pinhole photographs, and x-ray streak camera records. Replication of
these measurements for a wide range of neon fill pressures has increased
our confidence in the simulation model. It has been found that fast
electron transport is essential for simulation of these exploding-pusher
experiments. Also, the peak neon density obtained in these implosions is
about a factor of two greater than that deduced directly from the neon line
profiles;
thus, it can be inferred that a peak neon density of about
0.5 g/cm3 was obtained.
In conclusion, the following points emerged from these experiments:
1.

2.

3.
4.

Diagnostic methods were tested for measuring the density and the pR
product of laser-compressed targets. Spatially-resolved neon line
emission is superior to methods based on non-spectral images which
do not distinguish between fill gas and imploded glass shell emissions.
However, spectral profiles of fill gas lines yield the most direct
and unequivocal measurement of the compressed core density.
The inferred peak density in the present experiments was 0.5 g/cm^
which is similar to the density achieved at much higher laser
powers and similar targets, as expected from the explosive-pusher
mode of implosion.
X-ray emission from a high-Z dopant proved to be a very useful
probe for monitoring changes in target behavior when changing the
experimental conditions.
Even though the density achieved in the explosive-pusher mode was
found to be relatively independent of laser power or fill pressure,
the pR product did increase with the fill pressure.
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5.

Stark-broadened profiles of lines from a high-Z ion can only be
obtained in the center of compressed targets. These profiles can
form the basis for evaluating the theory for such profiles which is
currently under development.
High fill pressure implosions showed indications of an approach to
central heating which is essential for central thermonuclear ignition and burn propagation. X-ray line reversal provides a method
for measuring such a mechanism.
Spatially and spectrally resolved silicon x-ray line emission may
provide unique information on mixing between glass tamper and fill
gas because of hydrodynamic instability at peak compression.

6.

7.
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Abstract
RECENT PROGRESS IN INERTIAL CONFINEMENT FUSION RESEARCH AT THE LOS
ALAMOS SCIENTIFIC LABORATORY.
Recent progress in the inertial confinement fusion programme at the Los Alamos
Scientific Laboratory is reviewed. Helios, an eight-beam 10-kJ CO2 laser, became operational
in April 1978 and has produced output powers exceeding 21 TW. Antares, a 100-kJ CO2
laser, is under construction and should permit breakeven experiments in 1983/84. Current
and planned target experiments are discussed. Laser fusion power plants employing CO2
lasers are being studied to identify areas requiring early attention.

1.

OBJECTIVES

The Los Alamos Scientific Laboratory is pursuing an integrated research
and development program in inertial confinement fusion based primarily on
the use of CO2 lasers. Our first major goal is scientific breakeven, a
fusion yield equaling the incident laser energy. We plan to demonstrate
breakeven during 1983/84 with the 100-kJ Antares CO2 laser currently under
construction. Success will confirm serious consideration of the CO2 laser
as the driver of choice for future inertial-fusion power plants.
Our program has three major thrusts: development of the high-power,
short-pulse gas lasers needed for target experiments; target
experimentation, requiring the development of sophisticated target designs,
target fabrication methods, and diagnostics; and systems studies aimed at
identifying potential designs for commercial reactors and other applications
while simultaneously identifying problems that will have to be solved.

2.

CO2 LASER SYSTEMS

Our short-pulse CO2 laser development is indicated in Fig. 1. The
Single-Beam System, whose development began in 1970, has provided much
information on the absorption of CO2 light in materials. The Two-Beam

Work performed under the auspices of the US Department of Energy.
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System, which we designed as the prototype for the final amplifiers of the
10-kJ Eight-Beam System, Helios, has been used for compression experiments
at powers up to one terawatt during the past year. The Helios system was
brought to full power in April. Helios will generate the data we need on
ablative compression of pellets to optimize the design of the breakeven
target. The Antares laser system will provide the 100 to 200 TW of power
believed to be required to reach breakeven.
3. HELIOS
Figure 2 shows Helios, in which four dual-beam modules provide eight
laser beams for simultaneous target illumination in a central target
chamber. Like all high-energy, short-pulse lasers, Helios employs an
oscillator amplifier configuration. The master oscillator produces a
smooth, gain-switched 100-ns pulse of about 100 mJ. This output pulse is
directed to a three-stage Pockels cell shutter system capable of modifying
the input to a 1-ns or shorter pulse with a contrast ratio in excess of one
million. Commercially available double-discharge amplifiers amplify this
master pulse to a level of about 1 J. The pulse is then split into four
beams, further amplified and again split to provide eight synchronous beams
for the final amplifiers.
The final amplifier stages are pumped by the now well-known electronbeam-controlled discharge technique [1], To reduce input drive requirements
for these amplifiers, a three-pass optical configuration has been developed,
as shown in Fig. 3. Such a configuration reduces the drive requirements
from about 100 J (for a single pass) to about 0.1 0 for a triple-pass
configuration. However, the small signal gain per pass in this system is
about 1000, so that the introduction of such a folded path raises the
possibility of optical parasitic oscillations. Such parasitics have limited
the performance of this module to a gain-length product of about 5 (design
value 8 ) ; it was determined that the main coupling was through the rear
collimating mirror.
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A program of gaseous, saturable absorber development was undertaken to
decouple this mirror from the gain medium at low intensity levels. A gas
mixture consisting of SF6 and a combination of five Freons was chosen to
ensure that the small signal gain in both the 9- and 10-pm bands was
blocked, while permitting transmission of high-intensity pulses. Placing
this saturable cell between the second and third passes raised the parasitic
threshold and allowed the modules to reach full design value of 1250 J.
Recently, in full system tests, approximately 10700 J were generated in a
pulse shorter than 1 ns for a power output in excess of 21 TW.
The optical configuration for Helios is shown in Fig. 2. The output
windows of the laser power amplifiers and the input windows to the target
chamber are 40-cm-diam. polycrystalline NaCl windows developed at the Harshaw
Corporation; they have a damage threshold of 62 J/cm2 for 1-ns pulses, but
are exposed in operation to only about 2 J/cm . The reflecting optics
which transport the beam to the target are made by the Union Carbide
Corporation with diamond-knife micromachining. The target is illuminated
along the diagonals connecting the eight corners of an imaginary cube whose
top half is rotated 45° to prevent the beams from directly facing each
other.

4. ANTARES
Design and construction of Antares [2],which will operate at power
levels of 100 to 200 TW, is well under way. This large CO2 laser system,
with which we intend to demonstrate scientific breakeven, consists of an
oscillator-preamplifier subsystem, six segmented annular power amplifiers,
beam tubes, and a target chamber. Figure 4 is a photograph of a scale model
of the facility. The oscillator-preamplifier, housed in a basement under
the main laser hall, incorporates a high-contrast-ratio electro-optical
switchout and saturable absorbers between preamplifiers. The optical pulse
is amplified to 100 kJ by six power-amplifier modules. The six high-energy
beams are transported through evacuated beam tubes to a building containing
the target chamber. The target building is shielded, as required by the
anticipated thermonuclear yield. The power-amplifier modules (Fig. 5) are
electron-beam-controlled annular discharge chambers of about 3200-liter
pumped volume at 2.4 atm pressure of a C02:N2 gas mixture. The optical
design in the power amplifiers is a two-pass layout that requires 36-J input
to extract 80% of the stored energy in 1 ns. Optics consist of single-point
diamond-turned copper mirrors and of 46-cm-diam. NaCl windows. Control will
be by computer, and all intercommunications of the control signals will be
by means of fiber-optic links to avoid interference problems due to
electrical noise.
A prototype of the power-amplifier module has recently completed
successful testing, confirming the basic Antares design with regard to
electrical and optical parameters. Operation at voltage exceeding 500 kV
with the optical gain coefficient exceeding the design value gain length
product of 6 was demonstrated. Measurement of the magnetic field effects
confirmed the design calculations with regard to this effect. Taken
together with the recent successful commissioning of Helios, we are
confident of the Antares design. Procurement of the first of the six poweramplifier modules was begun-this spring, with final tests on a single beam
to be completed in October 1981. The remaining beams will be constructed in
parallel for final facility completion in October 1983, according to our
current funding assumptions.
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FIG.5. Antares power amplifier module.
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5. EXPERIMENTS
In our second major area of activity, target experiments, we are
beginning experiments in the 10-TW regime with Helios. Our plans for the
next few years are determined by our major milestones, shown in Fig. 6. Six
of these milestones involve target performance, which, in turn, are
dependent on three milestones related to major laser facilities, because our
target program, from its conception, has been restricted by laser-power
limitations.
The first milestone, achievement of thermonuclear yield and compression
with the Two-Beam System in 1977, verified our assumption that 10-ym CO2
laser radiation is appropriate for inertial confinement fusion. Much of our
theoretical and experimental program over the past several years sought to
verify that 10-um radiation is a satifactory energy source for pellet
compression and heating [3]. This work was successful and provided
convincing evidence that the radiation pressure (ponderomotive force) of the
incident laser beam produces a plasma profile modification that enhances
both energy absorption and its coupling to the core of the fuel pellet.
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TABLE I

COMPRESSION MEASUREMENTS OF FUEL-FILLED GAS MICROSPHERES
(DT FILL WITH 10% Ne BY VOLUME)
Fill
Laser Initial Final Ne Density Ne Density
Volume
SHOT # Pressure Power Diam. Diam. Via2 Volume
Via
Stark
Compression
(atm)
(TW) (pro) (pro) M O 0 cm-3) (10^0 cm-3) (Stark)
RR-11

8

0.32

189

68

4.2+1.3

5.8

30

RR-21

8

0.45

185

56

7.1 +_ 2.0

9.5

48

RR-26

7

0.82

181

50

8.1 + 2.4

7.9
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The fact that target performance is independent of laser wavelength is
best illustrated by integral neutron-yield experiments on DT-filled glass
microballoons imploded by the exploding-pusher mode. As shown in Fig. 7,
similar yields are obtained from targets when driven by CO2 and Nd:glass
lasers under identical conditions. The solid line in the figure is the
prediction of a simple analytic scaling model [4] which is consistent both
with the experimental values and with more detailed calculations with the
computer code LASNEX [5], In this model, the useful specific energy is the
net absorbed energy per unit mass that arrives before the minimum radius is
reached. The neutron yield (normalized to a reference geometry and fuel
fill by the model) appears to have the simple power dependence on the useful
specific energy shown in Fig. 7. The wavelength independence over a
significant range of yield is very striking.
Our confidence in the theoretical model is strengthened by a direct
measurement of the density of the DT gas [6], A spatially resolved
spectrometer was used to measure the Stark broadening of x-ray lines emitted
by neon gas which was added to the DT gas. The spatial resolution of the
spectrometer allowed us to determine that the x-ray line emission was
radiated from the imploded core and to compare the line-broadening with the
density obtained from a volume measurement. Table I shows that the
measurements are in good agreement, which is not usually the case for x-ray
pinhole measurements, and that the density achieved in the DT gas is 0.2
times solid density. This result also agrees with the simple model and with
LASNEX simulations.
Having achieved the second milestone, operation of the Helios laser at
full power (Fig. 6 ) , we are now completing the beam-transport and alignment
systems and expect to begin target experiments in late summer. After
shakedown experiments with exploding pusher targets, we will attempt to
reach 20 times liquid (hydrogen) density with an ablatively driven target.
LASNEX predicts that such densities can be achieved with relative ease. The
experimental problem is to diagnose the density in the fuel because the
expected neutron yields are very low and the targets are opaque to their
self x-ray emission, due to the low temperature of the dense core.
A target design is shown in Fig. 8. In this design, a thick spherical
layer of plastic is ablated by the approximately 1-ns-long laser pulse shown
schematically in the Fig. 9 insert. The resulting impulse drives a series
of shocks through the plastic into the nickel pusher, slowly accelerating
the pusher toward the center and thereby compressing and heating the DT-gas
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fuel at the center. The thicknesses of the nickel and plastic layers are
chosen to shield the fuel from all but the most energetic suprathermal
electrons generated by the laser-plasma interaction, thus avoiding
significant fuel preheat. The density of the fuel (Fig. 9) rises very
slowly until the pusher approaches the center, a considerable length of time
after termination of the laser pulse. One-dimensional calculations predict
that the fuel density will rise to well above 20 times liquid density.
We expect to be able to infer the fuel density from the time interval
between the moment the laser pulse impinges on the target and the time at
which we observe neutron emission from the burning DT. We also hope to be
able to measure directly the time history of the pusher position via x-ray
backlighting of the pellet; this is, in principle, possible because the
design has been tailored to avoid outward motion of the Ni-plastic
interface.
Subsequent experiments will explore a number of target designs which
should provide much higher fuel compressions. Cryogenic fuel layers appear
advantageous and will be incorporated into several designs that will be
explored on Helios. We will also study prototype targets on Helios for the
breakeven experiments on Antares, not necessarily aiming for the highest
yields or compressions we might achieve with 10 kj, but rather attempting to
confirm our computer design predictions and to optimize the target
parameters so as to maximize the likelihood of success on Antares. The
prototype target will be tested and optimized during final installation and
checkout of Antares, between 1982 and 1983.
Upon completion of Antares, in October 1983, we expect to achieve
breakeven within the following year.
6.

SYSTEMS STUDIES

We turn now to the third component of our program: studies of potential
systems for commercial energy production from inertial confinement
fusion [7]. The path to scientific breakeven and commercial feasibility will
be long and difficult but the payoff is so large that a vigorous effort is
justified.
It is important to consider the major goals that must be addressed after
achievement of scientific breakeven. We believe that the second major goal
should be the attainment of net energy gain; that is, of a product of laser
efficiency n and pellet gain Q equal to one (nQ = 1). The third goal would
then be an nQ high enough for a reactor system: an nQ of 10 appears to be
required for a pure fusion system, whereas an nQ in excess of 2 seems
sufficient for fission-fusion hybrid designs tailored for fissile fuel
production.
For net energy gain, laser (or any other driver) efficiency is clearly
an important parameter. The CO2 laser offers relatively high efficiency.
Helios has an electrical-energy to laser-energy efficiency of about 2%,
compared to a current Nd:glass laser efficiency of about 0.1%. With
multiple-pulse extraction schemes that have been proposed [8],efficiencies
approaching 10% appear possible.
If we assume an efficiency of 10%,then to achieve an nQ of 10 we must
have a pellet gain of 100. Calculations indicate that such gains should be
possible with a CO2 laser energy of 1 MJ, and we are confident that CO2
lasers can be scaled in size to such power levels.
Another important parameter is driver repetition rate capability. For
commercial power application, a flowing gas laser is clearly the logical
choice because it permits quick dissipation of the inevitable waste heat.
We believe that the CO2 laser offers the highest promise for
commercialization. A laser selection based on wavelength criteria seems
premature because no existing laser (or other driver) has yet achieved the
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significant ablative (isentropic) compressions required for breakeven and
higher pellet gains. Objections to a wavelength of 10-ym, based on
excessive hot-electron production with attendant detrimental preheating of
the target, disappear as one goes to high enough incident laser energies
(and hence bigger pellets); we believe that pellet operation will become
insensitive to preheating at target sizes well below those envisioned for
achieving commercially useful pellet gains (Q = 100).
7.

SUMMARY

I have outlined our recent progress at Los Alamos Scientific Laboratory
and our plans for the future. We have demonstrated compression and fusion
yield with CO2 lasers. Our Helios CO2 laser has operated at powers
above 20 TW and will permit target experiments in the 10- to 20-TW range
over the next four years, generating the information we need for the design
and optimization of a breakeven target. Design of the Antares 100-kJ CO2
laser is nearing completion, and all its facilities should be ready for
operation in 1983. Achievement of breakeven in 1984 will set the stage for
commercialization of inertial confinement fusion with CO2 lasers. Systems
studies continue to identify problem areas ahead, but we believe that the
most difficult technical problem will be achievement of pellet breakeven.
Thus, we seem to be on the threshold of very exciting times for inertial
confinement fusion.
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DISCUSSION
P.C. THOMPSON: You show that the neutron output from exploding
pusher targets scales as useful specific energy, independent of wavelength.
For a given laser output, does useful specific energy depend on wavelength?
R.B. PERKINS: No, the useful specific energy is only a function of the
rate of deposition of laser energy and of implosion time.
C. YAMANAKA: If one uses a long laser pulse in the CO2 system, I should
think that hot electrons might reduce the compression ratio. How do you propose to deal with the limitation imposed by the 10-jum-wave effect?
R.B. PERKINS: This will be handled by using sufficient material to stop
the bulk of the hot electrons. In the 20-times-liquid-density design, most of the
hot electrons will be stopped by the pellet materials before reaching the core,
so very little pre-heat of the core is .expected. As for longer pellets driven by
larger lasers, the material in the pellet is sufficient to stop all the hot electrons.
P. AVIVI: How do you define efficiency?
R.B. PERKINS: We define it as the ratio of the optical energy delivered
by the laser to the energy stored in the capacitor bank which pumps the laser.
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Abstract
SATURATION OF STIMULATED BRILLOUIN BACKSCATTER IN CO2 LASER-PLASMA
INTERACTION.
Saturation of stimulated Brillouin scattering (SBS) has been observed in the interaction of long-pulse CO2 laser radiation at intensities < 1013 W • cm"2 with underdense
hydrogen plasma. The high reflectivity observed (60%) is a direct consequence of the long
plasma scale length (which results since the pulse length is large compared to the hydrodynamic response time) and the large instability growth rate associated with high-intensity,
long-wavelength radiation. Significantly, the SBS is highly modulated with average longtime reflectivity approximately half the peak value. Spectral measurements show that, in
fact, the Brillouin mode (weakly damped ion wave) has evolved to stimulated Compton
scattering characteristic of large ion wave damping. Considerable ion heating occurs resulting
in T; ~ T e , which would not be the case for collisional equilibration alone. Preliminary
measurements also show a saturation in non-thermal X-rays generated in the underdense
hydrogen plasma. Wavebreaking is postulated to be the principal saturation mechanism in
the strong interaction of the laser radiation with underdense plasma.

1.

INTRODUCTION

A problem of considerable interest and importance to the i n e r t i a l
confinement fusion concept is the role of stimulated backscatter in
potentially reducing the coupling efficiency of laser energy to the
target p e l l e t . In p a r t i c u l a r , theoretical calculations suggest that
intense laser radiation of frequency u 0 interacting with ion wave f l u c t u ations of frequency <us in the underdense coronal plasma surrounding the
target may lead to strong backscatter of the laser radiation at a Stokes'
frequency (u 0 - cos). An excellent summary of theory and simulation along
with references to e a r l i e r calculations has been given by Forslund et al. [ 1 ] .
In view of the large growth rates, even for r e l a t i v e l y short scale
length plasmas (characteristic of those generated by subnanosecond laser
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pulse lengths, chiefly used to date) SBS1 can be s i g n i f i c a n t . For fusion
grade targets and nanosecond pulse lengths, however, the underdense plasma
scale length w i l l be much greater. In this s i t u a t i o n , unless mitigated by
a rapid density reduction in the coronal plasma expansion, large backscatter
is a l i k e l y result [ 2 ] , [ 3 ] , [ 4 ] . I t is therefore of some importance to
experimentally determine the nature and magnitude of backscatter from long
scale length underdense plasma.
Earlier experiments with both 1 and 10 um radiation have involved
either short pulse, high intensity or long-pulse, moderate-intensity laser
beams. As a consequence no direct evidence for saturation of SBS has
been found. In particular, backscatter from gas rather than solid targets
have yielded the clearest signatures of SBS: spectra, growth rates, e t c . ,
but the CO2 laser intensities employed have not been high enough to show
saturation (see [ 3 ] , [5] and references therein for a survey of SBS studies).
In addition, i t has been shown that for long-pulse CO2 laser radiation of
focussed intensity ^ 10 12 watt/cm 2 , high r e f l e c t i v i t y leads to ion heating
with B r i l l o u i n evolving to ion Compton scattering [ 3 ] , I t would therefore
seem l i k e l y that in most solid target experiments, since Te is not much
greater than T^, stimulated Compton scattering should prevail. In such
circumstances there is a very broad spectrum of interacting waves and,
especially i f the pump wave is not single-mode, i t is more correct to
describe the interaction and scattering in a random-phase rather than
coherent wave process. Thus in our previous work using a multimode CO2
laser with intensity <_ 10 12 watt/cm 2 , the level of backscatter was found
to vary exponentially with incident power and the experimentally determined
growth rate agreed with that calculated from random-phase theory.
In the present work, we wish to report on experimental observation
of saturation in stimulated B r i l l o u i n backscatter from mm scale length
underdense plasma.

2.

EXPERIMENT

General details of the experimental arrangement have been given in
earlier publications [ 3 ] . A schematic diagram of the set-up used for
investigating backscatter is shown in Fig. 1 . The incident CO2 laser
radiation was focussed by an off-axis paraboloid mirror with 10cm focal
length onto a hydrogen gas target formed in a free j e t expansion into
vacuum. The i n i t i a l gas density was set by triggering the laser at an
appropriate time during the f i l l i n g pressure pulse. Pressure e q u i l i bration in the gas cell was rapid compared to i t s risetime of 2 msec and
gas flow out of the o r i f i c e into vacuum was negligible on this time scale.
In order to gain a higher focussed intensity for saturation studies,
we modified the CO2 laser optical cavity from a stable to an unstable
resonator. Though the energy extracted was less, the substantially
reduced beam divergence permitted better focussing (limited by focussing
aberrations); the estimated mean focal spot intensity was s l i g h t l y under
10 13 watt/cm 2 for the 80-um diameter focus and 35-nsec gain-switched
output pulse of 15 J . As is evident in Fig. 2, several modes were beating
in the optical cavity producing a modulated output. The laser power
incident on the gas target was varied by using a propylene absorption c e l l .
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Schematic diagram of the experimental arrangement.

Principal measurements to be discussed here include infrared spectroscopy of the scattered laser radiation and f o i l - s c i n t i l l a t o r - p h o t o m u l t i p l ier
determination of X-ray energy spectra. Backscattered radiation was collected
by the input focussing mirror, coupled out by a beam s p l i t t e r , spectrally
analysed by a monochromator and Fabry-Perot interferometer in series, and
detected by a Ge:Cu or Ge:Au infrared detector. System risetime of the
detector, pre-amp oscilloscope was better than 2 nsec; wavelength resolution
was 8 A .
3.

RESULTS AND DISCUSSION

3.1. SBS Pulse Shapes and Reflectance
Temporal characteristics of the backscatter at f u l l laser intensity
are to be seen in Fig. 2, where several different representative forms
are presented. The depth of modulation varies substantially but,interestingly, the peak signal is nearly the same averaged over many shots. This
demonstrates clearly the saturation in SBS even though growth begins from
different noise l e v e l s . Also,over many shots i t is d i f f i c u l t to i n f e r
much in the way of correlation between modulated CO2 laser radiation and
smaller modulations in the SBS signal. The more significant large
modulations in backscatter occur at random times. The delay between
incident and backscatter signals is real and is due to the f i n i t e time
necessary for the laser beam to bleach successive cold gas layers and
propagate from the gas-vacuum interface to the focus ( t y p i c a l l y 2.5 mm
into the c e l l ) .
The average r e f l e c t i v i t y , as determined by calibration using a
NaCl window, was found to be ^ 30% with peak modulated levels of ^ 60%.
Though individual sharp spikes of SBS, which may be present, would be
integrated with our system bandwidth, nevertheless the waveforms shown
in Fig. 2 indicate slower modulations which are easily followed by the
2-nsec response time. Thus no significant fraction of scattered energy
is unaccounted f o r .
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FIG.2. Lower trace: characteristic stimulated backscatter signals at full laser power
showing strong modulation. Peak reflectivity is ~ 60%. Upper trace: CO2 laser pulse shape.
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3.2. SBS Spectrum
The spectrum of the backscattered radiation is shown in Fig. 3.
This spectrum was obtained by integrating the modulated backscatter with
a 7-nsec detection response time, thus providing single smooth pulses.
I t therefore represents a time-averaged characteristic. There is a clear
redshift as found in our previous studies on gas target plasmas, i d e n t i fiable as B r i l l o u i n scattering (or more correctly, ion Compton scattering,
though we shall describe a l l such processes as B r i l l o u i n scattering).
From the s h i f t and width of the scattered radiation i t can be inferred
that ion Landau damping is strong. Indeed, we find Tj ^ Te ^ 1 0 0 eV.
Thus significant ion heating has occurred as a direct consequence of
B r i l l o u i n scattering and the strong ion wave fluctuations induced with
the large backscatter. We estimate peak density fluctuation levels
fin ^ n.
In the absence of Compton heating, 2-D numerical simulations of the
hydrodynamic equations predict Te ^100 eV and Tj ^ 5 0 eV. With the
long interaction time, however, the i n i t i a l B r i l l o u i n mode evolves into
ion Compton scattering as Tj -»• Te and heavy-ion Landau damping sets i n .
A simple calculation balancing the energy flux deposited in ion waves
with that transported away in free-streaming, assuming all ions are
heated, confirms that there is more than adequate energy potentially
imparted to the ions to account for a r e l a t i v e l y modest 50 eV of additional heating.
These two features of the interaction, i . e . the ion heating resulting from strong SBS and the evolution of SBS to SCS^so that the heating
is a bulk ion distribution effect rather than a high-energy t a i l e f f e c t ,
are important to the scattering process. The i n s t a b i l i t y growth rate can,
in f a c t , be higher for the Compton than the B r i l l o u i n regime. This, in
t u r n , ensures that electron and ion temperatures w i l l remain approximately
equal. In addition, the broad spectrum of ion "waves" leads to a highly t u r bulent plasma which would favor wave-breaking over pump depletion as a saturation l i m i t in the nonlinear interaction of plasma and electromagnetic waves.
3.3. SBS Saturation
The magnitude of backscattered power as a function of incident laser
power is shown in Fig. 4. Saturation of the SBS signal is a significant
departure *from the pure exponential growth observed with lower laser
intensity on the same gas target. In fact, saturation is even more
dramatic since the delay between laser pulse and peak SBS signal is
observed to decrease with increasing laser power. Since, in all cases,
the laser pulse length and time delay for maximum SBS signal are much
longer than the hydrodynamic response time, we can rule out strictly
hydrodynamic expansion as responsible for the asymptotic backscatter
behaviour. Numerical simulations of the interaction show axial density
relaxation times of ^ 5 nsec and complete asymptotic states reached long
before peak backscatter is observed.
On the other hand, the IX2 product of 1 0 1 5 watt - ym 2 /cm 2 is
sufficiently large that, especially for times > 10 nsec, ponderomotive
forces exceed thermal pressures for the plasma conditions. It should
also be noted that the instability growth rate varies as IX 3 in the
Compton regime rather than as IX 2 for the Brillouin. Since the plasma
scale length L ^ 1 mm is substantial - estimated from numerical simulation
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FIG.3. Spectrum of backscattered radiation showing the redshifted Brillouin-Compton
component.

and streak photography - i t is not surprising that growth of SBS to a
l i m i t i n g value is observed. The relevant question i s : what saturating
mechanism l i m i t s the backscatter level and is there any additional evidence
for saturation of the turbulent electrostatic fields in the plasma? We
shall present some evidence for the l a t t e r and b r i e f l y postpone discussion
of the former.
3.4. X-ray Emission
Representative temporal waveforms of the X-ray emission from the
underdense hydrogen plasma are shown in Fig. 5. Aluminum f o i l - s c i n t i l l a t o r photomultiplier detectors were used for energy spectral measurements. As
indicated in the photos, both single and multi-spike behaviour were observed,
though tnulti-spikes were more typical of lower energy X-rays ( -v. keV).
For intermediate f o i l thicknesses, characteristically the thermal bremsstrahlung X-ray emission would appear, on which the nonthermal component would
break in and decay, after which a thermal spectrum would re-emerge. This
is seen clearly in the waveforms of Fig. 5. The thermal and nonthermal
spectra are plotted in Fig. 6. At a time of 20 nsec, just prior to non-
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FIG.4. Stimulated Brillouin backscatter signal as a function of incident CO2 laser intensity.

thermal emission a r i s i n g , the derived temperature is ~ 80 eV, and at a
l a t e r time of 80 nsec, when the nonthermal X-rays are n e g l i g i b l e , the
calculated temperature is ^ 50 eV. These values are reasonably close to
those predicted from the 2-D code calculation. The equivalent "temperature"
of the nonthermal spectrum is ^ 1 keV. I t should be noted that these
X-rays arose entirely from the hydrogen plasma; a collimator translated
a x i a l l y confirmed that background secondary X-rays were negligible and
therefore did not interfere with the bulk plasma measurements.
The magnitude of the nonthermal X-ray emission was determined as a
function of incident laser power, and the results are shown in Fig. 7.
The quantity plotted is actually thermal plus nonthermal signal for the
3-ym aluminum f o i l used, but the nonthermal level was approximately three
times the thermal l e v e l . Importantly, this figure shows a saturation in
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FIG. 5. Upper trace: X-ray pulse shapes behind various aluminum foil thicknesses at full
laser power. Lower trace: CO2 laser pulse shape.
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FIG. 6. X-ray energy spectra for thermal and nonthermal component in the hydrogen plasma
emission.

nonthermal emission from the plasma which very accurately coincides with
the plot of SBS versus incident laser power. This data should be considered as a preliminary r e s u l t , for which additional work is required
before any good quantitative inferences may be drawn. Nevertheless, i t
indicates a s t r i k i n g corroboration of the SBS saturation characteristic.
For the underdense plasma in which these measurements were made
(n/n c < 0.2), ion turbulence is dominant and a strong correlation would
be anticipated.
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FIG. 7. X-ray intensity behind 3-fim aluminum foil as a function of incident COi laser
power. The saturation in X-ray emission when overlaid on the SBS saturation curve
agrees exactly.

4.

DISCUSSION

Apart from hydrodynamic expansion, possible mechanisms for saturating
the backscatter level include pump depletion, wave-breaking and filamentat i o n . We have argued t h a t , because of the r e l a t i v e l y long pulse length and
short hydro time scale, plasma expansion is not the l i m i t i n g process. Two
separate pieces of information suggest that pump depletion is not a l i k e l y
candidate either. In the f i r s t place, for a coherent wave interaction the
growth and decay should occur on much faster time scales than those observed.
The temporal and spectral behaviour of the SBS signals is more indicative
of a broad non-resonant process where more than a single wave mode is
involved. Secondly, i t is known from e a r l i e r work on the target that a
very broad spectrum of ion turbulence is generated - both in geometry and
wavenumber [ 3 ] , [ 6 ] . I t may be expected that longer time scales would
result as a consequence of the growth and dissipation of many modes (all
with different time scales). Indeed, stimulated Compton scattering is a
broad spectral process with many individual scattering events occurring at
different rates. In this s i t u a t i o n , i t appears more l i k e l y that wavebreaking associated with the highly turbulent fields (6n ^ n and <SE ^ 3xlO6
V/cm) w i l l dominate the saturation of SCS. Both the temporal and spectral
character of the backscatter and the temporal X-ray behaviour support such
an interpretation.
Filamentation may also play a role in the saturation mechanism,
though in an energy balance i t is probably not as important for long laser
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pulses as for shorter ones. Certainly the threshold for i n s t a b i l i t y is
modest and t'he large ponderomotive forces would be very effective in leading
to saturation in small filaments. Any hot spots in the incident laser beam
would aggravate the problem. For our experimental s i t u a t i o n , however,
relaxation times should be faster than the several nanosecond times
observed.
In conclusion, strong stimulated Brillouin-Compton scattering has been
found to saturate when long scale length underdense hydrogen plasma is
irradiated with focused CO2 laser intensities <_ 10 13 watt/cm 2 . Modulated
r e f l e c t i v i t i e s up to 60% were observed with significant ion heating resulting in SBS evolving to SCS. Nonthermal X-ray emission showed the same
saturation behaviour as the backscatter. Temporal and spectral shapes of
the SBS signal, along with calculated ion density fluctuations, support
wave-breaking as the dominant saturation mechanism.
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DISCUSSION
P.K. KAW: When you say that maximum backscatter is 60%, do you know
that the rest of the energy is absorbed or is it simply scattered in other directions?
A.A. OFFENBERGER: Our measurements indicate that very little energy
is scattered or refracted in other directions. With the long-pulse laser beam used
here, most of the laser energy is absorbed in the plasma.
S.W.A. WITKOWSKI: It is a familiar fact that reflectivity and scattering
depend not only on intensity but also on the geometry of the experiment.
I suppose that your measurements were made with the target as sharply in focus
as possible. Have you also obtained data on backscattering with the target very
much out of focus, and compared such data with those quoted in your paper?
A.A. OFFENBERGER: With laser breakdown of a gas target and long
pulse times, hydrodynamic expansion gives a relatively large plasma volume.
In this situation, the initial focusing is not important because the interaction
occurs in the focal region with uniform underdense plasma around it at later
times.
S.E. BODNER: What is the angular distribution of the Brillouin scattering,
and could a change in angular distribution explain the saturation of backscatter?
A.A. OFFENBERGER: The detailed angular distribution has not been
measured, though sample measurements show small scatter in directions other
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than the backward direction. This is to be expected for the long-pulse laser
beam, which creates a cylindrical column with radial beam trapping in the density
minimum on axis.
K. PAPADOPOULOS: Do you have any measurement that indicates the
power law of the non-thermal tails for electrons and ions?
A.A. OFFENBERGER: Not at present. A full X-ray energy spectrum has
not been measured, chiefly because the total energy content of non-thermal
X-rays is very small.
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Abstract
WORK ON LASER INTERACTION AND IMPLOSION AT CENTRE D'ETUDES DE LIMEIL.
Laser-matter interaction experiments at 1.06 and 10.6 pm were performed at fluxes of
5 X 10 ls and 3 X 1013 W • cm"2, respectively. At 1.06 jum the penetration depth of the absorbed
energy, studied with the aid of stratified plane targets, is several thousand A. 2-MeV Al11* ions
and 50—500-keV electrons were observed at 10.6 jum. Two types of implosion experiments were
carried out with glass microballoons (diameter ~ 100 jum, thickness ~ 1 fim) containing about
ten bars of DT at 1.06 [im and at absorbed energy densities of the order of 50 J- jug"1. In the
case of the Iris experiment, performed at 1013 W • cm"2, implosion seems to be due to progressive
ablation of the wall of the microballoon. The Coquelicot experiment was performed with the
P. 102 laser at several times 1015 W • cm"2 and with a pulse of 40-80 ps. From diagnostic tests,
especially observation of the X-rays emitted, the following characteristics were deduced: energy
absorbed by the target, 4 J; temperature and density of the compressed DT, 1 keV and 0.2 g-cm"3;
product pi ~ 10"4g• cm"2; neutron yield, 10s. To interpret these experiments, theoretical
studies were performed on radiation pressure, particle transport, relativistic effects and implosion
stability; one- and two-dimensional implosion codes have been developed. The implosion
experiments will be continued with the Octal laser (700 J —2 TW— 8 beams) whose shaped
pulse can be varied from 50 ps to Ins.

1. LASER-MATTER INTERACTION EXPERIMENTS AT 1.06 jum AND
10.6 Mm
At 1.06 jum the experiments are being pursued at higher flux with the P. 102
laser (15 J; 4 0 - 8 0 ps; intensity on target ~5 X 10 l s W -cm" 2 ; power contrast
> 106). The energy deposition is studied on a thick, plane cryogenic target by
observation, in particular, of the plasma expansion lobe and its evolution as a
function of intensity, laser radiation polarization, and angle of incidence. The
density profile of the expanded plasma is determined by interferometry at 2co0
and 4OJ 0 , and identification of the absorption mechanisms is attempted by
spectrographic analysis of the plasma radiation [1,2].
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FIG.l. Spectrum of electrons emitted by aluminium through 25 \xm of Be; \= 10.6
tf>=3X10l3W-cm'2; r= 1.7ns.

Axial and radial electron conduction is studied with layered plane targets
(deposition on glass substrate). Axial penetration is evaluated by measuring the
intensity of the silicon lines for different thicknesses of aluminium deposition
(600-7000 A) on the front face of the glass layer: beyond a thickness of 2000 A
these lines are no longer detectable. Spatially resolved spectra taken tangentially
to the target reveal the different behaviour of the various ion species, whose lines
appear localized either near the surface (7.17 A for Al12+) or further within the
expansion zone (7.75 A for Al1!+) [3].
At 10.6 jum, the experiments are carried out with the M3 CO2 laser
(10 J; 1.7ns; 3 X10 13 W-cm" 2 on target; power contrast 2 X 10 s ) and with
targets of thick aluminium or thin polyethylene [4]. For intensities of
3 X10 13 W • cm"2, Al n+ ions were observed with energies of the order of 2 MeV,
depending strongly on the angle of incidence. At the same time, electrons are
detected with an energy spectrum between 50 and 500 keV (Fig. 1).

2. MICROBALLOON IMPLOSION EXPERIMENTS
Two types of microballoon implosion experiments at 1.06 fim were carried
out with the C6 and P. 102 neodymium-glass lasers at absorbed energy densities
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FIG.2, X-ray photograph of a microballoon through 250 (im of Be. Dia. 80 (im; thickness
0.8 [im; initial DT density 2 mg- cm'3; 12 J absorbed; 80 ps. Initial positions of microballoon
wall and laser beams are shown by dashed lines.

(erg-cm ~ 2 )
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FIG.3. Time variation of X-ray emission from imploded microballoon.

in the neighbourhood of 50 J • ^g ' . In the case of the Iris experiment, the glass
microballoon is imploded by four convergent beams; the duration of the pulse
is 1.4 ns and the flux does not exceed 1013 W- cm"2. There is relatively good
agreement between the experimental results and the values given by a onedimensional code, and implosion appears to be due to progressive ablation of the
microballoon [5]. The Coquelicot experiment is carried out with a much shorter
pulse, 4 0 - 8 0 ps, and with fluxes higher than 1015 W • cm"2. The P. 102 laser
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FIG.4. Spatial variation of intensity of the Ha and Hea lines of silicon along a diameter of
the microballoon.
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FIG.5. Variation of neutron yield as a function of the initial DT density. Dia. 80 (im;
thickness 0.8 [im; incident power 500 GW.

beam is divided into two equal parts, which are focussed along a diameter on
both sides of the microballoon (dia. 80 ,um, thickness 1 /an) containing about
ten bars of DT [6].
Figure 2 shows time-integrated X-ray emission from the plasma, filtered by
a 250-jum-thick beryllium absorber, which stops photons with energies below
2 keV. With spatial resolution of the order of 5 /zm one can discern the points
of impact of the two beams on the microballoon, and the compressed core. It
will be noted that the absorbed energy is not propagated beyond the region of
deposition, which suggests that lateral electron conduction is ineffective in these
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experimental conditions; X-ray emission is at a minimum at the centre of the
microballoon where the compressed DT is found. The two-dimensional aspect does
not permit accurate evaluation of the density of the compressed DT, but it is
estimated at 0.2 g-cm"3 from the distance between the X-ray emission extrema [7].
Figure 3 shows the time variation of the X-ray emission - for the same
spectral range as in Fig.2 — recorded with a streak camera (resolution of the order
of 30 ps). The emissions from the core and from the corona are separated in time.
The mean implosion velocity is deduced to be 2 X10 7 cm • s"1. Figure 4 shows the
intensity variation of Ha (6.18 A) and Hea (6.65 A) silicon lines along a
diameter - obtained by means of a KAP crystal associated with a slit — for a
microballoon 100 jum in diameter, with incident power of 500 GW. Finally, the
variations in neutron emission as a function of DT initial density are shown in
Fig.5 (dia. 80 jum; thickness 0.8 fun; incident power 500 GW).
From these experimental results one deduces the mean characteristics of the
"exploding pusher" type of 2-dimensional implosion produced with the P. 102
laser: incident energy 20 J; absorbed energy 4 J; temperatures of the corona
1 keV at 1022cm~3 and of the core 1 keV; density of compressed DT 0.2 g - cm"3;
product pr ~10~ 4 g- cm"2; neutron yield ~10 5 .

3. THEORY AND NUMERICAL SIMULATION
The preparation and interpretation of the above experiments are based on
fundamental theoretical and numerical simulation work. On the question of
interaction, this work was concerned with density profile modifications by
ponderomotive force [8], with the generation of fast particles and magnetic
fields [9], and with the influence of relativistic effects. To try to predict whether
the absorption efficiency could be improved at very high flux, a thorough study
of exact solutions of the Lorentz-Maxwell system in a homogeneous medium has
been carried out [10]. A general method of approximation has been developed
to study wave propagation in different cases [11]. In the inhomogeneous case, the
spatial dependence of the wave in the neighbourhood of the critical surface is
considerably modified when relativistic effects are taken into account.
To improve the numerical simulation of the implosion, studies are being
carried out on equations of state and ionization models, opacities, and particle
and radiation transport. As regards thermal conductivity, recent calculations
suggest that the use of more flexible systems of hydrodynamic equations, such
as the GRAD method of 13 moments, could improve the description of heat
transfer without the need to adopt an ad-hoc flux limitation.
Several codes are developed on the basis of these studies. The one-dimensional
code mentioned above has the following main characteristics: (a) Lagrangian
code for two temperatures and a single fluid; (b) absorption of laser energy by
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inverse bremsstrahlung with or without energy deposition at the cut-off density.
The code also takes account of radiation pressure, ion and electron thermal
conductivity (which may or may not be limited in flux), exchange of energy
between these two populations, transport of suprathermal particles and of radiation by multigroup or MONTE CARLO methods, and thermonuclear reactions.
In addition, a two-dimensional hydrodynamic code is being developed to obtain a
better model of the absorption of laser energy by the target and to study, for
example, the target illumination defects, lateral thermal conductivity, and the
generation of magnetic fields.
Finally, numerical calculations on target implosion stability have been
performed using the PERTUS Lagrangian perturbation code. At the same time,
theoretical studies were carried out on the stability of the ablation zone. It is
shown that there exists a generalized static criterion which includes previous
instability criteria [12]. When the perturbations are adiabatic, they depend only
on the entropy gradient VS, and the instability criterion is written g • VS < 0
(g is the acceleration of the front) instead of the usual criterion g- VP > 0 , which
neglects, in particular, the effect of compressibility. If we assume that the speed
of sound is locally constant, the growth rates can be derived explicitly and it is
noted that the very thin ablator shells (R/AR > 100) are without doubt the seat
of catastrophic instabilities, while moderate structure ratios of several tens are
still acceptable.

4. LASERS, TARGETS AND DIAGNOSTICS
The Octal laser now in service comprises a series of amplifiers with ED 2
silicate glass rods developed by Cilas; the final stage has a diameter of 9 cm, a
glass length of 2 X 18.5 cm and a gain of 4, with a pumping energy of 70 kJ [13].
This laser is driven either by a YAG mode-locked oscillator followed by a
10-channel "pulse stacker" producing a pulse of 50-600 ps, or by a single-mode
oscillator giving a pulse whose duration after clipping is 200 ps to 1 ns with a
risetime of 150 ps and a power contrast of 106. At the chain output Octal
produces 2 TW in 200 ps and over 700 J in 600 ps. Octal is at the moment being
used for an implosion experiment in which the 8 beams are synchronized at ±5 ps.
In connection with lasers the following subjects are being studied with
industrial support:
A 12-cm neodymium-glass rod amplifier (CGE) — relatively uniform gain
of 3 ± 0.08 for small signal;
Multi-dielectric layers (MATRA) resistant to 7 J • cm"2 at 1.4 ns;
An iodine laser chain (CGE).
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Plane and spherical targets have been made specially for experiments; for
example,plane glass targets 1 nm thick covered with a 500—7000-A coating of
aluminium.
Studies are also being performed on techniques for coating the microballoons:
thin aluminium coating (less than 1 ;um) by vacuum evaporation, chemical
reduction, and electrochemistry (several micrometres of Ni or Au to within
about 0.1 Mm), and plastic coating by polymerization in a low-pressure electric
discharge (up to 10 fim within about 0.3 (im).
For diagnostics, efforts are being made to increase the resolution and
improve the processing of experimental results, as the following two examples
illustrate:
(a) The TSN 505 streak camera (Thomson-CSF) has a sweep speed of
2 cm • ns" 1 , a spatial resolution of 4 pairs of lines per mm, and a time resolution
of 5 ps; it can be fitted with UV, X and latterly SI microchannel tubes. A camera
employing a lamellar optic tube (LEP) is being developed and should make it
possible to achieve resolutions of 10 pairs of lines per mm and 2 ps [14].
(b) The DATAIC system of automatic acquisition, treatment and visualization
of streak camera images has an Isocon television tube coupled by optic fibres to
the TSN 505 camera. With a laser pulse of 10 ps half-width, the system dynamics
are better than 100 [15].

5. CONCLUSION
The interaction between radiation and matter was studied at 1.06 jum and
10.6 jum for a product of a few 1015 W • jum2 • cm"2 : fast particles were detected
and the absorbed energy penetration was estimated by spectrometry. The two
types of implosion (by ablation or explosion of the wall of the microballoon)
were attained by means of the C6 laser (1 ns) and the P. 102 laser (100 ps),
respectively, at absorbed energy densities of 50 J • jug"1. These implosion experiments
will be continued with the Octal (700 J, 2 TW) laser, whose eight beams provide
uniform illumination of the target and whose pulse-shaping will facilitate lasertarget coupling. In addition, an effort will be made to increase the hydrodynamic
efficiency of implosion by using more refined targets. Finally, for a better understanding of the experiments, numerical simulation will be progressively improved
by better treatment of the absorbtion of laser radiation and the transport of
absorbed energy and by using the two-dimensional code mentioned above.
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DISCUSSION
J.P. BORIS: Do your experimental results on low-power one-dimensional
ablation in the nanosecond pulse range shed any light on the Rayleigh-Taylor
modes in the ablation layer? I understand that your code results show instability,
but such calculations are suspect unless the zone sizes are smaller than or of the
same order as the characteristic scales for the equilibrium ablation layer
thickness, i.e. 6r ^ 0.1 m.
J.P. WATTEAU: The resolution of the X-ray pictures we took of the
IRIS nanosecond implosion experiment was too low (20 j/m) to provide information on the development of instabilities in the ablation layer. The code results I
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showed refer to the two-dimensional COQUELICOT implosion. This is a
hydrodynamic code which does not include a treatment of ablation layer
stability. Nevertheless, we do have a Lagrangian stability code which can be
coupled to hydrodynamic codes, with proper mesh size - the importance of
which you stress; and from the stability code we have found that for an aspect
ratio R/AR of the order of 100, the growth rates are such that the shell
implosion is unstable.
H. HORA: I have a question concerning the two-dimensional compression
code. What delay time did you allow between the laser incidence and the
thermalization, assuming that you are driving your compression thermally and
not by non-linear forces? It is known (HORA, H., Aust. J. Phys. 29 (1976) 375)
that this delay can be relatively long.
J.P. WATTEAU: The results I presented were the first obtained with our
two-dimensional code. Up to now, the absorbed energy is deposited in the shell,
proportionally to the mass (1 J -ng' 1 ). So we do not really take into account
interaction phenomena in this rough simulation, which we intend to improve.
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Abstract
EXPERIMENTAL STUDIES OF INTERACTION AND TRANSPORT PROCESSES IN LASER
FUSION.
The effect of laser wavelength and pulse shaping on interaction and the transport process
is investigated. Experiments show that absorption increases with shorter wavelength, from
35% at 1.06 j/m to 45% at 0.53 pm. The production of hot electrons is significantly reduced
in short-wavelength experiments. The hot electron temperature determined from X-ray
emission decreases from 8 keV at 1.06 jum wavelength to 2 keV at 0.53 urn. This indicates
a better thermal electron transport at shorter wavelength. The measurement of burn-through
depth has confirmed this result, showing that at 0.53 jum this depth is almost three times
larger than at 1.06 /um. Experiments with different types of prepulse show that there is a
difference between discrete and continuous prepulse in backscattering and refraction effects,
in favour of the continuous pulse shaping. It is also observed that pulse shaping enhances
lateral thermal transport.

INTRODUCTION
The problem of energy deposition and transport in laser-matter interaction
experiments, in connection with inertial confinement fusion, is being investigated
in many laboratories. These studies are fundamental in photon-driven compression
experiments to defining the capability of lasers to be efficient drivers for inertial

* Work performed as part of the scientific programme of the Groupement de Recherches
Coordonnees Interaction Laser Matiere du Centre National de la Recherche Scientifique (Ecole
Polytechnique, Palaiseau).
** On leave from Projektgruppe fiir Laserforschung, Garching, Federal Republic of
Germany.
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TABLE I. FRACTION OF LASER LIGHT REFLECTED IN MASSIVE
POLYETHYLENE TARGET EXPERIMENTS
Angle of
incidence

0°

Pulse
shape

> 500 ps <

V-A
>500 ps<

>500 ps<

back
reflected

8

12

12

9

scattered

54

74

72

60

62

86

84

69

back
reflectec

3

8

7

specular

49

59

60

46

52

67

67

49.5

Total

30°

°JL

Total

3.5

Laser wavelength 1.06 fim. Intensity 210 15 Wcm 2. The main pulse is identical and
100 ps FWTM. The prepulse energy varies with the type: I 30%, II 10%, III 30%.

confinement fusion. Our work is concentrated on studies of the mechanisms which
govern laser beam absorption by solid targets and the transport of the absorbed
energy in high-density plasma. Among the physical parameters involved in these
processes, the temporal pulse shape, laser wavelength and interaction geometry
are very important, and our experimental studies have been pointed in this direction.
Some results obtained in laser target irradiation experiments are reported here,in
which the shape and composition of the targets, laser wavelength and pulse shape
were varied in order to facilitate fundamental studies.
Our major laser facility in the Groupement de Recherches (GILM) is at
present a neodymium glass laser (X = 1.06 /um) made by Quantel, which gives
an output energy of 10 J in a 100-ps FWHM pulse. A pulse stacker included in
the laser chain allows continuous variation of the pulse shape within a time
interval of 600 ps. The output beam can also be frequency-doubled with an
energy of 5.5 J at 0.53 Mm. Experiments have also been made at 10.6 /un with
a long-pulse TEA-CO2 laser with 40-J output energy.
The maximum light intensities on target are 3 X 10 l s W-cm~2 at 1.06 pm,
10 15 W-cnT 2 at 0.53 Mm, and 1012W-cm~2 at 10.6 Mm.
Experiments were performed mainly with massive flat targets of aluminium
or polyethylene and with thin foils of polystyrene. In the latter case, the foil
thickness varied from 0.03 Mm to a few Mm. Solid glass microspheres were used
for hydrodynamic studies in spherical expansion geometry.
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Xo( 1.06 Jim)

X+

FIG.l. Effect ofprepulse on the spectrum of backreflected light. Broken line: with 30%
prepulse, AX = 7X. Solid line: without prepulse, AX = 5X. Al foil, 10° incidence.

Several diagnostics were installed on the experiments at 1.06, 0.53 and
10.6 fim. The optical energy balance, with spatial resolution, is obtained from
pyroelectric detectors, and spectra of the refracted or back-reflected laser light
can be made at the fundamental frequency or its harmonics. Optical interferometry with a Wollaston interferometer and schlieren photography are used to
measure the electron density profile. For the CO2 experiments a ruby laser is
used as the probe beam, whereas for the neodymium experiments a fraction of
the beam of the master oscillator is, after amplification, frequency-quadrupled
and used as the probe. Ion time-of-flight analysis is made with charge-collectors
protected for secondary emission. The continuum X-ray emission between
1 keV and 30 keV is analysed with a multichannel system consisting of PIN
diodes and Nal scintillators coupled to photomultipliers. A pinhole X-ray
camera with 6 jum resolution is used for plasma photography and a flat or
bent-crystal X-ray spectrograph for line spectroscopy.
Automatic data acquisition and processing is in operation with a Camac
interface and a Nova computer. At present, the signals of the charge-collectors
are processed in this way.

INTERACTION EXPERIMENTS
Laser light absorption, still a matter of concern for laser fusion applications,
has been studied in considerable detail with the main emphasis on the dependence
of absorption on the laser wavelength and the dependence of collimated or
Brillouin backscatter on the laser pulse shape. The former study, performed
by frequency-doubling the laser to 0.53 nm, is motivated by efforts to build fusion
lasers with output in the visible spectral range; the latter by the fact that, in general,
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FIG.2. Reflection coefficient variation with foil thickness (e) for different laser wavelengths.

longer laser pulses than have yet been applied may be required in future applications,
with the possibility that the reflection losses by stimulated scattering would increase
catastrophically.
Results are presented in Table I. It appears that, for the pulse shapes
investigated here, the losses by backscattering are much less important than in
recent experiments with more widely spaced pulses [1 ]. We find, in fact, that a
discrete prepulse somewhat enhances the collimated backscatter with correspondingly enhanced redshift in the spectrum (Fig. 1) compared to a clean pulse
or plateau-like prepulse, and seems the least favourable pulse shape with respect
to backscatter losses. Those, however, never exceed 12% for our F/1.5 focusing
optics. It is interesting that a plateau-like prepulse, i.e. pulse shape, which
approaches more the pulse shape often discussed for laser fusion, seems to be
not particularly vulnerable to backscatter losses.
Table I also shows results for oblique incidence at 30° of p-polarized light.
This angle is near the optimum angle for resonance absorption reported by
other laboratories [2,3]. We also find that, at this angle, absorption is enhanced.
Most favourable are the clean pulse and the plateau-like prepulse, each with
~ 50% absorption.
A comparative study of absorption at 1.06 jt/m and 0.53 jum was made in a
series of thin-foil experiments as shown in Fig. 2. Absorption was found to
increase from 3 5% to 45% when changing to the shorter wavelength. Laser light
absorption at 1.06 fxm is well known to be accompanied by the production of
fast electrons in the plasma with damaging effect on the performance of laser
fusion targets. Hence, X-ray measurements were performed in these experiments
at the same time.
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FIG.3. X-ray spectra at 1.06 )im and 0.53 ym.

For the 'cold electron'temperature T c , not much change is observed between
the two wavelengths (the somewhat surprising increase from 400 ± 50 eV at
1.06 fim to 500 ± 50 eV at 0.53 iim not exceeding the error bars). The change
in intensity of the hard X-rays and the hot electron temperature T h is very
pronounced (Fig. 3). At bv = 30 keV the intensity diminishes by 10 5 . At the
same time, T h diminishes from 7.5 ± 2 keV at 1.06 jttm to 2 ± 0.4 keV at
0.53 jum. Thus, laser light absorption is not only enhanced at the shorter
wavelength but is also less complicated by fast electron generation. One may
speculate that absorption by inverse bremsstrahlung, which should not lead
to fast electron generation, begins to contribute at the shorter wavelength.
It may be noted that a correspondence was found between T h as evaluated
from the X-ray measurements and the temperature evaluated from the fast ion
signal of the charge-collectors. The collector signals indicate an exponential
density decay of the form 3N/3 V = exp -v/v 0 , where v0 is the isothermal sound
velocity v0 = (ZkT h /Mi) 1 / 2 . The temperature T h determined in this way was
very close to but slightly smaller than the temperature measured by the X-rays.
Expansion of the plasma corona was investigated directly by schlieren
photography and interferometry. Experiments in spherical geometry were
emphasised, to facilitate comparison with theory.
In CO2 interaction with glass microballs of 180 /an diameter (Fig. 4(c),
(e)), the density profile could be probed up to n e = 10 20 cm" 3 (ten times critical
density) with the ruby laser light source. In Nd interactions with glass balls of
40 lira and 70 Mm diameter (Fig. 4(d), (e)) the maximum density measured with
the 4OJ probe beam was not more than n e = 3 X 1020 cm" 3 .
The density profile obtained in the Nd case shows an exponential decay
with radius which is characteristic for a rarefaction wave. At 3 X 1020 cm" 3 the
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log n e
.20
.19
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FIG.4. Schlieren photography: X = 1.06 \m; 100 ps; Al target - t= 1.08 ns.
(a) 5. 7 J, no prepulse; (b) 4.9 J, prepulse type III.
Interferometry: (c) X = 10.6 \an, 1012 W-cm'2, SiO2 4> 176 jum, t = 190 ns. (d)\= 1.06 \m.
5.5 J, 100 ps, SiO2 (j> 70 \m, t = 0.
(e) Density profiles measured from interferograms (c) and (d).
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TRANSMISSION
REFLECTION
X= 1.06 ym

FIG.5. Transmission and reflection coefficient variation with foil thickness (ej.

density gradient is 15 nm, the fringes disappearing abruptly towards the upper
density side. This observation may indicate the onset of profile steepening in
the vicinity of the critical density, but experiments with improved resolution
(limited at present to 6 Mm) are needed to confirm this.
For CO2 interactions the density profile shows a tendency towards flatter,
more stationary profiles [4], as is expected for these long-pulse experiments.
The density gradient at the critical density is 30 Mm, i.e. 3 X0. A hydrodynamic
explanation for the observed gradient may be sufficient, particularly since the
interferograms show clearly that deviations from spherical symmetry remain
significant in these one-sided spherical target irradiation experiments and lead
to a more rapid density decay than predicted for a truly spherical expansion.

TRANSPORT EXPERIMENTS
The penetration of the thermal front in the target was determined in
experiments using thin foils [5,6] of polystyrene with oblique incidence, 30°.
For ease of diagnostics, the p-polarization was used. The main parameter was
the foil thickness, ranging from 0.03 nm to 3.5 jum. The experiment was
conducted at 1.06 txm for two laser intensities: 2 X 1014 and 2 X 1015 W'cm" 2
with 100 ps pulse, and at 0.53 /im, 1015 W'crn"2 with 70 ps pulse.
The diagnostics were: optical transmission and reflection of the foils; ion
energy distribution in the front and in the rear of the foil; and intensity in
X-ray emission. In Fig. 2 the foil reflections for the wavelength 1.06 fim and
0.53 /nm are compared. The change in the slope of the curve occurs, respectively,
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for a foil thickness of 0.15 ± 0.05 fim and 0.3 ± 0.05 fim for comparable laser
flux. In Fig. 5, for a lower flux 2 X 1014 W-cnT 2 at 1.06 /urn, the change in
reflection occurs for a foil thickness of 0.12 /um ± 0.02, which is approximately
the thickness at which the foils begin to be strongly opaque. This characteristic
foil thickness provides an upper limit for the burn-through depth because the
plasma has to expand after the burn-through before becoming transparent.
Figure 6 gives typical results obtained from charge-collector signal. We have
plotted here the dependence on foil thickness of parameters tj and t 2 as shown
in Fig. 6: ^ is the asymptotic value of the time of flight of the ion of the thermal
ion component; t2 is the time of the peak of this component. The collector is
located 45 cm from the plasma. The value of these parameters is compared
in the front (f) and in the rear of the foil (r).
Figure 7 gives results for 0.53-jum wavelength and 10 l s W-cm"2. Experiments
have also been made at 1.06 jum and 2 X 1015 W-cm"2. tif is expected to be
smaller than t i r when the thermal front no longer burns through the foil. At
1.06 jum this occurs at a 0.1 fim foil thickness for 2 X 1014 W • cm"2 and at approximately 0.15 (Jim for 2 X 1015 W-cm"2. At 0.53 Mm, burn-through is observed at
0.3 Aim for 1015 W-cm~2. These results are in good agreement with the burnthrough determination obtained from optical measurement. The thickness for
which t2f < t 2 r is larger. Comparison was made with numerical computation
with a 1D hydro Lagrangian code. Fast electron transport was not taken into
account; the flux limit coefficient was 0.05 and an absorbed flux of 1014 W'cm" 2 .
The values obtained for 95% absorption and tjf < t 2 r were 0.2 fxm and t2f < t2 r ,
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FIG. 7. tx and t2 variation with foil thickness (e); X = 0.53 (m; I=1015 W- cm 2.

0.3 ptm. These values are larger than the experimental determination discrepancy.
This can be attributed to the 2D effect in transport and expansion which cannot
be included in this code. However, the general behaviour with foil thickness of
the tj and t 2 is very similar to both numerical and experimental results. Moreover, the calculations show that for much smaller thickness than the burn-through
depth, tj. has to be smaller than tf, which is effectively observed for 0.53-jum
experiments, for experiments at 1.06 for 2 X 1015 W-cnT 2 .
Finally, we discuss the effect of prepulse on interaction and transport. We
had observed in previous experiments that a prepulse type III significantly reduces
the formation of fast ions, decreases the hot electron temperature, and increases
the number of thermal ions. This prepulse also decreases the intensity of hard
X-ray near 1 keV. These effects are more effective at oblique than at normal
incidence. Figure 4 shows that the prepulse has a lateral extension which is
larger at the target. As a result, prepulse favours the transport parallel to the
target, which reduces thermal flux inhibition and hot electron production. The
type of prepulse also acts upon the X-ray emission; type I and type II have an
intermediate behaviour between type III and the no-prepulse case. This is not
entirely understood at present.

CONCLUSIONS
Our experiments have been devoted to the effects on interaction and
transport mechanisms of laser wavelength and pulse shaping. Experiments at
1.06 and 0.53 jum have shown that absorption is favoured, as expected, at the
shorter wavelength and increases from 35% to nearly 50% at laser intensities
of 1015 W-cm" 2 , showing an increasing efficiency of bremsstrahlung absorption.
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However, absorption results obtained for CO2 and long pulses show that, on flat
targets, absorption is in the range of 30% near the absorption for 1.06 fun. This
means that the effect of wavelength on absorption is very important in the visible
or shorter wavelength. The major energy losses are not due to Brillouin backscattering but to refraction or sidescattering, even in flat targets.
The effect of wavelength on energy thermalization and transport is the
most significant. Hot electron production is greatly reduced for the shorter
wavelength, mainly as a result of a less inhibited longitudinal thermal transport.
The penetration depth is approximately twice as large at 0.53 Aim than at 1.06 jum.
The model for the isothermal rarefaction wave in the corona region seems
to be confirmed by direct measurement of the electron density distribution below
critical density. The effect of pulse-shaping on interaction and transport has been
analysed. In pulse-shaping it appears that there is a difference between continuous
and discrete prepulse. It does not seem that continuous pulse-shaping will
greatly increase the collimated Brillouin backscattering.
Finally, the effect of pulse-shaping is to favour lateral thermal conduction,
which could be favourable for isotropy of energy deposition in implosion
experiments if the effect of refraction does not introduce major losses.
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DISCUSSION
A.G.M. MAASWINKEL: How does one obtain a mean Te of 3 - 4 keV at
1.06 Mm from flux limit considerations if one measures T cold = 400 eV and
T h o t = 7.5 keV at 1015 W- cm"2 intensity, with 3 0 - 4 0 % absorption?
E. FABRE: The cold temperature refers to the plasma corona heated by
the laser where absorption takes place mainly, in all probability, through
resonance absorption at 1.06 [im. With a hot electron temperature of 7.5 keV,
the flux limit considerations will be fulfilled.
W. KRUER: Can you infer the existence of transport inhibition from your
experiments in which foils are irradiated?
E. FABRE: Comparison with numerical simulation with a flux limit of
20 gave thermal heat conduction slightly larger than the experimental data.
These calculations were made at 1.06 jum.
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Abstract
DYNAMICS OF LASER-PRODUCED IMPLOSION OF GAS-FILLED MICROBALLOON
TARGETS.
Laser-produced compression of gas-filled microballoon targets has been produced by
a two-beam Nd:glass laser with energies of up to 40 J per beam in a 1 OO-ps pulse. The compressed plasma has been diagnosed by space-resolved, time-integrated X-ray spectroscopy
and by observation of D-T fusion reaction products. Time-resolved measurements of the
implosion dynamics have been made by X-ray streak photography with a time resolution of
20 ps and in a separate experiment by pulsed X-ray shadowgraphy (or radiography) with a
time resolution of 100 ps. Evidence is presented for hydrodynamic instability and shell
break-up in an exploding pusher implosion of a layered microballoon. A multi-layer plane
target experiment has yielded a quantitative measurement of laser energy deposited into
fast electrons.

* Work carried out at the Science Research Council's Central Laser Facility at the
Rutherford Laboratory.
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INTRODUCTION

The Central Laser Facility of the UK Science Research Council was
set up in April 1976 to provide to British Universities a high-power laser
system for studies of laser-plasma interaction and laser-produced compression of matter. The two-beam laser system was commissioned in April 1977
and compression studies began at the end of that month. In 1978 the laser
system was improved by using the two 10-cm disk amplifiers in double pass
mode, and energies of up to 40 Joule per beam have since been available.
The compression studies have involved focussing the two laser beams on
small glass shell targets using two aspheric f/1 lenses. The targets are
typically 70 ym - 100 ym diameter, 0.6 um - 1.3 ym wall thickness and
filled with various gases (Neon, Argon, Deuterium-Tritium) at pressures up
to 87 atm.
Interpretation of the experimental data has been aided by computational
modelling using the 1-D Lagrangian code MEDUSA^ 1 ). The code has been
developed at the Rutherford Laboratory beyond its published form to include
suprathermal energy transport and the ponderomotive pressure of the laser
beam.

2.

IMPLOSION CORE PARAMETERS

2.1. Electron Density and Temperature
The electron density and temperature in the imploded core regions of
Neon-filled glass microballoons have been deduced from X-ray spectra using
a space-resolving crystal X-ray spectrometer. The details of the
spectrometer have been described elsewhere(2). The spectrometer has a
space resolution of about 7 ym and a simultaneous spectral resolution of
A/AX % 2000. The instrument is sufficiently sensitive to record the
spectrum of both line and continuum emission on a single laser shot.
Fig. 1 shows a typical portion of the space-resolved spectrum showing the
emission lines of Helium and Hydrogen-like Neon (Ne IX and Ne X) from the
compressed gas.
The electron density and temperature of the imploded material may be
deduced from a number of different analyses of the spectrum, but two of these
are particularly direct. If the X-ray spectrum is sufficiently well exposed,
the intensity of the continuum emission at frequency v, 1^ a e
' e , this
leads to an unambiguous determination of the average electron temperature
in the plasma. This metod may be used both for the imploded Neon and the
Silicon in the imploded glass.
If the electron temperature is known approximately then the electron density
may be deduced from the linewidths of Stark-broadened lines, in particular
the Helium-like transitions Ne IX 3 : P : - 1 1 S Q and Si XIII 3xPj - 1 1 S Q .
The Stark-broadening calculations were performed with a computer code
developed by Richards' ' that included both electron impact and ion microfield broadening. The theoretical line profiles need to be corrected for
the opacity of the plasma, using a simple homogeneous model, and the resulting
agreement between theory and experiment is shown in Fig.2.
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FIG.l. Space-resolved X-ray spectrum of imploded microballoon showing Stark-broadened
emission lines ofNe IX and Ne X. (8.5-bar neon-filled microballoon; initial diameter
70.5 nm; wall thickness 0.82 jim.)

These methods of analysis may be applied to both Neon and Silicon in
separate areas of the implosion core and typical results are summarised in
Table I.
2.2.

Ion Temperature

The observation of fusion reaction products, i.e. neutrons and alpha
particles, from microballoons filled with equimolar Deuterium-Tritium
is a measure of the quantity p <crv> where p is the imploded D-T density and
<av> is the average fusion reaction rate. The density of the compressed
D-T was inferred by comparision with a target filled to the same density
with D 2 + 5% Ne in which the implosion core could be diagnosed spectroscopically as described in section 2.1. Assuming that the ions in the
compressed core have time to establish a Maxwellian energy distribution,
then <av> may be related to the D-T ion temperature.
The neutron emission has been observed with an absolutely calibrated
scintillator-photomultiplier detector, and the yield of alpha particles has
been measured by the use of cellulose nitrate films. When subsequently
etched, the ct-particle tracks in the cellulose nitrate are visible under
a microscope and may be counted. Both methods agree on the number of D-T
fusion reactions per shot.
The calculation of ion temperature from the fusion yield was performed
using a self-similar implosion-explosion model (*•) and the result for a
shot yielding 1.6 x 10 5 neutrons is T. = 1 keV.
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FIG.2. Measured and computed lineshapes ofNe IX and Si XIII from the implosion core
of the plasma.

TABLE I. IMPLOSION CORE PARAMETERS: NEON-FILLED MICROBALLOON

p(Neon)

p(glass)

Te(Neon)

Te(glass)

Experiment

0.23 g cm"

0.32 g cm

500 eV

450 eV

MEDUSA

0.29 g cm" 3

0.45 g cm

620 eV

610 eV

r = 33 ym

Ar = 0.96 ym

p

= 8. 5 mg cm

E = 18 J
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FIG. 3. Schematic diagram of X-ray streak camera.

2.3. Computer Predictions
The MEDUSA code as referred to in section 1 has been used to model
the particular implosions described above, and predicted values of the core
parameters are included in Table I. The main adjustable parameter in the
code is the partitioning of the absorbed laser energy between the thermal
and suprathermal or 'hot' electrons.
Best agreement with observed values
is obtained by assuming that virtually all (i^. > 90%) of the laser energy
which is absorbed at the critical density surface is used to create 'hot'
electrons. Only in this case does the implosion show the exploding pusher
behaviour in which the centre of the shell remains almost stationary during
the implosion. The values of electron density and temperature shown in
Table 1 were calculated by a post-processor atomic physics routine that
calculates time-integrated X-ray line and continuum emission and these are
reduced in exactly the same manner as the experimental spectra. The maximum densities and temperatures in the computer model are higher than
these average values by almost a factor of two.

3.
3.1.

IMPLOSION DYNAMICS
X-ray Streak Records of the Implosion History

The time variation of the X-ray emission from hot laser-produced
plasmas is most readily studied using streak photography(eg. (5) > (6)).
The results reported here were obtained with a UK-developed X-ray streak
camera outlined in fig. 3. The X-ray streak tube has a transmitting
photocathode consisting of a 9-um Beryllium substrate on which is deposited
a gold layer of 150 X thickness. The photocathode is most sensitive at
an X-ray energy of about 1 keV and suitable filtering can increase this to
about 1.4 keV.

EVANS et al.

92

7.6 JOULES PER BEAM IN 100 psec PULSE ON 10-BAR D 2 + ^ - F I L L E D
GLASS MICROBALLOON OF 88 jam DIAMETER AND 0.88 jum WALL
THICKNESS, YIELDING 2 X 10 4 NEUTRONS
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08 1177/102

FIG.4. Time and space resolved X-ray emission from implosion of 10-bar D2 + T2-filled
glass microballoon.
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TABLE II. IMPLOSION TIMES
r (urn)

Ar (pm)

E (J)

t. ,(psec)
impi

37.0

1.12

11.3

117

32.6

1.38

21.6

23

35.0

1.28

25.1

79

35.0

0.64

8.1

122

42.0

0.77

13.0

104

44.0

0.44

22.7

106

45.0

0.44

19.7
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The X-ray streak camera viewed the microballoon target through a pinhole
8 nm diameter placed 1.5 cm from the target. An llx magnified image of
the target was thus produced on the photocathode. The whole image was
streaked without using a further slit and this enabled both coronal and
core regions of the plasma to be well exposed at the same time. A typical
streaked image is shown in fig. 4, showing for comparison the time-integrated
pinhole camera image.
For this method of whole image streaking, the time resolution At for a
source of dimension Ax in the streak direction is simply At = Ax/v where
v is the streak speed. The time resolution achieved was 23 psec in the
core and 60 psec for the coronal plasma. After correction for the
instrumental resolution,the core plasma was observed to emit for 120 psec
and the corona for 130 psec, both at greater than half the peak intensities.
The coronal emission is essentially coincident with the laser pulse and
has a similar temporal distribution. The delay between coronal and core
emission was 110 psec for this particular shot and results for different
targets are summarised in Table II,
These results were modelled with the MEDUSA code as described earlier. The
code was used to model the effects of changing the shell thickness and the
laser energy independently since the simple theory of exploding pushers
would predict that the implosion time should scale as (E/M)"* where E is
the useful absorbed energy (7) and M is the shell mass.
The results of the computer modelling shown in fig. 5 show that the implosion time can usefully be described by the single parameter E/M but that
the implosion time measured from the peak of the laser pulse does not scale
as (E/M)~2. This is simply due to the fact that the peak of the laser pulse
is not a good time reference for different values of E/M and it is better
to measure the implosion time from the time when the inner wall of the
shell has moved about 10% of its initial radius. With this definition of
implosion time the scaling with E/M is much closer to the expected behaviour.
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FIG.5. Variation of implosion time with specific energy.

In fig. 6 we show the comparison between the MEDUSA predictions (measured
from the time of peak laser power) and the measured implosion times. In
order to account for differences in shell radii, the implosion times have
been scaled linearly with shell radius, normalised to shot 102. It may be
seen that there is a qualitative agreement with the code predictions but
an absolute discrepancy of a factor of about 2 in the values of E/M.
The code assumes absorption of laser energy by inverse bremsstrahlung
together with a 10% dump at the critical density to simulate resonance
absorption; the total effective absorption in the code is about 12%. In
this particular experiment the absorption fraction was not measured but
other measurements ((8) > (2))would suggest a figure of 17%. Another factor
which may account for the discrepancy between theory and experiment is
that the illumination of the microballoon is strongly concentrated at the
two poles to about twice the mean, and the polar regions will be expected to
implode faster than the equator, although the heating by fast electrons
will tend to alleviate this asymmetry since they dominate the energy
transport in exploding-pusher implosions.
For the sake of completeness we have included in fig. 6 the computer
calculations for purely classical heat conduction and also for the case
where the classical conduction is inhibited by a factor of 30 as suggested by
some "burn-through" experiments. Clearly these cases which do not include
fast electron energy transport show implosion times much longer than those
observed experimentally.
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of energy transport.

3.2.

Pulsed X-ray Radiography

The experimental work described in the earlier parts of this paper
have been concerned with the exploding pusher type of implosion in which
there is considerable preheat of the fill gas prior to the implosion,
resulting in densities of about 0.2 g«cm~ . Progress towards higher
densities requires the reduction of the fast electron preheat and achieving
a true ablative compression. A first step in this direction has been made
by using the thickest available microballoon targets and using lower laser
powers to reduce the amount of fast electron preheat. Such an implosion
will be rather slow, taking a few hundred picoseconds to implode, and will
not achieve very high temperatures. It will be too cool to radiate
significantly in the X-ray region and so cannot be diagnosed by its X-ray
emission. On the other hand it is possible to measure the X-ray absorption
of the imploding plasma by viewing its geometric shadow as produced by an
auxiliary pulsed source of reasonably hard X-rays.
The geometry of the experiment is shown in fig. 7. The glass microballoon
target was filled with Neon at 87 atm. pressure. The implosion was
produced by two beams each containing 3 J in a 100-psec pulse. The focussing was such as to achieve the best uniformity of illumination; the flux
density on the poles of the target was about 2 x 10
W.cm" . A third
beam containing about 5 J in 100 psec was delayed by up to 600 psec relative
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FIG.8. X-ray shadowgraph of 87-bar neon-filled microballoon 350 ps after laser irradiation.

to the main pulse, displaced slightly in angle and focussed by one of the
main beam-focussing lenses onto a brass (Cu + Zn) target. The auxiliary
beam was somewhat defocussed on the brass rod to provide an X-ray source
rather larger than the size of the microballoon. The X-ray pinhole camera
was set up to view the microballoon against the background of X-ray emission from the brass rod.
The pinhole camera image shown in fig. 8 was actually obtained on the
first laser shot of this experiment with a delay time of 350 ps. As
expected,it shows a well defined.and reasonably circular shadow of the
imploding microballoon against the diffuse X-ray emission from the brass
rod. The shadow is less opaque at the centre, showing that at this time
the imploding microballoon still has a pronounced shell structure.
A sequence of pictures varying the timing of the X-ray pulse is shown
in fig. 9. It is seen that at 250 psec and 350 psec the shell structure
is still present as evidenced by the central intensity peak. Maximum
compression occurred between 460 psec and 570 psec and at 670 psec the
plasma was beginning to expand again. In order to reduce these images to
more quantitative data, the densitometer tracings were converted to
intensity and the contribution of the polar X-ray emission of the microballoon was removed (this was measured in a separate experiment). A
smooth intensity profile was fitted to the emission of the back-lighting
plasma alone and from a comparison of these two intensity profiles the
opacity of the imploding plasma as a function of position was derived.
Examples of these opacity profiles are shown in fig. 10.
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FIG.10. Measured and computed X-ray opacity profiles of 87-bar neon-filled microballoon:
fa) 250 ps after irradiation; (b) 46 ps after irradiation.

The spectral quality of the probing X-rays was determined with an X-ray
spectrometer in the position normally occupied by the pinhole camera.
This showed the effective energy of the X—rays to be 1.5 keV. This energy
is less than the ionisation threshold of He-like Silicon and so the
dominant absorption is by Oxygen and Neon both of which will be predominantly in their Helium-like states at temperatures between 40 eV and 250 eV.
The MEDUSA code has been modified to calculate the integrated line of sight
opacity of the plasma as a function of time assuming the above absorption
mechanisms. The results are shown in f i g . 10 and, for a r e a l i s t i c
comparison with experiment, need to be convoluted with the spatial response
of the pinhole camera. Clearly the agreement with the experimental data
is good at a delay of 250 psec. At this time the plasma has not moved
very much from the i n i t i a l position of the microballoon and this demonstrates
that the mechanisms postulated for the opacity are reasonable. At a delay
of 460 psec the experimental data show the plasma to have compressed more
than predicted by the code.
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FIG.11. Space-resolved X-ray spectra of l-\im wall-thickness microballoons, showing
evidence of Al XII and Al XIII ions in the implosion core.

The code predictions of maximum compressed gas density are rather sensitive
to the assumptions made about radiative losses in the plasma. The calculations presented here ignore,radiative cooling and predict compressed
gas densities of about l g . c n „ Including bremsstrahlung losses and a
simple correction for reabsorption increases the predicted density to
^ 5 g .cm
but delays the implosion by ^ 200 psec, in marked disagreement
with the experiment. Further analysis of this experiment is in progress
including an improved treatment of radiative transfer.
To determine the compressed gas density from the experimental opacity
profiles is difficult since it requires some assumption about the position
of the gas-glass interface. In all the code runs the position of maximum
observable opacity, i,e. optical depth T X, 2, occurs within the glass shell.
If we assume that all the Neon originally in the target is compressed to
within the opaque region at 450 psec delay, i,e. r = 8 um, then the
volumetric compression is about x 70 and the compressed gas density
is about 4.5 g. • cm
3.3, Hydrodynamic instabilities
In the exploding pusher mode the shell material which subsequently
appears in the compressed core should come from the innermost 20% of
the shell of empty glass microballoons, according to ID and 2D simulations.
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FIG.12. Multi-layer target for fast electron detection.
An earlier experiment at the Rutherford Laboratory (9) used glass microballoons of 1 ym wall thickness coated with 0.1 ym of aluminium, imploded
by 20 J of laser energy. When the implosion plasma was observed with the
space-resolving X-ray spectrometer (see Section 2) aluminium X-ray line
emission was seen from the implosion core as well as from the shell.
In the earlier experiment there were two geometric possibilities which
could have led to the observed spectra without actually requiring the
aluminium to be in the implosion core. These were emission from the
equator of the microballoon and from the fibre supporting the microballoon.
These possibilities have now been eliminated by coating only the polar
regions of the microballoon and re-mounting it on a clean fibre. The
kl XIII emission is still seen in the core as shown in fig. 11 and moreover the kl XII Is 2 - Is4p emission line is appreciably Stark-broadened,
indicating that the emission is from the dense implosion core. On both
these shots there was essentially no prepulse (< 10
of main pulse energy),
which should exclude the possibility of target damage prior to the main
pulse.
The possibility remains that shell break-up has occurred due to fluid
instabilities even in an exploding pusher implosion, and an examination
of a 1-D code simulation using MEDUSA does show a short period of possible
Rayleigh-Taylor instability on the outside of the shell during the early
part of the laser pulse.

4.

HOT-ELECTRON GENERATION

In view of the importance of hot electron generation in both exploding
pusher and ablative compression experiments,a plane layered target experiment has been performed to study the generation and transport of fast
electrons. The structure of the multilayer targets is shown in fig. 12.
Fast electrons are generated in the kl layer by laser flux densities of
10lif - 1 0 1 6 W.cm . The SiO layer shields the subsequent layers from the
thermal heat front. The fast electrons produce K a emission in the
CaF£ and K Br layers and the Mylar is a filter to reduce the fast electron
energy. Both front and rear of the multilayer foil are viewed by spaceresolving X-ray spectrometers which are absolutely calibrated.

102

EVANS et al.

Foils with varying thicknesses of Mylar are used to study the variation
in K a emission from the back layer. Analysis of the data is still incomplete but K a emission from the back layer was observed with up to
25 Mm of Mylar, and an absolute energy of 1 J in fast electrons of energies
greater than 10 keV was observed with 20 J of laser energy on target.
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Abstract
RESEARCH ON ELECTRON-BEAM INERTIAL-CONFINEMENT THERMONUCLEAR FUSION.
Recent results of investigations into the problem electron-beam nuclear fusion at the
Kurchatov Institute with Angara-1, Triton, Kalmar-1 and other devices are reviewed. In the
experiments, it is shown possible to accelerate the shell material up to velocities of
(1-2) X 107 cms" 1 . In current focusing experiments with Angara-1 (1 MeV electron energy,
330 kA total current) the following parameters are attained: maximum current density
3 X 107 A-cm"2, maximum beam power 2.5 X 10 n W, power rise-time 30-35 ns, total
energy deposition in the focused beam 15 kj. — The diode impedance upon current focusing
inside the plasma channel is found to be inexplicable by the Child-Langmuir vacuum current
law so that growth of the turbulent plasma resistivity has to be assumed. The calculated
ion-sound-instability-driven resistivity values agree with the experimental data. — The
Angara-1 device with the 'Koltso' output device is used to simulate conditions of beam
transport along cusp-trap magnetic field lines. The transport efficiency starting from the trap
equatorial gap and all the way towards the calorimeter placed behind the end-on mirror
is found to be up to 85%. The transport of a single beam along an inhomogeneous magnetic
field used as a mock-up of the Angara-5 field is also studied. Energy transport in magnetic
insulation transmission lines is being explored. The regime with ion-leakage current is tested
by producing a plasma at the line anode. The ion-leakage current is shown not to destroy
the magnetic insulation regime.
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INTRODUCTION

In recent years, there has been a surge of optimism in regard to the
feasibility of electron-beam-driven pulsed fusion with energy gain with an e-beam
power of 1014 W. This optimism is based on computations performed at the
USSR Academy of Sciences Institute of Applied Mathematics and at the
I. V. Kurchatov Institute of Atomic Energy [ 1 ]. A similar optimism is expressed
by physicists of the US Lawrence Livermore Laboratory [2]. To ignite pulsed
fusion, one has to accelerate the inner shell of a spherical fusion target up to no
less than 200 km-s" 1 , which requires a power flow density of no less than
10 13 W-cm"2 on the target surface. This power density level has been achieved
in the focused beam of the Kurchatov Institute Angara-1 device. Experiments
have shown that a thin polyethylene shell was accelerated up to 100-150 km-s" 1 .
With a sharply focused beam being stopped in the thin-metal anode foil, a
reduction in the energy deposition length was observed, owing to the effect of
the beam self-magnetic field penetrating inside the anode-bound plasma. By
making use of the sharp focusing and the effect of deposition length reduction,
it turned out to be possible to achieve an energy deposition of the order of
107 J-g" 1 in a 15-20 /im metal (gold or platinum) foil.
Important results have also been achieved in e-beam and electromagnetic
energy transports. It was shown that, because of the vacuum line magnetic
self-insulation effect, the electric field strength could be increased up to
2 - 3 MV-cm"1, transmitting over 5 m a power of 3 X 10 10 W-cm"2 with an
efficiency of 80%. As the transport of ultimate power energy and e-beams
towards the target constitutes one of the main problems of future fusion
devices, the study of transport methods and efficiency should attract utmost
attention in the next few years.
Relativistic electron beams are a rather simple and cheap energy source
and provide a realistic option for reaching the threshold of inertial confinement
pulsed fusion feasibility demonstration.

