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Angular and energy distribution of electrons from 15- to 150-kev H +He collisions
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An electrostatic analyzer positioned at various angles has been used to measure absolute values of cross
sections for electron production in collisions of neutral hydrogen atoms with helium as a function of the
angle and energy of the ejected electrons. These cross sections are compared with corresponding ones for
proton and electron impact to infer the mechanisms of electron production. A prominent peak in the energy
distribution due to electron loss from the projectile occurs at an electron velocity equal to that of the
projectile. At very low electron energies the similarity of the energy distribution to that due to electron
impact suggests that the large cross section there is due to ionization of the target by the electron carried by
the projectile. As with proton impact, the cross sections at low projectile velocities fall off approximately
exponentially with the energy of the ejected electron, in agreement with the predictions of the electron
promotion model.

I. INTRODUCTION

Numerous measurements have been made of
cross sections for ejection of electrons from gases
by protons as a function of the energy and angle
of the emitted electrons, ' and several reviews of
this work are available. ' These investigations
have related the basic features of the distributions
to various mechanisms by which electrons are
ejected.

Besides the mechanisms of autoionization and
the Auger effect, which yield discrete structures
in the energy spectra of electrons, several mech-
anisms have been identified which produce the
continuous spectrum. There is a binary collision
peak which comes at an electron energy given by
E =47 cos'0 —I, where T is the energy an electron
mould have at the same velocity as the projectile
and 0 is the angle of ejection of the electron. This
results from a collision in which the primary
interaction is between the projectile and a loosely
bound orbital electron in the target, the residual
target ion serving only to provide a binding energy

There is also a soft collision region at lorn

electron energies resulting from large impact-
parameter collisions which provide an impulse to
the bound electrons just large enough to eject
them. At high impact energies these two regions
are well separated and can be described success-
fully by the binary-encounter approximation' ' or
the Born approximation. ' At lower energies the
distinction between these regions disappears and
the shape of the energy distribution is better
described by an electron promotion model which
yields an exponential dependence on electron
energy. ' An additional mechanism known as
charge transfer to continuum states' operates in
an intermediate range of energies. The electron
is emitted in the frame of reference of the pro-

jectile rather than that of the target and thus has
a velocity nearly equal to that of the projectile,
thus yielding a peak in the forward direction at
E =& cos'0. This peak is very large near 0 =0 but
drops off quickly with angle and is difficult to de-
tect at all beyond 30 .

Studies of this type have also been made for
collisions in which the projectile carries one or
more electrons, but only in cases where the pro-
jectile is charged. An electron may become de-
tached from the projectile, make an elastic colli-
sion with the target, and appear at any angle with
an energy E =&. This electron-loss mechanism
mas first noted by Wilson and Toburen' and in-
vestigated by Burch et al. ,

' by Stolterfoht et al. ,
and by Drepper and Briggs." Recently Toburen
and Wilson" studied 0.3- to 2-MeV collisions of
He' and He" with argon. They found that, in con-
trast to H' and He" collisions, the He' collisions
produced a large electron-loss peak where the
ejected electron velocity equalled that of the inci-
dent ion.

In the case of neutral particle impact, much less
data is available. Total cross sections for ioni-
zation and electron loss have been measured for
neutral hydrogen bomdarding helium by Solov'ev
et a&. ,

"Puckett qt a&. ,
"and McNeal et at. ,"but

no measurements have been made of the angular
or energy distributions of ejected electrons from
neutral-neutral collisions. The detail provided
by this type. of measurement is of great use in
making progress toward an understanding of the
mechanisms of electron production in such colli-
sions. In addition to the theoretical interest,
these data are of use in studies of aurora and other
upper-atmospheric work, in energy-deposition
and radiation-damage studies, and in other applied
areas.

