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Measurements of single and double electron-loss cross sections for He atoms in the gases H,, He, N,,
Ar, and Kr are reported in the energy range from 0.1 to 4 MeV. The cross sections are determined by
the initial-growth method, and the neutral beam is formed by charge transfer neutralization of He* in
a He gas. The results on single electron loss in H, and He targets have been discussed in an earlier
paper and compared with theoretical Born-approximation calculations. The present results are compared
with those from other experiments and with available theoretical estimates.

[. INTRODUCTION

The present paper is an extension of our earlier
work (Horsdal Pedersen and Hvelplund),’ on elec-
tron loss from fast He atoms, in the following re-
ferred to as I. Measurements have been per-
formed in the 0.1-4-MeV energy range with H,, He,
N,, Ar, and Kr as target gases. The single and
double electron-loss cross sections o, and o, are
measured by the initial-growth technique, using a
neutral He beam which is predominantly in the
ground state when entering the target region.

Most experiments concerned with the measure-
ment of electron-loss cross sections for neutral
He (Allison,? Barnett and Stier,*® Fogel efal.,*
Pivovar etal.,® Solov’ev efal.,® and Gilbody etal.”)
have been performed at energies below 1 MeV.
Apart from I, the only exception is a recent work
by Dmitriev etal.® As discussed in I, where mea-
surements on target gases H, and He were re-
ported, high-energy data are important when Born-
approximation calculations are to be tested. The-
oretical calculations of o,, are at present available
for target gases H, and He only (Bell efal.®), but
in spite of this, these measurements have been ex-
tended to include also the heavier target gases.
The purpose of this was to collect high-energy -loss
cross sections which might help in the further de-
velopment of the theory of atomic collisions.

Measurements of ¢y, in H,, He, and air have
been reported by Allison'® in the energy range
from 0.25 to 0.45 MeV and recently by Dmitriev
etal.® in target gases He, N,,Ne, and Ar at ener-
gies between ~1 and ~8 MeV. The general be-
havior of 0, in various targets is discussed on the
basis of the present experimental results.

When the electron loss from neutral He projec-
tiles is measured, great care should be taken to
specify the electronic state of the projectile when
it enters the target cell. Gilbody efal.” have dis-
cussed the influence on loss cross sections stem-
ming from admixtures of metastable atoms in the
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beam. According to these investigations, results
found before 1970 may be erroneous owing to un-
known metastable fractions in the beam.

II. EXPERIMENTAL APPROACH

The measurements were performed as described
in I, and only essential features will be summa-
rized here. Monoenergetic, pure He" from a
Van de Graaff accelerator (1-4 MeV), or He" and
He™" from the Aarhus 600-keV heavy-ion acceler-
ator (0.1-1 MeV), were partially neutralized when
passing through a gas cell containing ~0.1 Torr cm
of helium. Electrostatic deflection plates after the
neutralizer ensure that only neutral He enters the
target cell. Furthermore it was argued in I that
these atoms are predominantly in their ground
state.

The mixed beam emerging from the 30-cm-long
target cell was separated according to charge
state in parallel-plate electrostatic analyzer. Fi-
nally, the differently charged components were
detected by a position-sensitive detector, and the
charge-state fractions were easily determined.

At energies above 1 MeV, a solid-state position-
sensitive detector was used, as described in I. At
lower energies, where the ionization energy avail-
able is not high enough to ensure proper position
resolution, a special secondary-emission position-
sensitive detector was used. This detector has
been developed at the Aarhus laboratory for
charge-state measurements and has been described
by @stgaard Olsen and Hvelplund.!! Both kinds of
detector were used for simultaneous measure-
ments of the intensity of the differently charged
beams, thus eliminating effects caused by beam
instability.

The cross sections were obtained by means of
the formula

Fyu)=as+0o +kp?,
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FIG. 1. [Fy(W—ayzl/p as a function of u (cf. text) for
2.5-MeV He in H,.

where u is the target thickness, F,(u) is the frac-
tion of ions with charge f, a, is the fraction formed
in the residual gas, and &, describes the effect of
double collisions (for a more detailed treatment,
see I). The actual cross sections were found by
linear extrapolation of the experimental values of
[F/)-a;]/p to p=0. The measurements were
performed in the pressure range up to ~10-2 Torr,
and a typical data curve is shown in Fig. 1.