2.

ANODE-METAL-FOIL HEATING BY A FOCUSED BEAM

The Triton, Angara-1, Kalmar-1 and NPR-2M devices were used to study
thin-metal-foil heating by a focused electron beam. At the Triton device [3],
the effect of the high-current beam-stopping-range reduction in thin foils was
discovered, which is very important for the programme as a whole. The study
of this effect was further continued at the Angara-1 device (Fig. 1) with up to
1 MeV electron energy, 330 kA total current, up to 3 X 107 A-cm" 2 current
density and 2.5 X 1011 W maximum power (power rise-time 30-35 ns). The
total energy within the beam focus was up to 15 kJ [4, 5].
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FIG. 1. Lay-ou t of A ngara-1.

To estimate the stopping length of the high-current beam in thin foils,
experiments were carried out at the Angara-1 device in which a target consisting
of two spherical gold segments of different thicknesses was irradiated. Both
segments with a diameter of 4 mm were placed on opposite sides of a perforation
in a 2-mm-thick anode plate.
The thickness of the frontal foil varied from 5 up to 45 /zm, while the
rear-side foil was kept at a thickness of 25 jum. The X-ray images of the foils
were taken with two pinhole cameras at an angle of 90° to the beam axis.
Pinhole image densitometry has demonstrated that the X-ray brightness of the
5-/Ltm-thick frontal foil was comparable to that of the rear-side foil [5] (at 400 kV
diode voltage and 200 kA current). For the sake of comparison, note that for
single 400*keV electrons, the electron flux is attenuated by a factor of two in
15 /urn of gold. Similar experiments carried out for 1 M V diode voltage yielded
a twofold beam attenuation depth of 20 (im (instead of a 50-/im single-electron
twofold attenuation depth). The experimental results are presented in Fig.2.
The reduction of the stopping length of a focused beam may be attributed
to the lengthening of the electron path in the anode material plasma due to the
magnetization by the beam self-magnetic field penetrating into the plasma (the
electric field does not penetrate into the plasma). This makes it possible to use
this material layer to stop the beam. One should, however, note that at the beam
axis the electrons are not magnetized, so that in case the foil thickness is less
than the single-electron stopping range, a part of the beam should be able to
penetrate through the foil, which is, indeed, observed in experiments. This
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4 mm

FIG.2. X-ray image of spherically shaped gold target. Diode voltage: 1 MV; thickness of
frontal hemisphere: 20 iim; thickness of rear hemisphere: 50iim. Both hemispheres produce
comparable observed luminosities (instead of much less frontal-hemisphere luminosity
expected in case of normal stopping range).

FIG. 3. Shape of annular cathode protrusion (section). Anode to cathode plane distance
10 mm; the gap between cathode protrusion edge and anode is 3—5 mm.

point should be taken into account when thin-layer beam-heating experiments
are performed.
To evaluate the gold-foil temperature due to focused beam heating,
experiments were carried out in which the foil vapour expansion velocity was
measured as a function of the foil density ranging from 5 //m up to 45 fxm. This
velocity was measured by making use of the time delay of light emission from
a barrier put in the way of the vapour stream. The light was measured by a
photomultiplier according to the scheme used previously in Ref.[3]. For a
5-fzm-thick foil the velocity of gold vapour was up to 2.5 X 106 cm-s" 1 .
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DIODE CURRENT FOCUSING

To focus the current in high-current accelerator diodes, it is usual to make
use of plasma channels produced with lasers, with dielectric and metal pins or
cones. At the Angara-1 device, the current channel was produced by introducing
metal protrusions of various shapes into the planar cathode-anode gap.
Substantial progress was achieved by using an annular protrusion (Fig.3) resulting
in a diode impedance reduction and a better diode line matching. Experiments
were done to optimize the anode-cathode gap and the cathode protrusion
dimensions. The gap between the protrusion edge and the anode was varied over
a range of 2 to 10 mm, and the cathode protrusion diameter from 5 to 14 mm.
The best results in energy deposition and sufficiently sharp focusing were
obtained with 2.5-3.5-mm gaps and 7-8-mm cathode protrusion diameters.
In addition, the depth of the central conical depression was also varied. When
the depth was small (3—4 mm), the diode would be short-circuited very soon
with dense plasma. Increasing the central depression depth would result in a
lengthening of the plasma channel during the focusing stage and prevent diode
short-circuiting during the total pulse duration of about 7 0 - 8 0 ns. With a
current of 330 kA and an electron energy of 1 MeV, the current channel diameter
was 1-2 mm. The channel radius was measured from X-ray pin-hole photographs
(Fig.4) obtained with absorption filters of various thicknesses. The beam axis
would not deviate by more than 0.5 mm from the cathode centre. Better
matching and lack of diode short-circuiting improved the energy deposition in
the diode. Figure 5 presents the oscilloscope traces of current and voltage
together with the time dependence of diode power deposition computed from
current and voltage. The peak diode power is 2.5 X 1011 W, the power build-up
time is 30—35 ns, and the power build-up rate is 0.7 X 1019 W-s"1. The power
density in the focused beam reaches 10 13 W-cnT2. The total energy content
in the focus was also evaluated by the size of the single-shot crater produced
in the aluminium anode plate. The experimental data were compared with the
computation results of Ref.[6]. In a 10-mm-thick aluminium anode plate, a
perforation is produced with a 20-mm input and a 6-mm output diameter
(Fig.6). Such an erosion approximately corresponds to a beam energy of 15 kJ.
In the studies of focusing as a function of cathode protrusions of various
shapes, it was observed that the beam current and the energy deposition are
very sensitive to the cathode protrusion geometry and to the protrusion-edge-anode
gap, but quite insensitive to the gap between the anode and the planar part
of the cathode. A special test was made with the latter gap being increased up
to 3 cm, while the annular cathode protrusion was fixed to a 15-mm-diameter
pole, so that the protrusion-edge-anode gap remained at a value of 3 mm. It was
found that practically no change occurred in the diode total current and energy
deposition in contrast with planar-diode theory, which predicts a diode impedance
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FIG.4. X-ray images of gold hemisphere obtained in one shot by means of end-on pinhole
camera with 5 pin holes. The central image was recorded without filter; it shows the
luminosity of the entire foil diaphragmed by the 4-mm-diameter anode aperture. The other
images were obtained through copper filters 0.5, 1, 1.5 and 2 mm thick.

increase of up to 17 £2. This indicates that, in our conditions, electron emission
predominantly occurs from the cathode protrusion. The current value of 330 kA,
with a channel diameter of 2 mm, is incompatible with the assumption of a
vacuum current. We are then led to the assumption that the diode current is
determined by the turbulent resistivity of the plasma channel [4, 5, 7]. A
possible interpretation of diode operation in the presence of the plasma channel
is the fact that the channel is unable to carry the short-circuit current because
small-scale turbulence develops in the channel, resulting in an anomalously high
resistivity [8]. In a relativistic electron gas, development of turbulence goes
unimpeded, owing to a strong mixing of all oscillation modes. Thus, we may
assume with sufficient confidence that the charge drift velocity in the plasma
cannot substantially exceed the ion sound velocity
ne
where a is a numerical factor. If the plasma sheath is confined by the selfmagnetic field, it can carry a current of
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FIG. 5. Diode impedance and diode electric power (lower curves) computed from diode
voltage [top oscillogram) and current (second oscillogram). The maximum power and total
energy deposition in the diode were 2.5 X 10n W and 15 kJ, respectively. The impedance
was initially 10 fi.

Assuming a « 3, we obtain current values which agree with the experimental
data by order of magnitude. This formula is remarkably independent of the
diode geometry, i.e. of cathode-anode gap, cathode surface and plasma column
shape, which is an important argument in favour of its validity. One should
point out that the anode is not bombarded by an electron beam from the pinch
but rather by a flux of relativistic electrons with a temperature proportional
to the potential drop over the pinch length.
The Kalmar-1 device was used to study current focusing as a function of
diode geometry and pre-pulse magnitude. Good focusing was achieved with a
stainless-steel conical cathode, the base diameter of the cone being 70 mm
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FIG.6. One section of one-shot 10-mm-thick aluminium anode perforation. The damage
size corresponds to an energy deposition of 15 kj.

E
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FIG. 7. Focusing spot diameter as a function of annular cathode protrusion diameter and
cathode-anode gap; X-ray pinhole images.
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FIG. 8. Aluminium anode plate sections. 1 — annular hollow-cone cathode with edge
diameter 15 mm; 2 - cathode diameter 11 mm; 3 - cathode diameter 7 mm; one-shot anode
perforation, anode thickness 6 mm in the cases 1, 2, 3; 4 — protruding cone anode, focus
spot diameter 0. 75-1 mm, but energy deposition lower than for annular hollow-cone cathode
(anode thickness 8 mm).

an apex angle of 135°. Such a cathode provided focusing to a spot size not
exceeding 1 mm precisely towards the centre of the anode. Sharp focusing was
observed both with 1 and 10 percent pre-pulses. The focus current density
was up to 107 A • cm"2. The diode impedance was, however, substantially higher
than the 1.5O-J2 line output impedance so that it was not possible to match the
diode with the line, and the energy deposition in the beam focus was no more
than 2 kJ per pulse.
The largest energy deposition in the focus at Kalmar-1 was obtained by
using the annular-protrusion-type cathode shown in Fig.3 and first used at
Angara-1 [5, 7], with a protrusion diameter of 8 mm and a cone-shaped
depression at the centre. The necessary condition of maximum energy deposition
was found to be a small pre-pulse (1%). The gap between the cathode annularprotrusion edge and the planar anode was 2.5-4 mm, the protrusion diameter
ranging from 5 to 40 mm. Pinhole image densitometry has shown that the best
focusing is observed at a 2.5-mm gap, the focus diameter increasing from
1.5 to 6 mm, almost linearly with a protrusion diameter increase from 5 to
40 mm (Fig. 7).
The aluminium anode plate damage was used to evaluate the energy deposition
to the focus. The energy deposition reached a maximum, corresponding to 40%
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FIGS. X-ray bremsstrahlung profile in Kalmar-1 diode obtained with phstic-scintillator
pinhole camera. The mosaic image structure is due to the microchannel intensifier plate in
the image converter.

of the total energy deposition in the diode, at a cathode protrusion diameter
of 7 mm (Fig.8). The decrease of energy deposition at a smaller protrusion
diameter was due to worse diode-line matching, while at diameters in excess of
7 mm a substantial portion of the beam energy goes to the periphery of the
focal spot, the deposition to the spot itself decreasing.
The focused beam produced, in one shot, a hemispherical crater at the
inner surface of the aluminium anode (crater depth 5-5.5 mm) and in some cases
perforated a 6-mm-thick aluminium anode. According to computation results [6],
this represents a focus energy deposition of 3 - 4 kJ.
To establish the current profile across the anode, time-history experiments
have been started at the Kalmar-1 device in which the diode bremsstrahlung was
detected by scintillators. A plastic scintillator with nanosecond persistence
time was either placed into an X-ray pinhole camera or directly applied to the
anode. It was photographed through an image intensifier system. In the
photographs, one of which is presented in Fig. 9, we distinguish a several-mmdiameter central spot, corresponding to the previously observed sharp-focusing
spot. This spot is surrounded by a much less intense X-ray halo. From photographs of scintillators either inserted in the X-ray pinhole camera or in direct
contact with the anode, it follows that no X-ray radiation is observed from the
70-mm-diameter planar part of the cathode, i.e. practically all the electrons
arrive at the anode inside the plasma streams produced around the protruding
cathode part.
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FIG.10. Koltso-1 experimental lay-out. 1 - major current shunt; 2 - voltage divider;
3 - minor current shunt; 4 - anode foil; 5 - magnetic probes; 6 - end-on calorimeter;
7 - dose meters; 8 - photographic paper; 9 - magnetic lines; 10 - spherical target with
thermopair and dose meter ; 11 - cathode blades; 12 - polypropylene screens; 13 - pinhole
camera.

The experimental data on diode current focusing by means of cathode
protrusions have shown that this method provides a possibility of sharp focusing
and outstanding power density of 10 13 W-cm~2. Besides, it was established
that most of the electron emission occurred from the cathode protrusion and
the diode current seemed to be hardly explicable by a Child-Langmuir vacuum
current. Accordingly, the assumption was made that the diode impedance is
determined by the plasma channel current with turbulent resistivity. This
assumption is able to explain the observed phenomena qualitatively. However,
at present there is no complete understanding of the plasma channel mechanisms;
therefore, it is not possible to establish scaling laws, and it is rather difficult
to predict the possibilities of using the present focusing method for higherpower beams.
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HIGH-CURRENT BEAM TRANSPORT IN A MAGNETIC CUSP

An important problem of a future e-beam fusion reactor is beam transport
from the diodes, which are to be placed at the exit ends of the magnetic
insulation lines towards the target. One of the solutions studied in the present
work consists in beam transport and focusing along cusp magnetic-field lines
with subsequent trapping of electrons in the cusp, followed by their absorption
at the target surface [9].
The trapping and absorption of electrons in a cusp trap provided with a
central target was mocked up previously in a small-size trap (8-cm loop diameter)
at the Ural device [10].
To study high-current beam transport along the cusp magnetic field in
nearly full-scale conditions and to mock up one of the possible schemes of
Angara-5 beam transport, the Koltso device has been built.
The Koltso device (Fig. 10) has a high-voltage diode (voltage up to 1.5 MV,
inner diameter 1.2 m) and is connected to the Angara-1 2.1-S2 output impedance
forming line [7]. Inside the diode section, two 0.7-m-diameter coils are provided
to produce a cusp magnetic field with a maximum field strength of 12 kOe
both in the magnetic slit and the axial mirrors (4 ms magnetic-field half-period).
In the equatorial plane of the magnetic trap, there are cathode blades, which are
located around a 0.8-m ring and produce 12 electron beams. Each of the
0.5-mm-thick and 112-mm-long stainless-steel blades is separated by a distance
of 13 mm from the 50-jum-thick titanium anode foil, isolating the diode vacuum
space from the trap space (Fig. 10). The total injected current was 350 kA for a
maximum voltage of 700 kV (2 £2 diode impedance). The effective pulse length
was 60 ns. In typical operation regimes, the field in the slit and the axial
mirrors was 5 kOe, and the total beam energy in the diode was 9-10 kJ; the
maximal energy reached in these experiments was 15-16 kJ. When passing
through the anode foil, the beams would perforate it and produce a slit of
up to 4 mm width, which depended on the air pressure in the trap volume.
Figure 10 presents the general lay-out of°the experiment and shows some
of the diagnostics. An unusual diagnostic method consisted in putting a 2-mmthick polypropylene screen across the beam path (Fig.l 1). The beam was
recorded through the effect of polypropylene foaming out at a sufficiently high
energy deposition density. The solidified foam carries information on beam
shape and position and, qualitatively, on the energy density.
The transport experiments were done over a range of air pressures from
2 X 10"3 up to 20 torr. The beam self-fields were weaker than the external
magnetic field. In these conditions, one could not expect any considerable
amount of non-adiabaticity or any significant extent of electron trapping in
the cusp. The end-on calorimeter signal has shown that, in the absence of any
probe (target) within the trap volume and at air pressures in the trap ranging
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FIG.11. Beam signature on polypropylene screen, the screen thickness and the diameter
being 2 mm and 15 cm, respectively. The sample with narrow beam signatures represents
the case of vacuum in the trap volume, the next one was obtained at a pressure of 0.5 ton,
the third sample represents a pressure of 20 ton. Maximum screen damage is seen at
second sample (0.5 ton).

from 0.3 up to 0.5 torr, the total energy incident to the calorimeter was higher
than 5 kJ when the energy of the beams in the diode was 13 kJ. One should
take into account that each beam was split into two, the partial beams propagating
along the magnetic axis in opposite directions, as well as that 10% of the energy
was lost in anode foil evaporation. Then, the efficiency of transport of beams
from the equatorial trap slit through the axial mirror (the magnetic force tube
being turned over 90°) is 85% for a total transport distance of 0.5 m.
The beam signatures at the surface of the polypropylene sheet (Fig.l 1),
which was 5 cm behind the axial mirror, 15 cm from the trap centre and
perpendicular to the magnetic axis, indicate that the beams were propagating
from the lateral slit all the way through the axial mirror along magnetic-force
tubes. The shape of each beam at the anode foil exit was a band elongated
along the equatorial slit. The signature of each beam at the end-on polypropylene
sheet was wedge-shaped with the apex towards the centre, which is indicative
of the beam profile evolution.
The curvature of the beam signatures is due to both the superposition of the
external magnetic field and the self-magnetic field of the beams and also to
electron drift in the non-homogeneous magnetic field. The beam energy transport
to the end-on sheets (targets) was not substantially changed by increasing the
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FIG. 12. Magnetic system, mocking up part of Angara-5 magnetic-field space. Circular
sector lines indicate current loop curvature.

initial pressure from 0.3 up to 30 torr. The decrease of pressure down to
2 X 10~3 torr significantly lowered the energy deposition density, without
altering the general character of beam signature profiles (Fig. 11).
Two interesting, but not yet completely clarified effects should be noted:
1. One could expect to see some broadening of individual beams with
some degree of filling-up of the gaps between them. However, in the process
of beam convergence all the way to the exit through the end-on mirrors the
gaps between them subsisted.
2. The general beam profile over the end-on mirror plane was expected to
have a central depression due to the trapping of part of the electrons with
subsequent scattering into the loss cone. The actually observed profile with a
large central gap and a large radius of annular flux in the mirror suggests, however,
that some other effects seem to exist, resulting in the expansion of the annular
electron profile.
An experiment was done to study the transport of one of the beams in a
radially converging magnetic field. A model of the central part of the trap and
of the planar transport section of the Angara-5 magnetic system was built, the
mock-up scale being 1:2 in linear dimensions (Fig. 12). A 300-kV electron beam
with a 120-kA current (v/y ~ 5) and 60 ns pulse duration was produced in a
region with a 5-kOe magnetic field 170 cm off the trap axis. The beam output
cross-section was rectangular: 10 mm high and 35 mm wide. The magnetic coils

FIG. 13. Diagram of a magnetic insulation line with anode plasma formation; 1 - negative
electrode; 2 - electron leakage probe; 3 - dielectric insert; 4 - ion probe; 5 - positive
electrode; 6 - Faraday end cylinder; 7 - X-ray detectors (PIN-diodes).
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FIG. 14. Limiting line current (suppressing electron leakage) with and without plasma.
The solid line represents the theoretical curves.

were shaped such that the magnetic-field profile over the beam transport
section was up to 10% identical with that of a perfectly symmetric cusp.
Experiments have shown that, in some gas pressure range, it was possible
to transport the beams efficiently to the central trap boundary. For instance,
at 0.5 torr air pressure, up to 80% of the beam energy was detected by a graphite
calorimeter 30 cm off the trap axis. Energy measurements and beam signatures
on thin foils put across the chamber indicated that the beam electron motion
was in agreement with electron trajectories computed in single-particle approximation.
Consequently, the experiments have demonstrated the possibility of efficient
propagation and convergence of individual beams in a magnetic field of vortex
shape proposed in one of the fusion reactor schemes [9].
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ELECTROMAGNETIC ENERGY TRANSPORT ALONG MAGNETIC
INSULATION VACUUM LINES

In future fusion systems, the choice of a particular scheme of energy and
beam transport to the target will depend upon transport efficiency and ultimate
transmitted power flux. At present, magnetic insulation lines are regarded
as the most efficient means of electromagnetic energy transmission to beamgenerating high-voltage diodes [ 1 ]. At present, electric fields up to 3 MV-cm"1
and power flux densities up to 2 X 1010 W-cm"2 have been reached in such
lines. These results were obtained with rather high-impedance lines on modest
transmitted power levels. The realization of the Angara-5 device and of a future
reactor requires an increase of the total power per line and a decrease of both
line impedance and cross-section in order to bring the energy as close as possible
to the target.
In uniform lines with low energy fluxes, the losses are determined by
electron leakage currents arising during the transient process of self-insulation
build-up. At high energy flux levels, the leakages produce a plasma sheath around
the positive line electrode resulting in ion currents which are non-magnetized,
contrary to the electron current, and in some modification of the self-insulation
regime. To simulate this mechanism, experiments were done at the MS facility
in which an anode-bound plasma was prepared inside the line by means of a
surface discharge over a dielectric section inserted into the positive electrode
gap (Fig. 13). The co-axial line had the following dimensions: 2.6 cm outer
electrode diameter, 1.6 cm inner electrode diameter, 40 cm total length,
10 cm dielectric insert length. Currents, voltages and electron leakage currents
were measured by conventional means [11], The ion current was measured
with a negative bias collector put inside the negative line electrode. The total
ion current amounted to 1—5 kA with a line current of 30 kA and a voltage
of 200 kV.
Bremsstrahlung X-ray radiation measurements from the lateral wall of the
co-axial indicated that the electron leakage currents in the region of ion flux and
outside this region were comparable with, and did not exceed, those in a conventional line with no dielectric insert. The limiting current [12] required to
suppress the electron leakage was, in this case, 1.5—2 times higher than that in
the absence of ions (Fig. 14). One should note that the limiting current increase
was not a simple consequence of some additional leakage current since the ion
current was lower than 10-20% of the total line current. The limiting current
increase could reasonably be attributed to the modification of the electron
layer due to an increase in the electric field. The increase of electric forces
acting on the electron layer resulted from the field profile re-shaping due to the
presence of plasma and of an ion current.
At large anode-cathode gaps in the line-end diode, some part of the electron
stream impinges upon the side surface of the positive electrode at the line
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output [11]. In the present case, this produced an anode-bound plasma observable
via ion currents at the line output. Plasma was observed to be produced at an
electron leakage energy deposition ot the stainless-steel side surface close
to 100 J-g-'.
So, the experiments on energy transport along vacuum lines established
the fact that ion leakage currents did not destroy the magnetic self-insulation regime.

6.

CONCLUSIONS

The realization of pulse thermonuclear reactions, the construction of large
Angara-5-type devices and their successful operation require the solution of the
problems of beam focusing, of energy and beam transport to the target, of beamthin-shell interaction, as well as the solution of some fusion target problems.
All these problems will be studied in the next years. Although encouraging
results have already been obtained, there are still many questions to be answered
and serious physical and technological problems to be solved.
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DISCUSSION
V. NARDI: There are other machines which are very efficient sources of
highly collimated electron beams at the terawatt power level, namely plasma

122

ARANCHUK et al.

focus systems of a few kJ or more. Plasma focus systems have been producing
electron beams for observation and study since 1972, at the Stevens Institute
(Proc. High-Beta Plasma Conf., Garching (1972) 155 and Proc. 5th European
Fusion Conf., Grenoble, II, 239) and at the Lebedev Institute (JETP Lett. 18
(1973) 5), and indeed more or less regularly from then on. The Lawrence Livermore Laboratory, T-Division, is at present using these electron beams to implode
D-T pellets in a plasma focus (H 2 ) discharge with some success; IO6 —107 neutrons
per shot have been reported. It would be interesting if you could compare performance, efficiency and/or costs (including operating costs) of your system with
those of a plasma focus. By way of example, a plasma focus of approximately
5 kJ generates an electron beam of about 0.1 TW • cm"2 with an efficiency of
10% (ratio of electron beam to capacitor bank energy), as we have reported in
paper U-3-3.
M.V. BABYKIN: Yes, plasma focus systems can be used to generate electron
beams, and in one of our papers we have in fact described the plasma focus as a
possible electron beam generator (BABYKIN, M.V., BARTOV, A.V., Kurchatov
Institute of Atomic Energy Preprint 2253 (1972)). The disadvantage of the plasma
focus lies in the fact that the locus of beam formation is not easily reproducible.
Thanks to the use of a ring cathode with a conical recess, we succeeded in our
experiments in creating a beam with a displacement of no more than ± 0.5 mm.
Also, since there was no pre-pulse, we managed to obtain sharp focusing; and
we were in fact the first to obtain power flux densities of 10 13 W- cm'2 for a total
energy in the beam of 12-15 kJ (BABYKIN, M.V., et al., Technology of Inertial
Confinement Experiments (Proc. Advisory Group Meeting, Dubna, 1976), IAEA
Technical Document (1977) 41).
At this Conference we have learned (see paper M-3) that G. Yonas and his
colleagues at Sandia Laboratories have likewise succeeded in obtaining 1013W-cm"2
after eliminating the pre-pulse (using a similar cathode), as well as temperatures
of up to 30 eV on the metal target surface.
As to comparisons of efficiency and cost, it seems to me that it would be
premature to attempt them now. If the plasma focus system is to be used as a
beam generator we will first have to develop special machines (higher-voltage, less
inductive perhaps) in order to obtain the requisite short megavolt electron beams.
The efficiency of electron accelerators can be as great as 50-60% (ratio of electron
beam energy to capacitor bank energy).
V. NARDI: I agree of course that the random displacement from shot to shot
of a localized electron beam source within an axial pinch 2 or 3 mm in diameter
makes the task of hitting a pellet near the source somewhat difficult. On the other
hand, the plasma focus electron beams are very well collimated and propagate over
a long distance practically without diameter variations. The task of guiding a beam
onto a target outside the plasma focus should not be unduly difficult.
M.V. BABYKIN: It might be of interest to mention here that the phenomena
which occur in the plasma diode of which I was speaking a few moments ago appear
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to be similar to what happens in the plasma focus. First a plasma channel is formed,
and then turbulent resistivity sets in and the electron beam is created; however,
these phenomena take place at a voltage of 1 MW in a small volume of plasma,
and we can direct the beam to within 0.5 mm. The problem of transporting the
beam onto the external target is extremely important and will no doubt be the
subject of further study in the next few years.
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Abstract
DEVELOPMENTS IN SANDIA LABORATORIES PARTICLE BEAM FUSION PROGRAMME.
Recent developments in the Sandia particle beam fusion programme are described.
Requirements for reactors as well as methods for generating, focusing and depositing intense
electron and light ion beams in targets specifically suited to particle beams are described.
REACTOR REQUIREMENTS
The high efficiency (several tens of percent) and relatively low cost (~ 10 $/J) of intense, pulsed electron and light ion beam accelerators makes them ideal candidates for
ICF ignition sources. Before one can convincingly demonstrate the utility of these drivers
for future reactor needs, several critical physics and technology issues must be resolved.
The beams in question must be focused, transported, and efficiently coupled to appropriate
targets. Since this beam technology is naturally suited to pulses of several tens of nsec
and focal radii of several mm, the resultant
target mass necessitates ignition energies and
power levels of > 1 MJ and > 10 14 W[l],
ICF reactor approaches depend to a large extent on driver efficiency which for economic
reasons determines the pellet gain and yield as
well as energy stored and transferred per pulse.
Conceptual reactor studies cover a wide range
from 1% efficient, .1000MJ yield, 100 MJ
storage, laser concepts to the < 50% efficient,
25-50 MJ yield, few MJ storage particle beam
concepts [2] (Fig. 1). Although the high efficiency low pellet yield approach will require
multiple modules (< 10) and higher repetition
rates (10 Hz) to produce power economically,
one of these relatively small modules (~ 100
MWe) may more readily provide the basis for
an experimental power reactor.

Since the technology of megampere particle beams was originally developed for single
pulse applications, it is improtant to determine the feasibility of extending this approach to the needed repetitive pulse capability. Recent extended life tests of MV, flowing
gas spark gap switches indicate a switch electrode lifetime of ~ 109 shots should be achievable [3], and economic analyses indicate that
a comparable lifetime would not have an adverse impact on ultimate power cost [4]. The
other aspect of repetitive pulsing is diode survival and given pellet yields in the 50 MJ
range; the "in-diode" reactor concept [5]
previously proposed would not be applicable.
Methods have therefore been sought to transport beams over a distance of a few meters to
a target within a reactor chamber.
This has led us to consider propagation of
beams within multiple, magnetized plasma
channels formed within a 50 torr to 1 atm
pressure background gas. The size of the reactor chamber is then determined by the
repetitive hoop stress in the first wall caused
by the blast overpressure rather than x-ray
and debris induced ablation which is eliminated by virtue of the buffer gas, and a chamber
radius less than a few meters appears practical.
In order to efficiently propagate several megavolt megampere electron or ion beams over

* Work supported by the US Department of Energy.
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Figure 1. Compact 100 MEe particle beam driven ICF reactor.

these distances at current densities > 106 A/
cm2 it is necessary to minimize ohmic dissipation by pre-forming a plasma with a conductivity > 104 mhos/m and containing a
discharge current. The high conductivity
plasma renders the E beam force free and the
magnetic field of the discharge current must
be I A ^ 17,000 Py [6], and for ions, the
current is chosen to contain those ions injected with the maximum transverse velocity component. [7]. In both cases, the required current
is — 10s A and the needed value of conductivity can be attained by a combination of
channel preheating followed by beam heating
of a low-Z gas by ohmic and collisional dissipation. We should note that the transverse
pressure of the beam exceeds the magnetic
pressure and the beam can be contained by
the discharge magnetic field only if it is
"frozen" into a background gas with high
enough density to inertially confine the beam
during its short lifetime. In order to produce
a uniform channel, the discharge must be
guided; fine tungsten wires have been used
thus far in discharge initiation and a laser
guided discharge is envisioned for reactors [2].
Dual beam transport and combination has
been demonstrated on Hydra [8] and a 12
beam experiment is being prepared for Proto
II to provide the basis for the 36 beam EBFA
experiment, (Fig. 2).

steam
generation

magnetic fields for electron thermal conduction suppression [9]. Experimental tests of this
concept using a CD2 filament inside of a 3
mm diameter insulating shell showed initial
feasibility of the concept [10], and extensions
to higher power drivers are underway. First
experiments with DT-gas-filled shells gave the
expected characteristic neutron signature
which compares well with the pulse shape expected from short - pulsed neutron source
calibrations and Monte Carlo simulation of
neutron transport in the shielded scintillatorphotomultipliers. Additional experiments
using Schlieren and spectroscopic techniques
as well as correlation with 2-D MHD simulations have verified the preheat conditions
created by an ~ 10 kA and ~ 1 ^sec pre-pulse.
2-D Eulerian MHD simulations of the target
implosion and compressional fuel heating
agree with the 1-D predictions of fuel temperatures of .4 KeV and fuel densities of ~ 10"2
g/cm3 for an absorbed specific power of
4TW/g [11].

TARGET RESEARCH

In order to employ targets which are compatible with energy intensive (rather than
power intensive) capabilities of particle beam
accelerators, various complex targets are being
considered. One of these concepts involves a
target containing preheated fuel together with

multiple discharge channels
• •

\

\

\

\

Figure 2. 36 plasma channel array for electron beam
transport on EBFA.
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These "magnetically enhanced" targets
were originally thought to be limited to relatively low gains because of their low fuel mass,
but in more recent target calculations, the
addition of a cryogenic fuel layer has been
found to increase the gain considerably without substantial power increases [l and 12]
(Fig. 3). The alpha-particle energy from the
ignited fuel ignites the compressed cryogenic
layer leading to a higher gain. The most interesting results follow for ion-driven targets
which are ~ .5 cm in diameter and produce a
gain of ~ 50 with an input power less than
50 TW.
A principal reason for the larger beam
power and energy requirements for electrons
as opposed to ions is the more penetrating
nature of the electrons and the resultant
Bremsstrahlung which can lead to pusher preheat and thus require ablators of substantial
mass. Monte Carlo electron deposition calculations predict that for beams with I P 1^
there should be substantial deposition enhancement due to electron stagnation in the deposition region [13]. Recent experiments employ1
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ing x-ray diodes and hard x-ray detectors on
the Proto I accelerator (peak current density ~ 10 MA/cm2 ) indicate peak temperatures > 15 eV in the focal region of a 6 urn
thick Au foil. Tins is consistent with magnetically enhanced deposition with power/mass
«* 50 TW/g enhancement of >5. The target
mounting geometry was found to strongly
influence the quality of the beam focus and
target coupling, and other geometries are
being investigated to improve energy deposition. It was shown previously that spherical
targets elevated from the anode on a short
rod were not only uniformly irradiated [14]
but in addition exhibited strong deposition
enhancement [15]. In experiments on MITE
[16], targets have been extended into the cathode (Fig. 4a) and have shown enhanced
coupling with maximum temperatures of 25
eV in 6-Mm-thick Au foils as detected by
multiple XRD's with different filters (Fig.
4b). These results confirm the prospects for
deposition enhancement [17,18] but also illustrate the coupled nature of electron focusing and deposition.
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Figure 3. Predicted energy output vs deposited power for various electron and ion beam targets. The breakeven
point is where the beam power implosion time product crosses the yeild curve. Ion beam calculations, solid;
electron beam, dashed.
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DRIVER DEVELOPMENT

In order to obtain sufficiently high current
densities to carry out enhanced electron deposition experiments, an extensive series of
diode optimizations has been carried out.
The conclusion from this work is that high
current densities (> 107 A/cm2) and efficient
focusing can be achieved by minimizing the
cathode diameter, anode cathode gap, and
diode pre-pulse level. An example of a useful cathode geometry which operates at the
4£2 level and producing > 107 A/cm2 is
shown in 5a with the current density distribution as determined with an x-ray pinhole
camera in 5b. This diode is being used in
deposition studies on Proto I.
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Figure 6a. Schematic of ion diode, diagnostics, and
x-ray output from target.
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Figure 5 (a)
Diode geometry for irradiating flat foil
anode, (b) Current distribution as measured by x-ray
pinhole photography.

Light ion beams have the advantage of providing efficient target coupling with low mass
ablators without requiring enhancement over
that for single particle collisions. Focusing of
such beams, however, requires that the natural beam divergence angle be < 1° so that
simple geometrical focusing can be employed.
The methods being considered for electron
current suppression to achieve high ion production efficiency in intense beam diodes
involve both electrostatic and magnetic
methods. We are investigating the use of external field coils (Fig. 6a) to provide an elec-
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tron suppressing magnetic field and the use
of multiple plasma channels for beam transport and overlap as in Fig. 2. 2-D electronion particle simulations for this diode show
that the magnetic field prevents electron
leakage and that a strong virtual cathode
forms with the extracted ion current density
equal to 13 times the vacuum Child-Langmuir
value based on the physical anode-cathode
gap (Fig. 6b). Soft x-ray pin-hole photographs

MIDPLANE
ANODE
VIRTUAL
CATHODE'

100

200
TIME (nsec)

300

400

Figure 7. Observed Al x-ray diode signal plotted with
the calculated midplane surface temperature on the
inside of a 4 fxrn thick Al cone for 1 kJ of deposited
ion energy.

I A:
CENTERLINE

h

0
2.75cm
AXIAL DISTANCE
Figure 6b, Simulation of ion flow in diode shown in
Figure 6a. Self-pinch of the 2 MeV, 280 kA ion beam
is seen.

of a conical target on axis show a focused
beam and the XRD data indicate a current
density of * 25 kA/cm2 (Fig. 7). These data
indicate that current densities of 10s A/cm2
are attainable from geometrical focusing and
the additional needed factor of 100 in power
density should be achievable by a combination of the following effects now under study
at Sandia as well as at the Naval Research Laboratory and Cornell University: space-time
bunching using a time-varying voltage; multiple beam overlap; reduced beam divergence
and enhanced geometrical focusing; further
increases in ion beam current density due to
electron concentration within the diode.
In order to achieve the multi-megajoule
beam levels needed with both the electron
and ion approaches, we require the use of
multiple, compact pulse-forming modules
each in the 50-kJ range which can be arranged
to deliver their energy within a few m of the
target. Because of the large area insulators
necessitated by the electrically weak insulator-vacuum interface, it has been found neces-
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Diode

sary to transfer the power from the generators,
within low-impedance vacuum transmission
lines and the principle of magnetic insulation ...
is a vital element of the operation of such a ''\
transmission line. This essential component ~i
of EBFA (a 30-TW, 1-MJ accelerator now
under construction (Fig. 8) [19] has been
tested on a single EBFA module with 90%
energy transport efficiency at an average
stress > 10 14 W/m2 over the 7-m-long line
with the only energy losses occurring due to
pulse front erosion (Fig. 9). This energy loss

,

Figure 8. EBFA : 30 TW, 1 MJ, operational 1980.

Figure 9a. Schematic of magnetically insulated transmission line experiment showing area through which
~ .7 TW is transmitted (cross hatched).
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effect has also been simulated with a 2-D
particle simulation code [20] and is well
understood. By tapering the vacuum line near
the diode, an electric field in excess of 600
MV/m and power density > 1015 W/m2 has
been achieved and higher stress may be
possible permitting direct connection of the
vacuum line to the pellet [21 ].
Many of these concepts can be adequately
explored with present accelerators and should
provide the basic design data needed for use
on EBFA which will become operational in
1980.
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DISCUSSION
C.C. BAKER: How do you propose to focus the beam on a target several
metres away with repetition rates of, say, once per second?
G. YONAS: Electron or ion beam transport is to be carried out in preformed
plasma discharge channels; these are to be initiated on a repetitive basis, a laser
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being used for pre-ionization. Single and multiple beam transport has been
demonstrated and experiments and analyses are continuing.
D.D. RYUTOV: The real reactor target should obviously be spherically
symmetrical. But if the irradiation of such a target is also spherically symmetrical,
you will have no magnetic field at all. How can you then rely on the enhanced
energy deposition described in your paper?
G. YONAS: Enhanced electron deposition is expected to occur in the
multiple discharge overlap region where the total discharge current I-p ^ 1^
(I A being the Alfven current). The degree of symmetry one can achieve is
still an unanswered question.
R.N. SUDAN: In a Cornell experiment similar to but smaller in scale than
the spherical ion diode experiment mentioned by Mr. Yonas, ion focusing was
observed to follow ballistic trajectories with a divergence angle of <, 5; the total
ion current density increased by a factor of 50.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH AT OSAKA: NEW DEVELOPMENTS
IN LASER ENERGY DRIVERS, LASER AND REB FUSION RESEARCH.
The present approach to inertial confinement fusion is based on understanding the physics
of beam-plasma interaction and implosion. The Institute of Laser Engineering, Osaka, is now
pursuing project 'Kongoh' which includes the Gekko (glass laser) programme, the Lekko (CO2
laser) programme and the Reiden experiment (REB), a scientific feasibility experiment. Lasers
are the most developed energy drivers and are of great value in fundamental fusion research by
implosion. REB has a good performance efficiency, and is suitable for a reactor scheme, while
beam transport is rather cumbersome owing to plasma instability. Successful implosion
experiments by glass microballoon have been performed. Interesting data on laser coupling have
been obtained.

1.

INTRODUCTION

The current objectives of inertial confinement fusion research are to obtain
clear information on beam-plasma interaction and to demonstrate pellet compression
which proves the scientific feasibility of this fusion scheme.
The Institute of Laser Engineering, Osaka (ILE), has three energy driver
programmes: the Gekko glass laser system, the Lekko CO 2 laser system and the
* Permanent address: Lawrence Livermore Laboratory, University of California,
Livermore, CA, USA.
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TABLE I. HIGH-POWER LASER SYSTEMS AT ILE, OSAKA UNIVERSITY

No. of
beams

Total output
energy

Completion
year

Glass lasers

Gekko II

2

200 J-rT1
0.4 T W - 0.1 ns

1975

Gekko IV

4

2kJ-ns~ I
4 T W - 0 . 1 ns

1977

Gekko XII

12

20kJ-ruT 1
4 0 T W - 0 . 1 ns

1980

200 J-ns"1

1976

CO2 lasers

Lekko I

1

Lekko II

2

Lekko X

10

lkJ-ns"

1

lOkJ-ns" 1

1977
1980

Reiden REB system. The use of different types of energy driver enables direct
comparison of beam-plasma coupling data which reveals the interaction mechanism.
Implosion experiments by glass microballoon have been performed in
conjunction with the data from computer simulation.

2.

LASER ENERGY DRIVERS

One of the key issues of scientific feasibility experiments in laser fusion is to
construct laser energy drivers delivering output energy of 100 kJ - 1 MJ. Among
the several types of energy drivers, the laser is the most advanced tool for fusion
research. Improving the efficiency of high-powered lasers is an important step
towards realizing laser-fusion power reactors.
Table I summarizes high-powered laser systems for present and future laser
fusion experiments at Osaka University. Based on the technologies developed
for Gekko II and Lekko I, various schemes for improvements have been developed
and are incorporated in Gekko IV and Lekko II. These improvements, with
further developments, are being applied to higher energy lasers Gekko XII and
Lekko X. Improvements of Nd: glass and CO2 lasers are given below.
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2.1. Gekko Nd: glass lasers
The efficiency of glass lasers is judged by pumping efficiency, energy storage
in the laser glass and extraction of stored energy. Performance can be improved
by the following methods:
(1) Uniform pumping, which improves pumping efficiency and increases stored
energy.
(2) Suppression of parasitic oscillation in large-aperture amplifiers, which can
increase the stored energy by more than 50%.
(3) Use of laser glass with a smaller non-linear refractive index, which improves
extraction efficiency, since higher-intensity laser light can be propagated.
(4) Use of laser glass with larger emission cross-section, which improves extraction
efficiency. This results in a high-gain laser system with fewer amplifier
modules and is therefore simpler and more cost effective.
Phosphate laser glass, developed by the Hoya Glass Works in 1975, has the
ideal properties of small non-linear refractive index and high-emission cross-section,
and we have adopted it for our entire new glass laser system, Gekko IV. Since a
laser amplifier with larger gain is more susceptible to parasitic oscillation, we have
made special efforts to prevent parasitic oscillations in order to increase the
stored energy.
The performance of the phosphate glass laser system Gekko IV, which has
an 11 -cm disc amplifier as the final amplifier, has been tested at various pulse
widths. We have obtained focusable output powers of 1.2 TW and 1.0 TW per
beam at 10 ps and 100 ps, respectively. Output energy of 500 J per beam at
1 ns was attained. This performance is almost comparable to a single arm of the
silicate glass system, Shiva, when operated with a 15-cm dia. final disc amplifier.
Comparison of the number of amplifiers and the final output aperture of the
two laser systems clearly shows that the phosphate glass system (Gekko IV) is far
more efficient, simple and cost effective than Shiva by more than factor of two.
The same principle will be applied to the larger glass laser system, Gekko XII,
scheduled to be completed in 1980. Figure 1 is a photograph of the Gekko IV
glass laser. Figure 2 shows the system diagram of the Gekko II and Gekko IV lasers.
2.2. Lekko CO2 lasers
CO2 lasers present many technical and physical problems in the construction
of a high-powered and highly efficient fusion laser, and the ILE, at Osaka University,
has endeavoured to develop high-powered CO2 lasers. The development steps of
the project are shown in Table I. Components have been developed and system
design and performance investigated for construction of the 10-kJ Lekko X system.
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FIG.l. Gekko IVphosphate glass laser system. Energy 2 kJ, pulse 1 ns, power 4 TW in four
beams.

Figure 3 shows the Lekko II CO2 laser with the system diagram. The most relevant
results are as follows:
(1) Efficient short-pulse energy extraction from an amplifier by multiline
double-band amplification. Almost 100% energy extraction from the upper laser
level was experimentally verified with a nanosecond laser pulse of nine lines in
double bands.
(2) Investigation of a new type of laser gas containing only CO2 and N2.
In an E-beam-controlled laser, laser gas without helium could be uniformly
pumped and the operational E/P without arcing was increased. A very high gain
coefficient of 10%/cm and high pumping efficiency of 4% were achieved with no
He gas in the laser. These values are far greater than the normal gain coefficient
of 5%/cm and pumping efficiency of 2% with He mixed gas.
(3) Development of a new p-Ge saturable absorber, with a wide absorption
spectrum to cover all CO2 laser lines and low saturation energy.
High-powered laser technology is progressing rapidly and it seems feasible to
design a laser reactor system using these lasers conventionally.

IAEA-CN-37/M-4
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Strong energy concentration and high peak power can at present only be
attained by laser drivers. We have investigated both the laser-plasma interaction
process and implosion. The wavelength scaling of laser interaction and target
compression is a most interesting problem, and this is why we produced the Gekko
systems (glass laser) and Lekko systems (CO2 laser).
Pellet fabrication and design are also very important for obtaining efficient
compression. The ILE has completed several techniques for gas-filled glass microballoons and polyethylene shell targets. Cryogenic targets are also being
investigated.
To obtain reliable data, highly developed diagnostics with micrometer and
picosecond space-time resolution are required. Several diagnostic techniques
including computer aid are being cultivated by ILE in co-operation with industry.
3.1. Interaction
To understand interaction, it is necessary to study absorption of laser light
by the plasma, light scattering, particle velocity distributions, energy transport
through the plasma and spontaneous magnetic fields.
The data on coupling the CO2 laser Lekko I to plasma show clearer features
of plasma non-linearity than in the case of glass lasers. Several interaction
experiments were performed with plane targets at a laser intensity of up to
10 1 3 W-cnT 2 .
Near the power of 1012 W c m " 2 , the resonance absorption becomes
dominant, which is shown by (a) the fact that reflected patterns are strongly
dependent on the laser light polarization; (b) the rapid generation of very fast
ions; and (c) the fact that the p-polarization light is absorbed more strongly than
the s-light. Figure 4 shows the directional distribution of the reflected light in the
incident plane in the case of 35° oblique irradiation- As shown in Fig. 4(a), the
s-light has a strong anisotropy of side-reflected light, which can be explained by the
ripples on the critical density surface. The wavelength of the ripple was estimated
as 29 //m, using a grating model. For the case of p-polarization, a dip in the specular
cone as shown in Fig. 4(b) gives the optimum angle for resonance absorption.
The density scale length was then estimated as 8.2 fim. These results are consistent
with the scheme of resonance absorption enhanced by density steepening, and are
fairly explained by our theoretical surface wave model described in Section 3.3.
3.2. Implosion
The ILE has performed implosion experiments using the Gekko II two-beam
glass laser system, using glass microballoons 70 /im in diameter filled with
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FIG.3. (a) Lekko IICO2 laser and (bj its system diagram. Energy 1 kJ, pulse 1 ns in two beams.
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il Density Surface
Absorption Region

FIG.5. Density scale length of glass microballoon target measured by an interferometric
method of second harmonic laser light.
PULSE SHAPE OF INCIDENT AND BACK-REFLECTED LIGHT
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FIG. 6. Suppression of Brillouin backscattering from a pellet target by change of density profile
due to ponderomotive force ofGekko II glass laser.
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LASER

LASER

3*m-THICK MYLAR

SCHLIEREN
PHOTOGRAPH
DELAY TIME
54 ns

HOLDER EDGE

FIG. 7. Photograph of blast waves generated in 10-ton He by Gekko II laser, (a) Mylar target
and fb) Mylar + gold target.

FIG.8. Gekko IV target chamber for tetrahedral irradiation. Irradiation power is 4 TW.
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(c)

FIG.9. X-ray pinhole photographs ofD2-fllled glass microballoon {(a) and (b)j and threedimensional intensity profile (cj. X-ray filter is (a) 75-y.m Be and (b) 75-fxm Be + 7-fjLm Al,
Diameter of target: 70 iim.

20 atm D 2 gas. The exploding pusher mode was investigated by an F/1 optical
system and a 4x irradiation crab shell. The incident laser energy 20 J (50 ps) was
delivered as follows: 54% in scattered light; 7.7% in ion energy; 0.28% in X-ray
and 8.0% in absorption. The spatial distribution of slow ions was isotropic, while
fast ions greater than 10 keV were mainly scattered in the focus cone. The
distribution of scattered light had two peaks, one backscattered in the focus cone
and the other backscattered in the angle of 60°-80° from the laser beam.
Compared to the CO2 laser experiment of Fig. 4, the latter peak seems to
correspond to scattering due to ripples of the cut-off density surface. The power
dependence of electron temperature higher than 10 keV was <t>u2 and the lower
component of 1-2 keV showed the <p2/3 dependence. The ion also had two
components. The fast ions were driven by the same electrostatic potential.
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FIG.l 0. Ion energy distribution measured by ion collector at 35° from laser axis. Target is
neon-filled glass microballoon 84 fim diameter with laser power of 2 TW.

FIG.11. X-ray streak image of glass microballoon target. Target diameter 90 (ira; magnification of pinhole camera 15; diameter of pinhole 10 fxm; sweep speed 5.7 ps-mm'1 in
phosphor screen; temporal resolution 20 ps; laser power. 2 TW.
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The density profile of the pellet was measured by the time-resolved interference method to show a shelf formation. The scale length was estimated as
1-2 /xm (Fig. 5). Propagation of the shock front was also observed.
Brillouin backscattering from a compressed glass microballoon target was
measured. With a long laser pulse (1 ns) of sufficient power (10 14 W-cm"2), the
backscattered light dropped in the middle of the laser pulse, as shown in Fig. 6;
with a weaker laser pulse it did not decrease. This behaviour suggests that
isentropic compression by a long laser pulse shows promise.
Energy transfer from the laser-absorbed layer to the pusher region was
measured by the blast-wave method using a Mylar target 3 jitm thick with and
without a thin gold layer backcoat. When the gold layer was less than 0.2 jum
thick, a jet stream with laser intensity higher than 5 X 1014 W-cm"2 occurred
at the rear, as shown in Fig. 7(a). A blast wave occurred when the gold was more
than 0.2 jum thick. These phenomena show that a gold layer seems to suppress
the plasma instability due to fast electrons caused by resonance absorption.
The energy transfer efficiency from the laser-absorbed region to the rear was
1-2% for the 0.5-jnm gold-coated Mylar target at a laser intensity of
5 X 10 1 4 -10 1 6 W-cirT2.
Using the Gekko IV glass laser, we compressed a glass microballoon pellet
containing D 2 gas of 15 atm by four-beam tetrahedral irradiation (Fig. 8).
The compression ratio was 200, given by an X-ray image of the core, as shown
in Fig. 9. The neutron yield was about 10 7 . The ion energy distribution measured
by an ion collector at 35° from the laser axis is shown in Fig. 10. The electron
temperature estimated from the velocity distribution was about 50 keV, which
is higher than that estimated from the X-ray spectrum (20 keV). The implosion
velocity was 3 X 107 cm-s" 1 estimated from an X-ray streak image, as shown in
Fig. 11. An X-ray spectrum of a neon-filled glass microballoon (Fig. 12) gave the
parameters of the plasma core as p = 7.6 X 10~2 g-cm"3; pR = 1.7 X 10~4 g-cm"2;
N e = 3.9 X 1022 cm" 3 ; and T e = 430 eV. A 1-D two-temperature compression
code containing the high-energy electron effect was used to estimate an implosion
process, which agrees fairly well with the experimental data.
3.3. Theory and simulation
Some physical problems in the field of laser-plasma interaction, energy
transport and fluid dynamics of implosion and thermonuclear burning were
investigated.
(a) Critical surface instability was studied to analyse anisotropic polarizationdependent angular distribution of the reflected light shown in Fig. 4. The side
peaks in Fig. 4(a) are explained by the scattering due to the most unstable
critical surface ripple. The absence of side peak for p-polarization can be related
to the stability of the surface wave for p-polarization.
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Reduction of stimulated Brillouin scattering (SBS) was also investigated for
a plasma of a given scale length. If the damping rate of ion waves is constant,
reflectivity increases monotonically with incident laser power. However, the
ion heating due to ion waves and their non-linearity enhances the damping rate,
leading to reduced reflectivity. We found the steady-state reflectivity included
self-consistent ion heating and non-linear Landau damping; the results are
plotted versus input laser power in Fig. 13. We solved the time-dependent ion
temperature equation numerically and compared the results with recent SBS
reflectivity measurements. Steady-state and time-dependent SBS reflectivity
measurements shown in Fig. 6 may be explained by the enhanced damping of
ion waves together with the decrease of density scale length due to ponderomotive
force.
(b) Ratios of hot electron heat flux to the free-streaming heat flux were found
self-consistently in the spherical geometry. Hot electron inward current induces
cold electron return current, which generates ion wave turbulence. As a result
of the ion wave excitation, the return current is reduced, and the hot electron
inward current and then the inward heat flux are therefore suppressed. For a
spherical plasma with an exponential density profile, the steady-state hot electron
heat flux normalized by the free-streaming value F is shown in Fig. 14, from
which diagram F = 0.04 n h o /n c is concluded.
(c) At the final stage of implosion, thermonuclear burning is ignited at the centre
of the target. It is important to discover the ignition condition and the burning
front characteristics. The ignition condition is on the scale of an initial burning
region, X. When X > Xc (the critical length for ignition), the burning region
starts to expand. The critical length, Xc, is roughly several times a-particle range
when a background temperature Ti = T e s 4 keV. This condition means
competition between a-particle heating and the energy loss due to the escape
of a-particles and the electron thermal conduction. The development, propagation
and structure of the reaction wave ignited at the centre were studied numerically.
Typical spatial profiles of Ti, T e , burning rate, Y, fluid velocity, etc., in the burning
region are shown in Fig. 15. Initially, T e = Tj is set 1 keV everywhere except the
central region. At the centre, r < 0.7 fim, EjnP = 200 J, is put in to ignite the
thermonuclear burning. The profiles shown in Fig. 15 are for t = 4.6 ps after ignition.
4.

REB FUSION

The energy deposition mechanism of an REB on a solid target is one of the
most basic problems which must be investigated in REB inertial confinement
fusion research. A proposed pellet design for REB fusion consists of a high-Z
absorber on the pellet surface to dissipate the REB energy efficiently in a shorter
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range than the shell thickness. According to our experiments, however, a low-Z
target can dissipate the REB energy more efficiently than a high-Z target. This
result is consistent with a previously proposed interaction model which assumes
kinetic two-stream instability in a corona region round the target.
4.1. Experimental results
The REB generator Reiden III was used to generate a tightly focused beam
of 500 kV, 80 kA, 4 X 10 10 W and 80 ns duration. The beam was focused on a
thin foil target placed at the centre of the anode. The focal spot size was
measured as 1.5 mm in diameter, and 80% of the total current was concentrated
in the focal spot at about 70 ns after the onset of the main pulse.
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When a thin foil of CD2 was used as a target, neutrons from the D-D reaction
were observed even if the foil was very much thinner than the classical range of
the electron beam. The neutrons were thermonuclear in origin. The estimated
plasma temperature required to produce 109 neutrons and the electron temperature
measured by X-ray were consistent and imply the existence of strong enhancement
of energy deposition. Kinetic two-stream instability is excited in the corona
plasma and dissipates the beam energy. According to this model, the fusion
products such as protons and beam electrons must pass through the remaining
target in order to be detected behind the target. The proton energy and its
dependence on the target thickness are consistent with the model.
The energy distribution of the transmitted electrons was measured by
employing an electrostatic particle energy analyser placed behind the target. The
results are shown in Fig. 16. The estimated electron energy distribution due to
Coulomb scattering through a 100-/xm-thick polyethylene foil is given in Fig. 16(a).
An experimental result using a 20-jum-thick polyethylene foil is shown in Fig. 16(b).
Experimental data using 6-/am Ni-coated 20-/im-thick polyethylene foil is shown
in Fig. 16(c). In Fig. 16(b), the lower energy component of the electrons begins to
increase in magnitude, and the higher energy component decreases drastically 70 ns
after the rise of the main pulse. This indicates the existence of anomalous losses of
the focused REB. In the case of a laminar target with a high-Z coating, as shown
in Fig. 16(c), such a large energy loss as in Fig. 16(b) was not observed. It should
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FIG. 17. Interference pattern of (a) (CHi)n target 100 ptm thick and (b) Ni target 10 pun
thick at the peak ofREB pulse 100 ns, 2 kJ, 400 ke V, by JVj laser,

be noticed that the thin 6-jum nickel coating on the polyethylene base foil strongly
reduces the loss of REB because the high-Z material can suppress the growth of the
plasma instability.
Figure 17 shows the effective stopping of REB electrons in a low-Z target.
The interference fringes were observed by nitrogen laser interferometry of 6-ns
pulse width. At the peak of the REB pulse the electron cannot penetrate the
100 jum of polyethylene, in spite of the 500 jum classical range of the 400-keV
electron. Density steepening also appears at the front of the target. A delayed
protrusion on the rear surface was observed to expand with a sharp density
boundary. It seems that the REB energy is dissipated in the corona region and
drives a shock wave into the target. The results of computer simulation using our
interaction model coincided well with the observed results. In contrast to the
low-Z target behaviour, a high-Z target such as Ta expands more symmetrically
and slowly in both sides, which shows the penetration of REB electrons through
the target.
4.2. Development of REB
The Reiden series of REB generators were constructed at Osaka University.
Most of the interaction experiments and the basic investigation of the implosion
were performed with Reiden HI (500 kV, 100 kA, 80 ns, 4 kJ). For pellet
implosion experiments, Reiden IV, which can deliver REB of 1.7 MV, 1.7 MA,
30 ns and 100 kJ, is now under construction.
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DISCUSSION

H.J. HOPMAN: Could you explain why the measured REB distribution
function does not show a broad plateau but instead seems to indicate coherent
deceleration?
C. YAMANAKA: Perhaps it is because of the strong non-linear damping
of plasma waves.
K. PAPADOPOULOS: Could you compare the energy deposition lengths
based on the REB plasma interactions, as measured in your experiment, with
those presented earlier by the Kurchatov and Sandia groups, which were based
on magnetic field penetration in the target?
C. YAMANAKA: It follows from the estimated growth rate of the twostream instability that the interaction length is a few millimetres. This can be
measured on the basis of the interference pattern produced by the nitrogen laser.
P. AVIVI: Did the different frequencies of the lasers you used have any
influence on the implosion and compression experiments?
C. YAMANAKA: The compression achieved with the Lekko II CO2 laser
was about 20 (volume ratio), with no neutron yield — presumably a consequence
of poor focusing. The compression achieved with the Gekko IV glass laser was
about 200, with 107 neutrons from the D-D reaction.
P.A. HOLSTEIN: Did I understand rightly that the power achieved in laser
implosion with Gekko IV was 2 TW focused on the target? What is the pulse
duration in such a shot?
C. YAMANAKA: Gekko IV can deliver 4 TW of focusable power in four
beams in 100 ps.
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Abstract
LASER FUSION IMPLICATIONS OF RESONANCE ABSORPTION AND ASSOCIATED
ELECTROSTATIC FIELD PRESSURE.
Resonance absorption of laser radiation in plasma and some of its implications for
laser fusion have been studied. The angular width of the resonance is shown to be broad
enough to permit a non-critical incidence angle, which is important when laser radiation is
focused onto the curved surface of a microsphere. For the range of parameters studied,
the energy loss to non-thermal ions is found to be small. Modification of the electron density
profile by the resonant electrostatic field pressure is shown to play an important role.

1. INTRODUCTION
It has recently been established experimentally[1-6] that
resonance absorption of laser radiation in plasma[7-10] is an
important process from the standpoint of Laser-Fusion[ 1 1 ].
This paper describes experimental and theoretical work made
in order to reach a better understanding of the phenomenon
and its implications for Laser-Fusion.
If laser radiation is focused onto the curved surface of a
micro-sphere, it is important that the angular width of the
resonance be sufficiently broad so that the change in incidence
angle of the laser beam does not influence the radiation
absorption. It is also important that most of the absorption be
thermal, because non-thermal (ultra-fast[12]) particles transfer
minimal momentum per unit energy to a fusion target, and
therefore the energy they carry represents a loss of "useful
energy".
Measurements have been made of the total laser energy
absorbed, and it has been shown that, for 35 ps, 1.06Um, spolarised laser pulses, with I < lO'^W-cm"2, inverse bremsstrahlung accounts for the absorption. This is low, less than 30%
between 1CH Wcm"2 and 2X10ll( Wcm"2 . Resonance absorption can
therefore play an essential role by increasing the total
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absorption of p-polarised laser radiation to > 6O%[2]. Measurements of cold electron temperatures[2] and non-thermal (ultrafast) ion energies [12] show that it occurs over a broad range of
angles, while measurements of X-ray spectra and ion fluxes have
established that the non-thermal particles carry a fraction of
the total absorbed laser energy. The roles of density profile
modification and non-smooth critical surfaces are emphasised.
2. THEORY
Since laser-generated plasma is inhomogeneous, there is a
density region (critical density) where a resonance exists
between the laser frequency and the plasma frequency, over
their respective bandwidths. If the laser electric field has
a component in the direction of the plasma density gradient,
then, under favourable conditions, the electromagnetic field
of the laser can drive an electrostatic field in the resonance
region (see F i g . 1 ) . This requires that the laser beam be
incident at a finite angle to the density gradient, and therefore, since for short pulses the plasma expansion is one-dimensional, at a finite angle to the target normal. Due to refraction, the distance between the "turn-around point" of the
laser beam and the critical density surface increases with
increasing incidence angle, so that, if the angle of incidence
becomes too large, the electromagnetic and electrostatic fields
will decouple. This results in an optimum angle of incidence for
the absorption
of the laser radiation. The full derivation of
this optimum can be found in Ginzberg[13] . The angle of incid-i
ence for maximum absorption, Sopt i is given by: sin8 O pt~(k o L)
where L is the electron density scale length and ko is tne
incident laser k vector. The electrostatic field driven at
resonance (Fig.1) is very intense (>109Vcm"z )[12] .
Assuming that inverse bremsstrahlung is the only other
absorption mechanism, and assuming that field losses are due to
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plasma wave convection, the spatially
field E(x) can be written[14]:
E(x) =
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( 1-a)¥E <J>(T)Lcos(j>
Q
T
1
):r(x2 + A 2 ) 2

electrostatic

(1)

where a is the inverse bremsstrahlung absorption coefficient,
<J>(T) is the Ginzberg resonance f unct ion [ 13] , <
j> is the E vector
polarisation angle, and A ( = (X2jL)'/>) is the electrostatic field
width, with X D as the Debye length. This field strongly perturbs
the electron velocity distribution, and since it is highly
localised, the effect on an electron depends on its velocity.
Electrons travelling faster than an escape velocity, v e s , can
cross the field in a time less than one oscillation period and
therefore fall through an accelerating DC potential. These
constitute the long - wavelength Fourier components of the
electrostatic field, with wavelengths greater than one field
width, so that plasma wavebreaking occurs. They escape from
the plasma with an equal amount of ionic charge (conservation of
charge neutrality) and rapidly transfer their energy to the
ions. These have been observed in several experiments[12,15,16].
They will be referred to as ultra-fast ions with energy e u f

euf =

L
/ E(x)dx
0

(2)

On the other hand, electrons travelling slower than v es
experience an AC field. They constitute the short - wavelength
Fourier components, with low phase velocities, and are Landau
damped so that this part of the field energy is thermalised
and the cold plasma electron temperature is enhanced. They also
experience an acceleration, in this case due to ponderomotive
force[17], but the maximum energy gained is less than 1 keV[18].
Ponderomotive force, which acts on the plasma as a whole, does
play an important role, however, in steepening the density
profile and thereby narrowing the electrostatic field width.
The fraction, f, of particles accelerated to high energies
relative to thermal particles can be calculated by integrating
over the background Maxwellian energy distribution function.
The partition of energy, P, between the loss to fast particles
and the thermal energy can be found in the same way;
f = 1.13—^—£
r(3/2)

1_

P = O.75(e uf /T c )(E es /T c )?exp(-e es /T c )

(3)
(4)

where e e s = ^ m e v | s , T c is the background electron temperature
and v e s was obtained by a rigorous treatment of Landau damping:
v

es

=

°- 887rv o A

where v o is the frequency of the laser radiation.

(5)
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A computer code, ZWERG, has been written[15] to model the
experimental observations, and it is able to predict the effect
of different laser/target parameters. In addition to equations
(1) to ( 5 ) , the code includes energy and momentum balance,
equations (6) and (7). Absorption is by inverse bremsstrahlung
and plasma resonance, while energy losses are by both thermal
and non-thermal ion transport;
2

(T)COS2*1

VT*

+

y*

-mf
e

p d u / d t = - Vn e T e +

n. e,2f

m.

(6,

1

n_e 2
—V<E2>

(7)

2me U Q
where g is a phenomenological factor derived from measurement
of T c , p is the plasma mass density, u is the plasma expansion
velocity, rig and n^ are the electron and ion number densities
respectively and u o is the laser angular frequency. Steepening
of the electron density gradient is described by inclusion of
resonant electrostatic field pressure in the momentum balance.
A single ion species plasma expansion at the ion sound speed
is assumed for the thermal ions, since friction between different ion species is high [19]. In the case of the non-thermal
ions, however, protons are preferentially accelerated [12,20]
because the resonant electrostatic field force is able to
overcome the frictional forces. The average charge state, z, in
the plasma was calculated using time- dependent ionisation
equations[21] . It never exceeded 2.2, even at the maximum
measured electron temperature of 400eV. This corresponds to a
basic plasma cell of
8 protons, 5 helium-like carbon and 2
helium-like oxygen ions. Stages higher than helium-like are not
reached, because the ionisation times from helium-like to
hydrogen-like ions are always much longer than the laser pulse
duration.
3. EXPERIMENTAL RESULTS
Experiments were made with 1.06um, 35ps laser pulses, from
the OUTIS system, focused onto plane perspex targets ( 0 5 0 2 % ^ .
The focal diameter was = 80ym, the focal depth was - i200Vm and
the surface smoothness of the target was better than A/4. The
polarisation plane was rotated, through the required angle, by a
A/2 plate. Hot and cold X-ray electron temperatures, T^ and Tc
[2,22] were measured by the foil absorber method[23]. Ion
emission energies, euf[1 2,15], and ion fluxes were measured using
Faraday detectors with electrostatic analysers. Specular plasma
reflectivities, R,and plasma transmissivities, T, were measured
by calibrated photodiodes[24] . Experiments were made over a
range of
incident laser intensity, Io , laser incidence angle,
6, and polarisation angle, <t>.
For 6 = CP
the values j^f R (Fig. 2), T and T^, in the range lo
= 2X10 1 ' Wcm""2 to 101 * Wcm ~ , are entirely consistent with laser
energy absorption by inverse bremsstrahlvjng, as calculated by
the computer code ZWERG. Up to 10 1 " Wcm"
laser radiation was
found to be reflected predominantly at the specular angle.
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FIG.2. Specular plasma reflectivity, R, as a function of laser intensity, I o . Points with
error bars are measurements and the dashed line is the theoretical prediction for inverse
bremsstrahlung absorption.
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FIG.3. Variation of plasma parameters with incidence angle, for p-polarized 1.06 fxm at
3X10™ W-cm-2.
(a) Cold electron temperature enhancement, AT e , due to Landau damping of the resonance
electrostatic field;
(b) Non-thermal (ultra-fast) proton energy, e uf , due to field acceleration.
Solid and dashed lines are code predictions with and without profile steepening, respectively.

indicating that parametric side-scattering is negligible below
this intensity. These reflectivities can therefore be taken,
together with the measured transmissivities, as a measure of
total laser energy absorption. It is seen from Fig.2 that
reflectivity increases rapidly with increasing laser intensity
until, above 10
Wcrn" ,a small decrease, probably due to
Brillouin side-scatter, is seen (I th = 1 .7X10 1 *ttcm-2[25]). This
therefore would not mean an increase in absorption.
When 6 is non-zero, additional absorption occurs for p-polarised laser radiation. This leads to an increase in electron
temperature and to the appearance of non-thermal ions with
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FIG.5. Ratio, P, of non-thermal proton energy to thermal plasma energy, as a function of
laser intensity, l0. Theoretical predictions are given by the solid line.

energies E u f > 10 keV. Using an electrostatic analyser, these
were identified as protons, which are preferentially accelerated, due to their low mi/zi[20]. For Io= 3X1O 13 Wcm" 2 ,Fig.3(a)
shows, as a function of 9 , the measured electron temperature
difference, A T e , between the plasma generated by p- and spolarised laser radiation. Fig.3(b) shows
non-thermal proton
energy as a function of 6, for p-polarisation. The maximum at
15°±5P , seen in Fig.3, is consistent with resonance absorption
in a plasma with a density scale length L = 3 vim [2,12]. This
value for L is in agreement with that calculated by ZWERG
for measured R = 0.8, T = 0.1, T = 270 eV and z = 2.2.
Non-thermal protons are confined to an emission cone of
±5° . They are seen only when the target surface is located
within a range of ± 150ym of the focal plane, outside which the
beam spread, A9, reduces resonance absorption.
The acceleration and escape of particles with an initial
velocity v > Ves
will lead to a truncated velocity distribution[26]. Since the collision period for ultra-fast electrons is
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much greater than their escape time, they will not contribute to
the bremsstrahlung emission, and therefore a truncation should
also be seen in the X-ray spectrum. Thin foils, 14.5ym and 29pm
Be, monitored the thermal X-rays, while thick foils, 125ym Al
and 500pm Al, monitored the hard X-rays. The cut-off energies
were, respectively, 1.15 keV, 1.45 keV, 10 keV and 17 keV. The
signals transmitted through each foil are plotted in Fig.4.
as a function of E-vector polarisation angle, <j>. The 10-keV
signals are not shown because they are nearly equal to the 17keV signals. As polarisation is varied from s to p, the thermal
signals are enhanced due to Landau damping of the short-wavelength components, and the non-thermal signals are depleted
due to wavebreaking of the long-wavelength components.
Fig.5 shows the measured ratios of non-thermal to thermal ion
energy flux, P, obtained by integrating the ion emssion currents
measured with the Faraday cup/electrostatic analyser, over
the thermal and non-thermal peaks. These are compared with the
theoretical values, calculated from equation(4) and they can be
seen to be in good agreement, within the experimental errors.
4.

DISCUSSION

For p-polarised laser radiation, with profile steepening
included in the model, the ZWERG predictions are in good
agreement with the experimental results. From Fig. 3(a) it can
be seen that profile steepening[16,27-31 ] maintains the resonance for angles 6 > 6 O pt , so that the peak is broad, but this
cannot account for all of the additional absorption. A nonsmooth critical surface could also be important. Experiments
made with roughened target surfaces (roughness = L ) . indicated,
in this case, that the absorption was independent of the
polarisation and incidence angles. Another effect that could be
important but which has not yet been considered in detail is the
change in density scale length during the plasma expansion.
Comparison of predictions shown in Fig. 3(b) indicates that
profile steepening reduces the peak non-thermal ion energy
slightly, by narrowing the width of the electrostatic field. It
can be seen from equation(5), however, that this also increases
the number of high-energy particles lost. The non-thermal ion
loss relative to the thermal energy, P, shown by equation (4), is
most strongly influenced
by the term e x p ( - £ e s / T c } . Substituting
equation (5),',^ an<^ \ D ' t n e l ° s s c a n be seen to be dependent on
exp(- voL/T^ )* • It is therefore expected to increase with
laser wavelength and with profile steepening. The dependence
on laser intensity is fairly weak, as can be seen from Fig.5.
For longer pulses a broader resonance field is expected. This
would increase the ion energy but it would also increase the
escape energy. Thus, although the energy of the escaping ions
would be greater, the loss should remain approximately constant.
5.

CONCLUSIONS

It has been demonstrated, at 1.06Um, that the electrostatic
field spike accompanying resonance absorption
accelerates
non-thermal particles, predominantly of the lowest mi / z ^ . The
angular width of the resonance is broad and this is partly
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explained by steepening of the electron density profile,
due to the associated electrostatic field pressure. However,
another effect must be present, such as rippling of the critical
surface which could grow from thermal fluctuations, or a timedependent density scalelength. The energy loss to particles
accelerated by the field is ^ 25%, and therefore is not serious
at 1.06ym. This loss is seen to depend weakly on laser intensity
but it is predicted to be more strongly dependent on laser
wavelength. Since these particles escape from the plasma, they
do not contribute to the bremsstrahlung emission. Consequently,a
truncated X-ray energy spectrum was seen at p-polarisation. In
conclusion, these results indicate that resonance absorption is
favourable for Laser-Fusion at 1.06ym.
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Abstract
FAST IONS IN LASER-PRODUCED PLASMA.
The effect of stream acceleration of ions with an energy of up to ~ 0.5 MeV was
observed in experiments on power laser irradiation of spherical targets. A resonance ion
acceleration theory allowing for a non-linear plasma-wave interaction in the critical-density
region was proposed. The mechanism of ion acceleration was shown to result in the fast
anisotropic ion propagation. The estimated values of energy and number of fast ions are in
accordance with the experimental data.

1.

EXPERIMENTAL RESULTS

Experiments were performed with the powerful laser device 'Kalmar' [ 1 ].
The laser radiation was focused from nine directions onto spherical glass targets
with diameters varying from 80 to 200 jxm. The targets were situated in the
centre of a vacuum chamber, where the diameter of the laser beam was — 150 jum.
The light energy was E < 100 J, the pulse duration r « 2.5 ns on the base level,
and the flux density at the target, q ~ 1014 W-cm"2.
Interferometric measurements [2] carried out at pressures of p ~ 10~6 — 1 torr
in the vacuum chamber showed a high symmetry of plasma corona expansion.
But at higher residual-gas (D 2 ) pressure (p > 5 torr) it was discovered [3] that,
along with the spherical plasma expansion, there appeared some 'streams' of high
directivity (Fig. 1), and during the first moments after the heating pulse, the
velocity of the streams (up to v « ( 2 - 3 ) X 108 cms" 1 ) significantly exceeded the
velocity of plasma corona spherical expansion. The direction of 'stream' propagation
and the number of streams changed from shot to shot, but the angle between any
'stream' direction and the nearest heating beam varied within 15° < 6 < 30°.
The method of interferograms allowed us to draw the conclusion that the
electron density n e in the 'stream' corresponded to full ionization of the residual
gas and increased with the gas pressure.
We used multi-frame schlieren photography [4] as a second method for the
observation of residual-gas ionization region dynamics (up to ~ 300 ns). A typical
167
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5 mm

FIG.l. Interferograms ofplasma expanding in deuterium (p ^ 10 ton), a) 3.1 ns, bj 5.4 ns.

FIG.2. Laser plasma seven-frame schlieren photography, p «* 16 ton. a) 12 ns, bj 20 ns,
c) 48 ns, d) 92 ns, ej 136 ns, f) 226 ns, gj 316 ns, h) scheme of interaction of cylindrical
(2) and spherical (lj shock waves; 3 is the ring compression region.
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FIG. 3. Experimental r-t diagram of cylindrical shock wave propagation (dots). Curves
correspond to the blast wave scaling applied to different explosion energies W.

seven-frame schlieren photograph is presented in Fig. 2. The first frames
demonstrate that the 'stream' diameter increases with time, which may be
explained by the formation of a cylindrical shock wave expanding from the ionized
gas region. 'Stream' visualization at later stages of observation was impossible
because of the limited sensitivity of the method applied. The sensitivity was,
however, sufficient to record a circular region of condensation resulting from the
interaction of a cylindrical shock wave with a spherical one formed by isotropic
plasma expansion (Fig. 2b-d). This region on the photographs has the shape of
an ellipse whose eccentricity depends on the angle between the direction of
observation and the 'stream' direction. It allowed us to determine both the spatial
position of the 'stream' and an r-t diagram of the cylindrical shock wave expansion
(Fig. 3). Its movement is satisfactorily approximated by the blast-wave scaling,
T = [ct(y) W] 1 / 4 p~ 1 / 4 t 1 / 2 , where W is the explosion energy, p the gas density, and
a(y) a coefficient depending on the ratio of the specific heats y. This allowed
us to determine W, which is usually equal to ~ 0.01 J • cm"1 (with ~ 100% accuracy).
Such an accuracy is connected with some uncertainty of y, which depends on the
gas temperature behind the shock wave front and may change in time.
In the case of vacuum experiments (p ~ 10" 5 torr), the plasma expansion was
investigated by means of a few charge collectors distributed in the chamber. In
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FIG.4. Ion-velocity spectrum from two charge collectors. Oscilloscope voltage trace for one
of them is shown.

most of the shots, the ion current pulses corresponded to thermal ions
(v < 108 cm -s""1) only, and the same range of expansion velocities was obtained
interferometrically. The number of ions per steradian in different directions
varied by a factor of < 1.5, which was nearly equal to the measurement error.
Nevertheless, in some shots, a group of ions with velocities > 108 cm-s""1 was
observed, and, in contrast to thermal ions, their expansion was anisotropic.
Figure 4 shows the ion-velocity spectrum, which was obtained from two charge
collectors placed in the chamber at ~ 90° to each other. The voltage trace from
one of them (shown in the inset) led to the discovery of a measurable quantity
of fast ions with velocities of up to 3.5 X 108 cm • s"1. The total number of fast
ions (v > 108 cm-s" 1 ) incident on the collector was ~ 10 10 , or ~ 5% of all plasma
ions recorded. Their energy was ~ 40% of the total ion energy recorded in the
solid angle. The mean fast-ion energy was ~ 280 keV.
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FIG.5. Plasma corona image in 2 co radiation. Spectrograph slit position is shown by dotted
line.

Thus, the collector measurements confirmed the anisotropic character of
the fast-ion expansion and permitted us to obtain the velocity spectrum of these ions.
But owing to the limited aperture, it was impossible to estimate, by this method,
the total number of fast ions produced in the spherical plasma.
The use of high-speed optical methods in our experiments allowed us to
estimate the total number of fast ions. The energy loss of a plasma ion with a
velocity of ~ 2.5 X 108 cm-s" 1 in the ambient gas [5] is dE/dx ~ 20 keV-cm" 1 .
The ratio of the cylindrical shock wave energy W to dE/dx may be regarded as
an approximate measure of the total number of fast ions in the 'stream'. The
mean value was 5 X 1012 ions, or 0.1%, of all the target ions. The total fast-ion
energy equalled the stream energy and was < 3% of the absorbed laser energy.
There was no correlation between the occurrence of a stream and the
re-arrangement of plasma X-ray ( 1 - 2 keV) luminosity. Nevertheless, a coincidence
between the spatial position of the streams and the plasma second-harmonic
emissivity maxima was observed. The size of these bright spots (Fig. 5) was close
to the spatial resolution (~ 15 urn) of the applied optics. Simultaneously, in the
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FIG.6. 2 w spectral intensity distributions at two plasma corona points (a and b) indicated
by arrows in Fig. 5.

same direction as the second harmonic, images were taken, the spectrum near
X = 0.53 txm was recorded. The spectrum consisted of two components: the
main one, which was 'red'-shifted up to some Angstroms and an additional
component in the form of a long-wavelength background. The interpretation of
this behaviour was carried out in Ref. [6] and connected the main component
with a linear transformation of the incident light wave into plasma waves in nonuniform plasma, and the additional component with parametric turbulence effects.
Investigations of the second-harmonic spectrum along the target surface showed
that, in the bright spots, a measurable increase of the main component, in
comparison with other parts of the surface, occurred (Fig. 6).

2.