We present here measurements of .cross sections
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A diagram of the experimental apparatus is
shown in Fig. 1. A beam of protons from a radio-
frequency ion source is focused by a quadrupole
lens, magnetically analyzed, and focused further
by a second lens before entering the charge trans-
fer cell shown. The cell provided a 50-cm path
for the beam in hydrogen, which was chosen to be
the neutralizing gas. Pressures of 2-40 mTorr
were used, depending on the beam energy. High-
speed differential pumping kept the pressure out-
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FIG. 1. Diagram of experimental arrangement: CTC,
charge transfer cell; DP, deflection plates; CC, colli-
sion center; TD, thermal detector; EA, electrostatic
analyzer; ED, electron detector.

differential in angle and energy of the electrons
from collisions of neutral hydrogen atoms with
helium gas. Measurements of the target-gas
density, beam intensity, detector efficiency,
and geometry have been made to enable us to cal-
culate absolute values of the cross sections. The
projectile energies ranged from 15 to 150 keV,
electron energies from 1.5 to 300 eV, and angles
from 10 to 160'. No attempt was made to study
the electrons from autoionization, which would
require higher energy resolution and much smaller
energy steps than we are using.

At the present time there are no theoretical
calculations available which give doubly differ-
ential cross sections for neutral impact. Bates
and Griffing ' have calculated energy distributions
of electrons using the Born approximation with
hydrogen wave functions but only give the results
for one impact energy. Bell, Dose, and Kingston, "
have calculated electron-loss cross sections for
neutral hydrogen atoms on helium and vice versa
using more realistic wave functions but only cal-
culate total cross sections. Levy" has used ex-
perimental values of oscillator strengths in his
Born-approximation calculations of electron-loss
cross sections for hydrogen atoms on helium. It
is hoped that the present data will stimulate addi-
tional work on neutral-impact calculations. In
this paper we will attempt to explain the various
features of the data by qualitative descriptions
based on proton- and electron-impact work pre=
viously done.

II. EXPERIMENTAL METHOD

side the gas cell below 4x10 ' Torr when the
highest gas-cell pressure was used.

Following the charge transfer cell the charged
particles remaining in the beam were removed by
electrostatic deflection. Two pairs of deflection
plates, each pair 10.15-cm long and with a 1.8-cm
plate spacing were available in the apparatus and
both were used. Deflection voltages used ranged
from 250 V at 15-keV beam energy to 750 V at
150 keV. These were typically five times the
minimum potential necessary to deflect most of
the charged component out of the beam. The
same fields also served to quench metastable
atoms and ionize highly excited atoms in the beam
as discussed later.

The neutral beam then entered a collision cham-
ber which was described earlier. " Three modi-
fications have been made. The beam tube has been
redesigned so as to put the last beam-defining
aperture closer to the scattering center to give
better beam definition and shorten the beam path
in the target gas. The Faraday cup has been re-
placed by a neutral beam detector, and a Vene-
tian-blind-type electron multiplier was used in
place of the former electron detector. The neutral
beam was measured by a secondary emission
detector for most measurements. However, it
was found that the secondary emission coefficient
changed slowly with time and sometimes more
abruptly when the vacuum was let down to change
angles. Therefore, it was replaced by a thermal
detector simOar to one described by Gardon" and
used by Stier, Barnett, and Evans. ' A constantan
foil disk of 0.021-mm thickness was fastened to
the end of a 4-in copper cylinder. A fine copper
wire was spot welded to the center of the Con-
stantan disk on the side opposite from where the
beam was incident. This formed one junction of a
thermocouple, the other junction being the peri-
phery of the Constantan disk where it was joined
to the copper tube. Using the thermal detector as
a Faraday cup with a proton beam for calibration,
we found the sensitivity to be 0.016'I V/W and the
time constant about 1 sec. Signals, typically a
few microvolts to about 100 p.V, were amplified
by a specially designed chopper-stabilized ampli-
fier, read on an electrometer, and integrated. At
the lowest beam powers some fluctuations, due to
thermal emf's in the feed-through at the chamber
wall, were noticed but these were minimized by
shielding the feed-troughs from air currents.
%ith this system, beam currents as small as
10 A could be read at the lowest beam energy
used, 15 keV.

Using the thermal detector, runs were made at
each angle and at one or more beam energies in
order to normalize the data previously taken with
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the secondary emission detector. In most cases
the corrections were within 15/0, but in a few
cases larger adjustments had to be made.

