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Three-body momentum exchange in singly ionizing 2-MeVÕu C6¿-helium collisions

D. Fischer, A. B. Voitkiv, R. Moshammer, and J. Ullrich
Max-Planck-Institut fu¨r Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany

~Received 9 April 2003; published 12 September 2003!

We study helium single ionization with emission of low-energy («k,10 eV) electrons in collisions with
2-MeV/u C61 ions. We explore, both experimentally and theoretically, longitudinal and transverse momentum
distributions of the final reaction products. We present in-depth discussion of mechanisms resulting in the
forward-backward asymmetry in the longitudinal spectra of emitted electrons and recoil ions. By comparing
our experimental data and calculations we display clear signatures of the interaction between the projectile and
the target core~the n-n interaction! for the transverse distributions of the recoil ion and projectile. For the
collision system in question then-n interaction is shown to represent an important mechanism of the momen-
tum exchange.

DOI: 10.1103/PhysRevA.68.032709 PACS number~s!: 34.10.1x, 34.50.Fa
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I. INTRODUCTION

Collisions of ions~projectiles! with atoms~targets! repre-
sent one of the fundamental problems studied in ato
physics research. Among the interesting phenomena w
can occur in such collisions is ionization where one or m
target electrons are finally unbound.

In fast projectile-target collisions where the collision v
locity vp is much larger than the projectile chargeZp , h
5Zp /vp!1, the standard first Born approximation~see,
e.g., Refs.@1,2#! often represents an appropriate tool to an
lyze the different aspects of target ionization. Within th
approximation the initial and final states of the colliding sy
tem are approximated by unperturbed projectile and ta
wave functions and the collision occurs via just a ‘‘sing
interaction’’ ~or single-virtual-photon exchange! between the
projectile and the target. Moreover, because of the ortho
nality of the initial and final target states, the projectile int
action with the target nucleus does not contribute to tar
transitions@3# and, therefore, the single virtual photon has
be exchanged between the projectile and the target elec
~see, e.g., Ref.@1#!.

When the effective perturbation strengthh increases the
application of the first Born approximation becomes qu
tionable even for evaluations of total ionization cross s
tions. Using the language of perturbation expansion of
transition amplitude in powers of the projectile-target int
action, one can say that in such a case ‘‘multiple’’ intera
tions ~or multiple-virtual-photon exchanges! between the
projectile and the target electrons start to contribute subs
tially to the ionization process. Also the interaction betwe
the projectile and the target nucleus~more precisely, the in-
teraction between the projectile and the target core wh
consists of the target nucleus and ‘‘passive’’ target electro!
begins to influence the process.

The latter interaction~denoted below as then-n interac-
tion! is known to have a negligible influence on electr
emission spectra~integrated over the projectile deflectio
angle! in high-velocity collisions. Despite this, then-n inter-
action remains to be of great importance because of
main reasons. The first and fundamental reason is that it
to be included in order to give a proper treatment of the
1050-2947/2003/68~3!/032709~7!/$20.00 68 0327
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collision dynamics. The second one is that this interaction
certainly necessary in order to give a correct description
the projectile scattering in solids~angular straggling, range
distribution! which is of importance in various applications

In this paper we present results of our experimental a
theoretical study of helium single ionization by 2-MeV
C61 ions. We shall restrict our attention to exploring col
sions accompanied by emission of low-energy («k,10 eV)
electrons. For the collision system in question the effect
perturbation strengthh5Zp /vp50.67 is rather large. There
fore, very substantial deviations from results of first-ord
considerations, connected with multiple photon exchan
between the projectile and the target electrons as well as
the n-n interaction, are expected to take place. The m
emphasis of the present study will be to elucidate the role
then-n interaction in the formation of momentum spectra
scattered projectiles and recoil ions@4#. Atomic units are
used throughout except where otherwise stated.