RESONANCE ACCELERATION OF IONS IN LASER-PRODUCED
PLASMA

The existence of accelerated ions cannot be explained in terms of the wellknown theories because of their high energy and the small width of their angular
distribution. An analysis of various mechanisms of acceleration shows that a
resonant increase in the laser-beam electric-field amplitude in the critical-density
region is the only mechanism resulting in a jet stream of the plasma.
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The effect of resonance acceleration of ions in the critical-density region
of the linear approximation on the pump radiation intensity was considered
in the literature. The main theoretical principles were formulated in Ref. [7],
and generalized in Ref. [8] for the case of a laser plasma of average pump intensities.
Physically, the effect of resonance acceleration is connected with the increase in
the electric-field component in the plane of incidence (p-component) at the point
of plasma resonance (cjLe(x) = w 0 ), for the case of oblique incidence of the
electromagnetic wave on an inhomogeneous plasma slab. In linear approximation,
the maximum field amplitude in the resonance region E* was determined [9]:
E* = E o $(0)(27rk o L)- 1 / 2 co>eff
where E o is the vacuum amplitude of the p-polarized pump wave, <J> is the
resonance function of the angle of incidence d, $(0) « 1 if 6 «* 8t ««(k 0 L)" 1/3 ,
k0 = coo/c = 27rAo> a n d L is the density scale length in the critical region. The
effective collision frequency yeff is determined by the Coulomb collision frequency
i>ei and by the convection of plasma waves out of the resonance region:
j'eff = max{i>ei, to 0 (rrj/L) 2/3 }
The width of the resonance peak Ax is also determined by veff.
Ax = L i>eff/"o
However, in the case of a hot plasma when

the region where intense Langmuir waves exist is broader because the Langmuir
waves leaving the resonance region can carry away energy at a distance of
AxLa=3(kstrD)2L
to lower-density plasma regions where they are absorbed by electrons through the
Cherenkov effect. For a Maxwellian distribution of electrons, kgt = 0.3 r^1. The
abundant pressure of the electric field of the Langmuir oscillations pushes the
plasma away from the critical-density region. The maximum energy of the
accelerated ions is [8] given by

We find the domain of application of linear-theory formulas by realizing that the
resonantly excited peak of Langmuir waves may be parametrically unstable. From
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the stability analysis, it follows that the non-linear reconstruction of field structure
may be neglected if
3

E

o
47rncTe

"eff

max

(1)

The electron non-linearities (self-crossing of trajectories [ 10]) represent a stronger
restriction than Eq. (1) only for a very inhomogeneous plasma, when
L < Tj) coLe/wLj. This inequality cannot be fulfilled under the real conditions of
Nd-laser-(X0 = 1 jum)-produced plasmas.
The development of an aperiodic instability leads to a further increase in the
electric-field amplitude and, thus, to an increase in the energy of the accelerated
ions. First, we shall find the initial scale of the aperiodic instability. For a short
density scale length, L < rrj tOLg/coLi^eff* the plasma waves in the resonance
region are subject to a hydrodynamic aperiodic instability in the region above the
threshold where Eq. (1) is not valid. The initial scale k^1 of this instability is
determined to be

rr>
Since k^1 is much less than the peak width Ax, the parametric hydrodynamic
aperiodic instability leads to a break-up of the resonance peak into several density
wells (cavitons) where the Langmuir oscillations have been captured. The further
development of these cavitons may be described by ignoring their mutual interaction. We obtain an estimate of the maximum energy of the accelerated ions
from the maximum intensity of the Langmuir field in the caviton. We assume
that the change in the total energy of the captured Langmuir field during the
process of non-linear caviton evolution is small [11].
The minimum scale of caviton collapse, Axmjn, is determined from the
condition of absence of Landau damping in the captured field. Thus, when
Axmin ~ k^1, the Langmuir oscillations of shorter wavelength damp immediately,
owing to the Cherenkov effect. The condition of energy conservation in the
caviton leads to the following estimate of the maximum electric-field amplitude
in the non-linear regime:
Emax ~ E

3

For the case of a hot plasma, we can obtain the following estimate of the
maximum Langmuir field density in the caviton:

4n
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The total number of cavitons in the critical-density region, N ~ AXL k a , may be
high because of the large dimension of the high-intensity field region
N ~ k a Ax L
The caviton life-time r ~ (k a v s )~ ] is determined by the collapse time because the
time At of dissipation of an a.c. electric field in a caviton is very small, At <^ T.
Now, we shall obtain the energy of an ion travelling through a structure of N
non-stationary (collapsing) cavitons. The energy is acquired only by the ions
contained in the caviton. For ions going through the caviton, we may consider
the caviton to be a non-stationary potential barrier. An increase in the ion energy
A<^j = A(M; v?) is equal to the change in barrier energy during the time of flight,
Ati~(kavi)-1,i.e.
A^i ~ (Ati/r) (E2iax/47rni) ~ (v s / Vi ) (E2nax/47rni)
where vs is the sound speed.
Therefore, after passing through one caviton, the ion assumes a small fraction
of its total energy. But the maximum energy of the ion passing through all N
cavitons is rather high:
<#• ~ zT e (NE 2 max /47rn c T e ) 2/3

(2)

where z is the average ion charge. The acceleration mechanism in question leads
to a pronouncedly anisotropic ion stream because all cavitons are arranged in the
direction of the density gradient. Ions that are directed at an angle to the
gradient cannot be accelerated in all cavitons, and, therefore, their energies cannot
be noticeably increased. The process of acceleration occurs in a very short time,
of the order of the caviton collapse time. Note that the expression obtained for
&i depends weakly on the field intensity for the pumping wave because N ~ E o
and E m a x ~ EQ 1 . To obtain the total number of accelerated ions, we must know the
plasma volume in which the cavitons exist. Its longitudinal size is AXL, and its
transverse size depends on the square of the distance to the point S on the
critical surface where the incident angle of radiation 0 is close to the optimum one:
6T = (k 0 L)" I / 3 . If the diameter of the laser beam cross-section at the target surface
is larger than the target diameter, and k 0 L > 1, we may put S = (R c 0 r ) 2 , where R c
is the radius of curvature of the critical surface. The total number of accelerated
ions is
NiS-

z
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This formula should be considered to be the upper limit for the number of fast
ions since not all ions acquire the maximum energy, Eq. (2). The energy of the
'stream' is given by
Ni S-x ~ T e n c R 2 X o (k r t r D ) 1 6 / 3 (c/v T e ) 2 / 9 (w L e/co Li ) 4/3 (k 0 L) 5 ' 9
This equation depends implicitly on the pumping-field density through the
hydrodynamic parameters only: Ni^i ~ R2 LT 2 / 3 . Because of the weak
dependence on E o , the stream energy should decrease with the pump energy.
In the experiment discussed (T e sz 0.8-1 keV, L ^ 20 jwn, R c = 100 jum,
z s 10, A s 20) Eq. (1) is valid for q 0 > 2 X10 1 3 W-cnT 2 . The fluxes used in
the experiment, q 0 ~ 1014 W • cm"2, exceed this threshold value. According to
Eq.(2), the maximum energy of the accelerated ions under the conditions of the
experiment discussed is (T e in keV) given by
Si ~ 20 z 1 / 3 A 2 / 3 T | / 9 (L/A o ) 2/9 [keV]

(3)

which, with the parameters given above, amounts to a value of <%\ ~ 1 MeV, in
agreement with the experimental data. Note that, by Eq. (3), the ion energy
increases with the atomic weight of the target matter A and the average charge z.
The number of accelerated ions (L, R c , \ 0 in
N i ~ 10 8 (L 1 / 3 R|/zXg / 3 )

under the conditions of experiment discussed is ~ 10 12 . This value is slightly lower
than the experimental one. However, taking into account the low accuracy of the
experimental measurements of the total stream energy, and hence of the number N,
we may consider the agreement of calculated and measured values to be satisfactory.
It is worth noting that, with increasing flux density of laser radiation, the
energy of the accelerated ions in the plasma resonance (3) should be substantially
increased. At the same time, the directivity pattern of fast ions should become
wider because of the increasing steepness of the plasma density profile in the
critical region. Fast C VI ions with an energy of ~ 0.5 MeV were discovered in the
experiment [12] at a neodymium laser radiation flux density of ~ 1O1S —1016 W-cnT2.
Energy and direction of emission of these ions can be also explained within the
framework of the acceleration mechanism considered above.
It should be noted that the observed effect of ion acceleration cannot
essentially distort the compression symmetry and may be used as a diagnostic
method for measuring the plasma parameters in the critical-density region.
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DISCUSSION
ON PAPERS V-l-1 AND V-l-2
R. PETSCH: You say, in connection with the graph of reflectivity as
a function of incident laser activity, that this is specular reflection. Your target
is plane, and you have an incident angle of 0°. How can you be sure that this
light is not due to Brillouin backscatter?
T.P. DONALDSON: We do not have Brillouin backscatter, because, if
we angle the target at 20° so that specular reflection does not enter the focusing
lens, we see only a very small backscatter signal. In any case the threshold for
Brillouin backscatter, taking into account our plasma conditions, is calculated to
be above 10 14 W-cm~ 2 .
H. HORA: You mentioned that measurements of 1 MeV ions were found
to be in agreement with calculations. What is the ion charge number?
T.P. DONALDSON: The average ion charge number, in the study by
Andreev and co-workers (paper V-l-2), was 10. I must point out, however, that
these 1 MeV ions are seen only in the high-energy tail of the fast-ion distribution
function. The mean ion energy was lower.
H. MOTZ: I noticed that there was a high-temperature tail in the AT curve
on your first slide, and I wonder how you account for it.
T.P. DONALDSON: We do not have any definite explanation for this.
However, we find, when we include weak profile steepening in our theoretical
calculations, that this could account for part of the high-temperature tail. Another
possible explanation could be rippling of the critical surface, which would then
allow more absorption at larger angles.
A. HASEGAWA: We have recently noticed that ion vortices may be formed
in laser-pellet interactions — vortices which can accelerate the ions and form a
magnetic field. Do you see any evidence that these might be a cause of density
depletion and ion acceleration?
T.P. DONALDSON: We do not claim to see very great density depletion only a weak profile modification. We do not know whether our experimental
evidence for ion acceleration is consistent with ion vortices or not.

179

IAEA-CN-37/V-2-1
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Abstract
NON-LINEAR THEORY OF COLLECTIVE PROCESSES IN LASER-PELLET
INTERACTION AND SOLITON GENERATION.
Soliton generation through the ponderomotive force effect of large- amplitude
electrostatic waves generated locally around the resonance region is proposed' as a saturation
mechanism for collective processes occurring in laser-pellet interaction. The non-stationary
behaviour is discussed in detail by following the growth and convection of solitons. Their
physical significance, such as density modifications, is also discussed. Collective processes
involving the interaction of plasma and ion waves with laser radiation dominantly affect the
absorption and scattering of laser light and determine the efficiency of laser-pellet coupling.
Because of the requirements of frequency and wavenumber matching, many collective
interactions are localized in relatively narrow regions of the corona: the resonance absorption and parametric decay are localized near the critical layer, and decay into two plasmons
and absolute Raman backscattering are localized near the layer of quarter-critical density.
As a result of wave growth in a localized region, ponderomotive force tends to push the
plasma out of the region of high wave intensity, leading to the formation of soliton and
density cavity. The local reduction of the plasma density has two effects: (i) It gives rise to
a non-linear frequency shift of the plasma wave which is proportional t o - I El2 /16 7r n T, the
ratio of wave energy to the plasma kinetic energy. Thus when the wave grows to an amplitude
sufficiently large for the non-linear frequency to become comparable to the growth rate of
the parametric processes, the three-wave resonance becomes detuned and the parametric
instability shuts off. (ii) It modifies the density profile, thereby affecting the growth of
subsequent parametric instability. In this paper, the roles of soliton formation in the resonance
absorption at critical density, parametric decay into two plasmons and Raman backscattering
at quarter-critical density are discussed. Effects of a d.c. magnetic field on the resonance
absorption processes are also discussed.

1.

RESONANCE ABSORPTION [ 1 - 3 ]

Consider an electromagnetic wave Ein=EQexp(ikQ y+ikg x-iuiot)+c.c.,
obliquely incident onto a plasma slab with increasing density n=nQ(l+x/L).
The nonlinear equation for the slowly varying amplitude E(x,t) of the
driven Langmuir wave E(x,t)=E(x,t)exp(-iu)pt+ikQ y)+c.c. in a nonuniform
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plasma near the critical density (x=0) is written in dimensionless form

as 13'41

2
i f f + ^ | + 2(|E|2-ax + ^) E =E d e(t)

(1)

3x
1/2
where Ej=Eo<Ks)/(2iTkgL) 1 i <|>(s) is the usual resonance function with
s=(k0L)l/3sin6; and B=tan k O y /k O x ; a=l/2L; t=T-0)^/31^1 is the shifted
time variable-, r the collisional damping rate; ana 8(t) is the Heaviside
step function. The dimensionless variables are expressed in the unit of
uT 1 for time, Xp for spatial length, and 4(imT) 1 / 2 for E. Without the
nonlinear term, Eq. (1) can be solved analytically by Green's function
technique,

E(x,t)=iE d | exp(^L. (t'-t) 3 +(2ia X +r)(t'-t)jdt'

(2)

Initially, i.e. t<<(3x/2a)l'^, the wave convection is not important and
we have
E
E(x,t) = ax_lT/z
sin[(ax-ir/2)t]exp[-(iax+r/2)t]
(3)
which shows that the wave amplitude grows linearly in time and the width
shrinks as t" 1 for |ax-ir/2|«l. Asymptotically, i.e. t»(3x/2a) 1 ' 2 ,
a steady state is attained when the linear growth is balanced by the
convection. Near x=0, the amplitude is at the level
Ec=iEdTT(2a)"2/3[Gi(0)+iAi(0)]

(4)

where d^a
is the width of the main peak of the Airy function. Landau
damping becomes important for kX^O(l) or otx^l, beyond which the wave is
heavily damped.
-/„
~/3
For (i) j:tc<l, or (m/M)
(L/X ) « 1 , convective saturation takes place
much before the ions start to move by ponderomotive pressure. The linear
Eq. (1) then treats properly the saturation until several ion plasma periods,
after which the nonlinear term in Eq. (1) begins to play a role. We may
therefore take the convectively saturated amplitude (4) as the initial wave
amplitude and ask how does the nonlinearity change this initial amplitude
after the ions start to move. For a given initial amplitude E(x,t=0), the
condition for N-soliton formation is [5]
ir(N + j)>\ |E|dx>TT(N - j)

(5)

Substituting the convectively saturated amplitude given by Eq. (4) into Eq.
(5), and remembering that Landau damping limits the wave E to x<L, we find
c
|E |dx=E L =

^
> NTT
(6)
(2a)~
The final density scale length, L,, can thus be obtained from Eq. (6) by
setting (2a)"•*•=[,£ and requiring no further soliton generation:
(k L ) 3 / 1 0

This scaling of the density scale length with incident power P is consistent
with the result of numerical simulations f 6 ].
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We next consider the case of a) .t >1, in which the scale length
ti
is so long that the convectlve saturation time is much longer than tthe
ion plasma period. In this case the soliton forms before the wave convects
out and the saturation of the linear growth is primarily due to the detuning
of the resonant frequency by the soliton. Initially the wave amplitude
grows according to Eq. (3) as the convection is unimportant. As it
grows in amplitude, its width shrinks so that the integral
/™M|E|dx=
TTEJ/CC is independent of time. Comparing it with Eq. (5), we obtain a
threshold driving field for N-soliton formation:
N +

1 > E d / a> N " 1

(8)

This threshold condition appears to explain the numerical calculation
and experimental observations!7] very well. On the other hand, soliton
growth can be calculated by varying the soliton parameters,
For onesoliton solutions, we have E=Ac1<*1 with A=2n(t)sech2n(t) [x-xn(t) ] and
())=2[5(t)-at]x+())0. From Eq. (1) , we obtain
x o =4(C-at), <J0=4[n2-(5-ctt)2]

(9)

and

cos[2(£-at)x 0 +<j> 0 ], and | = ( ? - o t ) ^ / n (10)
We observe two stages of s o l i t o n growth.
time with

The s o l i t o n grows f i r s t l i n e a r l y in

7rE

dt
2 2 2 t3
2
n = —2~ > S=at/2, (i>0=[iT E^-a Hj- and x Q =-at

(11)

and then saturates when the phase shift due to nonlinearity detunes the soliton
from the driver. The saturation time can be estimated by setting 2(£-at)x
xo+(j)ot3[3Tr2E3+2a2]/3=Tr/2) or t = E d ~ 2 /3. The staurated n and £ are then

n " E , 1 / 3 and F = a E ~ 2 / 3
(12)
s d
's ~2 d
The solitons thus generated will then propagate down the density gradient and be damped by interacting with hot electrons. Since the energy
carried away by the solitons is eventually absorbed by the plasma, we can
calculate the absorption coefficient of the laser light due to direct soliton
generation for this case of u .t >1:

[8]
The maximum value is about 30%. Recently, Shukla et al.
had done a similar
calculation on the soliton growth at resonance absorption. Their results
a=
agree with ours when Ej/ l- However, they also calculated single soliton
growth with E /a=100 >>1, which is obviously incorrect since Eq.( 8 ) shows
clearly that in this case one should consider multi-soliton instead of a
single soliton production.
In the presence of a dc-magnetic field, often generated from the laserpellet interaction I'l itself, laser radiation can be linearly converted into
upper hybrid wave [10].We have investigated the wave conversion of an extraordinary mode normally incident onto a magnetoplasma with a linear density
gradient, taking thermal effects into account [11], We solve a coupled wave
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equation by matching the asymptotic WKBJ solution with the solution in the
resonance region and obtained an absorption coefficient:
A=4aAi2(0)/{[l + aAi 2 (0)] 2 +a 2 Ai 2 (O)Bi 2 (0)}
where a = TT2( U C / C O ) 2 (LU/C) ' 3 , Ai and B^ are the Airy functions, u =eB/mc,
and L is the density scale length. Maximum absorption of 67% occurs at a = 4
more than double the value found previously for Budden profile and cold plasma
I12] ,or the value for unmagnetized plasma. The large values of the absorption
coefficient are due to thermal effects which cause (i) resonance broadening and
(ii) convection of the electrostatic wave out of the resonance region.

2.

TWO-PLASMON DECAY AT QUARTER-CRITICAL DENSITY

Consider an electromagnetic wave E=EQycos(k x-(oQt) normally incident on
an inhomogeneous plasma with a density profile n(x)=n-(l+x/L). Near the quarter-critical density, it may decay into two plasma waves [13,14] .The growth
rate of the plasma waves with * n > > k > > k g i s Y 0 = k 0 V c / 2 w h e r e v o = e E ( / m 0' T h e
two unstable modes propagate almost^oppositely, bisecting, the right angle subtended by the incident wave vector k« and polarization E .
When the plasma waves grow to large amplitude they are unstable to modulations, driven by the ponderomotive force. Let two plasma^ waves generated
bv_ the decay process be E_,=lL(x, t)exp(it r-iu^tHc.c. , and E =E2(x,t)expi
(k-?-W'
(k
t)+c.c. where E , E are slowly varying functions. Tne
Tfie ponderomotive
pc
7 ?Wyt)+c.c.
force Hue to the two plasma waves is

F =P

V e 2 | E 1 + E 9 | 2 % - e 2 V[ \ \ I 2 + | t , | 2]
m u 2
mu)
p
p

after averaging over the spatial scale of the order of the wavelength of the
plasma waves. The nonlinear density variation due to this ponderomotive force
can be obtained from the pressure-balance equation:

P
The nonlinear frequency-shift of the plasma waves is therefore
16TrnT
When it becomes comparable to the growth rate of the decay instability, the
plasma waves are effectively detuned from the pump and the saturation sets in.
Setting E-|=E_ because of the Manley-Rowe relation, we anticipate therefore
the saturated level of the plasma wave to be of the order |E| 2/8irnT=!YQ/(O'
5 //2e. The corresponding density fluctuation is
v5v

With this saturation level, we may estimate the absorption coefficient due
to the two-plasmon decay process. We may define the anomalous collision
frequency v A as v A |E.| 2 /2TT=Y |E | 2 /2TI. Because the two-plasma decay is
localized within a resonant region whose width is 1= Ly/u , the absorption
coefficient can be written as

e = v ^ / c = 3Trv2v0(k0L)/64c3
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which is less than 1% for a Nd~glass laser of 10*1* watt/cm2 incident on a
plasma with 1 keV temperature and kr.L=100. This may account for the fact
3
that there is no observable change in absorption of light when the "y «„
emission is enhanced by orders of magnitude [15] . We therefore conclude
that the decay into two plasma waves is unlikely to contribute significantly to absorption of the laser light.

3.

ABSOLUTE RAMAN BACKSCATTER AT QUARTER-CRITICAL
DENSITY

For Raman scattering, the absolute instability at the quarter-critical
density [16] region has the lowest threshold power due to plasma inhomogeneity
and highest growth rate thus appears
to be the most important. Because it
is an absolute instability localized near the quarter-critical density where
U Q = 2 W , both the scattered light wave and the plasma wave are trapped in the
resonant region. As they grow up to sufficient amplitude, the ponderomotive
force of these localized waves pushed the plasma out of the resonant region,
creating a density cavity and forming a soliton. The local plasma frequency
within the cavity is lowered by
K

-

Sn _

lErl2+ lE.I2

where |E | 2 /16IT and |E | 2/16TT are the energy density of the plasma wave and
the scattering light wave respectively. Because of Manley-Rowe relation,
we have |E | I^IE I . The three-wave resonance condition is therefore detuned
when <Sco gets large and the unstable growth of the instability is saturated at
(

1

I 0

V

-vy0

=2

0

where y Q = — — <o is the linear growth rate of the instability and v =
C|EQ|/TOO)QC is the electron oscillating velocity in the laser field. We may
estimate the reflection coefficient as

where v

is the electron thermal speed.

More rigorously, we consider the following coupled nonlinear equations:
i N

+ N

+ (|N|2+|v|2-2ctx) = i-y-exp(iknx)V*

i V t + a 2 V x x + (|N|2+|v|2-2ax) = i ^ e x p t i k ^ N *
where N denotes the amplitude of the Langmuir wave, and V that of the scattered
light wave, a 2 = c 2 /v 2 £100;
oc=l/L is the. inverse density scale length.
This equation is solved iteratively. Without the driving terms on the
right side, the equation allows a soliton solution. It is a Langmuir soliton
N = 2nsech2n(x-4£t+2at2-x0) x
expi[2(£-ctt)x+4n2t+4/3a(E-at)3]
with light wave trapped in it;
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V =6sechs2r|(x-4?t+2at2-x0) x
expi[2(£-at)x+4n2a2s2t+4/3a(5-at)3]

where n,£ are constants characterizing the amplitude and the speed of the soliton,

We then put in the driving term. The effect is the growth of the soliton
Yoir
k Q -4(£-at)
n
=
n sech
;
cos x
a
4n
[(5-at)n]t = -an
X = 4n2+ 8(C-at) 2 - Aa(45t-2at2-xQ)
The maximum amplitude of the soliton is obtained by setting X ^ T V 2 ; we have

•

IEJ2
8TrnT

V

A

c

2
2a

in agreement with our earlier intuitive result.
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Abstract
WAVE ABSORPTION AND SUPERREFLECTIVITY OF LASER PLASMAS DUE TO
ELECTROMAGNETIC STRUCTURE RESONANCES.
The interaction of normally incident electromagnetic waves of high intensity with an
inhomogeneous plasma whose maximum density is above the critical one is investigated theoretically. Structure resonances can be formed self-consistently due to deformations of the
plasma density profile which are produced by the ponderomotive force. During the resonance,
the electromagnetic energy is temporarily trapped in a self-induced density cavity whereby the
reflection coefficient decreases to values near to zero. Simultaneously, the absorption coefficient
reaches a maximum of about 50%. The rest of the energy is re-emitted when the resonance is
destroyed. In this moment, peak values of the reflection coefficient greater than one can occur.
The characteristic properties of these structure resonances have been studied analytically using
a linear model in which the resonant density cavity is approximated by a step-like density
profile (caviton model).

1.

INTRODUCTION
The understanding of the coupling of laser energy to target plas-

mas is important for laser fusion in order to optimize the light absorption. Considerable attention has been devoted to the study of resonance absorption of obliquely incident radiation in inhomogeneous
plasmas (p-polarisation) where excitation and damping of electron
plasma waves are the dominant processes [1-3}.
Recently, another type of resonant absorption has been treated
at normal incidence of the laser radiation [4-6]. The mechanism is
based on geometrical or structure resonances which arise due to coherence effects. The two-step profile, investigated by Mayer et al. [5],
Physical Institute, Academy of Sciences of the USSR, Moscow, USSR.
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however, does
ponderomotive
consistently.
with enhanced
tions for the

not represent realistic dynamical situations because the
force cannot produce or maintain such a profile selfMeanwhile, self-induced structure resonances associated
absorption have been observed in our dynamical calculacase of normally incident waves [6].

In this paper further theoretical results on the interaction of
high-power electromagnetic waves with inhomogeneous plasmas are represented. Especially, it is shown that the dynamical process of the
formation of resonant density structures is connected not only with
enhanced absorption but also with superreflectivity (|R[ >1) when
the amplitude of the incident wave is high enough. This effect is
caused by temporary trapping of the electric field energy in the
self-induced resonant density structures and by the re-emission of
the radiation when the resonance is destroyed. The basic resonance
properties of such density structures which are produced selfconsistently by the ponderomotive force can be analysed in the linear
theory by means of an overdense step-like plasma density profile with
a hole (cavity) near the boundary. It will be shown that for normal
incidence this "caviton model" is more relevant to the problem of
strong electromagnetic wave interaction with inhomogeneous plasmas
than the two-step profile used before [5].

2. DYNAMICAL THEORY
We assume that an electromagnetic wave with the frequency w
penetrates parallel to the density gradient into an inhomogeneous
plasma whose maximum density is above the critical one. The selfconsistent wave-plasma interaction is an effect of the ponderomotive force which produces deformations of the plasma density profile which react back on the wave propagation properties.
The basic equations are i) the wave equation in the modulational representation for the (complex) electric field amplitude
E(x,t),
3
8
2 i w — E + c^7 —
0

3t

E + W 2" f 1 -

8x

1

n
— .I E = 0

1+iv/O)
i-

o

and ii) the hydrodynamic equations for the ions,

(1)
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3
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3
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(n v)
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X
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2
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where we have used the following abbreviations:
w
n

c

=
t

2
o

/FT:

m

ir e

V

2

c

v T =!

E=

mw

s

-

The ponderoraotive force is included in the equation of motion as a
source term. Dissipation of the high-frequency field is described
by an effective collision frequency v. Further, we introduce the
following dimensionless quantities:

=V m/Vi w Q

u = v £ /v T

X

o

= 2-jrc/u
o

The normalized amplitude of the incident wave is denoted by u .
The system of partial differential equations (1) - (3) is
solved numerically with the help of difference schemes [7J.
The density profile at the initial state (t=0) is assumed to be
n

max ex P (-x 2 /a 0 2 ) for x<0

n(x,t=0) =

(4)
for x>0

max

with a half-width a Q of the order of the vacuum wave length X .
Throughout the calculations a maximum density of n ~ 1.5 n is
max
c
assumed.
From the solution of eqs. (1) - (3) it is easy to calculate the
reflection and absorption coefficient, respectively:
u(x=O,t
u

)

1

o
d
n(x, t)

CO
Q

2

J

/

n

c

|u(x

(5)
t>!2
u 2
c5
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x/X0

F/G. 1. Spatial dependence of the electric field amplitude and associated density profile at
two significant times; u 0 = 1.75, v/to0 = 0.005, ao/Xo = 1.5.

Results of the numerical solution of our basic eqs (1) - (3)
are shown in Fig. 1, in which both the spatial structure of the electric field amplitude and the density profile are plotted at two
significant times. Here, the normalized amplitude of the incident
wave is u = 1.75. At the initial state ( T = 0 ) the undisturbed density profile is given by eq. (4) with a Q = 1.5 A and n
= 1.5 n .
The spatial structure of the electric field amplitude for such density profile is obtained by solving the stationary wave equation
and has an Airy-type pattern resulting from the superposition of the
incident and reflected wave with |R | = 1 . At later times the ponderomotive force of the inhomogeneous electric field leads to deformations of the density profile.
The second state (T .= 290) is characterized by a resonator-like
density structure which is generated temporarily, providing an enhanced electric field in the middle of the created density cavity
surrounded by two overcritical layers. The resonance properties of
such density profiles will be studied in the next section by means
of the "caviton model".
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FIG.2. Time history of the reflection and absorption coefficient (parameters as in Fig.l).

As is to be expected, the enhancement of the electric field
during the period of resonance is accompanied by temporal variations of both the reflection and absorption coefficient. The time
history of both quantities is presented in Fig. 2. According to the
upper curve in Fig. 2, the reflection coefficient, immediately after
switching on the electromagnetic pulse, increases to a value close
to one and is almost constant during the time t which is approximately given by T ~ ir/8 , where 6 = v /c (see also [6]). After this
2
time the reflection coefficient passes a minimum ( |R| = 10%) and
afterwards jumps to a value |R| = 3 . This means that the reflected
energy is temporarily higher than the incident one. After a few
oscillations, the reflection coefficient again assumes the starting
value |R| = 1. During the resonance the absorption increases to
about 40%.
Besides plasma heating, the observed effect of wave absorption
and superreflectivity may play an important role in the case of
target plasmas being used as a mirror in feedback laser systems as
discussed in [8J .
The occurrence of isolated peaks in the temporal evolution of
the reflection coefficient is typical for plasmas with an initial
(t=0) sharp boundary (a <_ 1.5 X ). For weaker density gradients
near the critical point (a = 5 X ) the reflection coefficient
strongly oscillates for T > T between | R| — 0 and |R| — 2.5 .
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Associated with these oscillations is enhanced absorption up to
IAI

— 50% at resonance. If a further increases (a - 10 X ) the

isolated peaks merge into a broad absorption spectrum.
A balance equation for the temporal evolution of the electric
quantities during the wave-plasma interaction can be derived from
the wave equation (1) by traditional methods in the following form
(transmission neglected):

|R|2+|A|23(u t) J

1

(6)

u 2

o

[O.dJ is the spatial interval covering the density profile.

Values |R | > 1 are consistent with the balance equation (6) if
the derivative of the integral with regard to time is different from
zero. As discussed already in our earlier paper [6] , fast variations
of the electric field energy occur on passing the electromagnetic
structure resonance. Due to the formation of a resonant density structure, the plasma temporarily acts as a storage for the electric field
energy. A short time later, when the resonance is destroyed, the nonabsorbed energy is re-emitted as a short pulse

whose intensity de-

pends on the velocity with which the electric field energy changes.
To prove the balance equation (6), we have separately calculated
the quantities
k d
o
/*|u(x,
t)
J

I

0

(7)

V

and
S(t) = IRI 2 + |A|2 - 1

(8)

The results are shown in Fig. 3, where the temporal evolution of |R| ,
|A| , I and S is pictured for a interval around the resonance regioa.
It can be seen that over the whole region 250 £ T <_ 350 the relation
I(t) = - S(t) is fulfilled,which is equivalent to the requirement of
the balance equation: I(t) + S(t) = 0.
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FIG. 3. Numerical test of the balance equation (6). Temporal evolution of (a) the reflection
coefficient, (bj the absorption coefficient, (c) the integral I (Eq. (7)), and (d) the quantity S
(Eq.(8)) round the resonance.

3. CAVITON MODEL
The basic properties of the resonant density structures observed
in our dynamical self-consistent calculations can be studied analytically with the help of the "caviton model". In this one-dimensional
model drawn in Fig. 4, a step-like density profile is used consisting
of two homogeneous overcritical plasma layers which are separated by an
undercritical one.
In the cold coilisional plasma approximation,the dielectric constant E . of each layer is given by
n. /n
V c

j = 0,1,2,3

O)

where n./n and v. are the plasma density normalized by the critical
j

c

~]

density and the collisional frequency, respectively, belonging to the
j-th layer. The corresponding wave vectors k. are determined by the
dispersion relation
2
k

j

C

=

(10)
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CAVITON MODEL
n(x)

layer 3 (d3—oo)

layer!

Iayer2
x=d,+d2

x=d,

x=o

FIG. 4. Caviton model consisting of two overcritical layers separated by an undercritical one.

In the vacuum region (j=O, e = l ) and in the first two layers, the
electric field is a superposition of two waves propagating in opposite
directions,
E,(x) = A* exp(ik.x) + FC exp(-ik.x)
j

j

j

j

, j=0,l,2

(11)

j

where A + and A~ are the amplitude of the incident and reflected wave,
respectively. In the third layer there is no reflected wave, and hence
E 3 (x) = A+ exp(ik3x)

(12)

Using the condition that the electric and magnetic field must be
continuous at the boundaries x = 0, x = d. and x = d, + d~, we obtain
for the reflection coefficient R = A~/A~!" the relation
F+
(13)
F_
with the following abbreviations:
F- = E,

E+(2) K_(l,0) K + ( 2 , l ) K_(3,2)
E+(2) K + (l,0) K_(2,l) K_(3,2)
(14)
E (2) K_(l,0) K_(2,l) K + (3,2)
+
E_(2) K ( 1 , 0 ) K ( 2 , 1 ) K ( 3 , 2 )
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FIG. 5. Resonance curves for the caviton model with n\ = 113 = 2n c , n2 = 0. Reflection coefficient versus the distance d2 normalized by the vacuum wavelength \0. Parameter is the width
of the first layer in units of\0; vl<*>o = 0.01.

and
E ± (j) = exp(+ik j d j )
K + (l,m) = k1 + km

,

j = 1,2

(15)
,

1 = 1,2,3 ;

m = 0,1,2

To demonstrate the resonance properties of our caviton model, we
have treated the special case of the overcritical layers having the
same density n, = n, = 2 n and the second layer being a vacuum region,
i . e . n« = 0. For these conditions the power r e f l e c t i v i t y |R|

is calcu-

lated in dependence on the width of the vacuum region d~ in units of
the vacuum wave length X = 2ir/k . The resonance

curves are shown in

Fig. 5; the parameter is the length of the f i r s t layer normalized by X .
The collisional frequency is assumed to be v/w

= 0.01 . As can be seen,

the r e f l e c t i v i t y has a minimum at a defined value dp and drops to zero
i f the length d, is chosen appropriately.
For small v the resonance point d ? does not depend on the length
of the f i r s t layer. For decreasing values of the collisional frequency
the resonance becomes sharper and is shifted to greater values of d . .
The curve in Fig. 6 represents the dependence d. = f ( v ) for the reso2
nance case, i . e . for [Rl = 0 .
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FIG. 6. Normalized width of layer 1 versus v/u0 for the resonance case, i.e. |R|2 = 0;
ni = n 3 = 2n c , n2 = 0, d2/X0 = 0.25.
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FIG. 7. Spatial dependence of the electric field amplitude (a) near resonance (|R|2 = 35%)
for the caviton model fbj; vju>0 = 0.01.
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FIG.8. Time history of the reflection coefficient for the case when the width of the vacuum
region d2 in the caviton model changes according to d? = c s t; d] = 0.35 Xo, v/too - 0.005,
ni = n 3 = 2n c , n2 = 0.

The structure resonance described above is an effect of the excitation and damping of eigenmodes (surface waves) propagating along the
boundaries of the undercritical region (caviton). In the case of resonance the e l e c t r i c f i e l d in the caviton is strongly enhanced as in a
resonator.

The maximum amplitude increases with decreasing c o l l i s i o n a l

frequency. For conditions near

resonance ( | R | = 35%) the spatial

p r o f i l e of the e l e c t r i c f i e l d amplitude is shown in Fig. 7.
Finally, using the caviton model, we have investigated the temporal
evolution of the r e f l e c t i o n coefficient assuming the width of the caviton dp changes slowly with time. For t h i s , d« is written as
d2 = u . t

(16)

where the ion-sound velocity c is used as a characteristic velocity
for density profile modifications. All the other parameters of the
step-like density profile are fixed.
With such a time-dependent function n(t), the non-stationary
wave equation (1) is solved numerically. The resulting reflection
coefficient as a. function of time is shown in Fig. 8, using the same
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parameters as in Fig. 5: d^ = 0.35 \Q, rij = n 3 = 2 n c , n 2 = 0, v/u Q =
0.005. The resonance for these parameters is given by d 2 /A Q = 0.25,
which is,according to eq. (16), equivalent to a time

T

res

T
— 160
res
for g= 0.01 used in our case. On passing this resonance the reflection
coefficient shows a similar behaviour as in the self-consistent calculations of Section 2. Thus, we have demonstrated that the strong temporal oscillations of the reflection coefficient with values greater than
one are brought about by the formation of a structure resonance.

4.

CONCLUSION
The results of our investigations can be summarized as follows.

At the interaction of normally incident waves with an inhomogeneous
plasma whose maximum density is higher than the critical one, resonant density structures can be formed self-consistently by the action
of the ponderomotive force. The formation of structure resonances is
connected with oscillations of the reflection coefficient whereby,
9
2
after passing a minimum (|R| - 0),values greater than one (|R| - 3 )
can occur. During the resonance, the absorption reaches a maximum of
about 50%. The temporal evolution of both the reflection and absorption coefficient is consistent with the predictions of a balance
equation which can be derived from the (non-stationary) wave equation
in the modulational representation. The density profile at the resonant state has a characteristic structure: two overcritical layers
are separated by a cavity, in which the density is suppressed by the
ponderomotive force of the strong localized electric field.

The

main characteristics of the self-induced structure resonances are
contained in the caviton model in which a step-like density profile
is used,
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Abstract
THEORY OF CAVITONS IN LASER-IRRADIATED PLASMAS.
Two problems associated with plasma density cavitation in laser fusion experiments are
considered: The depression of density caused by mode-converted Langmuir waves in the critical
region, and the localization of density caused by the radiation pressure of very-high-power
laser light. In the first part, the propagation of an obliquely incident, p-polarized electromagnetic
wave in an inhomogeneous plasma is discussed. Before effective damping of the mode-converted
Langmuir wave electric fields can take place, non-linear effects dramatically modify the local
density profile in a self-consistent manner. A rigorous theoretical calculation for the cavity
formation, its development, and propagation out from the resonant layer towards the underdense region is presented. The mathematical procedure is based on a perturbation-theoretical
solution of a driven, inhomogeneous, non-linear Schrodinger equation using the inverse-scattering
technique. The results for large-scale density steepening are discussed. In the second part, the
authors' theory is extended to high-power laser beams under construction where relativistic
non-linearities originating from electron-mass variation may also become important. Furthermore, full electron and ion non-linearities are included in the plasma response and the relativistic
ponderomotive foces, besides the non-linearities originating from the relativistic mass variation.
For normally incident circularly polarized electromagnetic waves, corresponding to focused laser
light, exact steady-state caviton solutions are reported. The new phenomenon of supersonic
density humps is discovered.

I.

INTRODUCTION

The propagation and absorption of laser light at the outer region of the corona as well as at the critical density crucially
depends on the density profile. For large intensities, the density profile is changed selfconsistently through the radiation
pressure and other nonlinear effects such as relativistic electron-mass variations. It is the aim of this contribution to
calculate the plasma density cavitation in different regions
which can occur in laser fusion experiments.
II.

STEEPENING AT THE CRITICAL SURFACE

An obliquely incident p-polarized electromagnetic wave can tunnel from its turning point to the critical surface of a laserirradiated plasma. The linear mode conversion process leads to
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t h e b u i l d - u p of Langmuir wave e l e c t r i c f i e l d s of v e r y high i n t e n s i t y . The l a t t e r are driven by the e l e c t r i c field
E = (H xg ) « § E <t>(q)/(2irk L / / 2
~d

~

y

x

o

(1.1)

o

where E o and k o = 2ir/Xo are the free space valuesof'the laser
electric field and the wave vector, L is the density gradient
scale length, and <f> (q) is the usual resonance function peaked
around q « 0 . 6 . Assuming that the scale length of variation of
the electromagnetic wave is much longer than that of the driven
Langmuir waves and that the plasma reacts adiabatically to the
radiation pressure, one gets within the WKB-approximation for
the total field E = E T + E,,
U

d.

where t, x, v, E are normalized by Upg, 3 X D e , w , (16irnoTe) ,
respectively, v is the collision frequency which accounts for
the damping in a phenomenological way, and a = X D /2L. The
density variation follows from the solution for E through
6n/n Q = - |E| 2 /8nn o T

.

(1 .3)

We first reduce the spatially inhomogeneous problem to an equivalent homogeneous one
by using the transformation u(x',t) = E
exp(i<|i), i|/ = ax't - a 2 t 3 /3, and x 1 = x + at 2 /2. Then (1.2) becomes
1
i 3 u + - 32u +|u| 2 u = - - i v u + 5- E, exp(iif)) (1.4)
where, for simplicity, we omit the primes on x. We solve this
equation as an initial value problem treating the r.h.s. as a
perturbation. It is easy to verify that eq.(1.4) can be written
in the form [1]
i L + [L,A] = i R
(1.5)
where L and A are the same operators as in
problem, e.g.
/i3
u* \
(
) , and R =
\ -u
-13 /

the Zakharov-Shabat
/ o r*\
I
I
\ -r o /

with r = -\iu/2 - i E d exp(iijj) /2.
The eigenvalue problem
L f (x,t) = X(t) tp(x,t)
yields together with (1.5)
(L-A)(<p. + iAq>) = -Rip + X. ip

(1.6)

(1 .7)
(1.8)

Thus, the time dependence of the eigenvalue X is given by
Xt = J?*R<p dx / / ? * ? dx

(1.9)

where $ is a solution of the Hermitian adjoint eigenvalue problem. Introducing the Jost functions f and g as eigenfunctions
of the eigenvalue problem (1.7) with the boundary conditions
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f-^°JeiAx

as x + - . ,

as x * +«,

(1.1O)

and remembering that if <p = (<plf<p2) is a solution of (1.7) then
9" = (tp*'"**^ satisfies the system with X*, we define the scattering data a(X), b(X) by
g = af+bf
g = bf - af

( K 1 1 )

a(X) can be analytically continued to the upper half-plane and,
in particular, the zeros Xj of a(X) in the upper half-plane are
the discrete eigenvalues. Thus we have
g(x,X.) = c. f (x,X.)
(1 .12)
0
J
J
Solving (1.8) by the Green's function technique one obtains in
the notation of Karpman and Maslov [i]
rc s a(xs,;
O. +iA)f (x,X;t) = i >
-fyr ^-r- f (x,X ;t)
O

£^^
S

_
aU

;w

°
a " U "' X )

-

r s"

s

I a. ^ A
S
S
1
r

•" A I

S

L

'

27r

J

~'-

-'"(x,y;t)
st +g(y,X)g(x,y;t).

_-4

|a(u) I (y-X-iO)

+ djf + d 2 g
(1 .13)
The coefficients a, a, 3, 3 are defined as follows: a(y,X) =
/ f *(x,y)Rf(x,X)dx and the coefficients a, 3, F follow from a
by the replacements i*->•!*, f*->g*, £*->g*, respectively. Then
by considering the asymptotic values at x ->•» and x-*-10 one obtains in the usual way
A —A •
3 t a(X,t) = i[aa(X,X) + ba(X,X)]

(1.15)

3 t b(X,t) = - 2 i X 2 b + i[aa*(X,X) - ba*(X,X)]

(1.16)

Instead of solving the complete inverse scattering problem, we
now apply the adiabatic approximation, i.e. we assume that
initially a soliton of the form
us

= 2n sech z exp(i^- z + i6)

,

z=2n(x-£)

(1.17)

is present and only the parameters n, £, y, and 6 change with
time. This assumption can be generalized to N-soliton situations.
Considering a situation where the convective saturation time
is much longer than the ion plasma period, we find
t

d

'

s i n 6 ' sech(TTK/2)

(1.18)

1

n t = - 2 v r | - ( i r E d / 4 ) s i n S s e c h (IT K / 2 )

(1.19)

£ t = 2 p • - (ir 2 E d / 1 6 n 2 ) c o s 6* sinh(iT K / 2 )

s e c h 2 (ir K / 2 )

(1 . 2 0 )

6 t = 2 n 2 + 2 y 1 2 - (IT 2 E d / 4 n 2 ) c o s 6 ' s i n h ( i r K / 2 ) s e c h 2 (TT K/2) (1 . 2 1 )
where K = y ' / n ,

y1 = y - a t / 2 ,

6' =

6-at£+ct2t3/3
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We note that in the collisionless limit, Eqs.(1.18), (1.19)
agree with those derived by Chen and Liu [2]. However, Eqs.
(1.20), (1.21) show a new contribution which has not been considered previously. The new terms control the dynamics of the
solitons in the field of the driver.
The numerical solution of the above set of equations shows the
following behaviour. For a highly inhomogeneous plasma at first
the soliton amplitude grows linearly with time. The subsequent
saturation accompanied by damped relaxation oscillations occur
when the phase shift due to nonlinearity detunes the soliton
from the external driver. The growth of the soliton is limited
when the phase locking is broken. At this stage, the hyperbolic
secant function stops the oscillations to an exponentially
small amplitude around the saturation level. Also the phasor
saturates at a fairly small value and the soliton emerging from
the resonance region moves down the density gradient of the unperturbed profile. It is essentially accelerated down the density gradient and the effect of the driver is negligible. The
deepest cavity is created at the resonance layer and one then
finds a progressively shallower density cavity moving down the
density gradient.
However the results change qualitatively for a gentle density
gradient when the external driver plays an important role. This
is related to the conjecture that solitons behave like Newtonian particles and thus should experience a force in an external
electric field. From our analysis it is evident that at early
time the amplitude of the soliton increases, attains a maximum
value, and then decreases abruptly leading to saturation without pronounced relaxation oscillations. This happens because
the effects of the density gradient and the driver compete with
each other. First, the amplitude is controlled by the cosine
factor and later the secant hyperbolic dominates and damps the
soliton amplitude to a small value. The solitons generated at
the resonant layer propagate down the density gradient until
that time when the soliton attains a maximum amplitude. Then
the effect of the driver dominates over that of the density
gradient. As a result, the soliton is retarded during the
course of propagation. A similar behaviour has been observed by
K.Brueckner [3] although the physical mechanism seems to be
different there. Meanwhile the solitons saturate, having a small
amplitude. When the amplitude is small, again the density gradient becomes important. Consequently, at late times the soliton propagates down the density gradient without changing shape.
This feature appears in our investigation because we have simultaneously taken into account the effects of the driver and the
density gradient in the expression for the position and hence
the group velocity. This is actually inherent in the approximation based on the inverse scattering technique. It is of interest to point out that previous results obtained from the conservation laws do not predict such a fine structure in the soliton motion. The investigation of the generation and evaluation of many solitons under the action of an external driver
and a density gradient is quite involved, nevertheless our present study of the dynamics of a single soliton solution is a
prerequisite for future progress.
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LOCALIZATION IN INTENSE LASER LIGHT

In this part, we consider the propagation of an intense circularly polarized electromagnetic wave in a collisionless plasma.
The effects of relativistic mass variation, the relativistic
ponderomotive force, as well as the fully nonlinear electron
and ion dynamics within the fluid approximation are included.
Our investigation thus extends beyond the existing works in
which either the relativistic effects alone are treated, or a
weak nonlinearity is assumed.
Consider a two-component electron-ion plasma in the presence of
§ circularly polarized electromagnetic wave in the form
A = A [ X C O S ( U J 0 t - k. Z ) + ysin(w 0 t - k 0 z)] , where A is the vector potential. For linear wave propagation, we have u2, = to2 +
c 2 k 2 , where u>
is the local electron-plasma frequency, and the
other notations are standard.
We study the nonlinear interaction between the laser light and
a warm, collisionless, relativistic electron-ion plasma. The
basic equations are
3 t n. + V • (n- v.) = 0
3
"

p. + v . - V p . = e . ( E
J
J
J
J

V • 2 = -4Tre(n

(2.1)
+ v . x B/c) - T . V In n.
J
J
J

-n.)

(2.2)
(2.3)

P, = m - o v . / ( 1 - v 2 / c 2 ) V 2
32 A - C 2 V 2 A = 4 T T C 5

(2.4)
(2.5)

where J w - n e c v e is the total current density, and n ? is the
slowly varying density produced by the low-frequency electrostatic perturbation <j> induced by the laser field.
The equation governing the slowly varying electron density perturbation follows from (2.2):
Y 3 t p e + (P e /m Q ) • V p e = (e Y / c ) 3 t A - ( e / m e o c ) p x (V x A)
+ Y(eV<f> - T V In n )

(2.6)

where y2 = 1 + p 2 / c 2 m 2 o and we have used v e = p e / m e o Y Equation

(2.6)

is satisfied

by

Pe = meo c J

(2.7)

t o g e t h e r with a low-frequency momentum balance,
•|eV(ip2)/(1+i|j2)/2=Vcl>-Vlnne
2

2

(2.8)

where $ = eA/meo c , g = c / v | e , v t e = (Te / m e o )
, and we have
normalized <
>
j by T e / e , n by n o , and the c o o r d i n a t e s by A e , the
e l e c t r o n Debye l e n g t h . Note t h a t due t o t h e c i r c u l a r p o l a r i z a t i o n , IJJ2 does not contain any high-frequency component. This
allows us to s e p a r a t e t h e high- and low-frequency components of
( 2 . 6 ) , as done in obtaining (2.7) and ( 2 . 8 ) . Equation (2.5) and
(2.8) t o g e t h e r with t h e q u a s i n e u t r a l i t y c o n d i t i o n and the equa-
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tions of motion for the ions, form a coupled set. As is well
known, the linearized system is modulationally unstable. Accordingly, we look for the long-time asymptotic behaviour.
Within a modulational representation, we take the amplitude to
vary slowly, namely
| = ^ ( t , U ( x - iy)exp(-i ioQ t + i kQ z) + c .c .

(2.9)

where 8/3T « u)Q . Thus, Eg. (2.5) becomes

2is §£+ ia |f+6 0 + A* =

^—^-

(2.10)

where e = (me / m^) '2 (uo / u p o ) , a = 2c 2 k 2 / w 2 0 A e , and A = (to2 We are interested in the stationary solutions of the system.
Accordingly, we write n = n(£), and \j> =ty(£) exp{i[e (T) +
where C = S - Mt, and M = V/c s is the Mach number.
It follows from (2.10) that
(1 +
where t h e n o n l i n e a r frequency s h i f t
and <>( (?) = eMc/3.
From ( 2 . 8 ) , one f i n d s

6 i s t o be determined

<>
( = B[(1 + i>2)/2 - 1] + I n n

later

(2.12)

where we have assumed the plasma to be unperturbed at infinity.
Equations (2.12) and the equations governing the slow plasma motion give
i,
i
,
(1 + ^z)'2 = (28) M 2 (n~ 2 - 1) - 3" Inn + 1
(2.13)
Equations (2.11) and (2.13) can be combined and integrated,
yielding
2
^ I I T ) + V(n;<S,M) = 0
(2.14)
where the potential V i s given by
[n - 1 +M2/n -M2 + j
V

=

(1-MVnMMU^

(2

'15)

and I/J2 = 4»2 (n) is given by (2.13).
We are interested in localized solutions in which the electric
field has a maximum at the location where the density perturbation is maximum. Therefore, we let ijj = ^ m and n = N at £ = 0 ,
so that the nonlinear frequency shift is
6 = 2(1 - N + M 2 -M 2 /N) /&<\iz
(2.16)
where i|i and N are related by
(1 + ^ ) 1 / 2 = - (26)" 1 M 2 (N~2 - 1) - 0~ 1 lnN+ 1 (2.17)
Analysis of (2.14) shows that,for localized solutions to exist,
the following conditions must be satisfied:
(i)

(N - 1 ) (1 - M 2 ) < 0

(2.18)
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FIG. I. Relation between maximum amplitude \pm and the corresponding density (maximum
or minimum) N for (3 = 2 and different Mach numbers M. Solitons exist only in the dotted areas.
For N <. 1, the region of existence is bordered by the M = 0 and M = N lines, whereas for N > 1
the M1 — P(N) line representing condition (2.20) limits the area where supersonic solitons
accompanied by density humps can appear.

(ii)

S < 1

(iii)

1 -6(1

(iv)

M < N

(2.19)
/N < 0
for

N < 1

for

N >1

(2.20)
(2.21)

The regions of existence of solitons are given in Figure 1 . It
can be shown from (ii) and (iii) that supersonic solitons of a
given speed can appear only when B"1 is sufficiently large,
while subsonic solitons can apppear for all B" 1 .
A new phenomenon occurs when the effects of relativistic mass
variation and ponderomotive force are included simultaneously.
This is the appearance of supersonic solitary waves with density humps when the relativistic effects are sufficiently strong.
Such a situation can occur because the relativistic mass increase dominates over the density increase associated with the
density hump, the combined effect still being a net reduction
of the local plasma frequency. Quantitatively, one can understand the above discussion by considering the small amplitude
limit as follows. The local plasma frequency, including the
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ponderomotive force modification of the density n = 1 — 6ip21 /
2(1 - M 2 ) and the relativistic mass variation m = m o (1 +if;2)/2 «
m o (1 + ±<p2) , is given by oo2 = [1 -B<j/2/2(1 - M 2 ) -f<J<2]wpo . Modulational instability and soliton formation is possible if the
nonlinear frequency shift io2e - w 2 o is negative, or q = Biji2 /
2(1 - M 2 ) - - j - ^ 2 < 0 , which clearly allows the appearance of M 2 > 1
solitons as long as 3/|1 - M 2 | < 1. On the other hand, in the
nonrelativistic limit, which is realized by letting 3 •+~ while
keeping 8^z = E 2 /8irn 0 T e fixed, the above condition becomes
- 6IJJ2/2(1 - M 2 ) < 0, so that only M 2 < 1 solitons can appear.
The time scales of the ponderomotive and relativistic effects
are determined by the growth rates of the modulational instabilities associated with these effects. They are |E 0 | 2 and B"1!^!2
for the ponderomotive and relativistic modulations, respectively. Here we took the purely growing mode ( M = 0 ) . Thus, when 3 =
c /v 2 ~ 1 , the two effects are equally important.
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DISCUSSION
ON PAPERS V-2-1 TO V-2-3
H. HORA: You reported on the non-linear-force saturation of decay modes
due to frequency shift. Absorption by this process was 10% in one case. Do you
know of any case where it would be larger than 10%?
C.S. LIU: The absorption coefficient for two-plasmon decay is less than 1%
for typical parameters of present experiments in laser fusion. It is important only
for long-scale-length or relativistic plasmas.
P. MULSER: You treated the plasma at rest, whereas in fact a laser-produced
plasma moves with considerable velocity. How would this influence soliton
formation?
C.S. LIU: The group velocity of plasma waves near their turning points is
less than the speed of sound, and the static approximation is justified. In general,
however, plasma motion should be taken into account.
D.D. TSHAKAYA: You spoke of taking the relativistic dependence of
electron mass on the field into account. Do you know of any experimental
results which suggest that it is important to allow for the relativistic mass effect?
C.S. LIU: No, I know of no laboratory experiment at present where it would
be important. It may be important in certain situations of interest in astrophysics
and in connection with future high-power lasers.
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Abstract
THE UNITED STATES PROGRAMME IN HEAVY ION BEAM FUSION.
Inertial confinement fusion relies on the rapid delivery of a large pulse of energy to a
small heavy hydrogen mass, resulting in its compression and burn during a brief period of
inertial confinement. Means that have been identified as promising for delivery of the required
energy are lasers, electrons, light ions and, most recently, heavy ions. Although the requirements
in terms of energy and power are similar for all delivery methods, the origin of the technology,
the scientific and technical issues, and the projected characteristics of each method are quite
different. Heavy ion fusion as a distinct programme in the USA has been funded since early
1977. In this paper the pellet requirements and potential advantages of the method are described,
followed by a discussion of the various scientific and technical aspects of accelerator design
and beam transport which are being studied so that a more complete evaluation can be made
together with other pellet drivers in the mid-1980s.

1.

INTRODUCTION

The basic contention of the proponents of heavy ion fusion (HIF) is that a
technology exists which, having been developed for several decades, appears
capable of being adapted to deliver the requisite beam to a pellet, using a
particle which is well suited to the task. Evaluating this potential
requires detailed examination of appropriate accelerator designs, ion/
matter interactions, and various high-current beam phenomena. Overall
power-plant topics, such as economic analyses and reactor design, are also
important but, with the exception of some comments on the costs and scaling
of high-energy accelerators, are beyond the scope of this paper.
Two major HIF workshops have been held, the first in 1976 [1] and the second
in 1977 [2]. A third is scheduled for September 1978. Since the technology
is that of high-energy accelerators, participants have been drawn largely
from that community.
2.

PELLET REQUIREMENTS

The study of an inertial confinement scheme must begin with consideration of
target requirements. R. Bangerter has given the most recent summary of pellet
design for heavy ions [3]. Typically, an optimum ion range is from 0.1 to
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FIG. 1. Maximum peak power per beam line versus particle kinetic energy for several ion
species and charge states, based on Eq.(l) using e = 2 cm-mrad and B = 4 T. Curves of this
kind are derived from an equilibrium between the outward transverse force of the beam and
the average external force due to periodic quadrupole focusing magnets.

1 g/cm2. This dictates an ion energy from 1 GeV to several tens of GeV,
depending on ion mass. The kinetic energy, together with the peak power
and t o t a l pulse energy required, then determines the beam current. From
the numerous self-consistent combinations of parameters which could be
employed, a combination has been chosen to guide the HIF program,which i s
a compromise between high-confidence target design on the one hand and overly
stringent accelerator requirements on the other. I t has been dubbed the
base case for a reactor target and leads to the following parameters for
incident heavy ions such as bismuth or uranium:
Range - 0.6 g/cm2 (20 GeV U ion)
Specific Energy Deposition - 20 MJ/g
Peak Power - 100 TW
Total Pulse Energy - 1 MJ (e.g. 100 TW x 10 ns)
Beam Diameter on Target (two beams) - 2.A mm
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FIG.2. Maximum design particle energy versus total pulse energy on target for two values of
ion mass, based on minimum required specific deposition of 20 MJ-g'1. Other conditions:
beam radius 1 mm; two beams; target material Pb at 2 g- cm'3 and 200 eV. Lower kinetic
energy is permissible provided the correspondingly higher beam currents do not exceed other
appropriate limits.

For these parameters the required peak beam current Is 5 kA (2.5 kA per beam)
for charge state 1. Although such currents are far beyond anything so far
achieved with heavy ions, they are within the bounds of general beam transport
theory. Figure 1 shows the beam power limit for quadrupole periodic focusing.
It is seen that a power of 20 - 200 TW per beam is possible for 20 GeV. The
number of beams is then determined by either this limit or by other considerations such as the accelerator design itself, whichever is more stringent.
In addition to the above requirements, strict limits are imposed on the beam
emittance (product of rms angular divergence and rms radius) and momentum
spread. These limits result from geometric considerations of the beam radius
on target relative to the chamber radius (typically 10 m) and chromatic
aberration in the final magnetic lens at the chamber wall.
An interesting feature of target design unforeseen in early studies is that
the specific energy requirement sets an upper limit on the particle energy.
This is because, for constant total energy and pulse length, higher kinetic
energy implies longer range and reduced beam current, hence reduced specific
deposition. Figure 2 shows the maximum allowed kinetic energy vs. total
pulse energy, based on the range-energy curves used by R. Bangerter [3]. The
curves do not represent a sharp upper limit, but nevertheless have a significant
impact on accelerator design.
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Both D. Mosher [4] and Bangerter [3] have studied the possible change in stopping
power due to the reduced density and high temperature of the target material.
No serious modifications are indicated. In any event, the beam parameters for
a given desired target gain must be regarded as uncertain by about a factor
of two pending more definitive target experiments at high power.
3.

POTENTIAL ADVANTAGES

Advocates of HIF point out that it has a combination of advantages unique
among pellet drivers. They are summarized as follows:
Target Coupling - As implied in Section 2, energy deposition by ions is an
efficient, classical process, with no surprises expected for hot, dense
matter. Only at energies well above those given in Figure 2 would nuclear
fragmentation cause a potentially serious loss of energy.
Beam Propagation and Transport - The rigidity of high-energy heavy ions
makes propagation in a reactor environment, or in long vacuum transport,
appear to be tractable for the currents required. More detail is given in
Section 5.
Electrical Efficiency - Estimates range from 10% to 40%, more than adequate
in the context of current system studies.
Repetition Rate - The required rate for commercial power (1 - 10 Hz)
been demonstrated by a large number of operational accelerators.

has

Reliability - Large accelerators typically operate at 80% to 90% availability
with lifetimes of decades.
4.

ACCELERATOR DESIGN

While many of the beam parameters necessary to ignite an ICF reaction with
heavy ions have been separately achieved in modern high-energy accelerators,
no accelerator has ever produced heavy ion beams at the energy and peak
current that will be needed in a HIF power plant. Studies over the last
two years indicate that there are no fundamental physics questions related
directly to accelerator technology which loom as potential obstacles to
building a heavy-ion pilot plant (HIPP) driver in the 1 MJ, 100 TW range.
However, there are a number of engineering questions which must be addressed
before a cost-effective and technically optimized design can be completed.
Figures 3, 4 and 5 show representative examples of HIF accelerator
configurations now being studied at Argonne National Laboratory (ANL),
Brookhaven National Laboratory (BNL), and Lawrence Berkeley Laboratory (LBL),
respectively [5, 6, 7]. The terms "accumulator", "rebuncher", or "multiplier"
ring used in these descriptions refer to storage rings in which effective
beam current multiplication occurs through multiturn injection or longitudinal
ion bunch compression, or both in the same ring. Since the beam storage
times in this application are extremely short compared to the storage times
needed for high-energy physics, the magnet design parameters are considerably
relaxed and are essentially the same as for synchrotron magnets.
The system utilizing synchrotrons as the principal accelerating element, shown
in Figure 3, would produce a 0.8 mm beam spot radius of 20 GeV Xe+8 ions on
a target pellet at the center of a 5 m radius target chamber. The use of
synchrotrons and accumulator rings has two advantages over competing accelerator
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8 Synchrotrons
Source and Preaccelerators

20 GeV4 Rebuncher Rings
16 Accumulator Rings

1MJ on Target
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FIG. 3. The Argonne National Laboratory conceptual design of a HIPP using rapid cycling
synchrotrons (60 Hz) [5]. Nine turns of 4.4-GeV Xe+S

ions from the 550-MV RF linac are

injected into each of the synchrotrons. After acceleration to 20 Ge V, the ions are transferred
into the rebuncher rings and then into the sixteen storage rings where final charge accumulation
and bunch compression takes place. 24 ion bunches are extracted from these rings and
transported in two groups of 12 transport lines to the target chamber.

methods: this approach seems to be less expensive by a significant margin, and
there exists more accumulated engineering experience with synchrotrons than any
other form of high-energy accelerator. However, the complexity of beam manipulations (transfer, timing and routing) must be taken into account, and the
space charge limitation at injection in synchrotrons is more severe than in
linacs. In addition, the problems of ion charge exchange, wherein an electron
is transferred from one ion to another,creating a Xe+? and Xe + ° pair which are
lost, may be serious because of the long cycle time and is now under investigation. Because Xe + ° has a closed atomic shell, the problem is expected to cause
a beam loss of only ^ 10% for this design.
The high pulse repetition frequency of the eight rather small synchrotrons
(magnetic radius 40 m ) , of 60 Hz, is well within the state-of-the-art. The
Cornell Synchrotron, which is about three times larger, operates at 60 Hz.
One of the concerns with synchrotrons is their low electrical conversion
efficiency (line power to beam power) but, by using superconducting d.c.
bias coils together with nonsuperconducting a.c. coils, ANL estimates that
the efficiency can be raised to > 10%.
The conceptual design of a system using an RF linac and accumulator rings
shown in Figure 4 operates at 15 Hz producing 10-MJ, 200-TW pulses 50 ns long.
In this design the RF linac accelerates IT1"2 ions to the full energy of 20 GeV.
The long linac is folded to conserve site space. A system of 8 multiplier/
accumulator rings, in a configuration somewhat simpler than needed for the
synchrotron/accelerator case, is used to provide current gain and pulse
shaping before transport down two opposing sets of four transport lines
each to the target. In this design as in the previous one, the final
bunching process in the accumulator rings exceeds the space charge limit
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RF LINAC

MULTIPLIER RING

10MJ ON TARGET

ION SOURCES
RF LINAC
30 MeV
-2km-

FIG.4. Conceptual design of a 10-MJ, 200-TW accelerator system developed at Brookhaven
National Laboratory based on an RFlinac [6]. 14 Wideroe, low-ji linacs in a "tree"geometry
feed a 10-GVRF linac that produces 160 mA of20-Ge V if1 ions. After charge accumulation
and rebunching in the large and small multiplier rings, beams are stored in 8 accumulator rings.
Final bunch compression, which is initiated in these rings, requires the 1-km-long transport
lines to complete the longitudinal collapse to 50 ns. This system operates at 15 Hz and is
capable of providing beams to 5 reactor chambers.

for circular machines, which is set by the limit that the tune 1 shift be < 1/4.
The long (lkm) beam transport lengths are needed to allow longitudinal
collapse of the bunch to take place.
The simplest configuration (c.f. Figure 5), which is based on a linear induction
accelerator (LIA), is the one for which there is the least engineering, operating
and cost experience. IT1"-'- ions are produced in a large-diameter ionization
source, stripped to U ^ in the preaccelerator and, after acceleration through
pulsed drift tube sections to ^ 100 MeV, are injected into the iron core linear
induction elements. Iron cores are used instead of ferrites at low energies
in order to achieve the relatively long (^ 5 ysec) pulse lengths needed to
accelerate sufficient charge per pulse. As in all preaccelerator and lowvelocity linac schemes,the chief limit to performance is space charge. The
long pulse length and very large beam diameter ("» 30 cm) possible in the pulse
drift tube accelerator section permits the very large net currents at low
energy which are needed to match optimally the current capability of the LIA
at high energy and short pulse lengths. The high current capability of the
1

"Tune" is the major synchrotron or storage ring circumference divided by the wavelength of transverse oscillations.
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FIG. 5. Lawrence Berkeley Laboratory's preliminary conceptual design of a HIPP based on
linear induction accelerator (LIA) [7]. An injector consisting of a f/+1 source, stripper
(U+1 -* U*4), and pulsed drift tube and induction modules (43 and 20 us pulse duration) injects
14-MeV U+2 ions into the iron core LIA section. After 3 km the pulse length is 200 ns, allowing
the use of ferrite core induction modules in the second 3-km section. A ferrite core buncher
further compresses the beam longitudinally before splitting into 2, 4 or 8 beams for final
transport to the target.

LIA e l i m i n a t e s the need for accumulator r i n g s and r e s u l t s in c o n s i d e r a b l e
system s i m p l i f i c a t i o n .
All LIA's b u i l t to date have a c c e l e r a t e d e l e c t r o n s and have operated a t peak
c u r r e n t s in excess of 1000A. While p o s i t i v e ions have not been a c c e l e r a t e d
i n t h e s e d e v i c e s , t h e r e appears to be no o b s t a c l e to doing s o . Because only
a l i m i t e d number of LIA's have been b u i l t , data on which to base c o s t s i s
extremely l i m i t e d , but the best e s t i m a t e s i n d i c a t e t h a t the LIA should be
a t l e a s t competitive with the RF l i n a c methods.
The t h r e e conceptual designs described r e p r e s e n t the t h r e e major design
approaches now being studied i n t e n s i v e l y . None of these i s in a c l e a r l y
favored p o s i t i o n for use in a HIPP, and the present e n g i n e e r i n g , p r o t o t y p i n g ,
and cost s t u d i e s w i l l have to be completed before such a d e c i s i o n can be made.
5.

BEAM TRANSPORT AND PLASMA EFFECTS

Three i s s u e s emerged e a r l y in the HIF program — a l l a s s o c i a t e d with very
high beam c u r r e n t s . They a r e :
(a) The l i m i t a t i o n s imposed by atomic c o l l i s i o n p r o c e s s e s , n e u t r a l i z a t i o n
e f f e c t s and p o t e n t i a l beam i n s t a b i l i t i e s during the propagation of the
f i n a l beams in the r e s i d u a l gas of the r e a c t o r chamber, a d i s t a n c e of
5 to 10 m e t e r s .
(b) The limitations imposed by
un-neutralized beam in the
proper and final transport
distances are involved, in

space charge forces during transport of an
periodic focusing system of the accelerator
up to the chamber. In this case long
high vacuum.
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FIG.6. Number of e-foldings of the growth of filamentation instability at the pellet location
versus initial beam radius at the chamber wall, for two chamber radii. Parameters used in the
calculation: beam velocity c/2; beam power 25 TW; gas pressure 1 torr; plasma Te = 20 eV;
and electron density « e = 0.5 n0. A focal spot radius of 1 mm is obtained assuming an initial
transverse velocity, normalized to c/2, of 1.4 X W4 or 4X 10~s, respectively, for a 5- or 10-m
chamber. The calculations, from Hubbard and Tidman [8], suggest an initial beam radius
> 20 cm for these parameters for the 10-m case.

(c) Is it possible to exceed the normal space charge limit in an
accumulator ring during the transient operation, for final bunching
into short pulses? Here the "normal" limit refers to a maximum change
in tune of 1/4. This constraint on tune shift is more severe than
case (b).
Space does not permit a critical review here. Instead we present some of
the general conclusions and recent calculations.
For intermediate-to-high gas pressures (> 10
torr) in a reactor chamber, the
beam propagates in a charge-neutral and almost current-neutral condition due
to rapid ionization and high plasma conductivity. Individual particles
travel on nearly ballistic trajectories from a beam radius, typically > 10 cm
at the reactor wall, to a small radius, < 1 cm, at the pellet. Stripping of
most of the bound electrons of the beam ions is important and must be included
except for very low pressure. At very high pressure, typically > 10 torr,
scattering collisions dominate, reducing the growth of micro-instabilities,
but increasing the rms radius of the beam to an unacceptable size.
The first stability question to be examined was the common resistive firehose
instability. It was soon agreed that the growth of this instability is
negligible for parameters of interest [1,2]. Figure 6 shows one example of
calculations by Hubbard and Tidman [8] for a potentially more serious instability,
that of filamentation. In this case the beam breaks up into a bundle of self-
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FIG. 7. Computer simulation of the growth in relative transverse emittance as a function of
axial distance, measured as the number of quadrupole doublet periods traversed, for vacuum
transport in a focusing channel. The run uses 16 K particles and assumes thin lenses with a
phase advance of 90° per doublet, reduced to 30° by the assumed value of space charge. Note
the growth and subsequent saturation. The difference between x andy emittance is presumed
to be artificial.

pinched filaments as i t nears the pellet. The calculations indicate that
the growth (number of e-folds) is small except in extreme cases. However,
i t is clear that the system designer must be aware of these limitations. A
conservative approach would appear to be: number of beams > 8 (often
necessary for other reasons); i n i t i a l radius > 20 cm; pressure < 1 torr.
The second issue, transport in a vacuum channel, has also received considerable
attention. At the 1976 workshop A. Maschke submitted a formula which has
been widely used in a l l of the accelerator design efforts. M. Reiser has
given a recent review of the analytic theory with pertinent references [9].
The maximum beam power P that can be transported in a periodic magnetically
focussed channel i s , including space charge,
£2/3 ( B Y ) 7 / 3

2/3

B

(1)

-.-1/2
where A, q are the ion mass and charge state, 8 = v/c, y = (
B is the magnet pole tip field, and e is the beam emittance divided by TT.
The constant k is about 2 x lO^ 5 watts with B in Tesla and e in meter-radians.
This formula forms the basis for the curves of Figure 1 and shows the steep
dependence on the particle energy via the relativistic factors (gy) 7 ' 3 (y-1)•
Equation 1 is a useful, perhaps even conservative, estimate of power-handling
capacity of magnetic channels. However, the complete theory of space charge
transport including stability has not been resolved even after decades of
accelerator development. It is clearly a difficult problem, probably
requiring large-scale particle simulation, but an area for potential cost
savings if means can be identified for improved transport. To this end,
I. Haber began a program in 1977 to adapt existing NRL computer codes, in
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collaboration with others. Figure 7 shows some initial results from a recent
report by Haber and Maschke [10]. The evolution of the x and y emittance,
defined as the product of the rms values of transverse position and momentum,
is plotted vs. axial distance measured in units of quadrupole doublet periods
traversed. The behavior exhibits a rapid doubling of emittance but subsequent
saturation. Future effort will include detailed examination of instabilities
and inclusion of a distribution in longitudinal velocity.
The third space charge issue, transient violation of the limiting current in
an accumulator ring, has received little attention. In some unpublished
experiments using the Brookhaven AGS accelerator, a group led by A. Maschke
succeeded in surpassing the limit by a factor of eight for a few turns using
200-MeV protons. In another set of experiments, also using the AGS, they
achieved a bunching factor (initial bunch length/final bunch length) of 60:1
compared to the usual 10:1. These experiments are encouraging but need to
be repeated under various conditions and extended.

6.

ION SOURCES, PREACCELERATORS AND LOW-B LINACS

In addition to the accelerator system studies described in Section 4, an
intensive development program is underway to design, build and operate
sources of 10 to 15 MeV beams of heavy ions.
At Argonne National Laboratory, a Dynamitron high-voltage generator has been
modified to accelerate 50 to 100 mA of X e + 1 to 1.5 MeV. The high-brightness
source, which is being built by Hughes Research Laboratories, is to be
mounted inside the high-voltage column, and the entire system is to be
operated by September 1978. Design of an RF cavity for a 12.5-MHz Wlderoetype linac, but operating at A/4 instead of A/2, is essentially complete, and
a 10-MV section using 10 of these cavities is planned for construction in
1979.
A slightly different approach is being followed at Brookhaven National
Laboratory. A duoplasmatron-type ion source operating with a 750-kV CockroftWalton preaccelerator has produced a low-current beam of X e + 1 ions which were
then accelerated to 1 MeV using a prototype 16.6-MHz linac cavity driven by
a A/4 resonator. In 1979 a 5-m-long, 2-MHz section of Wideroe linac will be
constructed, which will be followed later by a similar linac section operating
at 4 MHz.
The ion source, preaccelerator and low-velocity linacs described above are
designed to meet the needs of the synchrotron and RF-linac-based accelerator
configurations described in Section 4. The front end needs of the LIA are
quite different, and LBL has developed a 1000-cm2, 1-ampere, 50-kV C S + 1 source.
The source will be followed by several sections of pulsed drift tube accelerator
powered by 500-kV Marx generators. To test the concept of contact ionization,
LBL has already operated a 250-cm2 source which produced >v< 900 mA of CS+1 at
200 kV. In addition, LBL has developed a multiaperture Xe + 1 plasma arc source
operating at 35 mA for eventual use with a Cockroft-Walton preaccelerator.
As a result of the work described, it is expected that by the end of 1979
at least three sources of high-intensity and high-brightness ions will be
operating in the 3 - 10 MV range. Tests with other ions and of highcurrent beam transport in long drift tube sections will then be undertaken.
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TABLE I. COST ESTIMATES FOR TWO HEAVY ION FUSION DESIGNS

Reference

Arnold et

Design Parameters

1 MJ, 100 TW, 1 Hz

SUBSYSTEM
Linac, incl. sources

al. [5]

Maschke [6]
10 MJ, 200 TW, 15 Hz

COST

COST

$ 50M

$532M

Synchrotrons

90M

Intermediate rings

10M

not used
40M

Final storage rings

50M

80M

Beam transport

30M

80M

Conventional facilities

25M

135M

$255M

$667M

TOTAL

7.

COST SCALING

Meaningful cost estimates for heavy ion drivers could not be made until the
accelerator design efforts reached an acceptable level of completeness. Early
estimates ranged up to "several hundred million dollars" for a power plant
driver of approximately 10 MJ size [11]. At the BNL workshop, costs for eight
different specific subsystems ranging from injectors and various linac
structures to final RF bunching and transport were analysed [12]. Table I
gives a summary of the cost breakdown for two of the designs described in
Section 4. Since the LBL design employs quite different components and is
preliminary, it has not been included in Table 1. The LBL group reports a
preliminary cost, for 1-MJ, 150-TW, 1-Hz parameters, of about $475 M [7]. The
costs as listed are in 1978 dollars and do not include site, detailed design,
or contingency and, of course, do not include reactor chambers or any other
non-driver costs.
We believe that the above costs effectively set limits on and illustrate the
cost expected for a HIF power-plant driver. It should be emphasized in this
connection that Maschke's design is an order of magnitude more powerful than
the ANL and LBL designs, both in energy and repetition rate.
Although more design work is needed and the available designs need to be
verified, it is clear that the cost scaling of HIF drivers is not the same
as those modular drivers where increased energy is obtained by replication of
high-power modules. Rather, we believe that HIF drivers scale, within limits,
roughly as the square root of total energy. The basic reason is that the
allowable beam current, hence power and total energy, increases rapidly with
particle energy. This property is shown in Figure 1 for beam transport, but
similar scaling occurs for accelerators in general. The inverse statement is
that performance varies roughly as the cost squared.
The above scaling must be taken into account in system studies and economic
analyses. For example, if target parameter requirements increase beyond those
presently anticipated, the scaling is an advantage. On the other hand, if
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potential users demand very small drivers, then it is a disadvantage. For
application to a fusion/fission hybrid driver, the HIF technology would
appear to be very attractive, since high pulse energy and high efficiency
would match in a natural way with cheaper, low-gain pellets. While these
diverse speculations may be premature, it is well to recognize the unique
characteristics of HIF pellet drivers early in the program.
For brevity we have omitted detailed discussion of several important topics,
notably longitudinal bunch compression, the optics of final focus, ion-atom
cross-sections, and resulting vacuum requirements. These topics, except
for the more recent studies, are discussed in the workshop proceedings [1,2].
Finally, we thank R. F. Hubbard, D. A. Tidman, I. Haber and A. W. Maschke
for permission to use their results prior to publication.
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DISCUSSION

H. HORA: Could you say a little more about pellet compression?
T.F. GODLOVE: The pellet design requirements for heavy-ion fusion,
including compression, are similar to those applicable to laser fusion, apart from
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the differences in coupling efficiency and in ion range that have to be taken into
account. A recent summary of these questions is to be found in the paper of
Bangerter cited by us as Ref. [3] .
H. HORA: You mentioned the range of uranium GeV ions. How was the
stopping power calculated: did you include plasma conditions and anomalous
stopping power for high ion intensities?
T.F. GODLOVE: In the paper I mentioned a moment ago Bangerter
calculated stopping power for GeV heavy ions under plasma conditions, namely
for Pb at 2 g • cm"3 and 100 eV. D. Mosher has also examined the question. The
differences, compared with cold matter stopping power, are small. I am not aware
of any 'anomalous' stopping power for ion currents of interest.
I. ALEXEFF: What percentage of the energy contained in the hot plasma
pellet is radiated by bremsstrahlung of the hot plasma electrons on the high-Z
ions?
T.F. GODLOVE: I would expect the bremsstrahlung from the hot plasma
electrons on the beam ions to be negligible, since the number of ions is many
orders of magnitude smaller than the number of target atoms.
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Abstract
NUCLEAR FUSION BY CYLINDRICAL ION IMPLOSION.
The present status of investigations on ion-implosion fusion undertaken at the Institute
of Nuclear Research, Swierk, Poland, in the early 1960s is presented. Since then several
experiments on production of intense radially convergent ion beams have been carried out by
means of cylindrical devices equipped with coaxial electrodes consisting of thin metal rods,
placed symmetrically and parallel to the axis of symmetry. With these devices, supplied from
condenser banks of energy 10 - 20 kj operated at 30 kV initial voltage, deuteron beams have
been produced in a few hundred nanosecond pulses with energy sometimes greater than 30 keV
and intensity of the order of 10 kA. The production of energetic ions was accompanied by
the production of neutrons, up to 5 X 108 n per discharge. It was found from X-ray observations that convergent ion beams are focused on the symmetry axis of the system so that the
cross-section of the dense plasma is several millimetres in diameter. Investigations on a complete
symmetric implosion by means of a 150-kJ device have begun.

1.

INTRODUCTION

Research on controlled nuclear fusion by means of ion beams was undertaken at the Institute of Nuclear Research (INR), Swierk, Poland, some fifteen
years ago [1, 2]. At that time production of a dense plasma by convergent ion
beams and the generation of powerful beams by magnetically insulated lowpressure cylindrical discharges between 'particle transparent' (grid or multirod)
electrodes were proposed (see Fig.l). The concepts of magnetic insulation and
of three-dimensional implosion have been verified by a series of experiments
[2 - 5]. It has been shown that, under properly chosen experimental conditions,
plasma ions are efficiently accelerated by the radial electric field existing between
225
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(a)

FIG.l. Three basic modes of acceleration of plasma particles in the system of two 'particletransparent' co-axial electrodes conducting the axial current Iz at the initial potential
difference UQ [1].

gas cloud

molybdenum rods

implosion region

high-speed camera
picture

X-ray photo of
ion implosion

FIG.2. "One-side symmetry " ion-implosion experiment. A convergent ion beam is produced
by a low-pressure discharge between co-axial grid-type electrodes.
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the coaxial grid electrodes. As a result, at the axis of symmetry of the system,
i.e. inside the cylindrical transparent cathode, a high concentration of plasma
can be observed, as shown in Fig.2.
The advantages of using ion beams for nuclear fusion are now widely
recognized and some laboratories are concentrating on the realization of ion
beam-pellet experiments [6—11]. The main direction of ion-beam fusion
research at the INR, Swierk, however, remains pure ion implosion, i.e. the
generation of a dense plasma by the ion beams themselves. This paper presents
some results of the ion-implosion studies recently performed at Swierk.

2.

THEORETICAL BACKGROUND

The idea of ion-implosion fusion is relatively simple, and rough theoretical
estimates present no great difficulties. Without going into details, such an
evaluation of spherical ion implosion may be reduced to the following:
(a) The condition of the ideal implosion (which occurs when all the ions
emitted in the interval of time

m

(1)

oy
i

arrive at the centre of the sphere of radius R o at the same moment) can be
given by the dependence:
(2)
where Uo is the acceleration potential at t = 0; qj and nij are, respectively, the
charge and the mass of the ions considered.
(b) The energy concentration criterion determining the possibility of the
fusion reactor operation, is almost the same as for ion beam-pellet experiments.
It can be written in the form:
E Q ^ K E r^ where Kg =

10 MJ • cm"2 for DT reaction
2 X 103 MJ • cm"2 for DD reaction

(3)

where E Q is the energy of the imploding ion shell and rf is the final value of the
ion shell radius in cm.
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(c)

The ion current density criterion can be written as follows:
1010 for DT reaction
2 X10 1 3 for DD reaction

K

(4)

and where j 0 is the initial ion current density in A • cm' 2 and x is the concentration factor given by
^

(5)
I-f

In looking for a way to realize these conditions experimentally, two
important ideas have been developed: magnetic insulation and magnetic
compensation of defocusing properties of a perforated cathode [ 1 ]. The first
idea is particularly important for the effective production of intense ion beams,
and the second for improving the concentration factor K.
The effective ion acceleration in a high-current gas discharge can be
realized if:
(a) The collisional drift of electrons can be neglected in comparison with
the E X 3 drift, i.e. if the initial gas pressure fulfils the condition:

P[tOrr 2X1

^

°" 4 EW^I

(6)

where E and B are, respectively, the mean values of the electric and magnetic
field in the discharge; and
(b) The distance d between the electrodes is settled such that the ions
moving in the electric field (produced by the potential difference) and the
magnetic field (generated by the currents) can leave the inter-electrode volume.
But electrons cannot do that, i.e. if
B ( G]-d[cm]
u[V]
The condition of the magnetic compensation of the defocusing properties
of a perforated cathode (since a perforation'deforms the ideal symmetry of the
electric field1) was analysed in detail for a cylindrical cathode made of thin
1

Perforation of the cathode can be avoided by using very thin foil and acceleration of
ions to very high energies. This method, however, seems unsuitable for our ion-implosion
experiments.
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parallel rods. A simplified analysis demonstrated that the best compensation
can, in this case, be obtained if the current flowing in the rods is related to the
potential difference between the anode and the cathode according to the formula:

| = 5X104U0[V]n^d

(8)

where n is the number of rods forming a cylindrical cathode with radius R.
Since the topology of the magnetic field does not allow the construction of
a device of ideal spherical symmetry, an investigation of the electrode shaping
and the distribution of currents in the electrodes is under way, so that an almost
spherical ion implosion may be achieved.
Equations (2) - (4) present the main direction of our efforts, while
Eqs (6) — (8) demonstrate the method we want to use for solving the most
important ion-implosion problems.

3.

EXPERIMENTAL FACILITIES

To verify the theoretical predictions, a series of experiments on ion
implosion was carried out, using several different facilities. All the devices were
equipped with coaxial transparent electrodes consisting of thin metallic rods
placed symmetrically and parallel to the axis of symmetry, but remarkable
differences were introduced in geometrical dimensions and insulation of the
electrodes, as well as in the energy of the supply systems.
In most cases the devices which we call RPI machines were equipped with
electrodes consisting of 32 rods each. The rods were 0.8 mm —1.7 mm in
diameter and 100 - 180 mm long. The diameters of the external and internal
electrode were, accordingly, equal to 65 and 45 mm in one version and 130 mm
and 90 mm in the second. To feed the discharge condenser, banks of energies
between 10 kJ and 20 kJ were used. To enable experiments to be made with an
external magnetic field, one of the machines was equipped with additional
windings supplied by an auxiliary condenser bank. Figure 3 shows such a
machine.
The largest machine operated so far is the SOWA-150, which permits
investigation of a fully symmetric implosion, as shown in Fig.4. This machine
can be powered by two identical 57.5 /nF, 50 kV, current pulse generators.
The SOWA-150, with some diagnostic equipment, is shown in Fig.5.
All these ion-implosion machines were equipped with fast electromagnetic
valves, which permitted rapid feeding of a definite amount of working gas.
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FIG. 3. One of the one-side symmetry devices.

accumulation region
grid cathode-/electrons

imploding ions

FIG.4. Scheme of an ion-implosion experiment with mirror symmetry realized with SOWA-150
device as shown in Fig.5.
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FIG.5. The mirror symmetry device SOWA-150.

FIG. 6. Magnetic probe measurements showing the current flow along electrodes during
discharge.
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EXPERIMENTAL RESULTS

The principal aim of our investigations was an experimental, and at least
qualitative, verification of the basic points of the cylindrical ion-implosion
concept. Experimental studies carried out with the above devices concentrated
on investigating magnetic insulation and the acceleration of ions, in addition to
the study of the focusing properties of the cylindrical rod-type cathode and on
space-charge neutralization. Some of the results obtained so far are as follows.
4.1. Magnetic insulation
Since resistivity of the discharge depends directly on the character of the
electron current flow, the voltage and current measurements are of particular
importance for the study of magnetic insulation. If gas conditions are adjusted
to the mechanical and electrical parameters of the system investigated, i.e. if the
gas pressure fulfils the relation (6), the discharge current wave forms become
strongly deformed and large overvoltages can be observed. Depending on details
of the system investigated, the current deformations and overvoltages can have
very different forms.
To obtain more detailed information on the character of the electron
current flow, some measurements with inner magnetic probes were carried out
(see Fig.6), which made it possible to determine the magnetic cut-off displacement of the electron current front. Some information on the character of the
electron current flow was also obtained from observations with a high-speed
camera. The proper conditions, when the electron drift in the 2 X B fields plays
a decisive role, can be identified by increased luminosity of the ends of the
anode rods. If the discharge is realized with a heavy gas (e.g. argon or nitrogen)
and bright spots of a strong electron emission are visible on the cathode rods,
streams of electrons can be observed drifting in the E X B fields.
Valuable information on the magnetic insulation phenomenon can also be
obtained from X-ray measurements. Such measurements were performed
perpendicular to the symmetry axis of the device, and enabled the relation (6),
which is directly related to the E XB electron drift, to be checked, showing that,
at high gas densities, X-rays are produced mainly in the gas-cloud region, while
at lower densities the production of X-rays is localized at the ends of the anode
rods (see Fig.7).
4.2. Ion acceleration
To obtain information on the ions produced and accelerated in the ionimplosion devices, various mass and energy analysers were used, some of them
absolutely calibrated. Time-integrated measurements were performed with a
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effective length of electrodes

insulator

gas cloud region

position
along the axis

FIG. 7. Results of X-ray measurements demonstrating the dependence of the effectiveness of
magnetic insulation on plasma density (initial gas pressure)

FIG. 8. Example of mass-energy spectrum of ions produced by a cylindrical, magnetically
insulated plasma discharge.

