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The electron-impact energy-loss spectrum of He at a scattering angle of 7' has been mea-
sured with an energy resolution of 2.7 eV full width at half-maximum using 25-keV incident
electrons. A binary-encounter approximation was used to obtain the electron Compton pro-
file from the cross-section differential with respect to both the energy loss of the incident
electron and solid angle of the scattered electron d o./dF. dQ. The electron Compton profile
was corrected for interference scattering from pairs of target electrons and exchange. It was
then compared to theoretical and x-ray experimental values for the Compton profile. The ef-
fects of background, multiple scattering, and energy resolution are discussed. The electron-
impact and x-ray methods for measuring Compton profiles are compared.

I. INTRODUCTION

In 1923 Compton' reported that the spectral line
of the inelastically scattered x rays was significant-
ly broadened, and Du Mond in 1929 derived a
Doppler-broadening theory which pointed out that
Compton scattering should be ideal for the mea-
surements of momentum distributions of the elec-
trons in mol. ecules. But it has only been recently' '
that such experiments mere performed mith a high
enough accuracy to make meaningful comparisons
between theory and experiment. An excellent re-
view of the literature up to 1971 has been given by
Cooper. ' All. recent studies have been performed
using x rays, although a,s Hughes and Mann'0 showed
in 1938 the energy spectrum obtained from electron
scattering shows the same characteristic Compton
profile. They did not, however, obtain good agree-
ment with the theory"'2 which Duneanson" as-
cribed to multiple scattering. This discouraged
all further work using electron sources, which was
unfortunate, and the authors will. attempt to show,

using He as an example, that high-energy-electron
spectroscopy is in most aspects superior to photon
scattering.

II. EXPERIMENT

The high-energy-electron spectrometer used in
these studies has been partially described in an
earlier paper. '4 The present apparatus is essen-
tially identical. to that given in Ref. 14 with the
solid-state detector replaced by an electrostatic
differential velocity analyzer of the Mollenstedt
type" which had an optimum resolution of at least
l. 5x10 ' [0.4 eV full width at half-maximum
(FWHM)/25 keV]. An incident electron beam in-
tensity of 200 pA obtained f rom a telefocus elec-
tron gun' with a diameter of 400- p, FWHM was
al.lowed to impinge at a right argle on a. gas jet with
a nozzle diameter of 125 p, , and a flow rate of 1.6
&&10 He atom& per second. The optimum vacuum
of the scattering chamber, which had a pumping
speed of about 15000 liter/sec, was 3&& 10 7 torr
and increased to 4&&10 torr during an experiment,



COMPTON SCATTERING OF HIGH-ENERGY ELECTRONS. . . 1569

a
(I
~l

a
II
n1.2~104- 'i

II
(I
II
I
(I

(D 0

0.8- ii
III(
0

0.4 —',i,j
I/ iI
I I li
&1 n- bi&.
I ilM.
I II i
&I

0 ~i!
0

Helium
E. =25 keV
e'=7'

200 400 600 800

ENERGY LOSS (eVI

- 4.0

3.0 LIJ

-2.0

1.0

FIG. 1. Electron-impact energy-loss spectrum of
helium, taken with 25-keV incident electron, at a scatter-
ing angle of 7, with a r solution of 2. 7-eV FWHM. The
spectrum consists of the following features: The elastic
line at an energy loss of 0 eV, the Compton profile with
its peak at - 230 eV, and a structure between 20 and 50
eV due to multiple scattering. See text for a detailed dis-
cussion.

while the differentially pumped analyzer chamber
remained at 8&&10 7 torr. With the electron gun
rotated to + 6. 91 and —7. 21, to test the symme-
try of the scattering apparatus, an energy-loss
spectrum was obtained over a 1-keV range at both
angles. The results are shown in Fig. 1. To in-
crease the count rate the energy resolution of the
velocity analyzer was decreased to -10 4 (2. 7-eV
FWHM/25 keV about ~~~ of the Compton profile
FWHM) and to compensate for long-range fluctua-
tions, data were collected in a signal averaging
mode using 256 channel, ". of a 512 multichannel
analyzer (Northern Scientific, Model No. NS 600).

'

The energy interval of one channel was about 4. 7 V,
and the dwelling time per channel was 0. 600 sec,
so that 16000 counts were obtained at the Compton
peak maximum after 30 sweeps taking a total of 80
min. The analyzer was calibrated by scanning the
elastic peak across the signal averager (into the
other 256 channels) using known bias voltages on
the center electrode of the analyzer. The measured
intensities had to be divided by the energy of the
scattered electrons (not the energy loss), a small
correction for the energy range used in this work.
This correction was pointed out by Kollath'7 for
other spectrometers and will be discussed in more
detail in a forthcoming paper together with the
energy calibration procedure. " By leaking gas
into the chamber elsewhere, the background spec-
trum was found to be about 80 counts per channel
and independent of energy. This was only slightly
more than the contribution from the noise pulses
of the silicon surface barrier detector.

