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ABSTRACT

Beams of excited hydrogen atoms are commonly produced for neutral
injection experiments by charge exchange in a gas target. The passage
of the beam through the target also ionizes the gas and the amount of
ionization will-increase as beam intensities are increased. Measure-
ments have been made of the effect of ionization of the gas in a charge
exchange cell on the yield of excited atoms. The results are compared
with calculations of the effect based on the best available experimen-
tal, theoretical or estimated collision cross section values in that
order of preference. The agreement between calculation and experiment
is considered to be satisfactory and the method of calculation is usad
to predict the effect at higher ion densities in the cell. It is found
that the population of a given excited level falls to a very small value

when the ion density is greater than a critical value.

3R
Now at Lawrence Radiation Laboratory, Berkeley, California..

U.K.A.E.A. Research Group,
Culham Laboratory,

Nr. Abingdon,

Berks.

September 1966 (ED)



INTRODUCTION
EXPERIMENTAL METHOD
ANALYSTIS

RESULTS AND DISCUSSION
ACKNOWLEDGEMENTS

REFERENCES

APPENDIX A

APPENDIX B

CONTENTS

10

11

12

13



INTRODUCTION

Energetic beams of highly excited hydrogen atoms are now commonly used as a

(l). The highly excited

means of forming a plasma in magnetic mirror machines
hydrogen atoms are dissociated by the Lorentz force (eVx B) into protons and

electrons which are then trapped in the magnetic field.

Excited atoms are produced by charge exchange and dissociation of a focussed
+ +
beam of H or H, ions as they pass through a gas or vapour cell. In colli-
sions with the neutral gas, the excited atoms are destroyed by re-ionization.
Since the probability for this process does not depend on the beam intensity
such collisions with the gas molecules do not in themselves set a limit on the
excited atom intensity obtainable, However, collisions which lead to ionization

of the gas itself occur about as often as charge exchange. As a result a plasma
is formed which could have, for example, a density of 10%° to 10*? ions (:m“3 for
an input ion beam intensity of 10 mA cm_z. The exact value will depend on the
geometry of the beam and cell, the ionization cross section, the molecular
weight of the gas, aﬁd the gas density. The existence of this plasma in the gas
cell has the effect of adding loss processes which are dependent on the beam

intensity and, for a given level n, it is shown that there is a limit to the

beam intensity that can be used.

In the first part of this paper we describe an experiment to measure the
effect of the degree of ionization on the yield of excited atoms fromra gas
target(z). In the second part we present predictions for the effect in terms
of the best available or estimated cross sections and compare these results

with the measurements.



EXPERIMENTAL METHOD

(a) Neutral gas in charge exchange cell

The general arrangement of the experiment was similar to that used in

(3)

previous studies on the production of excited hydrogen atoms and is shown
schematically in Fig.1. All measurements were carried out at a proton energy of
25 keV. The proton beam first passed through the 11 cm long charge exchange cell.
The apertures of the cell were 2.0 mm in diameter and the outer region was pumped
by a conventional 6" oil diffusion pump baffled with a liquid nitrogen trap.

Both hydrogen (target thickness 7 to 14 x 10*° em™ ®) and argon (1.5 to 4 x 10*°cm™ %)
gas were used. These were ot a commercial high purity cylirder grade and were
passed through a cold trap at liquid nitrogen and solid COsz/acetone temperatures
respectively. The pressure was measured with a Pirani gauge in conjunction with
gas sensitivity factors previously determined by calibration against a McLeod
gauge.

The beam leaving the cell consisted of ions and neutral atoms of which some
were in excited levels. The population of the highly excited levels was deter-
mined by measuring the fraction of the beam which was ionized by a known electric
field. Before reaching the electric field region used for the measurements, the
beam passed first through a pre-ionizing electric field to establish a known
threshold for the field ionization effect and then through a transverse electric

field to remove all the ions present. The electrode system used for the measure-

ment. of population was similar to that used previously but with the principal

dimensions:
gap between electrodes = 4 mm
diameter of aperture in electrodes = 2 mm
diameter of aperture defining maximum beam diameter = 1 mm.

