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The destruction of He™

exchange of positive He™ ions.

ions during passage through H,, He, and Ne gas targets has been
studied in the range of impact energies 400-1500keV. He~™

ions were formed by the charge

The cross sections for the loss of one (0_;;) and two (0 1)

electrons were determined from the rate of growth of the fast collision products He’ and

He* with increasing target gas density.

INTRODUCTION

The charge-changing collision cross sections
0;; for the light projectiles of helium have been
the subject of numerous investigations.! A large
fraction of these reports are concerned with the
incident projectiles He™, He' , and He’. Up to
the present time charge- changmg cross sections
for He ™ projectiles have only been measured at
energies below 70 keV.?% 2 In the present work
relative cross sections have been measured at
h1gher energles by observing the growth of fast
He® and He" collision products with increasing
target thickness. These relative values are stan-
dardized to the previously determined absolute
single electron-capture cross section (o,,) for pro-
tons in hydrogen at 1 MeV.4-6

EXPERIMENTAL APPROACH

A schematic diagram of the apparatus is shown
in Fig. 1. A monoenergetic, mass-analyzed beam
of He* ions from a Van de Graaff accelerator en-
tered the charge exchange canal. This consisted
of a 0.1-in, diam tube 3 in. long into which gas
was admitted by means of a needle valve. The beam
emerging from the canal was collimated by a small
aperture A, (0.006 in. diam) and then separated
into the charge components He'™ He+, He’, and
He™ by the first pair of electrostatlc deﬂector
plates. The deflection also directed the small He™
fraction along the axis of the target gas cell. This
gas cell was 1. 0in. long with entrance (4,) and exit
(4,) apertures 0. 040 and 0. 050 in. diam, respec-
tively.

The flow of target gas to the cell was regulated
by a fine control needle valve and the flow rate was
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FIG. 1. Experimental apparatus.
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measured by means of a diaphragm-type differen-
tial pressure gauge.” This gauge recorded the
pressure drop P produced by the molecular flow
of gas through a low-conductance aperture in the
gas feed line. Under these conditions the target
thickness 7 in the gas cell is given by

T=KP, (1

where K is a constant independent of the gas intro-
duced. Gas escaping from the cell was removed
by a 400-liter/sec diffusion-pump system which
maintained a pressure below 7 x 10 ' Torr at all
times. '

The beam emerging from the gas cell passed in-
to the analysis chamber, where it was agam sep-
arated into the components He He , He and
He™ by the second pair of deflector plates. The
analysis region was independently pumped by a
200-liter/sec diffusion-pump system and the low-
conductance baffle between the gas cell and analy-
sis chambers enabled pressures below 2 X 10
Torr to be maintained in this region at all times.
The low base pressures in the system (~1077
Torr) minimized beam interaction with residual
gases and the signals arising from such interac-
tions were always small compared to the observed
signals. Two silicon surface barrier detectors
were used to detect the fast-beam components.

A fixed detector monitored the primary He  beam
and a movable detector mounted on a vacuum bel-
lows could be tracked across the beams to locate
either the Heo, He , or He' ' components. Suita-
ble primary-beam count rates of 10* — 10° per sec
were chosen by regulating the intensity of the He
beam from the accelerator and the flow of gas to
the charge-exchange canal,

The beam collimating and gas-cell apertures
A,, A,, and A, were aligned on the beam axis using
a microalignment telescope accurate to 0. 001 in.
This enabled the primary He  beam (~ 0.006in.
diam) to pass through the gas cell without striking
the apertures A, (0.040in. diam) and A4, (0.050in.
diam). Consequently problems associated with
stripping, scattering, and energy loss on aperture
edges were eliminated, The absence of these un-
wanted effects was confirmed by low residual sig-
nals and monoenergetic detector-output spectra
observed using a multichannel pulse-height analyz-
er. The geometry of the detectors and the beam
apertures ensured that all particles scattered
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FIG. 2. Variations of the He~, He’, He*, and He'*
fractions as a function of target thickness (m) for He™
ions in H, at 1350 keV.

through angles less than 3 mrad were detected with
100% efficiency. Flat top characteristics of each
detector signal as a function of either detector po-
sition or deflector-plate voltage confirmed that
particles scattered through greater -angles in both
thin and thick targets constituted a negligible frac-
tion of the beam.

The variations of the He™, He’, He", and He'"
signals were studied as a function of target-gas
thickness. Figure 2 summarizes a typical study
for He™ in H, at 1350keV and shows the beam
fractions approaching equilibrium values. Accord-
ing to Allison,! the growth of a component with
charge i as a function of target thickness 7 is given
by

F,(m=Za 1", @

where the ¢ are constants and F; (m is the fraction

of the total beam in charge state 7.

For very thin targets, when multiple collisions
may be ignored, the terms with »>1 can be ne-
glected and the coefficient a, is the cross section
for charge transfer directly to charge state 7,
For somewhat thicker targets the He® and He
fractions
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of the beam are therefore given by

Fo(m) aiOe o T+ a,m? (3)

and F,(m~o_, 7+a, 1%, (4)
where a, and a,’ are constants involving the various
cross sections.

Investigations were conducted using low target-
gas densities and relative cross sections values
(0-,, and o_;;) were determined from the initial
slope of the fast He” and He" growth curves. Typ-
ical growth curves are shown in Fig. 3.