II. EXPERIMENTAL AND THEORETICAL
BACKGROUNDS

A. Experiment

The experiment has been performed at the Tandem ac
erator of the Max-Planck-Institute in Heidelberg using a m
tielectron recoil-ion momentum spectrometer~‘‘reaction mi-
croscope’’! which has been described in detail elsewhere@6#.
The accelerator provided a well-collimated (131 mm2),
pulsed~pulse length'1 ns, repetition rate5180 kHz) C61

beam with an energy of 2 MeV/amu (vp'9 a.u.), which is
crossed with a supersonic helium gasjet target in the reac
microscope. Electrons and target ions produced in the c
sion were extracted in opposite directions along the be
axis by a weak electric field~2.7 V/cm! and were detected by
two-dimensional position sensitive multichannel plates.
addition, a solenoidal magnetic field of 6 G was applied o
ented along the projectile beam direction to confine the e
tron transverse motion. In this way, all electrons with en
gies below 9 eV were forced onto the detector in a cyclot
motion and were detected with the full solid angle of 4p.
From the measured position on the detector and the tim
©2003 The American Physical Society09-1
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FISCHERet al. PHYSICAL REVIEW A 68, 032709 ~2003!
flight, the initial momenta of the extracted particles can
reconstructed. The achieved momentum resolution for
He1 ions was DpR,i50.1 a.u. in the longitudinal and
DpR,'50.3 a.u. in the transverse direction, respectively. T
electron longitudinal momentum resolution was abo
Dpe,i50.01 a.u. The transverse electron momentum res
tion is modulated by the cyclotron motion of the electrons
the magnetic field. At certain time of flights~integer mul-
tiples of the inverse cyclotron frequency! the electron trans-
verse momentum is unambiguous due to the properties o
trajectory projection in the magnetic field@6#. Here, the
transverse electron momentum cannot be determined. O
wise, the transverse momentum resolution averages
Dpe,''0.1 a.u..

Since we did not measure absolute cross sections,
experimental results, reported in Sec. III, were normalized
the calculated total cross section.

B. Theory

In order to theoretically describe helium single ionizati
we use the continuum distorted wave–eikonal initial st
~CDW-EIS! approximation. We also compare in some ca
results of the CDW-EIS with those given by the first Bo
approach. The application of the first Born approximation
exploring atom ionization in projectile-atom collisions h
been studied in great detail in the literature~see, e.g., Refs
@7,2# and references therein!. The CDW-EIS approximation
was introduced in Ref.@8# by replacing the CDW description
of the initial state in the CDW-CDW model@9# by its
asymptotic~eikonal! form. This approximation belongs t
the family of perturbative distorted-wave theories and
rather well documented in the literature~see Refs.@8,10–13#
and references therein, and also Ref.@14#!. For heavy ion-
atom collisions the CDW-EIS has been very successfu
describing total ionization cross sections and electron em
sion spectra. As we noted already in the Introduction~see
also Refs.@8,10,2#, and references therein! the n-n interac-
tion is not important for considering ionization cross sectio
integrated over the projectile scattering angle. The accoun
this interaction, however, may become of great importan
e.g., for a proper description of ionization cross section d
ferential in the projectile scattering angle@11#.

In the present paper, in order to explore the role of then-n
interaction for helium single ionization by 2-MeV/u C61, we
apply the CDW-EIS approximation with and without takin
this interaction into account.

Any theory, which attempts to describe ion-atom co
sions, has to deal with the problem which, to some ext
artificially, can be split into two main parts:~i! the projectile-
target interaction should be properly treated and~ii ! ~initial
and final! free target states should be described with reas
able accuracy.

Concerning the second point, the simplest description
helium states in helium single ionization is to assume t
helium has one ‘‘active’’ and one ‘‘passive’’ electron and th
the ‘‘active’’ electron can be described as moving in the
fective Coulomb field of the atomic core with an effectiv
chargeZt2e5A2I 151.345, whereI 150.9 a.u. is the first
03270
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ionization potential of helium. This very simple target d
scription was used in Ref.@16# to perform the study of he-
lium ionization in the Glauber approximation. A good agre
ment with experiment was reported in Ref.@16#.

A slightly more complicated description of the heliu
consists in approximating the initial state of the active el
tron by a Hartree-Fock wave function whereas the final el
tron state is still taken as a continuum one in the Coulo
field of the atomic core withZt2e51.345 @17#. Although
within this description the initial and final target states b
long to different Hamiltonians and are not orthogonal, su
an approach was used in many papers studying helium si
ionization in the CDW-EIS approximation and it had be
proven to yield rather good results for spectra of electro
emitted in the process of helium single ionization by t
impact of fast singly, multiply, and highly charged ions~e.g.,
Refs.@18,10,5#, see also remark@19#!. This target description
was also applied for calculations of scattering fast protons
helium targets@11#. Then-n interaction was assumed in Re
@11# to be a Coulomb one between the projectile and
target core. Results of Ref.@11# for projectile scattering were
in good agreement with the experiment.

