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Diagnostic Techniques used in Controlled Thermonuclear
Research at Harwell

By G. N. Harding, A. N. Dellis, A. Gibson, B. Jones, D. J. Lees, R. W. P. McWhirter,
S. A. Ramsden and S. Ward*

Experiments at the Atomic Energy Research
Establishment, Harwell, on the production of high
temperatures for thermonuclear research have been
mainly along the lines described by Thonemann1 and
Pease et al.,2 in which gas is heated by the discharge
of a unidirectional electric current pulse and confined
by the pinch effect. The discharge tube is toroidal in
shape and the gas forms the short-circuited secondary
winding of a pulse transformer.

Diagnostic measurements in these experiments aim
at obtaining as complete a picture as possible of the
physical conditions existing in the gas, but because
of the extreme complexity of such systems, and
because they are inhomogeneous and varying rapidly
in time, the measurements which are possible are
limited mainly to such properties as temperature,
density, electric and magnetic fields, resistivity,
impurity content and degree of ionization. Ideally
these should be measured as a function of both position
and time, but it is frequently possible only to observe
the variation with one of these parameters, or to
obtain average values.

In addition, information is required on the energy
loss from the gas by radiation and conduction, and on
nuclear reactions, collisions between electrons and
ions, acceleration of ions and electrons to high energies
and co-operative phenomena.3

This paper is a general survey of the lines along
which diagnostic methods are developing at Harwell,
and indicates the results which have been obtained so
far. Many of the techniques are in a rudimentary state,
and most of the Zeta experiments are incomplete.

Diagnostic techniques used at Harwell may be
divided broadly into three groups: spectroscopy,
electrical measurements, and the study of high energy
radiations. The first includes the measurement of
electromagnetic radiations over a very wide range of
frequencies, falling into the subdivisions, microwave,
visible, quartz ultra-violet, vacuum ultra-violet, and
X-ray regions. The intermediate regions mentioned
above give rise to special technical difficulties. How-
ever, it is expected that they will give valuable in-
formation when they are investigated.

* UK Atomic Energy Authority, AERE, Harwell.

SPECTROSCOPY

Visible, Ultra-violet and Vacuum Ultra-violet Spectra
Up to the present, only emission spectra of the

discharge have been studied. Both photographic and
photoelectric recording is used.

Apparatus

For photographic work, the spectrographs used are
Hilger medium glass (f/12), Hilger medium quartz
(f/12, 10-20 Â/mm), and a 1-metre normal incidence
concave grating vacuum instrument (f/18, 16 Â/mm)
covering the range 300-2900 Â. Visible and quartz
ultra-violet radiation is observed through a quartz
window covering a transverse slit in the torus. The
light undergoes three reflections from surface»
aluminized mirrors in order to reach the spectro-
graphs. An electromechanically operated shutter
synchronized with the discharge allows the exposure
to be made during any required part of the current
pulse. For the majority of exposures with Zeta it was
set so that a period of 1.0 ± 0.1 ms, centered at current
maximum within 0.1 ms, was accepted.

The vacuum spectrograph is mounted directly on
the torus by means of a vacuum-tight coupling, no
solid material being interposed in the light path. The
optical slit of the spectrograph forms the only path
between torus and spectrograph, and a pressure of
10"5mm Hg is maintained in the spectrograph by
differential pumping. In addition, two Fastie-Ebert
grating monochromators of focal lengths 24 in.
(aperture f/4, dispersion 22 Â/mm) and 3 metres
(aperture f/30, dispersion 2.7 Â/mm) with photo-
multiplier detection are used for examining the
intensity of single lines as a function of time in the
visible and quartz ultra-violet regions.

Measurements
The spectroscopic work on Zeta has been directed

primarily towards: (i) determination of impurities in
the discharge; (ii) measurement of ion temperature
from the Doppler broadening of spectral lines;
(in) estimation of electron temperature.

Impurities
The identification of impurities follows standard

procedure. In a discharge in nominally pure deuterium,
365



366 SESSION A-10 P/1520 G. N. HARDING et al.

5ГС0

со со
О т *
— r^ о
со со со

г»
со
со

со — m f 4

о h» о о
О О •*>«*>
со со, . со со_

.1 ^ со со ^ г- — см ^ О —
о со r o c o c o со о — * «л «л
госо ^t * •* m o o со со со
fO ÍO СО Ю СО. ГОСО ГО^ ^СО fO flj

Figure 1. Spectrum of ZETA taken with Hilger medium quartz spectrograph
Gas, hydrogen + 5 % nitrogen; pressure, 1.25 x 10~ 4 mm Hg; axial magnetic field, 160 gauss; continuous

exposure; torus "dirty"

strong lines of carbon, nitrogen, oxygen, aluminium
and fluorine are observed. These are believed to
originate from residual gases, gases occluded in the
walls and driven out by the discharge, pump oil, and
materials used in the construction of the tube. An
interesting feature of the spectra observed with
ZETA, particularly at high gas currents, is the appear-
ance of lines of highly ionized atoms, for example
N v , Cv, OVI. An estimate of the amount of impurity
present has been made by comparing the intensities
of equivalent lines of isoelectronic sequences of C, N,
О and F, and lines for which the transition probabili-
ties are known, on a plate taken when the discharge
was in deuterium under "clean" conditions with a
known nitrogen impurity of 5% added. Assuming that
the nitrogen content remained constant at 5%, the
estimated percentages of impurities present are:

Carbon 5%
Nitrogen 5% (assumed)
Oxygen 1 %
Fluorine 10%
Aluminium 8%
Silicon 2%

These figures are estimates only, and may be in error
by an order of magnitude. Typical spectrograms
obtained in the quartz ultra-violet and vacuum
ultra-violet regions are shown in Figs. 1 and 2.