Electrons from the scattering center entered the
127' electron energy analyzer after being colli-
mated to within + 1.4' by two slits. In order for
the geometry to be well defined, this region was
maintained free of electric fields by gold plating
all the inside surfaces of the inner chamber and
the path leading to the analyzer. Magnetic fields
were reduced to under 5 mG in the region by care-
fully adjusting the currents in three mutually per-
pendicular Helmholtz coils surrounding the cham-

berr

and analyzer while reading out the fields with
a sensitive rotating-coil Gaussmeter. No pre-
acceleration was used and the electrons were
analyzed at the same energy at which they were
produced. The slits in the analyzer were made of
gold, and the an&, lyzer electrodes were gold plated
to minimize contact potentials and to prevent oxide
coatings from forming. The analyzer had a full
width at half maximum energy resolution of 5.7/o.

After leaving the analyzer, electrons were ac-
celerated by about 100 V to the first dynode of an
EMI 9642/3B electron multiplier. Pulses of
electrons were amplified by a fast charge-sensi-
tive preamplifier mounted at the back of the elec-
tron multiplier. Pulses were then further ampli-
fied and counted on a multiscalar. The analyzer
power supply was programmed by a hand calcula-
tor which also controlled the address of the multi-
scalar."

The efficiency of the electron detector (which
was 70-80/o) was measured from time to time by
comparing the current from a filament through an
aperture to the count rate of electrons through a
much smaller hole of measured size. The target
gas, supplied from cylinders at 99.995% purity,
was reduced in pressure by an all-metal regula-
tor, passed through a metal gas line and needle
valve to the chamber. The pressures were mea-
sured by an MKS Baratron capacitance mano-
meter. Corrections were made for thermal
transpiration due to the fact that the manometer
head was heated and for the nonzero reference
pressure for the manometer. For each run, a
second run was made without the target gas and
the corresponding counts subtracted.

In our earlier proton impact work we made a
correction for the fraction of the beam that was
neutralized during its passage through the target
gas and thus was not read by the electrometer
connected to the Faraday cup. In the present case,
charge transfer collisions populated the neutral
beam with a small fraction (less than 3%) of pro-
tons but since the thermal detector, responded to
them in the same way as to neutrals, no correction

was needed. If the charge transfer took place
before the collision center a correction would be
needed if the cross sections for electron ejection
by protons and neutrals were different. However,
because the fraction of the beam which is charged
is very small, no correction wa, s made. Electron
absorption between the scattering center and elec-
tron detector required a correction ranging from
0 to as much as 9/0 in some cases.

The uncertainty in the pressure measurement
was about 10% and a similar uncertainty was pre-
sent in the measurement of the detector efficiency.
While the uncertainty in the calibration of the
thermal detector for the beam was only about 2/0,
some variation in the calibration constant was
noted with changing position and focus of the beam.
In addition, stray thermal emf's limited the ac-
curacy at the lower beam energies. We will as-
sign a 10/o uncertainty to the beam measurements
above 30 keV with an increase to 20% at 15 keV.

As in previous measurements of this type, the
count rates decreased as the electron energy was
increased until statistical uncertainties became
large. At low electron energies, small residual
fields in the chamber and analyzer caused large
discrepancies in the data taken at different times.
Because of difficulties in controlling this problem
the uncertainty below 10 eV increases to about a
factor of 2 at 2 eV.

Errors in the measurement of geometrical
factors such as solid angle, length of beam viewed,
and energy resolution were of the order of 1/o.
The overall uncertainty, then, is 17% above 30
keV increasing to 25/o at 15 keV, with additional
uncertainties at the lower electron energies as
noted above. Since the cross sections are usually
largest at the lowest electron energies, the cross
sections integrated over electron energy will have
an additional uncertainty, amounting perhaps to
as much as 40/0.