Thomson spectrometer, and typical results are presented in Fig. 8. Time-dependent
measurements were carried out with various electrostatic mass-energy analysers
(see Fig. 9). These measurements were performed at different angles to the axis
of the SOWA-150. Ions of energies up to a hundred keV were observed.
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(foMOkeV deuterons)

deuterons

voltage

:

;;55 current

neutrons and X- rays

FIG.9. Results of some time-dependent measurements performed using the ion-implosion
experiments.

ends of electrodes

FIG.10. An interferogram of the inertia! cumulation phase observed in an ion-implosion
experiment.
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A rough estimate of the total ion flux gives ~ 6 kA from measurements
with the Thomson spectrometer and about 15 kA from the electrostatic
analyser. The flux of energetic neutrals, which can be seen as a zero-deflected
beam on the Thomson spectrometer, seems to be rather low, sometimes one
order of magnitude lower than the ion flux.
Direct evidence of the efficient production of energetic ions was also
supplied by neutron measurements. The total outputs of neutrons generated in
one shot, during experiments with some 15 kJ devices, were observed to reach
5 X 10 8 , while the mean output of neutrons was found to be smaller by one order
of magnitude. The neutron emission in time was also investigated (see Fig.9),
and obvious correlations were found between the neutron yield, the value of
overvoltages, and a character of the current deformations discussed above.
4.3. Focusing properties
Although information on the focusing properties of the ion-implosion devices
can be obtained from high-speed camera observations and spectroscopic measurements, these methods are not very useful for the most interesting situations when
the deuterium plasma is almost fully ionized, for which X-ray measurements give
important information. To perform X-ray measurements in the ion-implosion
devices, a multi-pinhole camera and a device equipped with various Ross filters
and scintillators of different thickness were used for carrying out time and
energy analyses.
The time-integrated pinhole camera pictures demonstrated a relatively good
concentration of beams at the axis of the system investigated. The diameter of
the X-ray focus was found to be of the order of a few mm (see Fig.2).
Concentrations of plasma in the focus were measured by laser interferometry,
showing concentrations up to 1018 cm' 3 (see Fig. 10).
In the experimental studies described here some attempts were also made
to localize the neutron sources. The preliminary results obtained so far have
demonstrated that a certain amount of neutrons are produced in the central
region of the device. The majority of the neutrons seem at the moment, however,
to be generated at the walls of the vacuum chamber.
Investigations on time-focusing are less advanced than those discussed here,
but technical studies for construction of an appropriate supply system have
already been undertaken.
4.4. Space-charge neutralization
To estimate the electron space-charge neutralization in the convergent ion
beam, some probe measurements have been made, which showed that typical
values of the potential drop inside the passive region of the ion-implosion device
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do not exceed several kV. In some cases, however, spatial potentials up to 50 kV
have been observed. One can conclude that a cold emission of electrons, which is
accountable for the ion space-charge neutralization, changes accidentally within
relatively wide limits.
It should be noted that the results presented here have been obtained with
"one-side symmetry" devices. Measurements in a full symmetry (shown in
Fig.4) have just begun. The main problem to be investigated with the fully
symmetric device is that of z-focusing.
5.

CONCLUSIONS

The experimental results presented (obtained so far with relatively small
devices) and, in particular, the good radial convergence of ion beams of several kA
as well as relatively high neutron yield (up to 5 X 108 neutrons per pulse), are
consistent with the theoretical estimates and seem to warrant further
investigation.
The results obtained seem to support the opinion that ion-beam fusion
research can lead to a thermonuclear breakeven experiment faster than other
methods, and the way from the breakeven experiment to the construction of a
fusion reactor can be shorter than by other approaches.
Our ion-implosion method seems to have some advantages which could
slightly shorten the long road to beam fusion.
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Abstract
CALCULATIONS OF INERTIAL CONFINEMENT FUSION GAINS USING A COLLECTIVE
MODEL FOR REHEAT, BREMSSTRAHLUNG AND FUEL DEPLETION FOR HIGHLY
EFFICIENT ELECTRODYNAMIC LASER COMPRESSIONS.
Inertial nuclear reaction gains are calculated for DT, HB(11) and DLi(6) using spherical
hydrodynamics, losses by bremsstrahlung fuel depletion and an anomalous stopping power for
calculating the reheat by the charged reaction products. Agreement exists with calculations
based on semi-empirical stopping powers. The problem of the delay of thermal coupling for
laser compression is being discussed by non-linear Coulomb interaction, instabilities and resonance
absorption. The alternative laser compression by non-thermalizing non-linear (optical ponderomotive) force with dielectric swelling has been studied numerically. Guiding parameters have
been reproduced and were used for compression by a CO2 laser pulse in the ns range.

1.

REACTION GAINS FROM INERTIAL CONFINEMENT

This section describes the recent results of calculations of nuclear reaction gains for a
spherical plasma of initial volume VQ, initial density n o , of fully ionized ions of charge Z, initial
zero velocity, and initial temperature TQ given by equal-distributing an energy EQ to all particles.
The early calculations at the time when the first paper on laser-fusion was published [1] were
optimizations of the calculation of the nuclear reactions gains [ 2 ];
r
G

=

e
reaction energy
F
input energy ^ = 1^

( , j
,
2
J dtdxn.2<av>/A

(1)

gave plots of G(EO) for constant n 0 with Vo as parameter. Envelopes of these plots arrived at
optimum energies E o = k T o p t = 10.6 keV for DT reactions and showed a decrease of E o by the
* On leave at Dept. of Laser Physics, Institute of Applied Physics, University of Bern,
Switzerland.
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FIG. 1. Reaction gains G for DT depending on the input energy Eo for various initial densities
n0 (multiples of solid-state density ns), if solid-state volumes Vs before compression are being
used.
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FIG.2. Gains G for the HBfllj reaction as in Fig.l.

IAEA-CN-37/V-5
square, if n 0 increased to reach the same G. The general formulation for such VQ that T
always reached was given in 1970 by Hora and Pfirsch [ 3 ] :
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where for DT the break-even energy E B E = 1.6 MeV and the solid-state density
ns = 5.9 x 10 2 2 cm -3 . This formula is algebraically identical with Kidder's [4] formula to
substitute the Lawson criterion for the dynamics of inertial confinement:
G

= C!n0R0

.

C : = 1.66 x 1 0 " 2 3 cm2

(3)

where R o is the radius of the initial volumes. The good agreement of the numerical constant was
a confirmation for the fully different methods used for the derivation by several authors [5].
The formulas (2) or (3), however, neglected the losses by bremsstrahlung, the depletion of
the fuel to arrive at saturation values of G for high E o , and the reheat of the pellet by the reaction
products which can even cause ignition and self-burning. The reheat process needs a sufficient
description of the slowing-down length of charged nuclear reaction products (stopping power) in
the plasma. To overcome discrepancies between the usually calculated stopping powers with the
measured cases of MeV-electrons in high-density plasma, we used a collective model which was in
agreement for electrons [6] and whose agreement for alphas [7] will be shown here. A discussion
of the discrepancies in the earlier theories and reasons for the anomalous processes has been given
by Hamada[8].
The results for DT are given in Fig. 1 where the gains G (EQ, n 0 ) are given. It is necessary to
choose a volume V s of the solid state before compression, where the relation between Vg and E o
defines the initial temperature T o p t . The left-hand drift of T t for increasing n o is due to
ignition. The calculation of the time dependence of the plasma temperature and its very sensitive
dependence on the parameters has shown in detail [9] how the ignition works for
surprisingly low initial temperatures of only 3keV and less. The full inclusion of bremsstrahlung
(even for the pessimistic case of neglecting its self-absorption) and fuel depletion makes the
calculation realistic.
Agreement of our results with the calculations of Nuckolls [10] can be seen from the
following example: Nuckolls arrives at a gain of his definition of 40 for an energy input Ej of
200 kJ. In his case, only 5% of Ej (EQ = 10 kJ) are going into the compressed plasma of
n 0 = 10 n s i which in our definition would result in his gain of 800. For same densities and
EQ = 10 kJ we arrive at a gain of 720 which is in remarkably good agreement. Because of Nuckolls'
use of stopping powers derived from macroscopic nuclear reactions [11],we conclude an indirect
justification of the model of anomalous stopping powers we have used.
The gains for the hydrogen-boron (11) reaction at inertial confinement are given in Fig. 2.
The parabolas are from the G calculation at varying EQ without optimized initial temperatures.
The very sharp maxima correspond to the sensitivity in the choice of the parameters. Despite
strong bremsstrahlung losses, we see ignition and self-burning from the left-hand drift of the
Vs-curves. Based on a recalculation of the fusion cross-sections for the 2n -branch of the DLi6
reaction [12]we calculated a similar diagram to Figs 1 and 2 and found maximum gains of less
than 8 for 10 5 times solid-state densities. The Vs had a right-hand drift showing the
predominance of bremsstrahlung and the absence of ignition and self-burning.
2.

COMPLICATIONS IN LASER COMPRESSION AND NONLINEAR FORCES

The preceding considerations for inertial confinement are based on the assumption of
instantaneously working compression which may be easily realized with particle beam
compression. The calculations of Nuckolls with laser compression [10] needed an instantaneous
action of the thermalization of the laser radiation necessary for driving the ablation. Under this
view, our comparison in the preceding section on the pure inertial confinement will be justified.
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The real problems with lasers, however, are connected with a delay time of the collisions, if the
thermal ablation has to be used, and if not a nonthermalizing ablation-compression by electrodynamic nonlinear forces [13] is being used.
If neodymium- glass laser radiation of 101(> W/cm2 and higher intensity hits DT, electron
energies of 100 keV are measured by x-rays and same energies of fast ions are observed [14].
Electrons with a quivering energy of 100 keV in 10 2 ^ cm'* density have a collision time of
1.3 nsec, while 50% of the laser energy had to be thermalized within less than 0.1 nsec [11]. This
problem of a delay restricts neodymium-glass laser intensities to less than 10*° W/cm , while
finally 10 1 9 W/cm2 energy flux densities have to be produced [ 15 ], as has been discussed before
[16] on the basis of the quivering motion of electrons and the nonlinear absorption constant
based on Coulomb collisions.
For the desired fast-thermalizing processes at high laser intensities, anomalous processes
have been discussed as parametric decay instabilities [17] and resonance absorption [18],which
can both be described by the nonlinear force [19] [20] in a similar way as the nonthermalizing
transfer of optical energy into kinetic energy of plasma is a basically nonlinear force process. The
nonlinear (optical ponderomotive) forces of direct interaction of electromagnetic radiation with
plasmas was discussed for the case of laser radiation in 1967 by Hora, Pfirsch and Schluter [21]
where, for perpendicular incidence of radiation of frequency OJ, vacuum electric field amplitude
E y , in an inhomogeneous plasma of a depth x with an electron density n e (x) corresponding to a
(real) refractive index fi(x), a time-averaged nonlinear force density was produced:
1
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which could be shown to be identical [16] with the result of microwaves [22]. The special
action on gradients of the electron density, however, was a new aspect for lasers leading to the
fact that the force is called also "intensity gradient force" [23].
To arrive at reasonable results for oblique incidence of laser radiation, the hitherto most
general formulation of the nonlinear force [24] had to be derived by adding nonlinear terms to
the usual two-fluid equation of motion:
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j is the current density and H is the magnetic field strength of the laser radiation. It is important
that terms of V -E and V-n2E must not be neglected to produce the longitudinal E field in plasmas
at oblique incidence of the waves [24] [20]. As long as the laser pulse length T>(2ir/a>)103,
Poynting vectors can be neglected or added. If we use therefore
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from the Maxwellian equations and from vector identities we find
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we found a force density given by Landau and Lifshitz [24] for nondispersive media. Formula
(8) is therefore of more general validity.e.g. for the dispersive plasma [24].
The nonlinear forces can dominate the thermokinetic pressure above 1014W/cm2 for
Nd.glass or above 10 12 W/cm 2 for C0 2 lasers [25]. The swelling by a factor l/|n| of the laser
intensity (energy density) or of the radiation pressure or of the effective wavelength, causes a
resonance-like electrodynamic explosion of plasma as the momentum balance [24] [26] has
shown, resulting also in a photon momentum of half of that of Abraham and that of Minkowski
[27]. Numerical studies have shown that a density minimum (caviton) is being generated,
discovered by Shearer, Kidder and Zink [28] and reproduced by many others [29] [30]. These
minima and the steepening of the density profile [31] have been observed experimentally first
by Zakharenko et al.and then by other groups [32]. The linear Z-dependence [16] of emitted
fast ions as observed [ 33 ], or of MeVions [ 34 ] including relativistic self-focusing [ 35 ], are evident
for the nonlinear force actions. The generation of magnetic fields in laser-plasmas can be
explained by the nonlinear force [36]. While the inclusion of absorption (complex refractive
index) has been evaluated for perpendicular incidence [24], Stamper has derived an additional
term from a formulation (5) which could be further generalized[37]. The immediate action of
the nonlinear force to electrons in tenuous plasma has been demonstrated experimentally [38]
where the quivering electron motion is transferred into translative energy.
The observation of strong-swelling dielectric nonthermal explosion by the nonlinear force
and of cavity generation could be studied in very transparent microwave experiments [39] and
the behaviour of the dominating energy density in Langmuir oscillations at strong swelling was
confirmed as soliton process [40]. The little bit larger soli tons of the total energy density behave
similarly [41] [42].
3.

PARAMETRIC DECAY AND RESONANCE ABSORPTION

The general theory of parametric decay instabilities by the nonlinear forces was given by
F.F. Chen [19] after the theory was given analytically for microwaves [43] and by a numerical
model [17]. Early saturation of these processes has been observed [44] and the arguments have
been pointed out by Bobin. et al [45] that these processes and therefore the considered fast
thermalization of this type do not dominate for Nd-glass laser intensities above 10 16 W/cm 2 .
Another process for a very fast heating is the resonance absorption, which was described by
the macroscopic picture using the nonlinear force in the following way: after the oblique
incidence of plasma waves on an inhomogeneous plasma had been used [24] to derive the nonlinear terms in the most general formulation of the nonlinear force, Eq. (5), the generated standing
wave at oblique incidence with linear polarized E oscillating parallel to the plane of incidence was
causing a striated motion of plasma [20]. Depending on the magnetic Reynolds number, within
one half wavelength depth, the plasma was upstreaming, and downstreaming within the next
half. Relative velocities corresponded to ion energies of 10 keV and more. Helmholtz-Kelvin
instabilities will have thermalized the turbulent motion to fast generation of high temperatures.
This process is most effective for angles of incidence from 25° to 30° and is absent for perpendicular incidence. This result of 1972 [20] was identical with a single particle code calculation
[18], arriving at maximum action for the same polarization and incidence, "whatever process
damps oscillations there" [46]. It has to be underlined that the microscopic picture needs
expensive simulations and only preliminary results exist for the significant physical effects [46],
while our macroscopic theory [20] explains the anomalous heating in a straightforward way. A
combination of macroscopic and microscopic processes should not be excluded, and it should be
taken into account that in the present laser-pellet experiments this resonance absorption (or
striated motion) process may be dominant and may provide the necessary conditions for the fast
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thermalization of the Nuckolls compression. Single experiments at plane targets for 25°
incidence gave evidence of the fast heating. The necessary generation of a standing wave pattern
for the striated motion may be the reason why a prepulse caused thermal ions only, while
irradiation without prepulse showed the Z-dependent nonlinear force acceleration of ions [47].
However, it is remarkable that the two-beam irradiation of pellets by theArgus laser [14] and the
similar experiments at KMS did not show the polarization dependence simultaneously with good
compression. In both experiments the angle of incidence was nearly zero.and it may be suggested
that all the effects of 100-keV fast ions and the transfer of 70% of laser energy into these ions,
discovered by F.Meyer in 1973 [33], and the compression might have been caused by immediate
nonlinear force acceleration without preceding thermalization.

4.

MOTION BY NONLINEAR FORCES

After we were aware that the fast thermalization of laser radiation for the Nuckolls
compression of plasma for laser intensities above 10 1 6 W/cm2 for Nd-glass (above 10 1 4 W/cm2
for CO,) laser seems to be possible neither by nonlinearized Coulomb processes nor by parametric decay instabilities.and not by resonance absorption if there is a perpendicular incidence of
the radiation, we studied the nonlinear force acceleration of plasma for neodymium-glass-Iaser
pulses of 1 to 10 psec duration. To provide initial plasma densities of very low reflection, to
avoid standing waves and macroscopic Brillouin instabilities.we used Rayleigh profiles with a real
part of the refractive index of the kind; n R = 1/(1+ax), where a«2CJ/C,otherwise strong
reflection will occur. This profile [13] has the preference that the acceleration from Eq. (4),

ec
is constant for the whole profile of the plasma. We used a very general hydrodynamic code for
the equations of conservation of momentum (with thermokinetic and nonlinear forces) and
energy with different ion and electron temperatures, and thermalization of laser radiation based
on complex nonlinear optical constants [25]. The boundary condition of incident laser radiation
was for a sin2(wt/T) rising laser pulse being then constant of an intensity I. Initial plasma
temperatures were Tj = 100 eV or of this order; initial electron density for DT was a bi-Rayleigh
profile, starting from zero at x = 50jx to a maximum at x = 0 with an ii R and symmetrically
dropping to x = -50^. Connection with a low-density plasma provided closed boundary conditions
by absorption, T was 1 psec and we plotted, e.g. for 1.5 psec, the values of (E 2 + H2)/87r (Fig. 3)
and the resulting velocities (Fig. 4). Thick blocks of compressing plasma (negative velocities)
reached velocities of more than 10 8 cm/sec for subrelativistic intensities of 10 1 8 W/cm2 of Nd
glass lasers, though the swelling (Fig. 3) was only in the order of 25. The total energy e
transferred to the compressed block increased by e ~ I 1 - 8 on the intensity showed a highly
nonlinear electrodynamic (non-thermal) absorption. Varying a , Tj, I, indicated the expected
influence of Coulomb collisions, the gasdynamic motion and ion heating by adiabatic
compression. For times up to 5 psec, reflection rose, causing standing waves, pushing plasma to
the nodes and driving a macroscopic Brillouin instability as described before [30, p. 71]. The
generation of density minima (cavitons) was seen as usual. The possibility of postponing the
instability was explored numerically, however, for Nd-glass lasers; the nonlinear force compression
will have to use pulses of 2 to 8 psec, otherwise the thermalizing processes would interfere. The
transfer of quivering motion into kinetic ion energy and the block-like acceleration of the
Rayleigh profiles had been reproduced by the numerical results.
There may be difficulty in generating 4-psec Nd-glass laser pulses as theArgus pulses
were about ten times longer [ 14], or the main energy of the Nuckolls pulses [ 10] was within 60
to 100 psec. The existing largest CO2 lasers with their 1-nsec pulses are fully in the range for the
nonlinear force compression, as the 5 psec for Nd glass correspond to 0.5 nsec for CO2-

244
5.

HORA et al.
CONCLUSIONS FOR CO2 LASER COMPRESSION

We would not easily have been able to consider CO2 lasers for efficient fusion by nonlinear force compression if the results of Fig. 1 were not available. As we are now able to use a
compression of one hundred times solid-state density only for an ignition, we no longer have
problems with too low a density and temperature of the cut-off-dense initial shell to be nonlinearly accelerated and adiabatically heated by compression, described as follows.
The laser pulse should be of 4 x 10 5 Joules and 0.3 nsec duration (longer pulses may be
considered too, but we have to be on the safe side with respect to the Brillouin process [30].
Of this energy we shall transfer 50% into a plasma of density 100 ns and 3.5 keV temperature
resulting in a 100 gain (Fig. 1) or producing 2 x 107 Joules nuclear energy. The target is a DT
gas of 10 1 9 cm' 3 atom density limited by a sphere of 2.62 cm radius of a thin CD2 film and by
a photo explosive thin rigid shell of 1 cm radius. A short prepulse plasmatizes the CO2 and
explodes the inner shell, and the expanding plasma reaches a bi-Rayleigh-like density of
a = 1.9 x 10 3 cm"1 when the main pulse is incident. The intensity at the radius of the shell
center is 3.2 x 10 1 3 W/cm2. The quivering electron motion near the vacuum has an average
kinetic energy e k i n = 335 eV only. 50% of the laser energy goes to the ablating exterior and 50%
into the compression. The acceleration is a = e kjn a/m ; = 2.43 x 10 1 7 cm/sec2. Within 0.3 nsec, a
velocity of 7.32 x 107cm/sec,corresponding to 7.0 keV ion energy, is being reached using the
approximation which was based on the very detailed numerical studies described in Section 4.
After the laser pulse, the inner half of the plasma will collapse and.assuming nearly adiabatic
initial conditions, the density of 10 1 9 cm' 3 will be increased to 5.9 x 10 2 4 cm 3 at compression.
A necessary condition is that the temperature of the gas at the time of incidence of the main
pulse has to be between 0.5 and 1 eV depending on the Saha equilibrium of ionization to provide
an adiabatically reached temperature of 3.5 keV at maximum compression.
The very little thermalization during the interaction of the main pulse is due to the fact that
the quivering energy will be swelling to 10 4 eV and more. As the dimension of the pellet is
sufficiently large, angles of incidence of the radiation of less than 3° can be assumed to avoid any
resonance absorption. For the nonlinear acceleration, the variation of the incidence does not
change the symmetry [24]. The parameters mentioned, however, are only the global values of a
detailed numerical calculation.
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DISCUSSION
P. MULSER: Have your 'collective' effects been taken into account in
numerical calculations (e.g. in LASNEX), and is this the reason for the good
agreement between your analytical results and LASNEX?
H. HORA: I gather from Nuckolls (see our Ref. [11]) that they use
experimental stopping powers derived from explosions. The agreement of these
values with our calculations is the basis of our confidence, as we had to develop
stopping powers for the difficult conditions of very strong interaction. The
usual Fokker-Planck calculations are only for very small perturbation and can
differ from our values by orders of magnitude (see Ref. [7]).
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Abstract
LOW-ASPECT-RATIO LIMIT OF THE TOROIDAL REACTOR: THE SPHEROMAK.
The ideal and resistive MHD stability properties of a class of toroidal plasma configurations
("spheromaks") having internal toroidal and poloidal fiels and external poloidal fields are considered. The reactor advantage of the spheromak is two-fold: (1) The maximum field strength
at the external coils is about half the field at the plasma centre, rather than twice, as in a
tokamak. (2) A roughly spherical blanket can be used, rather than a blanket that links the
plasma topologically. — Taylor's criterion, which ensures stability against both ideal and
resistive modes, has been applied to force-free spheromaks of unity aspect ratio. In the presence
of a loosely fitting external conducting shell, oblate spheromaks are stable against all modes
except short-wave surface kinks (which are an artifact of the idealized current density profile).
The Mercier criterion gives a /3-limit below 1%; however, at aspect ratio ^ 1 , the /3-limit for
representative spheromak models rises into the range 2—4%. The Mercier analysis has been
confirmed by Balloon Code studies. The ideal MHD Pest Code is being applied to spheromaks
of various aspect ratios and current density profiles. Ideal-MHD stability can be obtained in
the presence of a loosely fitting conducting shell.

1.

INTRODUCTION

An ideal magnetic fusion reactor would combine the best features of
tokamaks and mirror machines: i.e., closed magnetic field lines and a
coil-blanket topology that does not link the plasma. In fusion research
to date, the dominant objective has not been reactor optimization, but the
demonstration of scientific feasibility under the constraint of available
experimental technology. In this feasibility competition, the tokamak has
emerged in first place and now seems likely to evolve into the first fusion
reactor system. In the longer term, considerations of pure economics will

* This work was supported by the U S Department of Energy Contracts EY-76-C-02-3073
andEQl-l)-3237.
' Institute for Advanced Study, Princeton, N e w Jersey 08540, U S A .
+
Plasma Physics Laboratory, Princeton University, Princeton, N e w Jersey, 08540, U S A .
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FIG.I. Idealized spheromak configuration (b/a =l,a=1.0,8

= 0).

dominate and may favor a quite different solution. Looking towards this
ultimate solution, it is logical to undertake a survey of ideal reactor
possibilities without reference to near-term experimental feasibility. In
particular, it is logical to look for MHD-stable configurations having
closed toroidal flux surfaces, with external coil systems that require
only poloidal-field coils. The low-aspect-ratio limit of this family of
configurations, which we call "spheromaks ", is illustrated in Fig. 1 (see also Table I).
Configurations of the spheromak type were first studied theoretically
in an astrophysical context [1,2]. An experimental investigation in the
fusion context is.described in Ref. [3]; related configurations were studied in Ref. [4]. Extensive MHD equilibrium analyses were carried out in
Ref. [5]. Recently a number of authors have drawn attention to the merits
of the spheromak configuration [6,7]. The high-aspect-ratio limit of the
spheromak family is the familiar "stabilized pinch" [8] with null external
toroidal field. The principal aim of the present study is to survey the
MHD stability properties of the spheromak family in the range of low aspect
ratio and to deduce some guidelines governing hypothetical reactors of this
type.
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PARAMETERS OF THE SPHEROMAK OF FIGURE 1
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[Units are electromagnetic (emu).]

2.

EQUILIBRIUM CONFIGURATIONS

-*->
The special force-free model J = (ko/4Tf)B , where k o is constant
in space, lends itself to a straightforward analytic treatment [1,2]. The
solutions corresponding to this model can be expressed in the general form
k2Y = 0
o
(1)
B = r x VV + z~- V x (Jx VT)

where

r

is the spherical radial coordinate.

We then have

n
B = LI bm,n ein*[7m(m
r + B(-4~
Pnj - sin 9 Pnm' -A-f- rj ml
)
+ l)Pm ^
V
k r;
V s m 9 mJm
k r dr
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o '

x

o

n

'

(2)

n

+ $(sin
9 Pmjm + -sin
^ 4 9- Pm r±VI
^
k r #dr rjm/J
Here we have used the i|)-components ^ m n = eir"''Jinpm ' w h e r e
3m'or'
= Jm+i/2(kor)/(kQr)I/2 , and pn(cos 95 are the associated Lengendre functions. The classical spheromak equilibrium solution illustrated in Fig. 1
is obtained for n = 0, m = 1. The radius of the plasma sphere is given by
= 4.493/kQ .
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We will assume either a close fitting shell at
region r > r
characterized by
c

r = r , or a vacuum

(3)

with an outer shell at r =_,rs . Figure 1 corresponds to the case r s
>> r c ; the continuity of B then implies a uniform vertical field at
large r . Some parameters characterizing this configuration are given
in Table I.
The superior stability properties of configurations satisfying
J = (ko/4ir)B iri^ the absence of a vacuum region, have been pointed out
in Ref. [9]. In the practical case, for which an external vacuum region
is required, equilibria where the current density drops sharply from
(ko/4Tr)B" to zero at the plasma edge turn out to be far from optimal.
Furthermore, our primary objective is to depart from the force-free case
and maximize the MHD-stable 6-value.
Our analysis has, therefore, been extended to more general types of
spheromak configurations than that of Fig. 1. Among the possible solutions of Eq. (1), we have treated prolemaks (vertically elongated prolate
spheroids with shape factor b/a > 1) and oblimaks (oblate spheroids with
a/b > 1) as well as doublimaks. The shear of the spheromak can be improved dramatically by providing a current-free central hole (cf. Fig. 2 ) .
Finite-B configurations have been introduced into the analysis, as well as
into related computer studies. In the computer studies, we have further
generalized the current distribution relative to Eq. (1) by using the GradShafranov equation (in cylindrical coordinates) in the form

+ p

9 1 3 *p
2 2 dp
2,2<x-l
rf- = 4ir p —f- + k i|i

dp D

dp

QU'

O p

...
(4)

p
where \\>p is the poloidal magnetic flux. [For p = 0 , the solutions of
Eq. (4) coincide with those of Eq. (1) when a = 1 ; for a > 1 , the
current profiles are centrally more pe ked.] Figure 2 shows a computer
equilibrium solution having current profiles and stability properties that
are considerably more practical than those of the configuration in Fig. 1.
Further generalizations of the equilibrium solution could be introduced by providing some external toroidal field [10] through passage of a
weak axial current or by applying external helical windings.

3.

MHD STABILITY

The instability modes of principal interest can be studied analytically by utilizing the configuration of Fig. 1 and introducing nonsphericity, finite-B, etc. as small perturbations. In particular, this approach lends itself to the application of Taylor's stability criterion
[9], which has the merit of ensuring stability against both ideal and
finite-resistivity modes. The ideal-MHD beta limit is calculated from
the Mercier criterion [11].
The finite-B stability of more general configurations, such as that
of Fig. 2, has been studied numerically by means of the Mercier criterion
and the Balloon code [12]. Conventional resistive and ideal MHD kink mode

254

BUSSAC et al.

analyses have been carried out in the high-aspect-ratio limit, and have
been compared with the results of the Taylor analysis and the PEST code
[13). An assessment has been made of resistive flute mode stabilization
by non-MHD effects.

3.1

Taylor Analysis

Using an equilibrium solution that satisfies Eq. (1), we look for
energy-minimizing perturbations under the constraint of constant K
= JA • Bd'r , where B = V x A . K is conserved in both ideal and finite
resistivity MHD stability theory. As pointed out in Ref. [9], energyminimizing perturbations inside the plasma continue to satisfy 5
= (ko/4TT)B ; thus they are represented by the components of Eq. (2) . It
is then straightforward to show that the classical spheromak equilibrium
solution of Fig. 1, if placed inside a fixed shell (rg = r c ) , represents
the lowest-energy state relative to all perturbations except the n = 1
"tilting" mode, which is only marginally stable. For the fixed-boundary
prolemak, this tilting mode becomes unstable; for the oblimak it becomes
positively stable. The oblimak is thus in the elite class of absolutely
"Taylor-stable" configurations, along with the constant-current-density
tokamak and the, reverse-field pinch. (The ideal MHD calculation for the
case r s = r c yields the same tilting mode and stability condition as
Taylor's criterion.)
In the more practical case where a vacuum region surrounds the plasma,
we must compare the energy-minimizing Bic-perturbations on the interior of
the conducting plasma [Eq. (2)] with the Biv~perturbations in the vacuum
region [Eq. (3)], to determine whether the resultant imbalance of pressure
across the plasma surface reinforces or opposes the surface displacement.
Specifically, we require for stability

5E =

sine aed<t> so,*)? • (I

-t

)> o

(5)

where X - ?(6,'t>)r is the surface perturbation, and the perturbed field
must remain tangent to the perturbed surface; i.e., B • Vr c = 0 .
The case n = 0 is special, since the conservation of K is not
insured by the symmetry of the mode, and we must utilize the K-constraint
explicitly. Minimizing Eq. (5), we then find that all n = 0 perturbations are stable, except for a vertical displacement in the absence of
any conducting shell (i.e., r = °°) , which is marginally stable. Vertical displacements are positively stable in the oblimak, but are unstable
for the prolemak, unless stabilized by a loose-fitting shell, with o
= (rs/rc) - 1 of order 11/e| , where a/b = 1 + £ .
For n = 1, we have the trivial possibility of a horizontal displacement, which in the standard spherical case is marginally stable for r s = °°
(or positively stable for the prolemak and unstable for the oblimak unless
a shell with a of order 1/e is used). Much more important is the n
= 1 tilting mode: In the absence of a shell at r s = r c , there can now
be a free-boundary mode where the plasma surface tilts and is compressed
at the displaced poles while being decompressed at the former location of
the poles. The stability condition for oblimaks is given approximately by
a < 0.2e . Prolemaks are stable against this surface-tilting mode, but of
course remain unstable against the fixed-boundary interior-tilting mode
previously described.
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Modes with n > 1 have been evaluated quantitatively only for the
spherical case. We find that surface kinks localized near the poles are
unstable for all n in the absence of a conducting shell. For n = 2
the stability condition is a < 0.15. For large n , the condition is
a < 0.75/n.
The higher-n modes, however, should disappear when a less
sharp-edged equilibrium current distribution is used [i.e., for a > 1 ,
rather than a = 1; cf. Eq. (4)], and would in any case be suppressed,
for realistic plasma parameters, by finite-gyroradius effects.
The overall conclusion is that a null-g oblate spheromak resembling
Fig. 1, but with shape factor a/b - 2 , can be completely stable for a
conducting shell radius about 1.15 times the plasma radius.

3.2

Mercier Analysis

To obtain an idea of finite-g stability limits of the configurations
that have been studied analytically, the Mercier criterion is evaluated
on the basis of the null-g field configurations. This treatment would be
inappropriate to tokamaks, where g << g - 1 so that one cannot neglect
the finite-g effects on the equilibrium field or the ballooning effects
on the interchange perturbations; since g ~ gp << 1 for the spheromak,
however, the Mercier analysis turns out to give accurate results. The
criterion [11] can be written in the form

(* ) ^ 0

(6)

where G(i|)p) is the negative gradient of the magnetic well — and is normally positive (destabilizing). The marginally stable profile p(i|>p) is
obtained by integrating Eq. (6) with the equality sign. Defining g o
= 8TTP O /B£ O on the magnetic axis, one finds the disappointing limiting
value of g o - 10" 3 for the spheromak of Fig. 1. The problem is that q
varies only from 0.82 to 0.72 between the magnetic axis and separatrix,
so that the shear-stabilization term in Eq. (6) is weak. (The shear does
become singular at the plasma edge, but no pressure drop can be supported
across the separatrix.) The result can be improved by various nonspherical shaping effects: an oblimak of shape factor a/b - 2 is found to have
gQ - 8 • 10" 3 ; addition of doublimak terms also improves 6 . The most
dramatic benefit, however, is produced by excluding plasma currents from
a central hole (cf. Fig. 2 ) , so that q vanishes at the plasma edge,
greatly increasing the shear on the plasma interior. The analysis then
shows that g o increases linearly with the excluded flux fraction 6
= Aty /i|) , saturating at g o - 0.15 for the limiting case of a large
hole (i.e., the cylindrical pinch case).
A survey of the detailed dependence of B o on 6 , as well as on a
and on the shape factor has been carried out as a part of the computational
program. As illustrated in Fig. 3, oblate spheromaks with b/a - 0.6 give
the maximum values of 6 O and of ( g * ) o = 8-n(p2-)^/2/B2:o . Specializing to
an oblimak separatrix for which b/a = 0.6 , we see in Fig. 4 that < g * ) o
rises dramatically with 6 . The dependence on the current peaking parameter
a is shown in Fig. 5, where we have further specialized to S = 0.05 .
Configurations with fairly rounded current distributions, such as that in
Fig. 2 have <g*)o-values of -0.02. Much higher betas can be realized for
a < 1 , but the pressure gradient then becomes localized near the plasma
edge; for a < 0.7 the q-profile actually becomes nonmonotonic, so that
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the pressure profile must be peaked off-axis. While these low-a configurations have extremely favorable g-limits, they also give rise to
kink instabilities related to the sharp-edged current profiles (see
below). In practice, a compromise value of a , in the range il, must
be chosen to achieve optimum overall stability.

100 r-
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I
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I

0.5
b/o (SHAPING FACTOR)
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1.0
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I

FIG.3. MHD (i-limit as a function ofbja (a = 1.0, 8 = 0.05).

8 (FLUX HOLE)
FIG.4. MHD (i-limit as a function ofS (b/a = 0.6, a-

1.0).
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TABLE II.

fi-limit as a function of a fb/a =0.6,8

= 0.05).

BETA LIMITS IN SPHEROMAKS AND TOKAMAKS
Spheromak

B
to
(
( e*>coil

-2.5B

coil

2-4%
13 - 25%

Tokamak
-0.5B

..,
coil

5 - 10%
1.3 - 2.5%

The maximum-g configurations derived from integration of Eq. (6)
have been tested by means of the Ballon code [12] , which carries out a
self-consistent finite-beta analysis of interchange modes. The results
agree well with the Mercier analysis. In addition it is found that the
Mercier beta limit is encountered only for very high-n modes; in the
presence of realistic finite-gyroradius effects, the stable beta-values
will thus tend to be somewhat higher than those shown in Figs. 3-5.
From a practical reactor point of view, the beta-measure of principal
interest is not 6 Q or < 3 * ) o , but < B * > e d g e = 8ir<p2>1 / 2 / B | d
since
edge ^ s ^oughly equal to the magnetic filea B c o i i that must be supported by the external coil system. A relevant comparison of spheromak
and tokamak g-values is made in Table II. (It should be noted, of course,
that < 8 * ) o can also become a critical factor, as in the example of excesB
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Resistive and Ideal MHD Kink Mode Analysis

The conventional analyses for null-g resistive and ideal MHD stability can be carried out straightforwardly in the limit of low aspect
ratio; i.e., for the cylindrical pinch. (The analyses for a closely
related reverse-field pinch solution have been carried out in Refs. [13]
and [14], respectively.) The model J = (ko/4iT)B now gives a spheromaklike equilibrium configuration where B z o = BJ o (k Q r), Bg o = BJ]_(kor), for
r <'r c , and B z o = 0, B 0 O = BJ o (k o r c )r c /r for r > r c . The plasma
boundary r c is taken at the first null of B z o , so that k o r c = 2.405.
The sharp discontinuity of B z o , and thus of the axial current density,
at r c , has a strongly destabilizing effect. For r s = °° , the finiteresistivity m = 1 instability is unstable over the whole range of |k| ,
the most dangerous modes having k/ko < 0 . For k/ko < -1/2 , the singular point falls into the plasma, so that the ideal-MHD m = 1 mode becomes localized outside the singular point, and tends to be suppressed as
|k| increases, while the resistive mode persists. For small |k| , the
singular point disappears from the plasma and the ideal MHD mode is dominant. Modes with m > 1 are stable in both the resistive and ideal MHD
analyses. The m = 0 mode is peculiar in that the singular point falls
on r c . In the ideal MHD analysis, the m = 0 mode is positively
stable; this would correspond to our earlier assumption (Section 3.1)
that B remains tangential to the perturbed plasma surface. In the
finite-resistivity treatment, the m = 0 mode would be only marginally
stable — but the assumption of a sharp-edged current distribution with a
resistive surface entails inconsistency in the definition of the equilibrium.
Several approaches are appropriate for stabilizing the high-aspectratio spheromak against the m = 1 mode. A very loose-fitting shell
r s < l-7rc will eliminate the ideal MHD modes. The resistive modes are
much more difficult to suppress. Even a close-fitting stabilizing shell
with (r /r c ) - 1 = a « 1 can provide stability only against wave numbers
up to the limit |krc| < 0.9/a . The remaining high-k resistive modes are
due to the discontinuity of the edge current density that is characteristic
of Taylor's model when extended to the case r s >r c ; they will tend to disappear in
configurations where the edge current density is a smoother function of
r . Thus a combination of profile-smoothing and shell-stabilization will be
required to provide complete stability against resistive and ideal kinks.
A computational study, designed to maximize a consistent with resistive
kink stability, is being carried out using the tearing-mode code of Ref.[15],
In relating the cylindrical pinch results to the low-aspect-ratio
spheromak analysis of Section 3.1, one can readily verify, first of all,
that the Taylor analysis applied to the cylindrical case gives a stability
condition that is mathematically identical with the condition for simultaneous stability of the resistive and ideal MHD modes. In addition, the
gross features of the instability in the cylindrical case are seen to be
very similar to those in the low-aspect-ratio case of Section 3.1. Presumably, the Taylor modes in the latter case can also be classified as
either finite-resistivity or ideal modes, depending roughly on whether
the singular surface falls well into the plasma (n >> 1) or not (n ~ 1) .
In order to extend the ideal MHD treatment over the entire range of
aspect ratios, the PEST code [16] has been adapted to the spheromak configuration. Initial computations for a = 1 and aspect ratio -6.7 show
that complete stability is achieved with a conducting shell of a ~ 1 ,
in good agreement with the ideal MHD analysis for the cylindrical case.
As the aspect ratio is reduced, a new form of kink instability develops.
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T o extend the ideal-MHD treatment over the entire range of aspect ratios, the P E S T code
[16] has been adapted to the spheromak configuration. Initial computations fora = 1 and aspect
ratio ~6.7 show that complete stability is achieved with a conducting shell of 6 ^ 1, in good agreement with the ideal-MHD analysis for the cylindrical case. As the aspect ratio is reduced, a new
form of kink instability develops. More extensive studies will be needed to establish the optimal
relationship between aspect ratio, a-value, and stabilizing-shell design.
3.4

Resistive Flute Mode

The average magnetic-well gradient [cf. the quantity -G in Eq. (6)]
is necessarily destabilizing at the plasma surface, where B t vanishes,
and is found to be destabilizing at all radii for standard spheromak configurations, such as those in Figs. 1 and 2. In nonideal MHD theory, the
spheromak is therefore unstable against the "resistive-G" flute mode [17].
For representative plasma parameters of a spheromak reactor or mediumhigh- temperature experiment, however, the growth-rate of resistive-G modes
becomes small compared with the diamagnetic drift frequencies; accordingly,
finite-gyroradius and collisional-ion viscosity effects [18] must be taken
into account.
Results of a computational analysis of resistive stability are reported in Ref. [19]. For a spheromak geometry where the density scale
height r h , the mean radius of curvature R c , and the shear length L s
are all roughly of the same order, stability depends mainly on the parameter v Q = v ei /o)* e , where v e ^ is the electron collision frequency,
and w*e is the drift frequency. Assuming a D-T plasma with T e ~ T i <
and rn/Rc ~ °"2 ' L s ~ ^c o n e f i n d s that the stability condition is
roughly v Q ~ 300 .' Under typical spheromak reactor plasma conditions,
the resistive-G mode should thus be stable by a wide margin; nonetheless,
it could play a significant role during the process of plasma formation,
if the starting plasma has low temperature and high density. The principal
danger from curvature-driven modes in the spheromak geometry would be
expected to come from non-MHD phenomena in the highly collisionless
regime — notably the trapped-ion mode.

4.

EXPERIMENTAL REALIZATION

A basic barrier to the small-scale experimental demonstration of
high-temperature confinement in pinch-type configurations is the scaling
of the electron streaming paramter vstrean/vthermal K T 2/lBp > which
implies that a certain minimum current level is required in order to
guard against microscopic instability. This consideration is far more
serious for spheromaks, where 8 - 8 p << 1 , than for tokamaks, where

B « Bp ~ 1 •
The low-aspect-ratio spheromak has the advantage, relative to the
conventional pinch, of permitting high current to be attained for smaller
total magnetic energy and plasma volume; it has the disadvantage of calling for radically innovative techniques of plasma formation. At this
point, three principal formation methods have begun to be explored experimentally.
A. Coaxial Gun Injection. When a radial magnetic field component is set up at the nozzle of a coaxial rail gun, the
emerging Bt-driven plasma ring is transformed into a
spheromaklike entity [3]. The plasma can then be decelerated and captured in a mirror field.
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B. Theta-Pinch Field Reversal. Reversal of the axial
is a standard technique in theta-pinch experiments
An interior toroidal field could be established by
an axial current pulse during the process of field

field
[20,21].
passing
reversal.

C. Pulsed Electron Beam. Short-pulse injection of a cylindrical shell of helically directed relativistic electrons along
an axial guide field generates both poloidal and toroidal
fluxes, so as to form an elongated prolemak [8]. The beam
pulse serves to ionize the background gas, so that the magnetic fluxes remain frozen in the plasma after the beam particles have escaped.
A number of other approaches appear promising. It may prove advantageous to combine concepts (A) and (B) in the form of a radially directed two-ring-electrode rail gun, which pinches an axial magnetic field
radially inward, with subsequent axial-field reversal. Adiabatic compression could be applied in conjunction with various spheromak formation
methods, to enhance the initial investment in magnetic and plasma energy.
Configurations resembling Fig. 2, but linked by a toroidal-field-generating
axial conductor could be used to approach the spheromak from the side of
low-aspect-ratio pinches or tokamaks.
In order to realize small-scale spheromak configurations with sufficiently extended field-decay times so as to permit a significant assessment of MHD stability, the low-temperature impurity-radiation cooling
limit on (3_ must be overcome. For this purpose, intense short-pulse
auxiliary heating may prove to be important. Both neutral-beam and rfheating have an additional potential for driving directed plasma currents
that could maintain the spheromak configuration in steady state. As in
the case of the steady-state, ion-beam-driven tokamak [22], or the fieldreversed mirror machine [23] , the establishment of a net toroidal plasma
current is hindered by an electron drag current, which cancels the ion
current unless either Z e f f > 1 or there is a modulation of magnetic
field strength along the direction of current flow; furthermore, counterinjected beams are required to preserve the toroidal balance of mechanical momentum [22]. The use of axial injection to generate the additional
poloidal current component required for the spheromak is a relatively
simpler task: in this case, the electron drag current is strongly damped
by mirror trapping, and the axial mechanical thrust can be balanced magnetically.

5.

REACTOR EMBODIMENTS

Spheromak reactor design considerations are essentially different
from present-day experimental considerations. For example, the achievement of low values of v s t r e a m / v t h e r m a l is no longer a critical concern
in reactor plasma size. There are two principal reactor alternatives:
(A) a pulsed spheromak, which must generate sufficient fusion energy
during the field-decay process so as to multiply the initial investment
in magnetic field and plasma energy; (B) a steady-state spheromak with a
plasma-driving mechanism that is sufficiently efficient so that the associated dissipation does not exceed the fusion power production. In the
absence of experimental information, assumptions about nf E in spheromaks
must be quite speculative; however, since magnetic field dissipation is of
such importance and is likely to remain classical in spheromaks, some general conclusions can be drawn.
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Large Transient Spheromak Reactor

->The resistive decay time of a field configuration satisfying J
= (ko/4ir)B is given by T M = 2ir/ko(n^ where (n) is the average resistivity weighted by J .
(For the spheromak of Fig. 1, we have T M
= 0.31rg/(n>.)
The plasma energy balance can be written as

where W M is the stored magnetic energy, Tg o is the basic plasma energy
confinement time, W M / T M ^-S the ohmic heating power, P H is an auxiliary
heating (or cooling) term, and W M Q M / ^ T M ^ S ^rie alpha~Particle heating
power in a D-T reactor with Q_M = j P F dt/WM .
If T£ O < gTj^ during the heating phase, then P^ > 0 is required
to reach ignition. For neoclassical transport, one would have T E O
- Tj^/8 , so that T E o >> 6 T M . In such a case, auxiliary cooling rather
than heating would be required; i.e., the plasma energy confinement time
would actually have to be reduced below its normal value T E O .
Following ignition, the Tgo-term drops out of the energy balance if
T E o > (3T M (1 + Q M / 5 )
. In that case, the reactor Q-value simply equals
Q M , so that the scaling law is Q = B2I2/<n> / without reference to the
plasma n i E o .

TABLE III.

REPRESENTATIVE PARAMETERS FOR A LARGE SPHEROMAK
IGNITION REACTOR WITH RESISTIVELY DECAYING CURRENTS

Minor Radius

125 cm

B^.

120 kG

B

edge

I

40

kG

70 MA
20 keV
14 -3
2 • 10 cm
o

2%
-10 min

T

M
Magnetic Energy Storage

~2 • 10

MJ

Fusion Yield per Pulse

~2 • 10

MJ
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TABLE IV.

REPRESENTATIVE PARAMETERS FOR A SMALL SPHEROMAK
TCT REACTOR WITH BEAM-DRIVEN CURRENTS

Minor Radius
B

25 cm
120 kG

to

50 kG

edge

6 MA
T

e

20 keV

- T.
1

L4 -3
2 • 10" cm

n
Plasma (fi*/

2%
20 sec
150 keV

Beam

100 A

Beam
Beam ( B * )
Fusion Power

4%
40 MW
2 .5

Some representative parameters of a pulsed spheromak reactor are
shown in Table III. Reasoning from tokamak experimental results, one may
suppose that the condition T E O £ 10 sec (for auxilary heating to be unnecessary during temperature build-up) will not be met, whereas the
condition x E o ? 0.5 sec (for magnetic energy rather than plasma energy
losses to impose the main limitation on Q ) may well be met, so that
Q ~ QM5.2

Small Steady-State Spheromak Reactor

In an optimized D-T reactor, the ratio of Pp
current-driving power can be written in the form

QR ~ 40ei82I2T3/2

to the required

(8)

where I is in MA, T is in units of 10 keV and e-j is the energetic
efficiency of the steady-state current-driving method, relative to current generation by a static toroidal E-field. Even if the plasma ignites,
the effective reactor Q-value cannot exceed Q R .
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If the neutral-beam current-driving method is used, the scaling of
E-|- is such that Q R can never be much above unity, for parameters of
practical interest. To do even this well, calls for g-values (plasma
plus beam) in the 55% range, so that a medium-high spheromak aspect ratio
is required (cf. , Fig. 4 ) . If Q cannot be large, it is logical to think
in terms of a two-component (or TCT) reactor [24], as in Table IV. The
advantage is that the reactor unit size can then be made quite small: for
the example given, the quality of plasma confinement becomes unimportant
if T E O > 50 msec. It is of incidental interest to note that a TCT spheromak of size comparable to the example in Table IV could achieve Q > 1
even in the face of Bohm diffusion.
The most useful spheromak reactor prospect, of course, would arise
from the development of efficient current-driving methods (possibly using
rf to maintain an energetic-electron current). In that case, a steadystate reactor of moderate size could attain high Q-values.
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DISCUSSION
I.R. JONES: Have any experimental methods been proposed for setting
up the toroidal field profile and, if so, what are they?
H.P. FURTH: A number of possible approaches are listed in our paper.
The first experimental realization was reported by Alfven in 1958, at the Second
International Conference on the Peaceful Uses of Atomic Energy. The toroidal
field, in this case, was the driving field of a Marshall gun. The poloidal field was
added by a fringe-field structure at the end of the gun.
K.V. ROBERTS: Do you assume that the field configuration would sustain
itself automatically, as is found experimentally in the Reversed-Field Pinch?
H.P. FURTH: Alfven's group reported an anomalous conversion between
the toroidal and poloidal fluxes, which is reminiscent of the phenomena found
in the Reversed-Field Pinch. If we do not rely on anomalous phenomena, the
main problem of a steady-state spheroid would be that of maintaining the poloidal
field. Here one encounters the same difficulties as in the case of the steady-state
tokamak and the reversed-field mirror machine. If this problem can be solved,
the maintenance of the toroidal flux becomes relatively easy.
P.J. TURCHI: Would it be possible to use this configuration for fieldshaping at the end of a high-beta plasma, such as a theta-pinch, to achieve a cuspended system (in the manner of the Centaur experiment)? In this way, a highbeta plasma (~ 0.9) could be stably confined. The cost of the low-beta end regions
could be amortized by extending the length of the high-beta region. Cusp end
losses would be moderate at very high magnetic fields, and electron conduction
losses could be handled by techniques similar to those proposed for mirror systems.
H.P. FURTH: This is an interesting idea. The proposed configuration may
well be stable.
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Abstract
BOUNDARY LAYER ANALYSIS OF COLD-BLANKET SYSTEMS.
Theoretical analysis of the partially ionized boundary layer of a magnetized plasma
indicates that a cold-blanket state exists only within restricted ranges of such parameters as
the power input, the ion density, and the (3-value. In tokamaks, cold-blanket operation is likely
to require total |3-values of at least a few per cent. Experimental investigations show that the
plasma core density increases with the imposed power input, as long as the plasma is permeable
to neutral gas. On the other hand, at large enough power inputs and ion densities to sustain
an impermeable plasma, the core density becomes weakly dependent on both the power input
and the neutral wall density. The boundary layer thickness then decreases as the power input
increases. All these features are at least in qualitative agreement with theory.

1.

INTRODUCTION
The "cold-blanket" (or "cold-mantle") state of a quasi-steady magnetically

confined plasma is defined in this paper as one in which a f u l l y ionized hot
plasma core becomes separated from surrounding walls by a p a r t i a l l y ionized
boundary layer, within which the temperature remains at a few electron v o l t s .
We consider a cylindrical plasma column of radius
axial magnetic f i e l d B,
as outlined in F i g . l .

a,

and define the characteristic features of the system
The boundary layer of this model [ l ] has a thickness

x b « a, and the plasma temperature

T adopts the value

inner "edge" r = rfa. In the layer the plasma density
value
n

n^ at
n

nf ~ n

of

r = r.

fast

being immersed in an

to

n(a) « n.

neutrals

drops from

T. = 5x10 K at i t s

n drops from the

at the w a l l , whereas the density
n

near the outer "edge" to a value

* Section 1 is by all the authors;
Sections 2 and 3 are by B. Lehnert, and
Section 4 is by the remaining authors.
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FIG.l. Outline of a quasi-steady fully developed cold-blanket system.

n f(r h ) « n
at r = r. . This analysis divides the boundary layer into
an outer "diffusion region" r, < r < a (or 0 < x < x^) and an inner
"ionization region" r b < r < r d (or x d < x < x b ) . In the former region the
ionization rate B, remains much smaller than both its "saturation" (maximum)
value £
- 1 0 " 1 4 m 3 /s and the ion-neutral collision rate £. . In the
max
' >>
latter region £ increases to the point where the penetration length of neutrals
Ln f(T., n. ) becomes small compared to the system dimensions, and the neutral
gas density decreases rapidly in the positive x direction.
2.

BALANCE EQUATIONS OF THE BOUNDARY LAYER

In the present analysis of a steady state, the particle and momentum
balance are treated in terms of a simplified model where the plasma and
neutral gas temperatures are approximated by a constant mean value T m Introducing the particle fluxes r(x) = -nv x and r n (x) = n n v p x of plasma
and neutral gas, it is easily seen that r = r n and that the maximum values
of these fluxes are r(0) = r (0) = r a at x = 0. We further adopt the
1/2
with the classical
parameters n g = kgB = c a k Bc .B, k B c = l/[n c m(5 i n + 5J] 1/2
resistivity n c » m = m i + m e > N = n/n B > N p = n n / n B > G = r/r a = r n /r a »
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s

= Lra(?-;n + ?) r a /2kTjx, and c being a coefficient representing
neoclassical or anomalous diffusion. The balance equations then lead to an
expression for dNR/dN being independent of G. This yields a solution
of N n in terms of N. With the asymptotic normalized density values
N
na = Np(x = 0) and N. = N(x.) of neutrals and ions at each side of the
boundary layer, we obtain N R = 2(N^ - N 3 )/3 ; N p a - 2N^/3 for N b « 1
( case I ) , and N n = 2(Nb - N) ; N n a = 2N b for N b » 1 ( case II). In
case (I) the plasma pressure gradient is balanced mainly by diffusion due to
Coulomb collisions, whereas the same gradient is balanced mainly by plasmaneutral gas friction in case (II).Especially for Pfirsch-Schliiter diffusion,
n
n» = 2 ( ! + q 2 ) n K / 3 k L B 2 in case (!) and n = 2n. in case (II).
Dd

DC

D

ila

D

Consequently, neutral boundary layer densities

nn_ of the order of

o

Da

nfa <* 6B should become available in tokamaks only at strong magnetic
fields B and comparatively large beta values 3.
The particle and momentum balance equations, and the associated plasma
impermeability condition with respect to neutral gas penetration, are not
sufficient to specify a cold-blanket state, but have to be combined with
the heat balance. Integration of the heat balance equation over the interval
0 < x < x b yields
A Q b = Q b - (C?+Cs)/xb- (Cn+CR)xb
(1)
where Q b is the heat per unit area and time flowing into the layer at
x = x b from the fully ionized region; C represents the plasma particle
loss due to diffusion across the layer being compensated by a corresponding
ionization and heating work on the incoming neutral gas; C g stands for the
heat shunted away across the layer by conduction; C represents the
excitation radiation loss; and C R the bremsstrahlung and cyclotron
radiation losses. With subscripts (b) and ( ) referring to x = x b and to
meanvalues in the layer, these coefficients become:
Cr = 4sb(W + SkTJkT /m£.
2

sb=N /2

and

*n2

with c s n ~- ^ ( k T J
where

a

3

E c

£sb

wlth

W

as

the

nonizat ion

'

in cases ( I ) and ( I I ) , C$ = c sn N na /(N na+ N b )
^ W2/64annm

and

S i

the

g = 1 a factor associated with the heat
2 2

•*"

conductivity across B.

c^k^g

- Bk2^.imny4e2nb

is the neutral-neutral c o l l i s i o n cross-section, v^.

ion-ion c o l l i s i o n frequency, and

+

Further, C

= c kpB NbN

with
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x.

cn= / I (nVVna> kf excW dx/ V

and

C

R =V ^ b

x
X
°
b
,
b
?
with c b r = / kbrZ^(n/nb)^/T dx/xb and c c r = /

+c

crkBB\

k cr (n/n b )Tdx/x b .

The equilibrium state is given by AQ b = 0. When AQ. > 0 there is a
heating power excess which tends to increase the ionization degree and shrink
the layer thickness x., whereas AQ b < 0 leads to a heating power deficit
which tends to decrease the ionization degree and expand the layer thickness
XL. At fixed values of Q. and of the C-coefficients in Eq. (1), the
equilibrium leads to the two solutions:

of the layer thickness. Only xb-, given by the minus sign corresponds to a
stable heat balance. This can be seen from AQ.= -[(C +C R )/x b ](x b -x b i)(x b -x b2
3. EXISTENCE CONDITIONS FOR COLD-BLANKET OPERATION
Two limits determine the possible range of Q b
operation in equilibrium. Thus when

for cold-blanket

the losses cannot be balanced by the power input, and the partially ionized
layer is spread out, thus tending to cover the entire plasma body. The limit
Q b . corresponds to a maximum possible layer thickness;
x

bmax= x b< Q b = W

= L(CS + C c )/(C n

+

CR)]1/2

(4)

On the other hand, when 0, increases, there is a corresponding decrease of
x k > but only down to the limit where x. becomes comparable to the
D

D

p

1 /n

penetration length L p f = LkT/m?(?-jn + Qn ]
= Vacfn at x = x b in
Fig.l. Thus when Q b becomes too large to be balanced by the losses within
a cold boundary layer, the diffusion region of Fig.l becomes replaced by the
ionization region, and the cold-blanket is replaced by a plasma having a
wall temperature of the order of or larger than 1.. This occurs when
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Q

b >Qbmax = V X b = W

where Q L
•max
x

bmin

= X

{5>

corresponds to the minimum layer thickness
blmin = L n f ( V n b )

= 1/n a

b cf( T b>

(6)

The lower and upper input limits Q brain and Q b m a x of a well defined
cold-blanket state and the corresponding maximum and minimum values * bmax
and x b m i n of the layer thickness are related by ^Q b n i a x /Q b m i n =(
where
f sx

bmax/xbmin =

G

V

^

'

V
(I)
(7)
(II)

Here f >. 1 by definition, and F >. 1. For such a state to exist within a
wide domain of parameter space it is therefore necessary that f >> 1 and
F » 1.
Transport theory can be used to express the power input in the form
2
Q b = C b N b /a where C^ is a coefficient depending on the special transport
law being assumed. In particular, when N, « 1 and C >> C D , the lower
D

r]

K

input limit leads to the existence condition

V

< ( V W r " G</8cn(§ csn + c si k 2 )] 1/2

and the upper input limit to

V >(VWr

=(

V)cfV(! csn + kBcsi'

where (nba)c^ = l/ac^ can be considered as an impermeability "limit"
defined by L n f (T b > n b ) = a.

(8)
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5

, n 20 2
(rTf 3 )

FIG.2. The domain of existence of a cold-blanket system, as defined by the lower and
upper power input limits. The power input Qy, is treated as an independent variable;
0 = 3X10'2 and normalized density Nb> 10'2.
a(m)

lower
power input
limit

FIG.3. Similar to Fig.2, but with a power input depending on N\> and of the radius a, as
defined by the coefficient C\>.
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FIG.4. The ratio f= xbmax/xbmin
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2

p

as a function ofNb at B = 3 T.

Two numerical illustrations are now given for hydrogen with q = 3,
T(r = 0) = 10 K, nT~a= const, within the region 0 < r < r. , a= 1/4,
fi
and

C b = 3 x 10 W/m.

7
First, when choosing

8 = 4UQnkT/B

7
= 3

x

10

at

r = 0, the upper and lower input limits define regions of a cold-blanket
state as shown by Fig.2 with
Q.

Q. as independent variable, and by Fig.3 with

expressed through the coefficient

C L . Second, with

B = 3 tesla, the

limits of the cold-blanket domain behave as seen from Fig.4. In this
particular case there is no cold-blanket at all when N. < 2 * 10" 3 and
B < 4.5 x 10" . In a highly collisional plasma with

c = 1, the results
a

differ only slightly from those of Figs 2-4.
Even if there is some uncertainty in the approximations and coefficients
of the present analysis, the latter thus indicates that the domain of
cold-blanket operation is restricted in parameter space, as given by f > 1.
At a fixed magnetic field strength this domain shrinks at decreasing beta
values and increasing radiation losses. In tokamaks cold-blanket operation
is likely to require total beta values of at least a few per cent.
It has finally to be added that a moderately large wall interaction
may sometimes take place even when

x,

tends to become smaller than
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EXPERIMENTS

In this section we present the results of experiments performed in a
21 -3
plasma with typical peak densities of 3.5 x 10 m and temperatures of
0.5 - 7 eV. This range of parameters includes the transition from a permeable
to an impermeable

plasma and is therefore suitable for cold-blanket studies.

The plasma core was impermeable at power input levels
value

P*.

P above a certain

For P > P*, the plasma p r o f i l e exhibited the three regions

of F i g . l , with a local density peak in the region where most of the
ionization occurred, i . e . where

L

f

f e l l below

5 * 10"

density and temperature at this point are defined as
experimental section we use
and T .

n .

n^

m. In Fig.l the
and

T^. In this

for the local peak value of the density

for the temperature at this density peak for a l l power levels.

pK
Therefore n . and T . correspond to n, and Tfa in Fig.l only when
the plasma core is impermeable, i.e. when P > P*.
We shall discuss the following observations in detail:
A. The transition from an impermeable to a permeable plasma was marked
by a change in the dependence of n . on P. For P < P , we
x "
observed n . « P, but for P > P , we observed n pk (i-e. n b )
independent of P.
B.

For P > P*, T . was roughly constant at 2.5 eV and corresponded
to T. in Fig.l. However, for P < P* we observed T k = P.

C. The boundary layer thickness, x . , defined here as the distance
PK
from the density peak to the plasma edge, increased with decreased
P. This indicates the dominant energy transport term was
convection of enthalpy.
D. The scaling of n, versus neutral pressure n n a at the wall was
consistent with the model discussed in Sec.2 where
n
b = <3nnakBB2/2)1/3The experiments were carried out on the F I rotating plasma device [2],
having a purely poloidal spherator magnetic field configuration. The
azimuthal E x B rotation velocity is sheared and therefore the plasma is
heated through ion viscosity. This provides technique for coupling high
power inputs, up to 10 W/m , to the plasma. The device has the disadvantage
that particle and energy transport parallel to t give losses to the
internal ring support. However, in the experiment discussed here, the rotation
parameters and t were such that transport perpendicular to R dominated
2
and the particle containment scaled classically like B .
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location of n pk ,T pk
marked by a circle
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FIG.5. Radial density profiles for various power input levels.
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FIG.6. Curves of npk, Tpk and xpk versus Pat a filling density nn0 = 1.5 X 1021 m~

FIG. 7. Curve of npk versus nno for P>P*
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We studied radial density profiles (laser interferometry) and radial
temperature profiles (Thomson scattering and H-line spectroscopy). These
profiles were taken on the equatorial plane of the internal ring between the
ring surface (major radius r = 0.19 m) and the outer vertical wall of the
vacuum chamber at r = 0.28 m. The cold-blanket discussed here was located
between the dense plasma core and the limiter at r = 0.265 m.
The discharge consisted of two phases. In the first phase a fully ionized
plasma was produced during a 250-psec "burnout" discharge with very high
power levels, up to 10 MW, sufficient to overcome the radiation loss barrier.
This barrier makes the attainment of fully ionized dense plasmas with modest
power inputs difficult [31. In phase 2, the discharge was sustained in a
quasi-steady state at reduced power inputs.
In Fig.5 we show density profiles for decreasing phase-2 power inputs.
The transition from an impermeable to a permeable plasma core occurred at about
P* - 0.5 MW. For P > P*, the magnitude of n ,, was fixed, but the position
pK
moved spatially so that x . increased with decreased P. These dependences
"
x
of h . and x . on P are shown in Fig.6. For P > P , when n . was
fixed in magnitude, the observed scaling of x . with P is consistent with
a simple model in which the dominant energy loss term is perpendicular
transport of enthalpy. The energy balance of Eq. (1) has the simplified form:
P/At - Q b « (W + 3kT)r - C ? /x p k

(10)

where A^ is the surface area through which the plasma flux r passes. We
take QL proportional to P because we are uncertain of the division
between energy transport inward to the ring and outward to the blanket. Also,
there may be some power losses not coupled to the plasma. We have observed
that n and T in the boundary layer are independent of P for P > P ,
2
2
and this means that Cr = 2n n kT(W + 3kT)/B
is only weakly dependent on
P. Therefore the observed inverse scaling of x . with P is consistent
with Eq. (10) which considers only perpendicular enthalpy transport.
In Fig.6 we also show the temperature, T . , at the moving density
PK

j,

peak versus P. Note that T . was roughly constant for P > P , although
the maximum temperature in the fully ionized core was as high as 7 eV at the
highest power inputs.
The data of Figs 5 and 6 were taken with a fixed magnetic field strength
of about 0.5 T and with a neutral H-atom filling density n = 1.5><10 nf 3 .
21 -3
The experiments were repeated with filling densities of n = l.l><10 m
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21 -3
and 2.8x10 m . The scaling of n . versus filling pressure is shown in
Fig.7. Here we have P > P so n . corresponds to n. . We see that n ,
was a weak function of n .
no
_2 3
In these experiments the plasma volume (2 * 10 m ) was only about 20%
of the vacuum volume, so the build-up of the plasma density caused only a
small decrease in n
at the wall and we can take n = n . The weak
dependence of n ,K on nn0_ is consistent with the predicted scaling
1/3
P
n. <* n
. The value for the coefficient defined in Sec. 2 relating n,
and nna , which was calculated assuming resonant charge exchange as the
dominant momentum transfer process at 2.5 eV, was 50% greater than the
observed coefficient. However.we point out that this calculated coefficient
is a rough approximation and we stress that the important observation is the
weak dependence of n.
on nna
D
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DISCUSSION
R.W. CONN: Can the attributes of a gas blanket be obtained over a wider
range of parameters if one does not attempt to establish the blanket in steady
state? We have, for example, considered periodic gas puffing and numerical
modelling in tokamaks which indicates this to be true.
B. LEHNERT: Yes, in principle you are right, though I am for the moment
not sure how this would work under various experimental conditions. As far as
the parameter ranges of our laboratory experiments in Stockholm are concerned,
the relaxation time of the boundary layer balance seems to be of the order of
100 jus.
B. GREEN: In the first part of your presentation you showed a number
of apparently algebraic relations between quantities in different radial regions
of your model. As the problem is basically differential in nature, would it not
be right to say that all your relations are essentially implicit"! If this is the case,
how can you explicitly solve for quantities such as the boundary layer thickness?
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B. LEHNERT: With regard to the particle and momentum balance, the
relations between n b and n n a at each side of the boundary layer are, in fact,
independent of the profile shapes in the first approximation; this was also found
in an earlier paper by Dr. J. Rem at Jutphaas. With regard to the heat balance,
certain profiles of density and temperature have been assumed. These results
should be taken as a first approach to the problem, indicating the existence of
the lower and upper power input limits of cold-blanket operation. For refinements, a more rigorous approach is certainly needed. This would have to be
developed by means of computers, thereby also including experimentally determined cross-sections for impacts.
R.A. KRAKOWSKI: Gryczkowski, Oliphant and I have worked on this
problem of the dependence of neutral and ion density in two related computations.
They published (OLIPHANT, T.A., GRYCZKOWSKI, G.E., KAMMASH, T.,
Nucl. Fusion 16 (1976) 263) a discussion of neutral-gas blanket behaviour in
theta-pinches, and Gryczkowski and I applied the same technique to investigate
the feasibility of a lithium evaporative first wall operating in conjunction with
a dense thermonuclear plasma. The processes modelled in these analyses included
an MHD description of plasma, charge-exchange cross-sections/processes, FranckCondon processes, surface evaporation models, dynamic pump-out of neutral
gas volume, alpha-particle heating, and so on.
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Abstract
COMPUTER SIMULATION OF HEAT TRANSPORT ON A 2^-D MODEL AND INVESTIGATIONS
OF LARGE-SCALE PLASMA SIMULATIONS ON THE CHI COMPUTER.
Two aspects of computer simulation of plasma are investigated: the simulation of heat
transport across a magnetic field for a thermal electron plasma (fixed ions), and the use of highly
parallel microprogrammable computer architecture for plasma simulation. In the first investigation
it was found that heat can diffuse slower than particles owing to the averaging of fluctuating
electric fields by large Larmor orbit particles. Details are given. In the second investigation
this computer architecture was found to be very cost effective and capable of greatly reducing
the cost of plasma simulation. Examples are given.

I.

INTRODUCTION

The problems of plasma and heat transport across a magnetic field due
to collective effects are fundamental to magnetic confinement of a plasma.
One means for investigating these problems is through computer simulation.
In this paper we discuss two aspects of this: the first is an investigation
of heat transport across a magnetic field using a two-dimensional model; the
second is an investigation of the use of a new computer architecture in combination with microprogramming [the CHI Computer) to achieve more effective
plasma simulation.
The investigation of heat transport employed a two-and-one-half dimensional (two space coordinates and three velocity coordinates) electrostatic
particle model with mobile electrons, fixed uniform ions density and a fixed
magnetic field. The model is illustrated in Fig. 1. Heat and particle transport were measured in an essentially thermal plasma. One of the principal
results of this investigation was that there are situations under which heat
transport is slower than particle transport. This occurred when particle

Institute of Plasma Physics, Nagoya University, Nagoya, Japan.
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B
Magnetic field

Periodic boundary

FIG.l. 2\-dimensional plasma model.

transport was dominated by convective diffusion [1]. The reason for the
effect was the following. The convective motion in the plasma is associated
with E x B drifts produced by charged flux tubes; low-energy particles have
small Larmor radii and move with the full E * B velocity; high-energy particles have large Larmor orbits which pass through a number of charged flux
tubes and thus, to some extent, average out the E * B drifts. The highenergy particles are thus transported less rapidly. We may note that this
result has significance for thermonuclear reactors since it shows that large
Larmor radius particles are less effected by low-frequency relatively short
wavelength turbulence than small Larmor radius particles. The ions, and
particularly the hot ions, have the largest Larmor radii and should thus
diffuse the slowest. These are the particles it is most important to confine and this effect could particularly play a role for two-component operation [2]. Present experimental evidence on t'okamaks, that electron heat
transport is anomalous while ion transport and hot-ion confinement agree
with neoclassical theory [3], are consistent with this. While the present
results were obtained for electrostatic fluctuations, similar effects should
occur for fine-scale magnetic fluctuations; here the crucial scale length is
probably the banana width.
The second part of this paper deals with experimentation with a microprogramable machine which is capable of handling large particle and fluid
models at speeds comparable to those of the largest existing machines at a
small fraction of the cost. We have run million-particle problems for a
model similar to that used in the heat transport studies at speeds somewhat
in excess
of what a CDC-7600 will do. Similar performance is found on
large MHD calculations [4].
II.

HEAT CONDUCTION STUDIES [5 - 9]

The model used for the heat conduction studies is a two-and-one-half
dimensional (two positions and three velocities) electrostatic dipole expansion code [5], with fixed magnetic field shown in Fig. 1. While in general
the magnetic field can be tilted at an arbitrary angle to the z-axis as
shown, for most of these studies it was taken parallel to the z-axis and the
model reduces to a two-dimensional one. The ions constitute a uniform
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FIG. 3. Thermal diffusion.
fixed background; the mobile electrons are modelled by finite-sized particles with a Gaussian charge distribution [5]. The full Lorentu force is
used in advancing the electrons. Periodic boundary conditions are used.
Two types of runs were made: for the first a thermal equilibrium plasma
of uniform density and temperature was used; in the second a slight temperature variation in the x-direction was initially imposed. Runs of the first
type were used to compute the particle diffusion by computing the mean
square displacement of the guiding centers perpendicular to B of a large
number of test particles; the diffusion coefficient as a function of velocity could be determined by choosing the test particles to be in a narrow
velocity range. In this way we verify that the more energetic particles
diffuse more slowly than lower energy particles. Runs of the second type
were used to compute the thermal diffusion coefficient assuming that the
temperature evolved according to a simple diffusion equation.
For the thermal plasma a series of runs were made with systems-size
64 2 grid spacings, electron number equal 65,536, particle size equal 1,
Debye length equal 2, magnetic field strengths of <mc/u)p=l, 1/2, 1/3, 1/5,
nX^=64, time step 0.2, and collision times of topt=lO!* and total run times of
u
end = 4 0 0 ' Veiocity-dependent diffusion coefficients D(v) are shown in
Fig. 2. The horizontal coordinates of the open circles correspond to the
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FIG.4. Particle and thermal diffusion versus magnetic field.

initial averaged velocities of the particles while those of the ends of the
arrows starting from the circle correspond to the averaged final velocities.
The change in the averaged velocities are due to the classical collisional
relaxation processes in velocity space. The square points are obtained by
tilting B away from the z-axis so as to largely short out the convective
modes [2] and are close to the values predicted from collision theory. The
curves are predicted by a theory which is developed in a more complete
treatment of this study [9].
We now turn to the results of the cases in which there was a temperature gradient in the x-direction. Initially the temperature was given by
T(x)

= T

[1 - 0.1

cos

2TTX/L ]

(1)

The time evolution of the temperature for the k =2ir/Lx, k =0 mode (cosine
component) was followed. Assuming that the evolution of the temperature
follows a diffusion type equation, we obtain the heat diffusion coefficient
from the expression

f) ! »
Runs were made for the following parameters: L X L =64X64; N =65,536; particle size = l; Debye length = 1; nX D 2 =16; u /u = l/l/2, l/3,el/5; collision
frequency = 4x10 ^oo ; time step <DA t=0.2;and the length of run was
p
p
1000 to "i.
Figure 3 shows the results of these simulations. The damping of AT is
generally linear although at the higher fields some sinusoidal fluctuations
are superposed on the damping; these may be associated with large-scale
vortex motion which has a very long relaxation time.
Figure 4 shows the heat and particle diffusion coefficient vs. 10 /u .
We see that the particle diffusion rate is as much as a factor of five times
larger than the heat diffusion rate, particularly at high magnetic fields.
These results are consistent with our results for D(v). This effect should
be even more pronounced if comparison were made for ions which have larger
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TABLE I. COMPUTER PERFORMANCE COMPARISONS

IBM 360/91

CHI SYSTEM

PARTICLE CODE
Time/Particle Push:

10

6

55 ps

Overall

55 us

15 ps

Time

61 Hr

16 Hr

Cost

50 k$

0.3 k$

13 ps
0.6 x 24 ps

Particles, 4000 Timesteps:

3D MHD CODE

Fortran
(H-Compiler)
230 ps

100 ps

Time

33 Hr

13 Hr

Cost

27 k$

0.28 k$

Time/Gridpoint
64 3

Assembly Code

CPU
I/O

System, 4000 Timesteps:

Larmor radii. We should note that the heat diffusion is a macroscopic process involving averages over many particles, while the particle diffusion as
measured here is a microscopic process involving the diffusion of test particles. In a plasma the electrons could not diffuse away and leave the ions
behind. However, for heat transport where cold electrons can diffuse in to
replace hot ones, the test particle results are probably reasonably correct
and the conclusion that the ion heat transport will be less affected by
micro-turbulence than that for electrons should be valid.
III. ADVANCED COMPUTER ARCHITECTURE
Three large plasma simulation models are being run on the recently installed Culler-Harrison Inc. (CHI) computer system at UCLA: (1) A 2%-dimensional electrostatic particle code with constant magnetic field plus mirroring. (2) a 2%-dimensional MHD fluid code with spatially dependent resistivity. (3) A 3-dimensional MHD fluid code with constant resistivity.
Performance results are presented in Table I , in terms of computing time
per particle or gridpoint update, as well as overall timing and cost for
typical million-particle and 64x64x64-gridpoint systems. These results demonstrate that the CHI type of highly parallel architecture can yield a twoorder-of-magnitude decrease in cost relative to large general-purpose computers such as the IBM 360/91 or the CDC 7600. Programming costs, even for
these first codes on the CHI computer, have been less than the costs of
single large runs on a general-purpose computer. Since hundreds of runs are
anticipated, inclusion of programming cost does not alter our conclusion
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regarding a two-order-of-magnitude cost advantage of the CHI computer. The
principal implication is that the CHI computer system, or another of similar
structure, permits running many large plasma simulations which would otherwise notbe feasible due to excessive cost. This should prove to be a very
powerful tool for the CTR program.
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Abstract
TURBULENT CONVECTIVE TRANSPORT IN A PLASMA.
It is shown that as a result of the build-up of various instabilities with T^L *^ 7"QL
(TNL is the characteristic non-linear interaction time and TQL is the quasi-linear time),
correlations are found between the fields and the particle motion, and a state of moderate
turbulence is established. In this case the transport is of a turbulent convective character.
The kinetic equations for moderate turbulence are derived and analysed. Investigations
are made of cases of kinetic, current-convective and drift instabilities. Aspects of anomalous
transport in toroidal traps are discussed.

1.

INTRODUCTION

Convective transport is an extremely important factor in plasmas since the
long-lived electromagnetic field perturbations generate convective cells in the
particle phase flow. Examples of convective cells are given in Figs 1 and 2. In a
turbulent plasma the particle flows are random although they may form ordered
convective structures resulting in turbulent diffusive transport more rapid than
that generated by spatially homogeneous turbulence. It is demonstrated in the
present investigation that at the non-linear stage when the instability-generated
waves interact among themselves more vigorously than with the excited macroinhomogeneity, the flows become ordered and a state of moderate turbulence is
established. The kinetic equations for moderate turbulence are obtained from
which, in various limiting cases, the equations for strong, weak and degenerate
turbulence are recovered. An analysis is made of the turbulence generated by
kinetic, current-convective and drift instabilities.

2.

LAMINAR AND TURBULENT STATES OF MOTION

It is useful to classify the plasma states on the basis of the scale of
correlations. We shall assume that L is the scale of the instability-generating
285
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FIG. 1. Phase flow distorted by a one-dimensional potential well. Characteristic parameters
of convective cell: A, v^ = (2e^0/m)«", T - X/vtr.

FIG. 2. Convective cell formed by two-dimensional potential perturbations y = tp(x, y) in a
magnetic field B = Bz. The current lines coincide with the equipotential lines. Parameters:
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macroinhomogeneity; X is the main microinhomogeneity scale (for example, in
hydrodynamic turbulence, the scale of the energy range vortices); eX, with
e -^ 1, is the dimension of the small-scale microinhomogeneities; TQL = Tint (^>L)
is the quasi-linear time which is the reciprocal of the quasi-linear growth rate of
the instability resulting from the interaction between the microinhomogeneities
and the macroinhomogeneity; TNL = 'Hnt 0^> X.) is the characteristic non-linear
interaction time of the microinhomogeneities; TC = Tjnt (X; eX, X, L) is the
correlation time, i.e. the time in which the correlation between motions on the
scale X is destroyed as a result of interaction with small-scale microinhomogeneities
and also with main-scale macro- and microinhomogeneities.
The states of plasma motion depend on the ratios between the characteristic
times. When TNL ~* °° and r c -> «>, the flow is laminar (Fig.3a).
The build-up of instabilities amplifies the fluctuation microinhomogeneities
over the characteristic time TQL and TC <^ TQL- A state of weak turbulence is
established when r c ~ TQL ^ TNL- The current lines are stochastic but for some
time do not differ appreciably from straight lines (Fig.3b). As the microinhomogeneities increase, TNL decreases and when TNL ~ fQL ~ TC, a state of
strong turbulence is established (Fig.3c). Strengthening of the interaction between
the microinhomogeneities when TNL ^ rQL may strengthen the correlations and
result in the formation of ordered convective flows. The plasma is then transferred
to a state of moderate turbulence (Fig.3d). If the fields are completely correlated,
TC -*• °° and TQL -* ^ a state of degenerate turbulence is established (Fig.3e).
Characteristic conditions of degenerate turbulence are found when the dimensions
of the microinhomogeneities (convective cells) begin to exceed the macroinhomogeneity scale.
Our problem involves deriving the kinetic equations for moderate turbulence
generated by various types of instability and describing the turbulent convective
transport typical of this state.

3.