Taking into account the above-mentioned points, in
present paper we use the following approximations. First,
regard helium single ionization as an effectively single el
tron process and assume that in the initial and final states
active target electron moves in the Coulomb field of the t
get core with a chargeZt2e51.345 @23#. Second, the Cou-
lomb interaction between the projectile and the active el
tron is considered within the CDW-EIS approach. Third, t
residual part of the interaction between the projectile and
target~i.e., then-n interaction! is treated as a pure Coulom
interaction between the projectile with a chargeZp and the
net target core chargeZt2p51. Fourth, then-n interaction is
dealt with in the eikonal approximation. In the latter the d
tortion due to then-n interaction is accounted for by a
eikonal factor, representing the asymptotics of the cor
sponding two-body Coulomb wave, not only in the initial b
also in the final channel@11# ~see also Ref.@8#!. Such an
approximation is quite reasonable as long as~i! the projec-
tiles suffer only very small deflections in the collisions a
~ii ! the velocity of the recoil ion remains negligible com
pared to that of the emitted electron. Such conditions are
course, fulfilled for a vast majority of ionizing collisions.

In our first Born calculations we also regard helium sing
ionization as an effectively single electron process and
sume that in the initial and final states the active target e
tron moves in the Coulomb field of the target core with
chargeZt2e51.345.

Taking into account that a heavy fast projectile suffe
very small deflection in the collision and that the velocity
the recoil ion is negligible compared to that of the emitt
electron, the basic cross section in our case can be writte

ds1

d3ked
3PRd3q

5
1

vp
uT~q,ke!u2d (3)~q2PR2ke!

3d~vp•q2ke
2/22I 1!. ~1!
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THREE-BODY MOMENTUM EXCHANGE IN SINGLY . . . PHYSICAL REVIEW A68, 032709 ~2003!
HereT(q,ke) is the transition matrix element~calculated in
the CDW-EIS or the first Born approximation!, q is the mo-
mentum transfer to the target, andke and PR are the mo-
menta of the emitted electron and recoil ion, respectiv
The three- and one-dimensionald functions in Eq.~1! arise
due to the momentum and energy conservation, respecti
in the collision. The cross section~1! is given in the labora-
tory frame and it is assumed that the target was initially
rest in this frame.

All calculated cross sections, reported in the followi
section, have been obtained directly from the basic one,
~1!, by means of performing necessary integrations.

III. RESULTS AND DISCUSSION

A. Longitudinal momentum distributions

The study of longitudinal momentum distribution
ds1/dke,i andds1/dpR,i , whereke,i andpR,i are the com-
ponents of the momentumke of the emitted electron and o
the recoil-ion momentumPR which are parallel to the pro
jectile velocityvp , can provide important information abou
the collision dynamics and especially about the role of
so-called ‘‘postcollision’’ interaction. In the case of heliu
single ionization by 2-MeV/u C61 such spectra are displaye
in Figs. 1 and 2.

In Fig. 1 we compare our experimental and theoreti
~CDW-EIS! results. Here, because of the experimental de
tion limitations, only those collision events have be
counted which were accompanied by the emission of e
trons with the transverse momentumke,'<0.8. The same
restriction on the electron transverse momentum was se
the calculation. In Fig. 2, where only theoretical results

FIG. 1. Longitudinal momentum spectra of electrons and re
ions in helium single ionization by 2-MeV/u C61. Solid and open
circles: experimental data for electrons and recoil ions, respectiv
Solid and dashed curves: CDW-EIS calculations for electrons
recoil ions, respectively. Dotted curve: first Born results for el
trons. Both in experiment and calculations only collision even
where emitted electrons hadke,'<0.8 a.u., have been taken int
account. Note that in the experimental data we have omitted
momentum regions, where the applied magnetic field is causin
low resolution, as mentioned in the experimental part.
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shown, electrons with all possible valueske,' have been
taken into account.

The spectra, presented in Figs. 1 and 2, show remark
asymmetries for the electrons and recoil ions. A majority
the emitted electrons has a positive longitudinal veloc
component, i.e.,̂ ke,i&.0, whereas the recoil ions tend t
‘‘prefer’’ the backwards direction of the motion,^pR,i&,0.

