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Angle and energy distributions of electrons gected from single- and multishell atoms by 50-to
300-keV protons are compared with various theoretical treatments. Partial cross sections for each
subshell are calculated by scaling according to the number of electrons and the binding energy
and then are added. The Born approximation fails at large and at small angles but yields fair
agreement at intermediate angles. The treatments of Salin and of Macek, which take account of
the influence of the projectile after the collision, yield much improved agreement at small angles.
The binary-encounter model is used to calculate cross sections which are differential only in
electron energy. An analytical expression is given for the binary-encounter cross section
averaged over the Fock hydrogenic distribution of orbital velocities. When the average orbital
energy is calculated from Slater's rules, the results agree somewhat better with experiment than
when this energy is set equal to the binding energy.
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Angle and energy distributions of electrons ejected from single- and multishell atoms by 50-

to 300-keV protons are compared with various theoretical treatments.

Partial cross sections

for each subshell are calculated by scaling according to the number of electrons and the bind-
ing energy and then are added. The Born approximation fails at large and at small angles but

yields fair agreement at intermediate angles.

The treatments of Salin and of Macek, which

take account of the influence of the projectile after the collision, yield much improved agree-

ment at small angles.

The binary-encounter model is used to calculate cross sections which

are differential only in electron energy. An analytical expression is given for the binary-en-
counter cross section averaged over the Fock hydrogenic distribution of orbital velocities.
When the average orbital energy is calculated from Slater’s rules, the results agree somewhat
better with experiment than when this energy is set equal to the binding energy.

I. INTRODUCTION

The major theoretical methods used to describe
the process of ionization by proton impact have been
the first Born approximation and the binary-encoun-
ter approximation, These yield reasonably good
values of total cross sections if the velocity of the
proton is somewhat greater than the average ve-
locity of the orbital electrons in the target. The
agreement is not good, however, at lower proton
velocities, nor are the finer features of the pro-
cess, such as the angular distribution of the ejected
electrons, accurately described by existing the-
ories. Considerable theoretical progress in both
quantum and binary-encounter theorics has been
made by comparison with doubly differential cross
section (ddcs) measurements in which the distribu-
tion over angle and energy of ejected electrons is
determined. We have previously had experimental
data only on atomic systems with just one shell.
Data of Crooks and Rudd! with four different multi-
shell targets allow us to assess the applicability
of the various theoretical methods to more complex
systems.

In this paper, we review the progress made in
using the Born approximation and present results
for multishell targets using Born calculations with
hydrogen ground-state wave functions, scaling ac-
cording to the binding energy and number of elec-
trons for each shell, and adding the partial cross
sections. Section II contains similar calculations
using instead the theories of Salin? and Macek® which
take into account the recently proposed mechanism
of charge transfer into continuum states. Finally,
the application of the binary-encounter model to
this type of collision is discussed, and an equation
is given for cross sections integrated over the Fock
hydrogenic distribution of orbital velocities. This
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equation is applied to multishell systems and com-
pared with experiment.

From these comparisons, a fuller understanding
of the role of various mechanisms of electron pro-
duction is emerging.

II. BORN APPROXIMATION

Kuyatt and Jorgensen*! made the first ddcs mea-
surements and also presented an equation for cal-
culating them based on the first Born approximation
and hydrogenic wave functions. By scaling this
equation, calculations were made by Rudd, Sautter,
and Bailey® and were compared to their helium and
hydrogen measurements. Even at the highest en-
ergy, 300keV, the agreement was notgood. The en-
ergy distribution of electrons integrated over all
angles of ejection was fairly well predicted this
way, but errors in the ddcs of factors of 10 were
still present.

Since ddcs data for proton impact on hydrogen
atoms were not yet available, the question arose of
whether the failure was due to the scaling, the in-
adequacy of the Born approximation, or something
else, This question was partially answered in the
work of Oldham® in which he used improved helium
wave functions instead of scaling from hydrogen.
Some improvement was noted, especially when the
final-state wave function was taken to be a hydro-
genlike continuum modified by replacing the /=1
part with a Hartree-Fock continuum. However,
substantial discrepancies still existed in the for-
ward and backward directions, leading to the con-
clusion that the entire error could not be ascribed
to inaccurate wave functions.