The spectrum of Fig. 1 shows beside the elas-
tic line at 0 eV and the Compton profile, for which
the intensities were found to be proportional to
the gas density, a feature between 20 and 50 eV,
which was found to be proportional to the square

of the gas density. Furthermore, measurements
at zero scattering angle showed an identical pro-
file between 20 and 50 eV, indicating that this fea-
ture is a multiple scattering event involving a
nearly zero-angle inelastic scattering and a 7
elastic scattering. It has been shown' that the
ratio of total inelastic to total elastic cross sec-
tions is about seven, also the inelastic differential
cross section decreases by about two orders of
magnitude in the angular rarge from 0 to 0. 1'. '9

Hence this observed multiple scattering is the only
significant mechanism for multiple scattering cor-
rections to the observed cross section. The ratio
of double scattering to single elastic scattering at
7' was found to be 0.42%, producing a second
Compton profile, 0.42% as intense as the single
scattered profile, shifted by some 25 eV to the
high-energy-loss side.

III. THEORY

An approximate theoretical description of the
present experiment has been presented in detail
elsewhere. I The starting point for obtaining this
theoretical development was the first Born approxi-
mation for the total inelastic scattering including
all exchange effects. The exact first Born expres-
sion was developed in an expansion in powers of 5
where the zeroth-order term corresponded to a
quantum- m echanical binary- encounter model.
That is, a model in which each incident electron
is scattered by at most two target electrons and
conservation of energy and linear momentum are
satisfied for the initial collision only. The cor-
rections to the zeroth-order theory proportional
to A were investigated, and it was concluded that
they should be negligible in the angular range be-
tween 10 and 70 at an incident electron energy
of 25 keV.

The theory was simplified by introducing an
approximate factorization which separated the in-
terference and exchange corrections from the direct
scattering. The factorization guaranteed that. the
resultant approximate theory yielded the correct
results at both large and small scattering angles.
The approximate form can be written

day 2y [1 (E/2c )(1 g) ~
]

d& dE k(1 —P )E'(E) —(E'/4c )]'

xfZ(q) + Z, (q) ) E,„(q), (1)

where k, is the magnitude of the scattered wave
vector, k is the magnitude of the incident wave
vector, and K is the magnitude of the inelastic mo-
mentum transfer on scattering (K = k —k,). Note
that relativistic'definitions of 0, 0, , and E are
used throughout and all expressions are given in
Rydberg atomic units. , The quantity J'(q) is the
usual x-ray Compton profile defined as
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J(q) = 2mf dPPp(P),

with q= (- E+E )/2K, where E is the energy loss
on scattering, p is the target electron momentum
and p(P) is the one-electron momentum density of
the target. The third term in square brackets in

Eq. (1) is given for atomic hydrogen and for a
Hartree-Fock wave function for He as

J,(q) = —2~y(ff) J"dPP p[(p'+u'- rP)'", P], (2)

(2)

where f(K) is the one-electron x-ray coherent-
scattering factor, with f(0) =1, and pQ, p) is the
nondiagonal one-electron momentum density. The
exchange and interference correction E,„(q) can
be simplified in the limit of high-incident electron
energy and written approximately

(4)

where the first two terms on the right-hand side
of the equal sign have been given previously by
others3'+~ for the first-order differential cross
section and amount to about a 1—,'%%uo correction in
the present case.

It is useful to compare Eq. (1) with the corre-
sponding x-ray result

Jq+Jcq, 5

The experimentally determined background was
subtracted directly from the raw data, al.so the
elastic line was removed, and the double scatter-
ing feature was subtracted using the zero-angle
profile. This produced a 20'%%uo uncertainty below
50 eV in the remaining spectrum. The area under
the profile was normalized to the integral over E
of Eq. (1) using Ha, rtree-Fock values. The result
was then corrected for J,(q) and E,„(q). The result-
ing experimental J(q) function was then renormal-
ized so that J'"„dq J(q) = 2, the number of electrons
in the He atom. To check on the effect of the
systematic errors on large negative values of q,
the low- and high-. energy-loss sides were, after
the above normalization, integrated separately [i.e. ,
JO„J(q) dq and f '"

J(q) dq] and each was found to add

up to unity within the experimental accuracy.

where (da'/dA)» is the Thompson cross section
for electron-photon scattering, , is the energy
of the scattered x-ray photon, and w2 is the energy
of the incident x-ray photon. Note that the two
expressions differ mainly in the expressions for
the cross section for the single-particle scattering
(i. e. , electron-electron or Rutherford scattering
and electron-photon or Thompson scattering) and
in the presence of exchange and interference cor-
rections in the electron scattering case.

