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The energy dependence of the total cross section for symmetric charge exchange in helium
is measured in the range from 400-2000 eV. Beam-attenuation techniques are used, and all
measurements are made on the forward-scattered ions and the high-energy neutrals resulting
from the charge exchange. Cross-section values are given at 100-eV intervals, and the
results show a cross section decreasing as the energy increases, with a value at 1000 eV of
1.04 && 10 cm . The absolute cross sections are accurate to + 12%. Relative cross-section
values accurate to + 6% are reported.

INTRODUCTION

The He +He collision has been studied in great
detail both experimentally and theoretically in re-
cent years. These studies have led to a better un-
derstanding of the collision process and of the mo-
lecular states involved. In the energy region from
several hundred to several thousand electron volts,
the most significant contribution to the total cross
section in He++ He collisions comes from resonant
charge exchange. Although there have been many

studies of the total cross section for symmetric
charge exchange in helium there is still a substan-
tial lack of agreement among the published results.

The typical collision in the He++He-He+He+
process involves very little kinetic- energy trans-
fer between the partners. It is generally a glanc-
ing collision resulting in a high-energy neutral
atom scattered in the forward direction and a low-
energy ion recoiling in a perpendicular direction.
The forward-scattered neutral atoms have nearly
the same kinetic energy as the incident ions. The
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general feature of the resonant charge-exchange
cross section is that it decreases with increasing
energy, while nonresonant charge-exchange cross
sections at first increase to a broad maximum and
then decrease with increasing energy. '

There are basically two experimental methods
available for charge- exchange measurements. ' The
first of these involves measurements on the low-
energy recoil ions generated in a well-defined re-
gion of the scattering chamber. This is the most
popular method used in the energy region studied
by the present experiment. The second method
involves direct measurements on the high- energy
forward beam. The present experiment uses a
modification of the second method suitable for reso-
nant charge-exchange measurements in an energy
region where the elastic and the noncharge-ex-
change inelastic scattering contributions to the
total cross section are small.

The theoretical calculations of symmetric reso-
nant charge-exchange cross sections are generally
carried out by studying the process in three velocity
ranges. The present results lie in the "intermedi-
ate" velocity range corresponding to velocities
larger than 10' cm/sec and less than 10' cm/sec.
In this energy range the theory reduces to one in-
volving semiclassical impact-parameter techniques.
For an ion of velocity v, and an impact parameter
5, the probability of symmetric resonant charge
exchange P(b, v) is given by'

I
'"(~ -~ )

P(b, v)=viv'
~~ dv).

J oo

E& and E are the gerade and ungerade electronic
energies of the He, + system and are functions of s,
the internuclear separation along the collision or-
bit. The total cross section, o(v), is then obtained
from

no values available of the total cross section for
such elastic scattering in this energy range, it is
reasonable to expect that these cross sections
will be small compared with that for charge-
exchange scattering in the forward direction. The
important inelastic channels have total cross-
section values down by several orders of magni-
tude' from those obtained in the present experi-
ment. The attenuation technique is therefore
suitable for the measurement of the charge-ex-
change cross section, which to a good approxima-
tion is the measured cross section.

Figure 1 shows the experimental method used
for the measurement. Helium gas at a pressure
of about 10 ' Torr is admitted to an electron-
impact ion source floated at the required voltage.
The ions formed are extracted from the source
and pass through an ion-optics and mass-spectro-
meter system. After suitable collimation the ion
beam enters the scattering chamber and is par-
tially neutralized. The resulting beam consisting
of ions and neutrals is again collimated and de-
tected. The experiment is performed by mea-
suring the unattenuated He+ current I„acurrent
Ig arising from the attenuated He+ beam and high-
energy He, and I~ the current resulting from
secondary electron emission from the detector
due to high-energy He only. The attenuated ion
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A comparison of the experimental results with
theory serves the multiple purpose of checking
the validity of the impact-parameter method as
applied to the problem, as well as the appropri-
ateness of the potentials selected.

