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Free Hydrogen Atom Collision Cross Sections of Interest
in Controlled Thermonuclear Research

By W. L. Fite*

For the heating of deuterium gas to thermonuclear
temperatures, it is convenient for certain purposes to
think in terms of three temperature regimes. The first
is characterized by the presence of substantial num-
bers of molecules and molecular ions in the gas; the
second, by the virtual absence of molecules and mole-
cular ions, but the presence of neutral deuterium
atoms; and the third, by the presence of only deuterons
and electrons, i.e., a fully ionized plasma.

While this breakdown is somewhat artificial, for the
boundary lines between the three regimes are not at
all clearly drawn, it is useful for envisioning the types
of extranuclear processes likely to be most important
during the heating history of the gas. It is especially
useful for those devices in which, during the early
phases of heating, electrical energy is fed into the gas
by means of extranuclear processes, as in the case of a
gas discharge device.

In the first regime, where the most important pro-
cesses involve molecules and molecular ions, a great
deal of experimental information on pertinent cross
sections is available. In the third regime, where ioniza-
tion is complete, atomic processes are apparently of
little importance except insofar as they bear on the
problems of final heating and confinement of the
plasma.

The second regime has received comparatively little
attention to date. To understand it, one must know
the cross sections for extranuclear processes involving
the free deuterium atom (or hydrogen atom, since the
extranuclear collision properties of these two atoms
are the same). While a number of theoretical predic-
tions for the pertinent cross sections are available, the
validity of the scattering approximations used in the
calculations has not been accurately established. Very
little experimental information on extra-nuclear-
collision phenomena involving the free atom is
available.

For the past year, an experimental program to
measure certain hydrogen-atom cross sections of
interest in controlled thermonuclear research has been
under way at General Atomic. Its purpose is twofold:
(a) to provide experimental values for cross sections
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in certain pertinent atomic processes; and (b) to pro-
vide experimental information by which to judge the
merits of the various scattering-theory approxima-
tions, and thus make possible improved calculations
of cross sections. The present paper summarizes the
results of measurements of the cross sections of hydro-
gen atoms for: (1) ionization, (2) excitation of Lyman-
alpha radiation on electron impact, and (3) elastic
scattering of electrons of energy less than 10 ev; and
also describes the approach of measurements now in
progress on (4) charge-exchange between deuterons
and deuterium atoms and (5) ionization of the hydro-
gen atom on proton impact.

EXPERIMENTAL APPROACH

It is well known that hydrogen and deuterium gas
can be dissociated to an arbitrary degree in a low-
pressure furnace. The use of such furnaces as sources
of arbitrarily pure beams of ground-state atoms is
common practice. The difficulty in using such beams
for the study of collision processes is that by the time
the beam is far enough removed from the source to
allow convenient experimentation, the density of
atoms in the beams (~109 atoms/cm3) is much less
than the density of molecules in the best vacuums
producible by straightforward diffusion pumping
(~1010 molecules/cm3). Since electrons, ions, etc.,
are scattered more readily by the molecules of this
residual gas than by the atoms in the beam,
a basic signal-to-noise problem exists. Indeed, signal-
to-noise ratios of the order of 1:40 would be ex-
pected in a dc experiment. The basic approach in
all the experiments described here is to modulate the
neutral atomic beam, while allowing the current of
particles colliding with the atoms to be run dc. In this
case, interactions with the background gas will give
rise to a dc signal, plus noise, while the signal arising
from interactions of the colliding particles and the
hydrogen atoms in the beam can be identified by its
appearing at the frequency of modulation of the
atomic beam and at a specific phase. This combination
of atomic-beam and modulation techniques allows
measurements of several cross sections of the hydrogen
atom, with signal-to-noise ratios varying from ten to
several hundred.

In the present experiments, the neutral beam was



406 SESSION A-10 P/348 W. L FITE

Chopper wheel

Light ond photocell

Photon counter

Gos filter

2-pen
recorder

Figure 1. Schematic diagram of Lyman-a excitation experiment

modulated at 100 cps by a mechanical chopper wheel,
located in the second of three differentially pumped
vacuum chambers. The source of atoms was in the
first chamber. All experiments were carried out in the
third chamber and used a crossed-beam configuration
in which the beam of colliding particles intersected the
time-modulated neutral atomic beam.