Although there exist many papers, where the longitudi
spectra were considered, we could not locate in the litera
any article containing a detailed discussion of all main phy
cal reasons leading to the asymmetries in the longitud
spectra. For example, quite often~see, e.g., Refs.@24–26#!
the origin of the asymmetries is reduced to just the so-ca
‘‘drag’’ mechanism. Namely, because of the long-range
tractive force between the projectile and the emitted elect
the latter is ‘‘dragged’’ in the direction of the projectile mo
tion; on the other hand, the long-range repulsive force
tween the projectile and the recoil ion pushes the latter ba
wards. It is clear that in such a picture the sign of t
projectile becomes of crucial importance. However, the f
that such a picture is not complete follows, e.g., from expe
mental results of Ref.@27# where no substantial difference
had been found between the longitudinal spectra produce
collisions with protons and antiprotons.

We begin our discussion of the physics laying behind
asymmetries with considering results obtained in the fi
Born approximation which are also shown in Fig. 2. A
though this approximation contains no ‘‘postcollision’’ o
‘‘precollision’’ effect ~and, thus, does not include the dra
mechanism!, it still predicts asymmetries for spectra of bot
electrons@28# and recoil ions. According to the first Bor
approximation the electron spectrum should display quit
strong asymmetry with a main part of ejected electrons m
ing in the direction of the projectile velocity. First-order re
sults for the recoil-ion distribution also show an asymme
where, in the case under consideration, more than half of
recoil ions tend to follow the projectiles.

il

ly.
d

-
,

e
a

FIG. 2. Longitudinal momentum spectra of electrons and rec
ions in helium single ionization by 2-MeV/u C61. Thick solid
curve: CDW-EIS data for electrons. Thin solid curve: CDW-E
data for recoil ions. Thick dashed curve: first-order results for el
trons. Thin dashed curve: first-order results for recoil ions.
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FISCHERet al. PHYSICAL REVIEW A 68, 032709 ~2003!
Within the first-order approach the basic reason for
asymmetries is purely kinematical and it is directly co
nected with the fact that the minimum momentum trans
qmin5(ke

2/21I 1)/vp is always positive. ‘‘Absorption’’ of this
momentum by the target pushes the~center of mass of the!
target fragments in the forward direction independently
the sign of the projectile charge.

In a more sophisticated consideration of the collisi
there appear two more reasons which could also, in princi
lead to asymmetries in the longitudinal spectra. The firs
multiple interactions~or virtual-photon exchanges! between
the projectile and the target electron which are, in particu
responsible for the ‘‘postcollision’’ effect. The second is t
n-n interaction. While the first point has been proven to be
great importance for a proper description of these asym
tries, then-n interaction in the case of fast collisions do
not seem to noticeably influence the longitudinal distribut
even of the recoil ion.

Indeed, in high-velocity collisions electron emission spe
tra, calculated in the CDW-EIS approach, are not sensitiv
whether then-n interaction is included into the consideratio
or not. In general, such a statement cannot be made for
recoil-ion distributions. However, the energy conservati
being applied to a collision of a fast heavy particle and
atom, leads to the result that the momentum conservatio
the longitudinal directions is expressed via the characteris
of just the target~and its final fragments!: ke,i1pR,i5(ke

2/2
1I 1)/vp . This equality, in fact, binds so strongly the long
tudinal momentum distribution of the emitted electron a
that of the recoil ion that the latter can be expressed via
former @30#. Therefore, taking into account that the electr
distribution is practically not influenced by then-n interac-
tion, one can draw a conclusion that the effect of then-n
interaction on the longitudinal distribution of the recoil ion
is also negligible.

The above conclusion is consistent with a simple se
classical picture of the interaction between a fast projec
and an atomic core. Let us assume that the projectile mo
along a classical trajectory and the target core initially re
at the origin. Collision impact parameters which are of i
portance for helium ionization are not much smaller th
1 a.u. It is clear that in such collisions the projectile traje
tory can be very well approximated by a straight line and t
the target core, because of its very large mass~compared to
that of the electron!, can acquire only a negligibly sma
velocity. Taking this into account, it is not difficult to see th
in the longitudinal direction the overall effect of the proje
tile on the motion of the target core is close to zero beca
the projectile actions on the incoming and outgoing parts
the projectile trajectory nearly compensate each other. N
that the above discussed compensation is substantially
complete in the case of the interaction between the proje
and the target electron. This is because the electron is bo
initially and is free finally and a typical electron velocity
much larger than that of the target core.