With these dimensions and proportions the maximum field seen by an atom moving
along the axis of the electrode system was 0.94 of the field given by the elec-
trode voltage divided by the gap between the electrodes. The focussing effect of
the gap was such that the maximum voltage which could be applied before particles

were deflected outside the acceptance of the detectors was 0.25 times the original



proton accelerating voltage for particles ionized in the mid-plane of the gap.

These properties were determined by standard digital computer techniques.

After passing through the electrode system the neutral atoms were detected
by a faraday cup covered with an 8 pgm cm_2 carbon foil to convert a known f{rac-
tion of the neutrals to ions. Protons produced in the electric field or by
collision with background gas molecules were deflected by a sector magnet onto a

CsI (T€) crystal detector,

The distribution of population in the high levels was obtained by the modu-
lated lield technique described earlier(s). For this method the d.c. potential
on the electrodes increased slowly and linearly with time, reaching its maximum
value in about 15 minutes. A fraction of this voltage was applied to the X
amplifier of an X-Y pen recorder. A small amplitude, 800 ¢/s voltage was added
to the d.c. potential applied to the electrodes with the effect that the frac-
tional ionization of the atom beam in the field also varied at 800 c/s as well as
slowly increasing with the increase in d.c. potential. The 800 c/s component of
the proton detector signal was then amplified and passed through a phase sensitive.
detector. Due to thé relatively long period of recording a single trace it was
found that it was necessary to correct for variations in the neutral beam inten-
sity. This was done by an electronic dividing circuit which effectively divided
the phase sensitive detector output by the neutral beam intensity. The quotient
was then supplied to the Y amplifier of the XY recorder. The kind of record

obtained is illustrated in Fig.2.

(b) TIonized gas in charge exchange cell

The gas in the charge exchange cell was partially ionized by passing currents
of 7.5 A to 15 A between an oxide coated cathode and the metallic cell walls which
acted as the anode. The cathode was placed in the cell about 5 cm above‘the beam.
Five double Langmuir probes(4), spaced 2 cm apart along the beam line and 5 mm
below the beam axis, were used to measure the ion density. The probe data was

5 . : g s
analysed by the method described by Bohm( ). Typical central ion densities ranged
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from 5x 10'% cm™ to 5% 10" cm™; the uncertainty in density measurements, based
on reproducibility, was +*30 per cent. The relative density distribution parallel

to the beam axis as measured by the probes, was 0.6 : 1 : 1.4 : 1 : 0.6.

With the discharge on, the temperature of the cell walls rose to ZSOOC and,
although the walls were made of stainless steel, some impurities would be released
at this temperature. Since the purpose of the measurements was to study the
effect of the plasma it was decided to accept some level of impurity and avoid
errors due to this by pulsing the discharge on and off at intervals of 0.1 sec.
This period was much shorter than the estimated time of 3 sec required to change
the gas in the cell and the impurity level was assumed to remain reasonably con-
stant. Records of 800 c¢/s signal versus electric field strength were taken
simultaneously for the discharge on and discharge off conditions by appropriate
electronic switching combined with the use of integration times of a few seconds

on each channel,

The observed decrease in the populations of n = 20 to 15 in an argon dis-
charge is illustrated in Fig.2; the top traces are the differential ionization
signal recorded when the discharge was off (target thickness = 0> = 1.8x10150m“2),
the lower traces were recorded when the discharge was on (ion target thickness

+

=n ‘£ =2,9%10'"2cm2), The curves are the results of consecutive sweeps of the

gap voltage and demonstrate the reproducibility of the results.