Ion temperature

By ''temperature'' is meant the temperature
corresponding to the mean kinetic energy of the ions,
at a given position and time. Most of the actual
measurements give a value averaged over both space
and time, but in some cases limited resolution was
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Figure 2. Spectrum of ZETA taken with 1-metre normal-incidence vacuum spectrograph
Gas, deuterium + 5 % nitrogen + 1 0 % oxygen; pressure, 1.25 x 10~ 4 mm Hg; axial magnetic field,

160 gauss; continuous exposure (100 pulses); torus "clean"
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obtained. Ion and electron temperatures are not
necessarily equal.

A measurement of the mean kinetic energy of the
deuterium atoms by observing Doppler broadening of
the spectral lines emitted by them is not possible at
the highest temperature in Zeta because all deuterium
atoms are ionized and emit no light. However, such
measurements are possible on impurity ions such as
oxygen, nitrogen and carbon which can exist at this
temperature in highly ionized states. The possibility
of deducing the temperature of the deuterium ions
from the temperature of these impurity ions is dis-
cussed in the accompanying paper by Pease.2

A large number of lines from highly ionized atoms
were observed to be considerably broadened on photo-
graphic plates taken at high currents, in both the
quartz and vacuum ultra-violet regions. A list of some
of these lines is given in Table I.4

Table 1. List of Broadened Impurity Lines

Ion

N I V

Oiv
jrní
Oiv

Ov
Cv
Civ
Nv
Ovi
Ov
N i v
Qv

Wavelength, A

3479-3485
3381-3386
3114-3125
3063-3072
2781-2790
2271-2278
1548-1551
1238-1242
1032-1038
1371
765
630

Number of lines

3
2
4
2
3
3
2
2
2
1
1
1

Classification

3s3S-3p3P
3s4P-3p4D
3s4P-3p4D
3s2S-3p2P
3s3S-3p3P
2s3S-2p3p
2s2S-2p2P
2s2S-2p2p
2s2S-2p2P
2piP-2p/:lD
2siS-2piP
2s!S-2piP

The line breadths were measured with a micro-
densitometer and (in the quartz ultra-violet) converted
into intensity distributions using the plate character-
istic given by a subsidiary exposure on the same plate
with a 7-step rhodium-on-silica neutral filter. For the
vacuum ultra-violet region no satisfactory calibration
procedure has yet been found. The calibration expo-
sure was made with a steady light source: a separate
experiment using a source pulsed in a similar way to
the light from the discharge showed that the inter-
mittency effect was negligible within the experimental

error.
Using the lines 0^ 2781 (3s3Si-3p3p2)

and №V 3478 (3s3Si-3p3p2) (Ref. 4)

the Doppler width has been measured under various
conditions of the discharge in ZETA. Results are given
in Ref. 2. The estimated error of measurement is 25%,
based on the scatter of a large number of measure-
ments made under constant conditions.•[• Figure 3
shows how the width of two O v lines increases as the
current is raised from 100 ka to 160 ka. In Fig. 4 is

f The measurements, each lasting for 200 pulses, were all
made during one experiment in which ZETA was run con-
tinuously for 10 hours. Electrical characteristics and neutron
yield remained constant within a few per cent throughout
this time.

shown the result of a measurement of Doppler width
as the time of opening of the shutter is varied with
respect to the start of the current pulse. The Doppler
widths are interpreted as ion temperatures.

In arriving at these results, a correction has been
applied for the instrumental width of the spectrograph
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Figure 3. Part of ZETA spectrum in quartz ultraviolet showing
Doppler broadening of lines: OV 2781 (3s
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Figure 4. Variation, through ZETA current pulse, of (upper)
Doppler broadening interpreted as ion temperature and (lower)

gas current
Gas, ¿/г D2 + 5% N 2 ; current, 180 ka; voltage, 23 kv; Bz,±160

gauss; NIV Л 3478.7 A; gate width ~ 1 millisecond

(0.25 Â) on the assumption that the instrumental
profile of the spectrograph is a dispersion function
with the experimentally determined half-width (ob-
tained with a Hg198 isotope lamp) and that the true
line profile is Gaussian.

Effects other than Doppler broadening may con-
tribute to the width of the spectral line. The most
important are pressure broadening and Zeeman effect.
The main contribution to pressure broadening comes
from Stark broadening by electron impact. No
experimental data are available on the Stark effect
of the highly ionized atoms under consideration but a
calculation using hydrogen-like wave functions, on
the basis of the Lindholm theory5 has shown that the
effect is very small for the transitions considered. For
the line Ov 2781 the estimated broadening by electron
impact is only 10~3 Â, compared with the observed
maximum width of about 1 Â. Further evidence for
the absence of Stark broadening comes from the
failure to observe any shift in wavelength greater than
0.02 Â as the gas current is increased, compared with
an observed broadening of about 1 Â.
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The Zeeman effect produced by magnetic fields of
the order of 1000 gauss (as indicated by magnetic
probe measurements in ZETA; see below) would
produce a broadening of about 10~2 Â. The contribu-
tion to Doppler broadening from mass motion of the
plasma is not known. Experiments designed to reveal
mass motion spectroscopically have given ambiguous
results and no reliance can be placed on them. While
magnetic and Langmuir probes have so far failed to
indicate mass motion sufficient to contribute appreci-
ably to the Doppler broadening, it must be noted that
signals at frequencies higher than about 250 kc/s
would not have been observed. It has not yet proved
possible to obtain data on mass motion from streak
photographs. Experiments are in hand to determine
the mass-motion contribution. The methods to be
used are (i) measurement of Doppler broadening of
lines from atoms of different masses present simul-
taneously in the discharge; (ii) Doppler broadening
measurements on light leaving the discharge in
different directions.
Electron temperature

