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Influence of the projectile field on free target electrons
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The spectral distribution of loosely bound target electrons emitted in collisions with fast bare projec-
tiles is described in terms of electron capture to the projectile continuum. Comparison with experimen-
tal data on electron ejection from He by 1—5-MeV/amu H+, C +, 0'+, and F + impact into forward
directions shows that the impulse approximation for rearrangement is able to describe the shape of the
energy distribution not only at the cusp, but also in the binary-encounter region and beyond. The results
of the post form of the impulse approximation are discussed in relation to the first-order Born approxi-
mation, the continuum distorted-wave theory, the fully peaked prior impulse approximation, and in par-
ticular the recently presented distorted-wave strong-potential Born approximation.

PACS number(s): 34.50.Fa, 34.70.+e

I. INTRODUCTION

The spectroscopy of electrons emitted in energetic
ion-atom collisions is a powerful tool to gain insight into
the collision dynamics and into the electronic structure of
the collision partners. Apart from the high intensity of
low-energy electrons, the energy distribution of ejected
target electrons shows two features, the forward peak or
"cusp" at an energy EI=v /2 for emission angles 8&
close to zero degrees, and the binary-encounter peak near

EI = 2U cos 8&+E; where U denotes the collision veloci-

ty and E; the bound-state energy of the electron under
consideration. These structures in the doubly differential
cross section for electron ejection provide a sensitive test
of the theoretical models. While it had been realized long
ago that the forward peak requires a higher-order theory
which accounts for the final-state interaction with the
projectile [1,2], the binary-encounter peak is convention-
ally described by the first-order Born approximati. on for
direct ionization [3].

Stimulated by recent experimental investigations [4,5]
of the binary-encounter peak which revealed deficiencies
of the Born approximation concerning the precise peak
position, theories have been put forth which consider the
inAuence of the projectile field on the binary-encounter
electrons and hence allow for a unified description of
both features in the electron spectra. Two types of
theories may be distinguished which include the interac-
tion between the electron and the bare projectile nonper-
turbatively in the electronic final state. To the first type
belong the distorted-wave theories which represent the
final electronic state by a product of eigenfunctions to
projectile and target like the continuum distorted-wave
(CDW) approximation [6,7] or the distorted-wave im-
pulse approximation [8]. What these theories have in
common is that they consider the final-state interaction
with both projectile and target field nonperturbatively,
which implies that they not only can account for the for-

ward peak, but also tbat they are able to reproduce the
intensity of the low-energy electrons. However, the
deficiency of this type of theories which satisfy the
correct asymptotic Coulomb boundary conditions at the
expense of being not quite accurate in the interaction
zone becomes evident when one of the nuclear fields is
strongly dominating. For example, the CDW theory
does not correctly reproduce the cusp asymmetry.

The second type of theories neglects the target
inhuence on the electronic final state completely. To
these belong the first-order (Brinkman-Kramers) theory
for rearrangement which, however, not only fails to de-
scribe the cusp asymmetry but also overestimates sys-
tematically the binary-encounter peak intensity [9].
More advanced theories are the impulse approximation
(IA) [10—12] where the electron transfer proceeds via an
intermediate projectile eigenstate (post IA) or target
eigenstate (prior IA), and the distorted-wave strong-
potential Born (DSPB}theory [13]which accounts for the
off-shell propagation of the electron in its intermediate
state. These theories are able to describe the cusp asym-
metry and the binary-encounter peak intensity [9,11],but
fail to reproduce the low-energy part of the electron spec-
tra. This is so because the low-energy electrons are dom-
inated by the target field, while the binary-encounter elec-
trons are basically field-free such that their intensity can
rather well be described by the plane-wave Born or
binary-encounter approximation [4]. It should be noted,
however, that full peaking approximations may change
these properties of the IA or DSPB. For example, the
fully peaked prior IA rather belongs to the first type of
theories (it has originally been derived from a high-
energy CDW formulation [1)},and hence is fairly good in
describing the low-energy electrons.