THE EXPERIMENTAL METHOD

The energy dependence of the total cross sec-
tion for the scattering of He+ ions by He atoms is
measured in an energy range from 400 —2000 eV.
Attenuation techniques are used and the cross sec-
tion is obtained from the equation

—nol
I=Ioe

where I is the attenuated He current reaching
the detector, I, the He+ current reaching the de-
tector with no scattering gas, n the target gas
density, l the scattering path length, and Og the
total cross section. The measured cross sections
include contributions from charge-exchange col-
lisions as well as from those elastic and inelastic
scattering events resulting in ions scattered be-
yond the detector. Although there are presently

TO PUMP

FIG. 1. A schematic diagram showing some of the
important experimental details. Helium is fed by a gas
handling system to the ion source (A) where it is par-
tially ionized by collisions with electrons. The ions are
extracted from the source by an extractor (B) and are
focused at a suitable point in front of the mass-spec-
trometer magnet (D) by the ion optics (C). The mass
analyzed beam is then collimated by additional ion optics
(E) and goes through a hole centered on a button inserted
on the left side of the button holding cylinder (F) . After
passing through a second hole on the right side of the
cylinder the collimated beam enters the scattering
chamber containing helium at low pressure. As a re-
sult of charge-exchange collisions the beam is partially
neutralized. The scattering region is terminated by a
snout (0) containing a collimating hole. The beam
passes through another hole (8) and a grid to the detec-
tor (I). The experiment is performed by measuring the
beam current with and without scattering gas. The cross
sections are obtained from a knowledge of the apparatus
geometry and the scattering gas pressure.
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current I in Eq. (3) is equal to IA —I~. The neu-
tral component is selected by the use of a bias
voltage on a grid placed in front of the detector.
Cross sections are obtained from Eq. (3) which
can be rewritten at room temperature as

3 Q 10 x 10- " I,v(v)= '
( lv I I )vm',

A N

where P is the scattering gas pressure in Torr.
Relative cross sections are found by comparing
the in[I0/(IA —I~)] at the various energies to the
value of this expression obtained at 1000 eV. The
cross section at 1000 eV is determined after an
absolute pressure measurement is made with the
aid of a McLeod gauge.

The experimental method used offers the dis-
tinct advantage of making all the required mea-
surernents on the forward-scattered beam, thus
allowing a direct study of the high-energy neu-
trals. Since the detector is in the forward direc-
ti», beam profiles are easily obtainable, and the
symmetry and location of the ion and neutral
beams can be checked. This makes it possible to
determine whether stray charges (which are al-
ways present in experiments involving ion beams)
are influencing the measurement since their pres-
ence in critical areas would result in beam asym-
metries or a relative displacement of the neutral
and ion beams.

THE APPARATUS

The vacuum system is constructed from stain-
less steel and consists of source, scattering, and
detector chambers. The scattering chamber is
connected to the detector chamber by a bellows
enabling the detector to rotate about a fixed point
in the scattering chamber. This motion enables
beam profiles to be taken and makes possible a
precise alignment of the detector and beam during
the experiment.

The He+ beam is obtained from an electron-im-
pact ion source. The source consists of a stain-
less-steel water-cooled jacket and a removable
flange on which there are mounted a cylindrical
grid structure and an assembly holding two tung-
sten filaments (one serving as a spare) just out-
side the grid. It is well known that experimental
cross-section values may be influenced by the ion
source used since excited ions may be produced in
the source. To check the present ion source for
possible effects on the measurements, attenuation
measurements are made using He+ ions formed
by ionizing collisions with electrons of different
energy. The results are independent of electron
energy to well within the accuracy of the experi-
ment. As an example, at 1000-eV He+ energy a
ratio of I,/I= 1.173 is obtained when 50-V electrons
are used for ionization. The value of this ratio
obtained with 150-V electrons agrees with this
number to within 0.1%. Although only 65-V elec-
trons are required to excite the metastable ion
state, it may be concluded that this state does not
influence the determination of the cross section
when 150-V electrons are used. The data are
taken using 150-V electrons which results in a higher
beam intensity at a slight cost in the beam-energy

spread. %ith 150-V electrons the energy spread
in the ion beam is measured to be +5 eV. This
value is obtained by the use of a retarding poten-
tial on a grid in front of the detector.

As shown in Fig. 1 the He+ ions are extracted
from the source and pass through an ion-optics
and mass-spectrometer system. The ion-optics
system consists of a set of cylindrical aluminum
lenses designed to shield the beam from the rest
of the apparatus whenever possible. Since the
scattering chamber is grounded it is necessary to
float the ion source at the required voltage and, in
addition, to maintain the correct relative voltages
between the various components. This is accom-
plished by using a well-regulated power supply to
float the ion source, and by using an identical unit
to supply a voltage divider network which is con-
nected to the various lenses and to the mass anal-
yzing magnet. After leavin~ the ion-optics sys-
tem the beam is collimated by a 0.157-cm-diam-
eter hole, centered in a button which is inserted
in cylinder F (Fig. 1) and by a 0.089-cm-diameter
hole in a second button similarly mounted at the
opposite end of the 8-cm-long cylinder. The
beam then enters the scattering chamber which is
supplied with ultrapure ionization grade helium.
The pressure in the scattering region can be moni-
tored continuously by a nude ionization gauge as
well as by a conventional Bayard-Alpert type in a
glass bulb. In addition an absolute pressure mea-
surement can be made with a McLeod gauge which
is connected to the scattering chamber through a
liquid nitrogen trap. The scattering region is
terminated by a, snout (G in Fig. 1) which is fitted
with a button containing a 0.046-cm-diameter hole
at its center. Collimation of the scattered beam
is achieved by using this hole in conjunction with a
second hole 8 cm away, of diameter 0.089 cm (H
in Fig. 1) resulting in an acceptance angle of +0.5'.