Because the plasma in Zeta is not in radiative
equilibrium, it is not possible to use the Boltzmann
and Saha equations for determining electron tempera-
ture from the relative intensities of spectral lines.
However, electron temperatures can be estimated
from spectroscopic data in two ways: (i) from con-
sideration of intensities and ionization potentials of
lines observed; (ii) from relative line intensities,
considering the processes of ionization, excitation and
recombination in detail. Because of a lack of data on
cross sections and excitation functions it has not been
possible to apply any of the above methods to the
measurements on ZETA with any precision.

In an experiment in helium, for which ionization
cross sections have been measured,6 a measurement,
using the method of Cunningham,7 of the relative
intensities of the singlet and triplet lines at 3889 Â and
5016 Â yielded electron temperature values rising
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Figure 5. Variation of spectral line intensities through ZETA
current pulse. Current values on graphs refer to maximum

current

linearly to 4 x 105 °K at a time 0.5 msec after the start
of the discharge. The condenser was charged to 15 kv
and the helium pressure was 1.25 x 10~4mm Hg. In
the above experiments, the lines were selected by the
3-metre monochromator and by a Hilger medium
glass spectrograph with 6 exit slits in the focal plane
and 6 Ediswan Type 27 Ml photomultipliers, the
outputs of any two of which were fed to a 2-beam
oscilloscope and photographed. The intensities were
measured from the smoothed average of a number of
exposures. Tracings of typical oscilloscope records
obtained in this way are reproduced in Fig. 5.

Electron Temperature—Bremsstrahlung
The energy radiated as Bremsstrahlung by a hot

plasma is related to the electron temperature Te by an
expression given by CiUiè.8

Evdv = exp -(hv¡kTe)dv

where С is a constant, v is the frequency, N±, N2 are
the number densities of ions and electrons and Z is
the ionic charge. This expression^ assumes an opti-
cally thin plasma and is based on the Born approxi-
mation. The electron temperature can thus, in
principle, be found in two ways from Bremsstrahlung
measurements: first, by measuring the absolute
amount of energy radiated in a known energy interval,
the number densities of electrons and ions and the
ionic charge; or, secondly, by measuring the variation
of energy radiated as a function of frequency. In
practice the second method involves only relative
intensity measurements and is likely to be the more
reliable. Using the first method, this measurement can
be made in any spectral region which is free of line
spectra or continuous spectra from other sources.
For the second method, to measure temperature of the
order of 106 °K, it is necessary to make the measure-
ment in a spectral region where the exponential term
is varying significantly, i.e. the X-ray region of a few
kev energy, and the far vacuum ultra-violet (wave-
length 100-1000 Â). Preliminary measurements in the
X-ray region using a xenon-filled proportional counter
with a 0.008 cm beryllium window have shown the
necessity of preventing paralysis of the equipment by
high-energy non-thermal X-rays.

Total Radiation Intensity

A measurement of the total energy loss from the
ZETA discharge by radiation was made using a
Cambridge Instruments thermopile, with a sensitivity
of 50 mv (w/cm2), connected to a galvanometer. The
thermopile was inserted in a side tube forming part of
the vacuum envelope of the torus, and viewed a
limited region of the discharge defined by slits. It was
thermally insulated from the walls. The time constant
was 1.5 sec and the overall sensitivity 10~4 joules/cm2

for 1 mm deflection. The sensitivity was measured
using a calibrated tungsten ribbon lamp and a rotating
slotted disk to simulate ZETA.

I Correct only if the electrons have a Maxwellian velocity
distribution.



DIAGNOSTIC TECHNIQUES IN THERMONUCLEAR RESEARCH 369

To estimate the heating effect of particles bombard-
ing the thermopile, and molecular recombination on
its surface, films of celluloid and silicon monoxide
could be placed between the discharge and the thermo-
pile by remote control. The thickness of the films was
about 10~5 cm, so that a part of the radiation in the
vacuum ultra-violet was absorbed. No estimate of this
fraction has been made, but measurements made with
and without the films give upper and lower limits for
the energy radiated. Apart from this uncertainty, an
error was introduced in the calibration, giving a
possibility that the values are 50% too high. There is
no fundamental reason why the accuracy of the
experiment should not be improved. The results of
the experiment, made at two settings of condenser
voltage Vc, are given in Table 2 below.