ANALYSIS

(a) Weakly ionized hydrogen target

In the gas target incident protons capture electrons from the hydrogen mole-
cules; as a result, fast hydrogen atoms, with a population distribution covering
all excited states, are produced. The population distribution is then modified
by radiative decay and by collisions (ionization, excitation, and de-excitation)
with hydrogen molecules and, in the case of the weakly ionized gas target, with
ions or electrons. In the present experiment no particular collision process can

be isolated as the dominant one, and we cannot use the experimental results to
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verify any one cross section calculation. We can, however, use the best measured,
calculated, or estimated cross sections available at this time to calculate the
effect of the ionized target on the excited levels, and compare the prediction of

this aggregate of cross sections with the experimental results,

For the hydrogen component of the target we consider electron capture and
ionization but neglect excitation, since first Born approximation (FBA) calcula-

(6)

tions by Pomilla and Milford for the processes

H(n) + H(1s) - H(n + 1) + H(1s)

H(n) + H(1s) - H(n + 1) + H(2p)
indicate that the cross section for excitation of a level n to n + 1 (a) 1is
much smaller than that for ionization and (b) decreases rapidly with increasing
n at 25 keV. The electron capture cross sections used in the analysis are the
FBA results for atomic hydrogen of Bates and Dalgarn0(7), extrapolated as n™2
for n > 4, and normalized to the experimental total capture cross section
(4.6><10“16chQ/holecule)(S) in molecular hydrogen. The ionization cross section
’ . B . 16 D (8)
is estimated to be that for ground state ionization (1.2x 10 cn® /molecule) ;
increasing linearly with n ‘until it takes on the value of the total electron

9

scattering cross section in Ho(7x 10718 cmg/molecule)( ) and taken to be constant

for larger n (3’10).

The ions and electrons in the target are considered td be cold, so that the
velocity of the incident protons is the relative collision velocity, and cross
sections for collisions with ions are taken to be the same as those for electron
collisions at the same velocity. The following is a summary of the cross sections
which have been used:

Excitation (U;,n-ri and Uﬁ,n_kg): Bethe approximation results of McCoyd
and Milford(]1), statistically averaged over substates, and extrapolated
as n* for n > 10.

(12)

Ground state excitation (d?,n): FBA results of May for proton excitation.
Electrons are near threshold for excitation from the ground state and their

contribution has been neglected.



De-excitation (0';’[1;1 and o‘;,n —2): obtained from the ratio of statisti-

cal weights and the excitation cross section; e.g.

\
+ n
Crn+l,n_<n+1)gn,n+l

Ionization (oﬁ,c) for n > 1: the FBA results of Omidvar

(13)

extrapolated

as n® for n > 5.

(14)

Ionization (oi,c) for n = 1: experimental results of Fite et al for

ionization by protons,

Radiative decay from a level n to all levels is also included in the analy-
sis. We assume that collisions with the ions and electrons assure a statistical
distribution over substates and use statistical averages of the radiative transi-

tion probabilities of Hiskes, Tarter and Moody(is).

The cross sections for ion, electron and hydrogen collisions and the transi-
tion probabilities can be assembled into four matrices §+, E_, QO, and A. The
population of a level n is determined by an infinite set of coupled equations
which can be expressed as:

dN(x)
dx

:‘: n' (x) §+ +n (x) 2 + n°(x) QO . g:]-lﬂ(x) vee (1)

+ - 0 . P ;
where n , n, n are the ion, electron, and molecule densities in the target

v is the speed of the incident protons
% is the distance along the target
N is a vector whose components are the populations of

all levels of the hydrogen atom and the continuum.

This infinite set of equations must be truncated if we hope to get a solution.