We inquire here what effect the presence of inner
shells has on the agreement of the Born results and
experiment. The Kuyatt equation* has been used by
calculating the partial cross sections for each sub-
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shell, scaling in each case by the binding energy,
multiplying by the number of electrons in each sub-
shell, and adding these partial cross sections. The
resulting energy distribution integrated over all
angles agrees well with experiment as shown in
Fig. 1 for 200-keV protons on nitrogen, but as with
single-shell targets the results are much less
satisfactory when we compare distributions over
angle as in Fig. 2 for argon. In agreement with ex-
periment, the cross section generally falls off with
increasing electron energy and increasing angle,
and the momentum-energy conservation maximum
is at about the right energy although it is consider-
ably overpredicted in height. However, the calcu-
lated cross sections are much too low at small and
at large angles. To investigate the angular distri-
bution further, we have plotted the calculated par-
tial cross sections for each shell in Fig. 3 for 500-
eV electrons ejected from nitrogen. The 1s shell
is expected to contribute little to the cross section
at small angles but becomes dominant at angles
above 70°. This is in agreement with the empirical
observation of Paper I that electrons from shells
with large binding energies are ejected more
strongly in the backward direction. However, the
calculations at large angles are too low by an order
of magnitude, and at lower electron energies the
contribution expected from the 1s shell is relatively
still smaller,

Not only are the experimental cross sections in
the backward hemisphere much larger than predict-
ed, in some cases (see, e.g., Fig. 2 of Paper I)
they even increase slightly with increasing angle.
This effect is at variance with all the simple the-
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FIG. 1. Cross sections for electron production inte-
grated over all angles. Experimental values compared
with Born approximation and with binary-encounter cal-
culations integrated over the Fock distribution of orbital
velocities.
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FIG. 2. Angular distribution of electrons of various
energies from 300-keV protons on argon. Comparison
of experiment and Born calculations.

ories,

Many of the angular distributions show an abrupt
change of slope at 90°, suggesting that there is an
additional mechanism of electron ejection which
contributes noticeably only at angles where the
“ordinary” cross section is very small. In Paper
I it was noted that the back~to~front ratio was small-
est for hydrogen and increased progressively as
the number of electrons in the target atoms was in-
creased. A possible mechanism could be the ejec-
tion of two or more electrons from a single target
atom. There is at present no adequate theory of
this mechanism, but it would be logical to expect
more events of this kind from targets containing
more electrons.

IlI. IMPROVED QUANTUM-MECHANICAL METHODS

It was suggested by Oldham® that the calculations
in the forward direction could be improved by taking
account of the influence of the projectile after the
collision. This was done by Salin, 2 who used the
Born formalism but introduced an effective charge
which depends on the velocities of the proton and
ejected electron. The results of his treatment in-
dicate that the Born cross sections are to be multi-
plied by the factor 27y/(1 — e'"), where y= |¥ -k |-
-, k is the ejected-electron momentum (in atomic
units), and ¥ is the proton velocity. Calculations
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FIG. 3. Angular distribution of 500-eV electrons from
nitrogen. Experimental values compared with Born cal-
culations for three subshells.

using this factor are given in Figs. 4 and 5. A great
improvement in the calculations for the forward di-
rection is evident both for single- and multishell
targets.

Macek® approached the problem of the forward
peak somewhat differently. Following a suggestion
by one of the authors (MER) that the projectile may
carry an electron along for a while before ejecting
it, he treated it as a charge exchange into a con-
tinuum state of the projectile. To solve this three-
body problem he used the Faddeev formulation’ of
quantum mechanics in which all three bodies are
treated on an equal basis. Selecting terms from the
Neumann expansion of the Faddeev equations, Macek
derived a formalism from which ddcs for electron
ejection could be obtained. Calculations on this
theory are also plotted in Figs. 4 and 5. Again, we
have totaled the partial cross sections for each sub-
shell after obtaining these by scaling from a hydro-
genlike atom according to the binding energy.

Generally, Salin’s theory is too low and Macek’s
results are too high but both match the shapes of
the distributions somewhat better in the forward
directions. Neither are any improvement on Born
in the backward hemisphere. Both predict the pre-
viously noted hump in the 10° curves at an electron
velocity equal to the projectile velocity, and both
indicate that this hump is the start of a very large
peak in the energy distribution which would appear
at 0°. Experimental observation of this 0° peak has
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recently been made in this laboratory by Crooks and
Rudd, ® thus providing convincing verification of the
mechanism.