Table 2. Total Energy Radiated by ZETA Discharge

Total radiated energy, film in
Total radiated energy, film out
Stored energy in condenser
Integrated product of F g a 8 x J g a s

0.3«
0.9

18.0
9

1.6
2.7

39.0
26

a All quantities are in units of 104 joules/pulse

Streak Photography

Resolution in time and space but with limited
spectral resolution (by means of filters and colour
photography) is carried out with drum cameras and
image converters, focused on transverse slits in the
torus. Since such systems are at present limited to
visible and quartz ultra-violet, they show mainly light
irom neutral or weakly ionized atoms. Very little
visible light is emitted from the hottest part of the
discharge. The need is evident for devices of this sort
operating at shorter wavelengths.

A system employing a mechanical scanner and
photomultiplier in conjunction with a monochromator
promises to combine reasonably good time and space
resolution with good spectral resolution.

Microwaves

The range of frequencies 1010-1012 sec"1 is of special
interest in the study of hot plasmas because of the
strong interaction between the electron gas and the radi-
ation. By studying the optical properties of the plasma
the electron density and collision frequency can be
determined; by measuring the radiation from it, the
-electron temperature can be deduced. In these
measurements resolution can be obtained in both
position and time.

In the discharges with which we are concerned, the
•critical or plasma frequency, vc = (пе*1ттгп)% (where n,
6, m represent electron number density, charge and
mass respectively), is in the range lO10-!*)11 sec-1. The
Tefractive index of the plasma to radiation of frequency
v is given by [1 — (vc/v)2]*, s o that below the plasma
frequency the plasma is reflecting, whilst well above
it, propagation is as in free space, provided the electron
cyclotron frequency is outside the range of interest.

The electron-ion collision frequency in the present
case is a factor of about 104 lower than the plasma
frequency, so that attenuation is small except near
to the latter.

Direct transmission of microwaves through a plasma
can be observed and interruption of this transmission
will indicate either strong absorption or refraction in
the intervening plasma. For practical reasons the
measurements have at present to be made at fixed
frequencies. The method of investigation is to vary
the conditions of the discharge and observe the
manner in which reflection, transmission and re-
fraction of the radiations occur. In discharges which
vary in time such as those in ZETA, this can be done
for each pulse by displaying the output of the receiver
on an oscillograph. Thus, by using several fixed
frequencies to cover the range of interest, a picture
of the density structure of the discharge can be
built up.

Electron temperatures can be determined by
measuring, in a sensitive receiver, the microwave
noise emitted by the plasma. It has been shown by
Dellis9 that in a narrow frequency band near the
critical frequency, a plasma emits radiation corre-
sponding to a black body. The energy radiated per
unit frequency interval is then given by

Evdv = kTedv.

The effective aperture of the aerial does not enter into
this relation provided that it is small compared to the
size of the discharge. In practice the measurement is
made by comparing the signal received from the
plasma with that from a standard noise source, using
an attenuator. It is then not necessary to know the
band-width and gain of the receiver. Subsidiary tests
are necessary to ensure that the plasma is absorbing
(and therefore emitting), radiation of the frequency
used.

Measurements have been made with the Mark II
Torus (35 cm bore, 105 cm mean diam.) and with
ZETA. For the former, a frequency of 3.5 x 1010 sec-1

was used for electron density and temperature measure-
ments in hydrogen and argon. A diagram of the
apparatus is shown in Fig. 6 and the results of
temperature measurements in hydrogen in Fig. 7.
The arrows at the top and bottom of the curve in the
figure indicate the points at which the plasma became
reflecting and non-absorbing respectively.

In ZETA, the higher density has necessitated the use
of a higher frequency. Experiments made with the
highest frequency at present obtainable, 7.4 x 1010 c/s,
have shown that this frequency is still not sufficient
to penetrate the densest regions at maximum current.
A series of transmission measurements indicated the
electron density increasing with current and reaching
a maximum value of 3 x 1013 cm"3. Figure 8 is a
reproduction of oscillograph traces obtained in a series
of transmission measurements at 7.4 x 1010 sec"1. The
transmitting klystron was modulated at 1 Me, and
the vertical thickness of the band is a measure of the
power transmitted through the plasma. The fact that
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Figure 6. Arrangement for microwave noise measurement of
electron temperature

the interval of non-transmission increases with the
current suggests that the density rises to a higher
value than the minimum necessary for absorption.

Electron temperature measurements have been
made only at the lower frequency 3.5 x 1010 sec"1, and
give values corresponding to the less dense regions of
the discharge. The results found are in the range
1-5 x 105 °K.

These measurements are at present limited by the
equipment available. It is hoped that in the near
future the technique of microwaves will be developed
sufficiently for such measurements to be made at
frequencies up to 3 x 1011 sec"1. Above this frequency,
the technique of infra-red research may be more
suitable, and would have the advantage of variable
frequency operation.

ELECTRICAL MEASUREMENTS

External Measurements

The current through the gas is measured by a
Rogowski coil and the electric field applied round the
torus is measured by a loop of wire circling the core.
These waveforms are fed to a recording oscilloscope in
which 8 signals can be photographed automatically
for every discharge.

Information about the condition of the discharge is
deduced from such external measurements. In-
stability is inferred qualitatively from fluctuations of
the voltage and current waveforms, which are due
to changes in channel diameter and position causing
changes in inductance. The radius of the current
channel is found from the measured inductance of the
plasma, and electron temperature from its resist-
ivity.2» 1 0

Internal Measurements

Magnetic Probes

By inserting small pick-up coils into the discharge
it is possible to measure the magnetic field vectors
and plot the field configurations associated with the
current channel over a limited region of the interior
of the discharge tube. In this way it is possible to find
the position, size and pressure of the current channel

200
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Figure 7. Electron temperature vs. gas current in Mark II Torus,
measured by microwave noise at 8 mm wavelength

as a function of time, averaged from pulse to pulse.
For toroidal geometry, a pressure balance equation
has been given by Honsaker et al.11 These measure-
ments also indicate instabilities in the plasma.