III. EXCITED ATOMS

The question arises as to whether the neutral
beam which caused the ejection of electrons at the
collision center contained an appreciable number
of atoms which were not in the ground state. Since
the distance the beam must travel from the charge
transfer cell to the collision center is about 1.4
m, the drift time varied from 3 to 1 x 10 ' sec.
Hydrogen atoms in the lower excited states have
mean lifetimes of the order of 10 ' sec and so
will have almost completely decayed to the ground
state before reaching the collision center. There
are, however, two cases which must be investi-
gated; metastable 2s atoms and atoms in high-n
states (the so-called "Rydberg atoms").
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A. Metastable atoms

From the cross sections for charge transfer to
the 2s state and to all other states we can calculate
the fraction of the beam in the 2s state as it
emerges from the charge transfer cell. The thick-
ness of the gas used in the cell is such that the
beam is almost completely equilibrated as re-
gards the 2s state and the calculated fraction
varies from about 2% at 15 keV to 16'%%uo at 150 keV.
The electrostatic field used to deflect ions from
the beam also serves, in our apparatus, as a
quenching field by providing Stark mixing with the
2p state followed by a rapid decay to the ground
state. Sellin ' has given an equation for the life-
time of a 2s atom in an electric field in terms of
the field strength, the Lamb shift, and the 2p
lifetime. For our experiment the 2s lifetimes
varied from 1.6 &10 ' sec at the field used at
15 keV to 0.6 x 10 ' sec at 150 keV. Considering
the time the beam spends between the deflection
plates, we calculate an attenuation varying from
5 && 10 to 3 x 10-'. Combining with the original
metastable fractions we get a 2s population
entering the scattering chamber varying from
8 x 10 '% at 15 keV to 4 && 10 4% at 150 keV. These
fractions are too small to affect the measured
cross sections.

9. Rydberg atoms

Bethe and Salpeter ' show that the lifetime of a
hydrogen atom for a fixed l value is proportional
to n'. Also from their data we can estimate that
if l =n- 1, the lifetime varies approximately as
n'. Thus by the time n reaches 7 the lifetime of
high-angular-momentum states is great enough
that the natural decay of excited atoms no longer
greatly reduces the population of Rydberg atoms
before reaching the scattering center. The field
which quenches the 2s states is not of much help
in this case since the states which might mix with
the long-lived states also have long lifetimes
themselves.

Rydberg atoms can be ionized by static fields of
sufficient magnitude. The threshold for field
ionization is given by Kleppner as E, =3.2 x 10'/n
in V/cm. The efficiency of ionization by this
method goes essentially from zero at small fields
to 100/0 at this point. For the fields we use for
deflection of the charged component of the beam,
all Rydberg atoms with n above about 30 or 40
would be eliminated by this process. We need be
concerned, then, only with Rydberg atoms with n
in the range of about 7-40.

From data of Riviere and Sweetman" we find
that for protons passing through hydrogen gas the
largest fraction of Rydberg atoms occurs at about
50 keV and for n =7 is 0.1% decreasing to 5 && 10 '

at n =40. Even if we sum over all states from 7 to
40 we have only about 0.4% of the neutral beam
populated by Rydberg atoms, a number too small
to affect our measurements.

IV. EXPERIMENTAL CHECKS

To check on the control of metastable and Ryd-
berg atoms as well as on other possible effects, a
number of experimental parameters were varied
to see if they affected the measured values of the
cross sections.

Using a 50-keV beam, the deflection plate po-
tential was varied from 200 to 700 V. The ap-
parent cross sections at various electron energies
were found to vary by 6-16% but not in any sys-
tematic way. Since this variation was within the
experimental uncertainty, it was not considered
further. At the same beam energy the pressure
in the charge transfer cell was varied from 2 to
23 mTorr, but this caused variations in cross
sections ranging only up to 8%.

A rather extensive set of tests was made to see
the effect of varying the target-gas pressure. Runs
over the electron energy range at pressures of
0.5 to 3.0 mTorr were made at different beam
energies and angles. A general decrease in ap-
parent cross section was noted as the pressure
increased. The size of the decrease did not de-
pend on the electron energy or the angle but did
seem to depend on the beam energy, going from
about 22%%uo at 30 keV to 13'%%uo at 100 keV. It is not
likely that this pressure effect is due to incorrect
accounting for electron absorption since the cross
section for electron absorption is strongly depend-
ent on electron energy, while the effect measured
was not. The thickness of target gas before the
collision center is less than 6 cm, so no appre-
ciable buildup of excited state atoms is to be ex-
pected, and since their initial fractions have been
shown to be small any reduction by the target gas
should have a negligible effect. While we have no
explanation for this dependence on pressure, the
variability it causes in our data should be small
since the runs from which the final data were de-
rived were all taken at pressures between 0.4 and
0.7 mTorr.