At the higher-target gas pressures, conditions
for single collisions were not always satisfied in
the production of fast He™ ions, and the growth
curves became nonlinear. Consequently the initial
slope of the curve was determined by fitting the
quadratic function of Eq. (4) to the data using the
method of least squares. For comparison the
slope was also determined by fitting a straight line
to the low-pressure data in the region that appeared
to be linear. In spite of the small random scatter
of the data points, it was not always possible to
judge at which region of the growth curve the term
in 72 became significant and the curve became
nonlinear. As a result the quoted values obtained
by the quadratic method were from 2-13% lower
than those derived from the apparent linearity of
the growth curve near the origin. In the case of
the He® growth curve the quadratic coefficient a,
[Eq. (3)] was found to be negligible and the initial
slopes were obtained by fitting a straight line to
the data points.

In order to standardize the relative cross sec-
tions obtained in this way, the relative cross sec-
tion for single electron capture (0,,) by protons in
hydrogen at 1 MeV was measured. This was ac-
complished by replacing the fixed detector with a
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FIG. 3. Growth of the He® fraction (F) and the He*
fraction (F';) as a function of target thickness (m) for He~
ions in Ne at 1150keV.
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TABLE 1. Cross sections ¢ -j; and 0 -y; for He™ in Hy, He, and Ne as a function of energy.
(Units of 10 =17 ¢cm?/atom.)

Energy 010 [T
(keV) Hz He Ne Hz He Ne

400 26.0+1.0 29.7+1.2 59.1+2.4 1.80+0.23 3.07+0.24 6.65+0.40
600 20.6+ 0.8 22.1+0.9 54,2+ 2.2 1.75+0.23 2.60+0.21 7.72+0.46
800 16.8+0.7 18.9+0.8 47.8+1.9 1.89+0.37 2,20+ 0.19 7.12+0.43
1000 14.6+0.6 16.5+0.7 44.9+1.8 1.66+0.22 2.35+£0.19 8.43+0.50
1150 13.9+0.6 14.5+0.6 41.9+1.7 2.30+0.18 T.17+0.47
1350 11.7+ 0.5 12.3+ 0.5 38.2x1.5 1.03+0.13 2.21+0.18 6.75+ 0.40
1500 11.7+0.5 10.5+ 0.4 1.24+0.16 2.04+0.16

Faraday cup in order to monitor the primary pro-
ton beam. The growth of fast H® atoms with in-
creasing target thickness was then studied by means
of the movable silicon surface-barrier detector,
The relative cross section obtained in this way
was normalized to previously determined absolute
values. 4% The reported values are as follows
(units of 10722 cm?2/molecule):

5.2 Barnett and Reynolds*

4.8 (Interpolated between 851 and 1063keV)

Welsh ef al.5

1.0 Williams$ 2

A value of 5.0%x 10 cm2/molecule was assumed
and the constant K (Eq. 1) was deduced from the
slope of the H° growth curve. Since the value of
K is independent of target-gas type, cross-sec-
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FIG. 4. Cross sections for the loss of one electron
(0_49) for He™ ions in H,, He, and Ne as a function of
He- ion energy. ®,H;. m,He. A Ne.

tion values o_,, and o_,, for He™ in H,, He, and
Ne could then be calculated.

RESULTS

The cross-section values obtained are listed in
Table I and shown in Figs, 4 and 5. The indicated
random errors were estimated from the most prob-
able error in the method of least-squares fitting
and from the repeatability of the data points. The
systematic error involved in the standardization
procedure is not included and errors involved in
the determination of the ion-beam energy are neg-
ligible.

In the range of energies studied, the single elec-
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FIG. 5. Cross sections for the loss of two electrons
(0 -11) for He™ ions in Hy, He, and Ne as a function of
He™ ion energy. ®,H;. m,He. A, Ne,
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tron-loss cross sections (o_,,) decrease mono-
tonically with increasing energy and in general
increase with the atomic number, Z, of the tar-
get. This is consistent with the findings of Niko-
laev® for Z < 18. The two electron-loss cross sec-
tions (o-,,) also increase with the atomic number,
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Z, of the target but only vary slowly with energy.
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The semiclassical approximation is systematically applied to the study of electronic
transitions in near-adiabatic collisions of atoms and molecules. The use of the eikonal
approximation permits the coupled equations of scattering theory to be reduced to one-
dimensional equations defined along classical trajectories. The theory for rearrangement
collisions is developed into a form appropriate for use with the eikonal description of

heavy-particle motion.

I. INTRODUCTION

In this paper we study the theory of electronic
transitions in the collisions of slow atoms and mol-
ecules (for brevity, we shall refer to the particles
as “atoms”)., The conditions assumed will be such
that the motion of the atomic centers of mass is
essentially classical. Our goal is to systemati-
cally extract the possible approximations arising
from this classical aspect of the problem.

Stationary-state scattering theory will be used.
The state function will be expanded in terms of
adiabatic states — often called “perturbed station-
ary states.” We shall use the eikonal approxima-
tion for the coefficients in this expansion, which
describe the motion of the atomic mass centers. !

Except when there are degeneracies, electronic
transitions occur only for finite collision velocities
(the adiabatic theorem). We shall use the term
“near-adiabatic” to refer to transitions that occur

at low velocities,

The formulation of the “perturbed stationary-
state” method for cases in which rearrangement
does not occur is well-known. We briefly review
this in Sec, II, expressing it in a form suitable for
our application. When rearrangement occurs, the
problem is much more subtle, Discussions have
been given in the context of time-dependent per-
turbation theory, for example, by Bates and
McCarroll? and by Mittleman,® Thorson* has
observed that the adiabatic (or Born-Oppenheimer)
states of the perturbed stationary-state method
do not lead to correct asymptotic incoming or out-
going states. He proposes an approximation scheme
consistent with this formal requirement of scat-
tering theory (a point previously ignored). In Sec.
IIT and Appendix B we give a formulation for re-
arrangement collision that is consistent with for-
mal scattering theory and with the eikonal approx-
imation.