One more point, which is rather obvious, is that the int
action between the active electron and the target core is
very important for the asymmetries to occur. In the case
projectile scattering on a free electron the correspond
03270
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~Rutherford! cross section is independent of the sign of t
projectile charge. Therefore, the presence of the ‘‘thir
body is certainly necessary in order to explain the differen
in the longitudinal spectra of electrons emitted in collisio
with negatively and positively charged projectiles@31#.

Summarizing the above discussion the main reasons
the asymmetries in the longitudinal spectra can be outli
as follows. The asymmetry in the electron longitudinal sp
trum is caused by the interplay between the following th
factors:~i! the collision kinematics (qmin.0), ~ii ! the ‘‘post-
collision’’ interaction of the electron with the projectile, an
~iii ! the electron interaction with the target core. Exactly t
same factors are responsible also for the asymmetry in
longitudinal spectrum of the recoil ions. Due to th
momentum-energy conservation in the collision one h
pR,i5(ke

2/21I 1)/vp2kecos(qe), whereqe is the angle be-
tween the electron and the projectile velocities. The ‘‘po
collision’’ interaction between the electron and the project
changes the angular distribution of the emitted electron w
respect to the first Born predictions. Since for a givenke the
minimum momentum transfer is fixed, the longitudinal rec
momentum has to ‘‘adapt’’ to a new direction of the motio
of the emitted electron. Thus, the interaction between
projectile and the electron indirectly but very effectively i
fluences the longitudinal momentum distribution of the rec
ion whereas then-n interaction, which directly couples th
projectile and the target core, turns out to be of negligi
importance.

B. Transverse momentum distributions

In the plane perpendicular to the projectile velocity~the
transverse directions! the restrictions imposed by the energ
momentum conservation are not so strong as in the long
dinal direction. In addition, a semiclassical consideration
the collision process shows that in the transverse direc
the overall action of the projectile on the target core c
result in a substantial exchange of momentum that is i
sharp contrast to the situation discussed above. There
the study of transverse spectra of electrons, recoil ions,
projectiles can unveil important information, especia
about that part of the collision dynamics which is ‘‘hidden
when considering the longitudinal spectra.

In Fig. 3 we display our experimental and theoretical
sults for the transverse spectrum,ds1/dke,' , of the emitted
electron. As we noted already, then-n interaction does not
influence the electronic spectrum. In addition, since the
ference between the CDW-EIS and first-order results for
transverse spectrum is much weaker than for the longitud
one, one can conclude that multiple photon exchanges
tween the projectile and the target electron are not very
portant in this case.

As one could expect, the role of then-n interaction in the
collision dynamics starts to unveil itself when consideri
transverse distributions of the heavy particles.

In Fig. 4 results for the projectile scatteringds1/dq' are
shown. Both in experimental and theoretical data only th
collision events have been taken into account where the
jectile scattering is accompanied by emission of electr
9-4
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THREE-BODY MOMENTUM EXCHANGE IN SINGLY . . . PHYSICAL REVIEW A68, 032709 ~2003!
with energies<9 eV. It is seen that the inclusion of then-n
interaction into CDW-EIS calculations substantially chang
the absolute values and the shape of the calculated c
section for the projectile scattering and brings it into mu
better overall agreement with the experimental data.

As it follows from the calculations shown in Fig. 4, th
whole range ofq' under consideration can be subdivid
into three parts where then-n interaction influences the cros
section in a different way. In the ranges of ‘‘small’’ (q'

&0.5) and ‘‘large’’ (q'*2.5) transverse momenta the incl
sion of then-n interaction increases calculated cross sect

FIG. 3. Transverse momentum spectrum of electrons in hel
single ionization by 2-MeV/u C61. Squares: experimental dat
Solid curve: CDW-EIS calculation. Dashed curve: first-order cal
lation.