Because there is a small magnetic field gradient
over the region occupied by the collision cham-
ber and analyzer we made runs with the field
riulled at various points on the electron trajectory
from the collision center to the detector. The
maximum spread in the data was + 10'%%uo at 10 eV
and was negligible at higher energies.

V. EXPERIMENTAL RESULTS

Measurements were made at all combinations
of 7 beam energies from 15 to 150 keV, 8 angles
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TABLE I. Singly differential cross sections (integrated over angles) for electron produc-
tion in H + He collisions, in m2/eV.

Projectile Energy (keV)
Electron

energy (eV) 20 30 50 70 100 150

1.5
2.0
3.0
5.0
7.5

10.0
15.0
20.0
30.0
50.0
75.0

100.0
130.0
160.0
200.0
250.0
300.0

1.19-21'
1.06-21
1.16-21
1.06-21
8.08-22
5.52-22
2.45-22
1.27-22
4.63-23
7.46-24
1.13-24
1.90-25

8.15-22
7.83-22
8.29-22
8.63-22
8.05-22
6.58-22
3.44-22
1.91-22
7.46-23
1.42-23
2.57-24
4.78-25
7.62-26

8.00-22
6.69-22
6.35-22
6.87-22
7.48-22
6.89-22
5.53-22
3.19-22
1.31-22
2.93-23
6.02-24
1.69-24
4.31-25

6.97-22
5.88-22
5.55-22
4.76-22
4.97-22
4.84-22
4.75-22
4.41-22
2.83-22
7.63-23
2.14-23
6.48-24
1.62-24
5.30-25

7.27-22
5.64-22
4.09-22
3.56-22
3.34-22
3.17-22
3.23-22
3.44-22
3.15-22
1.31-22
3.97-23
1.47-23
5.27-24
1.84-24
4.51-25
7.77-26
1.93-26

6.24-22
5.40-22
3.68-22
2.72-22
2.36-22
2.10-22
1.g7-22
1.98-22
2.09-22
1.90-22
7.10-23
2.77-23
1.10-23
4.70-24
1.58-24
4.45-25
1.26-25

5.07-22
4.16-22
3.47-22
2.11-22
1.44-22
1.25-22
1.01-22
9.34-23
9.23-23
9.65-23
1.01-22
4.65-23
1.72-23
7.23-24
2.78-24
1.17-24
4.21-25

Total (m ) 1.36-20 1.37-20 1.59-20 1.80-20 1.78-20 1.68-20 1.19-20

The designation 1.19-21 means ] .19 x10 2'.

from 10' to 160', and 17 electron energies from
1.5 to 300 eV. Dependences of the doubly differ-
ential cross sections for electron ejection on these
three parameters are presented in this section
along with cross sections integrated over all
angles, all electron energies, or both. Tables of
the doubly differential cross sections may be ob-
tained from M.E.H. on request. Cross sections
integrated over angle are given in Table I along
with total electron production cross sections.

The energy distribution of electrons from 150-
keV impacts is shown for various angles in Fig.
2 along with the distribution integrated over all
angles. At the small angles a rapid drop ls
followed by a rise to a maximum at the point where
the ejected electron velocity is approximately
equal to the projectile velocity. At larger angles
the maximum becomes less pronounced and in the
backward angles it is only a shoulder on the mono-
tonically decreasing curve. The curves for 110
and 130' have been omitted for clarity as they
fall close to the 160' curve.