In the present work, the post impulse approximation
which up to now has mostly been applied to cusp elec-
trons, is used for the interpretation of the high-energy
part of the electron spectra (E& &0. 1 keV) for forward
emission angles up to 60. In Sec. II, this theory is com-
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pared with the DSPB approach with particular emphasis
on the peaking approximations and wave-function
prescriptions used in the actual calculations [9,11]. In
Sec. III, the post IA is tested against the experimental
data [4,14—18] and compared with first-order Born, fully
peaked prior IA and available CDW results [19—21]. A
summary is given in Sec. IV. Atomic units
(6=m =e = 1) are used unless otherwise indicated.

II. THE POST IMPULSE APPROXIMATION
AND THE DSPB APPROACH

The impulse approximation is a theory well suited for
the description of electron transfer in fast collisions be-
tween asymmetric collision partners with Z~ ((ZT or
Zz )&ZT where Z~ and ZT are the nuclear charges of the
projectile and the target. It is a first-order perturbative
theory in the weaker of the two potentials, Vz and VT,
which act on the electron. Consequently, the IA exists in
two nonequivalent forms, the prior form for Z~ & ZT and

the post form for Zz ~ZT, which at asymptotically high
collision velocities v both coincide with the second-order
Born theory for rearrangement. For heavy projectiles
(Zr ZT), electron transfer to a projectile continuum
state is described in the following way. The active elec-
tron, being dressed with the projectile field and having a
momentum q', scatters inelastically on the target core po-
tential VT. The distribution of q is obtained from the in-
itially bound target state g; in momentum space. In the
semiclassical independent-particle approximation, the
transition amplitude reads

t2p,
"'"= i—f" « f dq'&tl(flI'rl1(, &&q'lp; ), (2.1)

where
~

q' ) is a plane wave of momentum q' in the projec-
tile frame of reference, and t/rq. and |(f are continuum
projectile eigenstates with momenta q' and ~f =kf —v,
respectively (kf is the electron's final momentum in the
target frame of reference}. Using a straight-line path for
the internuclear motion, the doubly differential cross sec-
tion can be written in the following way [11]:

d 2&Post IA

f d q 5(qv+ kf /2 E, )
~ f d—s p; (s+v) VT(q+ kf —v —s)M(q, s)

~dEf Qf v
(2.2)

where we have introduced the Fourier transform VT of
the target core potential, the collision velocity v, and the
initial-state energy E, . The scattering matrix element is
given by

M(q, s}=& 1(af(r) ~e ~P, (r) ), (2.3)

where for a bare projectile, the intermediate state p, is an
incoming Coulomb wave

P, (r) =(2n. )
~ N(ri, )e"',F,(i'„l, i(sr —s r)),

(2.4)
N(ris) =e * I (1 i g, ), —

with ri, =Zp/s and, Ft a confiuent hypergeometric func-
tion.

For the evaluation of (2.2), a peaking approximation
can be introduced since for light targets, the bound-state
momentum distribution tIp;(s+v) is strongly peaked at
s = —v. The so-called full peaking approximation which
would consist in replacing s by —v in M(q, s) can, how-
ever, not be used because it would make the cross section
diverge. A more sophisticated approximation is the so-
called transverse peaking approximation which only
affects the components of s perpendicular to v. This
peaking is applied to P, (r) and consists in the replace-
ment s~s, e, (e, being a unit vector in beam direction) in

g, as well as in the argument sr —s.r of the function, F&.
Since the phase factor exp(is r) is canceled .by the transi-
tion operator in (2.3), the transition matrix element
M(q, s) will then only depend on s„while the remaining
integral in (2.2} over the transverse components sj can be
done analytically [11]. This transverse peaking does not
restrict the validity region of the post IA.

The distorted-wave strong potential Born theory is also
a first-order perturbative theory in the weak target field,
but in contrast to the IA, it includes distortion potentials
in the initial and final channels and treats the intermedi-
ate electronic state off-shell [13]. An exact evaluation of
the DSPB is even more involved than is the case for the
IA. Hence the approximations made in the numerical
calculations [9] concern the neglect of off-shell effects and
distortion potentials after the elimination of the singulari-
ty in the elastic channel [13],such that the DSPB in fact
reduces to the post IA, Eqs. (2.2)-(2.4). In their best ap-
proach, termed "DSPB without peaking, " Brauner and
Macek [9] apply two further approximations: In the in-
termediate state (2.4}, they make the full peaking s = v in
g„and the transverse peaking s = —se, = s, ~

in part of
the argument of the hypergeometric function. Hence, the
actual DSPB results are obtained from (2.2) and (2.3)
with the approximate function

P, (r)=(2m. ) N(g„)e"',F, (ig„, l, i(~s, ~r
—s r)),

(2.5)

where ri, =Zp/v. As compared to the transverse peaked
IA which has numerical instabilities in the cusp region
due to a strong singularity in the integrand (we had to ex-
trapolate the cross sections at zero degree from those at
larger angles), the above DSPB approach allows for an
analytic evaluation of the s integral (at the expense of a
one-dimensional auxiliary integral) and hence facilitates
the calculations considerably.