We have somewhat arbitrarilyrchosen a twenty-five level system since the highest
level observed in our experiment is n = 20. The populations of the excited
levels are tightly coupled by the very large electron excitation and de-excitation
cross sections, and an arbitrary termination, for example, a reflector or a sink

at the cutoff, has drastic effects on the populations of all levels. We have



found (see Appendix B) that for a system of k levels the introduction of the

Tollowing ionization cross sections for the last two levels result in a smooth

termination:
+ + k - 1,6 +
°7<-',c=°'k—l,c+<"(m) ) Ok —1,k+ 1 cee (2)
+ 4+ Kk 6\ 4+ =
Ok,c = ok, c +<] - [m) /] Ok.kx+1 - caw (3)

With this termination, for example, the solution for the population of n = 24
obtained from a 25 level system agrees to within 1 per cent with the solution

from a 31 level system.

(b) Weakly ionized argon target

Although no calculations for argon excitation cross sections are known to us,
we assume that, as in the case of hydrogen they are small and can be neglected.
For the capture cross section we use the relative hydrogen capture cross sections
of Bates and Dalgarno normalized to the experimental total capture cross section
(6.4%x 107 '° cmg)(ls). As for hydrogen, the ionization cross section was estimated
to be that for ground state ;onization (3.8><IO—1€5 cmg)(jﬁ) increasing linearly

with n to the value of the total electron scattering cross section

(2.35x 10713 cmg)(g) and then remaining constant.

(c) Flow cross section concept

The complete set of equations (1) describing the populations of the excited
levels can be solved numerically but give little insight as to the relative
importance of various cross sections in the depletion of the population of an
excited level by the presence of charged particles in the target. The equations (1)
can be uncoupled by introducing an "effective flow" cross section c?low(n),
which represents the net population flow out of a level n due to collisional
excitation to and de-excitation from neighbouring levels. The population Np of

a given level n 1is then approximately described by the relation

dp(x)

dx o Nn(x) [:(O?low(n) & Oﬁ °

+ 0 0 + o)
c) 2n + Gh,c n :]+ N (x) 0. D cee (4)

I ?



where

+ . . :
2n is the total (ion + electron) charge density
s
N is the proton population
Gﬂ - is the cross section for capture into level n.
’

For most neutralizers the proton population is determined mainly by capture into
and ionization of the ground state; for such a two level system we have the

solution
N+(x) = 'U“‘l'—TF- [:op + o° exp (- no(c? + c° 1)x{] ... (5)
01 ¢t %1 1,c c,l »C Cy

Combining equation (4) and (5) and solving for Nn we obtain, for a thick target,
an expression for the fractional decrease in the population of a level n due to

the presence of ions and electrons in the neutraliser

+
Nn(n+) (G?lo (n) + o ) 1%—
. _ iige” No
Fractional decrease = 1 - T = — = = > won (6)
Nn(n" =0) (5 (n) +o )=—+o0
flow n,c’” ng n,

From this expression we can see that the depletion of the population of an excited
level in a weakly ionized target depends not only on the charge density but also

on the ionization cross section for collisions with the gas.

In Appendix A we show that an approximate expression for the flow cross sec-
tion is
+ -1
= - A —
Tolow (M = (270 - 143 + 504n" ) (7)

where A 1is defined by the relation

+
= An* .
n,n+1
Some numerical values for the cross sections o o (n), and ol are
n,n+1’ "flow °’ n,c

listed in Table I for 25 keV H atoms colliding with cold electrons. Note that,
for large n, the effective flow cross section is much smaller (of order n_g) than
that for excitation and has a much weaker dependence on n. The loss from an
excited state is a function of the sum of the flow and ionization cross sections
(see equation (6)), and it can be seen from Table I that ionization is slightly
more important than flow. This is quite different from plasma trapping of injected

atoms in a mirror machine, where Lorentz ionization of a particular excited level



(typically n = 12) provides a sink, and the excitation-de-excitation flow becomes

a cascade into the continuum(IY). Excitation is then much more important than

ionization.