IV. BINARY-ENCOUNTER THEORY

Simultaneously with the development of quantum
theories of ionization, a development has taken
place in the use of the binary-encounter theory to
describe this type of collision. The Gryzinski ver-
sion of the theory® has been used®'!° to calculate en-
ergy distributions of ejected electrons integrated
over all angles. Using a 8-function distribution of
orbital velocities agreement was generally within
a factor of 2. Gryzinski, however, has been criti-
cized'!'!? for his additional assumptions. Calcula~
tions without these assumptions were made by Ger-
juoy'® and by Vriens.! The more general but cum-
bersome expressions of Gerjuoy (somewhat simpli-
fied in the paper by Garcial!®) reduce to those of
Vriens when the assumption is made that the inci-
dent projectile has a mass large compared to that
of the target electron. The resulting expressions
had actually been worked out for this special case
by Thomas. 6

The Thomas-Gerjuoy-Vriens equation for this
case can be put into a convenient form by expressing
it in terms of dimensionless quantities. Let m, be
the mass and v, the velocity of the incident particle
of charge Ze, let v, be the velocity, m, the mass,
and E, the energy of the target electron before the
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10° from hydrogen and from nitrogen. Experiment com-
pared with Born, Macek, and Salin theoretical treatments.
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collision, and let U = $m,2% be the binding energy.
AE is the energy transfer during the collision. De-
fine the quantities ¢ =v,/v,, 8=AE/E,, and u= U/E,,
and let o, = m(Ze®/4 m€)? = 6. 51 x 10-82%,?% eVZ, Then
the cross section for ionization with an energy
transfer AE can be written

0p=0, b<u, 62a

4

:GB:FO—;QF<'§ ¢3—%[(6+1)1/2— 1]3) 3

b<bd<a (1)

u<d<b

where a=4 ¢?+4¢ and b=4¢%*-4¢, The energy of
the ejected electron is given by E,,=AE-U.

Again using a d-function orbital-velocity distribu-
tion, this equation yields differential cross sections
within 75% of the experimental values over nearly
the entire energy range for which experimental data
are available. However, at some value of ejected-
electron energy the calculated cross section drops
abruptly to zero!” while the experimental values do
not. This and other defects are eliminated by aver-
aging the cross sections over a more realistic ve-
locity distribution. If we let this distribution be
f(w,), the average is calculated as follows:
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(K2

OsE= fov 0, (v5) f(v,) dvz + f”,n 05(v3) f(vz) dvg
U <AE <2mp?

= f; 05(vy) flvg) dvs AE > 2mgt (2)
where v'= |AE/2mav, - v, 1.

Fock has derived!® the exact velocity distribution
for electrons of any principal quantum number in
the hydrogen atom. Letting g be the velocity as-
sociated with the average orbital energy E,, the
normalized distribution may be written f(v,)
=324°v2/1(¢%+ v8)*. In hydrogen, E,=U and g= vy,
but this is not true in general. Other distributions
have been investigated by Bonsen and Vriens. !°

Using this distribution, Garcia!® has performed
the integration of Eq. (2) numerically. It may also
be done analytically in closed form. The results
of the integration are expressed in terms of the
quantities

a

2
a=AE/E,, ®=uv,/q, B=(B—¢> .

The cross section is

=Sg, AE > 2myt} 3
where
___ 0y 3233/20
84 TaEs? (3(1+3)3 + (e “)('"'ZRI)) ’
-—% 16 (455 02 M)
SB‘ME’<1>2[3(1+3)3\3‘I’ -F%a- 1-a
+(5+ oz)Rl-(% 'T%) Rz] ,
and

Ape1/2 ﬁl/z( 8 )
R,=tan"B +(1——+37§ 1+-3-B—Bz ,

o \1/2
R2=R:,+(1—::Jz)“”%z;m"(1 a) s a<1

a+f

/ /

(a+ 5)1/2
t+p°

_ (a+6)1/z
1+p1=-a)”

Ry=(2+}B+%a)
At a=1, the expressions above converge to

S.= 0y ( 16
BT qaE%®2 \ 3(1+ B)°

(£ -8 -+ 0+ 9"

+§-(1+B)1/2]+§-R1) , a=1,
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For targets with more than one electron shell, the
binary-encounter theory can be used by adding the
partial cross sections for each subshell, using the
proper binding energy of each, as for the quantum
theories. Garcia et al.2° have done this for cal-
culating total ionization cross sections, and it
should also work for differential cross sections.
Recent data taken by Toburen?! at proton energies
from 300 to 1700 keV with nitrogen as a target agree
with the binary-encounter cross sections within a
factor of 2.