I1l. RESULTS

Figures 2-6 show cross sections o, and oy, ver-
sus energy for target gases H,, He, N,, Ar, and Kr.
The absolute error is estimated to be less than
10% for oy, while for o, it varies from +10% in
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FIG. 2. Energy variation of electron-loss cross sec-
tions oy, and oy, for He in Hy: -@-, present results; v,
Allison (Ref. 2); O, Barnett and Stier (Ref. 3); A, Piv-
ovar et al. (Ref. 5); O, Gilbody et al. (Ref. 7); ---, Bell
et al. (Ref. 9); theory: upper curve is the velocity
formulation, lower curve the length formulation.
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FIG. 3. Energy variation of the electron-loss cross
sections 0y, and 0y, for He in He: -@-, present results;
7, Allison (Ref. 2); O, Barnett and Stier (Ref. 3); +,
Fogel et al. (Ref. 4); A, Pivovar et al. (Ref. 5); x,
Solov’ev et al. (Ref. 6); O, Gilbody et al. (Ref. 7); ---,
Bell et al. (Ref. 9); theory: upper curve is the veloc-
ity formulation, lower curve the length formulation.

target gases N,, Ar, and Kr to +20% in H, and He.
A variable aperture situated between the target
cell and the deflection plates downstream of the
beam made it possible to check the influence on
the cross section from the loss of beam particles
caused by scattering in the target cell. The re-
sults of such an investigation are shown in Fig. 7,
where the charge-state fractions are plotted as a
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FIG. 4. Energy variation of electron-loss cross sec-
tions oy and 0y, for He in N,: -@-, present results; O,
Barnett and Stier (Ref. 3); A, Pivovar et al. (Ref. 5);
0, Gilbody et al. (Ref. 7).



2436 P. HVELPLUND AND E. HORSDAL PEDERSEN 9

5._ 4
2» =] 4
— o
E .
5 10 ]
& ]
3
A Oo2
© F
2t
L]
10"7 ] N , .

01 02 05 1 2 4
ENERGY (MeV)

FIG. 5. Energy variation of electron-loss cross sec-
tions 0y; and oy, for He in Ar: -@-, present results;
O, Barnett and Stier (Ref. 3); A, Pivovar et al. (Ref. 5);
0, Gilbody et al. (Ref. 7).

function of the aperture size at a fixed pressure.
It is observed that the charge-state fractions re-
main constant when the opening of the variable
aperture is more than 2x 2 mm. At the time of
the measurements, the exit hole in the target cell
was the limiting aperture, corresponding roughly
to a (4x4) mm hole on the scale in Fig. 7. Sim-
ilar curves were obtained at various energies and
pressures and for different target gases. Hence
it is believed that all the reported cross sections
are total ones.

It was argued in I that the measured cross sec-

tions correspond to loss from ground-state atoms.

By means of the beam-attenuation technique de-
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FIG. 6. Energy variation of electron-loss cross sec-

tions gy and 0y, for He in Kr: -@-, present results; A,
Pivovar et al. (Ref. 5); O, Gilbody et al. (Ref. 7).
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FIG. 7. Charge-state distributions as a function of
adjustable aperture size (cf. text) for 1-MeV He through
Kr (u=1.3x 10" atoms/cm?).

scribed by Gilbody etal.,” this was proved to hold
in the energy range up to 2 MeV.

In a few cases, the charge-state distributions
have been measured up to pressures far beyond
the single-collision region with the purpose of
checking the data-handling procedure. In these
cases, the cross sections have been determined
by a least-squares fit (Datz et al .'?), where the
numerical solutions to the differential equations
describing the charge-state variation with target
thickness were used. The cross sections thus ob-
tained agreed with those obtained from the low-
pressure region, showing that the adapted data-
handling procedure does indeed work. The equi-
librium charge-state distribution could not be ob-
tained with the present setup because of scattering
in the target cell at high pressures. This scatter-
ing caused a mixing of the differently charged
beams which are only a few mm apart when they
hit the detector. Measured variations of the
charge-state components F; for 3-MeV He in H,
are shown in Fig. 8.