In Fig. 3, the 10' 150-keV distribution is com-
pared to the corresponding proton impact data of
Rudd and Jorgensen. " Since high-energy electrons
come primarily from close collisions, we would
expect protons and neutral hydrogen atoms to
produce similar effects at a sufficiently large
velocity. Indeed, we see that the cross sections

l50 keV H'+ He
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I I I
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FIG. 2. Energy distribution of electrons at various
angles for 150-keV neutral-hydrogen impacts on heli-
um. Dotted line show the singly differential cross sec-
tions, integrated over all angles, in m2/eV on the same
numer ical scale.
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FIG. 3. Comparison of energy spectrum of electrons
from 150-keV neutral-hydrogen and proton impact and
100-eV electron impact on helium. Electrons ejected
at 10 relative to the beam. T is the energy of an elec-
tron with the same velocity as the incident particle.
Proton data are from Ref. 18 and electron data are from
Ref. 26.

at large ejection energies are nearly the same.
This is also the case at other angles. At an inter-
mediate electron energy where the velocities of
the ejected electron and projectile are equal we
find a peak in the neutral-impact data which is
due to electrons stripped from the projectile and
elastically scattered from the target atoms. As
seen in Fig. 2, this electron-loss peak is most
prominent in the forward direction where the
elastic scattering cross section is largest.

Low-energy electrons come from large-impact-
parameter collisions. For these the screening
effect of the electron on the projectile should make
the cross sections small, and one notes that in
the V-20 eV region the cross sections for neutral
impact are smaller than for ion impact. At the
very lowest electron energies, however, there is
again a rise in the neutral-impact cross sections.
This may be attributed to target ionization caused
by the electron carried by the projectile. Support-
ing this idea is the fact that for equal impact
velocities, the energy dependence of the electron
and neutral-impact ionization cross sections are
similar in shape as shown in Fig. 3. Here we have
plotted the 10' data of Rudd and DuBois ' for 100-
eV electron impact since those data were the
closest in velocity to the 150-keV neutral data
which were available. When data integrated over
all angles are compared, the shapes of the neutral-
and electron impact distributions are even more
alike and, in addition, the magnitudes are closer.

E/T

FIG. 4. Comparison of energy distribution of electrons
ejected at 10' by various energies of neutral hydrogen
atoms.
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FIG. 5. Singly differential cross sections, integrated
over all angles for ejection of electrons from helium by
neutral hydrogen atoms of various energies. Cross sec-
tions have been multiplied by an exponential function
(see text) to eliminate the rapid decrease with energy.

H the cross sections scale as 1/T (as in the
Rutherford eIIuation), then, taking account of the
somewhat different velocities, the ratio of neutral
to electron cross sections is in the range of 1.1
to 1.8 over nearly the entire energy range.

In Fig. 4 we compare 10 neutral data for various
impact energies and note that the maxima in the
curves are slightly lower in energy than they
would be if the ejection velocity were exactly
equal to the projectile velocity. Also the maximum
becomes broader and'shifts to lower energies as
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the impact energy is reduced. This is probably
due to the influence of the binding energy. Cross
sections above the peak scale quite accurately and
when plotted versus E/T'~', fall close to a uni-
versal curve.

In Fig. 5 we show energy distributions of singly
differential cross sections resulting from an inte-
gration over angles. In an earlier publication' it
was shown that the rapid decrease with energy
which often obscures details of structure in the
energy distributions can be compensated for by
multiplying the cross sections by exp nE/(IT)'~',

'where I is the ionization potential of the target,
n is a dimensionless length parameter equal to

.1.28 for helium, and 7.' is —,'m, v~, where m, is the
mass of the electron and n~ the velocity of the
projectile. This multiplier has been applied to
the data in Fig. 5 to level out the curves. This
procedure reduces the variation over the energy
range from over four orders of magnitude to a
range of 2-2.5 at the lower impact energies,
indicating that the exponential model developed for
proton impact also seems to apply to neutral im-
pact.