The use of these probes is subject to the limitation
that the presence of the probe itself may perturb the
discharge and lead to spurious results. These effects
were examined (i) by observing the electrical charac-
teristics, spectra and neutron emission and (ii) by
inserting a second probe and finding its effect on the
first. It was found that the presence of a 1 in. quartz
probe increased the resistance of the discharge,
greatly reduced the neutron yield, and increased the
emission of impurity lines, in particular of silicon and
oxygen. The magnetic configuration was not changed
in general shape by a second probe at a distance of
70 cm.

The experimental arrangement used with ZETA
consists of 16 coils having about 700 turns of 0.004 cm
dia. wire wound on formers of 0.4 cm dia. The coils
are arranged in a line with their axes parallel and
spaced 3.2 cm apart; outside the coils is a silvered
glass tube for electrostatic screening, and the whole
assembly is placed inside a i m . dia. quartz tube which
is inserted radially or tangentially into the torus
through a vacuum seal. The coils are cooled by a jet
of air. One set of coils measures the azimuthal and
axial components of magnetic field, by rotating the
assembly through 90°, while a second set of coils
measures the radial component. The outputs of 8 of
the 16 coils can be recorded simultaneously. The coils
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Figure 8. Microwave transmission in ZETA. Top trace: power in receiver. Centre trace: gas current.
Lower trace: background with local oscillator off

Gas, deuterium + 5% nitrogen; pressure, 1.25x10-4 mm Hg; axial magnetic field, 160 gauss;
condenser voltage: (a) 8 kv, (b) 10 kv, (c) 17 kv, (d) 21 kv. The "hash" on the traces is due to

electrical interference
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are damped by 1000 ohm resistors and connected via
twin twisted feeders to amplifiers and Miller integrators
and thence to an 8 channel recording oscilloscope.
The resonant frequency of the coils is 300 kc/sec and
the upper frequency cut-off of the complete system
250 kc/sec. The integrators have an integrating time
constant of 10 msec and a differentiating time constant
of 100 msec. The complete system is calibrated by
discharging a condenser through a specially-shaped
inductance into which the probe is inserted, the time
constants being arranged to simulate the ZETA pulse.
The sensitivity of the system is such that a change of
magnetic field of 100 gauss causes a deflecting potential
of 1 volt to be applied to the oscilloscope.

Typical records taken during a magnetic probe
measurement on ZETA are shown in Figs. 9 and 10.
Analyses of these results are given in Ref. 2.

Electrostatic Probes
For some years, a standard method in plasma

research for determining electron temperature and
particle density has been to use electrostatic probes
following the method of Langmuir.12 The electron
temperature is obtained from the slope of the voltage-
current characteristic, and the density from the
saturated ion current.

In the present experiments the double-probe of
Johnson and Malter13 has been found more satis-
factory than single probes, for two reasons: (i) the
maximum current which can be drawn by the probe
is the saturation ion current which is an order of
magnitude less than the saturation electron current;
this means that there is less danger of destruction of
the probe by the formation of arcs; (ii) a reference
electrode is not needed, eliminating a source of error
in electrodeless discharges where the plasma is not
necessarily at constant potential.

Experiments on the Mark II Torus were made with
double probes consisting of 1 or 2 mm dia. tungsten
wires embedded in glass except for their ends. The
potential difference between the probes was varied
from — 30 to + 30 volts and saturation currents of the
order 1-10 amp/cm2 were obtained. Because of the
instability of the discharge, the probe current at each
potential setting was integrated for about 60 pulses.
A condenser of 3000 /¿F was connected across the
probe to keep the potential constant.

A characteristic obtained in this way is shown in
Fig. 11. The electron temperature obtained from this
characteristic was 81,000 °K. A series of such measure-
ments in hydrogen at a pressure of 1.7 x 10~3 mm Hg
gave the following results:
Gas current,

ka 3 4 5 6 7 8 9
Electron

temperature,
o Kxl0- 4 6.4 8.1 10.0 12.6 16.0 20.0 27.0

The accuracy of these measurements, from internal
consistency, was about 10%.

When this technique was applied to ZETA it was
found that the large potentials needed (up to 1000

volts) resulted in the frequent formation of arcs
which destroyed the probe. A number of attempts
were made to overcome this problem, none of which
has so far proved completely successful. As a result
of these experiments, however, a system has been
devised which holds some promise. This consists of a
double probe made of tungsten wires enclosed, except
for their ends, in a quartz tube which is surrounded
by another open-ended quartz tube projecting beyond
the probe for a distance of the order of its diameter,
to act as a plasma attenuator.14 The effect of this is to
reduce the particle density, and therefore the current
drawn by the probe, by a factor greater than the
reduction of electron temperature. The potential
difference between the probes is swept through the
necessary range (0-1000 volts) in 100 /xsec, so that the
probability of arc-formation is further reduced.