KINETIC INSTABILITY

We shall analyse the evolution of turbulence excited by the kinetic instability
of a one-dimensional velocity-smoothed electron beam. As was demonstrated in
Refs [1-3], when
> TQL

or

T

NL < IQL * Tc

(3.1)

where J2tr is the trapped-particle oscillation frequency and 7QL is the quasi-linear
growth rate, correlations between the field and the particle motion are established
and strengthened, such that the quasi-linear relaxation is replaced by moderately
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a) laminar flow

b) weak turbulence

c) strong turbulence

d) moderate turbulence

e) degenerate turbulence

FIG.3. Laminar and turbulent flows:
a) laminar flow, r c -*• °°, T^L ""* °°."
bj weak turbulence, TC ~
cj ifwnj' turbulence, TC ~
d) moderate turbulence, T^JL < r o 7QL>

ej degenerate turbulence, TNL < °°) Tc "* °°-
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turbulent relaxation. In this case the field decomposes into coherent packets with
the characteristic correlation between the amplitude E and the spatial extention €:
c

~ £ m t = ™ p h / f i t r = 2 7rvph/kvtr v t r = 2(eE/km)' /2 , £2tr = (ekE/m)"'

(3.2)

where vph and k are the average phase velocity and the wave vector of the packet;
e and m are the electron charge and mass. The packets form an ordered structure
in the (x, vph) space, resulting in the establishment of ordered convective flows in
the phase plane. In this case, attention is focused on the derivation and analysis
of the kinetic equations for moderate turbulence.
The distribution function f (v, t) averaged over x, used in quasi-linear theory,
is inadequate to describe ordered particle phase flows. On the other hand,
Vlasov's equation yields a too detailed description of the process. To go over
correctly to a more approximate description of the process, we need to investigate
the evolution of the distribution function on the main scale (vtr, Cjnt, ^NL =
Cjnt/vph), averaging over all the smaller scales. For this purpose, we shall analyse
the evolution of the distribution function in the region of resonant interaction
with the packet. Let E k be the amplitude of the packet. In addition to the
field of the packet, we shall allow for the existence of fluctuating fields (these
generate small-scale phase-flow inhomogeneities) and also for the non-resonant
influence of other packets on the resonant phase flow. The particles interact
resonantly with the packet over the section of phase surface |v - vph I < vtr,
x 0 < x < x 0 + 8, where (x 0 , x 0 + £) is the region of spatial localization of the
packet. We shall assume that vph > vthe (vthe is the electron thermal velocity)
and neglect the packet group velocity. When f2tr > 7 Q L , the effect of the
fluctuating fields and of non-stationarity may be regarded as a small perturbation.
When the fluctuating fields are neglected, the particle phase trajectories in the
wave system at rest are defined by the constant-energy equations:
mv2
W = — +e<p k coskx, ^ k = E k / k
When -W o < W < Wo, Wo = e$k> the particles are trapped and when W > Wo, the
particles are untrapped. In Fig.4 the trapped- and untrapped-particle trajectories
are separated by the separatrix. An important characteristic of the particle
motion is the oscillation frequency in the wave field, £2 = I2(W). It has been
established that this value differs negligibly (by not more than 25%) from £2tr
when Wo < W < 0.7 Wo, but alters rapidly when IW - Wo IWQ"1 < 0.3, vanishing
when W = Wo. To describe the evolution of the distribution function in the
region of localization of the packet, neglecting the fluctuating fields and subject
to slowly varying amplitude (7QL ^ ^tr)> it is sufficient to know the particle
trajectories (see Refs [4, 5]). The fluctuating fields result in a mixing of the

290

BAKAJ

a)

FIG.4. a) Phase flow element. Turbulent flow zone shown hatched, b) Splitting of the
region of resonant interaction with a packet into sections.

trajectories, the influence of these fields being non-uniform in different sections
of the phase plane as a result of interference with the packet field. This influence
is substantial in the vicinity of the separatrix for two reasons: firstly, the
frequency £2(W) is low and thus the mixing time as a result of quasi-linear
diffusion is shorter than or comparable with the average value of i2~'(W);
secondly, in the vicinity of the separatrix the distribution function exhibits a
larger than average velocity gradient since, at this point, particle trajectories
initially separated by Av ~ vtr are adjacent. Thus, the distribution function
varies considerably more rapidly as a result of quasi-linear diffusion than in
other sections of the phase surface. The region of turbulent flow in the vicinity
of the separatrix is shown hatched in Fig.4.
Thus, the particle flow can be divided into two sections, a regular trappedparticle flow, for which turbulent mixing over the length 9.mt is negligible, and
a turbulent flow undergoing strong mixing. On this basis, we divide the resonance
region into sections as shown in Fig.4b. Here, sections 3 and 4 are filled by
the turbulent phase flow and sections 1 and 2 are filled by the 'regular' phase
flow, with sections 1 and 3 lying above vPh and sections 2 and 4 lying below.
In accordance with this division, we introduce the four distribution functions
fi(x, v, t), i = 1, 2, 3, 4 as follows:

fi(x, v, t) =

S;(V)

f(x', v', t) dx' dvf

(3.3)
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ph

FIG. 5. Schematic representation of the resonant regions of neighbouring packets and
particle transitions from one packet to another.

where integration is performed over the area of the i-th section, integration over
x' being performed within one wavelength, including the co-ordinate x.
In the absence of fluctuating fields the area inside the separatrix is
Str = 4vtrV7r and that outside the separatrix is S ntr = 2vtrX(l - 2/7r).
If turbulent mixing is allowed for we may assume that

XSntr= ( l - £ t r ) S o = U S o

(3-4)

The areas of the sections Sj(v) are thus defined by
Si.2 = £ti-So/2, S 3 4 =£ n t r So/2
The distribution function averaged over x is expressed in terms of fi
as follows:
f (v, t) = k <Ktr (fi (x, v, t) + f2 (x, v, t))
+ ^ ntr (f 3 (x, v, t) + f4(x, v, t))])x
where the angular brackets denote averaging over x.

(3.5)
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We define f;(v, t) as the i-th distribution function at the beginning of the
packet x = x 0 , averaged over all the packets with the phase velocity vph = v,
fi = <fi(xo,v,t)>Xo
and we shall define f j(v, t) as an analogous distribution function at the distance
Cint from the beginning of the packet:

The correlation between the functions fi and f^ may readily be obtained from
the character of the particle phase trajectories described above. As a result of
strong mixing, we have the following equations for f34:
f3,4(v,t) = i [ f 3 ( v , t - r ) + f 4 (v,t-r)]

(3.6)

Since the trapped particles in sections 1 and 2 oscillate at almost identical
frequencies and, at the distance S.^ from the beginning of the packet, undergo
approximately half of a complete oscillation (TNL is equal to half the oscillation
period), particles from section 1 are transferred to section 2 and conversely.
As a result, we have:
r,(v,t) = (l -7?)fi(v,t-r N L ) + r?f 2 (v,t-r N L )
?'2(v,t)=77f1(v,t-rNL)+(l-7?)f2(v,t-rNL)

(3.7)

where TJ is the mixing coefficient due to the scatter of the particle oscillation
frequencies (it is readily estimated that when W < 0.70, we have A£l/£l ~ 0.1)
and the influence of the fluctuating fields. When 7QL < fitr>xt c a n be assumed
that r) «a 2£2/fi « 0.2.
It can be seen from Eq.(3.7) that the distribution function at a distance
Cint from the beginning of the packet has a derivative of approximately equal
absolute value to the derivative at the beginning of the packet but of opposite
sign. Thus, waves with phase velocities such that lvph - vph I < vtr are attenuated
within the packet whilst the spatial extension of the packet remains equal to
Cjnt with increasing amplitude'. In addition, waves with phase velocities vph
separated from vtr by vph have growth rates larger than the average quasi-linear
1

We note that the narrowing of a beam-amplified packet with increasing amplitude
is the reverse process to the spatial stretching of a high-intensity packet attenuated by
resonant particles whose initial distribution function has a negative derivative, observed
in Ref.[4].
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value within the packet [ 1 ]. This results in ordering of the packets in (x, vph)
space: the phase velocities of adjacent packets are shifted by approximately
vtr (Fig.5). As a result of this ordering, particles from sections 1 and 3 of a
packet with phase velocity vph are transferred to sections 2 and 4 of a neighbouring
packet with phase velocity vph + v^ and particles from sections 2 and 4 are
transferred to sections 1 and 3 of a packet with phase velocity vph ~ v tr . We can
introduce the probabilities §ik(vph, v pri ); i, k = 1, 2, 3, 4 for the transition of
particles from the k-th section of interaction with a packet of phase velocity
equal to v p j, to the i-th section of interaction with a packet of phase velocity
equal to vph- Calculation of §jk reduces to calculation of the relative overlapping
of the areas of i-th and k-th sections of adjacent packets, allowing for the phase
coherence of these packets. Without giving details of the calculations of the
appropriate areas and their ratios, we shall give an estimate of §& obtained for
fNL ^ fQL correct to within terms of the order of 9vtr/3v, which may be
neglected if the amplitudes of the adjacent packets differ negligibly. In this
case, we have
§21 (v, v + vtr) = 1 - £23(v, v + v tr ) « £ 12 ( v , v - v tr )
= 1 - §i4(v, v - vtj.) « §43(v, v + v tr ) = 1 - £41 (v, v + v tr )
~§34(v,v-vtr)=l-£32(v,v-vtr)~0.8

(3.8)

Applying the probabilities §&, we can express the distribution functions
fi(v ± vtr, t) in terms of fk(v, t). We then have:
fi (v - v tp t) = £12(v, v - vtr) f2(v, t - 6T) + §14(v, v -

Vtr)

f 4 (v, t - ST)

f3(v - vtr, t) = §32 (v, v - vtr) f2(v, t -

5T)

+ £34 (v, v - vtr) f4(v, t -

f2(v + vtr, t) = §21 (v, v + vtr) r, (v, t -

5T)

+ §23 (v, v + vtr) f3 (v, t - 8r)

f4(v + vtr, t) = §41 (v, v + vtr) f, (v, t - 6r) + §43 (v, v + vtr) f3 (v, t -

6T)

5T)

(3.9)
where 8T = 6£/v, and 5£ is the average distance between adjacent packets. By
order of magnitude, 5C is comparable with C^tEliminating the functions fi from Eq.(3.9) by means of Eq.(3.7), we obtain
the required system of kinetic equations. This system must be supplemented
by the boundary conditions and the equation for the packet amplitudes.
Let V! and v2 be the upper and lower limits of the average phase velocities
of the main-scale packets. Bearing in mind that particles from sections 1 and 3
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of a packet with phase velocity V! are transferred to sections 1 and 3 of an
adjacent packet with the same phase velocity, and similarly, that particles from
sections 2 and 4 of a packet with phase velocity v2 are transferred to sections 2
and 4 of the nearest packet with the same phase velocity, we obtain:

f M (v 2 , t) * f2,4(v2, t - 5£ 2 /v 2 )

(3.10)

Here, 5 5 I 2 are the average distances between packets with phase velocities v,i2
approximately equal to J2jnt(Vi,2).
The equation for vtr is readily obtained from Eqs (3.7), (3.9) and the
energy conservation law. Expressed in differential form this equation takes
the form:
3Vfr

V

-7T =
at

T

NL vtr

[2 £tr (1 -7?) F_ + (1 - £tr) *_]

(3.11)

where
F ± (v,t) = H f , ( v , t ) ± f 2 ( v , t ) ]
* ± (v,t)=f[f 3 (v > t)±f4(v > t)]

(3.12)

The system of difference equations (3.7) and (3.9) can be reduced to differential
equations in the following important limiting cases:
1. Let
v t r ^ Iv 1 -v 2 l, lv tr 9F_/dvl<SF + , 2F_

(3.13)

In this case, from Eqs (3.7) and (3.9), by expanding with an accuracy up to
linear terms and allowing for Eq.(3.13), we have
aFj. 9
T—*=— (wvtr F_) + (1 - f | ) (* + "F + )
01

OV

^
at

+2(lw)F_

iv

t r

^[(l€

a i

)F

(3.14)

+

+(lf

2 1

)*

+

]

(3.15)

34>
9
r — ± = f — {v t r [ * - + 2 ( 1 at
ov
' + d-f«)(F+-*+)

(3.16)
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(3.17)
(3-18)

It can be seen from Eqs (3.14) and (3.16) that the difference F + - $ +
decreases with the time constant 7(2 - £21 - i^,,)""1. Allowing for this, and for
the correlation between f and F + , $ + , Eq.(3.5), for F we obtain from
Eqs (3.14) and (3.16)

j - ~
at

I— [2 ttr w+ fntr (1 - f43) ( 1 - 2

ov i

(3.19)

T

To within the same accuracy, Eqs (3.13) and (3.14) give
, 92F_
r> —

3F_
2(l-w)—
+

32F_
=K^

(3.20)

This equation describes the evolution of the inhomogeneity of the distribution
function F_ and takes the form of a dissipative wave equation. When w -*• 1,
the term with the first derivative describing the dissipation vanishes whilst when
w -*• y, it is a dominant factor. The inhomogeneity 'attenuation' time is, as can
be seen from Eq.(3.20), given by
Tr = r ( l - w ) - '

•

(3.21)

and, on time scales shorter than this, the relaxation of a velocity-smoothed beam
may become oscillatory as was observed in various numerical experiments
[2,3,7-9].
Equation (3.19) is an analogue of the quasi-linear kinetic equation. It is
readily shown that when w ->• %• (77 -»• 5-), Eqs (3.11) and (3.19) are converted
into equations for 'strong turbulence' (or re-normalized quasi-linear equations [10]
which, in the limit vtr -*• 0, are then converted into quasi-linear equations [11,12].
When 7? -> 5-, it follows from Eqs (3.15)—(3.17) that
F + (v, t) = $ + (v, t) = F(v, t); F_ (v, t) = $_ (v, t) = vto 3F(v, t)/3v

(3.22)

On substituting Eq.(3.22) into Eqs (3.11) and (3.19), we obtain a quasi-linear
system in which the coefficients are the same as the known values if it is
assumed that
7- N L =7=lb/7rfi t r

(3.23)
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2. In the other limiting case when the microinhomogeneity scale is equal
to or greater than the macroinhomogeneity scale, i.e. vtr <; Av, the average
phase velocities of all the packets are approximately equal. The kinetic equations
in this case are derived from Eq.(3.10) if we assume vt = v2 = v (v is the average
phase velocity of the packets) and take the following form:
F + (v, t) * F + (v, 0); * + (v, t) « <J>+ (v, 0)
F_(v,t) = ( l - t ? ) F _ ( v , t - T ) ; ? = r N L + S2/v

(3.24)

These equations describe the state of degenerate turbulence. The coefficient 77
describes mixing due to the difference between the trapped-particle oscillation
frequencies. These equations specifically describe the evolution of a BGK wave
with a non-equilibrium initial distribution function, particular cases of which
were analysed by Mazitov [13] and O'Neil [4]. To confirm this, we give the
particular solution of Eq.(3.24) for r = T, Eq.(3.23), in the form:
JSL

—

F_(v, t) = F_ (v, 0) e T cos (fit)

(3.25)

where
F_ (v, 0) = v t r 3F/3v I

_ fi = TT/T
v = v'

This solution can be obtained by approximating the results obtained in Ref.[4].
In particular, for the growth rate we obtain from Eqs (3.25) and (3.11):
=

7 Q L ( 0 ) e xP ( - Vt/r) cos (fit)

(3.26)

The equations for moderate turbulence describing the inhomogeneities of
the distribution function and allowing for the correlation of the particle motion
also express the idea of the generation and substantial influence of the macroparticles on the relaxation of the non-equilibrium distribution function formulated
and applied to develop the macroparticle relaxation theory in Refs [14—17].
The inhomogeneities described by the functions F_ and O_ can be considered
to be macroparticles in the sense of Refs [ 14-17] with the main scale Av = v tr ,
Ax = X. An important parameter is the macroparticle life-time T&.
On the basis of Eqs (3.14)-(3.20), Td can be estimated as follows: The
characteristic attenuation time of <3>_ is equal to T, and the attenuation time of
F_ [see Eq.(3.21)] is equal to 7(1 - w)"1. Thus, depending whether it starts
from sections 1 and 2, or 3 and 4, the macroparticle life-time will be given
by, respectively,
T(tr)

«

T(1

-

w ) - i a n d T(ntr)

«

T

(3.27)
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For the average life-time, we have from Eq.(3.27)

(3 28)

-

On comparing Eqs (3.27) and (3.28) with the expressions for ra obtained in
Refs [ 14-17], it can be seen that our value of T<I is several times higher than
that obtained in Ref.[16] (after Dupree, Td **> (kvtr)"1) where the field correlation
was neglected, but is lower than that estimated in Refs [14, 15] where an
exponential law of decreasing pair correlation was obtained.
The value of Td obtained in numerical experiments [2, 3] agrees with the
estimates made above.
Another important property of the equations for moderate turbulence
should be noted: they establish a correlation between the macroinhomogeneity
and the perturbations of the distribution function. In particular, it follows
from Eq.(3.15) that in the quasi-steady-state limit when IrF_ I 4 F_ that
F ~^i—
^
~ 2 ( 1 - w ) dv

(3.29)

Correlations of this type (3.29) form the basis of the phenomenological
approach in turbulence theory based on the introduction of the mixing length.
The mixing length is described as the coefficient of proportionality of the average
inhomogeneity fluctuations.2 In our case, for trapped particles, it can be seen
from Eq.(3.29) that the mixing 'length' is given by
(tr)
vv

mix
mix

=

(33

K

2(1-W)

For untrapped particles, we have v^ix «* v^ and for the average value of
mix we obtain the following expression:

v

w
1- w

2

5tr

This approach was first adopted in the theory of hydrodynamic turbulence by
Prandtl. It was applied in the theory of plasma turbulence by B.B. Kadomtsev [18].

(3.31)
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CURRENT-CONVECTIVE INSTABILITY

We shall now analyse the current-convective instability. The formation of
convective cells at the non-linear stage of this instability was investigated in
Ref.[ 19]. The problem involves constructing the kinetic equations which allow
for the interaction of the convective cells with one another. As will subsequently
become apparent, in the development of the current-convective instability a
moderately turbulent state is also established with its characteristic turbulent
convective transport.
We shall analyse the development of the current-convective instability in a
homogeneous plasma situated in a sheared toroidal magnetic field with the
temperature gradient 3T/3r < 0. As shown in Ref.[ 19], thermal convective cells
are formed in the vicinity of resonant magnetic surfaces at the non-linear stage,
with the characteristic dimensions, velocity and convection time given by
xm = r ^ m-*3, vm = 2 AT/xm, r m = xm/vm

(4.1)

where

(do/dT)/q'Beo ot =
Eo is the constant electric field intensity, T is the temperature perturbation,
q is the safety factor, c is the speed of light, Bg is the poloidal magnetic field
intensity, a is the conductivity, 6 is the shear and X|| is the longitudinal thermal
conductivity. The resonant surfaces are numbered by the pair of indices (m, n).
The average instability growth rate is given by
7m^-2A(3T/3r)xm1

(4.2)

The characteristic distance between resonant surfaces with cells of comparable
size is given by [19] Am *» q2/q'm. Since only the largest cells make a major
contribution to the transport, provided that they overlap, equating xm and A m ,
we find that the main scale of the cells is governed by the number m0 *
(q2/q^./3)3/4

At the initial stage of the instability, thermal convection develops near
the resonant surfaces and is amplified by the average temperature gradient, the
flows developing from the initial fluctuations being uncorrelated for the various
surfaces. At the non-linear stage when the convective flows significantly alter
the temperature distribution, the overlapping cells substantially influence each
other. At this stage, the cells undergo spatial ordering and convective flows are
formed (see Fig.6). Such ordering is advantageous: the instability is amplified
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since the local temperature gradient increases and, on the other hand, the
ordering increases the heat transport. In addition to the main-scale cells, the
small-scale cells are also unstable, m0 < m' < mc (mc is the smallest scale of
the instability determined by the thermal conductivity [19]) and these make
the convective flows turbulent.
The kinetic equations for moderate turbulence can be expressed in the form:
T, (r, t) = w 0 T, (r - x 0 , t - T0) + (1 - w0) T 2 (r, t - r 0 )
T 2 (r,t) = ( l - w 0 ) T , ( r , t - r 0 ) + w 0 T 2 ( r + x 0 , t - r 0 )

(4.3)

where Tj and T 2 are the average temperatures in the ascending and descending
fluxes, T 0 ^-^IXQ/VO and v0 is determined by Eq.(2.1) in which x 0 = x m 0 ,
T = T + = (Tt + T 2 )/2, m = m 0 , T = T_ = (T, - T 2 )/2, should be substituted,
w0 is the probability of the flow element remaining in the ascending (descending)
flow after a circuit of the cell. An element is transferred from one flow to
another as a result of small-scale turbulent transverse transport to which contributions are made by collisions and small cells with mr t m 0 , and also as a
result of the disorder in the convective flow structure which is found, for
example, if the values m(r) and m(r + x0) of adjacent overlapping cells differ
slightly. Thus, if lm(r) - m(r + xo)i = 6m, ascending and descending flows
with respect to r are mixed on average by the value 77 «« 5m/m0. The probability
w^ allowing only for such mixing is given by
w,^ = l - 77 = 1 - 5m/m0

(4.4)

Mixing as a result of small-scale turbulence can be estimated as follows: The
temperature perturbation T decreases exponentially with the characteristic
spatial scale x 0 , as is known from solution of the thermal conductivity equation,
f (t + T 0 ) = T(t) exp ( -

7r2Xl cTo
)
2

x0

(4.5)

/

where x±c is the thermal conductivity resulting from the small-scale turbulence
and collisions. The expression for Xic is given in Ref.[ 19] and may be estimated
by using the following relationship:
Xlc * *m' Tm'/*2 ' m ' * m0

(4-6)

obtained from the condition of turbulent suppression of small-scale instabilities
[18] On the other hand, neglecting the spatial variation of T1>2 over distances
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of the order of x 0 , we have from Eq.(4.3):
T_(t + r o ) = 2 ( l - 2 w ) T _ ( t )

(4.7)

On comparing Eqs (2.5) and (2.7), we obtain an expression for w:
1

Xi.oll

( 4 g )

The total probability w0 is obtained by multiplying Eqs (4.4) and (4.8):
wo=-

(4.9)

2

System (4.3) differs from the system of kinetic equations (3.14)—(3.17) only
by the absence of terms describing the turbulent component of the flow.
Replacing Eqs (2.3) by differential equations, we obtain

3T+

1 a /

woxo_,

—-=-— U

,

T_ 1

3t

r 3r \

7
8f

6T
3T+
+ 2 ( l - w o ) r — = = xo-r±
9t
or

(4.10)

/

T0

(4.11)

which are similar to Eqs (3.19) and (3.20). In particular, it follows from these
equations that
(4.12)

2(1 -

w

o

i

l7o

dT +

^ 7 * ~^

. ,

(43)

Here, qit is the transverse thermal flux.
It can be seen from Eq.(4.12) that the temperature gradient reaches
~ 2T_/x0 ~ T'+ (1 - Wo)"1, which is a factor of (1 - w 0 )"' larger than the average
temperature gradient and equal to this gradient in the absence of order, i.e.
when w0 =%. It follows from Eq.(4.12) that the mixing length is given by
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—
"^
2(1-w0)

,

(4 14)
(4 14)
-

and may achieve values many times larger than x 0 .
The thermal conductivity of a strongly turbulent plasma is estimated from
Eq.(4.6) in which m 0 should be substituted for m':

If the factor near T+ in Eq.(4.13) is considered as the moderately turbulent
thermal conductivity x, ^ M T \ we have
Y (MT)

*

io

_

w

o

(l-w0)2

(ST)

*l0

It can thus be seen that ordering substantially increases the transport coefficients.
We note that ordering of overlapping cells may be considered as the
excitation of quasi-modes [20], the only difference being that it takes place at
the non-linear stage as a result of interaction of the cells. At the linear stage,
amplification of the fluctuating perturbations is observed.
5.

DRIFT INSTABILITY

Convective transport of plasma particles as a result of the development of
drift instability takes place as a result of the drift waves exciting weakly attenuating
convective cells. Transport due to convective cells, excited as a result of thermal
fluctuations, was studied by Dawson and Okuda in Ref.[21 ]. Diffusion due to
convective cells excited by drift waves produced as a result of drift instabilities
was studied theoretically and numerically in Refs [22-24]. In Ref.[24], an
investigation was also made of the excitation of convective cells by Alfven waves.
Interaction of convective cells and their coalescence to form larger cells was
observed numerically in Ref.[22]. We also note the numerical experiments, the
results of which are reviewed by N. Sato [25], in which it was observed that the
onset of drift instability resulted in the formation of ordered convective flows
in the direction of the density gradient rather than in turbulent mixing of the
particle flows. Mention should also be made of a numerical experiment [28],
where a similar pattern was observed in the development of the trapped-particle
instability. These results indicate that the non-linear stage of the drift instability
is characterized by a transition to a stage of moderate turbulence with rapid
turbulent convective transport. The kinetic equations for moderate turbulence
established as a result of the onset of the drift instability are derived below and
the particle transport coefficient is determined.
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The characteristic parameters of the problem are as follows. The macroinhomogeneity scale is equal to the plasma radius. The drift oscillations build
up near the resonant surfaces and the radial width of the zone of localization
is equal to

where p\ is the ion Larmor radius, 6 is the shear, and Teji are the electron and
ion temperatures.
The distance between the resonant surfaces is given by
A m « q 2 / q ' m2 « a q / m 2

'

(5.2)

This relationship was obtained, as in the previous section (see Ref.[19]) allowing
for substantial interaction between modes with similar values of m.
From the condition of overlapping of the cells, equating Eqs (5.1) and
(5.2), we obtain
1/2

(5.3)
which determines the main scale of the convective cells.
t As a result of interaction, the neighbouring overlapping cells analysed in
detail in the previous section are ordered and mutually amplifying. In this case,
ordered radial convective particle flows are observed. Let nj and n 2 be the
average ion densities in the ascending and descending flows, and by analogy with
Eq.(4.3), allowing for the interaction of the convective cells with the drift
waves, as described in Refs [23, 24], we obtain

9n_
T — +2(l-w)n_
at

9n,
= xo—±
at
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Here, r = xo/vc, and vc is the radial drift velocity in the convective cell given by

,

cW

cm0^

B

rB

(5 _ 6)

ipc is the potential perturbation related to the density perturbation by
Te6n=Ten=i
e n
e n+

(5 ?)

and j d is the particle flow due to drift turbulence.
The second term in Eq.(5.5) describes the interaction of the convective
cells with the drift waves. The drift wave amplitudes n£ and expressions for
the interaction coefficient V_>. _^ can be found in Refs [23, 24]. The function
S'(a)! - co2) T), Eq.(5.5), implies that only drift waves with similar frequencies,
I co! — ^ l " 1 <; T, contribute to the interaction.
Systems (5.4) and (5.5) should be supplemented by the drift wave equation:

,

= 7 k (n+) 4 +

\

mn

/

d

V ° n

~

n_ 5 (cok - cok, r)

(5.8)

c

1?, -i? = t
Here, 7^ is the quasi-linear drift wave growth rate.
The probability w is defined by an expression similar to Eq.(4.9):
w =

i^?

1 + e x p

.

_i_i|

(5.9)

In this case, the drift waves and small-scale cells contribute to the diffusion
coefficient Dj_. Since the attenuation of the cells ~ k2 Di increases with
decreasing size, transport due to small-scale cells is weak and thus TDI/X;; -^ 1.
It can be seen from Eqs (5.4), (5.5) and (5.9) that the drift instability
develops as follows: Drift waves are first excited and these then excite convective
cells when their amplitudes are sufficiently large. By interacting with each other,
the convective cells become ordered and mutually amplifying and give rise to
anomalously fast transverse plasma transport. It can be seen from Eq.(5.9)
that the influence of the convective cells (flows) on the drift waves should result
in a phase correlation and the establishment of a certain quasi-equilibrium
distribution in the drift wave system by virtue of the second term on the right-
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hand side. In addition, the decrease in the average density gradient 9n + /3r as a
result of the transport reduces 7k( n +) a n d restricts the drift instability.
Equations (5.4) and (5.5) yield expressions for the density perturbation
and the transverse particle flow:

( 5 1 0 )

^ w) " 9r
2 (1 —

j-jC+jd.jC^^

( 5

.

U )

r
Here, j c is the flux due to convective transport.
Equations (5.10) and (5.11) yield an expression for the diffusion coefficient:
D?1 =

w
2(1-w)

°

4(1 - w r

w
m0 x0
2(1-w)
r

n_

(5-12)

rL

where DB = Pi(Tj/miP is the Bohm diffusion coefficient.
The transport due to the drift waves can be described by the familiar
expressions [18]:

jd = D d - ^ , D
9r

6.

d

=)
£_,

Tk

—

(5.13)

MAGNETIC DRIFT

Drift and tearing instabilities may result in splitting of the resonant magnetic
surfaces, i.e. in radial displacements of the magnetic field lines in the vicinity
of the unperturbed surfaces by a certain value 5B determined by the geometry
of the unperturbed magnetic field, the hydrodynamic parameters of the
plasma [26, 27] and the amplitude of the perturbations. The transverse projection
of the split surfaces takes the form of two-dimensional convective cells. If the
dimensions of the convective cells are greater than the distances between the
resonant surfaces, §B ^ A m , they overlap. The magnetic convective cells may
become ordered as a result of the establishment of correlations between the
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unstable waves generated by these cells at the moderately turbulent stage (see
previous section), and the degree of ordering of the magnetic convection is
governed by the degree of correlation between the plasma drift and convective
motion. Thus, the characteristic transverse mixing length of the magnetic field
lines in the overlapping cells may be given by

which considerably exceeds the splitting width of the magnetic surfaces.
Magnetic drift may be the main mechanism for the anomalously high
transverse electron thermal conductivity observed in tokamaks. Moreover, the
transverse electron thermal conductivity at the moderately turbulent stage
may be appreciably higher than the values obtained in Ref.[26] by virtue
ofEq.(6.1).
Existence and size of the magnetic convective cells in different plasma
states requke special investigation. A detailed discussion of this aspect is
outside the scope of the present paper.
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DISCUSSION
ON PAPERS X-4-1 AND X-4-2
A. HASEGAWA: Would you care to comment on the recent statement
by Dupree that test particle diffusion is different from density diffusion? It
seems that test particle diffusion can occur b y E X B drift, but that density diffusion can occur not by E X B drift only, but by other processes as well.
J.M. DAWSON: Test particles, density and heat all diffuse at different
rates. In fact, every different velocity class diffuses at a different rate, as can be
seen from our calculations. We had expected that heat diffusion would be
roughly equal to test particle diffusion because test particles carry their heat
with them as they diffuse. However, our calculation shows that energetic test
particles diffuse more slowly than low-energy particles, and so heat diffuses
more slowly than particles.
A. HASEGAWA: What is a typical scale size of the vortices in Bakaj's
theory?
J.M. DAWSON: I believe the scale size in Bakaj's theory is that of the
locally fastest-growing mode.
A.SYKES: Is it possible to do fully 3D point particle simulations, rather
than the 2|D rod simulations, and if so what differences in the diffusion results
would you expect?
J.M. DAWSON: Okuda and I did 3D particle simulations about five years
ago. If the magnetic field lines are closed the same type of convective cells occur
as in the 2D model and the same type of phenomena should also take place. If
the lines are ergodic, the convective cells short out and the diffusion drops to near
the collisional level. However, instabilities and inhibition of current flow parallel
to B (such as can be produced by mirroring) can lead to low-frequency E fields
and a similar result should occur.
W. HORTON: You explain an interesting mechanism by which the particle
diffusion may exceed the thermal diffusion. However, the 2±D drift wave simulations by Okuda and co-workers show that the electron thermal transport exceeds
the particle transport by an appreciable factor. In addition, as the shear increases,
the density fluctuations and the particle diffusion decrease, but the thermal transport remains largely unchanged. What could be the reason for these different
observations?
J.M. DAWSON: Our calculations show that particles with small Larmor
radii are transported faster than those with large Larmor radii. Since the ions
have relatively large Larmor radii, they will be diffused relatively slowly by the
turbulence. The diffusion of the plasma as a whole is primarily determined by
the ions; the electrons cannot diffuse away and leave the ions behind. However,
hot electrons can be diffused out and replaced by cold electrons diffusing in.
309
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The rapid electron diffusion produced by the turbulence would result in rapid
electron heat transport and would be completely consistent with our calculations.
We have not considered the sheared-magnetic-field case, but I suspect that finescaled turbulence would still be allowed by a highly sheared field and that the
electrons would respond to it. However, again, the ions would not respond because
of their large Larmor radii.
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Abstract
EXPERIMENTS ON PLASMA CONFINEMENT BY RELATIVISTIC-ELECTRON-BEAM
RING.
Toroidal magnetic configurations maintained by intense relativistic-electron-beam ring
currents were experimentally demonstrated to be capable of confining hot plasma of density
6X10 1 3 cm"3. The lifetime of the ring was longer than 1 ms and the toroidal current
higher than 30 kA. The ion temperature rose from 100 eV to 300 eV during major radial
compression. Ring current of more than 150 kA was attained by injecting a beam into denser
plasma. A diode composed of a metal cathode and a plasma-anode was used for the injection
of electron beams.

1.

INTRODUCTION

Toroidal magnetic configurations formed by intense relativistic-electron-beam
(REB) currents offer many advantages for plasma confinement. Since the toroidal
beam current can be generated in the plasma by injecting electron beams from
outside, no space is necessary in principle for equipment driving the toroidal
current, and low aspect ratio of toroidal configuration is therefore realizable.
REB rings can be formed very rapidly by short-pulse REB injection, and the
formation time observed experimentally was shorter than 1 jus [1]. The system
can safely pass over dangerous unstable states which may lie on the way to a
final stable state, e.g. a state of low safety factor. A highly paramagnetic configuration like the stabilized pinch or the reversed-field pinch may thus be formed
without difficulty in a short period. The 0-value of the plasma confined in this
configuration is promisingly higher than that in tokamaks. Furthermore, threedimensional adiabatic compression is effectively applicable by increasing the
* Permanent address: Faculty of Science, Kanazawa University, Kanazawa, Japan.
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Top view of toroidal chamber of SFAC-V.

vertical magnetic field, whence particle energies of the beam electrons can be
clamped or increased and the plasma can be heated.
To investigate this concept, experiments using a series of toroidal devices
called SPAC have been carried out. The present report concerns new experimental evidence of the formation of intense REB rings in SPAC-V, together with
some characteristics of the REB ring and the confined plasma with and without
compression. Throughout the experiment, a new injection method using a
'plasma-anode' was adopted which improved the efficiency of the injection.

2.

EXPERIMENTAL APPARATUS AND INJECTION METHOD

The experimental apparatus consists mainly of a toroidal device, SPAC-V,
a high-voltage pulse generator, Phoebus-II, for REB generation, and diagnostic
instruments. Figure 1 shows the schematic structure of SPAC-V. The toroidal
field is generated by the current in a single-centre conductor set along the major
axis of the torus. Current up to 500 kA is fed through an impedance transformer
from a capacitor bank. Time variation of the toroidal field is adjusted by changing
the turns ratio of the transformer and/or the resistance of the clamping circuit.
Vertical magnetic field coils are of the Bitter type and generate 10 kG maximum.
Using the rising phase of the vertical field, we can compress the ring towards the
major axis of the torus. Its risetime is 1.2 ms. The decay index of the vertical
magnetic field is chosen so as to stabilize the positional instability of the beam
ring. The vacuum chamber, made of thin stainless steel, is flat-cylinder shaped,
has inner diameter 72 cm and inner height 18 cm. Other components of the device
are made of non-metallic materials to minimize the field error due to Foucault
currents.
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Phoebus-H is equipped with an oil-immersed Marx generator (21 kJ, 2 MV)
and a 6-£2 pulse-forming line with a gas switch. The duration of the output pulse
is 80 ns. To inject a REB into the toroidal chamber, we used a conventional
magnetically insulated transmission line (MITL) together with a new injection
method which we call plasma-anode (Fig.l). The MITL is of coaxial type, with
characteristic impedance 20 £2. At the end of the MITL, which is inserted
inside the vacuum chamber, a cathode of Cu-W or stainless steel is connected
to the inner conductor of the MITL through a small aperture at the end of the
outer conductor. The vacuum chamber is filled with a hydrogen plasma by a
plasma gun before the REB injection so that the plasma contacts both the cathode
and the chamber wall. When the outer conductor is electrically in contact with
the chamber, the electrons are accelerated in a plasma sheath formed between the
cathode and the plasma when the negative-pulsed voltage is applied on the cathode.
This mechanism is very similar to beam generation in a plasma-filled diode [2].
The plasma-anode is superior to the conventional foil-anode in that there is no
need to exchange foils and thus a repetitive operation becomes possible. Owing
to the thin sheath, fairly high current density is obtainable for the REB without
causing a pinch, and the beam electrons are ejected in the same direction.
While this plasma-anode is working, the cathode has a high negative potential
to the plasma, so that the induced return current of the plasma cannot flow
towards the cathode, and the current is forced to take its path towards the
chamber wall along magnetic field lines. Masking of the poloidal field due to the
return current is impeded effectively and the REB-current poloidal field quickly
appears. Consequently, the fast rise of the magnetic force on the beam, which is
caused by the image current on the wall, makes the beam orbit shrink inwards
[3]; the decay of the momentum of the beam electrons due to the energy traesfer
from the beam kinetic energy to the energy of the self-magnetic field also gives
rise to the drift of the beam towards the major axis of the torus. These motions,
as well as the usual drift of the beam in the external magnetic field [4], settle
the beam on the equilibrium position of a REB ring.
In this experiment, the cathode was 4 - 6 cm in diameter and the plasma
density in front of the cathode surface was 3 - 8 X 10 13 cm' 3 . Figure 2 shows
observed waveforms of the cathode potential V D , the emitted REB current I D ,
and the diode impedance ZQ , for different plasma densities. At the beginning
of pulse voltage application, the impedance was lower than in the subsequent
phase because the plasma sheath grew with time, and the current rise was faster
than the voltage rise. The difference in risetime is well suited to magnetic
insulation in MITL.
3.

LONG-LASTING RING

To have a long-lasting REB ring, the electron kinetic energy of the beam
ring should remain high enough even after the ring has been formed. During
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FIG.2. Characteristics ofREB diode using plasma-anode:
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FIG.3. Time variations of ring current IR, poloidal magnetic field at the centre conductor B
and plasma density np in the case without adiabatic compression.
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formation of the ring, part of the initial kinetic energy of the injected beam is
consumed by the creation of the poloidal magnetic field. Since the energy of
the poloidal field is proportional to the square of the net current of the ring and
the output energy of the REB source is limited, injection of energetic electrons
at a relatively low current is essential for a long-lived ring. Alternatively, the
diode should be operated at a fairly high impedance. The density of the preinjected hydrogen plasma was chosen to be 3 X 10 13 cm' 3 , and Fig.2(a) shows
characteristics of the diode in that case. The accelerating voltage V D and
the beam current I D were nearly 500 kV and 80 kA, respectively, and the total
injected energy / V D • I D dt was 2.6 kJ. Experiments described in this section
were made with the diode under these conditions.
The vertical magnetic field Bv reaches its peak 0.86 ms after the start and
then decays with the time constant of 3.2 ms. The decay time constant of the
toroidal magnetic field B t was chosen to be 1.3 ms. When a REB ring continues
for more than 1 ms, characteristics of the plasma and the REB ring itself are
subject to the timing between Bv and B t and to time variations of their field
strengths. Two typical operating cases are presented as follows.
3.1. Case of constant major radius
A REB was injected 300 MS before the peak of the vertical field when the
toroidal field became maximum, where B t = 3.7 kG and Bv = 560 G at the major
radius R = 15 cm. Figure 3 shows time dependences of the ring current IR, the
poloidal magnetic field on the centre conductor Bp C , and the mean plasma
density n p for the diameter of the plasma column 2a = 10 cm. The ring current
reached 28 kA 0.5 /us after the REB injection, from which the self-magnetic
energy of the ring current was nearly 130 J, 5% of the total injected energy.
Until a series of fast dampings appeared in the ring net current 0.9 ms after injection,
I R and B P C decayed at the same rate, <IR/IR> = <BpC/BpC>« 7.5 ms, and n p
decreased as <np/ftp> «< 2.5 ms. This decay rate cannot be explained by the
classical Coulomb collision damping of the beam velocity; other damping
mechanisms should be taken into account. Bursts of X-rays were emitted from
the chamber wall at every fast damping, accompanied by line emissions of
impurities. Plasma density decreased faster once the damping occurred.
The hydrogen plasma supplied by the gun was only partially ionized, but
immediately after the REB injection the density increased to 7 X 10 13 cm"3.
Spectral lines of neutral hydrogen atoms faded out 100 — 150 /is after injection,
while impurity lines CI,..., CIV, OI,..., OV decreased considerably in intensity
within 150 — 200 JUS. The confined plasma was therefore in a highly ionized
state. Figure 4 shows the time variation of the ion temperature of oxygen
deduced from the Doppler broadening of an OVI line. Error of measurement
was mainly due to shot-to-shot variation in the line emission. The ion temperature
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gradually decreased from 80 eV to 40 eV for 600 jus. Since the proton temperature of the pre-injected plasma was lower than 10 eV, the ions must have been
heated by the REB. The major radius of the REB ring was maintained nearly
constant by matching the decay rate of Bv with I R , while the toroidal magnetic
field decayed from 3.7 kG to 2.5 kG for 600 jus. Temperature cooling due to
decompression of the toroidal field pressure is estimated to be 26% in this case.
The observed decrease of the ion temperature was nearly 50%. The heat loss rate
towards the outside must therefore have been larger than the rate of heating
by the electrons of the REB ring.
3.2. Case of weak compression
A REB was injected into the increasing vertical field to apply major radius
compression to the REB ring, as shown in Fig. 5. The period available for
compression was nearly 600 JUS during which the vertical field changed from
400 G to 700 G. The toroidal field reached its peak at the injection and decayed
exponentially.
*
During compression the major radius of the REB ring R decreased at the
rate dR/R(t = O)dt s=6 - 7 X 102 s'1, while the REB ring current I R increased a little
until the first small damping appeared, and then decayed stepwise, followed by
hard X-ray bursts and emission of impurity lines. At the times of these dampings,
no noticeable oscillation with azimuthal mode about the magnetic axis was
observed in the poloidal magnetic field. The decay rate of the plasma density
became faster after the dampings occurred.
The major radius of the REB ring decreased by 30% during compression
but the toroidal magnetic field decreased in the time. From the conservation
of the toroidal magnetic flux inside the plasma column, the minor radius of the
column can be said to have remained nearly constant during compression, and the
increment of the plasma temperature by this compression is therefore estimated
to be 16% for 300 //s. Figure 6 shows the time dependence of the ion temperature
which was deduced from the Doppler broadening. The ion temperature was about
100 eV at the initial stage and rose to 300 eV 300 jus afterwards. Taking into
account the temperature relaxation between the plasma ions and the oxygen ions,
the temperature increment of plasma ions must be as large as 200 eV. The
increase of temperature is larger than that expected from adiabatic compression.
This suggests the presence of mechanisms for plasma ion heating.
The energy distribution of hard X-rays, produced by the bombardment of
the energetic electrons on the limiter and the chamber wall, was measured for
information on the energy increase of the beam electrons. Immediately after
injection, the higher edge of the X-ray energy was at about 600 keV and it
increased up to 1 — 1.2 MeV. From the conservation of canonical angular
momenta of beam electrons, the increase of the electron energy is estimated to
be about 400 keV, which agrees with the experimental result.
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4.

GENERATION OF HIGH-CURRENT RING

A REB of total energy 3.3 kJ was injected into a dense plasma with density
nearly 1014 cm"3. The area of the cathode was increased to 60 cm 2 . In this case,
the diode impedance decreased while the injection current increased to about
130 kA. Figure 7 shows a typical waveform of the REB ring current generated
in this way. The total current reached 150 kA but the lifetime was as short as
20 jus. The toroidal field was 2 kG at R = 18 cm, so that the safety factor at the
surface qa was nearly 0.1. In this case the strength of the vertical magnetic field
was too weak to hold the current ring in equilibrium, and the ring expanded fast.
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For a longer ring lifetime it will be necessary to have a fast rise of the external
vertical field or an effective conducting shell on the outer side. Hard X-rays were
scarcely observed in this case, which means an efficient transfer of the kinetic
energy of the injected electrons to the magnetic energy. The poloidal magnetic
energy was estimated at about 2 kJ. More than 60% of the injected energy is
thought to be spent on generation of the poloidal field.

5.

CONCLUSION

It has been shown experimentally that toroidal magnetic configurations for
plasma confinement are formed and maintained by REB currents higher than
30 kA with a lifetime of about 1 ms; i.e. the electrons travelled about 300 km
through the plasma. A new diode consisting of a cathode and a plasma-anode
was developed and found useful for pulse injection of the REB into toroidal
plasma. By REB injection, a partially ionized plasma serving for the plasma-anode
became a fully ionized hot plasma and was confined by the REB ring formed.
Adiabatic compression raised the electron energy of the beam as well as the ion
temperature of the confined plasma, though the compression ratio was small.
The ion temperature attained was 300 eV. The maximum toroidal current was
150 kA but its lifetime was 20 /as. To increase the lifetime, faster rise of the
external vertical field or an effective conducting shell would be needed.
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J.U. GUILLORY: Could you say a bit more about the time history of the
beam and plasma currents in your first experiment?
A. MOHRI: Our injection method has the advantage of impeding the plasma
current - that is, the return current which is induced at injection. The net
current is observable only from the magnetic probe measurement; its rise-time
was 0.5 jus.
H.H. FLEISCHMANN: I have two questions which are somewhat related.
In contrast to our experiments, you have a situation in which the maximum
Larmor radius of your fast electrons in the toroidal or vertical field is small
compared with the ring radius. Can you get from your data (magnetic fields,
radius, etc.) an indication of what percentage of your ring current is carried by
fast electrons?
A. MOHRI: The major radius of the ring is determined from the force
balance between the expanding force (hoop force) and the force due to the
vertical field. The beam electrons flow nearly along the field lines.
H.H. FLEISCHMANN: Assuming your T e to be comparable to the measured
Tj> 100 eV, the resistive decay time of your ring currents could be comparable to
your measured decay times. Do you have any conclusion concerning T e ?
A. MOHRI: We have not succeeded in measuring the electron temperature,
so I cannot quote an exact value. It could be more than 100 eV. If we assume
such a value, the toroidal 0 might be more than 4% and the poloidal j3 25%.
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WITH SUPERCONDUCTING WINDINGS
R. HANCOX, C.R. WALTERS*
United Kingdom Atomic Energy Authority,
Culham Laboratory,
(Euratom/UKAEA Fusion Association),
Culham, Oxon.,
United Kingdom

Abstract
A REVERSED-FIELD-PINCH REACTOR WITH SUPERCONDUCTING WINDINGS.
The use of superconducting windings in a pulsed reversed-field-pinch fusion reactor is
considered. A conductor consisting of many insulated and transposed niobium-titanium
composite strands contained in a steel conduit, force-flow cooled with liquid helium, allows
low-pulsed field losses to be achieved together with continuous electrical insulation. The
power losses at cryogenic temperature are evaluated and the resultant refrigeration power is
shown to be a factor 6 less than the Ohmic dissipation in the equivalent normal windings.
The reactor parameters are optimized for minimum station capital cost, and the recirculating
power fraction is estimated to be 21% (Q ~ 12). Some of the outstanding engineering problems
in such a reactor are highlighted.

1.

INTRODUCTION

The Reversed-Field Pinch i s an axisymmetric t o r o i d a l confinement system
which has the advantage, compared with the tokamak, of a high value of the
r a t i o 6 of plasma pressure t o magnetic p r e s s u r e . To see whether t h i s
advantage would lead to s i g n i f i c a n t b e n e f i t s in a r e a c t o r , a conceptual
design study of a 600-MW(e) Reversed-Field-Pinch reactor [1-5] was undertaken
in 1976/77. Pulsed operation was assumed without r e f u e l l i n g during the burn,
and copper magnetic f i e l d windings were used. The parameters of the r e s u l t i n g
design, which was optimised for minimum s t a t i o n c a p i t a l c o s t , are shown in the
f i r s t column of Table I . A conclusion of the study was t h a t the energy
m u l t i p l i c a t i o n f a c t o r of the whole system, defined as the r a t i o of the useful
thermal power generated to the net e l e c t r i c a l power r e c i r c u l a t e d was low
(Q ^ 6), corresponding to a high r e c i r c u l a t i n g power f r a c t i o n (e ^ 4 2%).
This level of r e c i r c u l a t i n g power, which i s higher a t l e s s than full power
operation, i s unacceptable and s i g n i f i c a n t l y increases the s t a t i o n c a p i t a l
c o s t . Since more than half the r e c i r c u l a t i n g power was due to ohmic
d i s s i p a t i o n in the magnetic f i e l d windings, i t i s of i n t e r e s t to consider
whether the use of superconducting windings might be a f e a s i b l e a l t e r n a t i v e
and, i f so, what improvement would be obtained by t h e i r u s e . .
SRC, Rutherford Laboratory, Chilton, Oxon.
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TABLE I. PARAMETERS FOR REVERSED FIELD PINCH REACTORS WITH NORMAL AND
SUPERCONDUCTING MAGNETIC FIELD WINDINGS

Normal

Superconducting

600

600

Gross thermal power (MW(th))

2500

1900

First wall radius (m)

1.75

1.5

Major radius (m)

16

14.5

Toroidal plasma current (MA)

19

17

Duration of burn (s)

27

25

Duration of full cycle (s)

40

37

Energy multiplication factor, Q

5.9

11.8

Recirculating power fraction, e

42

21

Net output power (MW(e))

FIG.l. Artist's impression of a 600-MWfeJ reversed-field-pinch reactor with superconducting
windings. The structure supporting the windings is not included.
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The revised reactor design has the parameters shown in the second
column of Table I. The first-wall radius and major radius are slightly reduced
compared with the original design, but the thickness of shielding between the
breeding blanket and windings is greater. The reactor structure is illustrated
in Figure 1.
2.

SUPERCONDUCTING WINDINGS

The use of large O 8 GJ) pulsed (T r ^ s e ^ 0 . 5 s) superconducting magnets,
as envisaged in this reactor, is beyond the present state of the art in superconducting magnet design. However, several large steady-state (> 100 MJ)
bubble-chamber magnets are in operation and small prototype pulsed magnets
O 0.1 MJ, T r i s e ^ 0.25 s) for use in accelerators have been built and tested,
and there does not appear to be any reason why suitable windings could not be
developed. The major areas of concern are the pulsed field losses and thermal
stability of the superconductor, together with adequate electrical insulation
in a highly stressed and pulsed structure in which fatigue may occur. A
significant advantage in this application is that protection of the winding in
the event of a transition from the superconducting to the normal state is
provided by the already existing energy transfer system which is capable of
discharging the magnetic energy in less than one second.
To reduce the pulsed field losses in the superconductor and its associated
stabilizing material, the winding is constructed from a transposed cable, each
strand of which is an insulated multi-filamentary composite of superconducting
filaments in a copper matrix. To facilitate production,the strands may
alternatively be sub-cables consisting of copper wires soldered around a
central multi-filamentary composite. At the relatively low fields required
in the Reversed-Field-Pinch reactor the superconductor is assumed to be
niobium-titanium, although the use of A15 compounds such as niobium-tin in
filamentary form is not excluded. The components of the pulsed field losses
are the hysteresis loss in the superconducting filaments, losses due to
coupling between filaments in both the transverse and longitudinal components
of the magnetic field and eddy current losses in the normal matrix and
conductor structure. These may be evaluated on the basis of previously derived
equations [6,7], and acceptable losses obtained by a suitable choice of the
filament and strand diameters and optimisation of the twist pitch of the
filaments to minimise the sum of the coupling losses. A significant reduction
in these losses is obtained by bunching the filaments close to the strand axis.
Table II shows calculated losses in a suitable conductor, which consists of
strands of 1.2 mm diameter containing 1600 superconducting filaments of 10 \im
diameter twisted with a pitch of about 5 mm, and capable of carrying a current
of 125 A in a magnetic field of 4 T.
Practical experience of magnet performance suggests that the complete
conductor should be cryostatically stabilised, and therefore it must be
designed to allow intimate contact between the liquid helium coolant and the
copper matrix. Since a high-current conductor will contain many strands in
a transposed cable, this is most conveniently achieved by means of a conduit
which encloses the strands and through which supercritical helium is pumped[8],
Continuous unperforated insulation is then possible, which is essential
in a pulsed magnet. This arrangement also simplifies epoxy resin impregnation of the winding which is required for mechanical rigidity. Optimisation
of the conductor design [9] involves adjusting all the parameters so that the
maximum possible thermal disturbance can be absorbed. In the present design
this results in ratios of the cross-sectional areas of superconductor to
copper of 0.13 and of helium coolant to total conductor of 0.60, and a helium
velocity of 0.5 m/s. A helium temperature rise of 3.6 K/km, due to pulsed
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PULSED FIELD LOSSES IN THE SUPERCONDUCTING WINDINGS

Toroidal
field coils

Poloidal
field coils
fJ/MA.m)

Hysteresis in superconductor

T
L

66
30

84
36

96

120
Coupling losses

T
L

32
3_2

51
51.

102
Eddy current losses:
in the copper matrix

T
L

64
102
11

212
9

221
in the conduit

in the reinforcing strip

T
L
T
L

TOTAL

17
2

36

_±

113

19

37

32
_0

17
0
32

17

512

309

The losses, averaged over the volume of the windings and for one full cycle, are shown
for the transverse (T) and longitudinal (L) components of the magnetic field.

field and pumping losses, imposes a limit of 500 m on the length of conduit
between the helium inlet and outlet manifolds. The complete conductor, capable
of carrying 30 kA in a magnetic field of 4 T, contains 243 strands in a 1-mm
thick stainless steel conduit which compacts the cabled strands by 15% as it
is drawn over them to an overall size 31 x 31 mm. The current density within
the conduit is then 44 A/mm2.
The general arrangement of the windings is similar to that adopted in
the previous Reversed-Field-Pinch reactor study. The reactor is divided into
segments, whose length is determined by the requirement that the conducting
shell behind the first wall should have a minimum length equal to four times
the plasma radius. To reduce the toroidal field ripple at the plasma surface,
two toroidal field coils are required for each segment. Each toroidal field
coil provides a maximum of 2.8 MA'turns with an inductive voltage of 0.2 kV/
turn. Use of a single 30-kA conductor in 6 double pancakes of 16 turns allows
the helium inlet and outlet manifolds to be sited on the outside of the windings.
The total inductive voltage is 20 kV/coil, with a maximum turn-to-turn voltage
of 3.2 kV. The innermost poloidal field coil carries the highest current,
providing 4.6 MA-turns with an inductive voltage of 2.5 kV/turn, and by using
four 30-kA conductors in parallel the maximum inductive voltage is limited
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CONTRIBUTIONS TO THE RECIRCULATING POWER IN THE REACTOR

Toroidal
field coils

Poloidal
field coils

Losses at 4 K (kVQ

21
1
1
6
12
3
2
_2

26
2
2
5
9
9
8
1

Conductor pulsed field losses
Conduit pulsed field losses
Reinforcing strip pulsed field losses
Helium pumping losses
Current leads
Mechanical supports
Nuclear heating
Thermal radiation
TOTALS

48

62

110

Losses at room temperature (MW)

32
32
47
17
38

Refrigerator power
Energy to establish RFP configuration
Unrecovered thermal and magnetic energy
Switching losses
Auxiliary supplies
TOTAL

166

The losses are integrated over one whole cycle and expressed as an average power.

to 60 kV during normal operation or 85 kV if the circuit is energised in the
absence of a plasma. The heat leak to the toroidal and poloidal windings
through all the current leads is 21 kW.
The magnet windings are made strong enough to support hoop stresses by
the use of the steel conduit and by adding additional steel within the winding.
The toroidal field coils are shaped and prestressed to produce uniform tensile
stress throughout the winding at the maximum operating magnetic field, thus
minimising the additional steel required in the winding and the local stresses
transferred to the central support column. Shear stresses still remain in
the plane of each toroidal field winding due to the reaction between it and
the poloidal field. The forces on the windings are transmitted to a roomtemperature structure by 50-mm-long fibreglass supports in compression, giving
a heat leak of 5 W/MN. The radial force on each toroidal field coil is 10 MN
and the sum of the twisting forces to be withstood is 54 MN, the sum of the
vertical forces on the poloidal field windings is 800 MN, and all these result
in a total heat leak of 12 kW. The rigidity of the resin-bonded windings is
such that the supports may be spaced up to 3 m apart.
The various thermal losses which must be removed from the cryogenic
environment are shown in Table III, based on the final reactor parameters
derived in the next section, and amount to a total of 110 kW for the whole
reactor. The total refrigeration power required at ambient temperature,
assuming 25% of Carnot efficiency, is 32 MW, which is a factor of 6 less than
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0J0
- 400

025

0.201.5
First wall radius(m)

FIG.2.

2.0

Variation of station capital cost C and recirculating power fraction e with first-wall

radius for a fixed net output power of 600 MW(ej, together with the estimated weight W of
the removable part of each of the N segments from which the reactor is constructed.

the ohmic dissipation in the reactor with normal windings. The additional
costs of the superconductor, refrigerators, cryostats and the more complex
conductor are estimated to be less than the cost of copper saved, which is
greater than £100/kW(e), due to the higher current density in the superconducting windings.

3.

REACTOR PARAMETERS

The introduction of superconducting magnetic field windings requires
further changes in the reactor design, of which the most important are the
requirement for additional shielding between the reacting plasma and the
windings and the need for additional energy storage to allow removal of the
magnetic energy in case of a magnet quench, The opportunity has also been
taken of adding detail in some points of the design, resulting in further
minor changes. These changes then require a re-optimisation of the reactor
parameters, leading to a revised estimate of the capital cost and recirculating power fraction.
The shielding thickness specified in the original Reversed Field Pinch
conceptual reactor design with copper windings operating at a temperature
of 100°C was fixed on the basis of resistivity changes in the copper due to
nuclear transmutations and of radiation damage in the inorganic insulation.
With superconducting windings operating at a temperature of 4 K the resistivity
changes in the copper stabilising material will be more pronounced, organic
insulation is used, and the nuclear heat deposited in the windings must be
reduced, so that more shielding is required. Preliminary studies suggest that
a total of 1.0 m of shield will be required; of which the first section is
incorporated within the breeding blanket cells at high temperature, the
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cooled intermediate section is replaceable and the outer section forms the
permanent structure and vacuum vessel of the reactor. The plasma-stabilising
coils are situated in the intermediate shield region. The total thickness of
the first wall, conducting shell, breeding blanket, stabilising coils, coolant
ducts, and shielding is now estimated to be 2.10 m on the inner side of torus
and 2.60 m on the outer side.
The variation of station capital cost for a fixed net output power of
600 MW(e) is shown in Figure 2 as a function of the first-wall radius, and
it is seen to have a very broad minimum.
As in the original study, the final
choice of parameters is affected by the constraint that the weight of the
removable part of each reactor segment should be kept within reasonable limits
to ease remote-handling requirements, but since the thickness of the removable
part of the shield has been increased this requirement is now more severe.
Whilst a range of possible solutions exists, a first-wall radius of 1.5 m
has been chosen as the basis of the revised parameters. This reduction in
first-wall radius is consistent with additional calculations of the time
required to reach ignition by ohmic heating alone in which thermal conduction
losses from the plasma are included in a simple form and which show the
necessity of an increased current density in the plasma.
The most significant improvement in the reactor parameters is the increase
in the energy multiplication factor Q from 5.9 to 11.8, corresponding to a
reduction in the recirculating power fraction to 21%. There is a corresponding
reduction in station capital cost of around £200/kW(e), mainly due to the
reduced gross output power and the reduced mass of the magnetic field windings.
The largest remaining contributions to the recirculating power, as seen in
Table III, are the energy lost when the Reversed-Field-Pinch configuration is
established by self-reversal at the beginning of each cycle and the thermal
and magnetic energy associated with the plasma which cannot be recovered at
the end of each burn. The effects of these losses could only be significantly
reduced by the introduction of plasma refuelling during the burn and quasisteady-state operation. The possibility of achieving this in a Reversed-FieldPinch reactor will depend on whether solutions can be found to the problems of
refuelling without disturbing the magnetic field configuration, exhausting
unburnt fuel and reaction products from the plasma and limiting the influx
of impurities from the walls. These physics questions have not yet been
considered in sufficient detail to provide conceptual solutions which could
form the basis of a further reactor study.

4.

OUTSTANDING PROBLEMS

Taken together this and the previous study indicate the possible form
and parameters of a Reversed-Field-Pinch reactor. They also highlight many
of the uncertainties and problems which must be resolved before substantial
progress can be made towards a more realistic reactor design. With the physics
model adopted in these studies, which requires the establishment of the
Reversed-Field-Pinch configuration by self-reversal and control of the plasma
temperature at a low level without plasma expansion during the burn, the main
physics uncertainties are the possibilities of operating at sufficiently high
plasma current densities to obtain ignition by ohmic heating without adversely
affecting the particle confinement, of controlling the plasma temperature, and
of stabilising the plasma with only a thin conducting shell and external
stabilising coils. These questions were considered previously [2,3] and have
not changed in the present study. There are equally severe engineering problems
three of which are outlined below.
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The requirement for constant plasma temperature during the burn results
in 20% of the energy released in the reactor being deposited directly upon
the first wall. The integrity of this wall under cyclic thermal stresses
sets a limit on the mean wall loading at which the reactor can operate and
hence on the overall power density and capital cost. The use of a membrane
wall constructed from a niobium-zirconium alloy tubing is believed to allow
the highest power loading, and a mean neutron wall loading of 1.5 MW/m2 was
chosen for the present design to give sufficient margin between the induced
thermal stresses and the yield stress of un-irradiated material and allow for
the effects of non-uniformity, welding and radiation damage. The use of
stainless steels or titanium alloys under these conditions appears to be out
of the question. In the present concept it is also necessary to re-weld each
section of the first wall in situ after a maintenance operation, and, whilst
a means of achieving this without affecting the heat removal capability of
the wall at the location of the weld has been devised.it is a complex
operation which is made more difficult by the limited access through the
vacuum ports.
Behind the first wall, the copper or aluminium stabilising shell must be
as close to the plasma as possible and is therefore in front of the breeding
blanket. Up to 25% of the power released in the reactor is deposited in this
shell which must be maintained at a temperature below 200 to 300 C. Since the
breeding blanket operates at temperature of 550°C for high thermal efficiency,
there are four concentric regions of very different temperature - the first
wall, shell, blanket and shield - requiring thermal insulation between each.
Coolant pipes must also pass from each of the inner three regions through those
behind, and be thermally insulated from them. Finally, the whole structure
must be sub-divided electrically into regions, with dimensions typically 0.5m,
to reduce eddy current losses due to the pulsed magnetic fields. The engineering
development of such a structure capable of reliably withstanding pulsed thermal
and magnetic loads in a radiation enivironment will require considerable
ingenuity.
Finally, the design of the magnet support structure has not yet been
considered. This structure, which must withstand the centering and twisting
forces on the toroidal field magnets and the vertical forces on the poloidal
field windings, will be at ambient temperature and must support the windings
through distributed cryogenic supports. The structure must also be strong
enough to withstand the forces which will be generated by any fault condition.
On the other hand, the structure must allow reasonable access to all parts of
the reactor for coolant pipes and diagnostics and must be removable between
the toroidal field windings which will be moved for reactor maintenance.
Compared with the reactor with normal windings, this structure is more complex
because of the need to transmit forces from 4 K to ambient temperature through
supports which allow for significant differential contraction when the winding
is cooled to its operating temperature.
5.

CONCLUSIONS

The use of superconducting windings for a Reversed-FieId-Pinch reactor
appears feasible, and a specific conductor design has been proposed. The
pulsed field loss in the conductor can be reduced to a level where it is
comparable to the sum of the other heat leaks into the cryogenic environment
of the windings. The thermal leak into the windings through mechanical
supports appears acceptable, although no detailed design of the support
structure has been undertaken. The total refrigeration power required is
estimated to be 32 MW, which is a factor 6 less than the joule losses in the
equivalent normal coils used in the previous Reversed-Field-Pinch reactor

IAEA-CN-37/I-1

331

study. As a result the recirculating power fraction is reduced to 21%,
corresponding to an energy multiplication factor Q ^ 12. A more accurate
evaluation of these numbers requires better physics information from future
experiments. Several severe engineering problems remain, including thermal
fatigue in the first wall, the complex shell and blanket structure and the
need for a demountable magnet support structure.
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DISCUSSION
K.H. SCHMITTER: What would be the critical energy multiplication
factor required to obtain zero net output?
R. HANCOX: As we have indicated in the introduction to our paper, the
energy multiplication factor Q falls as the net output power is reduced. With
the assumptions used in this study, Q = 2.5 gives zero net power with 100 MW(e)
gross output from the generators.
K.H. SCHMITTER: Do the losses quoted for the pulsed superconducting
coil system include transfer and storage losses (transfer into and storage in the
energy storage device)?
R. HANCOX: During the off-period between burns the energy is stored in
the superconducting windings of the reactor. The storage losses are therefore
small, but are included in the evaluation. The losses during energy transfer are
included in the switching loss.
A. PANT: What kind of storage/transfer system do you envisage, and what
instantaneous power levels do you anticipate?
R. HANCOX: The energy transfer system, using a homopolar generator, is
similar to that used in the original design and described by S. Bobbio and
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co-workers — see our Ref.[5]. The energy in the poloidal field windings is 8 MJ,
and is transferred in 0.5 s.
A. PANT: An energy transfer of 8 MJ of magnetic energy in 0.5 s would
imply an instantaneous power level of 16 GW which has to be handled by the
transfer/commutator system. This value is considerably larger than the reactor
output of 600 MW(e), so that a transfer system more complicated than the output
system would be required - a common feature of pulsed reactors.
R. HANCOX: The energy transfer problem in such systems is well recognized.
It is greater in the superconducting reversed-field pinch reactor because of the
increased thickness of shielding and because provision must be made for removing
all the energy in the windings in the event of a magnet quench.
R.P. ROSE: What helium refrigerant conditions did you assume for the
superconductors — supercritical He or two-phase flow?
R. HANCOX: Supercritical helium cooling of the superconducting magnets
was assumed.
A. GIBSON: What are the requirements imposed on the conducting shell
in this type of reactor; for instance what size of penetration is possible? What is
the design solution adopted for the shell in your concept?
R. HANCOX: The requirements imposed on the shell have been discussed
in detail by J.D. Lawson (see our Ref.[2]). In the present reactor design it is only
possible to include 25 mm of copper or 50 mm of aluminium, giving a time
constant of 0.9 s which is equal to the current rise-time, and even so tritium
breeding and useful heat recovery in the blanket are affected. The effectiveness
of such a shell, its minimum length, and the acceptability of penetrations are all
questions which must be resolved in future experiments.
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Abstract
SYSTEMS STUDIES AND CONCEPTUAL REACTOR DESIGNS OF ALTERNATIVE
FUSION CONCEPTS AT LASL.
Results are presented from systems studies of four promising alternative (non-tokamak)
fusion reactor concepts: the reversed-field pinch, the linear theta pinch, the fast-liner reactor,
and the toroidal bi-cusp (Tormac). An emphasis is placed on physics and energy-balance
constraints, and crucial technologies and economic implications are quantitatively addressed.

1. Introduction
Although the strength of the world-wide fusion effort rests with the
rapid and successful advances in Tokamak physics, reactor studies have
illuminated crucial problems associated with large size, low power density, magnetics and beam technologies, materials limitations and remote
maintenance, and the attendant uncertainties of economics and reliability. These results, therefore, have prompted a careful re-examination
of the physics requirements and general approach taken by Tokamak reactor
designers [1 ], as well as prudently generating an examination of less
understood, alternative confinement approaches [2-4].
Depending upon the confinement scheme considered, systems studies of
alternative concepts range from simple physics analyses, based on Lawsonlike criteria, to detailed multi-man-year conceptual designs. With few
exceptions most reactor studies of alternative concepts fall into the less
formalized part of this spectrum. As part of an effort to place certain
alternative concepts onto a common physics, technology and costing basis,
the Los Alamos Scientific Laboratory (LASL) has been designated as a
center for alternative concepts systems studies. Reactor concepts that
have been recently examined at LASL are: the Reversed-Field Pinch Reactor
(RFPR), the Linear Theta-Pinch Reactor (LTPR), the Fast-Liner Reactor
(FLR), and the toroidal bicusp (Tormac). Interim but self-consistent
* Work performed under the auspices of the US Department of Energy.
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TABLE I. RFPR-II INTERIM DESIGN
SUMMARY: AIR-CORE POLOIDAL TRANSFORMER, SUPERCONDUCTING COILS
Value
Definition
1.5
First-wall radius (nf)
12.8
Major radius (in)
20.0
Plasma current (MA)
5.4
Current density (MA/m )
0.48
Fuel burnup fraction,^
40.6
Lawson parameter (10 s/m )
.33
Toroidal coil energy (GJ))
15
Poloidal coil energy (GJ)
,3
Burn time (s)
,3
Cycle time (s)
„
14.1-MeV neutron current (MW/nr) 2.46
6.5
Engineering Q-value
0.34
Net efficiency
2950
Thermal power.(MWt)
,
0.90
Power density^ J (MWt/mJ)
1180
Gross electric power (MWe)
1000
Net electric power (MWe)
(a) Based on volume enclosed by and
including superconducting coils.

TABLE II. LTPR INTERIM DESIGN
NUMMARY •
RFFWTPflNT
I If! V '
SUMMARY:
REENTRANT PMnPI
ENDPLUG
a

Value
Definition
First-wall radius (m)
0.5
Length (m)
150.
REP radius (m)
5.0
Implosion field (kV/mm)
0.1
Compression field (T)
8.0
Fuel burnup fraction,,. ,
0.06
Lawson parameter (10 s/nr) 27.0
Compression time (ms)
30.
Burn time (ms)
300.
Cycle
^/jrv*
i^; time
i* init (s)
\g/
~
) <1. 3
14.1-MeV neutron current(MW/nf) 2.0
Engineering Q-value
4.7
0.32
Net efficiency
2652.
Thermal power/(MWt) 3
'(MW/m )
0.1
Power density^ '(MW/
Gross electric power (MWe) 1060.
Net electric power (MWe)
835.
(a) Based on 10 times cross field
thermal conduction in REP
regions.
(b) Based on volume enclosed by and
including compression coils.

TABLE III. INTERIM FLR OPERATING POINT:
LOW YIELD CASE
Definition
Initial liner radius (m)
Initial liner thickness (mm)
Liner length (m)
Initial azimuthal field (T)
Initial liner energy (GJ)
Liner Q-value
Pure fusion yield (GJ)
Enhanced fusion yield (GJ)
Engineering Q-value
Cycle time (s)
Net efficiency
Total thermal/power
(MWt)
Power density ia; (MWt/nr)
Gross electric power (MWe)
Net electric power (MWe)

Value
0.2
3.0
0.2
13.0
0.34
10.7
3.56
3.92
3.94
10.0
0.30
430.
5.8
172.
129.

(a) The system power density is based on the total
volume enclosed by a 2.6-m radius containment
vessel of 0.3-m wall thickness.
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reactor designs for each of these alternative concepts are presented, and
the assumptions and weaknesses associated with the physics basis for each
are quantified.
The assessment of alternative fusion concepts is a continuing process;
although the four concepts summarized herein offer certain advantages, it
should not be inferred that these concepts are necessarily more desirable
than the (evolving) Tokamak or the other ~ 20 alternative approaches that
have been proposed. Clearly, many of the alternative approaches to magnetic fusion are related. Thirteen of these concepts have been evaluated
under the uniform procedures described in Ref. [3], and the depth to which
each has been examined theoretically, experimentally, and in a systems
study context varies widely. The four concepts reported herein, therefore, represent only a beginning of a uniform and comprehensive sorting
process, which ultimately must be reinforced by a more supportive but
selective experimental program.
2. The Reversed-Field Pinch Reactor (RFPR)
A series of iterative, comprehensive reactor embodiments for the RFP
have recently been generated [5-8]. The RFP is a high-beta (B0=-O.4-O.5)
toroidal device of arbitrary aspect ratio with a plasma current density
j
that is sufficient to achieve ignition by ohmic heating alone;
confinement is provided primarily by the poloidal field B Q with the
concomitant economy of magnetic field and ease of magnet design. A
conducting shell or external conductors would eliminate MHD modes with
wavelengths in excess of the minor radius r . Unlike q-stabilized
systems (q = 2B /u j R>1), in which
unstable MHD modes require
wavelengths in excess of the major circumference, considerably higher
current densities are possible with the shear-stabilized (for local
modes), q<l RFPR. A 1-2 T toroidal bias field B is trapped in the
plasma, which during the toroidal current rise is reversed outside the
plasma to give the high shear needed to satisfy the Mercier criterion [9].
Potential problems include startup, which may necessitate the plasma
passing through unstable MHD states (like Tokamaks). A conducting shell
adjacent to the first wall must have an electrical skin depth equivalent
to the ~0.1-s startup time. The startup time is taken as ~10fc of the
energy containment time (~1 s for a reactor), which is consistent with
diffusion scaling [10]. External conductors subsequently maintain stability during the burn phase; for long feedback times (0.1 s) and a tractable
number of modes to be stabilized, this approach appears technically
feasible [11].
The dynamic burn model, plasma and engineering energy balances, and
stability/equilibrium criteria upon which the RFPR design is based have
been described [5-7]. Both technological and economic considerations [6]
point to a long-pulsed (0.1-s rise-time, 20-30 s burn period) batch-burn
operation using an air-core, superconducting system. Earlier RFPR designs
were based upon programmed quench or fuel burn-out as a means of beta
control. The long-pulse operation more recently adopted [6,7] invokes an
anomalous radial energy loss equivalent to ~200 Bohm diffusion times, and
burnups of ~ 5 0 % are'achieved in ~20 s. A typical burn trajectory (time
dependence of F = B (r )/<B > and 0 = B0(r )/<B >) is in accordance with
predictions for a high-beta, minimum-energy configuration [12]. Table I
summarizes key design parameters [6].
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The MHD stability during the extended burn times required for a
significant energy gain presents a major uncertainty for the projection of
any magnetic confinement scheme into the reactor regime. Alfven propagation speeds of ~ 1 0 ^ m/s for reactor parameters imply that the plasma
will rapidly seek out a minimum energy state. As for the Tokamak, the
existence of minimum energy states lends considerable credibility to the
RFP approach. The degree to which the burn trajectory must follow the
predictions of minimum-energy calculations is presently unknown. Until
experiments prove otherwise, reactor-scale times which encompass
10 - 10 MHD growth times probably will require operation close to a
minimum energy state, despite the fact that detailed stability computations show stability exists far from a minimum-energy state [10].
3. Linear Theta-Pinch Reactor (LTPR)
The problems and promise of Linear Magnetic Fusion (LMF) have recently
been reviewed [13]. Although excessive plasma lengths are required to
sustain the plasma against free-streaming endloss, the attractions of LMF
remain: proven heating methods, neutrally stable plasma equilibrium, high
plasma density, accessible and convenient geometry, high engineering power
density. Conceptual LMF reactor designs reflect a rich array of potential
heating and axial confinement options [13], and the results of the LTPR
studies summarized herein represent only one example of LMF possibilities.
Were it not for the plasma end loss, the heating and (radial) confinement principles for the LTPR would be identical to those envisaged for the
toroidal Reference Theta Pinch Reactor D 4 ] . A pre-ionized D-T gas is
heated by a fast (~ 1-us) implosion to ~ 1 keV; the preheated plasma is
subsequently compressed adiabatically to ignition, and a burn cycle occurs
along a plasma-radius/temperature trajectory determined by the dynamics of
an energetic, high-beta plasma. The LTPR study invokes the re-entrant
endplug (REP), wherein the endloss particles and energy are directed by a
small radius-of-curvature conduit to a second, parallel plasma column.
The plasma within the REP region may not necessarily be in "toroidal"
equilibrium and will be subject to anomalous cross-field transport losses
(assumed here to be ten times classical values).
Typical LTPR reactor parameters, determined by the time-dependent
axial burn code 1DRBURN, are depicted in Table II. Both the implosion
and adiabatic compression coils are located outside the 0.5-m radius first
wall and 0.4-m thick blanket, operate near 300 K, and require 0.9 GJ and
44 GJ of pulsed energy, respectively; reversible recovery of the adiabatic
compression energy at 95£ efficiency is specified. The 300-ms burn
relieves considerably the problems associated with pulsed thermal loading
of the first wall, energy-transfer/storage and magnet stress [14]. The
present uncertainties of the REP approach, the close coupling of the
implosion preheating to the reactor core (high-voltage insulated blanket)
and the need for an efficient energy - transfer/storage system present
crucial issues for the LTPR.
4. Fast-Liner Reactor (FLR)
The use of magnetically-driven metallic liners for the adiabatic
compression of D-T plasmas to thermonuclear conditions has been studied by
a number of investigators [15-19]. The LASL approach follows that of the
Kurchatov group [16] and emphasizes fast (10 -10 m/s) destructive
implosions of thin metallic shells.
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The FLR concept [19] combines the favorable characteristics
of
inertia! confinement and heating with the more efficient energy transfer
associated with magnetic, approaches. A small cylindrical liner is
imploded radially to ~ 1 0 m/s by self-magnetic fields resulting from
large axial currents driven through the liner. The liner implodes onto a
~ 0.5 keV, ~IO m" J D-T plasma that is initially formed
in or
injected into the liner. As the liner implodes in 20-40 us, adiabatic
compression raises the plasma to thermonuclear temperatures, and a
vigorous burn ensues for 2-3 us. During the implosion the plasma pressure
is confined inertially by the metal liner and endplug walls. An imbedded
azimuthal magnetic field provides magnetic insulation against radial and
axial thermal conduction. FLR studies have focused primarily on the
development of realistic plasma/liner models and the burn optimization
based thereon [19]. On the basis of physics design curves derived from
these optimizations, the interim FLR operating point summarized on Table
III has evolved.
The major engineering and technology problems in order of perceived
importance are: a) plasma preparation, b) the economics of destroyed
leads and liner, c) containment, d) the switching and transfer of energy
(0.5 GJ, 20-30 ys), and e) frequent (10-20 s) liner and leads replacement. Each of these issues is briefly addressed. Four possible plasma
preparation schemes are considered: co-axial (Marshall) gun injection,
shock-tube injection, exploding D-T threads, and in-situ plasma formation
by electron or laser beams. The destroyed leads structure would represent
the major but tenable (less than 3O3S of electricity cost) recycle cost.
An interleaved leads structure has been optimized on the basis of
realistic recycle cost for the conductor and for insulator refabrication.
Detailed structural analyses of the blast vessel and blast mitigation by
intervening coolant spray have been made with some basis in experimental
fact, these studies indicating that nearly spherical vessels of 2.5-3.0 m
radius and 0.2-0.5 m wall thickness would perform adequately under a 10-y
fatigue constraint. The rapid energy transfer suggests the use of slow
(~ 0.1 s) homopolar motor/generators switched into a storage inductor; the
storage inductor would be rapidly switched through a transfer capacitor
into the time-varying liner inductance. Reversible recovery of this
energy is not required.
Depending upon the degree to which these uncertainties can be
resolved, the FLR promises a number of significant merits: aside from the
difficult pulsed ETS requirements, the FLR conceptually is a simple device
that promises relatively small and economical fusion power. The physics
of confinement and heating is a unique hybrid of inertial and magnetic
approaches to fusion, which ideally would demonstrate the positive aspects
of both. Lastly, if the fast-liner approach can be made to work, breakeven and reactor-like conditions would be demonstrated in small and
economical sizes at a relatively early date.
5. Toroidal Bicusp Reactor (Tormac)
Like the Tokamak and the RFP, the Tormac [20,21] is a toroidal device
that confines plasma on combined poloidal and toroidal magnetic fields.
By opening the outer poloidal field regions, however, the Tormac creates
an absolute minimum-B configuration that is MHD- stable for large aspect
ratio and plasma beta. The resulting toroidal line cusps support plasma
on both closed field lines (high-beta bulk plasma) and open field lines,
the latter being enhanced by mirroring effects in the sheath region [20].
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FIG.l. Dependence of Tormac engineering Q-value QE and net power PB(MWe) on ion
temperature T(keV), product of plasma radiusrp(m) and cusp field B(Tj, and 14.1-MeV
neutron wall loading I^lMW/m2) for the a-particle trapping efficiency fa, injection efficiency
T)INj, thermal conversion efficiency T) TH , total beta ft electron-to-ion temperature ratio X,
and sheath thickness in ion gyroradii fs shown.
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The bulk toroidal plasma would be surrounded completely by a sheath of
mirror-confined plasma, and the composite particle/energy loss time T .
should equal that of an ion-ion collision time x-. increased by the
number of sheath inventories contained in the bulk plasma; this factor is
~ rp/A , where r p is the plasma minor radius and A is the sheath
thickness; A should be no greater than a few ion gyrofadii p.. Given
that T ^ ^ T?.(rp./p.), relatively small, high-beta, and
possibly
steady-state reactor embodiments can be projected [22,23],
Under the assumption of a steady-state that is sustained by beam
injection with efficiency n,,..,, design curves of the kind illustrated in
Fig. 1 have been generated as a function of the indicated variables £23].
For instance, if Q F = 4 is selected for T = 65 keV, then rp I =
4 MW-m and rp.B = 3.1 T-m.
Furthermore, if
I = 4 MW/m , tRen
rp = 1.0 m, B = 3.1 T, and the net power PE(MWe) equals 130A, where
A = R/r p is the plasma aspect ratio. Hence, for A=M, net powers of
520 MWe systems are predicted. Lower recirculatiqg power fractions 1/QE
can be achieved by moving along the iso-rj:I
curves to higher
temperatures and r B values; more efficient, low-power systems result by
allowing increasedpwall loading I or increased fields B.
w
Generally, moderate decreases in 3 can be compensated by modest
increases in B, which for the sample case is already
quite small.
Increases in sheath thickness, as reflected by f = As/P,-> degrade
the Tormac reactor performance (QE, P E ) , as do decreases in f a .
Arguments can be made [22], however, that T . can be enhanced by a factor
(n/n ) , where n is the bulk plasma density, and n is the sheath
density. Better theoretical sheath models that are substantiated by
experimental evidence are required before this issue can be resolved. A
clearer understanding of the mirror-confined sheath physics as well as the
startup, achievement, and maintenance of the Tormac field/plasma configuration represent topics of future reactor study. On the basis of the
assumed parameters and present knowledge, however, the "field" of point
designs represented on Fig. 1 appear promising from the viewpoint of high
Q E , low to modest P E and steady-state operation for reactors of small
pnysical size (r ,RJ, low fields and acceptable wall loading.
6. Summary Conclusions
Reactor projections of four confinement alternatives have been
discussed. Although considerably different in themselves, these concepts
share two common features: a) relative compactness and high beta, and b)
a weak experimental basis relative to the Tokamak. These four concepts
represent the full range from fast pulsed (FLR), to pulsed (LTPR), to long
pulsed (RFPR), to nearly steady state (Tormac). Unresolved questions of
stability can be identified for each: shear stabilization for the RFPR;
equilibrium/stability in the curved re-entrant endplug for the LTPR;
microturbulence and enhanced transport for the FLR; and the attainment of
a stable absolute minimum-B confinement vis a vis the sheath for Tormac.
The technology requirements for both the RFPR and the Tormac appear
considerably easier than anything proposed to date for the Tokamak; the
technological difficulties associated with the pulsed FLR and LTPR
approaches must ultimately be weighed against the economic advantages of
high power density and simple geometry. Variations on each concept, such
as a driven steady-state solenoid for the LTPR or a fueled steady-state
mode for the RFPR, should not be ruled out. Lastly, significant changes
in the Tokamak reactor embodiment that embrace characteristics of the
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alternative concepts should not be ignored, given the achieved and
projected experimental/theoretical effort and successes for the Tokamak.
A major goal for systems studies, in general, and studies of alternative
concepts, in particular, is to induce this kind of iterative and
evolutionary change in all conceptual fusion power systems.
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DISCUSSION
R.W. CONN: One of the claims made on behalf of these designs is that they
have significant advantages for reactor purposes. Yet the RFPR has a conducting
shell near the plasma, or large stabilizing windings; the fast liner has problems of
linear injection, connecting leads etc. every ten seconds, and so on. Thus the
significant advantages relative to tokamaks are not all that obvious. Could you
say where exactly you believe they lie?
R.A. KRAKOWSKI: Advantages common to the four concepts we have
considered are very high )3 and relative compactness. Associated with these
characteristics is the potential for higher engineering power density and the
promise of lower power costs. Another related advantage that all four concepts
are thought likely to have - a significant advantage, but one which it is difficult
to quantify - is connected with the small, open and modular characteristics
of key reactor components. First-wall and blanket replacement times of a few
days can be considered, rather than the hundreds of days anticipated for the
relatively massive monoliths that tokamaks seem likely to become (see paper 1-4,
for example). Three of the four concepts rely on 'conventional' heating techniques (Ohmic heating or adiabatic compression) rather than requiring exotic
neutral-beam or RF heating schemes. In addition, none of the four concepts
requires yet-to-be-proven divertors or gas-puffing systems for impurity control,
whereas divertors represent a serious problem of technology where tokamaks
are concerned.
On the other hand, as we have said, those advantages — which boil down
essentially to simplicity of reactor operation — may be offset to some extent
by the necessity of developing new and perhaps difficult technologies. The
problems raised in your question have in fact been anticipated in our paper, but
they should not be considered as being all in the same class: for instance, the
need to have a conducting first-wall shell in RFPR is not thought to be as serious
a matter as the economics problem associated with the FLR liner/leads.
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The general question of power density need not exercise us so much, but
engineering power density at an acceptable wall loading represents an important
economic indicator; this is shown, among other things, by the attempts in recent
tokamak designs to improve the engineering power density. Any fusion scheme
which promises high power density, while at the same time using proven heating
methods in relatively open and accessible geometries with a modest investment
of energy, certainly holds out significant advantages for reactors. The purpose of
this work was to determine whether the advantages we thought we saw could
survive a quantitative systems study. As you have seen, in some instances the
advantages withstood the test and appeared to be real while in other instances
new problems were identified which may prove to be quite serious.
H.H. FLEISCHMANN: What penalties in the form of higher wall loadings
do you expect to have to pay in order to obtain the higher power densities quoted
for some of these concepts?
R.A. KRAKOWSKI: The relationship between engineering power density,
PTH(MW • m~2), and first-wall loading, IW(MW • m' 2 ) depends on the specific
system and is not necessarily one-to-one. Engineering power density is defined
here as the total thermal power divided by the total volume enclosed by the
major reactor core structure, including coils. For instance, a system with a wall
radius b(m) and a blanket and coil thickness Ab(m) has a ratio of engineering
power density to wall loading given approximately by PTH/*W = 2Mb/(b + Ab) 2 ,
where M = 1.2 -*• 1.4 is the 14.1-MeV neutron energy multiplication. The
dependence of PTH/*W o n b shows a maximum at b = Ab, where (PmlK^max =
M/b = M/Ab; hence, systems with smaller b or Ab would operate at higher
power densities for the same wall loading. Systems that require superconducting
coils, and hence Ab values that are 2 — 3 times greater than required solely by
energy recovery constraints, must operate at lower P T H for a given I w . The cost
impact of increased wall loading to achieve higher power density, or the lower
power losses associated with the use of superconducting coils (and thicker
blankets), must be weighed against the cost impact of increased or decreased
thermal power density. This issue is further complicated in the case of the
FLR concept, where, to first order, I w and P T H are decoupled and power densities
in excess of 5 - 10 MW • m' 3 can be achieved within the containment vessel.
Problems such as thermal cyclic fatigue in the LTPR or blast confinement in the
FLR present constraints not incorporated into the model described above —
constraints which in some circumstances dominate the simple geometric
arguments. This is seen, for instance, in the LTPR and RFPR designs, which both
have b ~ Ab, different values of b, the same wall loading (~ 2 MW • m"2) and the
same power density (~ 1 MW • m"3).
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Abstract
THE ELMO BUMPY TORUS (EBT) REACTOR.
The EBT concept provides a uniquely simple basis for a steady-state modular fusion
reactor. Inclusion of recent advances from plasma research has led to a new, smaller design.
Critical physics issues are discussed and dimensionless parameter scalings are explored.