Although determinations of the relative cross
sections are independent of the length of the scat-
tering path and scattering pressure in the present
experiment, an absolute determination of the cross
section requires a knowlege of these. Since the
scattering gas is not confined to a path length l in
the scattering chamber, a correction to Eq. (4)
is required. This additional scattering may be
accounted for by replacing l by (l + Ll) in the equa-
tion. For the particular geometry used, a good
approximation to K may be obtained from a com-
parison of the pressures in cylinder F and snout
G to the pressure in the scattering chamber. For
a gas of density n molecules/cm' having a mean
molecular velocity (U), the kinetic theory of gases
shows that ~4(e)A molecules per second effuse
through a thin-walled aperture of area A. . In the
steady state the number of helium atoms per sec-
ond entering cylinder F from the scattering cham-
ber must be equal to the number pumped out into
the general vacuum system through a set of pump-
ing holes provided on the cylinder. Assuming
equal temperatures in the scattering chamber and
cylinder, the density of helium in the region of the
cylinder, nc, is given by nc =nA/Ac where Ac is
the total pumping area on the cylinder and A the
area of the appropriate collimating hole. The at-
tenuation of the ion signal in the cylinder then de-
pends on the product n~l~ =n&l~ where lz is the
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length of the cylindrical region and ~l~ is the equiv-
alent length at scattering-chamber pressure. A
similar calculation is made for the snout region
and both terms are added to yield Al = 0.058l. The
effective length of the scattering chamber l+ &l
for the present apparatus is 1.868 cm.

The detector consists of a section of tantalum
wire surrounded by a conducting chamber contain-
ing a small slit to admit the beam. The wire is
connected to an electrometer which measures the
resulting currents. These currents are generated
by the incident ions as well as by the secondary
electrons resulting from the impact of the ions and
neutrals on the tantalum surface. As Fig. 2 shows,
a grid placed directly in front of the detector can
be biased to pass a beam consisting of ions and
neutrals or neutrals alone. The curve labeled A
shows an X-Y recorder plot of the detected current
versus scattering gas pressure at abeam energy of
850 eV with a grid bias of 840 V. The detected
current decreases with increasing pressure in-
dicating the attenuation of an ion signal. The high-
energy neutral component formed from charge-
exchange collisions is of course present but its
effect on the current is masked by the large ion
signal. The curve labeled B is taken at the same
beam energy but with a grid bias of 860 V. The
detected current increases with increasing pres-
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sure and shows that the high-energy neutrals are
detected. The scale for curve B is multiplied by
a factor of 10 relative to that for curve A. Al-
though the electric fields of the grid may affect
the collection efficiency of the detector, the cross
sections are independent of such effects since only
ratios of currents are required for cross-section
determinations. High angular resolution is not
desirable in total charge-exchange cross-section
experiments of this type, since ions which are
elastically scattered beyond the detector would
contribute to the cross section. Beam-profile
studies, however, require high angular resolution,
and since these profiles serve as an important
check on the data obtained it was considered essen-
tial to use a detection system which could satisfy
both of the angular- resolution requirements. An
angular resolution of + 0.5' was selected for the
cross-section determination. This was sufficient-
ly low so that the effects of elastic scattering are
small and yet suitable to provide some beam-
profile information. The acceptance angle of the
detector is determined by holes 6 and H (Fig. l).
The tantalum wire, which serves as the beam
collector, has a diameter of 0.038 cm which to-
gether with hole G increases the angular resolu-
tion to + 0.2'. All the ions going through holes G
and H are, however, collected by this wire since
it is at the lowest potential. in the detector circuit
and the ions essentially move along field lines
terminating on the wire. During the runs the con-
ducting chamber surrounding the wire is electri-
cally connected to the grid. As a check on the
collection efficiency of the wire the chamber is at
times disconnected from the grid and connected
to the wire to provide a large collecting surface.
The currents due to the wire alone and the wire
and chamber together are compared and are
found to be essentially the same. This indicates
that the wire does not change the +0.5 angular
resolution for the ion beam. For the neutrals,
however, the angular resolution is increased to
+0.2' since the neutrals are not affected by the
electric fields. This feature provides more
accurate profiles of the neutral beam and is worth-
while since such information is useful in the
planning of high-energy neutral-beam- scattering
experiments.

