
PHYSICAL REVIEW A VOLUME 28, NUMBER 6
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It is shown that Compton profiles (CP) can be measured by inelastic ion-electron scattering.
Within the impulse approximation the binary-encounter peak (BEP) reflects the CP of the target
atom whereas the electron-loss peak (ELP) is given by projectile CP's. Evaluation of experimental
data reveals that inelastic ion-electron scattering might be a promising method to supply inelastic
electron or photon scattering for the determination of target CP's. The measurement of projectile
CP's is unique to ion scattering since one gains knowledge about wave-function effects because of
the high excitation degree of fast heavy-ion projectiles.

I. INTRODUCTION

II. BINARY-ENCOUNTER PEAK

It has been demonstrated in Ref. 1 that in case of in-
elastic ion-electron scattering the double differential cross
section (DDCS) for electron emission can be written (in
a.u. )
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Very recently it has been demonstrated that the so-
called binary-encounter peak (BEP) in ion-electron scatter-
ing can be used to extract Compton profiles (CP), i.e., pro-
jected momentum distributions of target electrons. '
Whereas measurements of this kind are a well-established
technique in inelastic electron-electron scattering, ' the
corresponding possibilities in ion-electron scattering have
apparently not been recognized though they offer some
advantage compared to electron-electron scattering. Espe-
cially in Ref. 1 it has been emphasized that Compton pro-
files from ion-electron scattering are by far less sensitive
to multiple scattering than those from electron-electron
scattering. It is the purpose of this paper to elucidate
furthermore this technique by evaluating both our own ex-
periments and those of other authors. Especially in the
latter case it is shown that CP's with good accuracy are
obtained though the experiments have been done without
the aim to extract CP's.

In the following two paragraphs both the BEP and the
electron-loss peak (ELP) are analyzed in terms of CP's. In
the former case electrons from gas targets are ejected by
the interaction with bare energetic ions, in the latter elec-
trons are ejected frozen highly ionized projectile ions by the
interaction with gas targets.
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where 8 is the electron emission angle and
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the elec-
tron binding energy. Equation (2) has several conse-
quences on the behavior of the BEP. Its maximum is
given by p, =0, i.e., E,„=Zv cos 8—2
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. Since usual-
ly the BEP is composed by several initial electron state
contributions, each individual Compton profile is shifted
by 2

~
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to lower energies. This means in general asym-
metric BEP's. The width of the BEP results from a kind
of Doppler broadening, i.e., is given by p, v and thus is in-
dependent of the electron emission angle 0, in contrast to
the BEP of electron-electron scattering. Interestingly,
Eq. (2) is a quadratic function of k which in turn leads to
an extremum of the electron energy E as a function of p, .
Correspondingly the BEP has a minimum on the lower
energy side whose position and depth is determined by the
Rutherford cross section. Figure 1 shows the BEP for
different projectile velocities v (in a.u. ) according to Eq.
(1). It is evident from Fig. 1 that the minimum is filled
up with decreasing projectile velocity v until the peak is
not visible any more. Figure 2 shows a collection of ex-
perimental results from Rudd et al. and Toburen and
Wilson for protons on H2. Figure 2 was taken from a re-
view article of Rudd and Macek and the data clearly cor-
roborate the prediction of Fig. 1.

In the following we present CP's for He and Ar which
we have gained from the experimental work of Rudd
et al. Figures 3 and 4 show CP's of He obtained by 1-
and 1.5-MeV protons, respectively. Figures 5 and 6
represent Argon profiles by 1.5- and 3-MeV protons. For

Here k is the final electron momentum (E = —,
' k ), Z~ the

projectile charge, p the initial electron momentum, and e
the inelastic energy transfer. JT(p, ) is the so-called
Compton profile of the target for a fixed z component of
the intrinsic momentum p. (do/de)R is the Rutherford
cross section for an electron which receives a momentum
transfer k by a projectile of velocity v. Deriving Eq. (1)
it has been assumed that
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and that the final
electron state is approximated by a plane wave. The 5
function of Eq. (1) keeps the z component of the intrinsic
momentum p constant:
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FIG. 1. BEP for different projectile velocities v (a.u.). Both
double differential cross section d2o. /dEdQ and energy E are
scaled in a suitable manner.