IV. DATA ANALYSIS AND RESULTS

Table I shows the j(q) values, which are the
average of the +6. 91' and —7. 21 measurements
for the low- and high-energy-loss side, and com-
pares them to theory and previous best x-ray and
y-ray data. The results appear to be, except for
the low-energy-loss side, in extremely good agree-
ment with theory.

V. DISCUSSION AND CONCLUSION

It might seem to be a strange procedure to first
normalize the data to the differential cross section,
which requires a knowledge of J(q); but as shown
in Table II these corrections are very small and
any reasonably good wave function will be sufficient.
As J(q) values are renormalized to two, only the
deviation in the percentage correction at different
parts of the Compton profile will effect the J'(q)
values. This relative correction is less than the
uncertainties in the profile, and omitting them
would not significantly change the final results.
Similar arguments hold for the background correc-
tion, which if omitted would only affect J'(q) at
large values of q, where the uncertainty is over
10%. The poor agreement with theory on the low-
energy-loss side is due to the fact that the binary
encounter theory does not include corrections for
contributions from bound-state transitions or the
threshold behavior in the energy-loss region of
the first and second ionization potentials. Accord-
ing to theory J'(q) decreases monotonically from a
maximum value at q= 0 to zero as + q approaches
infinity, but q & —2. 5 corresponds to an energy
loss of less than the first bound-state transition
and hence B o'/BQ BE has to vanish. To improve
the low-energy-loss side, the scattering angle
could be increased which would also shift the Comp-
ton profile away from the double scattering fea-
ture, but with a decreased count rate and an in-
creased exchange correction.

Having demonstrated that Compton profiles can
be measured to a high degree of accuracy by the
use of electron-impact spectroscopy, it will be
useful to compare the present technique with photon
Compton scattering. The experiment by Eisen-
berger' using x rays and Eisenberger and Reed's'
experiment using y rays represent the present
state of the art and have about the same statistical
accuracy as the present work and hence will serve
well for comparison. Table III lists the relevant
points for comparison.

Time Taken

This is the most striking difference, the electron
experiment was taken in less than»0 of the time.
Hence it would be feasible to increase the statis-
tical accuracy in the electron case to the 0. 1%
level, which would require a 2-yr experiment with
photon scattering.
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TABLE I. Comparison between Compton profiles for He, obtained from electron scattering, x-ray scattering, and theory.

Electron scattering
Low-energy- High-energy-

loss side loss side
x-ray scattering

Eisenberger

y-ray scattering
Eisenberger and

Reed"
Theory

Henneker'

0
0. 1
0. 2
0. 3
0. 4
0. 5
0. 6
0. 7
0. 8

0. 9
l. 0
1.2

1,4
1.6
1.8
2, 0
2, 5
3. 0
3. 5
4. 0

l. 070
l. 049
l. 018
0. 960
0. 890
0. 815
0.721
0. 626
0. 559
0.471
0.407
0. 298
0. 218
0. 163
0. 118
0. 089

l. 070+1.8%
1.050
l. 014
0. 949
0. 873
0.785
0. 703
0. 616+1%
0. 530
0.454
0. 388
0. 280
0. 197
0. 142
0. 102
0. 071
0. 033+5%
0. 014
0. 007 +10%
0. 002

l. 066+ 0. 7%
1.052
1.012
0. 954
0. 876
0. 789
0.700
0. 612
0. 527+1%
0. 448
0. 382
0. 275
0. 195
0. 137
0. 098
0. 067
0. 027 +10%
0. 008

l. 071+1.5%
1.058
l. 019
0. 958
0.881
0. 795
0.705
0. 616
0. 533+2. 3%
0.456
0. 388
0. 274
0. 188
0. 129
0. 093
0. 069
0. 030+15%
0. 013

l. 068
1.055
1.015
0. 954
0.876
0.788
0. 698
0. 609
0. 525
0.449
0. 381
0. 271
0. 191
0. 135
0. 096
0. 069
0. 031
0. 015

'Reference 3.
'Reference 7.

Multiconfiguration-self-consistent yield calculations;
see Ref. 23.

Experimental Parameters

These values are listed only for reference, and
it will be difficult to increase any of those signifi-
cantly to improve the experiment. (Stronger y
sources are available but difficult to handle. 7)

Beam Energy

The y beam and electron beam are essentially
monoenergetic; the Philo, KP contributions in the

y case result from the lead casing and seem to lie
below the Compton profile. The x-ray beam is a
doublet with a Bremsstrahlen background, both ot
which can be corrected for, but any procedure of
this kind will increase the uncertainty. The main
advantage of electrons over the photons in the
present case is provided by the difference in scat-
tering power for the two particles as given by the
ratio of Rutherford to Thompson cross section
which is about 10'. If the electron experiment is
performed at larger angles, this advantage will
decrease as sin' —,'8, where 8 is the scattering
angl. e.