In Fig. 1 results from the transverse peaked post IA
and the DSPB approach are compared with each other
for 1.5-MeV/amu H+ and F + on He at an emission an-
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gle of zero degree. In order to exclude wave function
effects in the comparison of the two models, the Bates-
Griffing prescription [3] which had been chosen for the
DSPB is also taken for the IA, implying the use of a hy-
drogenic target wave function as well as a hydrogenic tar-
get core potential with an effective charge ZT ff

=(2~E;~)' =1.345. In fact, due to the difFerent type of
peaking approximations, the two theories differ consider-
ably, both in predicting the electron yield (except in the
region of the binary-encounter peak at 3.15 keV) and the
cusp asymmetry. This behavior can readily be under-
stood from investigating the validity of the full peaking
approximation of the DSPB in the principal region of the
s integrand in (2.2). The binary encounter peak, for ex-
ample, is obtained by setting s+v=0 in the bound-state
function q&; (s+v) together with q= —kf where (for
s= —v) the target potential Vr(q+kf —v —s) is peaked.
From the energy-conserving 5 function one then obtains
the approximate binary-encounter energy
kf/2=Ef =2U cos 8f+E; Also. the matrix element

M(q, s) is peaked for this choice of momenta [11].
Hence, the full peaking approximation is very good in the
vicinity of the binary-encounter peak, and the two
theories give similar results.

The situation is different for electrons at lower energy.
Let us select the cusp region with kf =v. From the 5
function it follows that q= —v/2 (for ~E; ~

small) and
hence s= —v/2 from the maximum of the target poten-
tial. Additional consideration of the peaking condition
[11]of the matrix element, s q=q /2, will lead to a fur-

ther reduction of s. Hence, the full peaking approxima-
tion is rather poor. Taken into consideration that the
normalization factor N(g, ) of the Coulomb wave P, de-
creases in magnitude when s is increased, the full peaking
(i.e., DSPB) results are expected to be below the trans-
verse peaked IA results (which permit a variation of s in
the direction of v), the more, the larger Z~. This is
confirmed in the calculations of Fig. l, and also by
artificially restricting the s, integration in the transverse
peaked IA to the interval (

—2U, —0.7U) instead of using
the interval (—2U, —0.25U) which is sufficient for good
convergence. For both projectiles, this restriction
changes the binary encounter peak intensity by less than
5%, but leads to a reduction of 20—45% for Ef ~2. 3
keV. Of course, the deficiencies of the full peaking ap-
proximation are the less severe, the higher the impact en-
ergy.

Having investigated the effects of the peaking approxi-
mation we now turn to the sensitivity of the numerical re-
sults to the choice of wave functions and potentials.
Rather than using the Bates-Griffing hydrogenic model,
one should employ the Hartree-Fock prescription for the
two-electron helium target. Transverse-peaked post IA
calculations with a Clementi-Roetti bound-state function,
an efFective screened helium core potential [11],and the
experimental binding energy (E, = —0.918 a.u. ) are in-
cluded in Fig. l. It is readily seen that the so obtained
cross sections (which are in good agreement with experi-
ment except below the cusp where the capture to contin-
uum prescription begins to fail, cf. Fig. 2) are in general
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FIG. 2. Doubly differential cross section for
1.5 MeV/amu (v =7.75 a.u. ) and 2 MeV/amu
(v =8.95 a.u.) F ++He and H++ He collisions
at forward direction (8f =0'). Experiment: ,
Lee et al. [4], Lee and Richard [14].
Theory: transverse peaked post IA,
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lar acceptance of 80=0.6' (which is an average
of the strongly nonisotropic experimental an-
gular acceptance). ———CDW-EIS calcula-
tion of Fainstein, Ponce, and Rivarola [19]
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much larger than the hydrogenic results. In order to
separate the influence of an improved wave function from
the influence of the screening in the potential, we have
tentatively used a hydrogenlike wave function but a
screened helium core potential for H++He. The corre-
sponding results lie for most electron energies about half-
way between the hydrogenic and the nonhydrogenic IA
cross sections (except at the binary encounter peak where
they are about 10% below the nonhydrogenic results),
demonstrating that a proper choice of wave function and
potential is equally important. The large difference be-
tween the results from an improved target prescription
and the hydrogenic case persists when the collision veloc-
ity is increased, such that an influence from possible inac-
curacies of the transverse peaking approximation can be
excluded. Rather, as has been pointed out by Madsen
and Taulbjerg [22], electron emission in the region well
below the binary-encounter peak is governed by the ex-
treme wings of the target Compton profile. These wings
are very sensitive to the prescription used for the target
atom, and so are the corresponding electron intensities.