HIGH ENERGY RADIATIONS

Under this heading is included the detection and
measurement of neutrons, protons, other particles
arising from nuclear reactions, y-rays and X-rays.
The most direct evidence of the occurrence of the
nuclear reactions is obtained by detection of the
reaction products. The reactions of greatest interest
are those between the heavy isotopes of hydrogen:

D+D -> He3+n + 3.26 Mev
D+D->H 3 +p+4.04Mev
D+T -> He4 +n +17.6 Mev,

the first two occurring with approximately equal
probability at all energies.

Neutrons

The emission of neutrons in the first and third of
these reactions provides a very convenient means of
determining whether nuclear reactions are taking
place: the neutron detectors may be placed outside
the discharge tube, and the time and spatial distribu-
tion found. For the ZETA experiments, five kinds of
neutron detector have been used, each having special
advantages in a particular application.

Detectors
Activation counters

The neutrons are slowed down in paraffin and
captured in a substance which then becomes radio-
active, emitting particles which are counted by
standard methods. The method used was to place
the substance to be activated as a lining to Geiger
counters mounted on the torus, and to count the
activity in the intervals between discharges (10 sees).
To eliminate interference and the effect of the mag-
netic field on the counters and associated electronic
equipment, counting was started 1 | sees after, and
stopped | sec before, each pulse.

High detection efficiency is obtained by using a
substance with a large activation cross section and
short half-life, but the half-life should not be so short
that most of the activity has decayed before counting
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Figure 9. Radial variation of B2 in the vertical plane Figure 10. Radial variation of be in the vertical plane

Simultaneous 8-channel magnetic probe oscillograms in each case but with the two sets obtained on
different discharges in one experiment. Gas current, 140 ka; gas, deuterium + 5% nitrogen; pressure,
1.25x10~4 mm Hg; applied axial field, 160 gauss; distance of coil from axis, r, as shown in the

common scale

is started. The choice of In115 (cross section 50 barns,
half-life 13 sees) was made because of its high detection
efficiency, suitable half-life, and availability. The
13-sec half-life was very convenient because saturation
activity was reached after only a few pulses. None of
the experiments lasted long enough for the - 54 min
activity to give a significant contribution to the count.

The counters were calibrated by exposing them to a
standard Pu-Be source for a given time and counting

the activity with the source removed. The overall
efficiency was 1.2xlO~4; the practical lower limit
for detection of neutrons in an experiment lasting
5 min was 105 neutrons/pulse. The advantages of
activation counting are that the counting is done
after the discharge has occurred, eliminating the pos-
sibility of spurious counts due to interference; and that
no confusion with other radiations can arise. Nuclear
reactions in ZETA were first identified in this way.
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Boron Trifluoride Proportional Counters
These counters possess the advantages of high

efficiency, simplicity and good discrimination against
y-rays. The neutrons give a characteristic pulse height
by which they can be identified.

The arrangement used consisted of four cylindrical
copper-walled proportional counters with a sensitive
volume of 800 cm3 of B10F3 gas at atmospheric
pressure, mounted as a single unit and surrounded by
5 cm of paraffin wax, 3 mm of lead to absorb X-rays
and 6 mm of aluminium for electrical and magnetic
screening. The mean life of the neutrons against
capture was estimated to be 200 /¿sec; the counter was
therefore not suitable for measuring the time of
emission, except very approximately. The pulses
were amplified and fed to a sealer via a variable
electronic gate which, for most experiments, was set
to open for 1.4 msec, centered at the current maximum.
In this way the neutrons associated with the large
voltage transient at the end of the discharge were
not counted.

The counter was calibrated in its operating position,
near to the torus, by counting with a standard Pu-Be
source at a number of positions on the Z axis§ of the
torus. The total neutron yield from the discharge was
then calculated assuming that the neutrons were
emitted by a uniform line source on the Z axis.§ The
counter had an efficiency of 104 neutrons (total yield)
per count. The accuracy of calibration was estimated
tobe ±20%.
Recoil Proton Scintillation Counters

For measuring the time at which the neutrons were
emitted, scintillation counters using terphenyl-loaded
polystyrene (with TPBD shifter) were used. The plastic
was in the form of a cylinder 12.5 cm dia. and 2.5 cm
thick, and was in contact with an EMI Type 6099 В
photomultiplier. The resolving time of the counters
was 10~8 sec, but this was limited to 10~6 sec by the
amplifiers and sealers. In some experiments, where a
high counting rate was encountered, a fast sealer was

§ The circle which corresponds, in a torus, to the axis of a
straight tube.

ARGON O-5 \i
Bz =O
1 ^ = 6 0 0 0 A

I-
ъ
< l'O

4O 3O 2O Ю

I O

2-О

IO 2O 3O 4O

Vd (Volts)—-

Te*8l,OOO°K

Figure 11. Typical double-probe characteristic obtained in Mark II
torus. Gas, argon; pressure, 5 x 1 0 ~ 4 mm Hg; gas current,

6 ka; no axial magnetic field

used to reduce the resolving time to 2.5 x 10~7 sec.
For measuring total neutron yield per discharge, a
gate similar to that described above was used.

The photomultiplier was surrounded by three
layers of mumetal for magnetic screening, the whole
counter was enclosed in 6 mm of lead to absorb X-rays,
and two insulated layers of aluminium 6 mm thick to
exclude electric and magnetic fields.