The only parameter not well defined in the bina-
ry-encounter theory is the average orbital energy
E,. We define a ratio y=E,/U to facilitate the
discussion. For hydrogen atoms y=1, and the
virial theoremgives y=1.6 for helium, butfor other
atoms this quantity is not easily determinable.
Robinson® has suggested using Slater’s screening
rules to estimate this value for a given electron
subshell. For helium, this yields 1.6 as before,
but somewhat larger values are obtained for most
other atoms. We have made computations both
with ¥=1 and with ¥ determined by Slater’s rules.
In Fig. 1, both are shown in comparison with the
Born calculations and experiment for 200-keV
protons on nitrogen. One notes first that the bina-
ry-encounter theory with ¥=1 follows the Born
curve quite closely even at fairly high energies, a
result noted earlier.!” Experiment seems to favor
v=1 slightly, but to examine the question more

COMPARISON OF EXPERIMENTAL...
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carefully, consider Fig. 6. This is a plot of the
ratio of the experimental to the binary-encounter
cross sections for neon at three proton energies.
The top part of the graph is for ¥=1 and the bottom
part for y as given by Slater’s rules. In the latter
case, the actual values of ¥ used were 5. 41, 1.50,
and 1. 47 for the 2p, 2s, and 1s subshells, respec-
tively. The over-all improvement by using Slater’s
rules is evident, and also one sees that even though
the low-energy region is not well described in
either case, the curves are bunched more closely
together using Slater’s rules. Similar results are
obtained for the other gases. The calculated values
generally agree with experiment within a factor of
2, except at ejected-electron energies below 30 eV
where theory is high.

Doubly differential cross sections have been cal-
culated with the binary-encounter model by Bonsen
and Vriens.!® Their results are similar to those
of the Born approximation at small and at interme-
diate angles. However, at large angles, owing to
the neglect of the effect of the nucleus of the target,
their cross sections are much too small.

V. CONCLUSIONS

A more complete picture of the process of elec-
tron production is now emerging. The well-known
direct-impact mechanism in which energy is trans-
ferred from the incident projectile to an electron
in the target, which then escapes in the field of the
residual ion, is described by the Born approxima-
tion and somewhat less accurately by the binary-
encounter theory. But even for an incident particle
as simple as a proton there are additional mecha-
nisms operating. Auto-ionization and Auger effects
contribute appreciably to the ionization and cannot
be neglected except for one-electron targets. Now
another mechanism, charge transfer into continuum
states, has been shown to be operating, and at
least one additional mechanism is needed to explain
all of the experimental results presented here.

For the single-shell targets, hydrogen, and helium,
simple scaling has been shown to work quite well.
This indicates that the ionization process is largely
independent of the exact form of the wave function.
However, for multishell atoms the scaling is too
crude, and a better representation of the wave func-
tions of such atoms is needed. The mechanism of
charge transfer into continuum states explains the
previous large discrepancy in the forward direc-
tion, but the formal theories agree only qualitatively
with experiment, and an accurate quantitative treat-
ment is still lacking.

While we now understand the mechanism of elec-
tron production at small and intermediate angles,
there appears to be an as yet unknown mechanism
operating which produces much larger than expect-
ed cross sections at large angles, especially with
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multishell targets. We have speculated that this
mechanism may be the simultaneous ejection of
more than one electron from an atom.

For multishell atoms, both the Born and the bina-
ry-encounter theories yield reasonable energy dis-
tributions using simple scaling but the angular
distributions are poorly described. Again, the
Salin and Macek theories yield improved results

RUDD, GREGOIRE, AND CROOKS 3

in the forward direction, but the agreement here is
much less satisfactory than for single-shell atoms.
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The population changes in various rotation-vibration levels of CI-13C135 were measured by

microwave absorption in the presence of P(26) CO,-laser radiation.
in the laser absorption was identified as %Q;(6).

The transition involved
The polarities, strengths, and relaxation

times of the double~resonance signals on various microwave transitions were measured.
These data were evaluated for information on collisional transfer between rotational levels,
vibrational levels, and on the equalization of the rotational temperature between adjacent J
levels. Collisional excitation of the isotopic species CH3C137 was observed. Vibrational re-
laxation from the vg=1 state shows a smooth transition from diffusion to the walls at low pres-

sure to thermal diffusion at high pressure.

The conversion between vg=1 and v3=1 was shown
to occur in either direction with a probability of about 1-in-300 per collision.

The vg=1 vibra-

tional satellite of the pure rotation spectrum in CH3Cl was shown to be irregular and the double~
resonance method was used to assign the transitions J; 4, K=4, vg=1 and J;_¢, K=1=+1, vg=1.

I. INTRODUCTION

The coincidence in frequency between various
lines of the CO, laser with the rotation-vibration
bands of several molecules opens the way for in-
teresting spectroscopic measurements.

The laser radiation selectively transfers the pop-
ulation in specific rotational states from the vibra-
tional ground state to vibrationally excited states.

It is possible to determine the exact transitions by
probing the participating rotational energy levels by
means of microwaves while the laser is transmitted
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