TABLE I

Some Cross Sections for 25 keV H Atoms Colliding with Cold Electrons

(1071¢ em®)

+ + +

Crh,n+1 Oflow(n) Uh,c

n=10 2.1x 10% 380 500
15 1.1%10° 640 1200

20 3.4%10° 910 2100

RESULTS AND DISCUSSION

The fractional population decrease is plotted in Fig.3 against central ion
deﬁsity in both hydrogen discharges (on the left) and argon discharges (on the
right) for n = 17 and n = 20 and at two different pressures. These results were
takén from a set of curves suph as those shown in Fig.2., The solid line is the
numerical solution to equation (1); the dashed line is the solution to the flow

approximation (equation (6))('8).

Although there is considerable scatter in the experimental data, the results
are consistent with the numerical sol:tions to equation (1) which reflect our
present knowledge of collision cross sections. The thick target requirement,
invoked in the derivation of equation (6), is only satisfied for Figs.3a and 3c,
for which the agreement between the flow and numerical solutions is quite good;
for the other cases one would expect, and finds, that the flow approximation

result is too large.

Our results indicate that ion densities up to 5% 10'" em™ in a charge
exchange chamber will not significantly lower the yield of excited hydrogen atoms.
In Fig.4 we show the fractional population decrease predicted by the flow approxi-

mation (equation (6)) over a wider range of ion density and compare this with the

= g



numerical solution to equation (1) for n = 10 in Hgz. These results assume an
equilibrium target thickness and the agreement is quite good. The line for Na
in Fig.4 illustrates the fact that the fractional decrease in population is a
strong function of the type of neutralizer as well as the degree of ionization.
It can be seen from these results that with a sufficiently large fraction of the

gas ionized the population of the high levels will fall to a very small value.
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APPENDIX A

The populdtion flow out of a given level n due to excitation and de-

excitation collisions is given by

n+2
dN

1 n -+ + +

— —_— = = . =N, o. 1

2nt ( dx ) Nn <:’—f‘low(n) Z (Nn O‘n,\] NJ UJ,H) (A1)

exc.

j=n-2
J #n

To derive an approximate expression for the flow cross section, we assume that

the population Nn of a level n, like the capture cross section, is proportional

-3 (12) +
to n™. We also make use of the fact that O_n
+

© 4 + _ (Do F ; _
O'n’n+2 = 0.1 A n*, and that Uj,n = (j) Gn,j . When we substitute these expres

= A n* and
s+ 1

sions into equation (A1) and expand terms of the form (1 - cn™")™ in a Taylor
series, we obtain
+

_ _ -1 -2
crflow(n) = A (27n - 143 + 504n" ' + 0(n72)) . eee (A2)
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APPENDIX B

To approximate the infinite set of equatibns (1) by a set of k equations,

+ + .
e i i i a - which
we need two termination loss cross sections, Gterm(k) and term(k 1), whi

will simulate the normal flow condition when the levels k and k-1 are no
longer fed from levels n > k. To obtain the first of these cross sections we
use the expression for c;low(k) (equation (A2)) on the left hand side of equa-

tion (A1) and, on the right hand side, we make the substitutions

o + o = o (k)
k,kx+1 k,k+2 = “term
%% +1,k = “k+2,k = 0"
Expanding terms of the form (1 - cn“)m in a Taylor series and solving for
o (k) we have
term

+ _ 3 _ 2
dferm(k) = A(6n 2In° + 63n + ... )

In equation (3) of the text we have approximated this by

k 6 +
(1 - (5T > %K,k + 1

which, when expanded in a Taylor series, is

ABn -21n +56N+ .00 ) .

Similarly, to obtain the cross section o (k -1) we use the expression

term
for G;low(k -1) (equation (A2)) on the left hand side of equation (Al), make the
substitution
+ +
Gk—], k+1 ~ Gferm(k__])
T, ket =0

on the right hand side, and obtain

ok _ _ 3 _ 2
Gmmlm 1) = A(k 9kZ + 43K + ... ) .

This we have approximated (see equation (2)) by
K = 14 385 +
( 1-(x57) ) -1, ksl

A(1.2K5 - 12k® + 64,9k + +.. ) .

which expands to

= 18 =
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