1.

INTRODUCTION/SUMMARY

The experimental results from the EBT [1] have motivated a consideration of
the EBT concept as the basis for a potential reactor [2]. The EBT combines many
of the most attractive features of both tokamaks and mirrors into an attractive
reactor configuration: steady-state operation, potential for high beta, large
aspect ratio, modular construction, favorable geometry for ease of maintenance,
modest technology requirements, high Q value, and economic potential.
Since the first round of EBT Reactor (EBTR) designs [2] there has been
considerable progress in design improvement. Recent designs which incorporate
the increased understanding from plasma reserach lead to smaller reactors with
easier and practical maintenance [3].
EBT is a large aspect ratio device. In our earlier reactor designs [2] the
large aspect ratio (with a large toroidal major radius as well) led to plants
with comparatively large total energy output, usually in the range of2 1000 to
2000 MW of electrical power for a conventional wall loading of 1 MW/m , On the

* Research sponsored by the Office of Fusion Energy (ETM), US Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
t Exxon Nuclear Co., Inc., Bellevue, Washington, USA.

343

344

UCKAN et al.
TABLE I.

CHARACTERISTIC EBT REACTOR PARAMETERS

Plasma radius (m)
Mirror ratio
Magnetic field (midplane/mirror) (T)
Aspect ratio
Number of sectors
Number of ARE coils
n, aspect ratio enhancement
Particle density (m~ )
Ion/electron temperature (keV)
Toroidal plasma beta (%)
F, anomalous enhancement factor
p

Neutron wall loading (average) (MW/m )
Total fusion power [MW(e)]
Cold zone (m)
Blanket thickness (m)
Shield thickness (m)
Coil inner radius (TF coil) (m)
Coil inner radius (ARE coil) (m)
Neutral beam energy (keV)
Neutral beam power (MW)
Microwave frequency (GHz)
Toroidal plasma
Hot electron annuli
Microwave power (MW)
Toroidal plasma
Hot electron annuli
a

Previous Designs
1.0
1.8
2.5/4.5
30-60
24-48
none
0
1.2 x 1 0 2 0
15
^25
1-100
1-1.5
1000-2000
0.2
0.6
0.55
3.0
100-150cl
50-200c

New Design
1.0
2
2.5/5
20-30
16-24
2/sector
^2
>1.4 x io 2 0
15
20-35
1-50
1-3
500-1500
0.2
0.6
0.55
3.0
4.2
100-150c
30-100c

^120
^70-90

^120
^60-80

50-200c
5-10

30-100c
3-6

See text for definition.
See text for definition.
C
A toroidal plasma will be heated to ignition conditions using either microwaves
or neutral beam injection. Power required for ignition and beam energy depends
on the startup scenarios.
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other hand, the large aspect ratio provides very simple engineering and design
requirements because of good access and small force loading asymmetries. However, by using relatively low current field shaping coils in a smaller device,
an increase in the effective aspect ratio appears possible through symmetrizing
effects. These coils are called aspect ratio enhancement (ARE) coils and provide the same improvement of the confinement that occurs when the major radius
is increased [4]. An enhancement factor of two to three seems achievable. The
first test of these coils will be made on the EBT-SA experiment [1,5].
The following set of design constraints is specified in order to select a
reference design: from the utilities point of view, power output2 is limited to
500-2000 MW(e); neutron wall loading is in the range of 1-3 MW/m from wall
lifetime considerations; the mirror ratio required for annulus formation is
typically ^2:1 [5]; the limiting toroidal plasma beta (gj) is in the range of
20-40% [6]; the required aspect ratio for plasma confinement is greater than
10; an aspect ratio enhancement factor from ARE coils is in the range of 1-3
[4]; and the device should be capable of ignition and should use, if possible,
^150-keV Tokamak Fusion Test Reactor (TFTR] neutral beams or ^120-GHz EBT-II
microwave sources for toroidal plasma heating and ^60- to 70-GHz EBT-II microwave sources for sustaining the annuli. On the basis of trade-off studies
among the plasma physics requirements and uncertainties, engineering design,
and technological capabilities, a self-consistent set of plasma parameters and
a range of machine characteristics are obtained, as given in Table I. In view
of the uncertainties involved, plausible estimates have been made to retain
flexibility so the system can accommodate changes as the physics and technology
evolve with time. The essential features of the EBTR are described below;
however, greater emphasis has been given to the plasma physics issues.
2.

PHYSICS BASIS

The EBT is a toroidal, non-axisymmetric magnetic configuration which confines a non-current-carrying toroidal core plasma by a number of toroidally
linked mirrors. The configuration is stabilized by using the "minimum-B"
properties of annular high-beta, hot electron plasmas formed by microwave heating in the midplane of each mirror section. Both theoretical studies [6] and
experiments [1,5] on the EBT device have demonstrated the existence of a.
macroscopically stable plasma confinement regime.
The plasma physics areas which determine the EBTR operating characteristics are: (1) particle orbits and magnetic equilibrium, (2) plasma
stability (macro- and micro-), (3) transport scaling, and (4) heating.
Although considerable uncertainty remains about the behavior of the plasma
under conditions necessary for a reactor, an analysis of the dimensionless
parameters scaling indicates that the extrapolation of the present experimental
results [1] becomes encouragingly feasible.
2.1

Equilibrium and Particle Orbits

The blanket and shield which surround the plasma chamber in a reactor
make efficient use of the magnetic fields more difficult than in the present
experimental device. Special attention has been placed on the equilibrium
requirements and the efficient use of the volume within the vacuum chamber of
the reactor. Two- and three-dimensional, self-consistent, finite beta equilibrium calculations are used to examine particle orbits and stability. Finite
beta and ambipolar electric fields make significant changes in the particle
orbits. Also, the toroidal curvature of the magnetic field results in an
inward shift of drift orbits. This shift is largest for high energy particles
with v,i/v ^ 1.
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Two methods have been used to improve the particle confinement. In the
earlier studies, a displaced aperture inner wall design provided th.e required
improvement via recentering the drift orbits and increasing the useful bore of
the torus [2]. In the latest designs, supplementary coil configuration has
been used to reduce dispersion in the drift orbits just as would increased
aspect ratio. These coils, called aspect ratio enhancement (ARE) coils, hold
the promise of increased plasma performance in a smaller EBT reactor with an
acceptable power level at relatively low cost.
2.2

Stability

The viability of EBT as a reactor requires the stable confinement of a
toroidal plasma with a density of M O 2 0 m~ 3 and a temperature on the order of
10-15 keV. A hot electron population (annuli) with T e ? 10Q keV is crucial to
the stability. The annulus density, however, is only about 10 1 8 nT 3 , a small
fraction of the total electron density. In the EBT the stable behavior of the
plasma relies on the presence of both hot (annuli) and warm (toroidal) species.
In the experiment, this is shown by the transition from stable to unstable
behavior when the hot electron density becomes either top large or too small
[1].
In an EBT reactor, it is desirable that the toroidal plasma beta be at
least 10-20%. Plasma instabilities are one of the physical processes which can
limit beta, and among these the MUD instabilities could be especially dangerous
because they can carry the plasma rapidly to the wall. The stability and beta
limitations of the toroidal plasma have been studied by using a modified energy
principle [6]. In this model the hot electron ring is treated as an external
rigid current which contributes to the static force balance but is unaffected
by the perturbed plasma or fields. It is shown [6] that the toroidal core
plasma can be macroscopically (MHD) stable, provided the hot electron rings
(annuli) have sufficient pressure to produce a minimum in the magnetic field,
Once a magnetic well has been established by the annuli (at threshold value of
annuli beta, gc * 5-15%), the beta limit of the toroidal plasma (gj) can be
comparable to the beta of the annuli (g/\ < 50%). With By <; g/\, the plasma Is
stable to all modes encompassed by guiding center or ideal MHD theories. The
shape of the hot electron annulus affects gc, but calculated values lie in the
range of 5-15% for a broad class of an assumed annulus configuration. Figure
1 shows the results for two different configurations. The modes which limit
toroidal beta are pressure-driven ballooning interchanges. Since the results
shown in Fig. 1 are extremely encouraging for an EBT reactor, no further
attempt has yet been made to optimize the annulus configuration.
Experimental confirmation of these optimistic, toroidal beta predictions
is not possible in the present device [1] because gy is limited by heating
and
transport considerations to ^0.5%. However, the threshold value of g^ at
T-8-10% does agree with an abrupt change in experimental operating conditions:
transition from the noisy-mode to the quiet-mode of operation [1J.
The stability of hot electron rings requires a Vlasov treatment because
the characteristic drift frequencies can be comparable to or greater than the
ion cyclotron frequency. Analysis of the Vlasoy-Maxwell equations shows that
the hot electron drift waves are stabilized by interference between the
responses of fast drifting electrons and the slowly drifting ions [7]. Recent
calculations [8] treat the stabilization of modes characteristic of the hot
electrons by interaction with cold electrons or ions and indicate that the
rings are stable if the ratio of the cold to hot electron density is
sufficiently high (e.g., ^10).
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toroidal beta for MHD stability.

A similar Vlasov model [9], considering low frequency localized MHD modes
characteristics of the warm species, has been used to explore the validity of
the rigid annulus MHD model discussed earlier. It was shown that future experiments will be in the rigid annulus regime where the results of the ViasovMaxwell equations will reduce to those of MHD.
While more work clearly needs to be done, some conclusions can be drawn
from the results to date: there is a symbiotic relationship between the
toroidal core plasma and the hot electron rings; and the toroidal core plasma
provides the cooler electrons to stabilize the rings, while the hot electron
rings provide the minimum-B necessary to stabilize the toroidal core plasma.
Stable operation of a reactor will require that the hot electrons achieve
a temperature comparable to that in the present device [1,5] and a pressure
profile of sufficient steepness to produce large VB drifts. Near the outer
edge of the annuli, the presence of the high density toroidal core plasma and
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line tying can provide the stability within the context of MHD, Some small
volume of cold edge plasma may be required for stability and may also be useful in screening impurities from the central portion of the plasma, as observed
in EBT-I [1].
An initial survey has also been made of possible microinstabilities which
might affect reactor operation [10], The stability criteria for these modes
are similar to those obtained from the energy principle. It is interesting to
note that because EBT relies upon strong magnetic gradients rather than rotational transform for single particle confinement, the stability criteria for
these dissipative modes reflect the magnetic gradient (and minimum-B) much more
strongly than the related criteria for tokamaks. It is encouraging that the
qualitative requirements on density and temperature profiles of these modes are
automatically provided by neoclassical transport, which appears to govern the
operation of EBT-I [1,11] and is assumed applicable to future devices because
of the constancy of most of the dimensionless parameters (see Sect. 2.5).
2.3 Transport Scaling
The latest neoclassical transport theory description of EBT losses and
correlation with experiment are discussed in detail in Ref. [1]. Plasma confinement in EBT depends on the modification of the toroidal vertical drift,
Vj ^ T/eBRj, by the poloidal vB and EXB drifts (produced by bumpiness in the
toroidal field and by the ambipolar electric field). The particle orbits are
approximately circular, with the center of the orbit displaced from the mirror
axis by an amount AX which is the ratio of the toroidal to poloidal drift
velocities, AX = vj/a where

4)'*
Rj and R c are the toroidal and mirror radii of curvature, and E r is the radial
electric field. This displacement acts as a basic step size for diffusion of
particles and energy. The diffusion coefficient in a simple case is given as
[12]

+ vV)(l ± e c
where v is the effective collision frequency. The electrons in the present
experiment are in the collisionless regime (v/fi < 1 ) , as would be the ions in
a reactor. In this regime the plasma confinement time is given by
1 9

-I

v

"

A

1 9

eff ^ v"
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2
which gives T <* A e ff. Here A e ff is the effective aspect ratio of the system and
A is the conventional mechanical aspect ratio (Rj/a). By cancelling out lowest
order toroidal effects with ARE coils, enhancement in the effective aspect ratio
could be possible (n = 0 without ARE coils and n ^ 1-2 with ARE coils [4]),
Transport rates in EBT depend sensitively on the radial ambipolar field
(Er) in contrast to other toroidal devices [11]. The field improves overall
confinement of the system. In the present neoclassical transport model [11],
the field is calculated self-consistently by equating electron and ion fluxes.
Predictions of this model appear to be in good agreement with experimental
observations [1]. In a reactor, this field may be strongly influenced by alpha
particle containment properties. The azimuthal ambipolar field (E e ) leads to
an EXB drift which can partially cancel or add to (depending on the sign) the
vertical drift caused by toroidal curvature. This may become important in a
reactor plasma with neutral beam heating. Improvement in confinement may be
possible by external control of E^ by beams or other means. Presently, this
field is chosen [13] so that particles with v\\ = 0 in the midplane are centered
in the bore, as is suggested by experiment.
At present, there is uncertainty in the extrapolation of this model to
reactor conditions and refinement of the model is necessary. However, approximate constancy of the dimensionless parameters influencing the transport (see
Sect. 2.5) gives encouragement and lends some credibility to the extrapolation
process.
2.4 Plasma Heating
The heating of an EBT reactor plasma by microwaves and neutral beams has
been studied in some detail [14]. Although past and present EBT experiments
use electron cyclotron heating (ECH) for formation of the hot electron rings
and for heating of the bulk (toroidal) plasma, an EBT reactor and future experiments may use neutral beams as well as ECH, or a combination of both, for heating
of the toroidal plasma. After the plasma is heated to ignition, the bulk heating
would be turned off, but the ring heating would have to be sustained throughout
the steady-state operation.
The ECH is a comparatively well understood technique which has been demonstrated successfully in EBT-I [1,5], tokamaks, and other devices. The questions
of spatial energy deposition and accessibility (to both the ordinary and extraordinary modes) were considered for a reactor plasma, and it was found that the
ordinary mode penetrates and is absorbed [14]. Microwave frequencies required
for a reactor are ^120 GHz for the toroidal plasma heating and -\-60-7Q GHz for
the ring formation. These frequencies are similar to the requirements of the
proposed EBT-II experiment, and an aggressive microwave development program is
under way [5].
Because energetic particles having large pitch angle (vx » vn) are well
confined in EBT, perpendicular injection of neutral beams appears very attractive. The possibility of perpendicular injection coupled with the large aspect
ratio and relatively small plasma minor radius (^1 m) for an EBT reactor means
that neutral beams of moderate energy (of TFTR type, ^150 keV) could be
sufficient [14]. Neutral beam heating may also provide flexibility in tailoring
profiles for optimum stability and confinement, as mentioned earlier. However,
a pure beam heated EBT plasma might have different thermal stability properties
than a plasma heated by ECH. One possible difference is the complicated crescent
shaped drift orbits which occur near regions in configuration and velocity space
where the poloidal drift frequency passes through zero [13]. Mirror and toroidal
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TABLE II.

DIMENSIONLESS PARAMETERS
EBTR

EBT-I
Annulus beta

A

Toroidal core beta

e

T

Ratio of gyroradii

Pe/a

to plasma radius

p.j/a

Ratio of cold (toroidal)
to hot (annulus) electron
density

n

3-5 x 10"

6B/B

Aspect ratio

A

VTi

0.3-0.5
3

ID" 3
2 x 10" 2

>25 x 10"

8 10%

"

4 x lo' 3

#>/ R T

10

£3

20-60

M3.8

Ratio of ambipolar
potential to temperature

1e*/Tj|
j=e or i

*K?)
0.1
0.15

>10

<^1

V / a ) ce

VQe

threshold *

ID" 4

Ratio of electron plasma
frequency to cyclotron
frequency

Collisionality

>6
2

>10

c/nh

Field errors

Ratio of electron to
ion temperature

0.2-0.4

e

CRITICAL VALUE

0.5
0.015

«1

curvature, finite beta, and radial electric fields make general statements
difficult, but it is encouraging that large aspect ratio? yield fairly well
centered drift surfaces. Theoretical studies are under way to determine the
properties of beam heated EBT plasmas.
2.5

Dimensioniess Parameter Scaling

The experimental results from EBT-I [1] have motivated plans for constructing larger scale EBT's and detailed reactor studies. Since it is necessary to
predict the plasma properties in these systems, experimental data in some cases
must be extrapolated as much as an order of magnitude. As mentioned in previous
sections, uncertainty remains in the detailed extrapolation, especially near
reactor conditions. While the EBT experiment and theory are evolving together,
a less detailed and simpler approach based on dimensionless parameter scaling is
warranted. The dimensionless parameters which influence stability and transport
are listed in Table II for EBT-I [1] along with those projected for an EBT
reactor and any known critical values of each, if any. A comparison of these
parameters shows that the following dimensionless parameters are either the same
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or in the direction of increased stability and/or improved confinement: annulus
beta (Bo); ratio
of gyroradii to various scale lengths [(p/L)e>1- with L = a,
(d In fi/dr)"1, (d In n/dr)" 1 ...]; field errors (6B/B); aspect ratio (A); ratio
of cold to hot electron density (n c /nh); ratio of electron to ion temperature
(Tp/T-j); ratio of electron plasma frequency to cyclotron frequency (up e /uce);
and ratio of ambipolar potential to temperature (e<j>/T). The approximate constancy of these dimensionless parameters, which are known to influence stability
and transport, is very encouraging, and the extrapolation of the present experimental results to EBTR has more certainty than might be inferred from the change
in magnitude in T, n, and x. The beta of the toroidal core plasma (gy) and, to
a lesser extent, the collisionality are the factors which change appreciably;
their importance and uncertainties for reactor scale plasmas remain to be
resolved in future experiments.
3.

PLASMA DESIGN AND ANALYSIS

Steady-state plasma parameters are obtained from consistent solution of
the equilibrium, plasma particle, and power balance equations [15]. As mentioned in previous sections, the scaling laws which will ultimately apply to
the EBTR plasma are uncertain. A simulation model which retains the essential
physics of the known phenomena has been developed [15] to assess the plasma
behavior. Although in the present EBT device plasma transport seems to be
governed largely by neoclassical processes [1,11], hypothesized anomalous
transport losses are appended to the plasma simulation model in order to test
the sensitivity of EBTR parameters. It is shown in Ref. [15] that the projected parameters for EBTR given in Table I are flexible enough to accommodate
anomalous losses one to two orders of magnitude greater than the present
neoclassical losses at the operating point before ignition fails, A range
for the anomalous enhancement factor, F, [15] over the neoclassical transport
for the cases studied here is also given in Table I.
Power requirements to sustain the stabilizing annuli need to be examined
in detail, although preliminary calculations show that this may not be a
problem because the ring plasma occupies a relatively+ small+ volume [2], In
steady state, the annulus power balance is P^A = PTA ^BA fCA> where PT/\
is thermal conduction and convection, PFU is bremsstrahlung losses, PCA is
synchrotron (cyclotron) radiation, and K& is the microwave power required to
sustain the annulus. The calculations snow that the synchrotron emission from
Maxwellian hot electron annulus would amount to a few tens of kilowatts per
sector at worst, compared to some tens or hundreds of kilowatts of transport
losses [2]. It is important, however, that this subject be reviewed frequently
as more information becomes available about the annuli (and their scaling laws)
from the future experiments.
An attractive feature of the EBTR is its steady-state operation, which
requires fueling and divertor capability. This requirement is not unique
to EBT since it applies to all large systems where the burn time will exceed
the particle containment time. In EBT-I, impurities do not accumulate in the
central region of the plasma because of the short confinement of impurities
in the surface plasma and shielding by the ring (annuli) electric field [16].
Future experiments may continue as in EBT-I or show that the EBTR will require
residue removal and impurity control mechanisms. In the latter event, toroidal
or bundle divertors have been considered [2].
4.

ENGINEERING DESIGN

Conceptual design of the EBTR is based on the modular concept. Each
module consists of one superconducting magnet coil, two ARE coils, a shield
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of articulated cylindrical units, and multiple blanket modules (roughly conforming to the plasma shape), as well as vacuum pumping and microwave injection
ports.
4.1

Magnetics

The magnetic field in recent EBTR designs is produced by twenty four 6-mbore NbTi superconducting coils for an aspect ratio = 30 system (for aspect
ratio = 20, 16 such coils are required). The peak design fields are 8.5 T at
the coil, 5 T at the magnet throat, and 2.5 T at the midplane, which gives a
mirror ratio of 2. In order to increase the effective aspect ratio of the
system, two ARE coils (normal copper or superconductor) per section are added.
These field shaping coils are relatively low current (6-10% of the current in
the TF coils) and are expected to improve the confinement [4]. Although access
is restricted by the ARE coils, adequate space remains for other auxiliaries.
Because of the large aspect ratio, the magnetic field is reasonably uniform at the coils and the magnetic forces are nearly symmetrical. All coils
are circular in shape and are made of tightly wound pancakes with pool-boiling
cooling. Cryostability of the magnet is achieved by building up monolithic
multifilamentary NbTi composite with formed copper strips. Four conductors
are wound in parallel to maintain a reasonably small conductor and large heat
transfer surface and are interleaved in a spiral fashion"in such a way that
inductances are equalized and the total current is evenly divided between conductors. It is important that the field errors be small in EBT, and the winding scheme adopted gives lower field errors than if only one conductor is used.
4.2

Blanket/Shield Systems

For the blanket, the following material choices and design constraints
have been suggested [17]:
• stainless steel (modified 316) for all structures,
• metallic normal lithium as the fertile material,
• high pressure gaseous helium as coolant,
• first wall temperatures limited to 400°C,
t high pressure helium coolant doubly contained for protection of
blanket buckets,
• thin first wall to handle surface energy deposition.
The blanket is divided into segments both poloidally and toroidally.
There are nine toroidal segments in one module, and each segment consists
of 12 sections arranged in a circular frame. The blanket is of uniform
thickness, 60 cm, for all segments. In order to contain the high pressure
helium and prevent damage to the blanket sections, double wall (concentric)
cooling tubes are coiled in the sections. Helium gas at 70 atm is circulated
through the blanket to remove the heat for steam generation. The entire
blanket structure is 316 stainless steel with a small addition of titanium.
The shield sections are made of stainless steel containers (tanks) filled with
stainless steel spheres around which borated water is circulated for heat
removal. These tanks are divided into appropriate shapes and sizes to permit
access to the blanket with relative ease.
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FIG.3. The capital cost per kilowatt thermal versus aspect ratio for several values of neutron
wall loading, and fusion power output for fixed plasma radius, coil size, and magnetic field
strength. Capital cost ranges for earlier (hatched) and recent (cross-hatched) designs are shown.

4.3 Plant Design
The torus is assembled in a concrete moat which is evacuated to provide
secondary vacuum enclosure for the machine. This vacuum environment greatly
simplifies the assembly procedure; more importantly, it eases the remote maintenance problem and substantially lowers the structural cost, An important
safety advantage when the reactor is sectioned into modules is that a lithium
spill fire in a single section would be oxygen-limited, with the result that
the maximum cell overpressure and cell gas temperature would be restricted to
safe values [19].
The plasma region is maintained at a lower pressure than the moat by twp
vacuum pumping ports between each TF coil. Microwave injection is made through
these same vacuum ports. The vacuum system for the plasma region is located
in tunnels running radially under the moat. A plan view of the components of
the torus is shown in Fig. 2. The large area encircled by the moat is used
for microwave generators and power supplies, cryogenic refrigerators, primary
heat exchangers, and other equipment.
5.

ECONOMIC ANALYSIS

In order to establish the economic potential of the EBTR, two independent
system costing models have been developed [20], one of which is based on the
model developed for the tokamak system [21], The results of the two models,
which are discussed in detail in Ref. [20], are in general agreement and predict
capital costs at approximately $300-400/kW(th). Figure 3 shows capital costs as
a function of aspect ratio, wall loading, beta, and power output for fixed plasma
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radius and magnetic field. Since the efficiency of the power conversion system
varies and has yet to be demonstrated, cost estimates are given on the basis of
dollars per kilowatt thermal instead of dollars per kilowatt electric. Capital cost ranges for earlier and recent designs are also indicated in Fig. 3.
Additional cost savings of about 10-20% are realized with ARE coils in the
latest designs.
In comparing the EBTR cost to the tokamak reactor cost [21], savings are
realized from the lack of poloidal coil and driving systems and the economic
gain of continuous operation. These costs do not include the increased maintenance cost associated with the more complex systems and operating cycles or
the savings from ease of maintenance in the EBT geometry. The EBT concept
appears competitive both among fusion reactor concepts and among different
power plants.
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DISCUSSION
B.G. LOGAN: What is the perimeter length in your latest reactor design —
that is, 2n times the major radius?
N. A. UCKAN: In the latest design the major radius of the reactor is 30m;
so the perimeter length is 30 X 2TT.
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Abstract
IMPACT OF TECHNOLOGY AND MAINTAINABILITY ON ECONOMIC ASPECTS OF
TOKAMAK POWER PLANTS.
Results of system studies on the primary energy conversion, energy storage and transfer,
tritium and vacuum subsystems of a tokamak reactor are presented. These results quantify
the impact of technology choices and maintainability on the economics of tokamak power
plants. It is found that the expensive refractory alloys must offer a factor of three or greater
advantage in lifetime compared to stainless steel in order that their costly development should have a
reasonable benefit-to-cost ratio. Five reactor concepts are analysed in terms of their scheduled
maintenance requirements for replacing the first wall and blanket. The total downtime is found
to vary from ~100 days to 500 days for a single replacement of the entire first wall and blanket.
Substantial reduction in the power supply requirements and costs over previous estimates seems
possible. The emergency air detritiation system is found to be a major cost item.

1.

INTRODUCTION

The successful development of a new energy source depends on the effort
and time required for new technology developments and the economics of the
commercial units. In the case of fusion energy, even for a single confinement
approach such as the tokamak, there are a variety of design concepts and a
wide range of potential choices for the major features of a power reactor.
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TABLE I.

REFERENCE REACTOR PARAMETERS

Thermal power, MW

4950

Neutron wall load, MW/m2

4

Major radius, m

7.3

Maximum toroidal field, T

9

t*

8

Inner blanket/shield thickness, m

1

Outer blanket/shield thickness, m

1.3

TABLE II. REFERENCE PARAMETERS FOR THE HEAT TRANSFER
AND TRANSPORT SYSTEM
Structure Material in the
Blanket and Primary Loop

Stainless
Steel

Vanadium
Alloy

Primary coolant

Lithium

Lithium

Intermediate/cycle

Na/steam

Na/steam

Maximum structure
temperature, °C

500

620

Steam temperature, °C

292

442

Thermodynamic efficiency, %

30.1

34.4

Net electric power, MW

1420

1630

Blanket structure, vol.%

10

8

Number of coolant loops

4

4

Unit cost for first wall and
blanket structure, $/kg

30

440

Cost of first wall and
blanket structure, M$

16

138

Pumps and pump drives, M$

43

3 x 43

IHX, M$

34
17

3 x 34

Cost of the primary loop:

Pipes (installed), M$

3 x 17

Systems studies provide a means to help resolve some of these choices.
The purposes of this paper are: 1) to describe some important results from
an integrated systems studies effort at Argonne National Laboratory [1]; and
2) to describe the results of a comparison study on developing maintainability
in fusion power systems performed at McDonnell Douglas Astronautics Company
[2]. The paper is limited to the work on tokamak power plants.
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FIRST WALL AND BLANKET SYSTEM

The maintainability of the first wall/blanket is a critical factor in
determining the economics of the power reactor. A successful design and technology development strategy must focus on the goal of reducing the economics
impact and requirements of the maintainability for the first wall/blanket.
The most effective means to achieve this goal are: 1) to reduce the frequency
of required replacement, i.e. by increasing the lifetime of the structural
material; and 2) to reduce the downtime and cost associated with the first
wall/blanket replacement. These two means are discussed, respectively, in
Sections 2.1 and 2.2 below.
2.1.

Selection and Development of the Structural Material

The only suitable structural material with an existing qualified industry
is stainless steel. Recent studies [3,4] indicate that the first-wall life
for stainless steel may be limited to an integral wall loading of <v< 3-5
MW«yr/m2 at a maximum operating temperature of <\« 500°C. It is therefore
necessary to explore the possibility of developing advanced structural
materials with better material properties. The refractory alloys offer a
good potential. A major disadvantage of the refractory alloys is a high
material plus fabrication cost compared with stainless steel. Therefore, a
fundamental question that needs to be resolved is whether the costly development
of refractory alloys will result in a pay-off in terms of lower cost of energy.
This study attempts to answer this question by comparing the economics of
stainless steel and the refractory alloys as structural materials in tokamak
reactors.
A reference lithium-cooled reactor whose major parameters are shown in
Table I was selected. Two cases were considered. The first employs stainless
steel as the structural material with conventional materials throughout the
heat transfer and transport system. In the second case, a vanadium alloy is
employed in the first wall, blanket structure, and primary coolant loop piping
and pumping. "Switching" of materials from vanadium to conventional materials
is made in the intermediate heat exchanger (IHX) such that the primary coolant
is always in contact only with the refractory alloy. The intermediate coolant
loop, steam generators, and turbines are built with conventional, relatively
inexpensive materials. The reference parameters for the two cases are shown
in Table II.
A meaningful comparison of stainless steel and refractory alloys must
carefully consider several key variables. The first is the lifetime of the
structure. Our analysis shows that the lifetime of stainless steel for the
operating conditions discussed here is <\/ 3 MW.yr/m2. The lifetime of the
vanadium alloy is longer but it cannot be predicted with good accuracy and
is parameterized in this study. The second key variable is the total downtime
required to replace the first wall and blanket structure. This downtime is
essentially a weighting function for the importance of the longevity of the
structural material. The magnitude of the downtime is extremely designdependent. Table III shows the estimated downtime for replacement of the
first wall and blanket in several conceptual designs. This downtime exceeds
100 days and can be as long as 500 days. Another key variable is the cost
of the structural material. Table II shows the cost assumptions used in
this study. The cost data for stainless steel were derived from the detailed
work of the Prototype Large Breeder Reactor (PLBR). We have chosen the
highest estimate projected for the cost of the vanadium alloy.
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TABLE III. ESTIMATED DOWNTIME REQUIRED FOR REPLACEMENT
OF THE FIRST WALL AND BLANKET IN SEVERAL CONCEPTUAL
DESIGNS
Downtime
(days)

Module Concept/Design

Large Module Concept
UWMAK-I (remote maintenance)
CULHAM (remote maintenance)

354
128

Intermediate Module Concept
UWMAK-III (remote maintenance)
UWMAK-III (partially contact operations)

112
111

Small Module Concept
GA-DPR (remote maintenance)
GA-DPR (partially contact operations)
ORNL-DPR (remote maintenance)
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FIG. 1. Dependence of the cost of energy on the downtime for stainless steel structure and
vanadium structure with lifetime ratio in the range 1—6.
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Figure 1 shows the cost of energy as a function of downtime for the
reference reactor with the above assumptions for stainless steel and vanadium
alloy. The cost of energy for the vanadium case is shown for several values
of L, the ratio of the lifetime of the vanadium alloy to that of stainless
steel. The results in this figure show that: a) If the downtime is short,
50 days or less, the vanadium alloy is required to offer a factor of six or
greater better life in order to be economically competitive with stainless steel.
Therefore, the benefits of using a refractory alloy in this case will depend
mainly on the lifetime advantage in excess of 20 MW-yr/m2. Since lifetimes
much longer than 20 MW«yr/m2 cannot be assured prior to an extensive and costly
experimental irradiation program, these short downtimes - if achievable - may
render the development program for the expensive refractory alloys unwarranted.
b) If the downtime is long, > 100 days, a significant saving in the cost of
energy can be achieved by using the vanadium alloy provided that it offers a
factor of 2.5 or more improvement in the lifetime of the first wall and blanket structure compared to stainless steel.
Table III shows that the downtime in tokamak reactors is most likely to
greatly exceed 100 days. 'Furthermore, the available data [5] for vanadium and
other refractory alloys, albeit limited, suggest strongly that these alloys
are very likely to have a lifetime much greater than three times that of stainless steel. In addition, this study analysed the worst case for the refractory
alloys in terms of the cost associated with their use. Therefore, one can
conclude from this analysis that the benefit-to-cost ratio of a vanadium alloy,
or a similar structural material, development program is high.
2.2. Scheduled Maintenance Requirements
In a recent maintainability analysis [2] of tokamak reactor concepts,
the cost of scheduled maintenance for the first wall/blanket was assessed
for both completely remote operations and partially contact (hands-on)
operations. Existing conceptual designs were selected for analysis. These
consisted of three baseline designs: large module concept - UWMAK-I; intermediate module concept - UWMAK-IIIj and small module concept - General Atomic
Demonstration Power Reactor (DPR). Two alternate designs were also chosen.
These are:the alternate large module - Culham Mark II concept; and the alternate small module - Oak Ridge Cassette concept. Major differences exist in
the techniques required for accessing the first wall/blanket modules for
the five concepts. In addition, the concepts, as defined in this study,
employ different approaches to controlling plasma impurities.
In order to compare the impact of scheduled maintenance activities, candidate reactor designs were normalized to the same thermal power level, 5000
MW. The integral neutron wall load limit was set at 5 MW«yr/m2. Downtimes
were estimated for each concept as a function of the fraction of the first
wall/blanket modules replaced per outage. Plant availability was estimated
based on the scheduled first wall/blanket replacement downtimes plus an
allowance for balance-of-plant scheduled shutdowns (28 days per year) and for
all plant unscheduled shutdowns (65 days per operating year). These availability data are presented in Fig. 2. In some designs, a number of the
accessing activities are of the same duration independent of the number of
modules removed. For these designs, as the wall fraction replaced approaches
1.0, the relative effect of accessing time diminishes, resulting in the hyperbolic shape to the curves.
Of the five reactor candidates, the Culham concept possesses the highest
availability, 74%, achieved with a replacement wall fraction per outage of 1/3.
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FIG.2. Plant availability factor as a function of wall fraction replaced per outage.
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FIG.4. Impact of scheduled maintenance on cost of electricity (comparison of normalized
reactors).
The Impact of scheduled maintenance requirements on the cost of electricity
is shown in Fig. 3. The elements affecting the cost of electricity are:
maintenance equipment cost, maintenance facility cost, initial spares cost,
labor and materials for replacement and refurbishment and plant availability.
These data illustrate the dominant effect of availability.
The impact of scheduled maintenance for each of the five concepts is shown
in Fig. 4. The impact is shown as a percentage increase to the cost of electricity relative to a plant designed for no reactor scheduled maintenance.
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The total impact is made up of the annual operations and maintenance costs,
the maintenance capital investment and the effect of availability. The wall
fraction replaced per outage employed in this comparison is that fraction
which results in the minimum cost of electricity for a particular concept.
Availability is the dominant factor in all but the cases of Culham Mk-II and
UWMAK-III. Examples of all three first-wall blanket module size categories large, intermediate and small - have maintenance impacts in the 19-31% range.
Three of these are below 26%.
The conclusions from this maintainability study can be summarized as
follows: a) First-wall/blanket replaceable module size is not a discriminator
in terms of minimizing the effect of scheduled maintenance on the cost of
electricity; b) the wall fraction replaced per outage should be 1/3 or greater
to minimize the effect of scheduled maintenance on the cost of electricity;
c) the total effect of scheduled maintenance on the cost of electricity can
probably be kept below 26% for commercial tokamak power systems; d) selection
of design approaches for maintainability should be based on a careful evaluation of developmental and operational risks associated with the required
remote maintenance equipment; and e) the use of partial contact (hands-on)
techniques for scheduled maintenance operations resulted in improved availability for each of the three baseline reactor concepts. For two of the concepts, however, increased shielding costs and labor costs offset the benefit
from availability. Unscheduled outage situations (reliability) should be
given careful attention in ongoing tokamak power system studies.
3.

POWER SUPPLY AND ENERGY STORAGE REQUIREMENTS

This section is concerned with analysing the power supply and energy
storage system requirements for commercial tokamak fusion reactors. This
activity is performed using an integrated systems approach whereby reactor
design constraints and power supply characteristics are fully coupled to a
detailed plasma burn cycle simulation code and to MHD equilibrium codes.
A conceptual design of a typical commercial tokamak reactor has been
developed to serve as a test bed for the present study. This reactor has a
7-m major radius, a non-circular plasma cross-section (b/a = 1.3) and parameters of l p " 11.6 MA, B T F C - 8.6 T and 8 =• 7%. The thermal output of the
plasma is about 2300 MW. The ohmic heating (OH) coils are solenoidal with a
midpoint radius of 2.5 M. The equilibrium field (EF) coils are located
outside the TF coils and are decoupled from the OH coils. All coils are
superconduc ting.
Several types of power supply/energy storage systems were examined ranging
from the conventional, presently available, to those needing development.
In general, substantial reductions in the power supply requirements and
costs seem possible over previous estimates [1], because of a number of
cost-saving techniques made plausible by some encouraging information from
present tokamak experiments. Figure 5 shows the voltage and current waveforms
for a burn cycle when a conventional power supply system is used. In this
example both the OH and EF coils are driven by a thyristor type rectifier/
invertor power supply both operating out of a motor-generator-flywheel (MGF)
set. For the case shown, the OH current is ramped up in a time "At™" = 8 s.
Neutral beam heating (100 MW) is applied from 8-15 s to bring the plasma to
an ignited equilibrium. Some beam power (^ 15 MW) is also applied during
the first and last second of the cycle to overcome some of the radiation
losses due to oxygen impurities. Shutdown is accomplished by first reducing
the DT fuel density and the plasma temperature (not shown) and then ramping
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FIG.5. Voltage and current waveforms for a typical burn cycle using MGF set and thyristor
OH and EF supplies.
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FIG.6. Power supply/energy storage system cost and net electrical power from the plant, as
a function of OH startup ramp time. At 0 H , and OH design field,
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down the OH current to bring down the plasma current and terminate the
discharge. During the burn cycle the EF current must be adjusted in a way
requiring active control of the EF voltage, as shown. For this example, the
maximum power supply requirements are OH power = 1330 MVA, EF power = 351 MVA,
and MGF stored energy •= 12.8 GJ.
The effect of different startup densities, beam power levels, confinement
scaling, impurity concentration, and several other parameters on the power
supply requirements has been examined in detail. The most important single
parameter has been found to be the OH startup ramp time. Figure 6 shows the
cost of the power supply/energy storage system, for the conventional system
described above, as a function of the ramp time, and for three assumed values
of the maximum OH design field. This cost covers the MGF set and the OH and
EF supplies but does not include the neutral beam supply. Figure 6 also
shows the net electrical power from the reactor as a function of AtOj, and
**OH^' ^his net power takes into account the different burn times and duty
factors obtainable as a function of the available OH flux swing. As shown,
the cost is very sensitive to Atgu for short times. Previously, a range of
AtQjj = 2-4 s was considered optimum because shorter ramp times impose very
high 6 and power levels while longer ramp times resulted in excessive resistive
volt-second losses. Operation in this 2-s window tended to favor the use of
a homopolar generator for the OH system because the cost of a homopolar
generator is basically determined by the energy transferred and not the
power level, exactly the opposite characteristic of a thyristor supply.
Recent1 plasma physics experimental results that point to classical resistivity
(no anomaly), less oxygen contamination and ease of low-density startup have
now substantially extended what appears to be a feasible range of AtQ H .
Longer ramp times still use more resistive volt-seconds but not by an excessive amount. For these longer times, the power supply system cost is estimated
in the <v» 60-100 $M range.

4.

TRITIUM AND VACUUM SYSTEMS

The major effects of the tritium and vacuum systems on overall plant
design obtained in our study are summarized below.
Fractional burnup has a substantial effect upon tritium inventories.
The total tritium inventory in a 3000 MW(th) plant is in excess of 50 kg if
the fractional burnup is 1.0%. Under these conditions, a breeding ratio of
1.20 is required for a doubling time of 5 years. The inclusion of an active
impurity-removal mechanism on a tokamak, such as a divertor or a gas blanket,
could result in a fractional burnup of the order of 1% or less [6]. On the
other hand, if the fractional burnup is 2% or higher, tritium inventories
will be 35 kg or less and a breeding ratio of 1.10 is sufficient to double
the inventory in five years or less.
An item of considerable significance, from the standpoint of both safety
and costs, is the emergency air detritlation system (EDS). The costs of
such systems are primarily due to the reactor building volume and the
permissible cleanup time. Our earlier studies [7] showed that the cleanup
time should be no longer than about 48 hours. The required speed to attain
this is about 0.5% of the reactor building volume per minute. Further,
since the unit costs are about $20 000 per m3/min, the cost of the EDS is
about $100 per m 3 of reactor building. Since this is roughly half the cost
of the reactor building itself, the EDS is a significant cost driver.
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Compound cryopumps are assumed to be the primary torus vacuum pumps. A
significant finding was that, because of the conductance losses imposed by
the cryocondensation surfaces ahead of the helium cryopumps, the required
helium pump speed may be in excess of the required DT pump speed.
Neutral beams require very high pumping speeds. It was found that the
neutral beam vacuum system was a high-cost item [typically, 30-50 million
dollars for a 3000 MW(th) reactor]. Getter pumps cost about the same as
cryopumps for this application.
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DISCUSSION
F.R.. SCHWIRZKE: Could you say what processes were assumed to limit
(primarily) the life-time of the first wall? Was it structural damage induced by
the neutron flux, or surface damage and impurity release due to plasma-wall
interactions such as sputtering, blistering and so on?
C.C. BAKER: This study assumed a separate first wall and was concerned
mainly with blanket life-time, as the blanket will probably be more difficult to
replace than the first wall. The effects considered in connection with blanket
life-time included radiation damage and the consequences of pulsed reactor
operation. First-wall life-times and plasma-wall interactions do not have any
direct effect on the blanket replacement time.
R.W. CONN: The first-wall temperature in the stainless-steel cases is
assumed to be 500°C. It is possible to lower the first-wall temperature to
300-400°C and thereby achieve a substantial life-time increase. The outlet
temperature of the coolant at the back of the blanket, where the neutron flux
is low, can still be 500°C, so that the thermal efficiency would be preserved.
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What impact would this have on your conclusions regarding the potential
advantages of vanadium alloys relative to steels?
C.C. BAKER: This point was not explicitly considered in your study.
However, I would expect that longer stainless-steel life-times would decrease F
and increase L for conditions under which refractory alloys would compare
favourably with stainless steel.
R.A. KRAKOWSKI: Could you say a little bit about the possible cost
advantages of concepts that are sufficiently compact and modular to permit
maintenance or replacement times of the order of days rather than hundreds of
days — the range you have quoted for your tokamak studies?
C.C. BAKER: First, I doubt whether any fusion reactor concept would
have replacement times of the order of days. I am certainly not aware of any.
Secondly, as was mentiond earlier, the increment in the cost of electricity for the
maintenance activities required by tokamak reactors can probably be kept to
less than 25%. Therefore, other reactor concepts would have to be within 25%
of the estimated cost of tokamak reactors to be in the same cost regime.
R.S. PEASE: Can you sayspecifically why the vanadium alloys used for
your studies are believed to be more resistant to radiation damage than stainless
steel?
C.C. BAKER: Life-times are determined by several factors, including
radiation damage and resistance to pulsed reactor operation. The known mechanical properties of vanadium clearly indicate that it is more resistant to pulsed wall
loadings. Irradiation data are not abundant, but the information available suggests
that swelling and related effects will be much slighter than in stainless steel.
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Abstract

NEUTRAL-BEAM INJECTOR RESEARCH AND DEVELOPMENT WORK IN THE USA.
Neutral-beam injector research and development at the Brookhaven National Laboratory,
Lawrence Berkeley and Lawrence Livermore Laboratories, and at Oak Ridge National
Laboratory is described. — All neutral-beam systems for present and near-term applications
are based on the acceleration and neutralization of positive ions. The research and development
is carried out at LBL/LLL and ORNL. Present emphasis at LBL/LLL is on 80 to 120 kV
systems for the mirror programme and for the TFTR and D III tokamaks. Present emphasis
at ORNL is on 40 to 80 kV systems for the PLT, I£X, and PDX, and 80 to 200 kV systems
for LPTT and TNS tokamaks. — Injectors for the future experiments and reactors may
operate at energies of 200 keV or higher, especially for mirror machine applications, where
positive-ion-based efficiencies will be very low, assuming no energy recovery. Research on
negative-ion-based systems with potentially high efficiencies is carried out at BNL and at
LBL/LLL and ORNL. The first demonstration of a high-power neutral beam based on
negative ions is planned for 1980.

1.

INTRODUCTION

The US n e u t r a l beam i n j e c t o r research and development work i s c a r r i e d
out p r i m a r i l y at Department of Energy (DOE) L a b o r a t o r i e s ;
The Brookhaven
National Laboratory (BNL), The Lawrence Berkeley and Livermore Laboratories
(LBL/LLL), and The Oak Ridge National Laboratory (ORNL).
High-power neutral beam systems based on p o s i t i v e - i o n a c c e l e r a t i o n
and n e u t r a l i z a t i o n have produced e f f e c t i v e heating tn recent confinement
experiments [ 1 , 2, 3 ] . For near-term a p p l i c a t i o n s , multi-megawatt n e u t r a l
beam systems with p a r t i c l e energies up t o 120 keV are in the t e s t i n g phase.
Systems using negative i o n s , for increased e f f i c i e n c y at high e n e r g i e s ,
are in the research phase, but are receiving Increasing emphasis for a p p l i c a t i o n s In the mid-1980's.
The development of s u i t a b l e t e s t f a c i l i t i e s
has been the pacing item in our program; four t e s t stands with mult I-megawatt
c a p a b i l i t i e s a t v o l t a g e s above 100 kV are in operation or nearing completion.

2.
2.1

NEUTRAL BEAM INJECTORS BASED ON POSITIVE IONS
LBL/LLL Neutral Beam Work

The Lawrence Laboratories Neutral-Beam Development Group's p o s i t l v e ion-based work [4] proceeds along two l i n e s :
The f i r s t is required for
the near-terra a p p l i c a t i o n s : The p r e s e n t l y i d e n t i f i e d a p p l i c a t i o n s , 2XIIB,
TMX, MFTF, TFTR, and D I I I , r e q u i r e i n j e c t i o n at energies up to 120 keV,
ion c u r r e n t s per module up to 80 A, and pulse lengths to 0.5 s e c .
We
have achieved 120 kV, 0.5 sec operation of a f r a c t i o n a l - a r e a (14 A) TFTR
prototype source, and have t e s t e d a f u l l - s i z e TFTR source t o 120 kV and
65 A for 20 ms. Half-second t e s t i n g of the f u l l - s i z e TFTR source w i l l begin In September 1978, when the High Voltage Test Stand (HVTS) i s f u l l y operational (section 4 . 4 ) .
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A first model of a fractional area, MFTF/DIII 80 kV source has been
operated with 80 kV, 14 A, 0.5-sec pulses.
No basic problems with the
source designs have shown up; full-scale module tests will start soon.
(The overall design and construction of the full-scale MFTF source has
been carried out by MFTF personnel.)
The second part of our program is devoted to development for longerterm applications. The next few years will be devoted to increasing efficiency (ion species, gas, electrical), pulse length, energy (to 150 kV),
and reliability.
All of these items require major advances over present
technology.
As part of this program we are developing a new generation of plasma
sources with improved ion and electron confinement by cusp magnetic fields
at the walls.
These sources should have Improved electrical efficiency
and should produce ion beams with an enhanced atomic ion fraction. We are
also developing the technology necessary for direct recovery of the energy
of that portion of the beam which remains un-neutralized. The experiments
to date, carried out with al kW, 15 keV steady-state beam, gave 70% recovery
efficiency. Electrostatic as well as magnetic fields were used for electron
suppression. Recovery of a single species 10 keV H beam using magnetic
electron suppression gave over 85% recovery efficiency. Scaled up experiments
on a 50 kW, 105 keV beam is underway with recovery efficiency over 20%
initially, but decaying during the 500 msec pulse. The collector self-biased
to a voltage over 75 kV.
In the area of long-pulse operation, we are
developing cathodes with d.c. capability, and have undertaken a computational
analysis of secondary particle trajectories in the accelerator structure,
which, together with experimental measurements, should permit us to identify
and reduce the dominant heating mechanisms.
We are developing, through industrial vendors, techniques for manufacturing sources that are to be entirely hard sealed,. Recently a method for
brazing rectangular ceramic insulators to metal electrodes has been developed at LBL for use on the ion accelerators for TFTR [5].
New approaches to the design of electronics [6] and computerized controls [7] are included in the program.

2.2

ORNL Neutral Beam Work

The ORNL Plasma Technology Section participates in a variety of fusion
plasma heating activities. Neutral beam injection systems have been designed
for use on several state of the art tokamaks (PLT, [8] ISX, [9] PDX, LPT
and TNS). The development and qualification of four PLT injection systems
was recently completed with operating parameters of 0.75 MW (1 MW) neutral
beam power per injector utilizing hydrogen (deuterium) extraction. Initial
operation of four systems on PLT at about 2 MW neutral power produced
record tokamak ion temperatures of about 5.5 keV.
ISX and PDX ion sources have been operated at plasma parameters consistent with 100 A extraction. A complete 100 A source is being assembled.
The PLT injection system has been upgraded in pumping and will transport
50-60 keV neutral beams for pulses of 0.5 sec (0.1 sec) for PDX (ISX).
The PDX system is in fabrication and assembly. LPT and TNS are in the
conceptual phase and half-scale ion sources are under test in the 100 kV
range, which will soon be extended to 150 keV.
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An intense research and development program with modified three-grid
duoPIGatron source [10] provided a dense (400 mA/cm ) , uniform (+5%), and
quiescent (+10%) plasma from which 70 amperes of positive ions have been
extracted at 40 kV. The source has also been operated using deuterium under similar conditions. Permanent magnets have been placed around the 2nd
anode region to produce a cusp field which confines the plasma in a highly
uniform manner. The source operation is characterized by moderate filament
and arc power requirements, high gas efficiency (70%) and a high degree of
reliability.
The arc efficiency has been measured to be about 1 kW for
every ampere of extracted beam.
Although the source has generally been
operated for pulse durations of 100 ms at 10% duty cycle, it has near dc
capabilities, and 40 A pulses of 500 ms duration have been extracted. A
smaller source has been operated for 10 s at 200 mA/cm .
An outstanding feature of the ORNL source is its ability to provide
very high atomic yields, 85^. The high energy atomic fraction plays an
important part in beam penetration and power deposition in a tokamak plasma.
Control of the ion species will provide means of controlling the beam penetration to match the varying tokamak plasma density.
Initial experiments in energy recovery employing crossed magnetic
field blocking of the electrons from the gas charge exchange cell have proved
successful. The un-neutralized component is collected at ground potential.
Energy recovery has been measured to be (40 + 20)%. A 200 keV, 100 A positive ion source with c.w. capability and energy recovery is in the design
stage. The entire 200 keV beam line is being redesigned to insure a high
efficiency system.
Such a positive ion system with direct recovery efficiency of
80% might well satisfy the injector requirements for heating
future reactor size tokamaks.
Future research and development plans also include simplifying and
increasing the reliability of 40 to 80 keV injector systems.
Computer simulations [11] are available and are found to be an extremely valuable aid in every phase of this program, both in predicting
and verifying systems performance.

3.
3.1

NEUTRAL BEAM INJECTORS BASED ON NEGATIVE IONS
BNL Negative Ion Activities

The objective of the BNL program is todevelop multiampere (equivalent)
high-energy injection systems based on direct extraction from negative ion
plasma sources. Two types of direct extraction negative ion plasma sources
have been extensively investigated, namely the magnetron source and Penning
type source. Several improvements were implemented on these sources, which
are basically of the cold cathode type operating in a mixture of deuterium
gas and cesium vapor. These improvements (independent cesium vapor control,
constant gas flow during the beam pulse, cooling of the cathode) together
with extensive probe and spectroscopic studies of the plasma parameters
(such as plasma and gas densities as well as atom energy distributions)
enabled us to improve our fundamental knowledge of the negative ion creation and to construct amultiampere negative ion plasma source for extracted
beam currents between 1-2 A in beam pulses up to 50 ms [12].
Negative Ion acceleration and beam transport are being studied on
a 150 kV test stand. Two accelerator systems have been investigated, the
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close coupled geometry In which 1 A beams have been accelerated across a
2 cm accelerating gap and a system with the accelerator separated from the
source and extractor by a bending magnet. Beam transport studies include
the effects of space charge neutralization and beam focussing by means of
a quadrupole doublet.
Neutralization of negative ion beams will initially take place with
gas jets, being the simplest neutralizer to realize with relatively high
(up to 60%) neutralization efficiency. A CC>2 effusive gas jet was constructed and its gas-dynamical properties analyzed.

3.2

LLL/LBL Negative Ion A c t i v i t i e s

The LLL/LBL negative ion development effort is oriented toward longerterm applications requiring efficient neutral beam systems at energies well
above 120 keV. Most of these systems probably will require the production
and acceleration of large currents of negative ions. Two of our goals are
the demonstration of a 200 kV, 5 A (D°), long pulse system by 1980, and a
400 kV, 20 A (D°), dc system by 1983.
The production of negative hydrogen ions by double charge exchange
in cesium or other vapors offers the possibility of being scalable to arbitrarily large currents and long pulse lengths. We start with a 1 keV
D
beam, of which somewhat more than 1 A passes through a cesium chargeexchange cell. The measured conversion efficiency is about 20%, in reasonable agreement with the value of 24% obtained in an atomic collision experiment. The plasma produced in the charge exchange cell is greatly reduced
by flow transverse to the propagating (1 keV) beam, so the random electron
current is less than the beam current. A 100 mA negative deuterium beam
produced in this way has been accelerated to 60 keV. The accelerator was
designed to yield good beam optics over a wide range of currents; in the
present case +2.5 divergence was obtained [13].
The production of beams by this method requires the propagation of
low energy positive and negative ions distances of order of a meter in a
low gas pressure environment. Analysis of the background plasma indicates
Clint for such a case, space charge effects tend to expand positive ion
beans significantly. This is reflected by difficulties in obtaining high
quality, 1 keV D + beams. The analysis also shows that negative ion beams
should be weakly confined by the space charge forces, and the low energy
negative ion beam is observed to propagate with low divergence. Analysis
of angular scattering in the charge-exchange process shows that the effect
is small at 1 keV, but may become important at low beam energies.
Alternative techniques for producing negative ions are being studied,
including surface and volume production in plasmas confined by magneticmultipole fields.

3.3

ORNL Negative Ion Activities

The ORNL negative ion program is directed toward small scale experiments to develop negative ion plasma generators.
Simultaneously, we are
making a complete neutral beam line study for both positive and negative
ion based systems in order to evaluate the relative merits of each and
thereby determine a realistic efficiency for each system as a function of
beam energy.
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Two experiments, both employing direct negative ion extraction, are
under study. The first utilizes the duoPIGatron ion source with a system
of cesiated chevrons or vanes, on which the positive ions in the plasma
generator impinge, placed directly above the extraction grids. Both electric and magnetic fields are used to reduce the flow of electrons to the
grids. One ampere of unanalyzed beam has been extracted from this source.
The second experiment utilizes a Calutron ion source employing a hot filament Penning discharge. Positive ions from the discharge are accelerated
into a cesiated molybdenum surface which has independent temperature control. The arc discharge voltage, the energy of the positive ions striking
the molybdenum surface and the cesium oven temperature are all independently controlled, which permits determination of optimum source performance.
Preliminary results from the source have been achieved in both a pulsed
mode, about 100 msec, and a c.w. mode, about 20 sec. About 60 ma/cm of
H
have been observed in pulsed mode.
For the c.w. mode, limitations
in the arc power supply required lower discharge power and consequently
lower output current, about 30 ma/cm . The gas efficiency in the c.w. mode
was measured to be 4%.
Future plans are to extend either or both of these sources to 1 A H~
output and design a 10 A version for extraction at 50 keV. At this time,
a complete beam system will be developed based on criteria determined from
the system studies now under way. Beam systems of 100's keV are also being
contemplated. However, the extracted beam density will be limited to approximately 100 ma/cm .

4.
4.1

TEST FACILITIES
General

A large part of our effort in recent years has been the development
of suitable test facilities. In the process of designing and constructing
them it has been necessary to develop new concepts and components for the
high power electronic circuits, and new diagnostic techniques. Two neutral
beam facilities (HVTS at LLL, NBSTF at LBL) will have sufficient neutron
shielding to permit extensive operation with deuterium.

4.2

BNL Facilities

A 1 ampere, 150 kV, 0.01 second, cryopumped facility is operating,
and a 10 A, 250 kV, 0.1 sec, test stand is under construction.

4.3

LBL Facilities

Two beam lines with 120 kV electronics, one capable of operating at
15 A, 0.5 s, the other at 65 A, 30 ms, are in operation. Electrical,
thermal, and optical diagnostics with on-line data analysis are used. Computer control of power supplies for semi-automatic source conditioning is
installed. The Neutral Beam System Test Facility (NBSTF) for testing TFTR
components and systems (120 keV, 65 A, 0.5 sec) will start operation early
in 1979. It will be converted to a general Research and Development Facility about three years later.

IAEA-CN-37/I-5
4.4

375

LLL F a c i l i t i e s

A 100 kV, 1 A, 10 ms test stand is o p e r a t i o n a l , and the High-Voltage
Test Stand (HVTS) with 200 kV, 20 A, DC, or 120 kV, 65 A, 3 0 s , or 80 kV,
80 A, 30 s c a p a b i l i t y i s nearly o p e r a t i o n a l .
4.5

0RNL F a c i l i t i e s

The Medium Energy Test F a c i l i t y has been used to t e s t PLT beam l i n e
systems and i s c u r r e n t l y in use for E & D ion sources and system t e s t s
for ISX and PDX beam l i n e s .
It is a cryopumped system with e l e c t r i c a l ,
thermal and optical d i a g n o s t i c s .
A 60 kV, 60 A, 2 sec (10% duty cycle)
power supply is presently in use. Modifications are under way to upgrade
to 80 kV, 100 A, 20 s . It w i l l be further modified to 120 kV, 100 A, 30 s
c a p a b i l i t y in about 1 year.
A PDP-11/40 is used for computer monitoring
of the e n t i r e beam l i n e on a shot b a s i s .
A study i s under way t o extend
t h i s to a computer controlled system.
A second t e s t f a c i l i t y in operation is the High Energy Test F a c i l i t y . This i s a 7 M long diffusion pumped system with a 168 kV, 50 A, 20 sec
(10% duty cycle) power supply.
Design modifications are under way t o
convert to cryopumping and increase the beam energy c a p a b i l i t y to 200 keV.
This f a c i l i t y has i d e n t i c a l diagnostic and computer c a p a b i l i t y as the Medium
Energy Test KacilUy.
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Abstract
CONCEPT OF TOKAMAK-TYPE REACTOR WITH HIGH-TEMPERATURE BLANKET.
A design study for a tokamak reactor with a high-temperature blanket is presented.
It is expected that such a reactor, whose structure is more complicated than that of a lowtemperature one, may be used as a source of high-temperature heat as well as for, e.g. hydrogen
production from water. Parameters of such a device are given.

INTRODUCTION
Some time ago, the Institute of High Temperatures of the USSR Academy
of Sciences, in co-operation with the Kurchatov Institute of Atomic Energy,
developed the concept of a tokamak reactor with high-temperature blanket. Such
a reactor can probably be used as a source of high-temperature heat for electric
power plants with highly effective energy conversion as well as for technological
purposes, such as hydrogen thermochemical production from water.
1.

FUSION POWER PLANT WITH MHD GENERATORS

The TVE-2500 project completed in 1976 was based on the use of MHD
generators to convert the thermal energy produced by a tokamak reactor into
electricity. The purpose of this project was to evaluate the characteristics of
the main equipment (first of all, those of a fusion reactor) as well as to study the
feasibility of high-efficiency conversion systems at such power plants [1].
The major characteristics of the plant are summarized in Table I.
Electric power is generated by two MHD units, either of them comprising
the MHD generator proper, a steam generator with a steam turbine, a compressor,
auxiliaries and heat equipment.
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TABLE I. MAJOR PARAMETERS OF FUSION POWER PLANT WITH
MHD GENERATORS
1. Electric output (net) (MW)

2410

2. Efficiency

0.5

3. Working fluid (neon + 0.05% Cs)
at the MHD generator inlet
Temperature (K)
Pressure (bar)

2000
9.3

4. Operating mode

base load

5. Plant area (excluding sanitaryprotective zone) (km2)

0.3

TABLE II. MAJOR PARAMETERS OF FUSION REACTOR FOR MHD POWER
POWER PLANT
1. Type of reactor

Circular-chamber tokamak
with ignition

2. Thermal output (MW)

4800

3. First-wall neutron flux
(14.2-MeV neutrons) (n-cm" 2 -s"')
4. Magnetic field on axis (T)
5. Plasma heating method

0.7 X 1014
5.0
Injection of hot neutrals
(E = 600 keV, I = 200 A)

6. Re-fuelling method

DT pellet injection

7. Exhausting method

a) divertor
b) turbulent plasma blanket

8. Operating cycle parameters(s)
Burning phase
Pause
9. First-wall material
10. Blanket composition
11. Tritium breeding ratio

4000
50
molybdenum
LiAlO2 + C + ZrC + stainless
steel
0.93
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TABLE III. PLASMA PARAMETERS OF FUSION REACTOR FOR MHD
POWER PLANT
1. Minor plasma radius (m)

4.4

2. Aspect ratio

2.7

3. Poloidal beta

1.35

4. Stability factor

2.5

5. Temperature (keV)
Ions
Electrons

13

14.5

3

6. Density (m" )
Fuel
Helium

1.25 X 1020
1 X 1018

7. Confinement time(s)
Particles
Energy

4.8
2.9

8. Burnup (%)

2

9. Total thermal energy of plasma (GW)

2.4

The major characteristics of the reactor are listed in Table II.
The calculations of plasma parameters have been carried out in a zerodimensional approach. It has been obtained that the so-called "self-maintaining"
ignition mode could be realized by means of turbulent plasma behaviour due
from trapped-particles instabilities. The time necessary for a startup of the
reaction is 13-15 s. The results of the plasma parameter calculations are shown
in Table III.
Re-fuelling is accomplished by injection of DT ice pellets with a velocity
of 10 km-s" 1 . Acceleration estimates have shown that the re-fuelling system
energy consumption equals 3 - 5 MW.
Two methods of unburned-fuel and ash evacuation from the reactor chamber
have been considered in the project:
a) Use of a poloidal divertor with a single X-point;
b) use of a turbulent-plasma blanket.
In the latter case, it has been shown that if somehow plasma turbulence
can be created in the near-wall layer, the energy of the particles bombarding the
wall may be decreased below the sputtering threshold of the wall material.
Exhausting of the chamber, in this case, can be accomplished through a
number of ports in the wall. The necessary perforation factor equals ~2%.
Neutronic calculations of the reactor have been conducted by means of the
analysis described in Refs [2, 3].
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The reactor structure is chosen to be a modular one. The number of
modules equals 36. The toroidal magnetic field is produced by 36 D-shaped
coils. Nb 3 Sn stabilized by copper and re-inforced by stainless steel is used as
superconducting material. The same material is used for transformer and divertor
windings, etc.
A so-called "separate" lay-out of the plant main equipment is chosen in the
TVE-2500 project (see Fig. 1). This type of lay-out simplifies the solution of
the radiation safety problem during repair and routine maintenance which can
be probably much more complicated than that for modern plants with fission
reactors.

2.

FUSION POWER-TECHNOLOGICAL PLANT FOR THERMOCHEMICAL
HYDROGEN PRODUCTION FROM WATER

One of the problems to be solved for future energetics is the problem of
large-scale and cheap hydrogen production from water. This hydrogen may be
used as a suitable energy carrier as well as a raw material for chemical industry
and for synthetic fuel production. Such a large-scale hydrogen production will
demand sufficient energy consumption. The analysis carried out has shown that
in this case it can be worth the expenses to use thermochemical cycles directly
converting thermal into chemical energy.
Reported in this paper are some results of a feasibility study of the tokamak
reactor with high-temperature blanket for the purposes mentioned above.
The analysis has been completed for the thermochemical cycle proposed by
C. Marchetti and G. De Beni in 1970 [4]:
C + H2O ^ CO + H2

2 Fe3O4 + CO =^= C + 3 Fe2O3
3 Fe2O3 ^ 2 Fe3O4 + - O 2
(The necessary temperature level for the last reaction is about 1500°C.)
The technological scheme of the plant is depicted in Fig.2. It is assumed
that such a plant would generate electricity together with hydrogen production.
The characteristics of the reactor have been chosen by using experience
acquired in the design of the TVE-2500 project.
Helium was chosen as a primary-loop coolant. An intermediate heat
exchanger is provided in the schematic to eliminate radioactive products
penetration from the coolant into the technological loop. Even if we assume
that this heat exchanger is made of heat- and corrosion-resistant steels, it seems
doubtful whether the temperature level of the heat-exchanging surfaces will
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FIG.2. Power-technological schematic of plant: 1 - high-temperature zone of tokamak-type
reactor blanket; 2 - low-temperature blanket zone; 3 - heat exchanger; 4 - plasmatron;
5a-5e - chemical vessels— heat regenerator; 6 — recuperator; 7a- 7b — heat sinks;
8a-8c - separating systems; 9a-9b - compressors; 10-10a - water pumps.

TABLE IV. MAJOR CHARACTERISTICS OF HIGH-TEMPERATURE FUSION
REACTOR FOR HYDROGEN PRODUCTION BY MEANS OF WATER
DECOMPOSITION
1. Thermal output (GW)

6.86

2. First-wall neutron flux
(14.2-MeV neutrons) (n • cm"2 • s"1)

2.1 X 1014

3. Typical size:
Major radius of torus, R (m)
Minor radius of torus (m)
Ellipticity
Minor radius of plasma, a (m)

10
2.2
2
2

4. Toroidal magnetic field on axis (T)

5

5. Stability factor

2.5

6. Poloidal beta

3.58

7. Confinement time(s)
Particles
Energy

1.5
1.18

8. Maximum magnetic field in toroidal coils (T)

11

9. Number of toroidal field coils

16
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exceed 1200°C. Considering this fact, an additional electric-arc heating is
provided in the water vapour of the technological loop. Decreasing the primaryloop coolant temperature down to 1200-1400°C (compared to the TVE-2500
project) allows the structure of a blanket to be simplified. Estimates show that
the efficiency of this plant can reach 40%.
A preliminary analysis of the reactor plasma parameters has been carried out
by means of a zero-dimensional turbulent-plasma model. It revealed that the
use of a so-called "finger-ring" plasma shape can lead to operating modes with
ignition characterized by high first-wall specific leading and moderate levels of
thermal output. To obtain such modes it is necessary to use a turbulent plasma
blanket as described in Ref.[5].
More detailed computations of steady-state modes have been performed by
means of a one-dimensional time and space model of turbulent reactor plasma [6].
It has been assumed for the computation that energy and particle transfer is due
to turbulent diffusion resulting from the development of thermal-drift [8] and
trapped-particle instabilities [7]. The effect of magnetic field ripples has also
been considered [9].
The characteristics of the reactor are listed in Table IV.

CONCLUSION
The design study results reported in this paper concern only a few of several
possible ways of using a high-temperature fusion reactor.
The results show that, from the point of view of structure, such a reactor
is more complicated than an ordinary low-temperature one, aiming at the
production of electricity by means of a steam power cycle.
The development of units and aggregates for such a reactor (in particular,
the blanket) is also more difficult and costly, but this complication may be worth
the expense if the use of a high-temperature reactor were to solve the powertechnological problems and in particular were to provide high-temperature heat,
the proportion of which in the total energy balance at the beginning of 21st
century is expected to be rather high. Furthermore, the experience to be gathered
in developing the high-temperature technology in the energetics of the 2 0 - 3 0 years
to come (open-cycle MHD generators, high-temperature gas-cooled fission reactors,
etc.) will, to a considerable extent, be useful in the design of a high-temperature
fusion reactor.
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DISCUSSION
R.A. KRAKOWSKI: In certain respects - minor radius, beta, total power
and so on — the designs you have been discussing are about twice as conservative
as recent tokamak designs in the United States. Do you think this conservatism
is a consequence of the special, non-electrical applications of these designs, or
of some basic difference in design philosophy between the American and Soviet
design groups?
B.B. KADOMTSEV: No, I think that the more conservative plasma
parameters used here were chosen simply to make this part of the conceptual
design more reliable.
D. PALUMBO: Why were circular cross-sections chosen for the reactor
which is to generate electric power and elongated cross-sections for the other two
reactors?
B.B. KADOMTSEV: Non-circular cross-sections were chosen for the
concepts incorporating divertors.
C.C. BAKER: What fusion concepts other than tokamaks have you considered for hybrid and high-temperature blanket applications?
B.B. KADOMTSEV: Preliminary consideration has been given to mirrors,
laser fusion and relativistic electron beams.
C.C. BAKER: How does the cost of the hybrid-bred fissile fuel compare
with the cost of fissile fuel from fast breeder fission reactors?
B.B. KADOMTSEV: Hybrid-bred fissile fuel has, by itself, a higher cost
than the fuel produced by fast breeders, but in addition to this fuel the hybrid
reactor will produce electric energy, so that the net product is expected to be
economically acceptable.
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K.H. SCHMITTER: Neutron-induced damage to the first wall in a hightemperature reactor might be very serious. What kind of first-wall material did
you select and what was the estimated life of the first wall?
B.B. KADOMTSEV: Molybdenum is the material that has been proposed
for the first wall, but its life-time in this application is not certain as yet.
F.L. RIBE: You say that plutonium production is more efficient than the
production of 233 U, but I believe this would not be true of a 'mixed' blanket in
which the 14-MeV neutrons are first multiplied in 238 U. Outside the inner region
of the blanket, consisting of 238 U, there is a thorium region in which the neutrons
are captured to produce 233 U. Let me refer you to paper R-4 in this connection.
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Abstract
TOKAMAK TNS STUDIES.
Studies are being carried out at General Atomic Company and Oak Ridge National
Laboratory to develop conceptual designs of tokamak fusion reactors for the TNS (The Next
.Step) programme. The primary purpose of these studies is to identify technical problems and
to develop solutions to them. The TNS studies, initiated in 1976 under the sponsorship of the
US Energy Research and Development Administration, have been directed to the development
of designs of reactors which achieve ignition and plasma burns sufficiently long to study burn
dynamics. The ORNL study has resulted in the design of a reactor with a D-shaped plasma
which has a major radius of 5.0 m, a minor radius of 1.2 m, and a plasma elongation of 1.6.
A toroidal /? of 5% is achieved by adopting a flux-conserving mode of operation. The General
Atomic design is based on the use of a Doublet plasma cross-section to achieve high 0. This
reactor design has a major radius of 3.6 m, a minor radius of 0.95 m, and a plasma height-towidth ratio of 2.7. Both designs have a plasma volume of approximately 225 m3 and a peak
power in the 700—1000 MW(th) range. The current ORNL TNS reactor is designed for a
plasma burn of 16 seconds, and the GA reactor is designed for a burn of 30 seconds. While
the ORNL reactor is designed for a comparatively modest duty factor of 0.05, the GA reactor
is designed for a duty factor of 0.5 and includes a blanket and power conversion system to
produce a nominal amount of electric power. The costs of the current TNS reactors are
estimated to be in the range of US $400 - US $600 million without escalation and specific
supporting research and development.

1.

INTRODUCTION

During the period 1974 - 1976, scoping [1-3] and conceptual design s t u d i e s
[4-6] were conducted for a tokamak experimental power r e a c t o r (EPR) a t Argonne
National Laboratory, General Atomic Company, and Oak Ridge National Laboratory.
* Work supported by US Department of Energy; GA Contract EY-76-C-03-0167,
Project Agreement 38, ORNL Contract W-7405-ENC-26.
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FIG.l. General A tomic 3.6 m TNS reactor.

In these studies, the characteristics of experimental power reactors designed to
produce electrical power in a power reactor mode were derived [7], along with construction schedules and cost estimates. The results of these studies indicated
that an EPR would cost of the order of $1 billion without escalation and supporting R&D. Moreover, in order to meet the target operational date in the mid-tolate 1980s, a decision to proceed with the EPR program would have had to be made
immediately. It was concluded that the risks were too great to embark on such
an ambitious program without further experimental information and an examination
of alternatives.
Accordingly, in 1976 TNS (The Next Step) study programs were started at
General Atomic and Oak Ridge National Laboratory under the sponsorship of the
U.S. Energy Research and Development Administration. During the first year of
this study, a range of design options and a variety of physics and technology
problems were explored [8,9,10]. These studies led to the identification of the
reactor concepts currently under study.
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The primary purpose of the current studies is to identify technical problems
and to develop solutions and/or to identify R&D requirements to provide solutions
to these problems. Accordingly, the designs currently adopted for these studies
primarily represent frames of reference for identifying problems and exploring
solutions.
The basic objectives adopted for the TNS design are in both cases to: 1)
achieve ignition and plasma burns sufficiently long to study burn dynamics, and
2) serve as a forcing function for development of fus-ion power reactors. In
addition, in the General Atomic design, provision is made to generate a nominal
amount of electrical power.
2.

OVERALL REACTOR DESIGNS

The overall reactor designs currently being explored at General Atomic and
at Oak Ridge National Laboratory are depicted in Figs 1 and 2, respectively. A
comparison of the major design parameters for these designs is presented in
Table I.
The main differences between the two reference designs are the plasma configuration and major radius. In the case of the ORNL design, a "Dee"-shaped
plasma is used and, with an appropriate ignition margin, a major radius of 5.0
meters is required. It is expected on theoretical grounds that stability can be
maintained at a somewhat higher total beta with the "Doublet" plasma used in the
GA design due to the greater elongation and the existence of a separatrix. Also,
tne transport is somewhat reduced with the Doublet plasma. As a result, a substantial ignition margin can be achieved with a major radius as small as 3.6
meters.
3.

PLASMA CHARACTERISTICS

The plasma characteristics for the current TNS designs are listed in Table
II. While the major and minor radii are somewhat larger for the ORNL design than
for the GA design, the plasma volumes are almost exactly the same due to the
larger total cross-section of the Doublet plasma.
The basic GA plasma parameters were determined by a self-consistent parametric analysis, which accounted for engineering constraints and was based on a
realistic model of the plasma characteristics. Using this analysis, the plasma
major radius, minor radius, and on-axis toroidal field were established. The
plasma elongation was determined by optimizing the MHD equilibrium and stability
features, the basic point of issue being the ability to shape and control highbeta plasmas.
Given Bj, R, a and K, a minimum g was found for ignition of the order of
4% for either Alcator scaling or trapped ion scaling. The quoted ignition B of
5% provides for some physics margin and allows more flexibility in selecting the
ignition point in density/temperature space. The 6%-burn g-value allows for a
post-ignition thermal excursion to a higher-temperature, thermally stable burn
equilibrium. Both values are well below the g-limits imposed by ballooning
modes or by transport with achievable auxiliary heating power. The quoted plasma
current, I p = 11.4 MA, is the current corresponding to a safety factor q of 2.5
at the plasma edge.
—
20
_
The quoted mean electron density, n g = 1.9 x 10 , and mean ion temperature,
TJL = 7.7 keV, are results from a zero-D calculation assuming a parabolic temperature profile, a somewhat flatter density profile, and an average g of 6%
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TABLE I
TNS MAJOR DESIGN PARAMETERS
GA

ORNL

Maj or radius, m

3.6

5.0

Minor radius, m

0.95

1 .2

Plasma height-to-width

2.7

1.6

Toroidal field, tesla
10.0

10.9

5.1

5.3

960

700

Burn time, sec

30

16

Duty factor

0.5

0.05

Electrical power generated, MW

20

N.A.

At coil
On-axis
Plasma thermal power
Peak, MW

during burn. It was assumed that the burn equilibrium will be controlled in
such a way as to maintain a central ion temperature of 15 keV. Averaging over
the profiles, and including the contributions of electrons, ions and alpha particles, these parameters correspond to 3 = 6%. The confinement time, Tg = 3.7 s,
was then determined from the parameters using Alcator scaling. Radial transport
code simulations give results in very close agreement to the 0-D simulation with
the exception that a thermal runaway ensues if no explicit burn control mechanism is adopted.
One-tenth trapped ion mode scaling in 0-D calculations was used by ORNL.
Studies using a 1-D analytic solution showed that the density profile solution
of the transport equations leads to an equivalent global loss rate, ^-J-JM-N no
larger than D X I M / 1 0 . The effect of the density profile on < D X I M > was also
investigated, and it was shown that fueling profiles peaked toward the plasma
edge,tending to flatten the density profile, which in turn reduces the trapped
ion loss rate. Recent calculations at ORNL reveal D-shap_ed equilibria which are
stable with respect to the internal ballooning modes at g-values of "v 5% for
TNS-like tokamaks. For a tokamak with aspect ratio equal to 2.4, stable 3
values up to 12% have been found. With shaping and profile optimizations, current estimates of the stable 3 limit are between 5% and 10% for the ORNL TNS.

4. DESIGN FEATURES
The design features of the GA and ORNL TNS reactors are compared in Table
III.
Significant differences evolved, due in part to differences in the plasma
cross-section adopted. With the General Atomic Doublet design, for example, a
large premium is placed on the radial space between the plasma chamber and the
inboard sections of the toroidal field coils. As a result, economic trade-offs
led to the selection of a very dense, highly effective shield material, tungsten,
in the inboard region.
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TABLE II
PLASMA CHARACTERISTICS
GA

ORNL

Major radius, m

3.6

5.0

Minor radius, m

0.95

1.2

Plasma elongation

2.7

1.6

Aspect ratio

3.8

4.2

Toroidal beta
Ignition, %

5.0

2.5

Burn, %

6.0

5.0

Assumed Z ,.- .
effective

2.0

1.2

Plasma current, MA

11.4

4.3
20

1.3 x 10 2 0

Mean electron density, m

1.9 x 10

Mean ion temperature, keV

7.7

13.0

Energy confinement time, s

3.7

1.8

Plasma volume, m

225

227.6

Total fusion power, MW

960

700

A difference in impurity control is also noted. A compact poloidal divertor
was adopted for the ORNL design, while a passive impurity control system comprised of carbon liner plates in the inboard area of the chamber and a carbon
coating applied directly to the chamber wall in the outboard area were adopted
for the GA design.
Water-cooled copper coils were selected for the OH-coils of the ORNL design,
while a superconducting coil was adopted for the OH-coils of the GA design. The
superconducting coil involves additional development and therefore an element of
additional risk, but it does result in substantial savings in parasitic power.
Twenty Nb3Sn superconducting coils are used for the toroidal field coil system in the ORNL design. The GA design, on the other hand, utilizes twelve NbTi
superconducting coils. While niobium-tin coils involve more development than
niobium-titanium coils, parametric studies indicate a substantial savings in system cost. Parametric studies at both GA and ORNL reflect that a minimum cost
reactor is achieved with about 20 toroidal field coils. In the case of the
smaller GA reactor, however, access considerations dictated the use of a smaller
number of coils at a modest cost penalty.
Studies of various startup scenarios at ORNL indicate that the plasma can be
effectively heated by neutral beams in the 150 - 200 keV range. Accordingly, neutral beams with positive ion sources are used in the ORNL design. Studies at GA,
on the other hand, based on a different set of assumptions and a different
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TABLE H I
DESIGN FEATURES

GA

Feature

ORNL

Plasma chamber
Cross-section

Doublet

Dee

Material

Inconel 625

Stainless steel

Impurity control

Passive — Low-Z liner
plates and wall coating

Compact poloidal
divertor

Blanket

20 cm stainless steel,
water-cooled

Not applicable

Shielding

Inboard: tungs ten
Top, bottom, and outboard: lead, stainless
steel, boronated water

Stainless steel,
boronated water, integral
with plasma chamber

Poloidal coil system

Water-cooled copper
stabilization and fieldshaping coils

Water-cooled copper PF
and EF coils

Air core NbTi OH coil

Air core, water-cooled
copper OH coil

Toroidal field coils

12 superconducting NbTi
coils

20 superconducting
Nb-jSn coils

Plasma heating

54 MW 500 keV negativeion neutral beams

50 MW, 150 - 200 keV,
positive-ion neutral
beams

Vacuum pumping

Cryosorption pumps

Cryosorption pumps

assessment of risks involved, indicate that beam energies in the range of 500 keV
are required and therefore beams with negative-ion sources are specified.
R-f
heating is also being considered for the TNS program.
5.