FIG. 3. Compton profile of He from 1-MeV protons and dif-
ferent electron emission angles 8, Ref. 8. Solid curve is a
theoretical Compton profile from Ref. 9 which is based on
Hartree-Fock calculations.
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comparison the solid lines in Figs. 3 and 4 are CP's from
Hartree-Fock calculations. Figures 5 and 6 demonstrate
the effect of asyinmetry due to different shell contribu-
tions; whereas the broken curves are CP's without the in-
corporation of the binding energies

~
e; ~, the solid lines

are CP's which include this binding effect. Figure 7
shows more clearly the individual shell contributions and
their shift e;

~

Iv. It is evident from Figs. 5 and 6 that
the data favor the shifted profiles. It should be strongly
emphasized that the comparison of experimental data and
theoretical CP's in Figs. 3—6 is on an absolute scale:
DDCS's of Ref. 8 and their energy scale have been con-
verted to JT(p, ) and p, without any adjustable parameter.
This means that especially for the He data the absolute
cross section must be correct within 5% which is an
admirable accuracy.

Figure 4 suggests that the overall agreement between
experimental data and theoretical CP's would be better if
the theoretical profile is shifted slightly to lower p, values.
The reason for this difference could either be an experi-
mental error of the energy calibration or a theoretical
discrepancy which relies on the impulse approximation of
Eq. (I). It is well known that both conventional photon
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FIG. 2. Absolute electron emission cross sections for protons
on H2 from Ref. 7 which demonstrate the diminution of the
BEP with decreasing projectile velocity.

0.0
-4 -3 -2 -I 0 I 2 3 4

P,

FIG. 4. Same as Fig. 3 but for 1.5-MeV protons.
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FIG. 5. Compton profile of Ar from 1.5-MeV protons and

different electron emission angles 0, Ref. 8. The curves are

theoretical Compton profiles from Ref. 9 which are based on

Hartree-Fock calculations. Solid line: binding-energy shift in-

cluded. Dashed line: without binding-energy shift.

Compton scattering' and inelastic electron-electron
scattering" lead to a so-called Compton defect, i.e., a de-

viation of the CP maximum from the value expected by
the impulse approximation. Figure 8 shows that this ef-

fect occurs in ion-electron scattering, too. Here, we com-

pare a hydrogeniclike CP of He (solid curve) and the CP
due to Eq. (1) for which the DDCS had been calculated by
the exact first Born approximation' with the same hydro-
geniclike momentum distribution (broken curve). The
Born approximation was calculated for 1.5-MeV protons
at an emission angle 0=30'. The corresponding momen-

tum shift
~

E;
~

/U=0. 258 has been taken into account.
The unusual behavior of the broken curve at negative p, -

values is a relic of the double-valued connection between

p, and k of Eq. (2) and signifies a break down of the im-

pulse approximation. More important the comparison re-

veals a slight shift of the impulse approximation in analo-

gy to the above-cited Compton defect. Though this shift
has the same direction and is of the order of that in Fig. 4
it is doubtful if this is the correct interpretation since Fig.
5 does not show a comparable effect. Nevertheless, we

found it worthwhile to mention this difference between
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FIG. 7. Shell contributions to the total Compton profile of
Ar. The individual contributions are shifted by

I
e;

I
/v and

summed: solid line. Compton profile without binding- energy

shift: dashed curve.

the impulse approximation and the first Born approxima-
tion.

We should stress that in general the agreement between

theoretical CP's and experimental data is quite good at the

right side of the spectra whereas the lower energy side re-

veals a major discrepancy. It seems that this difference
increases with decreasing emission angle t9. Figure 9
shows an example of our own work, where the CP of
solid-state carbon has been obtained from 22-MeV pro-
tons. For experimental details see Ref. 1. In contrast to
Ref. 1 the theoretical curve has been corrected for a slight

change of the Rutherford cross section across the profile.
It is seen that some unexplained intensity exists at the
lower energy side also. The approximate representation of
the final electron state by a plane wave might be improved

by an additional Coulomb factor 2n.y[1 —exp( —2n.y)]
in Eq. (1) with y =Z,rr/k. Here Z,rr is an effective charge
of the target nucleus which determines the electron

scattering in the final state. The rather good agreement
between the theoretical CP and the experimental data
points of Figs. 5 and 6 yields an upper limit Z,rr= 1 for
Ar. This small effective charge prohibits any strong
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FIG. 6. Same as Fig. 5 but for 3-MeV protons.