FIG. 2. The effect of grid bias voltage on the type of
signal reaching the detector. The curve labeled A
shows an X-Y recorder plot of the detected current
versus scattering gas pressure at a beam energy of 850
eV with a grid bias of 840 V. The detected current
decreases with increasing pressure indicating the
attenuation of an ion signal. The high-energy neutral
component formed from charge-exchange collisions is
of course present but its effect on the current is masked
by the large ion signal. The curve labeled B is taken
at the same beam energy but with a grid bias of 860 V.
The detected current increases with increasing pressure
and shows that the high-energy neutrals are detected.
The scale for curve 8 is multiplied by a factor of 10
relative to that for curve A. The attenuated ion signal
may be obtained by subtracting curve B from curve A
after a suitable correction is made for the differences
in scale.

THE RESULTS

Table I shows the relative charge-exchange
cross sections normalized to the value of the
cross section at 1000 eV. The table represents
data taken over a period of three months and the
relative results are reproducible to +6%. The de-
termination of the relative cross sections requires
alternate measurements of the beam at zero scat-
tering pressure (for I,) and at an arbitrarily fixed
scattering pressure P (for I). All runs are made
at different arbitrarily selected pressures in the
single collision region (as determined from beam
intensity ver sus scattering- pressure curves). As-
suming constant scattering pressure during a run, the
relative cross section at a given energy is obtained
by dividing ln(I, /I) at the required energy by its
value at 1000 eV. The pressure is reset to within
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TABLE I. Relative charge-exchange cross sections
normalized to the cross section at 1000 eV. The relative
results are accurate to + 6/p. The absolute cross
sections may be found by multiplying the relative values
by the cross section at 1000 eV which is determined to
be 1.04 && 10 cm . The absolute results are accurate
to + 12%.

8.0—

Energy
(eV)

400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

Relative
cross section

1.37
1.25
1.13
1.09
1.04
1.01
1.00
0.994
0.969
0.963
0.940
0.931
0.934
0.874
0.893
0.865
0.893

CQ 6.0—

one part per hundred during each set of runs, and
the average standard deviation in the ratio (I,/I) at
any energy is less than I%%u~ of the ratio. In order
to verify that stray charge buildup is not influencing
the data, the zero position of the beam is checked
frequently. Figure 3 shows typical profiles of the
combined ion and neutral beam and of the neutral
beam alone. These profiles are taken at a beam
energy of 2000 eV, and the scale for the neutral
beam intensity is multiplied by a factor of 20 rela-
tive to the units shown. Reproducible data are ob-
tainable if the profiles are symmetric and there is
no relative displacement between them (stray
charge in critical regions would result in such dis-
placements). All runs are made with a maximum
energy spread of +5 eV.

The absolute cross sections may be found by mul-
tiplying the relative values in Table I by the abso-
lute cross section at 1000 eV which is determined
to be 1.04&10 "cm'. The values obtained are
accurate to +12%%uo. As in most scattering experi-
ments the largest single source of error is due to
uncertainties in the scattering gas pressure. Fig-
ure 4 shows the present results compared with
those of some of the more recently published stud-
ies. Solid lines represent theoretical calculations
and the points are experimentally determined values.
The present results are represented by the circles,
those of Hayden and Utterback' by squares, and
the results of Hasted and Stedeford' by triangles.
The presently -obtained 1000-eV point is in exact
agreement with that of Ref. 5. The present results
are also in agreement with those of Moiseiwitsch
(M). ' Reference 7 gives results using three differ-
ent approximations and the one reproduced in Fig.
4 represents a calculation using a two-parameter
helium-atom wave function. The Rapp and Fran-
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FIG. 3. Typical beam profiles. The plot shows a
profile of the combined ion and neutral beams (upper
curve) and the neutral beam alone at an energy of 2000
eV. The combined ion and neutral profile is obtained
with a grid bias of 1990 V and the neutral profile with a
grid bias of 2010 V. The neutral beam intensity is
multiplied by a factor of 20 relative to the units shown.
Reproducible data are obtained if the profiles are sym-
metric and there is no relative displacement between
them.

cis' prediction (RF) falls below the present results
while those of Iovitsu and Pallas' (IP) as modified
in Ref. 3 are still lower-.
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