To compare the neutral data to the proton impact
results presented earlier, ' ' Fig. 6 shows the
ratio of the cross sections for the two cases inte-
grated over angles. At the higher energies the
electron-loss peak at E = & is very obvious but
broadens out and disappears as the energy is
lowered. At 15 keV the ratio is nearly constant
at 2.5-3.0 except at the very lowest electron
energies where the data are uncertain. At low

-22—

Ol

CV

E -23-

Lal

-24-
- c2
OI
O

-25—

-26
30 60 90 I20 I50 IBO

8 (der)

FIG. 7. Angular distribution of electrons of various
energies from 20-keV neutral impacts.

impact velocities ionization probably proceeds via
a promotion mechanism' and the availability of
more electrons in the neutral-impact case would
be expected to cause a larger cross section. '

Typical angular distributions for various electron
energies for 20-keV H -impact are shown in Fig.
7. We cannot say whether the structure which
appears in some of the curves is real or only a
result of the fact that when the angle was changed
the vacuum had to be let down, thus possibly-af-
fecting the detector efficiency. There is some
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FIG. 6. Cross sections for electron production by
hydrogen atoms of various energies integrated over all
angles as a function of the ejected electron energy. We

have divided cross sections by the corresponding cross
sections due to proton impact using data of Rudd and
Madison (Ref. 4) and Rudd and Jorgensen (Ref. 18).
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FIG. 8. Comparison of angular distributions of elec-

trons of all energies ejected from helium by neutral
hydrogen atoms and protons of various energies.
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FIG. 9. Cross sections, integrated over all angles,
for ejection of electrons of various energies as a func-
tion of projectile energy E&.

other evidence for structure in the angular dis-
tributions of electrons from low-energy pro-
jectiles, ' but until measurements can be made
with a finer angular grid nothing definite can be
said. In Fig. 8 angular distributions integrated
over all electron energies for neutral impact are
compared with those for proton impact. The dis-
tributions from neutrals are more isotropic ex-
cept at the lowest energy.

What corresponds in ionization to excitation func-
tions are plotted in Fig. 9. This shows the varia-
tion with impact energy of the cross section for
ejection of electrons of various energies. As ex-
pected, the maximum in the curves shifts to higher
impact energies for higher electron energies.

More surprising was the existence of a nearly
common value at the top of the graph for a range
of electron energies.

Our cross sections when integrated over both
angle and energy yield total cross sections for
electron production which may be compared to the
results of more direct methods of measurement.
Figure 10 shows the present results along with
experimental data from Solov'ev et al. ,

' Puckett
eI; a). ,

"and McNeal et al,.' Our data agree well
with the other measurements at high energies and
reasonably well with the data of McNeal et al. at
the low energies. Also shown on the same graph
are the results of calculations using the Born ap-
proximation. Bell et al."have calculated electron-
loss cross sections for hydrogen atoms incident
on helium and for helium atoms incident on atomic
hydrogen. By proper scaling and addition of the
two cross sections one can obtain the total cross
sections for electron production by fast hydrogen
atoms incident on helium and these are shown as
the dashed line. The theory generally underesti-
mates the cross sections. A different calculation
of the electron-loss cross sections of H' on He
has been made by Levy." Combining his results
with the cross sections for ionization of helium
from Bell et al. , we get a result which agrees
generally within 30% of our data, although it is
still much lower thap McNeal's results at low
energies.

VI. CONCLUSIONS

Some of the mechanisms for electron production
in proton impact are seen to be operating in the
neutral-impact case but additional ones are also
apparent from the data. The energies studied in
this experiment were too low to see more than
just the beginning of the binary collision peak and
the results are better described by the exponential
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FIG. 10. Total cross sec-
tion for electron production
0, by neutral hydrogen at-
om impact on helium vs
projectile energy: Circles,
present data; squares,
data of Solov'ev et al. (Bef.
12); triangles, data of
McNeal et al, (Bef. 14);
crosses, data of Puckett
et al (Bef. 13); dashed line,
calculations of Bell et al.
(Bef. 16); dotted line, cal-
culations of Levy (Bef. 17).
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energy distribution resulting from a promotion
mechanism. Charge transfer to continuum states
could not be seen since the peak due to that
mechanism is overshadowed by the larger peak
due to elastically scattered electrons detached
from the neutral projectile. 'This peak was quite
prominent at the higher energies in this study
but became less so at lower energies. We have
explained a rise in the cross sections at very low
energies in terms of ionization of the target caus-
ed by the electron carried by the projectile and
justified this by comparison of the shape of the
energy distribution with that of equal-velocity

electrons.
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