FIG. 8. Compton profile of He: solid line. Compton profile

of He, deduced from Eq. (1) for a double differential cross sec-
'ion obtained from Ref. 1. Born approximation: dashed line.
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FIG. 9. BEP from 22-MeV protons on solid-state carbon at
an emission angle 0=5'. For comparison the double differential
cross section due to Eq. (1) for a solid-state Compton profile
(solid line). For details see Ref. 1.

change of the Coulomb factor across the CP which could
explain the low-energy enhancement. In addition, the in-

troduction of a similar Coulomb factor for electron
scattering in the projectile field' could explain the angu-
lar behavior of the unknown intensity but fails quantita-
tively: The proton charge is too small to give any remark-
able effect at the position of the BEP. Though there
remain some unexplained features at the left side of the
CP's, we believe that with increasing accuracy target CP's
can be measured comparible to those from electron-
electron scattering.

III. ELECTRON-LOSS PEAK

A further unique feature of ion-electron scattering is
the possibility to obtain CP s from projectile ions in vari-
ous stages of excitation. To do that one has to measure
the ELP which occurs at k =v and corresponds to the
BEP in the projectile rest frame. It is easy to show that
within the impulse approximation of Eq. (1) the corre-
sponding DDCS for the ELP is given by
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Here (do/dQ), is the cross section for elastic scattering
of an electron with velocity v at a target nucleus with
charge ZT. Though Eq. (3) has been derived imagining
the ELP as the BEP in the projectile rest frame, it has
been shown by Jakubassa' that Eq. (3) holds even if
Zz & ZT. If at large velocities v the Born approximation is
valid, screening of the ionizing target nucleus is easily in-
corporated by substituting in (do/d0), the charge Zr by
ZT —F(q), where F(q) is the coherent atomic scattering
factor' and q=2v sin(8/2) the elastic momentum
transfer.

FIG. 10. Comparison of experimental ELP data (Ref. 16)
with CP's from Hartree-Fock calculations of the neutral neon

atom (Ref. 9). The energy position of the CP has been adjusted
as described in the text. Individual shell contributions of the

(1s) (2s)' Ne + state are shown.
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FIG. 11. CP's with hydrogenic 2s contribution for various
inner-screening constants o..

Figure 10 shows experimental results from Prost
et al. ' for the ELP from 200-MeV Ne + on Ne at
8=30'. The solid curves are obtained from Eq. (3) where
the neutral Hartree-Fock CP's (Ref. 9) have been shifted

by the ionization energies of the highly ionized Ne +

ion. ' In Fig. 10 the position of the neutral neon CP is in-

dicated by an arrow which demonstrates the drastic ener-

gy shift due to the large excitation stage. In order to coin-
cide experimental data points and theoretical curves an
additional shift of about 50 eV had to be applied. This
shift may indicate a Compton defect as discussed with
reference to Fig. 8. Figure 10 clearly demonstrates that
the large ionization degree not only shifts the CP's to
lower electron energies but also that the CP's from
Hartree-Fock calculations for neutral atoms are too nar-
row. Since the CP is dominated by the contribution of the
remaining 2s electron in Ne + we have recalculated the
ELP with a hydrogeniclike CP for the 2s state where we
have replaced the nuclear charge Z& by Zz —o. Figure 11
shows resulting ELP's with the screening constants o.=O,
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2, and 4. While cr =4 represents the Hartree-Fock calcula-
tion for the neutral atom very well, a fact which is well
known from conventional y-Compton scattering, ' the
pure hydrogenic case (a=0) is too broad. In contrast,
o.=2 reproduces the experimental data fairly well. In
fact, o =2 coincides with the naive picture that the two ls
electrons of Ne + completely screen two nuclear charges
for a 2s electron.

IV. CONCLUSION

In conclusion the DDCS of the BEP is given by the
Rutherford cross section of scattering an electron with ini-
tial momentum p into dQ by a projectile with charge Zz

and velocity v times the probability that an electron with

momentum p exists. The ELP is either understood as a
BEP in the projectile rest frame or as the elastic scattering
cross section for an electron with initial velocity (v+p)
by a screened target nucleus ZT into d Q times the proba-
bility that such an electron exists. ' In both cases it fol-
lows from energy and momentum conservation that the
probabilities are represented by CP's.

In this 50th anniversary year of Bethe's famous review
article in Handbuch der Physik on one- and two-electron
atoms, it might be appropriate to remember that the CP's
are nothing more than the Bethe-ridge of the generalized
oscillator strength.
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