III. THE POST IA IN COMPARISON
WITH OTHER THEORIES AND WITH EXPERIMENT
We have calculated electron spectra for 0.5, 1, 1.5, 2,

and 4.2-MeV H++He at emission angles between 0' and

30', for 1.5-MeV/amu and 2-MeV/amu F ++He at zero
degree and for 5-MeV/amu C + and 0 + on He at 50'
and 60' where experimental data are available which ex-
tend beyond the binary-encounter region [4,14—18]. In
the cusp region, the zero-degree spectra are averaged
over the angular acceptance 80 of the detector.
Throughout, the post form of the impulse approximation
is evaluated with the help of the transverse peaking ap-
proximation, using the Hartree-Fock target prescription
from Ref. [11]. Figure 2 compares the calculated zero-
degree electron spectra from 1.5-MeV/amu and 2-
MeV/amu F + and H+ impact on He with the experi-
mental data from Lee and co-workers [4,14]. These data
have not been measured on an absolute scale and hence
are normalized to the post IA cross sections in the
binary-encounter peak maximum. We will argue below
that for proton impact, the data should lie about
15—20% higher, which is a similar value as given in the
original work [4]. Even for proton impact, the post IA
gives a good description of the data above the cusp
(which for the two collision velocities is located at 0.871
and 1.09 keV, respectively). At the smaller energies
where the influence of the target field on the ejected elec-
tron gains increasing importance, the post IA overesti-
mates experiment considerably. The lack of inclusion of
this final-state interaction also leads to an overprediction
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of the cusp asymmetry for the heavy F + projectiles at
these rather low velocities.

For the weakly asymmetric H++He system, the prior
impulse approximation should conceptually be more ap-
propriate. In this theory, suited for light projectiles
(Z~ (ZT), electron transfer is described in terms of direct
ionization from the initial state f, to an intermediate
continuum target eigenstate lij with a momentum q close
to the electronic momentum kf, followed by an overlap
with the final projectile eigenstate Pf,

aJ,
'""' = i f— dt J dq(litf~q)(pg Vi, ~g; ), (3.1)

where Vz is the interaction with the projectile nucleus
and ~q) is a plane wave of momentum q in the target
frame of reference. However, it has been argued by Ma-
cek [23] that in the binary-encounter peak region, the pri-
or IA is likely to be inferior to the post IA because the
latter can be shown [24] to reduce to the plane-wave Born
formula (which describes the peak in terms of the Ruth-
erford cross section times the initial-state Compton
profile), while the prior IA does not. In fact, applying the
full peaking approximation to the ionization matrix ele-
ment leads to the following factorization of the
differential cross section [12]

g2~prior IA g2 B1

dF dn "f dE dn '
f f f f

(3.2)

where d o. '/dEfdQf is the first-order Born cross sec-
tion for direct ionization, which is multiplied by the
Coulomb normalization factor defined in (2.4). For inter-
mediate velocities this factor, which measures the devia-
tion from the plane-wave Born result, may be quite large.
However, in the unpeaked version of the IA, this factor is
attenuated through the folding of the final-state momen-
tum space wave function with the ionization matrix ele-
ment, such that the exact prior IA will be closer to the
Born result.