Figure 1 shows a typical experimental arrangement
and illustrates the essential features of the experi-
mental approach. Although this diagram shows the
specific arrangement for only the experiment on ex-
citation of Lyman-alpha radiation on electron impact,
the following features are common to all experiments:
(1) the mechanical chopping; (2) the use of an electron
gun and a mass spectrometer to monitor the contents
of the beam; and (3) the use of phase-sensitive detec-
tion, with the phasing signal locked directly to the
chopper wheel and arising from reflection of light into
a photocell at the passing of each tooth of the wheel.

Detection Techniques

The experiments differed only in the detector from
which the observed signal arose. For the measurement
of the ionization cross section on electron impact, the
detector was a mass spectrometer and the ions formed
produced the signal; for excitation of Lyman-alpha
radiation, the detector was an oxygen-filtered ultra-
violet photon counter; for elastic scattering of elec-
trons below 10 ev and total scattering above 10 ev, the
scattered electrons themselves were detected. The
mass spectrometer is used in measurements of charge
exchange between ions and hydrogen atoms; and
liberated electrons are detected in ionization of the
atom on ion impact.

Two types of measurements are made when any
given process is under consideration. First, relative
cross sections are determined by comparing the signal
per unit colliding-particle current at different energies
of the colliding particle, for the same neutral atomic
beam. Second, it is possible to make direct measure-
ments of the ratio of the atomic to the molecular cross
sections by observing signals as the temperature of the
furnace is varied with constant flow of mass in the
neutral beam. Given this ratio, absolute cross sections
for the atom are determined from existing knowledge
of the absolute cross sections for the molecule.

To make this last point more explicit, it can be
shown from the experimental definition of a cross

section and from elementary kinetic theory considera-
tions that the ratio of atomic to molecular cross sec-
tions, Q1/Q2, can be related to the signal, Si, arising
from atoms in a mixed beam of atoms and molecules
and to the signal, S2, arising from the molecules in the
beam by

61 =-L
V 2 \ 5 0 - (i)

where So is the signal which would have been observed
with the same mass flow and furnace temperature had
the molecule not dissociated. The hypothetical signal So
may be determined by the extrapolation of molecular
signals observed with furnace temperatures below
that at which dissociation begins, using

So ос Г-*, (2)

where T is the furnace temperature in degrees Kelvin.
For discriminating detectors (e.g., the mass spectro-
meter), these formulas may be used directly, since
both Si and S2 are determinable. For nondiscriminat-
ing detectors (e.g., the scattered-electron detector,
which does not specify whether the electron was scat-
tered by an atom or a molecule), only the sum of Si
and S2 is measured. In this case, the appropriate
equation is

(Si + St)
V2DL So

- 1 + (3)

in which D, the dissociation fraction, is defined by

D = 1 - S2VS01, (4)

where the two signals indicated in Eq. (4) are those
obtained by observing the molecular peak on the mass
spectrometer, which is always used to monitor the
neutral beam. Thus, with a fixed mass flow in the
beam, the beam's constitution can be varied, by vary-
ing the temperature, from pure molecular to over 99%
pure atomic, and Q1IQ2 for any constitution can be
determined. The ratio was constant in all cases,
irrespective of constitution of the beam, as would be
expected.

ELECTRON IMPACT RESULTS

Ionization of the Hydrogen Atom

Measurements in this experiment1 were made using
the mass-spectrometer peak heights and Eqs. 1 and 2.
Although a complication arose because the collection
efficiency of the mass spectrometer was weakly de-
pendent on the furnace temperature through the inci-
dent energy of the neutral-beam particles which were
ionized, the use of simulant gases to determine mass-
spectrometer collection efficiencies as a function of
furnace temperature made possible any necessary cor-
rections to Eq. 2. The results of this measurement are
shown in Figs. 2 and 3. These graphs also show the
molecular cross section obtained by Tate and Smith2

and Born approximation calculations for the ioniza-
tion cross section of the atom.
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Figure 2. lonization cross-section curve for atomic and molecular
hydrogen