As a by-product of the fitting procedure, the
electron-loss cross section 0,, was obtained and
is given in Table I. The remaining cross sections
0,0 05, and 0,, were found to have little influence
when fitting the present data.

In the cases where all the significant cross sec-
tions are determined, the charge-state curves can
be extrapolated to their equilibrium values by
numerical integration of the equations

dF .
—(—iTLf:—Z.ofiff+ZoifFi y
i q

where ¢ and f can have the values 0,1, and 2. In
Fig. 8 such a charge-state distribution is shown
as a function of target thickness for 3-MeV He in
H,. It should be noted that the dominating way of
populating the double-charged component, which
is by far the most important one at equilibrium at
this energy, is via the singly charged one. This
gives rise to the nonmonotonic behavior of F, (i),
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FIG. 8. Charge-state fractions of a 3-MeV He beam
as a function of hydrogen-target thickness. The solid
lines are computed from the cross sections and the
points are experimental values.

showing an increase at small thicknesses until
~60% of the beam is singly charged and then a de-
crease toward the equilibrium value of 1.9%. The
equilibrium distributions determined as described
are also listed in Table I.

IV. DISCUSSION

The single electron loss in collisions with target
gases H, and He has been discussed in I; hence
only a short summary will be given here. In the
case of He on H, (Fig. 2), all experimental re-
sults agree within the quoted experimental error,
and excellent agreement is found with the theo-
retical Born-approximation calculations of Bell
etal .° above ~500 keV. In the He-on-He case
(Fig. 3), a larger spread is observed between the
results of the various laboratories. Within ex-
perimental error, the present result is in agree-
ment with the theoretical curve at high energies
(above ~1200 keV), where the Born approximation
is expected to be most reliable.

The single electron-loss cross section in the
heavier gases is compared with other experi-
mental results in Figs. 4-6. The results of
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Pivovar etal ., i.e., those which are measured at
the highest energies, are calculated from the for-
mula 0y, =0,, F,./F,. and are reported only as an
estimate of the single-loss cross section. Never-
theless, good agreement between the two sets of
measurements is found in a nitrogen target,
whereas for the heavier targets such as Ar and
Kr, the two sets of results diverge at higher en-
ergies. At 1 MeV, the present values are approxi-
mately a factor of 2 larger than those reported by
Pivovar etal b

The present results may also be compared with
those of Gilbody et al.” for all the target gases
used. In the overlap region (100-350 keV), it is
observed that the two sets of results agree within
experimental error for H,, N,, and Ar, the present
results being normally some 15% higher. With
target gases He and Kr, the two sets of results
deviate by as much as 50% at the higher impact
energies. This disagreement is hard to under-
stand, particularly since it is argued that both sets
of data refer to loss from ground-state He atoms.
For comparison, earlier results of Barnett and
Stier® are shown. In most cases, these agree
nicely with the present measurements, but are
probably some 20% higher than the ground-state
values owing to the presence of long-lived excited
states (see Gilbody efal.”).

In Figs. 2-6 are also shown the experimental
values of the double-loss cross section 0,,. The
only published results with which the present val-
ues can be compared, are those of Allison.!° For
H, and He targets, Allison reported a value of
0.2+0.2X107!7 ¢cm? per molecule at 250 keV. The
present values at 250 keV are found to be ~0.35
x 107" cm? per molecule for H, and ~0.45x10"""
cm? per molecule for He.

From the present measurements it is possible
to construct the cross section 0,=0,, +204,, a
quantity which is directly measurable by means of
the condenser method (see e.g., Russek and

TABLE I. Electron-loss cross section 0y, and equilibrium charge-state fraction F; ..