MAINTENANCE

The need for remote maintenance is recognized in current TNS studies, and
provisions are made in the designs to accomplish repair and replacement using
remotely controlled devices.
Two basic approaches are being pursued by the two design teams. In the
ORNL design, provisions are made to remove a segment comprising one-tenth of the
basic reactor, including two of the TF-coils (Fig. 3 ) . This approach has the
advantage of permitting the replacement of a large segment of the reactor, but
involves the cutting and disconnect of a large number of joints.
The design approach being pursued at General Atomic involves more localized
operations. Provisions are made for removing segments of the shield, blanket,
and plasma chamber individually. The toroidal field coils are normally left in
place and would be removed only in the event of a failure in the coils themselves.

396

SAGER and ROBERTS

•5

I

I
1
5
•2

I

IAEA-CN-37/R-2
6.

397

CONCLUSIONS

The TNS studies being pursued at General Atomic and Oak Ridge National
Laboratory have proved valuable in providing a focus for fusion R&D as well as
defining the design characteristics and relative costs of candidate reactor,
systems.
It is apparent that if the TNS is designed as an ignition machine, it will
be substantially larger (3.6 - 5.0 m major radius, ^ 1.0 m minor radius) than the
TFTR and will cost in the range of $400 - $600 million without escalation and
supporting R&D.
Additional studies and R&D are required in order to establish firmly the
design characteristics and features of the TNS. In particular, additional information is required to establish the basic configuration of the plasma crosssection. Additional information is also needed to select the impurity control
system, the type of superconducting toroidal field coil, the basic type of OHcoil, and the type of plasma heating system.
Programmatic studies should also be continued to establish the basic objectives and schedule of the TNS program. Of particular concern is whether or not
the generation of electric power needs to be included as a requirement.
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DISCUSSION
A. GIBSON: We heard this morning that the 0 values around 10% mentioned
by you for the Doublet configuration would require the presence of a perfectly
conducting shell (or equivalent device) in close proximity to the plasma. Have
you addressed yourself to the problem posed by this requirement in your
design study?
P.H. SAGER, Jr.: In the General Atomic design we have provided stabilization coils outside — but in close proximity to — the plasma chamber. These are
essentially passive coils which respond to any instability in the plasma.
B. GREEN: On the basis of the plasma physics data used in the 'selfconsistent' designs you presented, how much additional heating power will be
required?
P.H. SAGER, Jr.: Our studies indicate that approximately 60 MW of beam
power are required for the General Atomic TNS reactor.
H.P. FURTH: I should like to pursue the line of questioning begun by
Dr. Gibson. You replied to him that the TNS designs contain stabilizing coils
that provide some semblance of conducting-shell stabilization. What I want to
ask, then, is whether these coils are designed merely to give vertical stability, or
whether they are capable of stabilizing a variety of kink modes - something which
would be necessary, according to this morning's lectures, in order to achieve the
high beta values that you have been mentioning.
P.H. SAGER, Jr.: We expect the stabilization coils incorporated in the
General Atomic design to respond to the vertical modes which our studies indicate
to be the critical ones. The plasma chamber is a double-wall continuous structure
which responds to kink instabilities with fast growth rates. What the effect of
kink modes with slower growth rates will be is a question we have not yet gone
into.
J.P. GIRARD: My question relates to your choice of the air-core transformer to induce the plasma current. Have you considered using the iron-core
transformer, which, as the JET group have shown, presents many advantages?
P.H. SAGER, Jr.: Early parametric studies indicated that total plant costs
would be very sensitive to the major reactor radius, varying approximately as the
square of the major radius. Given the higher fluxes that can be attained with
air-core transformers, it is possible to minimize the major radius, so that the total
cost of the air-core design is less than that of a design using an iron-core
transformer.
J.P. GIRARD: The characteristics of the ORNL TNS seem to be quite
similar to JET. What ought to be the next step, in your opinion? Should it be
a study of the blanket, for example?
P.H. SAGER, Jr.: The objectives of the TNS programme are being
examined concurrently with the studies of various reactor concepts. Among the
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possibilities being considered are ignition of DT plasmas, burns sufficiently long
to study burn dynamics and fuelling, a high total number of burns, high duty
factor, and electric power production. In addition, it is anticipated that the
reactor will provide a basis for the integration of certain systems likely to be
used in subsequent power reactors, such as superconducting toroidal field coils,
and will serve as a test facility for various materials and engineering concepts
requiring a power reactor environment. The two reactor designs presented here
have features which would allow them to be developed for the whole span of
objectives under consideration.
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Abstract
TANDEM MIRROR REACTORS.
Preliminary designs of tandem mirror fusion reactors burning D-T fuel and of fusionfission (hybrid) tandem mirrors producing both fissile fuel and electricity have been made.
For the hybrid reactor, it is found that, by using stream-stabilized, 2XIIB-like plugs and by
injecting 200-keV deuterium beams into a tritium-plasma target confined electrostatically in
the solenoid (two-component operation), a useful Q (fusion power/injection power) near
unity is obtained. The D-T tandem reactor parameters are optimized to obtain the minimum
capital cost per kW(e) net. For $200/kW(e) of 1200-keV neutral-beam injection power in
the plugs and a solenoid cost of about $3 million per metre length, the optimum Q is near 5.
To allow for more expensive injector costs, a higher D-T reactor Q of 10 is obtainable with
either increased power output or decreased neutron wall loading. Fokker-Planck calculations
show steady-state Q ^ 5 for D-D tandem reactors burning only deuterium fuel and its reaction
products, with most of the charged-particle fusion power recovered in a direct converter.

INTRODUCTION
Since the introduction of the tandem mirror concept two years ago by
Dimov et a l . t l ] and independently by Fowler and Logan 12], the f e a s i b i l i t y
of tandem mirror reactors (TMR's) in terms of power density, magnetic
fields, injector energies, and cost has largely been undetermined. We r e port here our preliminary evaluations of the economic and technical
requirements for both D-T TMR's and fusion-fission (hybrid) TMR's. We have
calculated significant Q (fusion power/injection power) values (Q "= 5) for
D-D TMR's, and so are also examining the p o s s i b i l i t i e s for D-D reactors.

* This work was performed under the auspices of the US Department of Energy by
the Lawrence Livermore Laboratory under contract number W-7405-ENG-48.
' On loan from Westinghouse Electric Corp.
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We have identified several reactor components—high-field Nb3Sn magnets
for the end mirror cells (plugs), high-energy, negative-ion-based neutral
injectors, and solenoid blankets suitable for low neutron wall loading
—
which will be needed in all TMR's, and which will require extensive development. In addition, for several plasma physics questions crucial to TMR's
—beta limits due to MHD ballooning instability in the solenoid, radial
diffusion, and microstability of the plugs-theory (Refs. £2] and [3] ) is
not yet sufficiently quantitative to impose constraints on reactor design.
However, we have not yet found technical design problems or existing
theoretical stability requirements that could not be accommodated in a
suitable TMR design; therefore, we are sufficiently encouraged to continue
our theoretical and experimental investigation of this concept.

Previous work [lj showed that a TMR Q can be made arbitrarily large
(even to ignition) by making the fusion plasma density in the solenoid
sufficiently small compared to that in the plugs and the volume of the
solenoid sufficiently large compared to the volume of the plugs.
Limits
on Q are imposed by the combination of an economic limit on reactor power
output, a minimum solenoid plasma density n c to achieve an adequate
fusion power density, and a maximum plug plasma density np that can be
confined with the highest practical magnetic fields.
Balancing the cost
of recirculating power with the cost of the solenoid and blanket, we find
minimum reactor capital cost per kilowatt of net electric power ($/kW) at
a typical Q ** 5 for 1000 MW(e) net power output. If neutral-beam injector
costs were twice as high, and solenoid blanket and coil costs half as
expensive as our initial estimates, the optimum Q would increase up to
83
10. The tradeoff between Q, fusion power density, and reactor size
determines the optimum parameter values for all tandem reactors —
hybrid,
D-T, and D-D.

HYBRID TANDEM MIRROR REACTOR
We know that if fissile materials are added to fusion reactor blankets, then economic power balance can be obtained with fusion Q's as low
as 1 to 2, depending on the energy multiplication by fission in the blanket. Alternatively, adding fertile materials to the blanket allows one
fusion hybrid reactor to supply fissile fuel to five or more fission reactors; the economics would then also allow fusion Q's of order unity.
Because of their simple cylindrical geometry and low • solenoidal magnetic
fields, TMR's are ideally suited to accommodate the more complex blankets
and maintenance of hybrids.
We have selected a two-component mode of operation for a hybrid TMR
to minimize plasma confinement and technology requirements. In this mode,
energetic deuterium beams (~200 keV) are injected into a low-temperature
tritium plasma target confined electrostatically in the solenoid. As with
two-component operation of tokamaks [5], a fusion Q = 1 can be obtained
with electron temperature T e as low as 6 keV.
Because the tritium
plasma can have a much lower temperature than the reacting deuterons,
two-component operation permits energy balance with a much larger loss
rate of the tritium target than fusion with Maxwellian D-T plasma
as
considered by the Kurchatov group [6]. This in turn allows stream-stabilization of loss-cone modes in small plugs a few ion gyroradii in size, as
presently done in 2XIIB [7]. Thus, a two-component tandem hybrid does not
require classical ion confinement in the plugs, which can therefore be
very small.
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The electron temperature that controls Q is determined by the tritium
end loss rate required for stream stabilization of the plugs. Measurements [8] of the minimum flux J m £ n of low-energy ions streaming through
the midplane of the mirror-confined ions in 2XIIB at a ratio of plasma
radius to gyroradius r_/p£ « 2 indicate a flux
n T3/2
1.84 x 1 0 " 1 4
£—5
A/m 2
(1)
m n
V&TCR - D E
v
I p
p
where Aj is the mass number of the streaming ions, IL, is the plug
mirror ratio (enhanced by finite beta) and E p is the average plug ion
energy. (All energies and potentials are in fceV, lengths are in metres,
and densities are in m~ 3 .) Recent 2XIIB experiments [9] indicate improved ion confinement as r^/p^ is increased up to 7, so we believe
the streaming ion flux can be smaller than Eq. (1) by a factor of at least
10 for larger hybrid TMR plugs with fp/Pj * 12. Since the plugs have
negligible volume and the solenoid tritium flux dominates the end loss,
the electron energy balance in this system is given approximately by
J . =

< v V

where n D and En are the deuterium component density and average energy,
r c and L c are the solenoid radius and length, r p is the plug radius,
Te£ is the Spitzer electron-ion equilibration time, and <S>e is
the
solenoid potential confining electrons (<J>e = 5 to 6T e , typically).
As
the left-hand side of Eq. (2) is largely the required solenoid beam injection power, Eqs. (1) and (2) can be used to estimate that injection powers
of order ~300 MW can sustain Te_«= 6 keV with plug densities n p ^ 5 x 10 20 m ,
radii r p « 0.16 m and energies E p ** 200 keV sufficient to plug a solenoid producing ~10 MW/m of fusion power. With tritium ion cooling by
charge exchange in a gas-feed source, we find that small density ratios
n p /n c * 2 to 3 give electrostatic confinement of tritium ions
for
typically 10 2 to 10^ transit times. This reduction in tritium loss
compared to free flow allows the hybrid TMR to reach T e = 6 keV with
less injection power at much lower magnetic field than required with
unstoppered solenoids [10].
Using a zero-dimensional model coupling standard rate equations for
energy transfer between hot deuterons, alphas, cold
tritons, and
electrons, we have evaluated the dependence of Q in the two-component
tandem hybrid on solenoid length L c , injection energy
E£ n j
(same
E
inj f o r plugs and solenoid), and plug midplane field
BQP<
The
deuterons and alphas are assumed to be mirror confined for a cooling time
on the tritons and electrons. The triton electrostatic lifetime is
calculated using analytic formulas
by
Pastukhov £11] with
solenoid
potential well depths <jv = T e ln(n_/nc) adjusted to give a
total
^ritium loss rate of 2irrp2(Jmin/l0) . The plug ions are assumed to have
=
E
an<
a
Ep
inj
^
lifetime = Tg£ in the presence of
ion-cyclotron
fluctuations as in the 2XIIB experiment.
Sample tests of this simple
model with Fokkei—Planck calculations give the same Q values within 10%.
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FIG.I. Qfor the two-component tandem hybrid as a function of (a) solenoid length Le,
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TABLE I .
EXAMPLE PARAMETER VALUES FOR A Q
TWO-COMPONENT TANDEM HYBRID REACTOR

Parameter
Solenoid length, L c
Solenoid radius, r c
Solenoid electron density, n c
Solenoid deuterium density, np
Solenoid tritium density, n^
Electron temperature, T e
Injection energies, E£ni
Solenoid field, B c
Plug field, B O p
Plug density, n p
Plug radius, r p
Fusion power
Neutron wall loading,
(at 1—m wall radius)

1.1

Value
50 m
0.37 m
1.7 x 1 0 2 0 m" 3
6.3 x 101<3 m" 3
1.1 x 1 0 2 0 m" 3
6.0 keV
200 keV
1.8 T (e c = 0.8)
7.0 T
(Rj, = 2, |3p = 0.7)
4.6 x 102^m~-'
0.16 m (r / P i = 12)
410 MW
1 MW/m2

B Q P are shown in
The results for Q as a function of Lcc, E inj
With L c limitedd to less than 100 m for a
Figs. l(a) through (c).
practical power output, £ n j less than 300 keV for efficient trapping,
and B
for Nb3Sn
magnets v.rip v a c — J..-)^, rjLgs.
ana
OQ
Q_
- less
less than
cnan 12
LL T
J. ror
BDjon plug
piug magneca
l(a) through l(c) show that two-component hybrid TMR s will be limited to
Q < 1.5. As one example, Table I gives parameters for a hybrid TMR with
reduced technology requirements (Lc = 50 m, Ej n j = 200 keV, B Q p = 7 T ) .
D-T TANDEM MIRROR REACTORS
Our preliminary study [12] of D-T TMR's was designed to determine the
optimum parameters for minimum cost of power and to assess the sensitivity
of reactor cost to variable limits imposed by economics and technology,
e.g., net power output, plug injection energy, and plug magnetic field
strength. The most important result of that study, summarized in Fig. 2,
is that reactor cost ($/kW) minimizes at a Q * 5 with a recirculating
power fraction of 43% for a fixed power output of 1000 MW(e).
The main
reason for this result is that the 100-m-long solenoid and blanket form
the single most expensive reactor component ($3.2 million/m), while our
initial estimate for the 1200-keV neutral-beam injector cost per injected
kilowatt of $200/kW(e) is probably too low by a factor of at least 2.
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0C = 0.7, f^ = 1.0, Rp v a c = 1.07, and net power = 1000 MW(e).

Note in Fig. 2 the decrease in neutron wall loading r with increasing
The cost of recirculating power balances the cost of the solenoid only
high r , which is obtainable only at relatively low Q and high recirculating power.

To understand the constraint on Q imposed by power density
consider the following general expression for Q:
P, . V
fusion c
P (1 - f ) 2V + P V
p
p
p
c c
where

Vc

and V_

are the solenoid

Q.
at

in TMR's,

(3)
and plug

volumes,

respectively;

where

fusion

4

ic

v

DT F

(4)

is the fusion power density in the solenoid with D-T ion density n£ c , D-T
fusion reaction rate <av> D T (m^-s" 1 ),
and
fusion
energy
release
E
F = 17600 keV; where
n2
P

E.
m
(nT)

(5)

is the plug injection power per unit volume with a plug ion confinement
(nx) p ; and where
2V
P = P f
(6)
c
p p
V
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is the solenoid input power per unit volume with an external injection
power P e per unit of solenoid volume. The fraction fp of plug injection power that is transferred to the solenoid_ electrons by plug ions
cooling on electrons and lost at average energy E is given "by
E. . - (E T + 4> +<)> + T )
= _13J
13J *L_Is £ e _
=
E
P
inj

f
f

(7)

We can define a solenoid power amplification

and, noting that Q increases monotonically with Q 8 O i , we can restrict our
attention to the scaling of Q 8 O i . For energy balance in the solenoid,
we requi re
: av>
P

"2 <f Tc 7^-

+

*e+ Te> (1 - W J

where T c is the ion temperature, <av> cx /<avi> is the ratio of charge
exchange to ionization, E a o = 3520 keV is the initial alpha energy, fa£
is the fraction of alpha energy transferred to the ions and electrons,
E~r is the mean reacting ion energy, and f a t is the fraction of alphas
that thermalize in the potential well. We assume that the thermal alphas
diffuse out radially to a cold boundary layer by classical collisions with
the D-T ions [13], allowing steady-state operation at a fractional thermal
alpha density of

a

n
^ T « 4'5
ic

X 1()19

f

at

<av>

^c

r

c B c (1 " B c )

where B c is the solenoid field in teslas and B c is the solenoid beta.
The fraction f a t of alphas escaping radially carry out only 3/2 T c
energy per alpha while the fraction (1 - f a t ) scattering out the ends
carries out two electrons with 2( cj>e + T e ) energy per alpha. The
product of D-T ion density and confinement time (nx)
in Eq. (3) is
given approximately by £l4j!
(nx)..

/4v

T /T
/* \ 7.8 x 10 10 T-| /2 /n f C

T /T
/n \e C
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where (nt )j.i 19 the D-T ion self-scattering time, 4>c = T g ln(np/nc)
and solenoid electron density n c = nic(l + 2C a ) . By Eqs. (9) and (11),
we see that Q 8 O i (and so also Q) increases monotonically with (nt) c and
the parameter (np/nc)Te'Tc*
Clearly, to enhance the ratio T e /T c any auxiliary heating in a
subignition solenoid should be selective to electrons.
For the same
reason, charge-exchange ion cooling benefits confinement.
After that, Q
can be increased only by increasing n_/nc, and since n_ is limited by
plug magnetic fields and beta, the solenoid density n c must decrease,
reducing fusion power density as n|.
Economic r can be recovered at
larger r c , but then total power output increases.

By shortening the transition length between solenoid and plugs, we
may induce nonadiabaticity for the hot alphas so that
f a t •* 0.
By
solving Eq. (9) together with ion energy balance for the density ratio
n p /n c ,
giving Qsoi = 5, we obtain nearly the same np/nc * A at T e
= 60 keV with f a t = 0 as with the classical scattering value fat * 0.7.
Thus, hot alphas need not be confined at this value of Q s o i. To obtain a
O.80I = 20, however, containment of most hot alphas is essential, so that
near ignition is achieved.

To allow for higher neutral injector costs, Q must be increased in
order for the recirculating power fraction to be reduced. Example parameter values (not optimized) for a 1000-MW(e) D-T reactor with Q s o i = 20
and overall Q = 10, are given in Table II. Tritium plug ion confinement
and hot alpha thermalization are derived from two-dimensional FokkerPlanck calculations. Thermal alpha fractions are determined by Eq. (10).
Direct electron heating is assumed to provide an added power input P e to
the solenoid, such that P e V c /(P e V c + 2P V p ) = f e = 0.6. We assume
equal generation efficiency, trapping efficiency, and cost per injected
kilowatt for the direct electron heating as for the neutral beams.
We
assume lower values for Bgp and E£ n j in Table II than in Ref. [12] ,
exploiting direct electron heating which allows f_ « 0.
We assume that
small additional neutral-beam injections in field ripples near the outer
plug mirrors raise the outer mirror densities to n c so that plug ions see
only a potential of magnitude $<.. We find that~3 MW of additional
injection in outer field ripples can increase the plug (nx)_ by a factor
of 2, depending on E£ n j, through reduction of the local plug ambipolar
potential. Combined generation and trapping efficiencies of 60% are
assumed for both neutral-beam injection and direct electron heating,
resulting in a recirculating power fraction of 27%. Because the solenoid
is more than twice as long ( L C = 240 m) as at Q = 5, solenoid cost/m
must be reduced by a factor of at least 2 for this reactor example to be
near optimum with injected power costs of $400/kW(e). We believe solenoid
cost/m can be so reduced if the blanket design is optimized for low power
density.

D-D TANDEM MIRROR REACTORS
Because of linear geometry and because ions exiting from the solenoid
have a directed kinetic energy due to a plug potential that is large
compared to their thermal temperature, the tandem mirror system is ideally
suited to efficient direct conversion of the fusion energy released in
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TABLE II. EXAMPLE PARAMETER VALUES FOR A Q s o l = 20,
Q = 10, 1O3 MW(e) D-T TANDEM REACTOR

Parameter
Solenoid length, L c
Solenoid radius, r c
Solenoid electron density, n c
Thermal alpha fraction, C
Electron temperature, T e
Solenoid ion temperature, T c
Solenoid field, B c
Plug density, n_
Plug field, B O p
Plug radius, rp
Plug injection energy, E £ j
n
Plug injection current, I
Neutron wall loading, F
(at 1.9-m wall radius)

10

1

1

1

Value
240 m
1.6 m
5.5 X 1 0 " m"3
0 .1
50 keV
34 keV
1.6 T
(B c = 0.9)
5.5 X 1020=m-3
1 2 . 0 T ( R P = 2 . 6 , gp =
0.47 m (rB/Pi = 30)
600 keV
150 A (total, incident)
0 .60 MW/m

•
"p/nc

/

•

/

I M

: (c)

1

200

25

0

(b)

20

0.09
(Reference case)

(c)
(d)

20

0.6

30

0

(e)

20

0

(f)

30

0
(No a diffusion loss)

/-(d)

-,* 5 -

;

(a)

400

600

1

800

-keV
FIG.3. Solenoid power amplification factor Qml for a D-D reactor as a function of deuterium
neutral-beam injection energy into the solenoid E^, and for the listed plug/solenoid density
ratios n /nc and direct electron heating power fractions ft. The product of solenoid radius
and plasma internal field rcBc \/i—j3c = 1 m-T. The solenoid plasma mirror ratio Rc = 20.

charged particles. To exploit this unique advantage, we consider a catalyzed D-D fuel cycle in which the 3 He and T reaction products are burned
to increase the charged-particle fraction of fusion energy release to
64%. Because high electron temperatures are needed to confine the fuel
electrostatically, synchrotron radiation must be suppressed by a very high
solenoid beta ( gc >_0.9), which prevents the charged-particle fusion
energy from ultimately being radiated to the walls rather than being
directly converted. Such high betas may be possible if one localizes
radial density and potential gradients to a thin surface boundary layer.
Using a multispecies Fokker-Planck code, we have calculated the
steady-state, two-dimensional velocity
space
distribution
functions
fj/v, 6) for the five ion species (D, T, 3 He, a,p) involved.
Fuel ion
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TABLE III. EXAMPLE PARAMETER VALUES FOR A Q s o l
D-D TANDEM REACTOR (Solenoid only)
Particle
Electrons
Deuterons
Tritons

3He
*He
Protons

Mean energy (keV)

200
288
358
295
438
2687

4.3

Density (10 18 m~ 3 )
47
29
0.6
4.3
2.4
3.7

Parameter
Plug/solenoid density ratio, np/nc
Direct electron heating fraction, f e
Deuteron injection energy, E£ n j
Solenoid mirror ratio, R c
Electron confining potential, $e
(Solenoid radius) x (plasma internal field),

Value
20
0.09
400 keV
20
865 keV
1 m-T

losses by fusion burnup in D-D, D-T, and D-JHe reactions appear as isotropic sources for the reaction products at their appropriate energies.
The electron temperature is determined by a rate equation that includes
ion-electron eneTgy transfer, relativistic synchrotron and bremsstrahlung
radiation loss, and end losses of <j>e + T e for each ion charge lost.
Escaping ^He and T ions are reinjected into the solenoid for complete
burnup. Thermal alpha ash is assumed to have a classical radial diffusion
time [13]

where Ep is the mean deuteron energy, nj is the density
and In A is the Coulomb logarithm.

of Z

"

1

ions,

The results for Q g o j are shown in Fig. 3 as a function of the
deuterium injection energy in the solenoid, and for various density ratios
n p /n c and electron heating power fractions fe. Note that significant
Q 8 O 1 * 4 to 5 can be achieved with several values of E£ n j and np/n c .
For sufficiently long solenoids, the overall Q, including plug power, can
approach Q 8 O i. As expected, the improvement of Q s o i with increasing np/nc
shows the beneficial effect of a deeper potential well for the ions. Also,
a small amount of electron heating (fe = 0.09) benefits Q s o i, but with
too much electron heating (fe = 0.6), the increased electron energy
losses lead to lower Q s o i. A set of solenoid parameter values for
f e = 0.09 is given in Table III. We have not yet attempted to carry out
a complete reactor design based on this case, but it should be noted that
the power recovered in a direct converter (charged fusion power minus
radiation losses) is 2.3 times the solenoid injection power, so a simplified reactor design may be possible if we eliminate thermal energy recovery
in the blanket.

410

LOGAN etal.
REFERENCES

(1) DIMOV, G. I., ZAKAIDAKOV, V. V., KISHINEVSKII, M. E., Fiz. Plazmy _2
(1976) 597.
(2) FOWLER, T. K. LOGAN, B. G., Comments Plasma Phys. Controlled Fusion
Res. 2 (1977) 167.
(3) BALDWIN, D. E., et al., Paper IAEA-CN-37-J-4. these Proceedings.
(4) RYUTOV, D. D. et al., these Proceedings.
(5) DAWSON, J. M., FURTH, H. P., TENNEY, F. H., Phys. Rev. Lett. 26
(1971) 1156.
(6) GRIBOV, Y. V., CHUYANOV, V. A., Kurchatov Institute of Atomic Energy
Rep. 44/1454 (1978).
(7) COENSGEN, F.H., et al., Phys. Rev. Lett. 35_ 1501 (1975).
(8) MOLVIK, A.W., Bull. Am. Phys. Soc. 22 1144 (1977).
(9) SIMDNEN, T. C , et al., Paper IAEA-CN-37-J-1, these Proceedings.
(10) POST, R. F., et al., Phys. Rev. Lett. 3JL (1973) 280.
(11) PASTUKHOV, V. P., Nucl. Fusion U_ (1974) 3.
(12) MOIR, R. W., et al., University of California, Lawrence Livermore
Laboratory Rep. UCRL-52302 (1977).
(13) LONGMIRE, C. L., ROSENBLUTH, M. N., Ann. Phys. (N.Y.) 1 (1957) 120.
(14) COHEN, R. H., et al. (to be published in Nucl. Fusion).

DISCUSSION
R.W. CONN: What physics changes were made in going from Q = 5 to
Q = 10? Are the technology requirements for plugs and beams the same at
Q = 5 o r 10?
R.G. LOGAN: What we did to get Q = 10 was, essentially, to increase the
ratio of plug density to solenoid density, and also to include the effects of
thermal alphas. This reduced the neutron wall loading, increasing centre cell
length for the same reactor power output (1000 MW(e) net). At the same time,
we used 60% electron heating with half the energy of neutral beams (600 keV)
and lower plug fields (12 T), which eases technology requirements.
B. LEHNERT: In your calculations of Q, have you taken the plasma heat
losses along the magnetic field lines into account?
R.G. LOGAN: Yes. The positive ambipolar potential of the plugs, which
electrostatically confines ions in the centre cell, also confines electrons in the
system. But, also, one must prevent the emission of cold secondary electrons
from the wall. We believe our direct converter designs would be suitable for this
purpose.
H. CONRADS: Could you please give the ratio of the cost of the reactor
to the overall cost of the power plant for your design?
R.G. LOGAN: I am sorry, I do not remember that cost ratio. However,
it is given in our reactor study report (Livermore Report UCRL-52302, July 1977).
R.A. KRAKOWSKI: Engineering power density (power per unit volume
enclosed by the confinement system, i.e. the magnets) per unit wall loading
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shows a dependence on geometry which predicts an optimum (maximum) at a
first-wall radius equal to the blanket thickness. Let me refer you to the discussion
on paper 1-2 in this connection. Have you varied these geometric factors in your
overall optimization procedure?
R.G. LOGAN: Yes. The various blanket, shield and coil costs were scaled
with radius to minimize the cost of power at a fixed reactor power of
1000 MW(e) net.
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Abstract
FUEL PRODUCTION CHARACTERISTICS OF FUSION HYBRID REACTORS.
The potential role of hybrid systems in the production of fuel for fission reactors is
examined in the context of a possible serious fuel shortfall developing early in the next century.
Various proliferation-resistant fuel-cycle options are considered, including the use of the Th/233U
fuel cycle and the Refresh Concept. It is concluded that the fusion hybrid reactor has a high
potential to extend fuel resources for nuclear power stations. The hybrid concept also appears
to offer the flexibility to operate with a variety of fuel-cycle options. Furthermore, a demonstration of fissile-fuel production in a hybrid based on the tokamak concept appears to be a feasible
near-term goal.

1.

INTRODUCTION

The need for development of advanced energy technologies has received
world-wide attention during the past decade. It is clear that nuclear energy
* Work performed under the following contracts:
Westinghouse: DoE Contract EG-77-C-02-4544, EPRI Contract RP473-1. University of
Washington/Battelle, PNL: DoE Contract EN-77-3-01-6173. General Atomic: DoE Contract
EY-76-C-03-0167.
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must assume a key role in satisfying energy needs to avoid excessive dependence on dwindling supplies of fossil fuels. However, growth of the nuclearpower industry is limited since there is insufficient uranium ore to sustain
widespread use of nuclear convertor reactors for much beyond the 20th Century.
The chief candidate to extend the nuclear option is the Liquid Metal Fast
Breeder Reactor (LMFBR). Technology for the LMFBR is presently available
and its timely implementation could extend nuclear fuel supplies for centuries.
Because of these factors, concerted efforts have been made to develop and deploy the LMFBR, not only in the USA , but in all the technologically advanced
nations of the world. Concerns have been voiced in the USA, however, with
regard to the availability of sufficient fissile material for breeder reactor
startup inventory. These concerns arise, in part, because of the reduced rate
of future LWR deployment which has been forecast in revised projections during
the past several years. Recent studies by the Electric Power Research
Instituted) suggest that the ability to deploy breeders as rapidly as desirable to assure adequate energy availability may be limited by a shortage of
fissile fuel needed for startup inventory. We believe this to be an unduly
pessimistic assessment. However, the imperative need for the breeder to ensure the long-term viability of the nuclear option suggests that the development of an alternate source of fissile material to assure an adequate startup
inventory would be a prudent investment. The fusion hybrid appears to be the
leading candidate to provide this source of fissile material because of its
prolific fuel production characteristics.
The fusion hybrid reactor appears to have a unique potential to help
meet the rapidly expanding fuel needs of nuclear fission options and thus to
ensure that we can avoid any shortfall in energy resources. Our studies, as
well as those of other investigators both in the USA and abroad, indicate
that the hybrid concept has the potential to produce very large quantities of
fuel for fission power plants. Typical results suggest that a single hybrid
facility may refuel from 5 to 15 nuclear plants of 1000 MWe capacity, depending on the specific hybrid concept and the nuclear fuel cycle selected. Fuel
from a hybrid facility could also make up shortages in startup inventory for
fission breeder reactors if these shortages should, indeed, develop. In
addition, these studies indicate that the fusion hybrid has basic generic
differences as compared to fission reactors. Typical fission reactors produce
2.5-3 neutrons per fission. One of these neutrons is used to sustain the nucclear reaction, i.e. to maintain the reactor in a critical state - and a second neutron must transmute a fertile nucleus to replace the fissile atom consumed in the reaction. Thus, less than one neutron is typically available to
account for leakage, for parasitic losses, and to produce a net surplus of
fissile material. In contrast, the fusion hybrid is comprised of a subcritical fertile lattice driven by a fusion neutron source. Therefore, it is not
necessary for the fission reaction to sustain itself. Furthermore, highenergy fusion neutrons can produce 4-5 neutrons per fission,which affords a
cascading effect to supply a surplus of neutrons for transmutation of fertile
nuclei to fissile materials. These characteristics account for the high potential of the fusion hybrid as a fuel production facility.
Concerns regarding the effect of plutonium utilization on nuclear proliferation have recently been expressed by the current Administration in the
USA. As a result, the Administration has initiated the International Nuclear
Fuel Cycle Evaluation (INFCE) and Nonproliferation Alternative Systems Assessment Program (NASAP) studies to examine alternate nuclear fuel cycle scenarios.
Results of these studies should be available in the Fall of 1979 and will have
an influence on decisions regarding future fuel cycles for nuclear reactors.
There is a broad-based consensus on the object of these proliferation concerns.
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No responsible party wants to see nuclear weapons material fall into the hands
of an unstable or irresponsible national government or subnational group.
There is a significant area of disagreement, however, in the means of satisfying these proliferation concerns. Those experts with the most extensive firsthand knowledge of the nuclear power industry, as well as many responsible
statesmen in the USA and abroad, conclude that plutonium can and should be
utilized for LWR's and breeders with adequate institutional controls on reprocessing to ensure a high degree of proliferation resistance by extensive
safeguards. Initial engineering studies of the fusion hybrid concluded that
the uranium-plutonium fuel cycle is the choice which offers the potential for
the most abundant production of fissile f u e U 2 ) . This fuel cycle also offers
the benefits of the most extensively developed technology in fuel fabrication
and reprocessing. Thus, the fusion hybrid can serve as a source of fissile
material for the fuel cycle that technical experts in nuclear fission consider
to be the best choice for LWR and fast-breeder reactor systems. More recently
the attention to alternate fuel cycles in the NASAP and INFCE studies has
prompted consideration of these fuel cycles for various reactor systems, including the fusion hybrid. The hybrid appears to offer the flexibility for
the production of fissile material in a wide variety of these alternate fuel
cycles. In particular, the hybrid affords a means of producing U-233 from
thorium without the consumption of natural fissile material which is required
for U-233 production in a fission reactor. However, the ultimate assessment
of alternate fuel cycles involves a much broader set of considerations than
those addressed in hybrid studies to date. Thus, the entire fuel cycle must
be assessed in some detail before meaningful conclusions on alternate
approaches can be developed. With the above points in mind, the remainder of
this paper describes recent hybrid work performed at Westinghouse, The
University of Washington/Battelle PNL, and General Atomic.
2.

ASSESSMENT OF ALTERNATE HYBRID REACTOR SYSTEMS

The goal of the studies performed by The University of Washington and
Battelle PNL is to evaluate fusion-fission nuclear energy systems(2J which
may reduce perceived risks of nuclear weapons proliferation while satisfying
short-and long-term needs for nuclear energy. Other considerations are the
technological, resource, economic, environmental and safety factors.
Hybrid reactors could produce power as well as fuel to extend the fuel
supply for fission reactors. Several studies(3»4,5) have already shown that
fuel-producing hybrids capable of fueling multiple burner-converters can
serve a useful function in the perceived marketplace by the year 2000. However, these studies conclude that hybrid breeders must produce and sell power
at least sufficient to offset the power consumed by the devices in order to
compete in the marketplace. The sale of fissile material probably requires
chemical processing of the blanket6 to recover the fuel, although recycle without reprocessing may be possible^ ).
Fusion Drivers Based On Inertia! And Magnetic Confinement
On the basis of present information, hybrid systems based on the laser
and electron-beam-driven pellet systems, the tokamak, the classical mirror,
the linear theta pinch, the laser-heated solenoid and the imploding liner were
reviewed. These systems were assessed in terms of the following requirements:
electrical energy and tritium-breeding self-sufficiency; fuel production to
support a sufficient number of fission burner converters; and acceptable neutron wall loading and/or blanket power density. Based upon this assessment,

416

ROSEetal.

the fusion driver systems which were retained for characterization and evaluation include the laser inertia! confinement system with high-gain pellets, the
tokamak, the classical mirror with yin-yang magnets, and the linear theta
pinch.
Hybrid Blankets Requiring No Reprocessing
These hybrid blanket concepts are analogous to the LWR once-through
system with verified spent-fuel storage. The principal application for these
types of blanket appears to be for the hybrid reactor to produce saleable
electricity or synthetic fuels (e.g. hydrogen). The fuel cycle would utilize
either uranium (natural or enrichment tails) or thorium in the blanket region
of the reactor to multiply the energy of fusion-produced neutrons through
fissioning of the uranium or the thorium. The spent uranium or thorium would
be cooled and shipped to a secure repository for storage and ultimate disposal.
Compared with the LWR once-through system, these hybrid blanket concepts
eliminate the need for enrichment requirements but require similar safeguards
for the spent fuel. They can also have markedly improved resource utilization
since they can utilize depleted uranium or thorium. However, they appear to
be economically inferior since they involve plants with significantly greater
capital costs(=).
Hybrid Blankets Requiring Reprocessing and Recycle of Fissile Materials
In Fission Reactors
These hybrids extend natural resources by converting uranium and/or
thorium to fissile material. The applications include hybrid blankets which
produce only fissile material for sale to support fission reactors as well as
those which produce both fissile material and electricity (or synthetic fuel)
as saleable products. Variants on the blanket fuel cycle include use of
uranium, thorium, or mixtures of both. For concepts involving recycling of
Plutonium to fission reactors, it has been suggested by some that the reprocessing and fuel refabrication facilities be located in an International
Nuclear Center (INC) and co-processing and/or spiking of the final fuel be
performed. Location of the hybrid within the INC would be advisable only if
the hybrid blanket initially contained fissile material. Resource utilization
is favorable since use can be made of depleted uranium and thorium and recycled plutonium. The hybrid system would be attractive economically because
of the large number of thermal fission reactors it could support(4»5j.
Thorium blanket concepts which utilize the recycling of U-233 denatured
fuels to fission reactors may also involve locating the reprocessing and refabrication activities in an INC. In this case, the fission reactor fuel probably will be denatured by mixing with U-238. This concept has high resource
utilization since itmakesuse of thorium and recycled U-233 which can produce
relatively high conversion ratios in the thermal fission reactors. However,
the economics may not be as attractive as plutonium recycling because of
poorer hybrid breeding performance.
A potentially more attractive hybrid blanket is one in which depleted
uranium and recycled plutonium are used for neutron and
energy multiplication
and in which U-233 is then bred in a thorium region' 7 ). Such a design incorporates the superior performance of U-238 and Pu-239 in a high-energy spectrum
while producing U-233, a superior fuel for thermal reactors.
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3. THE U-233 REFRESH CYCLE CONCEPT F O R HTR FUEL
As previously noted, concern by the present U.S. Administration about
questions of nuclear proliferation has prompted international reexamination of
these issues through the International Nuclear Fuel Cycle Evaluation (INFCE)
Study. This international interest in alternate nuclear fuel cycles provides
a unique opportunity for fusion power. Because the fusion neutron source is
essentially independent of the breeding blanket, hybrid reactors have the flexibility to use a wide variety of blanket fuel materials and fuel cycles.
Studies at the General Atomic Company, in cooperation with the Lawrence Livermore Laboratory, have been aimed at utilizing this flexibility with the U-233
Refresh Cycle Concept for HTR fuel.

The U-233 Refresh Hybrid Power System consists of a hybrid fusion reactor
in which U-233 is produced from thorium, and several thermal fission reactors
in which the Th/U-233 fuel is used without reprocessing. Because of its high
burnup capabilities, fuel based on high-temperature gas-cooled reactor (HTR)
technology is used. A preliminary evaluation of the U-233 Refresh Cycle Concept^) concluded that the idea is technically feasible. The results of the
more detailed studies reported here confirm those optimistic projections.
Results
The objectives of this study were to evaluate the HTR fuel materials irradiation limits, to investigate the nuclear performance of fusion reactor
blanket designs, to study the fuel cycle of burner reactors using the fusionbred fuel without reprocessing, and to determine the characteristics of a
symbiotic fusion-fission power system based upon the Refresh Cycle Concept.
The full range of HTR fuel design possibilities was considered for use in the
hybrid blanket, including use of coated thorium fuel particles only with no
graphite. Lithium-6 was added to depress the thermal flux and prevent the
bred U-233 from being burned out and also to produce tritium to fuel the
fusion reactor. Low C/Th ratio blankets have the highest uranium production
rate but also experience more fast fluence to reach the 4% minimum concentration in thorium needed to operate the HTR without reprocessing the fuel. By
use of reduced fuel temperature in the hybrid blanket this concentration can
be achieved within presently expected fuel fluence limits. The uranium consumption of an HTR operating on the Refresh Cycle and the effect of using the
fuel for multiple enrichment-depletion cycles were studied. The uranium consumption is high (^400 kg/GWe-yr) compared to that of a high conversion ratio
HTR M 3 0 kg/GWe-yr) due to the amount of fissile fuel retired with the noreprocessing concept. The use of several passes through the breeder and burner reactors before the fuel is retired does not reduce consumption significantly due to the effect of a large fission-product inventory after several cycles.
The present calculations indicate that a fusion hybrid reactor could support from
2 to 3 HTR burner reactors of equal thermal power without reprocessing using
the U-233 Refresh Cycle.
4.

PROSPECTS FOR A NEAR-TERM DEMONSTRATION OF FISSILE
FUEL PRODUCTION

With the foregoing points in mind, it is logical to ask how soon fusion
might be utilized for the production of fissile fuel. The conclusion to date
of studies conducted at Westinghouse is that the demonstration of the requisite technology to utilize fusion neutrons for the production of nuclear fuel
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could be achieved by the end of the next decade with reasonable prospects of
success based on the design, construction, and operation of a Demonstration
Tokamak Hybrid Reactor (DTHR)(8). The Tokamak Fusion Test Reactor (TFTR),
under construction at Princeton, is scheduled to provide the first demonstration of D-T operation with a reactor-grade plasma in the early 1980's. The
Westinghouse studies have shown that TFTR can serve as the "plasma prototype"
for the DTHR and can lead to demonstration of the production of very significant amounts of fissile fuel - at least 100 kg per year in initial operation.
A demonstration of this type is an essential step in adapting existing fission
reactor technology to the blanket environment characteristics of a hybrid,
thereby ensuring viability of the concept. The objectives of the DTHR are
thus to couple a fusion neutron source based on TFTR with existing fission
reactor technology in as simple and straightforward a manner as possible to
demonstrate the technology of fissile fuel production by the later 1980's.
The concept employed is a beam-driven tokamak of about 5-meter major radius
and 1-meter minor radius surrounded by a partial blanket of fertile material
which could be designed to produce significant quantities of either Pu-239
or U-233 fuel. The DTHR is designed to operate on the D-T fuel cycle to produce 1-2 MW/m2 of fusion neutrons at the first wall. Resolution of most of
the critical scientific and physics questions prerequisite for the DTHR should
be provided in the fusion program during the next five years(9). Supporting
research efforts will be needed in certain key technologies, of course, to
ensure that long-pulse, high duty cycle operation can be achieved and that
blanket fuel elements can function properly under the pulsed operation environment of the hybrid. Resolution of remaining problem areas in these technologies appears to be a reasonable goal, provided judiciously conceived
development programs are conducted on a timely basis. Finally, investment in
the development of these technologies can provide the basis for improved
hybrid performance as better plasma confinement conditions are achieved, and
will ultimately supply the experience in reactor engineering needed for the
realization of pure fusion power. However, these conclusions regarding the
prospects for a near-term hybrid test facility such as the DTHR are based on
a limited amount of engineering study to date. More Intensive studies are
needed over the next several years before deciding to embark on a major hybrid
development effort such as the DTHR.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

ELECTRIC POWER RESEARCH INSTITUTE, Research and Development Program for
1978-1982 Overview, EPRI Rep., Palo Alto, CA (1 Sep. 1977).
ROSE, R.P., et al., Trans. Am. Nucl. Soc. 27 (1977) 337.
Proc. US-USSR Symp. on Fusion-Fission Reactors, Livermore, 1976, CONF-760733
(UC-20)(1976).
ENGLE, R.L., DEONIGI, D.E., Electric Power Research Institute Rep. ER-469,
Project 268-1, Part A (1976).
DEONIGI, D.E., ENGLE, R.L., Battelle Pacific Northwest Labs Rep. BNWL-2139
(UC-20)(1977).
AUGENSTEIN, B., Rand Paper No. P-6047, presented at the 2nd DMFE Fusion-Fission
Energy Review Meeting, Nov. 1977, to be published.
SCHULTZ, K.R., et al., A U-233 Fusion-Fission Power System Without Reprocessing A Preliminary Report, General Atomic Rep. GA-A14635 (1977).
SU, S.F., WOODRUFF, G.L., McCORMICK, N.J., Nucl. Technol. 29 (1976) 392.
WESTINGHOUSE ELECTRIC, March 1978 Status Report on the Preliminary Conceptual
Design of a Demonstration Tokamak Hybrid Reactor (DTHR), Rep. WFPS-TME-086 (1978).

IAEA-CN-37/R-4

419

DISCUSSION
R.G. LOGAN: Can the support ratio be sufficient to offset the higher cost
of a fusion hybrid breeder compared to a fast breeder?
R.P. ROSE: We first need a better assessment of how great the capital cost
of the hybrid will really be. A credible answer will require more in-depth engineering effort on commercial hybrid designs. With what we know today, and in
anticipation of learning curve effects to reduce costs for commercial deployment,
it appears that the attainable LWR support ratios will be sufficient to allow fuel
production from the hybrid on an economically competitive basis.
F.L. RIBE: I might add, with regard to Dr. Logan's question, that the
hybrid must not consume too much of its own electricity. In other words, the
hybrid recirculating power fraction must not be too large because of the cost
of electricity. Economic studies done by Battelle Northwest, the Rand Corporation and the University of Washington indicate that this fraction must be less
than 50%.
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Abstract
ACCELERATION OF MACROPARTICLES BY LASER LIGHT.
Previous experimental investigations of the laser-induced acceleration of small metallic
particles have been extended to lower- Z (polyethylene and solid deuterium) targets, of potential
interest for refuelling fusion reactors. The variation of particle velocity with incident beam
energy, focal spot size, pulse length, wavelength and target material has been examined over a
much wider range of physical conditions than has been published hitherto. In particular the
multikilojoule CO2 laser Trojan has been used to accelerate 500 ;um (CH 2 ) n cubes to velocities
of ~ 900 ms"1 and 300-Mm-diameter D2 cylinders containing ~ 3.0 X 1018 atoms to velocities
of ~ 800 ms"1 (within a full cone angle of ~ 60°). As the pulse duration is lengthened from
50 ns to ~ 1 jits, more of the D2 burns through, leaving small fragments having directed velocities
> 104 ms"1. Target accelerations of order 1010 ms"2 are inferred from shadowgram and interferometric observations. The validity of scaling laws derived from analytic models of the lasertarget interactions, and some implications for pellet refuelling of toroidal reactors, are also
discussed.

1.

INTRODUCTION

There is a continuing interest [1-3] in the acceleration of macroparticles by focused laser radiation [4-7] as a technique for realising
high-velocity pellet re-fuelling of fusion-reactors. For typical toroidal
magnetic-confinement reactor systems, it is estimated that velocities of
10^ m/s
and greater will be required [8] if one assumes pellet dimensions
of order lmm. Centrifugal accelerators [9], gas guns [10] and electrostatic
techniques are currently being developed for experimental tests of the
pellet-ablation theory. Acceleration by the rocket effect, obtained by
directional ablation of material from a pellet under laser irradiation has

* Present address: National Research Council, Ottawa, Canada.
Present address: Clarendon Laboratory, Oxford, UK.
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already, it is claimed, produced velocities of 10 to 10 m/s [5,6] for
sub-millimetre corundum particles and thin (10-100 ^m) Al foils respectively.
Previous investigations at Culham of the laser-induced acceleration of small
Mo targets [1] have now been extended to lower Z targets of potential
interest for re-fuelling applications, and the scaling laws have been examined in some detail. Although other authors [2,11] have recently examined
theoretical implications of using laser-driven ablation pressure to accelerate pellets to hypervelocities (> 10 ms" ) , it is thought that the work
presented here still represents th? only controlled experimental study of
the velocities which can be achieved as the* incident laser beam energy,
focal spot size, pulse length, wavelength and target materials are systematically varied.
2.

THEORETICAL MODELS

The pressure which accelerates the pellet during irradiation has two
components: thermal and ablative. For plane targets having dimensions
exceeding the focal spot size

£

(Mv) = [n kT + n.kT. + M (v-u)] a

(1)

where M and v are the mass and velocity of the pellet at a particular time t;
n ,n. and T ,T. are the electron and ion densities and temperatures; M
is the mass aSlaiion rate per unit area; u is the ablation velocity relative to the target surface; a is the illuminated area and k is Boltzmanh's
constant. (Here, for simplicity, we postulate that the ablating plasma has
an area comparable to a, ie. that transverse thermal conduction may be
neglected). When T = T i and n = Z n^, it follows that
^ Y . = n. (Z + 1) kT a + |Mu| a
dt
I
e
' '

(2)

By solving the conservation equations and assuming inverse bremsstrahlung
absorption,the dependence of M, u, n. and T on the experimental variables
can be calculated using an adaptationlof the ielf-regulating model with the
assumption of high absorption; the plasma expansion is assumed to be one
dimensional [11-13]. Hence we can deduce the total plasma pressure acting
on the target:

P

=

H £ = 1.2 x 10-4 [Z3 (1 + a)

2

X 2 t]~* A"

2

{# Newtons m"2

(3)

3. ut

where ff is the irradiance, \ the laser wavelength, A the atomic weight,
and MKS units are used throughout. Integration permits the velocity to
be determined after time t. One-temperature fluid models showing strong
inverse bremsstrahlung absorption are most appropriate when Z » 1, so that
[Z 3 (1 + Z ) 3 ' 2 ] - * will here be simplified to Z f 9 A 6 . T h e m e a n irradiance
(JT = E/aT, where E is the laser pulse energy ana T its duration. When the
target is sufficiently thick that its mass is almost constant whilst
accelerating, its terminal velocity can be written:

- 1.0 x 10-4 M"1 Z-9/16 A7/16 T 1 / 4 aV4 T V 8

3
E

/4 _-!

(4)
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Alternatively, at some distance from the target the expansion may
become quasi-spherical, leading to a more rapid decrease in density.
Adopting a three-dimensional fluid model [14,15], the terminal velocity
for small mass decrements is then [3]:
v, n = 3.1 x 10- 4 M" 1 S i 1 ' 2 A 7 / 1 8 r 2 ' 9 a 1 / 6 T 2 ' 9 E?/* ms" 1
O

ol)

(5)

1

For low-Z targets at high irradiation intensities the assumptions of
inverse bremsstrahlung absorption and a one-temperature fluid expansion
become increasingly inappropriate. A one-dimensional flux-limiting convective model of energy transport and ablation [16] has therefore been
modified to suit the present D_ experiments. Here, we have postulated a
two-temperature electron fluid - having the ratio of cold-electron to
hot-electron densitites n /n = 2 discussed in reference [17]. Assuming
(resonant) absorption witfi a coefficient a near the critical surface,
balanced by electron heat transport of magnitude -J^nm vh , it can be shown:
= ~ 3.3 x 10- 66 M" 1 [1

°

+

(2Z)1] (*/ ? ) 2/3

X-

2/3

a 1 ^ T1/3

2//33
E

ms"
ms 1
(6)

where % (the flux limiter) will hereafter be given the value 1/16, as in
reference [17], (Note that different computer simulations suggest a
slightly lower value for § [18].) In equation (6) the ion temperature
has, for simplicity, been equated to the cold-electron temperature;
density profile modifications are assumed to be weak; and the numerical
multiplier takes values of 3.3 x 10~ or 3.7 x 10~ , depending whether an
isothermal or adiabatic sound velocity is adopted for the expanding plasma [ll]

3.

EXPERIMENTAL TECHNIQUE

Using a pulsed 5J (18 ns) ruby laser and a 2J (45 ns) TEA CO laser,
previous work reported the velocity scaling of metallic foils witn laser
wavelength, incident intensity (00 and atomic weight [1]. Velocities were
measured from shadowgraphs taken with a 20 ns (FWHM) ruby laser. Using
the same technique the focal spot size and pulse-length dependence have
been studied, using a 1-4J ruby laser of variable pulse duration and the
energy scaling extended by three orders of magnitude, using the multikilojoule CO TROJAN laser [16,19,20]. Although molybdenum targets proved
convenient for these scaling measurements, polyethylene foils have also
been used to provide tests of scaling at lower Z (and with more modest
values of tensile strength). Finally, some preliminary experiments on
deuterium pellet acceleration by TROJAN are reported.
The small ruby laser incorporated feed-back control [3], which allowed its pulse duration to be varied from 18 to ~ 300 ns. The high-energy
TROJAN laser is an e-beam controlled device which gives an initial 50 ns
pulse followed by a tail of approximately one eighth the power, adjustable
in duration up to 2.5 ^ s . An F/22 optical system focuses this pulse to a
spot with 50% of the energy within a 1 mm diameter. The stationary targets
of Mo or (CH ) were suspended by silica or glass fibres of diameter < 10
^m. The deufePium targets were free-falling ~ 300 ^m diameter cylinders,
between 500 and 900 ^m long. They were manufactured using a commercial,
miniaturised, version of an IPP prototype [21] which drops them tumbling,
but with low angular scatter, some 25 cm into the (stationary) focal
zone of TROJAN.
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FIG.l. Dependence of velocity on C02 laser pulse energy for polyethylene and
foils. Lines drawn with slope of 7/9.

4.

molybdenum

VELOCITY^SCALING MEASUREMENTS

The ID and 3D expansion models predict energy scaling to the
power 0.75 and 0.78 respectively. Measurements on Mo and (CH ) foils
accelerated by the TROJAN laser are plotted in Fig.l, where it can
be seen that the experimental points fit the (relative) energy scaling
indicated. However, experimental errors preclude any distinction being
made between the two models from the similar slopes predicted by
equations (4) and (5). These Mo foil measurements have been combined
with previous work at lower (0.1 - 2J) CO 2 laser energies [22], and
are plotted in Fig. 2. A good absolute fit is obtained between the
ID expansion theory and the low-energy results, which were obtained
with 0.75 x 0.75 x 0.025 mm foils irradiated by laser pulses of energy
< 2 J in a spot of 0.28 mm diameter. At higher energies 1 x 1 x 0.125mm
"targets were used; the parameter plotted, MV/a^, thus facilitates
intercomparison of the two sets of data. Here, a significant fraction
of the incident laser energy is not initially intercepted by the foil,
although later in the pulse absorption occurs in the ablating corona.
In consequence conduction permits plasma blow-off at a wider range of
solid angles around the target, contributing less to the net directional
thrust and therefore giving a lower velocity than that .predicted by
equation (4). This interpretation has been confirmed by interferometric
measurements of the ablating plasma. However, it is interesting to
note that the relative scaling remains in good agreement.
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FIG. 2. Comparison of the theoretical predictions of Eq. (4) for two Z values (continuous lines)
with the experimental points obtained for CO2 laser acceleration of molybdenum foils.

Fig. 3 illustrates the significant difference in velocity produced
by different laser wavelengths (\ = 0.69 and 10.6 ^ m ) , at similar
(0.1 - 5J) laser energies; identical Mo foil targets were used for this
comparison. Allowing for the different spot sizes and Rulse lengths
(ruby: a = 2 x 10" m , T = 18 ns; C 0 2 : a = 6 x 10
m , T = 45 ns),
the experimental factor of 2.2 agrees with the wavelength scaling
predicted by equations (4) or (5) to - 15%. The weak dependence of
velocity upon focal spot size, and upon target material, was tested
using the 5J ruh,y ^aser (with focal areas varied systematically from
1.5 to 30 x 10
m ); detailed results are discussed in [3]. Fig. 4
illustrates a slight (but definite) dependence of velocity on laser
pulse duration observed when the TROJAN laser is used to irradiate
1 x 1 x 0.125 mm Mo foils. The 50 ns and 1.6 |j,s pulses were obtained
by adjusting the duration of the electron-beam ionizer. A thirty-fold
increase in irradiation-time produced a small increase in target
velocity, at identical incident energies, consistent with the scaling
of equation (4). A similar, but less conclusive, result was obtained
by varying the 5J ruby laser pulse between 18 and 250 ns [3],

426

BURGESS et al.
5.0

150|ig Molybdenum foil,
25|im thick

-

2.0

10

i
61

1.0 >

"•"in

E

u
>.
"G

0.5 I

5 2

o

0.2
103

o Ruby laser
• CO2 Laser

0.1

5

0.1

0.2

0.5
1.0
2.0
Energy (Joules)

5.0

10
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0-5 cm

FIG.5. Left: shadowgraph of 0.5-mm polyethylene cube before irradiation. Right: shadowgraph of pellet 4.6 us after start of irradiation by a 1.5-kJ (1.8-IJS) COi laser, incident from left.

5.

PELLET FRAGMENTATION

Two factors contribute to the disintegration of pellets during
acceleration. Firstly,shocks driven by the rapidly rising laser
intensity can cause spallation of material from the far side of the
target, and changes of state within the bulk of the pellet. Secondly,
the longer-duration laser pulses can burn through (ie. completely
ablate) the target. Low-energy ruby and CO_ lasers produced scarcely
any observable fragmentation of Mo targets, thus simplifying the scaling
discussed above. However, a long (1.6 ^s) "TROJAN" pulse did cause
fragmentation of a 50 ^,m Mo foil, whilst a short (50 ns) pulse of equal
energy did not; clearly burn-through of the foil can contribute to
the fragmentation observed. Polyethylene, with its weaker bondstrength, is obviously disrupted more readily [23],
Fig. 5 shows the
result of accelerating a 0.5 mm cube of (CH ) to a velocity •> 1000 ms
[20]; it can be seen that the pellet is expanSing in all directions,
due to internal heating. What prospect is there, then, for D pellet
re-fuelling of magnetically confined plasmas by laser techniques?
When free-falling D 2 pellets were irradiated by a 0.5 kj, 50 ns,
"TROJAN" pulse (containing only ~ 100 J within the initial target area),
bulk velocities of > 800 ms" were observed. However, pellet disintegration within a full cone angle of ~ 60° was apparent in the shadowgram, corresponding to transverse velocities approaching 400 ms"
Using longer pulses4of ~^1 kj in 1 ^s, individual fragments are
accelerated to > 10 ms~ but the mass of deuterium involved is only
a small fraction of the initial pellet. At higher energies still, the
pellet appears to burn through. These pellet velocities are ~ £ of
the values predicted by eqn. (6):a discrepancy compatible with the
interferometrically observed tendency of the corona to surround the
pellet.
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CONCLUSIONS

For high-Z targets such as Mo, the ID model of equation (4)
provides marginally better agreement with the scaling experiments.
At higher intensities and with lower-Z materials, such as D , better
absolute agreement is obtained with the two (electron) temperature
model of equation (6 ) , but present preliminary observations do not
permit extensive scaling tests. The dominant parameter in determining
the pellet velocity appears to be the absorbed laser energy: changes
in target material, wavelength, focal diameter and pulse duration are
of less importance. Presently achievable (CH.) or D pellet velocities
may already be of interest for (single-shot) Tokamak re-fuelling studies
[24]; pellet fragmentation of these weakly bound materials is an
important limiting factor on the maximum (directed) velocities attainable. However, the "TROJAN" system is at present primarily arranged
to produce highly ionized laser-plasmas in CLEO Stellarator [16].
Weaker acceleration over longer flight-paths can be achieved by lengthening the laser pulse-duration and focal-length of the optics; this
should permit larger pellets to be accelerated without exceeding the
tensile strength of deuterium. Finally, reactor re-fuelling requirements neccessitate very long flight-paths (> 1 m) and/or radial
confinement of the accelerating pellet. It is possible that an
appropriate combination of cylindrical jacket and/or annular laser
beam [25] would facilitate the technical development required.
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Abstract
APPLICATION OF BUNDLE DIVERTORS TO EXPERIMENTAL TOKAMAKS AND
REACTORS AND SOME CONSEQUENCES OF COLLISIONLESS EXHAUST FLOW TO
DIVERTOR TARGETS.
Two separate aspects of magnetic divertors in tokamak devices are discussed. The first
part of the paper is concerned with the application of bundle divertors as a means of
controlling the plasma exhaust and purity in experimental tokamaks and reactors. A brief
review of the DITE experimental results is given and the extrapolation of the magnetic design
to larger tokamaks and to reactors is discussed. The second part of the paper discusses some
consequences of the collisionless flow of plasma into an idealized model divertor, which results
in a high exhaust temperature and sheath potential.

1.

INTRODUCTION
If a tokamak fusion reactor, fueled with deuterium and tritium, is

to operate in a steady-state mode or for pulses lasting for several plasma
containment times, some means must be found to:
(i)

control impurities which would otherwise cool the plasma by radiation,
making it more difficult to reach ignition;

(ii)

exhaust the a-partides which together with the impurities would
dilute the fuel.;

(iii) reduce the power loading on the torus wall due to the fraction of
the fusion power which is transferred to the plasma by the a-particles.
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It has been proposed that these three essential roles can be achieved

by means of a magnetic divertor, whereby field lines at the periphery of
the containment region are arranged to channel the boundary layer plasma
out of the torus into a separate divertor chamber where the plasma can be
neutralized, the power can be dissipated on a large area of target, and any
resulting gas and impurities can be pumped away.
In the first part of this paper we (A.D. Sanderson and P.E. Stott)
briefly review the results of divertor experiments in DITE and discuss the
extrapolation of the design of bundle divertors to larger tokamaks and
reactors.

In the second part of the paper we (P.J. Harbour and M.F.A.

Harrison) consider some of the consequences of collisionless exhaust flow
to the divertor target.
2.

BUNDLE DIVERTOR EXPERIMENTS AND EXTRAPOLATION TO REACTORS
Two main types of divertor have been considered for tokamaks.

One

type is the poloidal-field divertor which has been demonstrated on DIVA and
which will be further tested on the forthcoming PDX and ASDEX experiments.
The theoretical advantage of this type of divertor is that it preserves the
basic axisymaietry of the tokamak.

The penalty is that the divertor coils

link the toroidal field coils and must carry large currents.

This presents

severe technological problems in reactor design and maintenance.
The second type of divertor which is being considered for a tokamak
is the bundle divertor [1,2].

In this configuration (Fig. 1) the divertor

coils do not link any other coils and it has the attractive feature that
the divertor coils and plasma exhaust system can be completely external to
the main torus.

In an experimental tokamak this simplifies the installa-

tion and preserves the option to use the full bore of the torus for nondiver tor experiments.

In a fusion reactor the bundle divertor coils could

be more easily shielded from neutrons and removed for maintenance than the
internal coils of a poloidal field divertor.

The perturbation of the tok-

amak fields is necessarily non-axisymmetric, but experiments in DITE have
so far shown that, at least in collisional plasmas, there are no deleterious
effects.

The following section summarises the experimental results which

have been published previously [3,4,5,6].
2.1.

Review of Divertor Experiments on DITE
The bundle divertor concept has been demonstrated experimentally on

DITE at a toroidal field B fs 0.9 T with a discharge current I fa 50 kA
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FIG.l. Schematic diagram of a bundle divertor indicating the coil angle a, and the minor
radii: as of the magnetic limiter, aj, of the material limiter or torus v/all.and arj of the outer
leg of the divertor coil.

corresponding to q M 3 at the magnetic limiter radius a = 20 cm.
s
_
13
-3
relatively low density limit, n
toroidal field.

< 1.0 x 10

cm

A

, results from the low

Typical values of the central plasma temperatures are

T (o) =* 300 eV and T.(o) ^ 100 eV.
To investigate the effects of the divertor, comparison has been made
between three situations: (i) diverted discharges with a magnetic limiter
radius a =: 20 cm and a material (molybdenum) limiter radius a ^ 26 cm;
(ii) undiverted discharges with the material limiter at a^ = 2 6 cm; (iii)
undiverted discharges with a

= 20 cm.

These experiments have clearly

demonstrated that the bundle divertor exhausts both particles and energy,
and reduces the influx of impurities into the plasma.
The plasma exhaust is clearly seen by direct measurement of particle
fluxes into the divertor arid results in a decaying density unless the
discharge is refuelled by puffing hydrogen gas into the torus.

The total

power measured on the divertor plate corresponds to about 60% of the ohmic
input.

This is a dramatic change

in the power balance.

In un-

diverted discharges over half of the ohmic input is radiated, with a radiation power profile peaked on axis.

The divertor reduces the radiated

power by a factor of between 5 and 8.
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A reduced influx of impurities at the plasma edge (r =* 26 cm) is

observed spectroscopically and with a carbon collector probe

[7]. The

influx of oxygen is reduced to 60% compared to undiverted discharges and
the molybdenum to 16% even with a molydbenum divertor plate, thus showing
that backflow from the divertor is small.

These results indicate a sub-

stantial reduction in the plasma-wall interaction.

The mechanism for

reduced impurity release is thought to be reduced arcing due to a cooling
of the plasma boundary.
The impurity influx into the undiverted core of the discharge is
further reduced by the divertor screening effect

whereby impurities are

ionised and swept into the divertor as they penetrate the boundary layer.
The screening efficiency is estimated from the relative intensities of
spectral lines at a and at the wall. Typically, for oxygen £ =* 50% and
s
s
for molybdenum £ =* 75%. These values are in reasonably good agreement
with a simple model calculation [2].

2.2.

Extrapolation of Bundle Divertors to Higher Magnetic Fields
Extrapolating the bundle divertor concept to higher values of the

toroidal field B
coils.

has stimulated a reappraisal of the design of the divertor

A simple extrapolation of the first DITE divertor (now designated

Mk IB) from its working limit of B

= 1.5 I to B

= 2.8 T, which is the

maximum field of DITE, would almost double the required divertor coil current and thus almost quadruple the power dissipated and the electromagnetic
forces.

Improvements in the magnetic design following the principles out-

lined below have resulted in a new divertor design (Mk II) which will
operate at 2.8 T with almost the same coil current as the Mk IB coil requires
at 1.5 T.
Consideration of several factors influences the design of bundle
divertor coils.

The basic physics parameters are the plasma exhaust

efficiency, the thickness of the scrape-off layer and the perturbation of
the toroidal field.

Once these are specified, the diameter, angle and

position of the coils can be varied to optimise the engineering parameters
such as the coil current, current density, power dissipation and forces.
The thickness of the scrape-off layer between the magnetic limiter
radius a

and the wall or material limiter a. is a very important parameter,
s
L
The layer must be made sufficiently thick to provide adequate exhaust and
impurity screening, but if it is made too thick the volume of contained
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FIG.2. Divertor coil current and current density versus coil angle a for fixed values as = 0.21 m
and aL = 0.2 7 m. The effects of varying the coil diameter d and the position of the outer leg a^
are also indicated.

plasma will be reduced and there will be a serious increase in the current
required for the divertor coils.

It is important to make a realistic esti-

mate of the scrape-off layer thickness but this is difficult as we do not
have an adequate understanding of plasma diffusion in the scrape-off layer
or even in the boundary layer of a non-divertor tokamak.

This requires

further theoretical and experimental study and so we have based the DITE
Mk II divertor design on an empirical scrape-off layer width of 6 cm (i.e.
a

= 2 1 cm, a^ = 27 cm) similar to the width of 7 cm which seems to be

satisfactory in the Mk I DITE divertor.
The first step in optimising the divertor coils is to position them
as close as possible to the plasma boundary.

The minimum distance is set

by the thickness of the vacuum wall, and in a reactor by the neutron shield.
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It is convenient to specify the divertor position by the minor radius of
the outer leg of the coil which we denote by a^.

We will keep this distance

and the coil diameter d fixed while we vary the coil angle a, allowing in
effect the central leg of the coil to move in and out radially and the
outer leg to slide around the outside of the torus wall.

As the angle a

is increased, Fig. 2 shows that the coil current needed to maintain a fixed
width of scrape-off layer increases, but more slowly than the area A available for the coil, so that the net current density in the central limb of
the coil decreases. The power dissipated in the coil which scales approx2
imately as I /A and the electromagnetic stresses which scale approximately
as B

I/A are minimised for a ot 45°.

Figure 2 also shows that the coil

current is reduced substantially by reducing a^,emphasising the desirability
of positioning the coil as close as possible to the plasma boundary.

The

effect of increasing the coil diameter is also to reduce the required coil
current, but at the expense of increasing the perturbation of the toroidal
field.

In the case of DITE the B

d < 40 cm, which results in AB /B

2.3.

coils limit the size of the divertor coils
=a 2.6% at the centre of the discharge.

Extrapolation to Larger Tokamaks and to Reactors
One of the most important results of this work is the realisation

that bundle divertors appear to be feasible for large tokamaks and even
for fusion reactors.

The extrapolation is mainly one of size rather than

field strength and the space available for the divertor coils and their
support structure is found to increase with size more rapidly than the
total forces or power dissipation.

Thus although the divertor coils in a

large tokamak may be subjected to extremely large forces, the actual stresses
in the coil and its support structure may be no worse than in a mediumsized tokamak such as DITE.
As an example we have carried out a very preliminary study of a large
torus with B

= 3.5 T, R = 2.48 m and aL = 0 . 9 m, similar to TFTR.

With a

scrape-off layer width of 0.2 m, the toroidal field which must be diverted
at the magnetic separatrix radius a

= 0.7 m is 2.7 T and therefore no

larger than in the DITE Mk II divertor.
a

Coils with the parameters a = 45 ,

= 1.27 m and d = 0.7 m would require a total divertor current of 3.2 MA

turns and a net current density approximately one half that of the DITE
divertor.

On the basis of this preliminary design study a bundle divertor

for TFTR seems feasible.
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FIG.3. Section through a reactor-sized bundle divertor showing the expansion of the diverted
flux outside the toroidal field coils by means of additional exhaust coils.

We have also carried out a preliminary magnetic design study of a
bundle divertor based upon the Culham conceptual tokamak reactor Mk II [8].
In this case the separation of the divertor coils from the plasma boundary
must be increased to accommodate a neutron shield.

Recent studies indicate

that a minimum shield thickness of 0.75 m will be required to ensure an
adequate lifetime for electrical insulators in the coil.

For water-cooled

copper divertor coils the power consumption would be 92 MW

which, although

high in absolute terms, is less than 5% of the nominal electrical output
(2000 MWe) of the reactor.
cm

The current density in the coil would be 1.5 kA

, sufficiently low to permit continuous operation.

Figure 3 shows the

arrangement of the divertor coils together with a supplementary pair of
exhaust coils which allow the plasma to expand before it intercepts the
target, as discussed in the following section.
The power consumption of a conventional set of divertor coils makes
it desirable to consider using superconducting windings.

The average mag-

netic field inside the divertor coils is about 5 T and the maximum value,
at the inner edge of.the coil, is close to 7 T.
in the coil is 1.5 kA cm

The average current density

. These values appear to be reasonable even in

terms of present-day superconducting technology.
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SOME CONSEQUENCES OF COLLISIONLESS EXHAUST FLOW TO THE DIVERTOR
TARGET OF A FUSION REACTOR
A tokamak reactor, fuelled with a deuterium-tritium mixture and

operating in a steady state,must be capable of accommodating the power
associated with the formation of the 3.52-MeV a-particles.

This power,

some 800 MW for a 5000 MW (thermal) reactor, could be radiated to the first
wall; alternatively it could be removed from the torus by particle transport
into a divertor.

Transport into the divertor could be under conditions of

high plasma density with the objective of exhausting the a-particle power
by conduction and radiation within the divertor.

However, such transport

implies a dense scrape-off plasma so that charge-exchange and impurity
radiation losses to the first wall may be unavoidable.

Further, the high

thermal conduction rate along the magnetic field may require that the
exhaust path be too long to be accommodated within a bundle divertor.

An

alternative is to operate in a lower-density regime so that, apart from the
inevitable but small bremsstrahlung losses, the energy is exhausted by nonradiative transport of particles into the divertor.

Under these conditions

the energy must be removed from the divertor plasma before the particles can
be exhausted, and one approach

that has been studied in some detail (albeit

in the poloidal divertor of UHMAK III [9]) is to allow the plasma to impact
upon a target.

Practical considerations oTf the material properties of the

target limit its power loading,and so the magnetic fields in the divertor
must allow the plasma to expand and cover a large area at the target.

Con-

sequently the plasma density is low and, for the present purposes, the
exhaust plasma can be considered as collisionless within the divertor although
it must originate in a much more dense region close to the separatrix where
particle collisions can take place.

It is the objective of this section of

the paper to consider some of the consequences of such collisionless exhaust
of particles and energy from a tokamak reactor.
3.1.

Modelling of a Collisibnless Exhaust
A simple one-dimensional model [10] has been developed and its prin-

cipal aspects are illustrated in Figure 4.

An electron-repelling plasma

sheath must be formed in front of the divertor target in order that the
loss rate of electrons and ions can be so balanced that the global loss of
charge from the tokamak be zero.

For a hot

reactor plasma, both the elec-

trons and ions that strike the target have sufficient energy to release
appreciable numbers of secondary electrons [11]. These electrons are accelerated into the exhaust plasma by the action of the sheath potential.

They
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FIG.4. Idealized exhaust by collisionless flow to a divertor target.

can travel, guided by the magnetic field, back through the exhaust plasma
and then interact with the dense plasma near to the separatrix where they
thermalise before returning to the divertor.

This increases the ability

of the exhaust plasma to convect energy to the divertor target.
An analysis has been performed of the effect of secondary electrons
on sheath potential and energy and particle transport through the sheath
[12].

It is assumed that electric fields are zero except in the sheath

and that all the particles striking the target are lost.

Truncated Max-

wellian distributions of electron and ion velocities are used to allow for
these losses and in addition the ions are allowed to have a superimposed
drift velocity.

The secondary electrons are assumed to have a velocity

corresponding to their acceleration within the sheath.

The model assumes

constant area and neglects the magnetic field because the field in the
divertor is assumed to be uniform and normal to the target.

Conditions

for charge neutrality and current continuity lead to a relationship between
sheath potential and secondary electron yield, both of which are then
related to the energy, <S(.kT » carried by each ion and its paired electron
together with the associated secondary electrons.

Solution of the Poisson

equation shows that the maximum yield of secondary electrons is limited by
space-charge saturation in the sheath.

Corresponding to this maximum yield
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FIG.S. Electron temperature (a) and potential (b) of the exhaust plasma plotted versus
burn-up fraction f g. Two conditions are illustrated: no secondary electron emission
(5t = 5.8, 5j = 0.5, 0w = 3.3) and saturated electron emission (St = 23, 6j = 0.53 and 4^ = 0.865).

is a lower bound in sheath potential and also an upper bound in the energy
transport coefficient 6 . The Bohm criterion provides a further constraint
upon sheath conditions.

The maximum value of 6

is found to be about 23

and this is four times larger than in the case of no secondary emission.
3.2.

Collisionless Exhaust Conditions for a Reactor
The power input to the divertor is governed by the a-particle power

and so the temperature of the collisionless exhaust plasma depends upon how
many particles can share in the energy (E = 3.52 MeV) of each a-particle.
Sharing can take place with the secondary electrons and also with any
unburnt D-T fuel whose burn-up fraction, f_, can be defined as
f

neutrons
B =

D

T

Here Y and $ are respectively the fluxes of particles entering and leaving
the reactor, and the subscripts are self-explanatory.

Neglecting relatively

small sources and sinks of energy, the electron temperature of the exhaust
plasma can be expressed by
kT

ew VB/26t
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This temperature is plotted in Fig. 5(a) as a function of f,, for two values
of the energy transport coefficient, 6

= 5.8 and 23, representative of zero

and saturated secondary electron yield respectively.
potential is related to T

The target sheath

and has been shown [10,12] to be about 3.3 kT /e

for the case of no secondary electron field and 0.87 kT /e when secondary
emission is space-charge limited.

The variation of sheath potential with

ffi is shown in Fig. 5(b) for these two cases.
when the secondary emission is saturated and f

It is evident that even
= 0.05 the temperature of

the exhaust plasma is about 4 keV and its sheath potential is about 3.5 kV.
The temperature of the exhaust plasma must be less than the temperature at
the separatrix and the average temperature of the reactor plasma within the
separatrix is not likely to exceed 15 keV.

Thus it is evident that the

burn-up fraction for a reactor with a collisionless exhaust must not exceed
a few per cent and indeed f

ea 0.05 could well be an upper limit.

When

practical levels of power density on the target are considered (1 to 10 MW
m

) it is evident that the plasma density must be low (10

to 10

m

)

and so the collisionless conditions implicit in the model are satisfied
within the divertor [10]. However, the model does not allow for non-normal
incidence of the magnetic field at the target nor for mirroring of secondary
electrons by the magnetic field.

The consequences are likely to be a reduc-

tion in the yield of secondary electrons and a lower probability of thermalisation in the separatrix region so that the exhaust temperature is raised
and more stringent limits must then be imposed upon the burn-up fraction.

4.

CONCLUSION
It has been argued [13,14] that a reactor divertor should operate in

the unload mode in which the a-particle power is transported into the
divertor rather than to the first wall.

In such a divertor the plasma flow

could be considered as collisionless [9] but the present idealised model
shows that both the exhaust temperature and sheath potential are very high.
As a result, target erosion and impurity production due to sputtering and
unipolar arcing will be significant.

Although secondary elections can help

reduce the exhaust temperature and potential, the only way to reduce the
plasma potential of a collisionless divertor to below the unipolar arc
threshold is by drastic reduction in burn-up fraction, i.e. f_ <=» 10 . If
J5
arcing is unavoidable, then the exhaust plasma will become collisional
and the present model is no longer applicable.
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Experiments in DITE have demonstrated that a bundle divertor controls

the plasma exhaust and impurity influx in a tokamak.

Magnetic design stud-

ies show that the concept can be extrapolated to larger tori and higher
magnetic fields, and has sufficient reactor potential to justify a more
detailed design study.
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DISCUSSION
ON PAPERS R-5-1 AND R-5-2
H.J. HOPMAN: I have a question concerning paper R-5-1. If the pellets
are accelerated by ablation, the optimum load is * 20%; thus 20% of the pellet
material is injected into the plasma, but 80% reaches the plasma edge as ablated
gas. How is one to deal with this enormous gas load in tokamak reactors?
H. MOTZ: Perhaps I could answer that question. The gas is accelerated
backwards and need not reach the reactor at all, particularly if the end path is
free flight.
G.A. EMMERT: In the bundle divertor design, is it possible to give a
limiting value for the toroidal magnetic field and still keep the stresses acceptable?
P.E. STOTT: In our reactor design study, the toroidal field on axis is about
6 T. This does not appear to be a limiting value, but further detailed calculations
of the coil structure and the stresses are required.
G.A. EMMERT: We have done similar calculations and find that we can
reduce the electron temperature by choosing a re-fuelling profile peaked near the
edge. But we are not able to get it low enough to change the conclusion that
arcing is a real problem for the collector plate.
P.E. STOTT: Since we have considered a zero-dimensional reactor plasma,
our conclusions do not depend on the re-fuelling profile; rather, they depend on
the total re-fuelling rate and on the burn-up fraction. The burn-up fraction does
depend on the re-fuelling profile, but, provided it is known, the exhaust temperature and plasma potential can be determined. We are particularly concerned to
highlight the problem of arcing at the collector plate, so your comment is very
much to the point.
J.P. GIRARD: What sort of toroidal ripple is introduced by the presence
of the bundle divertor, and does this ripple influence significantly the confinement of high-energy ions and a-particles?
P.E. STOTT: In the DITE Mk I Bundle Divertor, the toroidal ripple at the
centre of the confined plasma is about 1.5%. No deleterious effects have been
observed experimentally, although so far we have not worked in the collisionless
plasma regime where we might expect to see more marked effects. We are at
present calculating the effect of this perturbation on the confinement of highenergy ions and a-particles, and these results will be published shortly.
H. CONRADS: How long can you maintain the divertor current compared
to the plasma current in the case of water-cooled divertor coils?
P.E. STOTT: In the preliminary magnetic design study for a reactor-sized
bundle divertor - see Ref.[8] - the current density in the divertor coil would be
1.5 kA • cm"2. This is sufficiently low to permit continuous operation.
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SUMMARY
ON MAGNETIC-CONFINEMENT EXPERIMENTS*
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Jutphaas, Netherlands

Let me start with a quotation:
"It is now clear to all that our original beliefs that the doors into the desired
region of ultra-high temperatures would open smoothly at the first powerful
pressure exerted by the creative energy of physicists, have proved as unfounded
as the sinner's hope of entering Paradise without passing through Purgatory. And
yet there can be scarcely any doubt that the problem of controlled fusion will
eventually be solved. We just do not know how long we shall have to remain in
Purgatory. We shall have to leave it with an ideal vacuum technology, with
thoroughly elaborated magnetic field configurations, with accurately prescribed
geometry of the lines of force, and with programmed cycles for the electrical
circuits, bearing in our hands the high-temperature plasma, stable and quiescent,
pure as a concept in theoretical physics when it is still uncontaminated by contact
with experimental fact."
The quotation is from the summary lecture presented by Lev Artsimovich
at the 1961 IAEA Conference in Salzburg. Here then is our continuing Report
from Purgatory, Issue number 7, Chapter 1, Magnetic Confinement Experiments.