Background

While the background correction was one of the
major difficulties in the x-ray experiment, it rep-
resents no problem in the-y-ray and electron ex-
periments. The extremely low background in the
electron experiment (most of it is detector noise)
is due to the small scattering volume of approxi-

mately 1 mm (the analyzer entrance window was
1 m away from the scattering center) and the use
of a double-aperture system which limited the an-
gular acceptance region to the scattering volume.

Resolution

Both photon experiments had rather poor energy
resolution, and corrections to the experimental
data had to be made to remove the effect of finite
energy resolution. No correction was necessary

TABLE II. The theoretical percentage corrections for
the interference scattering from pair of electrons J~(q)
and the exchange factor E,„(q).

q J(q) J (q)/J(q) &&100

~ 2
—1.5
-1,0
-0.5

0. 0
0. 5
l. 0
1.5
2. 0
2, 5
3. 0
3. 5
4. 0

0. 089
0. 185
0.407
0. 815
1.070
0.785
0. 388
0. 169
0, 071
0. 033
0. 014
0. 007
0. 002

—2. 6
~ ly 2
—0. 6
—0. 3
—0. 2
—0. 1
—0. 2
—0. 3
-0, 3
—0. 5
—0. 7
—1.5

(F „—1)100 EJ(q)/J(q)100

—l. 5
—0. 4

0
0

—1.5 0
0. 2
0. 4
0. 5

—1 0. 6
0. 8
0. 6
0. 5
1.0

'This correction is defined as EZ(q)/J(q) = ({[J~(q)/Z(q)]
+[E (q) —]]—[J,(0)/Z(O)] —[E (0) —1]))&& 100, because of
the renormalization of the profile.
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TABLE III. Comparison of x rays, y rays, and electron experiments.

Time taken for experiment
(hours)

Experimental parameters:
Source strength, particles/sec
Beam energy (keV)
Energy spread of beam
Beam structure
Gas pressure
Solid angle of analyzer

Cross section (cm )

Background

Relative resolution:
Analyzer iFWHMi/Compton profile (FWHM)

x rays

= 150

5 x 10~4

17
Q i& Oi2

K&, Bremsstrahlen
450 lb/in.
+3', +0.1'

10-25

guessed

50/250= 0. 20

p rays

—150

4 x1010
160

monochromatic
Pb K~ Eg

525 lb/in.
g 40 g4o

10«25

measured
600 counts/channel

470/2100= 0. 22

Electrons

3 x10"
25

0. 40 eV FWHM
none

= 0. 3 torr
+0. 04', + 0. 0025'

10-21

measured
80 counts/channel

2. 7/270 = 0. 01

in the electron experiment, as the error is approxi-
mately proportional to the square of the ratio of the
FWHM of the energy resolution to the FWHM of the
Compton profile, i. e. , 0.01/c. If the FWHM of the
energy resolution is increased to the level of the
photon experiment, the count rate would increase
by a factor of 400; as the Mollenstedt analyzer ef-
ficiency increases with the square of the resolution.
This, in effect, means if the resolution of the pho-
ton experiments is used, that the same experimen-
tal data could be taken in 12 sec, and that only 2. 0
mmole of sample per valence electron would be
required. Note, however, that the amount of sam-
ple required is strongly dependent on the size of
the largest atom in the target. If the correction
given in Eti. (8) is to be maintained at the I/&& level
or less, then for the first two rows of the Periodic
Table (Z & 18) the amount of sample needed rela-
tive to hydrogen is roughly proportional to N ',
where N is the number of electrons in the largest
atom in the target.

These comparisons were made using the He ex-

periments, but they will apply for other atoms and
molecules as well. As the atomic number g in-
creases, both experiments, although for different
reasons, become more difficult, in spite of the
fact that the Compton-scattering cross section in-
creases proportional to Z. In the photon case, the
photoelectric effect attenuates the beam approxi-
mately proportional to Z4/E, where Z is the
atomic number and E is the incident energy before
it reaches the observed scattering volume. Hence,
the experiment gets rapidly more difficult. The
y-ray experiment gains a factor of =103 advantage
over the x-ray experiment because of its higher
energy. ~ In the electron case, the angle where the
J,(q) correction is negligible becomes larger and
the Compton cross section decreases by sin —,'8.

From this work it should appear that the elec-
tron-scattering experiment is, at least for light
atoms, more suitable for Compton-profile mea-
surements on single atoms or molecules than the
x-ray and y-ray experiments. Measurements on
other atoms and molecules are in progress.
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