FIG. 4. Transverse momentum spectrum of the projectile in
lium single ionization by 2-MeV/u C61. Circles: experimental data
Solid curve: result of the CDW-EIS approximation with inclusio
of the n-n interaction. Dashed curve: result of the CDW-EIS a
proximation without inclusion of then-n interaction. Dotted curve:
results of the first-order approximation. Both in the experimen
and theoretical data only collision events with electron emiss
energies<9 eV have been taken into account. All the theoreti
data have been convoluted with the estimated experimental re
tion of 0.3 a.u.
03270
s
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values. In contrast, for the ‘‘intermediate’’q' (0.5&q'

&2.5) this interaction reduces the cross section.
The effect of then-n interaction on the calculated cros

section at smallq' could be understood in terms of the fo
lowing simple picture. First, when then-n interaction is in-
cluded the projectile ‘‘sees’’ a neutral target. Second, scat
ing with small momentum transfers generally correspond
collisions with large impact parameters. Third, for these i
pact parameters the net influence of the neutral target on
projectile is very small. This results in the enhancement
the projectile scattering into small angles compared to
case where then-n interaction is ‘‘switched off’’ and the
projectile is always affected by the long-range Coulomb fi
of the active target electron.

Concerning projectile scattering with large momentu
transfers it is plausible to assume that such a scattering
comes more effective when the heavy target core can dire
interact with the projectile, i.e., when then-n interaction is
not switched off.

The physical reasons for the decreasing effect of then-n
interaction at the range of intermediateq' are not quite clear.
Formally, this decreasing effect can be understood as
lows. The total number of ionization events is not influenc
by then-n interaction. Therefore, both calculations, with an
without including then-n interaction, yield identical results
for the total cross section. It means that if there are so
ranges ofq' , where the inclusion of then-n interaction into
calculations increases the differential cross sect
ds1/dq' , then there also has to be a range~or ranges! of
q' , where then-n interaction decreases this cross sectio

In Fig. 4 we also show results of the first Born approx
mation in which neither then-n interaction nor multiple-
photon exchanges between the projectile and the electron

m

-

-

l
n
l
lu-

FIG. 5. Transverse momentum spectrum of the recoil ions
helium single ionization by 2-MeV/u C61. Circles: experimental
data. Solid curve: result of the CDW-EIS approximation with incl
sion of then-n interaction. Dashed curve: result of the CDW-E
approximation without inclusion of then-n interaction. Both in the
experimental and theoretical data only collision events withke,'

<0.8 have been taken into account. All the theoretical data h
been convoluted with the estimated experimental resolution
0.3 a.u.
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FISCHERet al. PHYSICAL REVIEW A 68, 032709 ~2003!
taken into account. By comparing the first-order results w
those obtained within the CDW-EIS approach one can d
the conclusion that not only then-n interaction but also the
multiple photon exchanges are of importance for a pro
description of the projectile scattering.

In Fig. 5 we display results for the transverse spectrum
the recoil ions,ds1/dpR,' . Since in the experiments onl
those events were detected, where the transverse and l
tudinal electron momenta were restricted toke,',0.8 ~that
roughly corresponds to including electrons with«k<9 eV),
the same condition forke,' has been set in our calculation
CDW-EIS calculations were done by including and negle
ing the n-n interaction. As it follows from the calculations
the n-n interaction strongly influences the recoil transve
distribution. Inclusion of this interaction into account brin
the calculated results substantially closer to the experime
data, except for the range of rather smallpR,' .

As in the case with the cross sectionds1/dq' we ob-
serve for the transverse momentum distribution of the re
ions that the whole range ofpR,' can also be split into sub
ranges with small, intermediate, and large transverse
mentum transfers where the effects of then-n interaction on
the recoil distribution are similar to those caused by t
interaction for the projectile.
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IV. CONCLUSIONS

We have investigated three-particle momentum transfe
helium single ionization by 2-MeV/u C61. By comparing
experimental data with calculations we have displayed c
signatures of then-n interaction in the transverse distribu
tions of the recoil ion and projectile. This interaction h
been shown to represent an important mechanism for
momentum exchange in ionizing collisions.

We have also discussed in some detail the mechani
leading to the forward-backward asymmetry in the longi
dinal spectra of the emitted electrons and recoil ions. Th
mechanisms are~i! the collision kinematics (qmin.0); ~ii !
the higher-order contributions in the projectile-electron int
action; and~iii ! the electron interaction with the target cor
These mechanisms are identical for both the electron and
recoil-ion asymmetries. In contrast to the transverse dir
tion~s! the n-n interaction plays practically no role in th
longitudinal direction.
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