The counter was calibrated with 2.5 Mev neutrons
from the Li7 (p,n) reaction, using the Harwell Van-de-
Graaff machine and comparing it with a standardized
"long" counter. The geometrical factor for neutrons
from ZETA was calculated. The overall efficiency was
(1.2 + 0.1) x IO5 total neutron yield per count.
Nuclear Emulsions

Neutron energies can be measured using nuclear
emulsions if the direction of the neutrons is denned
and the range and angle of the recoil proton measured.
The method has low detection efficiency (see Table 3)
and the neutron flux from ZETA was too low to allow
effective collimation to be used in an experiment
lasting a reasonable time. The measurements were
therefore limited to determining the maximum

Table 3. Characteristics of Neutron Detectors

Cross Effective
section Volume

о (barns) V
at 2.5 Mev cm*

Density
N

atoms/cm3

Utilization
factor

U

Figure
of merit
aVNU

Energy M in.
resolution deuteron

(kev) energy
(kev)

Scintillation
counter
with Li^I (Eu)

High pressure
diffusion cloud
chamber with Щ

lonization chamber
filled with He3

Proportional
counter with
BiOFg

Nuclear emulsion

0.18

2.5

0.5

0.02

2.5

29

5700

2600

(2600)

0.1

1.8x1022

5.1 x 1020

8Л x 1019

2.7 x 1019

3x1022

1

i

1

1

0.09

2.4

0.10

0.001

0.0025

100

20

5

100

50

30

2

0.1

30

7
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Figure 12. Variation of average neutron yield per pulse with peak
gas current in ZETA. No satisfactory explanation has been found

for the flattening off of the curve at high currents
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Figure 13. Variation of average neutron yield per pulse with gas
pressure in ZETA

neutron energy. Ilford C2 emulsions were exposed for
5000 discharges and the processing and measurement
followed standard procedure. The maximum neutron
energy was found to be 2.6 ±0.1 Mev.

High Pressure Hydrogen-filled Diffusion Cloud Chamber
This was used for neutron energy measurements

(see below) on account of its high overall detection
efficiency and good energy resolution (see Table 3).

Measurements in Zeta Experiments

Yield
The mean yield per pulse was measured under

different conditions of the discharge, e.g. gas current,
pressure and axial magnetic field. Results of some of
these measurements are shown in Figs. 12-14.
Time Variation

The neutron emission varied with time through the
current pulse as shown in Fig. 15.

Determination of Place of Origin of the Neutrons

For this experiment a large shielded neutron counter
was used, having an angular acceptance of ±4°, and
a scan made across a minor diameter of the torus. The
experimental results are shown in Fig. 16 and on the
same figure are plotted some calculated distributions
with different assumptions. The calculations include
the effect of scattering in the 1 in. aluminium walls

of the torus. Because of the low counting rate the
statistical error in this measurement is large, but it is
clear that the result is not consistent with either the
20 cm or 50 cm channel, nor with the emission of all
the neutrons from the walls.

Time Correlation between Emission of Neutrons and
Other Phenomena

It was observed that under certain operating
conditions the gas current ceased abruptly at the end
of the pulse, this occurrence being accompanied by a
large instantaneous emf around the torus and by a
simultaneous burst of neutron emission. Since a large
number of smaller pulses of emf were observed
throughout the current pulse, an experiment was
made to find out whether there was any correlation in
time between these pulses and the neutron emission.

The two sets of pulses were photographed on
adjacent traces of a 2-beam oscillograph and an
analysis made of the time elapsing between a pulse of
emf and the next neutron pulse. The result is shown
in Fig. 17, which also includes a theoretical distribu-
tion for a perfectly random emission. Not more than
10% of the neutrons are correlated with the preceding
emf pulse. A similar experiment was made to
investigate correlation between neutrons and sudden
increases of visible light emission observed in swept
image photographs of the discharge, with negative
results.
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reaction is due to a deuteron with an energy Ei
colliding with a stationary deuteron, the neutrons
have energies, at 0° and 180° to the direction of
motion of the deuteron, given by

100 150 2OO 250 3OO 35O

1520.14 д х , ^ MAGNETIC FIELD IN GAUSS

Figure 14. Variation of average neutron yield per pulse with axial
magnetic field in ZETA. The dotted parts of the curves indicate

that the discharge was becoming unstable

Neutron energy

The purpose of this measurement was to find out
whether the neutrons observed were of thermonuclear
origin or arose from acceleration of deuterons parallel
to the axis of the torus. In the case of thermonuclear
D-D reactions the average velocity of the centre-of-
mass of the reacting systems is zero and the neutrons
have an isotropic energy distribution. If, however, the

En = 2.45 Mev+ \E1 ±1.1
The neutron energy is very sensitive to deuteron
energy, hence quite a small value of the latter can
be detected.

In Table 3 are listed several possible methods of
measuring neutron energy in the 2.5 Mev region, with
typical values of effective volume which may be
obtained in practice and a figure of merit which is the
product of the reaction cross section o-, the effective
volume V, the number density of reacting atoms N
and a utilization factor U expressing the fact that, in
recoil proton range measurements, only about one-
third of the tracks are suitable for measurement. In
the last two columns are given typical values for the
energy resolution possible with the detector, and the
corresponding minimum deuteron energy which
could be observed.

It can be seen from Table 3 that where the neutron
flux is low, as in ZETA, the diffusion cloud chamber is
an obvious choice. The He3 ionization chamber
promises to give excellent energy resolution for
measurements in a higher flux, and has the advantage
over the cloud chamber that time resolution is also
possible.