TOKAMAKS
The largest body of experimental evidence, consisting of many interlocking
contributions from different laboratories, is that concerning the tokamak. Also
the most striking single result, passing the milestone marked "D-T ignition temperature", was achieved in such a device. It is true that very energetic ion populations
have been produced before; it is also true that we are still some distance away from
actual ignition conditions. The reason why, nevertheless, we attach so much weight
to the results from the Princeton Large Tokamak is that we now have proof that one
* This summary talk was also published in Nucl. Fusion 19 1 (1979) 125.
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confinement method can satisfy both the temperature requirement and the requirements of plasma purity and isolation that are necessary for plasma energy breakeven in a beam-plasma system, or — if one wishes to call it so - for the scientific
proof of the feasibility of deuterium-tritium fusion energy production. The nr
and purity requirements had previously been met in Alcator and subsequently in
other machines; the latest Alcator figure (C-4) nr = 3 X 10 13 cm" 3 • s is well in the
range of two-component operation. PLT has now demonstrated (C-3) that injection of neutral beams can bring the ion temperature up to the required value, and
that, when moving far into the regime of long mean free path, one is not blocked
by new anomalous ion energy loss mechanisms, such as trapped-ion instabilities.
Since also the electron energy loss, though still anomalous, did not get worse —
if anything, it got better - one must conclude that the prospects for reaching
breakeven conditions in the next generation of large tokamaks, now under construction in different parts of the world, appear to be excellent.
Every owner of a tokamak worries about current disruptions and would like
to understand and to control them. Many contributions have been offered at this
Conference, but no unified picture has yet emerged. Most tokamak groups find that
external disruptions are always preceded by m = 2 oscillations (e.g. A-5). A
steepening of the current profile near the q = 2 resonant surface, causing instability
of the m = 2 tearing mode, is held responsible. But in some cases, Princeton did
not observe the m = 2 oscillations, and Fontenay sees also mainly m = 3, so there
remains doubt about the universal validity of this description (A-l, A-6). And,
for the cases where m = 2 is present, there is evidence from several experiments
that coupling to m = 3, with n = 2, plays a role, but again, no single description
appears to fit all disruptions. The influx of high-Z impurities from the wall and
the limiter is one of the determining factors, presumably because they affect the
temperature and current profiles; we shall return to these impurities in a moment.
Observations on several aspects of helical modes, associated island formation,
anomalous transport, and minor disruptions are reported by the groups just
mentioned, and by the Garching, Oak Ridge, Culham, T-II, Tuman, T-l 1, and Tokyo
Tokyo teams (C-5, N-2, N-4, T-l, T-2). Plasma behaviour in Pulsator could be
influenced by manipulation of the q = 1 resonant surface by means of an m = 1
helical winding, but selective application of this technique is difficult, because it
also affects the q = 2 surface (T-4). Windings with m = 2 have, of course, been
applied to the q = 2 surface quite successfully to either stimulate, or retard, the
onset of the m = 2 mode, and the Kurchatov Institute has obtained good results
with feed-back stabilization of this mode, which caused both the temperature
and the density to go up (N-l).
We have already mentioned the effect of impurities on disruptions. They
can change almost any characteristic of the discharge, and methods to clean up the
plasma, therefore, receive much attention. The technique of discharge cleaning
initiated at MIT has found widespread application, even in an alumina torus in
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Los Alamos (E-l-1). In addition, gettering is found to be essential by several
teams. Feeding neutral gas during the discharge, and using a carbon or steel
limiter, rather than one of heavy metal, also contribute to lowering Zeff (A-l to
A-3, A-6, N-4, C-4). Conditioning of the limiter is found to be very important in
the Kurchatov Institute. Both ISX-A and TFR-600 appear to benefit from a
distance of 6 cm between the plasma and the nearest part of the wall (N-4, A-6).
Feedback is practised extensively for control of the position of the plasma column,
particularly when the copper shell is abandoned. On the basis of a comparative
study, the DITE team finds gettering effective against low-Z impurities, and gas
inlet against high-Z; they offer the suppression of unipolar arcs as an explanation
for the effect of gas inlet (A-3), where the DIVA team (T-3-1) with support from
PLT hold ion sputtering responsible for high-Z contamination. DITE and DIVA,
together with the T-12 team, report striking improvements in plasma purity and
reduction of radiation losses with their bundle, single axisymmetric and double
axisymmetric divertors, respectively (T-3-2). Only scattered evidence exists on
the merits of a cold mantle between plasma and wall. Insufficient impurity control
detracts from the value of experiments on heating and confinement when we do
not know how the reported behaviour would change if the plasma were clean. We
shall not find our way out of Purgatory before our vacuum techniques and our
control of the discharge have improved to the point where Z is always one unless
impurities are deliberately admitted, or helium is produced.
Be that as it may, we certainly shall not get rid of impurities entirely, and the
questions: how rapidly do they penetrate and to what extent do they accumulate
in the centre are of crucial importance for reactor design, in particular with regard
to the performance required of the divertor, if any. Related to this is the question
how fuel distributes itself through the plasma column, and what will be required
of fuel injectors, if any. So what have we learned about particle transport?
The evidence is ambiguous. In the small Hybtok experiment at Nagoya,
the impurity transport is found to be consistent with Pfirsch-Schliiter diffusion
(T-2). In ISX-A, asymmetric hydrogen inlet drove neon out of the discharge as
predicted by neoclassical theory (N-4). Concentration of impurities in the centre
of the discharge, long ago predicted and feared, but so far never observed, was
finally recorded in Pulsator when a quiescent regime was established at the highdensity operating limit (A-5). (This reminds one that a certain measure of turbulence
is not necessarily bad for tokamak reactor operation. But it is of great interest
for our understanding of particle transport that conditions have now been found
where classical behaviour appears to obtain.) Against these examples of classical
behaviour, however, we have many more of anomalous penetration of impurities,
like in PLT (A-l).
The rate at which hydrogen penetrates the plasma is also highly anomalous
in tokamaks operated with pulsed gas inlet. The anomaly is not restricted to
the edge region, where rapid re-circulation of the gas is driven by strong density
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turbulence (C-4, N-4, N-5-2), and appears to be fairly well described in the case
of DITE by a particle transport coefficient one fifth of the electron heat conduction,
combined with the neoclassical pinch effect (F-2). One is tempted to speculate
that all anomalous transport will cease in the high-density regime, but the experimental evidence is insufficient to prove the point. We have no complete picture
of how various transport processes are related to various modes of instability.
This makes it difficult to establish scaling laws; although some fairly successful
attempts have been made to relate existing experimental data, their predictive value
is small because the underlying physics is unclear so that one does not know what
will happen when new regions in parameter space are entered. Nevertheless, there
is rather broad agreement that, if the q-profile is kept under control so as to restrict
MHD activity, ion heat losses in the centre are neoclassical to within experimental
error, although we must admit that at the frontier this error becomes large. There
is also broad agreement that electron heat loss goes down with density, either
proportionally, or nearly so. It is evident that, in the end, the resulting improvement in overall energy confinement runs up against the neoclassical limit, where
ion heat conduction has replaced the electron channel as the dominant loss
mechanism.
It is important for reactor economy that beta values are further increased.
Figures of five to ten per cent have been mentioned in this connection for the
average across the tube, but there is, of course, not a sharp threshold. Stable
operation at low q is relevant and many groups report successful operation in the
range of 2—2.5, and even below 2, when the plasma is very pure, as in DIVA (T-3-1).
Peak beta values then arrive in the range of 2 to 3 per cent, or even 3 to 5 per cent
in the case of T-l 1 (C-5). Alcator scaling of the confinement time continues to
hold in DIVA, with an even higher numerical factor in front of a2 nq* /2 .
There is ample evidence that cleaning and controlled gas inlet are important;
T-II in Nagoya and Alcator employ the combined effect of gas injection and
programmed current rise to reduce the plasma-wall interaction (N-2 C-4). Tosca
in Culham shows no effect of a non-circular cross-section, either horizontally or
vertically elongated on q or 0 (T-l-1). The Fontenay group have run into some
difficulty with TFR-600, which might contain a warning against abandoning the
copper shell, but, then, other tokamaks have good results without one (A-6).
Clearly then, tokamaks can operate at a j3-value of several per cent. We must
await further additional heating or pulsed high-)3 tokamak experiments before we
can conclude whether or not a fundamental limitation has been reached.
We shall come back to the injection experiments, but for the moment, we
conclude our report on tokamak confinement with some scattered remarks.
There are several observations on super-Maxwellian tails of the electron energy
distribution. An interesting observation from Garching introduces runawayelectron orbit islands that may exist in ergodized field-line regions (T-4). Stockholm
established scaling laws for cold blankets (X-3). The new findings on rapid
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recirculation of hydrogen in the plasma edge, if shown to be of general validity,
would favour pellet re-fuelling which, as Oak Ridge has shown, costs less ionization
energy (N-4). It was gratifying to learn that Doublet III passed engineering tests, and
and that the new high-field tokamak in Frascati started to produce good physics
(C-l, C-2). FT confirms Alcator scaling, including the a2 dependence of r.
These machines will extend the available range of tokamak parameters in
the next few years. Many of the results reported here could not have
been obtained without new refined diagnostics and sophisticated data
handling, which time, unfortunately, does not permit us to discuss. Finally, a
review such as this one, concentrating on experimental evidence, fails to do full
justice to the true character of plasma physics. Pieces of theory, cut to shape by
experimental tests of their validity range, are cemented together by computational
modelling. And so, stone by stone, a solid foundation is laid for the fusion
technology of the future.

HEATING
Our next subject is heating. For tokamaks as well as for mirror machines,
neutral injection is until now by far the most successful heating method and it
is used in too many places to mention them all. The recent availability of significant additional heating has freed the tokamak of one of the constraints which
used to tie the plasma parameters to the toroidal current, and has opened the
way to scaling studies that were impossible before. The T-l 1 machine in the
Kurchatov Institute is specifically devoted to injection experiments (C-5). With
350 kW of injected power, the ion temperature was more than doubled and it
reached 400 eV. The plasma arrived in the low-collisionality domain with
v* = 0.2 without any detrimental effects. Low values of Zeff and q made it
possible to obtain this result. But the record was set by Princeton, where 2 MW
yielded a fivefold increase of the ion temperature in PLT (C-3). The development
of reliable powerful neutral-beam injectors, on which both the tokamak and the
mirror machine now lean so heavily, is a truly remarkable achievement of
technical physics.
Lower-hybrid heating comes next in the list of widely used additional
heating methods. Typically, in medium-size tokamaks, the temperature goes up
by 100 eV when a power of 100 kW is applied. The emission characteristics of
the coupling system, mostly a set of properly phased open waveguides, or sometimes a special antenna, determine the parallel index of refraction of the wave,
and this can be adjusted so as to favour either electron or ion heating (A-4, C-2,
T-2). The most powerful heating was done in the Petula tokamak in Grenoble,
where 1 MW was applied with a low refractive index. There appeared a 1 - 2 keV
ion population, and the group is studying the non-linear mode conversion responsible
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for the heating. There also resulted strong electron heating. This method shows
promise of further development as a competitor to neutral injection, and we look
forward to the tests in larger machines that are required before we can judge its
potential reactor applications.
Transit-time magnetic pumping was investigated in the Petula tokamak at
Grenoble (Q-l). The method has the advantage of requiring a relatively low
frequency, but this is offset by poor absorption efficiency. With a 10-MW
oscillator, 10 kW could be delivered to the ions, giving a temperature rise of the
order of 30 per cent, when starting at some 200 eV. It is expected that the
efficiency will improve when the method is applied in larger machines with higher
temperatures.
Groups in Stuttgart, Kyoto, and in various US laboratories studied Alfv6n
and magnetosonic wave heating in thetapinches and stellarators (L-l, Q-3, Q-4).
It was observed that an Alfven and magnetosonic wave heating in thetapinches
and stellarators (L-l, Q-3, Q-4). It was observed that an Alfven wave converts to
an ion-acoustic wave when it propagates into the essentially unmagnetized plasma
of a high-beta theta pinch. In the Heliotron-D stellarator, the ion temperature
was increased from 80 to 130 eV when an Alfven shear wave was applied.
Deliberately resonating a £ = 3 heating winding with the S. = 3 field winding of
Proto-Cleo, Wisconsin demonstrated that the induced island formation causes
losses proportional to the oscillating amplitude.
Relativistic electron beam heating is applied to multi-mirror devices in
Novosibirsk (Y-2). The method gives good energy transfer: ten per cent of the
beam power is dissipated per metre of length in a plasma of a few times 10 14 cm" 3 .
Turbulent heating with a pulsed toroidal current superimposed on the normal
tokamak current gave rise to rapid deposition and thermalization of about one kJ
in a small experiment in Jutphaas (Y-4-1). This result has only been exceeded so
far by neutral injection in much larger machines. Comparable work was done in
Tokyo and Osaka with toroidal and poloidal excitations, respectively (Y-4-2). Not
all is clear about the heating processes and about the amount of wall contact provoked by the pulse. The paper from Jutphaas discusses application in larger experiments. The ultimate potential of this method cannot be judged, however, until
repeated application of turbulent heating pulses is tested.
STELLARATORS
Is the stellarator a method of stabilizing a tokamak or is the tokamak a method
of heating a stellarator? What is worse, an m = 2 winding or an m = 2 instability?
What is more difficult to build into a reactor: a helical winding or a poloidal
divertor? Whatever the answers to these questions may be, and whatever may
have been thought about the virtues of axial symmetry, we know now that stellarators
can confine a hot plasma. Soon, perhaps, laboratories will start tearing down their
tokamaks and converting them into stellarators.
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Wendelstein VIIA is the largest one and, followed by the Lebedev L2, it
achieves the highest parameters (H-2, H-4). It was operated in the high-density
regime by gas puffing, confinement went up with density in the intermediate
density range, and the relevant parameter turned out to be V<j/Vth- Sufficient
external rotational transform suppresses disruptions and depresses m = 2 tearing
modes. Even a small amount of impurities can spoil the game, constricting the
channel by radiation. Ion heat transport is neoclassical. The m = 2 mode couples
to m = 1 when the amplitude grows. At large amplitude, it locks to the limiter
without provoking a disruption as it would do in a tokamak under these conditions
(H-3).
Much of this is also found in Cleo, whose outstanding contribution is, however, to be first with neutral injection (H-l). An increase in power by, at least,
a factor of three will be necessary, though, to allow the toroidal current to be
shut off altogether. But it is encouraging that the helical-field ripples present no
problems with tangential injection. Strong density fluctuations are observed by
recording distortions of micro-wave wavefronts, but the effect on transport is not
yet established.
In Heliotron-D, significant electron heating was obtained with an Alfven
shear wave (L-l). The method works effectively when the electrons are not too
cold to start with, but the machine allows sufficient Ohmic heating current density
to overcome this difficulty. Sukhumi reports on feed-back stabilization of m = 2
and m = 3 modes (L-5).

MIRRORS
Mirror machines have a long standing as potential fusion reactors, although
it was clear from the onset that the margin between optimal, that is classical,
performance and failure would be small. This margin can be widened by the
introduction of end-stoppering, for which we have a number of proposals. The
ambipolar, or tandem mirror, field reversal, either by the plasma or by relativistic
particle rings, and radio-frequency stoppering were discussed at this conference.
Alternatively, one can contend with an energy multiplication factor, Q, around
one, and use a fission blanket for energy multiplication or fissile fuel production,
but this is beyond the scope of our review.
The great advances made with the 2XIIB experiment had been reported
already at the IAEA Berchtesgaden Conference (1976) and elsewhere, so what
we heard this week was not sensational (J-l). It was good, however, to hear that
all goes well, including the preparations for the new tandem mirror experiment.
The stabilizing current, driven by the hot plasma through the warm plasma stream,
follows theoretical scaling predictions. The identification of the observed oscillations with the drift cyclotron loss-cone mode was further confirmed by frequency
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and wavelength analysis. The electron temperature was raised to 140 eV. The
field reversal factor went up to 0.9. The plasma radius was increased by geometrical re-adjustment of the injectors.
In the Kurchatov Institute, losses caused by cyclotron oscillations were
found to be in the radial direction (S-2).
The radio-frequency plugging experiment at Nagoya, done in a spindle cusp,
yielded an improved confinement time by a factor 5 (J-2). Simultaneously, the
ion temperature went up from 15 to 60 eV, and if this is taken into account, the
confinement with RF-fields on is really 20 times better than without. The results
were obtained in a plasma with a density of 5 X 10 13 cm" 3 . An upgraded experiment has been constructed.
Relativistic electron or ion rings may be thought of as methods of stopping
end losses on mirror machines or as toroidal devices in their own right. It is not
possible to adhere to sharp distinctions in this connection. In Nagoya, the aim is
to produce a stable Z-pinch or a reversed-field pinch (X-5). With an electron ring,
a plasma with 100 eV ion temperature was confined and it rose to 300 eV upon
major-radius compression. The ring lived for more than 1 ms. This interesting
result may also relate to the spheromak reactor concept (X-l).
In other laboratories, the thinking is more in the direction of field-reversed
mirrors and the like. Anyway, field-reversing rings with life-times of the order
of a millisecond were also produced at Cornell, where the emphasis is on compressing and transporting these rings in a mirror system (S-4). Jn Irvine, the reversal
is produced on a shorter time scale (S-5). The feasibility of ion ring reversal is
investigated at Cornell and in the Naval Research Laboratory (S-4).
The idea of the tandem mirror was first launched two years ago at Berchtesgaden in papers from Novosibirsk and Livermore (J-l, J-3). And now, we have a
paper from the University of Tsukuba which shows that in two years time a major
experimental device, including tandem mirrors, neutral beam injection, RF plugging,
relativistic electron beam heating and some diagnostics, was conceived, designed,
constructed, and put into operation (J-5). Early results appear to confirm that
the beams are trapped in the end mirrors, that heating the electrons with the REB
raises the ambipolar potential as it should, and that the RF plugs do improve the
confinement. We are looking forward to a further elaboration of these points in
this interesting experiment and, of course, in the machines now under construction
in Livermore, Novosibirsk and elsewhere.
It is hardly surprising that the concept of tandem mirrors, when looked at
more closely, brings along some complications. The shape of the drift surfaces in
the end mirrors, which for stability are thought of as baseball-coil fields, introduces
like-particle diffusion analogous to neoclassical transport in toroidal fields. Such
effects were studied in an electron model experiment in Novosibirsk (J-3). Theory
describes a neoclassical, a resonant, and a stochastic regime, and the experiment
so far has demonstrated the stochastic effect.
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The Elmo Bumpy Torus combines in a clever way a toroidal minimum average
B with a stabilized mirror. The plasma of some 10 12 cm" 3 density has an ion
temperature up to 600 eV, and this was achieved with 30 kW at 10 GHz in the
oscillators. Upgrading these to 300 kW at 28 GHz, as is planned, should lead to
very interesting results.

HIGH BETA
There was a time when reports on high-beta experiments used to start with
observations on the poor performance of tokamaks and stellarators, in particular
with respect to j3. Although this argument is becoming weaker, there is still a
good case for studying high-beta plasmas, whether or not the method used to
produce them has reactor potential by itself. The reversed-field pinch (RFP) has
such potential, as we heard again during this meeting, and we shall start our comments on high-beta experiments with this scheme.
The case for RFP as a reactor rests on two arguments. First, it should be
possible to reach ignition with Ohmic heating. Second, long-pulse operation
should become possible if the stable configuration is continuously restored by
self-reversal whenever it threatens to get lost by resistive field decay. Continued
self-reversal has been demonstrated experimentally, and it is expected that this
process will be not too violent for good confinement, as soon as the plasma
conductivity increases as a consequence of a higher temperature.
New evidence in support of the underlying theoretical concept cf the RFP
as a minimum-energy state for given toroidal flux and current is provided by
Eta-Beta in Padua (E-l-3), and HBTX in Culham (E-l-2), where the discharges
stay close to the theoretical field-reversal parameter, whether they are programmed
to do so or are left to self-reversal. The evidence is supported and further augmented
by experiments in Tokyo, Nagoya, and Los Alamos (E-2, E-l-1).
But among the most interesting experimental data concerning the RFP are
still those from ZETA and Alpha, in which self-reversal led to a quiescent regime
at a far higher temperature than has since been achieved. ZETA was operational
twenty years ago, and the quiescent regime was fully documented ten years ago
at the IAEA Novosibirsk Conference (1968). It has taken far too long for theory
to pick up the point, and it is taking far too long for experiment to give it an
appropriate follow-up. We find it quite unsatisfactory that we cannot seem to
do better than to produce radiation-limited discharges with a few tens of eV
electron temperature, although it is, of course, encouraging to hear of peak beta
values of 20 to 30 per cent. The process of self-reversal was studied in considerable
detail in HBTX, and it was found to be caused by m = 1 kinks in strongly compressed pinches and by low-amplitude m = 1 modes in case of weak compression
(E-l-2).
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Belt pinches, screw pinches, and high-beta tokamaks are also studied in
small-to-medium-scale devices in many laboratories. It is difficult to draw sharp
dividing lines between these confinement schemes. Their importance is mainly
that they yield information on the MHD-behaviour of high-beta plasmas in toroidal
systems with different cross-sections, thus making it possible to test the validity
of theoretical models relevant to the tokamak. These concepts deal with field
configurations that are subject to relatively rapid decay, so that possible reactor
operation has been envisaged as being in the short-pulse mode, which implies
re-fuelling between pulses. But the penalty one has to pay for this in terms of
circulating energy is difficult to offset by the higher beta, unless one can find
a way to increase the pulse length and to re-fuel the plasma, as may be possible
in the reversed-field pinch.
Contributions on these high-beta toroidal systems were presented by
Columbia University, Maryland, Nagoya, Tokyo, the Kurchatov Institute, and
Garching (U-l, E-2, U-4-1, U-2). The high-beta tokamak STP 2 at Nagoya
demonstrates the importance of rapid implosion for the reduction of plasma-wall
interaction. TPE-la at the Electrotechnical Laboratory in Tokyo has a D-shaped
cross-section and is used both to study the MHD-activity in unstable q-profiles
and to make the profiles required for obtaining stable discharges. The belt pinch
in Garching reaches an average beta of 0.6 and displays classical diffusion, but
since the electron temperature is low, one cannot draw far-reaching conclusions
from this observation. The experiment is being scaled up in order to reach higher
temperatures. Torus I and II at Columbia University have rectangular crosssections and are run in a high-beta tokamak mode. Average beta is 10%. Again
in Torus I the temperature is radiation-limited; it is hoped that it will be higher
in Torus II. The Thor experiment in Maryland is a tokamak starting as a toroidal
theta pinch and it reaches ion temperatures up to 2 keV. Turbulent heating produces a two-component electron energy distribution with a bulk temperature of
200 eV. It should be interesting to see if this way to make a high-beta tokamak
can be improved so as to lead to a more durable equilibrium; in the present experiment, this was lost on a time scale in the order of 10 /us.
The theta pinch is one of the oldest, and the simplest, way to produce a
dense hot-ion plasma. If it were possible to circumvent the end losses, there could
be little doubt that this would be the straight-forward way to demonstrate fusion
scientifically. The pulsed nature of the process would be a disadvantage on the
further, technological road, but we would worry about that later. It is for good
reasons, therefore, that theta-pinch research is continuing to receive considerable
attention, and the art has reached a high degree of sophistication under Los Alamos
leadership (U-5). But also smaller laboratories can make significant contributions,
as witnessed by a number of university laboratories and by the Nuclear Research
Center in Tehran, a welcome newcomer in the fusion community (U-4-3, U-5).
In the field-reversal experiment of Los Alamos, a trapped-reversed field
connects at the ends with the external field to produce a closed configuration
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(S-l-1). Axial contraction then makes it a compact toroid. This "unstabilized"
toroidal pinch with ion temperature in the 100 eV range has a surprisingly long
life of 30 to 40 ms, determined by field decay. The improvement over a previous
experiment which suffered a rotational m = 2 instability is ascribed to reduced
plasma impurity. The experiment and the accompanying theory may throw new
light on the old question why theta-pinch plasmas rotate.
End stoppering with solid plugs is reported also by Los Alamos, as well as
by Tehran (U-5, U-4-3). A threefold improvement of the energy life-time was
obtained with LiD plugs, whereas heavier materials gave little improvement
because of high-Z losses. As a side benefit, one obtained stable rotation of the
m = 1 wobble, which is the only dangerous MHD-mode in this device. Detailed
studies of ablation, plasma flow, heat conduction, and of the wobble mode are
presented by Los Alamos.
An entirely different high-beta system is Tormak, a toroidal bicusp configuration, in which rapid pulsing produces a hot ion, cold electron plasma with a relatively long ion confinement time (E-4).
Advanced high-voltage technology has made it possible to produce Z-pinches
on a timescale of a fraction of a microsecond at Imperial College (E-3). The shock,
which does not show the familiar bouncing at the axis, is well described by the
so-called slug model, which accounts for accumulation of plasma in a zone of uniform pressure between shock and piston.
Investigations on plasma focus in five laboratories were presented jointly at
this Conference (U-3). The main emphasis is on scaling laws for optimized devices
and on what to do to optimize. Neutron yield proportional to the fourth power of
the current, which should correspond to the square of the energy in the condensor
bank, obtains up to 0.5 MJ, and should hold up to 1 MJ with further improvements.
The highest yield so far is 1012 neutrons per shot for 0.5 MJ. Much has been learned
about insulation, breakdown, and pinching, and about the neutron source: partly
beam and partly plasma. The plasma focus is also an interesting X-ray flash and
has promise as a pulsed electron, or ion beam, source.
Seventeen years is not long by divine standards.
We still have to stay in Purgatory for a while, before we can say, as Dante said
at the end of his voyage through it: "Pure and ready to rise to the stars".
But, eventually, we will rise to the stars!

SUMMARY
ON MAGNETIC-CONFINEMENT THEORY*
D.D. RYUTOV
Nuclear Physics Institute of the Siberian Section
of the USSR Academy of Sciences,
Novosibirsk, Union of Soviet Socialist Republics

Professor Rosenbluth, who gave the summary lecture on magnetic confinement theory at Berchtesgaden, said in the course of his talk: "I strongly suspect
that by the time of the next IAEA meeting this summary will have to be given by
a computer". Now, although I hope you believe that I am not in fact a computer,
I have decided to include in my lecture a number of elements which a computer
would certainly include if it were doing the job. I shall accordingly begin with a
statistical analysis of the papers.
Altogether fifty-two papers on magnetic confinement theory were presented
at this Conference, and they were divided by subject matter roughly in the manner
shown in Table I.
These fifty-two papers include not just purely theoretical work but also a
number of mixed experimental and theoretical papers (in which, however, theory
is given an important place). The distribution of papers shown in Table I is a fairly
unambiguous classification, for most of the papers are addressed to quite specific
types of installation: toakamaks, stellarators, magnetic mirror machines and so on.
The tokamaks clearly absorbed the lion's share of the theoreticians'efforts; if we
include the papers on plasma heating in this category (since these do in fact largely
concern tokamaks), then the fraction devoted to tokamaks will be about 70%.
The remaining papers are divided up more or less equally among stellarators,
toroidal pinches and open-mirror systems.
The fact that the theoretical papers are quite specific, as I mentioned, does
not, of course, mean that plasma theory has lost any of its internal unity and
integrity. The papers can also quite naturally be divided up in accordance with
the more traditional branches of theory rather than with the type of machine they
are devoted to. Table II shows this type of division.
I hope that I have now imitated computer activity long enough so that
Professor Rosenbluth will feel satisfied that the prediction he made at Berchtesgaden has been fulfilled. Perhaps all the other theoreticians present will experience
something of the same feeling: one more prediction of theory has proved in the
final analysis to be correct (at least in part)!
* This summary talk was also published in Nucl. Fusion 19 1 (1979) 125.
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TABLE I. DIVISION OF PAPERS ON MAGNETIC CONFINEMENT
THEORY BY SUBJECT MATTER
Number of papers
Tokamaks

Percentage of total

31

59.6

Other toroidal systems

8

15.4

Open traps

5

9.6

Plasma heating

5

9.6

General topics

3

5.8

Total

52

100

TABLE II. DIVISION OF PAPERS ON MAGNETIC CONFINEMENT
THEORY BY TRADITIONAL BRANCHES OF THEORY
Number of papers
MHD equilibria and stability

Percentage of total

25

48.1

Microinstabilities

7

13.5

Linear and non-linear waves

6

11.5

Turbulence

3

5.8

11

21.1

Transport processes
Total

52

100

The breakdown of my presentation will follow Table I, since it is aimed
not only at theoreticians — indeed not so much at the theoreticians as at the
experimentalists, who are presumably not interested so much in plasma theory
generally as in its concrete applications to their own machines. Furthermore, it
seemed sensible to me to separate tokamak theory from everything else, because
otherwise the papers devoted to the tokamak's younger brothers would simply
get submerged in the sea of papers devoted to tokamaks.
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TOKAMAKS
Here a great deal of progress has been made in the theory of MHD equilibria
and linear MHD stability. This area of work has in fact been quite thoroughly
covered. A combination of numerical and analytical methods now enables us to
find axisymmetric plasma equilibria and to predict confidently how stable they
will be for virtually any shape of chamber cross-section (an exception may be
configurations with singularities of the internal-separatrix type).
A particularly strong impression was made on us by the development of
ballooning mode theory (the papers of Taylor (P-l), Frieman (P-2) and
Mercier (P-3-2)), which in many respects was stimulated by the familiar paper
of Connor, Hastie and Taylor (Phys. Rev. Lett. 40 (1978) 396) in which, for
purposes of investigating stability, the perturbation was written in the following
form:
+o

J

(1)

where <p and 6 are the poloidal and toroidal angles, respectively, r is the radial
variable, n and m are integers and the variable TJ has infinite limits. In the work
of Connor and co-workers which I have referred testability was studied in
zeroth approximation with respect to 1/n. Now, in their present papers, Taylor
(P-l) and Freeman (P-2) have put forward a method of deriving first-order corrections which should make it possible to determine both the eigenfrequency and
the shape of the radial envelope. It turns out that the modes with maximum n
are the most unstable ones.
In the work reported by Mercier, similar results are arrived at by a method
different from that used by Taylor and Frieman. An advantage of Mercier's
approach lies, it would seem, in the fact that it permits application to nonaxisymmetric systems as well.
Very interesting, too, is the paper by Zakharov (P-3-1), which gives a physical
interpretation of expression (1) such that the use of this expression ceases to be
merely an adroit mathematical trick and takes on plausible qualitative meaning.
Similar arguments in justification of expression (1) were advanced by Y.C. Lee
(W-5).
Apart from the results already mentioned, Mercier and Zakharov affirm
that in the case of equilibria with circular magnetic surfaces there is a region of
stability against ballooning modes not only with small 0 but also with large p.
This affirmation has numerous practical implications, and it would accordingly
be useful to check its validity for the widest possible range of equilibria. A
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similar result has been obtained by Coppi and co-workers for a tokamak with
flux conservation (W-4(B)).
A large group of papers was devoted to numerical optimization of j3 in various
types of tokamak. The optimum distribution of plasma parameters is determined
by competition between two different effects: for stabilization of ballooning
modes it is desirable to have a fairly broad distribution of current, whereas stabilization of the external modes requires current distributions which diminish towards
the edges. Typical limiting values of beta are 7-10% on condition that the wall
is located sufficiently close to the plasma boundary. These results, we might add,
ought to be regarded as preliminary for the time being because in much of the work
that has been done the stability conditions employed were not sufficiently
complete. However, the present state of the art in MHD calculations justifies
the hope that by the time of the next IAEA Conference a good deal of light
will have been shed on this problem — and in particular that the question of
the existence and possible role of a second island of stability against the ballooning
mode will have been solved.
It goes without saying that we still have to be sure that a real tokamak can
be put in a state corresponding to maximum 0, and that this will be compatible
with the transport equations, the distribution of heating sources and so on.
Nevertheless, further work on detailed MHD optimization would seem to be
useful.
In this context we should also like to point out that it does appear to be
possible, in optimizing p, to accept some level of MHD activity in the internal
regions of the plasma; this might not lead to a catastrophic growth of losses,
yet at the same time would make possible a further increase in /3. Some evidence
that this is a real and interesting possibility is to be found in the paper by Sykes
(K-5) who explained that in the TOSCA tokamak the maximum )3 was about
1.5 times the theoretical prediction. A similar conclusion can be reached on
the basis of Mukhovatov's report (C-5) concerning experiments on the T-l 1. The
gain in j3 can be quite considerable: the calculations presented by Dobrott (P-4)
show that the acceptance of some MHD activity in the axial region can increase |3
by a factor of 1.5. We must, of course, be aware of the fact that the inclusion
of unstable regions in a model is bound to make all the predictions based on it
less reliable.
The paper by H.P. Furth on the spheromak (X-l) is exceptionally interesting.
If the problems of MHD stability can be satisfactorily solved, a system of this kind
could well provide a good basis for a thermonuclear reactor.
Five papers were devoted to tearing modes, and three of these (F-l-1 to
F-l-3) which pursue similar lines of thought were summarized in the very clear
and convincing presentation of J.D. Callen. The paper of the Oak Ridge group
(F-l-1) gives us a general analysis of tearing modes in relation to tokamak dynamics .
It presents a disruption model based on the assumption that a stochastic field region
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appears during the development of modes with incommensurable m/n: as this
region comes into contact with the limiter, the disruption takes place. Apparently,
this model gives a good description of the whole disruption morphology.
An approach quite similar in spirit to this was used by Mirnov (F-l-2) in
formulating a scaling law for tokamaks. In this paper Mirnov proposes essentially
that we should insert in the expression for the plasma lifetime not the radius of
the limiter but the radius of the q = 2 surface, since transport occurs very rapidly
in the outer region.
Dnestrovskij and co-workers have given a numerical model of a discharge
including current disruptions (F-l-3).
A completely different explanation of disruptions (different, that is, from
the approach taken in the three papers summarized by Callen) was offered by
DuBois and Samain (K-4). This is in essence a kind of turbulence model for
tearing modes with a large m and n.
Coppi and Taroni, in their paper (F-4), point to the possibility of disruptions
arising in the internal regions of a tokamak reactor as a result of plasma heating by
alpha-particles.
Something that should be pointed out is that the role of the tearing instability
has often not been taken into account in optimizing j0 in the MHD calculations
we have referred to. On the other hand, there is reason to hope that it will prove
possible to stabilize at least modes with small m by means of feedback. The linear
theory of this method was described by Arsenin at the Prague conference last year.
At this IAEA Conference, Arsenin and co-workers presented an experimental
paper in which they described the actual observation that even a very simple feedback system can have a fairly strong influence on the tearing mode. That being so,
it was especially interesting for us to hear the paper presented here by Monticello,
White and Rosenbluth (K-3) pointing out that, for complete suppression of the
instability, phase information must be taken into account, and proposing a realistic
scheme which would satisfy that requirement.
Let us pass now from these more or less hydrodynamic problems to the theory
of microinstabilities. In the last year a number of unexpected results have been
obtained concerning the influence of shear on microinstabilities: it emerged that
in the, as a rule, previously used slab model the plasma was stable at least for
kx P L < 1. At this Conference, we have heard similar results reported by the
Princeton group (W-2). With kiPL< 1 the instability re-appears only if allowance
is made for toroidal effects the investigation of which normally requires the use of
highly refined numerical methods. Examples of this are in fact given in the papers
of Tang (W-2) and Ross (W-4(A)).
In a number of papers the influence of finite (i on plasma microinstabilities
is investigated and the authors show that on the whole an increase in j3 leads to
favourable results.
Let us go on to the theory of transport processes. The key question here is
to what extent these processes are influenced by microturbulence. In most of the
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experiments that have been conducted so far the ion thermal conductivity does
not, over a broad range of conditions, differ too strongly from the neoclassical
predictions. Accordingly, we may assume that turbulence, even when it is present,
will not substantially alter the character of ion heat transport as a whole but will
only change the effective collision frequency — in other words, we shall have a
"pseudoclassical" situation. Since tokamaks have so far operated in the plateau
region, it has been impossible to derive the collision frequency from experimental
data. Now we have the hope of shedding further light on this problem after obtaining and evaluating experimental results from well within the collisionless region
(from experiments on, say, PLT or T-l 1).
Certain characteristics of the derivation of turbulent transport coefficients
in toroidal devices were discussed here in the paper by Engelmann (F-5).
For the sake of brevity, we shall not dwell here on the numerical calculations
of transport processes. Let us just point out that this area of calculational plasma
physics has made substantial progress in the last few years.
We shall now go on to a branch of study where the most unexpected things
have happened since the last Conference; or, better still, we should say that at
that time this branch of study simply did not exist. What I have in mind is the
theory of electron heat conduction in braided magnetic fields. An analogous
problem has been under discussion in astrophysics for many years in connection
with efforts to assess the diffusion coefficient of cosmic rays. The problem is,
however, quite new in its application to tokamaks. An important contribution
towards the formulation of the problem was made by Stix; subsequently interesting
results were obtained by Rosenbluth and Rechester; and now, at this Conference,
we have heard the paper of Kadomtsev and Pogutse (O-l), which in a certain sense
may be regarded as an exhaustive treatment of the subject — exhaustive in the
sense that it indicates a method which allows the transverse electron thermal
conductivity to be found for any correlation function of the magnetic field
perturbations. The problem is solved in two stages. First the "diffusion coefficient"
of the lines of force is found, and then the actual heat conductivity of the electrons.
Highly refined methods, developed earlier in solid-state theory, are used for this
purpose.
Naturally, if one wishes to apply these results to the calculation of any specific
device, one must know the correlation properties of the magnetic field perturbations; and if these are not known, one is obliged to have recourse to more or less
arbitrary assumptions. However, we do want to stress once more that the initial
part of this problem - the finding of x^ from known perturbation properties - is
completely solved.
With that we should like to conclude the tokamak section of this summary
talk and draw a few summary conclusions. On the whole, theory has not brought
us any particularly unpleasant or unexpected news in this sphere. On the contrary,
there appear to be grounds for optimism, for the following reasons:
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(1) Optimized MHD calculations have shown that MHD-stable states are possible
in tokamaks with )3 of around 10%.
(2) We have reason to hope that tearing modes can be suppressed by means of
feedback systems; and
(3) Microinstabilities in plasmas reveal a tendency to damp as 0 increases.
The problem of electron heat conduction does, it is true, still cause us some
concern.
OTHER TOROIDAL DEVICES
As far as non-axisymmetric systems are concerned, the main effort has been
devoted to the development of three-dimensional codes yielding equilibrium configurations with high |8 (Garching group (L-2)). The limiting values of j8 are now
in excess of a few percent. The tasks confronting workers in this field are rather
complex, and a number of papers have contained results which, on occasion
and to a certain degree, appear to contradict each other. In particular, there
is a contradiction (perhaps only an apparent one) between paper L-3-2 and earlier
papers on the stability of systems with £ = 3. We can only associate ourselves
with the opinion of Freidberg in this connection and express the hope that this
contradiction will be resolved before the next IAEA Conference.
Lortz and Niihrenberg use refined asymptotic methods for the investigation
of the three-dimensional equilibria (H-5).
In toroidal pinch systems, the situation as regards MHD stability within the
framework of ideal magnetohydrodynamics is entirely favourable (we have in
mind reversed-field pinches here); what we require now perhaps is a more thorough
and systematic study of resistive modes - in this connection we should refer to
Mr. Bodin's presentation as rapporteur of the papers E-l-1 to E-l-3. Here, too,
theory predicts the formation of magnetic islands and stochastic transport.
It seems that there have been no new difficulties in connection with the Elmo
Bumpy Torus design (L-4).
As far as the Tormac concept is concerned, theory seems to have outdistanced
experiment by a wide margin, and the accumulation of a broad base of experimental data will undoubtedly assist a more soundly based selection of theoretical
models (E-4).
OPEN SYSTEMS
At the Berchtesgaden Conference we hear a report about the record results
obtained on the 2XIIB device at Livermore, and at the same time Dimov and co-
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workers proposed a method which was supposed to lead to a substantial reduction
of plasma losses in the axial direction. All this awakened fresh interest in open
systems, with a consequent intensification of theoretical work related to them.
In the theory of transport processes in open traps, we realized the important
influence which magnetic field asymmetry has on transverse plasma losses owing
to neoclassical-type effects. Something new, by comparison with toroidal systems,
is the existence here of "resonant" and "stochastic" diffusion regimes which are
found in long open traps. In these long devices, stochastic diffusion can arise not
only as a result of axial asymmetry of the mirrors but also through accidental
distortions of the magnetic field associated with imperfections in the windings of
a long solenoid. The diffusion mechanism here is to some extent reminiscent of
the effect produced by "braided" magnetic surfaces in tokamaks, but with the
difference that it is the drift surfaces, not the magnetic surfaces which become
"braided" in this case (we should note that allowance for the effect of drift may
also be of interest in connection with the problem of anomalous heat conduction
in tokamaks).
Although transverse transport puts quite severe limitations on the parameters
attainable in traps of this type, it is not in fact a "lethal" effect. Much more
dangerous are the instabilities associated with anisotropy of the distribution
function in end mirror machines. The current status of theory in these matters
has been set out very fully in the exceptionally clear paper of Baldwin (J-4).
For the future, we should give more attention to the role played by radial and
azimuthal inhomogeneity effects and the influence of stabilizing streams in the
problem of the drift-cyclotron loss-cone (DCLC) instability.
Since the problem of anisotropic instabilities, in particular the DCLC mode,
seems to be very serious in applications involving "traditional" open traps, it may
be necessary to seek other solutions, e.g. to try traps with a length in excess of
the free path length, for example.
Another possible solution might be systems employing field reversal, though
this line of endeavour has a serious obstacle in the electron drag effect (Pearlstein's
review on papers S-l-1 and S-l-2). We may nevertheless hope that this difficulty
will be overcome in one way or another.
As we have seen from Krall's paper (S-3), the theory of drift microinstabilities
does not seem to have revealed any particularly dangerous effects for open systems.
On the whole, then, we may say that the combined labours of experimentalists and theoreticians have already led to considerable progress in open systems;
it seems that we may be confident, despite the problems that still persist, that this
progress will continue.
PLASMA HEATING
For the sake of brevity, we shall restrict ourselves here to quoting the titles
of the relevant papers presented at the Conference: Lower hybrid resonance cones
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in tokamaks (G-l(A)); Stochastic ion heating by an electrostatic wave in a sheared
magnetic field (G-l (B)); Ohmic pumping by means of externally driven tearing
modes (G-2); Parametric instabilities induced by a low-frequency heating wave
in a magnetically confined plasma (Q-2); Progress in heating of fusion plasmas
with Alfven waves and magnetoacoustic oscillations (Q-3); Excitation of fast
magnetoacoustic waves in a plasma in large tokamaks (Q-4). In these papers useful
results which directly correspond to the problems posed by experiment were
obtained.

CONCLUSIONS
What can we conclude, then, about the status of magnetic confinement
theory as a whole? Considerable progress has been made in MHD theory and in
the theory of transport processes. Effective numerical methods have been
developed for the investigation of microinstabilities in complex geometry. The
techniques available to plasma theoreticians have expanded remarkably, and
problems which seemed quite hopeless two years ago can now effectively be
solved.
At the same time, the tendency towards an increasingly specific formulation
of our problems is continuing; more and more, theoreticians are devoting themselves to the service of some particular experiment. This would seem to be only
right and natural, since nowadays we are building ever larger and more expensive
installations, and everyone naturally wants to find out as soon as possible how
these facilities behave. At the same time, however, we should not forget that
theory has its own problems, its own internal logic of development; and we
theoreticians should not lose sight of the more general and traditional tasks before
us. In this sense, I believe that the present Conference has given us reason for
optimism. We have heard here a number of extremely fine papers, which have
brought into the service of plasma physics some completely new methods and
which will serve as a basis for many new investigations. Thanks to this type of
work, plasma theory has recovered some of that artistic character which it used
to have in the past, and which of late had seemed to be vanishing, as it were,
beneath the weight of vast calculations. Thus I do not think that at the next
Conference this paper will have to be given by a computer.

SUMMARY ON
INERTIAL-CONFINEMENT FUSION*
K. NISHIKAWA
Faculty of Science, University of Hiroshima,
Hiroshima, Japan

Let me start with the Basov diagram showing the energy extraction scheme
in inertial-confinement fusion (Fig.l). A driver of efficiency 77 delivers energy E
to initiate a nuclear reaction yielding the energy KE with a gain factor K. This
energy is, with a generator efficiency of a, partly used to supply the driver
energy E/r? and partly to yield the electrical energy (ate - r j ' ^ E . The remaining
energy is converted into heat. The primary object of the present research work
is to demonstrate "break-even", which is given by the condition K = 1, but to
this end sufficient fuel compression is required, typically 10-100 times the
liquid density, with pR ~ 0.5 g • cm" 2 , where p is the fuel density and R the
radius of the compressed pellet. This number may be somewhat reduced for
beam fusion, where a larger amount of energy is available than in the laser case.
The driver requirements for the break-even are estimated to be an energy of
100 kJ and a power of 100 TW. The ultimate goal is, of course, to construct a
large-scale commercial reactor. For a reactor of 10 GW operating at 10 pps, we
need (OIK — i7 -1 )E > 109 J. It is estimated that a few MJ of driver energy yield
are required.
Table I shows the present state of laser pellet compression research, where,
for the purpose of comparison, some of the results at the time of the 6th International IAEA Conference (1976, Berchtesgaden) as well as those to be expected
in the years 1980-1985 are also presented. From this table, we see that there
is a considerable distance between the present status and the goal, but, at the
same time, a clear progress has been made in the past two years. In fact, this is
not the whole story; in addition to these explicit results, remarkable inexplicit
progress has been made in the last two years, particularly in understanding laserplasma coupling and the implosion process with the aid of various diagnostic
developments.
We shall summarize the problems relevant to this progress by classifying
them into three topics: I) driver technology, II) driver-plasma coupling, and
III) implosion and target design.

* This summary talk was also published in Nucl. Fusion 19 1 (1979) 125.
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FIG.l. Basov diagram.

In driver technology, we should like to stress that we now have a multiple
option for driver sources, steady progress has been made in increasing the output
energy, the prospects for future high-power drivers have been improved, and
pulse-shaping technology for high ablative compression is being developed. In
driver-plasma coupling, we have now arrived at some basic understanding of
laser-plasma coupling, at least, for short-pulse laser illumination, while for beamplasma coupling the importance of basic studies in REB-plasma interaction is
now recognized. Some high-quality theoretical and experimental work on nonlinear phenomena has also been carried out. In implosion and target design, we
should like to point out development of several new diagnostic techniques which
allowed us to make reliable measurements of the gross behaviour of the implosion
process; the results seem to show general agreement with those of computer
analyses. A preliminary compression experiment using cryogenic and solidlayered targets has been performed and some sophisticated high-gain targets
have been designed. Finally, we wish to mention some problems to be studied
or discussed.
Naturally, we cannot cover all subjects relevant to inertial confinement
fusion on an equal footing, but admittedly this summary is biased towards those
subjects which are more or less familiar to the author. In particular, we shall
restrict ourselves to pellet compression fusion. However, we want to point out
that interesting theoretical and experimental work has been reported at this
Conference, on ion implosion (V4), liner compression (E5) and laser and REB
heating of long magnetically confined plasmas (U5, Y2).

I)

DRIVER TECHNOLOGY

As mentioned before, we now have a multiple option for driver sources.
In lasers, in addition to the Nd-glass laser, the use of the CO2-laser seems very
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TABLE I. PAST, PRESENT AND FUTURE STATES OF LASER PELLET
COMPRESSION RESEARCH
Name of
machine

Power
(TW)

Pulse
energy
(Id)

Neutron
yield

Compression
p(g-cm"3)

Comments

1976
Argus
(LLL)

4.5

2.2

2X 10'

TBS
(LASL)

0.4

0.4

0

0.5
_

Nd

CO,

KMS-0

0.4

0.1

2X 10'

Coquelicot
(Limeil)

0.25

0.02

10 s

Gekko II
(Osaka)

0.6

0.2

10 s

Lekko I
(Osaka)

0.2

0.2

-

-

CO,

7.5 X 10'
(-10")

1
(100-200)

test run, Nd
(expected in autumn)

2

Nd

10""

Nd

0.2

Nd, D-D fuel

1978
SHIVA
(LLL)
TBS
(LASL)
Helios
(LASL)

10

26

0.8

0.8

10.7

21

KMS-I

0.8

Camelia
(Limeil)

1

Gekko IV
(Osaka)

4

Lekko II
(Osaka)

0.2

3X 10s
_

0.04
_

I08

CO,

CO] just started
7

Nd, cryogenic
and solid-layered
target

I07

Nd preliminary

2

10 7

Nd, D-D fuel

1

1

-

-

CO,

(expected)
Nova
(LLL)

300

SOO

5 X 10 18

200-300

Nd

Antares
(LASL)

200

100

I0'7

100

CO 2

10

30

_

1980-1985

KMS-II

10

\ = 0.35fim

4

1

Gekko-XII
(Osaka)

20

20

10 14

10-100

Nd

LekkoX
(Osaka)

10

10

10"-1014

10-100

co2
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promising, and there is some possibility of using other new lasers. The laser, as
a driver source, has the advantage of yielding high power density with no technological problems for target illumination, but it is suffering from low driver
efficiency and low total output energy. The increase of the output energy is
the most important issue in the laser technology development. Three types of
charged beams are being studied as driver sources: REB (relativistic electron
beam), LIB (light-ion beam) and HIB (heavy-ion beam). Charged beams are
suffering from low power density or low current and technological difficulties
in target illumination, but have the advantage of yielding high total energy at
high efficiency. Beam focus and transport in the reactor vessel for target illumination will be the key technological problem in beam fusion.
Let us discuss some further details of each of these driver sources. First,
the Nd-glass laser is most advanced in laser technology, and a remarkable increase
in the output energy has been achieved by reducing the non-linear refractive
index and optimizing the optical cross-section, particularly with the use of
phosphate (B4, D3, M4) and fluorophosphate (Bl, M4) glasses. Furthermore,
developments of various optical fabrication techniques and of the image-relaying
technique now shows great promise for the construction of a 100-kJ, 100-TW
glass laser system (Bl) meeting the requirements for the break-even experiment.
With a view to the construction of a 1-MJ laser, which is needed for a commercial
reactor, further technological advancement, such as multipass regenerative amplifiers with proper switching technique and segmented disk amplifiers to suppress
the parasitic oscillations due to optical feedback, is under consideration (Bl, M4).
The CO2-laser is advantageous in that it operates at high efficiency (2-10%)
and high repetition rate (10-60 pps). Recent technological advancements, such
as multiline double-band energy extraction, He-free operation, gas and solid
saturable absorbers to suppress the parasitic oscillations, etc. (D1, M4) have
enabled the construction of a 10-KJ, 20-TW laser system (Dl). Another increase
in the output energy, up to 100 KJ or 1 MJ, may be possible by further development of various optical elements. Moreover, substantial cost reduction will be
possible if a multipass energy extraction scheme can be used. In addition, the
previous concern on the feasibility of long-wavelength lasers for pellet compression
is found to be less serious (Dl).
In addition to these two lasers, some new lasers are being studied. For
instance, an iodine laser of 1 TW and 500 J has been constructed as a costeffective laser source (Garching). Raman compression of a KrF laser is being
studied as a promising high-efficiency (3-6%), short-wavelength (0.27 Mm)
laser (Bl). In this connection, we note that green-light (0.53 /im) illumination
experiments using the second harmonics of the Nd-glass laser have been carried
out, which showed high absorption and efficient momentum transfer to the
target as compared with infra-red-light (1.06 jinn) illumination (B2, D4).
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Finally, the pulse-shaping technology needed for high ablative compression
has been developed by assembling picosecond pulses, by using non-linear optical
effects, etc., in connection with target design (Bl, B3, Dl, D3, D4, M4).
Let us now turn to the problem of charged-beam technology. There are two
types of acceleration methods, the diode acceleration for the case of REB and
LIB, and the use of linac or synchrotron for the case of HIB. The former method
yields a relatively high current (several hundred kiloamperes per beam) with
moderate energy per particle (~ 1 MeV), whereas the latter method yields high
particle energy (10-20 GeV) with low current (~ 1 piA per beam). In either
case, the achieved particle energy is almost sufficient for break-even demonstration, but the current is much lower than the level required (a total current of
10 MA for REB and LIB and 5 KA for HIB). In the case of REB and LIB,
substantial success has been achieved in both beam transmission and diode
acceleration by the magnetic insulation (B3, Ml, M3), while for target illumination further studies are needed. A single e-beam has been transported over a
distance of 1 m through a plasma channel produced by wire evaporation (M3),
but focusing of LIB seems to require further technological studies. The accelerator
technology for HIB can count on high-level experience in proton acceleration
studies, but little effort has been made on heavy-ion beam acceleration at high
currents. Here, the maintenance of beam quality from the ion sources seems to
be the key technological problem. In addition, the space-charge limit for beam
transport in vacuum and in the reactor vessel seems to require careful study (V3).

II)

DRIVER-PLASMA COUPLING

At the time of the IAEA Berchtesgaden Conference (1976), the experimental data for laser-light absorption and reflection coefficients, when plotted
against the laser power density I, were almost stochastically scattered, and a
number of mysterious results for hot electrons, fast ions and the self-generated
magnetic field had been reported. It is our feeling that, at this Conference, we
have arrived at some basic understanding of laser-plasma coupling, at least in
the case of short-pulse illumination. We shall start by listing the results on which,
we think, the physicists working in this field more or less agree with each other:
1) It has been predicted theoretically and now verified by a number of
experiments using interferometry that there exists a steep density gradient at
the critical density, except for the case of very weak long-pulse illumination where
the inverse bremsstrahlung absorption inhibits laser light penetration to the
critical density. The gradient length is found to be of the order of the incident
laser wavelength (D4, M4, VI, LLL).
2) As a result of density steepening, resonance absorption becomes the
dominant absorption mechanism at high power density (IX2 > 5 X 10 14 W-^ni 2 •cm" 2 ).
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FIG.3. Fast-ion energy versus A 2 . EP stands for Ecole poly technique. Data other than
those of Berne are supplied by M. Matoba, Institute of Laser Engineering, Osaka University.

This is verified by observing stronger absorption for the p-polarized wave than for
the s-polarized one and by observing the angular dependence of the absorption
which agrees qualitatively with the theoretical prediction (B1, D4, M4).
3) Absorption at low power density (2 X 1011 W -/nm2 -cm" 2 < IX2
< 3 X 10 13 W • jam2 -cm" 2 ) is confirmed to be due to the inverse bremsstrahlung
modified by the resonance absorption, using the Nd-glass laser illumination of a
flat target (V1-1).
4) Parametric instabilities near the critical density are unimportant because
of density steepening at high power densities, but at intermediate power densities
(10 13 W-jum2 • cm" 2 < IX2 < 5 X 1014 W -;um2 • cm" 2 ) they may play a significant
role (M4).
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5) The hot electron temperature T H is a universal function of IX2 ~ I/n c
(n c is the critical density) as shown in Fig.2 (Dl, D4, M4, LLL). This implies
that these hot electrons are produced by a localized resonance field near the
critical density. The saturating tendency of TJJ at large values of IX2 will be due
to the profile steepening effect which limits the local field intensity. This fact
implies that long-wavelength lasers, such as the CO2-laser, do not produce
extremely hot electrons which pre-heat the fuel and thereby suppress the compression efficiency.
6) In the power range of IX2 < 1015 W • jum2 • cm" 2 , there exists a group
of fast ions whose energy scales similar to T H (Fig.3). These fast ions can be
explained as being created by the isothermal expansion of the hot electrons from
the critical surface. The result for IX2 > 1015 W • /im2 • cm" 2 may also be
explained by the same mechanism if we take into account the fact that the
ambipolar potential energy becomes higher than T H in this range of power
densities, owing to the electron quivering motion due to the localized resonance
field. However, observation of ultra-fast ions has also been carried out at low
power densities (VI), which indicates the existence of an independent acceleration mechanism of ions.
7) Some indirect evidence of critical surface rippling is found, such as less
polarization dependence and less angular dependence of absorption than is predicted by the flat-critical-surface theory (VI —1, LLL), and a side-peak observation
in the reflection coefficient of the s-polarized wave (M4).
8) At high-power (IX2 > 1014 W • jum2 • cm" 2 ), short-pulse (< 100 pps)
illumination, the absorption and reflection are nearly independent of IX2, though
they depend on the illumination geometry. Previous results for low reflection
at IX2 > 10 l s W -/zm2 • cm" 2 have been corrected by a careful optical balance
analysis (Garching). .
9) Green-light illumination experiments at intermediate power densities
show increase of absorption and substantial reduction of hot electrons and fast
ions as compared to infra-red-light illumination at the same power density
(B2, D4).
10) Stimulated Brillouin scattering (SBS) is important for targets with
pre-formed plasmas (B3, D2, D4, M4, LLL). Previous results indicating the
absence of SBS backscattering can be attributed to the suppression of the
instability of density steepening produced by the short, intense laser light. The
scattered signal due to the SBS shows an interesting temporal behaviour indicating the presence of non-linear effects (D2, D4, M4, LLL).
All these results seem to be explained theoretically by a consistent model
where the profile modification due to the laser light ponderomotive force, a
sharp temperature gradient due to local heating, etc., plays a crucial role. In
verifying this model experimentally, various high-quality diagnostic techniques,
such as a complete optical balance study (Garching), density measurements by
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interferometry with a spatial resolution of down to 1 /xm (Osaka), X-ray streak
study with a time resolution of down to 2 ps (D3), and energy and Z/A analyses
of fast ions by the Thomson parabola (B2, LASL, LLL), have been used.
In addition to these investigations, a number of very-high-quality theoretical
and experimental studies have been made on the structure of the density profile
(B2, M4), the implications of caviton formation ( V I - 1 , V I - 2 , V 2 - 1 , V 2 - 2 ,
V2—3), the non-linear evolution and saturation mechanism of parametric instabilities (V2—1) and the associated a.c. resistivity, anomalous absorption, hotelectron formation, etc. (V2—1, LASL), effects of pre-pulse on X-ray emission,
fast ions and magnetic field (B3, D4), the problem of reduced thermal conduction of electrons and its implications (B2, D3, D4), etc. Further studies on these
problems seem to be very important.
Turning to the problem of the REB-plasma interaction, we note that some
interesting experimental results have been reported. Whereas beam energy
deposition at high-Z targets can be explained by classical collisional absorption
with self-generated electric and magnetic field effects on the beam trajectory
(Ml, M3), energy deposition on low-Z targets, where collisions are less effective,
is observed to be more efficient than on high-Z targets (M4). This indicates the
importance of collective plasma effects on beam relaxation in low-Z targets,
although further studies are needed to allow any definitive conclusion.

Ill) IMPLOSION AND TARGET DESIGN
We should first like to point out that the development of various new
diagnostics has now allowed us to carry out reliable measurements of ion
temperature T;, compressed fuel density p, radius of compressed core R and
implosion velocity V. These include the a-particle zone-plate imaging to locate
the reaction region (B1, B4), the time-of-flight measurement of the reaction
products to measure T; (Bl, B2, D5), X-ray shadowgraphy to measure pR
(Bl, D5), X-ray streak studies to measure V (Bl, B4, D3, D5, M4), and use of
Ne- or A-filled fuel for spectroscopic analyses (Bl, B4, Dl, D5, M4), such as the
Stark broadening of optically thin lines of Ne or A to measure p, the opacity
broadening of optically thick lines to measure pR, spatial distinction of the
glass and the fill-gas region by the emission lines of different chemical compositions, the Doppler shift of Ne or A lines to determine V, etc. Combined use of
different diagnostics allows us to make a cross check of the measured data
which seems to demonstrate the overall consistency of the results (B4).
Computer calculations of the implosion dynamics have also been made
extensively. The importance of including the ponderomotive-force effect (Bl,
B2, Dl, D3, etc.), the non-LTE distribution of high-Z targets (Bl), etc., has
been recognized. The results of the code analyses seem to show general agreement with the observed data.
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The results of the explosive-pusher-type compression studies show that
p ~ (0.1— 2)g-cm" 3 for the case of gas fuel and p ~ (0.5— 7)g- cm" 3 for the
case of cryogenic and solid-layered target (B2). A maximum neutron yield of
7.5 X 109 is obtained in the test run of SHIVA in LLL and a maximum yield
of 1012 is expected for full operation to be taken up in the autumn.
In target studies, some experimental investigations have been made on the
transition between explosive-pusher-type and ablative compression by changing
pulse length, laser intensity, etc. (D3, Sandia). Some interesting stability analyses
for the Rayleigh-Taylor instability have been reported. In particular, the possibility of dynamic stabilization of the ablation surface has been proposed by a
computer analysis (B3), while an experimental evidence showing anomalous Al
penetration into the core from the outer target surface as detected by X-ray
spectroscopy has been reported (D5). I think that further studies on these
problems are very important.
A sophisticated high-gain target design was made for laser, LIB and HIB
fusion (B1), while in REB fusion it is necessary to pre-heat the central core to
initiate the nuclear reaction (Ml, M3), and an idea concerning magnetic thermoinsulation of pre-heated fuel was tested (M3).

IV) SOME PROBLEMS TO BE STUDIED OR DISCUSSED
We should like to conclude this summary by discussing some problems
which, in our opinion, particularly need further investigation or discussion. We
start by problems in the laser-fusion research. Most of the studies undertaken
so far are on explosive-pusher-type compression, where a short, intense laser
pulse heats almost the entire target isothermally. Because of fuel pre-heating,
no high compression can be expected of this method. For high compression,
ablative compression is needed, where a relatively low-intensity, long pulse heats
only the surface of the target, keeping the rest of the fuel at low temperatures.
Two important problems seem to need further extensive investigations: one
is laser-plasma coupling by a relatively low-intensity (~ 1014 W • cm" 2 ), long
pulse (~ 10 ns) where SBS and other parametric instabilities may occur. In
addition, the wavelength dependence of the absorption characteristics is to be
investigated. The other problem is the Rayleigh-Taylor instability, which is
important not only for achieving high compression, but also for avoiding substantial mixing of the fuel with the target materials since this can reduce the
burn rate. Note that mixing may occur even as a result of high-wavenumber
mode instabilities. We should also like to comment on the problem of the
a-particle self-heating which is absolutely necessary for high-gain targets. Although
some theoretical work has been reported on this problem (M4, V5), we think that
much more elaborate work will be needed in close connection with the target
design. Finally, certain types of scaling laws for the compressed density, neutron
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yield, etc., as functions of laser wavelength, intensity, pulse length, filling-gas
pressure, target parameters, etc., will in the future be helpful for the design of
the target, for pulse-shaping and for the choice of the driver.
Concerning the charged-beam fusion, we do not feel to be in a position
to comment on future problems, but we think that more basic studies are needed,
particularly in REB-plasma interaction, focusing and space-charge effects on
ion-beam transport.
In conclusion, we should, like to state inertial-confinement fusion research
has grown up to a certain level of maturity, particularly in laser-plasma coupling
physics, space-time-resolved diagnostics and computer analyses. We imagine that
this research work will run into some unexpected difficulties in the course of
development. To overcome these difficulties, we think that international collaboration is of paramount importance; in addition, research based on overall
system analyses including driver technology, driver-plasma coupling and target
design should be encouraged. Finally, we point out that the classification policy
followed in some countries may be a hindrance to timely progress of research
in the near future by impeding useful and necessary international collaboration.

SUMMARY ON REACTOR SYSTEMS*
R.W. CONN
Nuclear Engineering Department,
University of Wisconsin,
Madison, United States of America

The Conference included papers on reactor systems and technology in two
separate sessions which primarily dealt with two topics, reactor design and
plasma engineering. One paper on parametric systems studies by Argonne National
Laboratory (ANL) and McDonnell-Douglas Co. considered the effects of materials
performance, tritium handling and Ohmic heating power supplies on the
economics of tokamak reactors. A more comprehensive overview of recent work
on reactor design can be found in the summary of the Second IAEA Technical
Committee Meeting and Workshop on Fusion Reactor Design recently published
in Nulear Fusion (Nucl. Fusion 18 (1978) 985).
The reactor systems papers presented at the Innsbruck Conference can be
conveniently divided into four categories: tokamaks; magnetic confinement,
non-tokamaks; inertial confinement; and special topics that include plasma
engineering and alternate applications of fusion.
Tokamak studies in the last several years have covered both near-term and
commercial reactor systems. At this Conference, only near-term tokamak reactor
designs for ignition machines were discussed. Designs of the Oak Ridge National
Laboratory and the General Atomic Company are for medium-field (— 10 — 11 T
at the coil) and medium-size (major radius of 4 — 5 m) ignition reactors. In
contrast, Coppi and Taroni (F-4) presented a design for a very-high-field (26 T),
compact (major radius 0.85 m) machine. Areas in which these designs differ to
some degree point to the key issues for tokamak reactors. The ORNL design
utilizes Nb3Sn superconducting coils, the GA design employs NbTi superconducting coils, while the C/T design has high-field water-cooled copper magnets. All
designs provide for auxiliary heating, neutral beams in the case of the ORNL and
GA machines, adiabatic compression in the C/T design. The C/T design has a very
high Ohmic-heating current density and will therefore achieve a higher
temperature by Ohmic heating alone. Whether this is sufficient to achieve ignition
without auxiliary heating ultimately depends on the plasma transport scaling
laws. The ORNL design includes a compact poloidal divertor for impurity control
while the GA and C/T designs have no divertor. Fuelling is by gas re-cycle in
the GA and C/T approaches whereas pellet injection is considered in the ORNL
This summary talk was also published in Nucl. Fusion 19 1 (1979) 125.
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FIG. 1. Progress in neutral-beam-power development.

machine. Thus, the key plasma reactor physics issues are transport scaling,
/3-limits, the effects of plasma shaping, impurity control, plasma heating, plasma
fuelling, thermal burn stability and control, and burn time limits.
Many of these topics were the subject of special topic papers at the
Conference. Stott, Sanderson et al. (R-5-2) treated the design of a reactor with a
bundle divertor and showed that, with proper optimization, the bundle divertor
coils can be shielded and adequately supported. Harbour and Harrison (R-5-2)
treated the problem where the plasma is collisionless in the scrape-off layer of a
divertor and concluded that very high temperatures will result, leading to a
sheath potential in excess of that required for unipolar arcing. Attempts to lower
the edge temperature and the sheath potential may imply very low fractional
burn-ups. This in turn could lead to a high tritium inventory in the exhaust and
re-fuelling systems.
Advances in neutral-beam injector development have been remarkable in
recent years as shown in Fig. 1. Pyle reported that full-scale tests have now been
made of a 120-keV, 65-A source operated for 20 ms. Tests with a pulse length
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of 500 ms are due shortly (1-5). Experiments on direct recovery of the
unneutralized portion of the beam have given 85% recovery efficiency at low
power but experiments at high power were less encouraging and more work is
needed. Negative ion beams are being produced either by direct extraction from
negative ion plasma sources or by double charge exchange of positive ions in
caesium or other vapours. The goals of this programme are to demonstrate a
200-kV, 5-A (D°) long-pulse system by 1980 and a 400-kV, 20-A (D°) d.c.
system by 1983.
Fuelling studies have been carried out on the ISX tokamak at ORNL using
pellet injection with favourable results. It is found that the density can be
increased by pellet fuelling much more rapidly than by gas puffing without
inducing a disruption. Further, the power loss during the density rise is about
half that found with gas puffing. In another study, Burgess et al. (R-5-1) have
investigated laser-induced acceleration of low-Z targets (D 2 , polyethylene, etc.)
and have derived a scaling law indicating the feasibility of extrapolating this
approach to a reactor. Work on large superconducting magnets, not reported
at the Conference, complements the above efforts and indicates that the major
technological issues presented by near-term tokamak ignition experiments are
being addressed.
The advances in tokamak physics and the trend towards more substantial
tokamak experiments make it important to have a sharper measure of the role
of alternative concepts. Reactor studies are thus an important element in an
overall evaluation of the more promising concepts that would be deserving of
additional support.
Commercial-scale fusion reactor designs were presented at the meeting for
the tandem mirror, the Elmo Bumpy Torus (EBT), and the reversed-field pinch
(RFP). Scoping studies were reported on fast-imploding liners, the linear theta
pinch, and the toroidal bicusp (Tormac). A study by Logan et al. from LLL
(R-3) showed that a low-power-density tandem mirror with a Q of 10 is possible.
Plug confinement is enhanced by the use of tritium in the plugs and auxiliary
electron heating is used to lower the beam energy requirement. An interesting
proposal is to inject beams into an outside field ripple of the plug plasma to raise
the potential there to the same value as in the central cell. Plug ions then see only
the central cell potential and the beam energy is reduced from previous designs
to 600 kV. The plug magnetic field is 12 T, similar to that in the tokamak nearterm reactor designs although the plug beta is taken as 1 and the central cell beta
is 0.9. The potential advantages of the tandem mirror lie in its linear geometry,
the de-coupling of the fusion core (central cell) from the high-technology zones
(plugs), its potentially adequate plasma Q and the fact that the magnetic fields
are steady-state.
The tandem mirror appears ideally suited for alternate applications such as
a hybrid since the plug technology requirements are then quite modest. The
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key issues for the tandem mirror are that one must yet demonstrate nr enhancement and high central-cell beta, negative-ion neutral injectors, high plug magnetic
fields (12 - 18 T), and end-loss direct converters.
The EBT reactor presented by Uckan et al. from ORNL (1-3) has an Overall
length (27rR) about equal to the tandem mirror reactor but it has a much higher
plasma Q. The potential advantages of EBT systems are that the plasma scaling
depends only on the aspect ratio in the collisionless regime, the large aspect ratio
improves accessibility, the plasma has high beta, and the system has a natural
divertor for impurity control. The key issues are the demonstration of the
confinement and scaling properties of the toroidal plasma, the demonstration
of high-beta operation and impurity control, the demonstration that aspect ratio
enhancement coils can reduce reactor size, and the development of high-power
microwave heating sources (~ 3 - 6 MW) at w ~ 120 GHz. Such microwave
sources are being developed for the next proposed EBT experiment.
The reversed-field pinch (RFP) discussed by Hancox et al. from Culham
(1-1) and Krakowski et al. from LASL (1-2) has the advantages of high beta, no
auxiliary heating requirements, moderate energy storage requirements ( < 10 GJ),
and an aspect ratio that is unconstrained by the physics. It has been found by
the Culham Group that the use of the copper field windings leads to excessive
Ohmic heating losses and an unacceptably high re-circulating power fraction
(~ 42%). The LASL Group finds a lower re-circulating power fraction (~ 21%)
because their burn time is shorter. Nevertheless, both groups now consider large
pulsed superconducting windings as most desirable. This technology will require
extensive development since the pulse field is about 10 T • s"1 but success is not
out of the question. A key issue for the RFP will be the energy loss in setting up
the field-reversed plasma state. In addition, a conducting shell near the plasma
is required for stability. Both designs use a 2- to 2.5-cm.copper shell operated at
about 300°C which can absorb as much as 25% of the energy. The Cu-shell has
a short field diffusion time constant compared with the desired pulse length in a
reactor (in contrast to the situation in present experiments) so that, in the Culham
design, additional feedback stabilization coils are located in the blanket.
The other alternate concepts, namely the fast-imploding liner (FLR), the
linear theta pinch (LTPR) and the toroidal bicusp (Tormac) were examined by
Krakowski et al.
For the FLR, a comprehensive physics model was developed and used to
optimize the physics parameters with respect to reactor yield for small, cylindrical
liners. The re-cycle of leads and liner material appears to be a crucial economic
and technical issue. Plasma turbulence and plasma preparation remain physics
uncertainties that could lead to a fatal flaw in the concept.' The FLR has very
high system power density and, aside from the economics of replaceable leads
and liners, low costs may be possible.
For the LTPR, end loss remains the crucial, unresolved issue. Based on
known physics, no solution could be identified and a significant new development
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and/or change from classical physics must occur. The technology requirements
and plant cost remain similar to those predicted for the most recent toroidal
theta-pinch reactor designs (RTPR/1976) if the endplug "magic" gives axial
confinement similar to that predicted for the re-entrant endplug.
For Tormac, point-plasma, steady-state reactor studies were made using a
simple scaling, i.e. T% ~ T^ (a/pj). Reactor performance is not too sensitive to
jS as long as it exceeds 0.3 — 0.5. Performance is very sensitive to the sheath
thickness As which must be less than (2 - 3)pi. Start-up and maintenance of the
Tormac plasma/field configuration remains unresolved for a reactor, but work
is still in progress.
Parametric studies on tokamak reactor systems were reported by ANL and
McDonnell-Douglas Co. (1-4). In comparing the influence of radiation effects
on reactor performance and economics, they find that alloys of vanadium may be
superior to those of stainless steel if the down-time for replacement of blanket
modules exceeds about 60 days. Otherwise, the higher costs of advanced alloys
can offset superior performance in a radiation environment. Further, the study
assumed that stainless steel would operate at 500°C and have a life-time of
3 — 5 MW -a • m"2. If the blanket region near the first wall is operated at a lower
temperature (e.g. 350 — 400°C), the life-time is estimated to be more like
15 — 20 MW • a • m' 2 for Type 316 stainless steel. The outlet coolant temperature
can still be maintained at 500°C. In this case, the advanced alloy would have even
more difficulty competing economically.
An important point found in the study is that off-the-shelf motor generator
sets can be used for tokamak reactor start-up if the current rise-time is extended
beyond 5 s. This is similar to start-up scenarios used in early tokamak reactor
studies (such as the Princeton Reference Design, PRD, and UWMAK-II and III)
where the current rise time is about 10 s.
Reactor aspects of inertial confinement systems were only briefly discussed
in papers on laser fusion by Emmett (B-l) and on e-beam fusion by Yonas
(M-3). The LLL laser fusion concept uses segmented falling liquid lithium sheets
of the order of 1 m thick to stop neutrons before they can reach the first
structural wall. The system employs high gain (G ~ 700 - 1000) and a driver
with 2 — 5% electrical efficiency. The e-beam concept has an inherently high
efficiency driver ( > 25%) but the target performance is assumed to lead to pellet
gains that are less than about 50. With 1-3MJ on target, a high repetition rate
is required to achieve moderate (500 - 1000 MW(e)) plant power output. In
general, ICF systems have a high degree of accessibility while the moderate vacuum
requirements permit design approaches not possible with magnetic confinement.
Some key issues for ICF reactors include demonstrating a target gain of at least
50, developing high-energy drivers (> 1 MJ) with moderate efficiencies (<; 5%),
isolating the driver from the reactor cavity, fabricating targets at acceptable cost,
and injecting and tracking targets. By comparison with magnetic confinement, the
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detailed study of ICF reactor systems has only recently begun in earnest, and one
can expect more definitive studies in the next two years.
Two alternate applications of fusion were described in papers by Rose et al.
from the USA (R-4) and by Vasil'ev et al. from the USSR (R-l). Vasil'ev et al.
have examined the potential of very-high-temperature tokamak fusion reactors for
both electricity generation using an MHD power cycle (T ~ 2000 K) and for
synthetic fuel production, specifically H 2 . Such high-temperature blanket systems
are found to be much more complex than more conventional designs and many
unresolved issues remain. Such reactors are, therefore, not considered likely for
near-term applications. The fission-fusion hybrid system was also analysed by
Vasil'ev et al. At moderate values of neutron wall loading (~ 1 MW • m"2) and
blanket operating temperature (~ 350 - 400°C), a tokamak with a "D"-shaped
plasma and double-wall poloidal divertor produces 6650 MW(th), 2000 MW(e) net,
and re-circulates 570 MW(e). The blanket is designed for plutonium production
and the calculated value of the production rate is 4200 kg • a'1. The potential
for near-term application is considered to be high.
Rose et al. from the USA considered fission-fusion hybrid reactors which
may be useful in several applications. These include hybrids used primarily to
produce fissile fuel for fission reactors, hybrids to produce both electricity and
fission fuel, and once-through fission fuel cycle hybrids used to produce electricity,
synthetic fuels, or other non-fission related products. The context in which the
hybrid is considered is defined by the desire to achieve proliferation-resistant
fuel cycles, the potential shortfall of fissile fuel in the early 21st century, and the
potential need for extra fissile fuel which would provide start-up fuel for fastbreeder reactors and which could be used to shorten the fuel-doubling time. The
latter point is particularly important for breeder reactors based upon the
Th-233U fuel cycle.
One general conclusion is that an optimum Th-233U system would employ
a hybrid at an international nuclear centre (INC) where 238U and re-cycled Pu
could be used in the hybrid to enhance 233U production. 233U would then be
processed into thermal reactor fuel and shipped to such reactors located outside
the INC. For thermal reactors, 233U is a superior fuel to Pu from the viewpoint of
neutronic performance.
A re-fresh cycle in which high-temperature-reactor (HTR) coated-particle
fuels are used in the hybrid and then directly transferred to the HTR without
re-processing appears feasible and highly proliferation-resistant. However, fuel
utilization is only modest without re-processing and is limited by fission product
build-up.
The prospects for a near-term hybrid demonstration reactor based on a
tokamak operated in the hot-ion mode (Q ~ 6) with physics assumptions expected
to be tested in TFTR appear to be good. Such a reactor could be designed for
operation around 1990 using fusion technology expected to be established in
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the next five years. Fuel production initially is estimated to be 640 kg • a'1
of Pu or 420 kg • a'1 of 233U in a device with a major radius of 5.2 m, a plasma
radius of 1.2 m, a plasma elongation of 1.6, and an on-axis toroidal field of 55 kG.
The neutral-beam-injected power is 150 MW, and 950 MW of fusion power is
produced. In an upgraded mode, the ultimate fuel production performance of
the reactor is estimated to be 3400 kg • a"1 of Pu or 2200 kg • a"1 of 233U. In either
case, this is sufficient to provide make-up fuel for nine light water reactors. This
option, including tritium breeding in the blanket, thus appears to warrant further
study.
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units.

FACTORS FOR CONVERTING SOME OT THE MORE COMMON UNITS
TO INTERNATIONAL SYSTEM OF UNITS (SI) EQUIVALENTS
NOTES:
(1) SI base units are the metre (m>, kilogram (kg), second {si, ampere (A), kelvin (K), candela (cd) and mole (moD.
(2) • indicates SI derived units and those accepted for use with Slj
> indicates additional units accepted for use with SI for a limited time.
\For further information see The International System of Units (SI), 1977 ed., published in English by HMSO,
London, and National Bureau of Standards. Washington, DC, and International Standards ISO-tOOQ and the
several parts of ISO-31 published by ISO, Geneva.)
(3) The correct abbreviation for the unit in column 1 is given in column 2.
(4) -X- indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures.
= indicates a definition of an SI derived unit: ( ] in column 3+4 enclose factors given for the sake of completeness.
Colui
by:

Multiply data given in:

Column 4
to obtain data in:

Radiation units
^ becquerel
disintegrations per second (= dis/s)
> curie
> roentgen
> gray
> rad
sievert (radiation protection only)
rem (radiation protection only)

1
1
1
1
1
1
1
1

Bq
s"1
Ci
R
Gy
rad
Sv
rem

=
=
[=
[=
=
[=
(=

(has dimensions of s" 1 )
Bq
1.00 X 10°
3.70 X 10'°
Bq
C/kg|
2.58 X 10- 4
J/kgJ
1.00 X 10°
1.00 X 10" 2
Gy
J/kgJ
1.00 X 10°
J/kg]
1.00 X 10"

*
*
*
#
*
*

Mass
> unified atomic mass unit (7^ of the mass of
p- tonne (= metric ton)
pound mass (avoirdupois)
ounce mass (avoirdupois)
ton (long) (= 2240 Ibm)
ton (short) (= 2000 Ibm)

l1

C)

1 = 1.660
1u
[ = 1.00
1t
1 Ibm
4.536
1 ozm
= 2.835
1 ton
1.016
1 short ton = 9.072

5/' X 10
X 10 J
X 10"'
X 10'
X 103
X 102

kg, appro
kg]
kg

*

9
kg
kg

Length
statute mile
nautical mile (international)
yard
foot
inch
mil (= 10~J in)

1 mile
1 n mile
1 yd
1 ft
1 in
1 mil

1.609 X 10°
1.852 X 10°
9.144
3.048
= 2.54
= 2.54

X
X
X
X

10"'
10"'
10'
10" 2

[ = 1.00
1= 1.00
2.590
4.047
8.361
9.290
6.452

X
X
X
X
X
X
X

10"
1O"38

[ = 1.00
7.646
2.832
1.639

X
X
X
X

10-'
10"'

km
km
m
m
mm
mm

•*
*
*
*
*

Area
> hectare
> barn (effective cross-section, nuclear physics)
square mile, (statute mile) 2
acre
square yard
square foot
square inch
Volume
• litre
cubic yard
cubic foot
cubic inch
gallon (imperial)
gallon (US liquid)

1 ha
1b
1 mile 3
1 acre
1 yd"
1 ft 2
2
1 in

1 1 or 1Itr
1 yd 3
1 ft J
1 in 3

10°
10 5
10"'
10" 2
102

10" !
10"

m2l
m2]
km'
m2
m2
m2
mm 2

m3)
m3
m3
mm 3

1 gal (UK) = 4.546 X 10"3
1 gal (US) = 3.785 X 10"3

Velocity, acceleration
foot per second {= fps)
foot per minute

1 ft/s
1 ft/min

mile per hour (= mph)

1 mile/h

£> knot (international)
free fall, standard, g
foot per second squared

1 knot
1 ft/s

2

= 3.048 X 10"'
= 5.08 X 10" 3
_ J4.470X 10"'
" \ 1 . 6 O 9 X 10°
= 1.852 X 10°
= 9.807 X 10°
= 3.048 X 10"'

m/s
m/s
m/s
km/h
km/h
m/s2
m/s2

*
*

*

Column 3
by:

Column 1
Muftipfy data given in:

Column 4
to obtain data in:

Density, volumetric rate
1 Ibm/in 3
1 Ibm/ft 3
1 ft 3 /s
1 ft 3 /min

pound mass per cubic inch
pound mass per cubic foot
cubic feet per second
cubic feet per minute

= 2.768 X
= 1.602 X
2.832 X
= 4.719 X

104
10'

kg/m3
kg/m 3

10" 2
10""

m3/s
m3/s

Force
• newton
dyne
kilogram force {= kilopond (kp))
pound al
pound force (avoirdupois)
ounce force (avoirdupois)

1
1
1
1
1
1

N
dyn
kgf
pdl
Ibf
ozf

[ = 1.00
= 1.00
9.807
1.383
4.448
2.780

X
X
X
X
X
X

10°
10~5
10°
10"'
10°
10"1

m•kg• •
N
N
N
N
N

[ = 1.00
1.013
1.00
= 1.333
= 1.00
2.989
3.386
2.491
= 9.807
4.788
= 6.895
= 1.333

X 10°
25X 10s
X 10 !
X 103
X 10"'
X 103
X 103
X 102
X 10"
X 10'
X 103
X 102

N/m 2 ]
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa
Pa

X 10°
19 X 1 0 " "
X 103
X 10°
X 10°
X 10~7
X 10°
X 10'
X 1012

Nm] *
J, approx.]
J
J
*
J
J
J
J
*
J

Pressure, stress
• pascal
• atmospherea, standard
• bar
centimetres of mercury (0 C)
dyne per square centimetre
feet of water (4°C)
inches of mercury (0 C)
inches of water (4°C)
kilogram force per square centimetre
pound force per square foot
pound force per square inch (= psi)
torr(0°C) (=mmHg)

1 Pa
1 atm
1 bar
1 cmHg
1 dyn/cm 2
1 ftH 2 O
1 inHg
1 inHjO
1 kgf/cm2
1 Ibf/ft 2
1 Ibf/in 2
1 torr

*
*
*

Energy, work, quantity of heat
• joule (=W-s)
• electronvolt
British thermal unit (International Table)
calorie (thermochemical)
calorie (International Table)
erg
foot-pound force
kilowatt-hour
kiloton explosive yield (PNE) (^ 1012 g-cal)

[= 1.00
1 =1.602
1.055
4.184
4.187
1 cal IT
1.00
1 erg
1.356
I f f Ibf
3.60
1 kWh
1 kt yield => 4.2
U
1 eV
1 Btu
1 cal

Power, radiant flux
• watt
British thermal unit (International Table) per second
calorie (International Table) per second
foot-pound force/second
horsepower (electric)
horsepower (metric) 1= ps)
horsepower (550 f t l b f / s l

1W
1 Btu/s
1 cal|T/s
1 ftlbf/s
1 hp
1 ps
1 hp

[ s 1.00 X
1.055 X
4.187 X
= 1.356 X
7.46 X
7.355 X
7.457 X

10°
103
10°
10°
102
102
102

J/s]

*

W
W

w
w
w
w

*

Temperature
• temperature in degrees Celsius, t
where T is the thermodynamic temperature in kelvin
and T o is defined as 273.15 K
degree Fahrenheit
degree Rankine
degrees of temperature difference*7

t = T - To

gives

t (in degrees Celsius) *
T (in kelvin)
#•
AT (= Atl
*

Thermal conductivity
1 Btu-in/(ft 2 -s-°F)
1 Btu/(ft-s-°F)

= 5.192 X 102
= 6.231 X 103
= 4.187 X 102

(International Table Btu)
(International Table Btu)

1 cal I T /(cnrs°C)

b

Ibf/in 2 (g)
Ibf/in 2 abs

W-m"'K"
Wm"'K"
Wm"'K"

a

atmabs, ata: atmospheres absolute;
atm Ig), atii: atmospheres gauge.

c

The abbreviation for temperature difference, deg {= degK = degC), is no longer acceptable as an SI unit.

(= psigl: gauge pressure;
(=psia): absolute pressure.
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