Excitation of Lyman-alpha Radiation

In this experiment,3 the detector was an iodine-
vapor-filled ultra-violet photon counter,4 filtered by
molecular oxygen in a lithium-fluoride-bounded gas
cell immediately in front of the counter. The absorp-
tion properties of oxygen5 make this combination
responsive only to radiation at 1216 Â (Lyman alpha,
which results from a transition of the atom from the
n = 2 state to the ground state) and six other narrow
' 'windows" between the cutoff of lithium fluoride and
the ionization potential of gaseous iodine. No atomic
radiation except Lyman alpha is detected by these
counters.

As indicated in Fig. 1, the unorthodox procedure of
treating the counter output as an ac current had to
be used to overcome signal-to-noise problems caused
by electrons exciting molecular hydrogen in the back-
ground gas. While this introduced remarkable shot
noise, since the quantum of charge was the counter
pulse (about 1010 electrons) rather than a single elec-
tronic charge, it resulted in quite usable signals.

Since the angular distribution of the radiation
emitted is anisotropic and depends on electron energy,
it was necessary to measure this angular distribution
in order to obtain total cross sections for excitation of
the radiation. Curves of relative cross sections were
taken directly, and these were normalized to fit the
first Born approximation calculations for the ls-2p
excitation of the hydrogen atom6 at energies in excess
of 200 ev, which fit was found to be quite satisfactory.
This procedure was necessary because calculations of
absolute cross sections for excitation of the molecule by
vacuum ultraviolet radiation apparently have not
been made.

Figure 4 shows the experimental results of this
measurement, together with calculations for the ls-2p
excitation using the first Born approximation,6 the
second Born approximation,7 and the distorted-wave
approximation.8 The 90° data were taken with the
photon counter looking in a direction perpendicular to
the electron beam, and were corrected for angular
distribution of the photons. The "magic-angle" data
were taken with the photon counter looking at 54.5°
from the electron beam direction. It can be shown that,
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Figure 3. lonization cross-section curve for atomic and molecular
hydrogen
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from this angle, relative cross sections are always pro-
portional to the total cross section, regardless of the
angular distribution of radiation.

Elastic Scattering of Electrons below 10 ev Energy

This measurement9 was made primarily to resolve
the discrepancy between theory and experiment re-
sulting from recent measurements of this cross section
by Bederson, Malamud and Hammer.10 In this mea-
surement, the detector was a shielded electrode which
collected all scattered electrons into a cone of 45° half
apex angle, whose axis was perpendicular to the elec-
tron beam direction. In order to obtain absolute cross
sections for the atom, the molecular signals were nor-
malized to fit the data of Ramsauer and Kollath11 for
scattering into this angular range. Experimental
points from this measurement are shown in Fig. 5,
which also shows three theoretical curves 12-!4 and the
earlier experimental results.10 The experimental points
were obtained using the assumption of isotropic scat-
tering.

Discussion of Results on Electron Collisions

The first conclusion that may be drawn from these
measurements is that first Born approximations work

quite well for electron energies in excess of about
200 ev. Below this energy, the error introduced by this
approximation is somewhat less serious than is often
supposed. Indeed, calculations of electron-hydrogen
atom interactions in thermonuclear devices, using the
first Born' approximation, are probably entirely
adequate.

The second conclusion, based on the Lyman-alpha
excitation data, is that going to higher approximations
than the first Born approximation does not appear to
be worth the computational effort. The error remain-
ing in the cross-section calculations appears not
appreciably less than that associated with the first
Born approximation.

PROTON-HYDROGEN ATOM INTERACTIONS

In these measurements, currently in progress, the
general technique is the same as was used in the elec-
tron-atom interactions. The only essential change is
the replacement of the electron gun by an ion source.
The ion beam is mass-analyzed before it crosses the
atomic beam. Energies up to 25 kev are being used in
the measurement of (1) charge exchange, (2) ionization,
and (3) the appearance of Lyman-alpha radiation in
proton-atom interactions, as well as in interactions of
atoms with molecular ions.
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