He in H, He in Kr
1 MeV 3 MeV 1 MeV 3 MeV
o1y 1.73x 10717 1.01x107% 1.31x 10716 1.11x 10716
(cm?/molecule) 1.60x 107172 1.6 x 107162
1.3 0.0 0.6 0.0
yl
Fouth) (0.4)2 (0.6)2
18.4 1.9 24.8 3.3
Fy () (22.0)2 21.42
. 80.3 98.1 74.6 96.7
F () 77.62 78.0%

4Results from Ref. 5. Parentheses indicate that the charge-state fraction F; has not reached

equilibrium.
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FIG. 9. Energy variation of total-stripping cross sec-
tion 0, = 0y + 20y,: @, present results; x Puckett et al.
(Ref. 14).

Tawara'®). Figure 9 shows a comparison of the
present values of o, with those actually obtained
by means of the condenser method of Puckett

et al.** 1t is noted that the two sets of results
agree to almost within experimental error. In
particular, it is found that the agreement at high
energies is excellent. It should, however, be ob-
served that different energy variations are found
in target gases H, and Ar. There is no obvious
explanation for this discrepancy, especially be-

0 5 0 1B 20 25 30 35

FIG. 10. Exponent p in 0, * v~ P against target atomic
number Z,: @, 0y; O, 0yp; —, theoretical values (Bohr,
(Ref. 15), cf. text).

cause Puckett ef al. also used a “thick” helium
neutralizer which, as already mentioned, pro-
duces very few long-lived excited He atoms.

Table I shows the present values of 0,, and F
at 1 and 3 MeV in H, and Kr gases, together with
the results of Pivovar ef al.”> at 1 MeV. The two
sets of data show good agreement, especially
when it is born in mind that the values in paren-
theses are only approximate estimates.

As observed from Figs. 2-6, the cross sections
increase at low energies, attain a maximum, and
then decrease at higher energies. The maximum
value for ¢, is found around 300 keV except for
Kr, where it is ~500 keV. The similar values for
0y, are ~500 and 1500 keV, respectively.

No elaborate theory exists for electron loss
from He atoms in the heavier gases. The func-
tional dependence on energy and atomic number of
the target at higher energies will therefore be
discussed in relation to the qualitative arguments
derived by Bohr!® for electron loss from light
projectiles.

In the free-collision approximation, Bohr found
for electron loss by fast light particles

. z§+zz(ﬂl)!

0,=4ma -
! oz v

for small Z,,
v
~ 2 2/3 -1
oy rma*Z, P Z, (—U‘l>

for intermediate Z,, and
2
0; & mag

for large Z,, where Z, and Z, are the atomic
number of the projectile and the target, respec-
tively, aq, is the Bohr radius, v, the Bohr velocity,
and v is the projectile velocity. The applicability
of these formulas in the present energy range has
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FIG. 11. Electron-loss cross sections at 2 MeV
against target atomic number Z,. The slope of the solid
line indicates the Z% /3 dependence predicted by Bohr
(Ref. 15) for intermediate Z, values.

been discussed in detail by Nikolaev'e,
For the light targets, o, is proportional to v~2,
whereas for medium values of Z,, it is proportion-

al to v~! and finally becomes independent of v for
heavy targets.

In order to investigate experimentally this de-
pendence, the power p in the expression o, < p~?
was found by fitting a straight line to the high-
energy experimental points in Figs. 2-6. Figure
10 shows p as a function of Z,, and it is observed
that the general behavior is as predicted by theory.

It is also predicted by theory that the loss cross
section at a fixed velocity should vary as Z,*/*
for intermediate Z, values and approach a constant
value for large Z,. This dependence is illustrated
in Fig. 11, where 0,, and 0, are plotted as func-
tions of Z,. Strictly speaking, Bohr did not dis-
cuss double loss, but as seen from Figs. 10 and
11, the functional dependence of 0, on v and Z,
is, to some extent, similar to that found for o,.
It should also be noted that the ratio 0,,/0,, in-
creases from ~0.02 in H, to ~0.16 in the heavy
gases. At higher energies, this ratio is found to
depend only weakly upon energy, as also reported
by Dmitriev ef al.®

Hence it is concluded that the Bohr theory is
applicable as far as the main dependence on
parameters Z, and v is concerned. More precise
calculations by Bell ef al.,® who have used the
Born approximation, have been shown to be in
good agreement with experimental measurements
on H, and He at high velocities.
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