Since the fully peaked prior IA has been frequently ap-
plied to electron emission induced by light projectiles
[12,25], we have included this theory in our present
study. For the prior IA (as well as for the first-order
Born calculations) Slater-screened hydrogenic bound-
state and continuum target functions (with ZT,a= 1.7)
have been used which fulfill the requirement of ortho-
gonality that is necessary for a correct evaluation of the
ionization matrix element. It is seen from Fig. 2 that
even at 2-MeV proton impact, one is not yet in the validi-
ty regime of the full peaking approximation, and hence
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our prior IA results overestimate experiment at the
binary-encounter peak by 30—40% and they also do not
predict the correct cusp asymmetry. Below the cusp, on
the other hand, there is quite good agreement between
the fully peaked prior IA and experiment. This can be
attributed to the fact that the full peaking approximation
implies a change of the boundary conditions since the in-
termediate target eigenstate has fully acquired the prop-
erties of a final target state. That is necessary for an ade-
quate description of the low-energy electron emission.
On the other hand, the unpeaked prior IA as a theory for
charge transfer to the projectile, would not provide the
correct behavior at Ef~0. This discrepancy between
the fully peaked and the unpeaked prior IA persists even
at ultrahigh collision velocities. Shown in Fig. 2 are also
results of the CDW-EIS (eikonal initial state) theory of
Fainstein, Ponce, and Rivarola [19]. Like the fully

peaked prior IA, this theory overestimates the binary-
encounter peak intensity and predicts only a weakly
asymmetric cusp, whereas (at least for proton impact) the
low-energy region is rather well reproduced.

In order to check the data normalization to the post
IA and to study the behavior at larger emission angles,
we show in Figs. 3 and 4 absolutely measured [17,18]
electron spectra for 1 MeV and 1.5-MeV H++He in the
angular range from 0' to 30', in comparison with theory.

From consideration of the binary-encounter peak for 1-
MeV proton impact it follows that the post IA underesti-
mates experiment by 35%, 20%, and 10% for the angles
0', 15', and 30', respectively. At 1.5 MeV the agreement
is somewhat improved, the deviations being 15% at 15'
and 30. From this we conjecture that in Fig. 2, the 1.5-
MeV p +He data should presumably lie between
15—25% higher than shown, and the 2-MeV p+He data
about 10—15%. However, one should keep in mind that
the experimental cross sections in Figs. 3 and 4 have an
absolute uncertainty of 20% (the data from Ref. 18 are
normalized to the Rudd, Toburen, and Stolterfoht [17)
data}.

When the emission angle is increased (but the electron
energy kept fixed}, the influence of the target field on the
emitted electron gets stronger. Consequently, the first-
order Born approximation is in better accord with the
data. For the smaller emission angles, this is in general
also true for the post IA, which is particularly close to
the Born approximation near the binary-encounter peak.
This agreement in the binary-encounter peak intensity is
expected from the properties of the post IA [24]. (How-
ever, when the emission angle is further increased into
the backward hemisphere where the target field is still
more important, the post IA will give poorer results. } As
far as the valley between the low-energy electrons and the

FIG. 4. Doubly differential cross section for
electron emission in 1.5-MeV H++He col-
lisions at 8f =15' and 30', and in 4.2-MeV
(v=12.97 a.u. ) H++He collisions at 8f =30'.
Experiment and theory, see caption of Fig. 3.
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binary-encounter electrons is concerned, there does not
seem to be any systematically improved description of the
data by the impulse approximation when the angle or the
collision velocity is increased. On the other hand, as in-
dicated in Fig. 3, the data show a large spread in this re-
gion which is the larger, the deeper the valley (i.e., the
smaller 8f or the higher u). Hence, there may be ambi-
guities when comparing with data which are averaged
over a certain energy interval like those of Rudd, To-
buren, and Stolterfoht [17].