The energy measurement of the neutrons from ZETA
has been fully described elsewhere15 and only a brief
description will be given here. A diffusion cloud
chamber filled with hydrogen to a pressure of 7
atmospheres was shielded so that only neutrons
emitted tangentially from one section of the torus
were admitted to the sensitive volume. The neutrons
were collimated within an angle of ±6°, and the
range and angle of recoil proton tracks were measured,
from which the neutron energy was calculated with
an error of 4%. After a sufficient number of tracks
had been observed, the direction of the current in the

T I I

GAS> D 2 + 5°/o N 2

PRESSURE:- 1-25 x IO"4mm Hg

B z > I6O gauss

2OO

ISO

юо

5O

I 2
1 5 2 0 1 5 TIME FROM CURRENT ZERO IN MILLISECONDS

Figure 15. Histogram showing variation of neutron /ield through current pulse in ZETA. Smooth
curve: gas current
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gas was reversed and the experiment repeated. In a
series of experiments, 47 tracks suitable for measure-
ment were obtained with the normal current, and 41
with the current reversed. The mean neutron energies
were found to be 2.66 ± 0.02 Mev and 2.33 ± 0.02 Mev,
respectively, indicating that the neutrons were not of
thermonuclear origin. A calibration experiment, in
which the neutrons emitted from a D-D source were
observed at 90° to the deuteron beam, gave a neutron
energy of 2.45 ± 0.022 Mev.

Charged Particles
In addition to neutrons, the charged particles from

the nuclear reactions listed above may be detected
and used as indicators. The most important case is
that of the protons emitted in the second reaction.
An experiment was made to observe the protons in a
nuclear emulsion covered with a thin aluminized
nylon foil to absorb the light. Up to the present, no
results have been obtained, because of fogging of the
plate by X-rays. If this difficulty can be overcome, the
method promises to be very useful because of its high
detection efficiency and the ease with which the
particles can be collimated.

X-rays
The importance of X-rays in gas discharges is that

they indicate the presence of non-thermal processes.
Experiments were carried out on ZETA to determine
the number and energy of X-rays, as a function of gas
current and axial magnetic field, and to investigate
correlation in time with the emf pulses referred to
above. X-rays of energy greater than about 50 kev are
able to penetrate the walls of the discharge tube, but
for lower energies an aluminium window 0.4 mm thick
was inserted in the torus. The methods used for
observing the X-rays were photographic films and

I
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Figure 16. Variation of neutron yield across minor diameter of
ZETA Torus. Experimental points obtained with shielded neutron
counter. Curves are calculated distributions for the cases shown

Nal (TI) scintillation counters. Energies were
measured by absorption in metal foils and by ob-
serving single quanta in the counters.
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Figure 17. Correlation between neutron pulses and pulses of emf round ZETA torus. Full line:
measured number of neutrons in time interval shown after an emf pulse. Broken line: cafculated

distribution of neutrons assuming random emission, normalized to same total number of neutrons
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X-rays, of energies up to 100 kev, were observed in
the main part of the pulse: the total number of quanta
per pulse having energies in excess of 60 kev was of
the order of 108. There were larger numbers of softer
quanta, e.g. 5 x 1010 harder than 40 kev and 2 x 1012

harder than 10 kev. A strong correlation between high
energy X-rays and emf pulses was found. A second
group of X-rays, having energies up to approximately
300 kev, was associated with the terminal voltage
transient.

To find the spatial distribution of the high energy
electrons, a tungsten target was placed diametrically
across the torus and the X-rays from it recorded
photographically with a pinhole camera. The intensity
of X-ray emission was highest on the axis of the torus
and fell to 1/10 of its maximum value at a radius of
34 cm when the axial magnetic field was 160 gauss,
and 32 cm when the field was 360 gauss.

CONCLUSION

In attempting to elucidate the mechanisms in
heating and confining plasmas and to determine their
physical condition, a wide variety of diagnostic
techniques is being developed and used. The most
important physical properties and the methods of
measuring them are summarized below.

Ion temperature, defined as the mean kinetic energy
of the ions, is measured from the Doppler broadening
of spectral lines of highly ionized impurity atoms.
The contribution of mass motion has not yet been
measured, and the influence of ionic charge on the
measured temperature has to be ascertained. It has
not yet been possible to measure the mean deuteron
energy by measuring the nuclear reaction rate, because
of the occurrence of non-thermonuclear reactions.

Magnetic probes are used to measure the sum of

electron and ion temperatures, subject to the limita-
tion that the probe itself perturbs the discharge, and
the result is dependent on knowing the density.

Electron temperature is found from the resistivity of
the plasma, by Langmuir probes, and by measure-
ment of microwave noise. In the conditions in ZETA,
experimental difficulties have so far prevented reli-
able results from being obtained. Measurements of
bremsstrahlung and the relative intensities of spectral
lines are under investigation, but these are restricted
by lack of basic data on processes taking place under
conditions very far removed from those usually studied
in terrestrial systems.

Electron density has been measured by microwave
transmission measurements; there is at present an
upper limit of about 3 x 1013 cm~3 due to experi-
mental difficulties.

Ion density can be measured by Langmuir probes
but for the conditions in ZETA the technique is not
sufficiently developed. Confinement and stability
have been studied by magnetic probes and high-speed
photography.

Collision processes, ionization excitation has been
studied spectroscopically.

Nuclear reactions and non-thermal processes were
detected and studied by means of the particles and
radiations emitted.
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