If comparison between theory and experiment is re-
stricted to the binary-encounter region, there is a distinct
trend with the collision energy. When it is decreased
below 1.5 MeV, the post IA underestimates the peak in-
tensity, the more, the lower v. This indicates the break-
down of the transverse peaking approximation, as well as
of the post IA itself. For such low collision energies, the
fully peaked prior IA gives cross sections well above the
post IA ones. Due to the consideration of two-center
final-state effects, this theory is in better agreement with
the data. In order to show that the post-prior discrepan-
cy decreases when the collision gets more energetic (ex-
cept for the low-energy electrons) we have included in
Fig. 4 an electron spectrum for 4.2-MeV proton impact
where the condition for the applicability of the full peak-
ing approximation (ZT/u « 1) is met. Both theories are

very close for Ef )2 keV. The fact that near the binary-
encounter peak the data for 4.2-MeV p+He fall so much
below theory, is presumably due to experimental prob-
lems with the background subtraction at such high elec-
tron energies.

Turning to the study of the position of the binary-
encounter peak, the experimental values are systematical-
ly below the peak position Ef =2v cos 8f +E,. which re-
sults from energy conservation. For the systems from
Figs. 2-4, this shift is about 5 —10%, increasing slightly
with decreasing u or increasing angle. While the peak po-
sition predicted by the first-order Born approximation is
somewhat lower than Ef', but still above experiment, the
post as well as the prior IA results are very close to the
data (the diB'erence being at most 2%). In contrast, the
CDW-EIS results [20,21] included in Fig. 3 and also the
results from the distorted-wave impulse approximation
[8] do not agree so well with experiment.

Figure 5 probes the validity of the post IA for heavier
projectiles (5 MeVlamu C + and 0 +) at nonzero emis-
sion angles. A comparison with the experimental data
[15,16] shows that in the binary-encounter region and
beyond, the post IA works better, the higher the projec-
tile charge, a feature which is also evident from the 0'
spectra of Fig. 2. This indicates that even at emission an-
gles as large as 60', the emitted high-energy electrons are
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FIG. S. Doubly differential cross section for
electron emission in S MeV/amu (u=14. 1S
a.u.) C ++He at 8f =SO' and 60', and
0 ++He at 8f =60'. Experiment: ~
Schiwietz et al. [15]. Theory: transverse
peaked post IA, ———first-order Born.
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largely influenced by the projectile field and hence cannot
correctly be described by the first-order Born theory. As
far as the position of the binary-encounter peak is con-
cerned, the data do not show the same systematics as
those of Figs. 2—4. For the 0 ++He spectrum, the ex-
perimental peak position is, although below Ef, above
the first-order Born prediction. Moreover, the peak shift
relative to Ef is reduced when the projectile charge is in-

creased from 6 to 8. This behavior is not only at variance
with the impulse approximation (which predicts a small
increase of the shift with Zt, ) but also with other experi-
ments on comparable systems [5,26].

IV. CONCLUSION

The impulse approximation has been applied to inter-
pret the spectral distribution of the helium electrons
emitted in energetic collisions with bare projectiles. Its
post version which considers the electron-projectile in-
teraction in the intermediate and in the final state, pro-
vides in general a good description of the fast electrons
which are emitted into the forward hemisphere, even for
hydrogen projectiles. In particular, the region of the
binary-encounter peak is very well described except at
the highest velocity where experimental uncertainties
cannot be excluded. The validity of the transverse
peaked post IA has been confirmed in the two regions of
its applicability, Zp/Zr =1 and v/Zt »1 (H++He at
v &7.75 a.u. ) as well as Zp/Zr »1 and v =Zt (0 +,
F ++He). It is important, however, to use a Hartree-
Fock-type prescription for the target wave function and

potential, and to avoid the full peaking approximation.
Results from the DSPB theory are inferior to the present
IA results just because of these deficiencies, although the
DSPB itself (without approximations) should be con-
sidered as a more advanced theory.

Comparison has also been made with the fully peaked
prior impulse approximation in the case of light projec-
tiles. For the lower collision velocities, this theory pro-
vides a rather good description of the experimental data
because it accounts for the final-state interaction of the
electron with the target and the projectile field simultane-
ously. Like the continuum distorted wave theory it is,
however, inferior to the post IA at the higher velocities
(except for the low-energy electrons).

The ability of the impulse approximation to describe
large parts of the spectra of electrons emitted into the
forward hemisphere, demonstrates the importance of in-

cluding nonperturbatively the final-state interaction be-
tween electron and projectile in any theoretical descrip-
tion of target ionization, even at high collision energies.
This conclusion has also been drawn from a recent
coupled-channel investigation [27] of angular-integrated
ionization cross sections for proton impact on hydrogen.
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