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Three-body momentum exchange in singly ionizing 2-MeXi C®*-helium collisions
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We study helium single ionization with emission of low-energy, <10 eV) electrons in collisions with
2-MeV/u C°* 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 cordéthe n-n interaction for the transverse distributions of the recoil ion and projectile. For the
collision system in question then interaction is shown to represent an important mechanism of the momen-
tum exchange.
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[. INTRODUCTION collision dynamics. The second one is that this interaction is
certainly necessary in order to give a correct description of
Collisions of ions(projectileg with atoms(targets repre-  the projectile scattering in solidangular straggling, range
sent one of the fundamental problems studied in atomiglistribution) which is of importance in various applications.
physics research. Among the interesting phenomena which In this paper we present results of our experimental and
can occur in such collisions is ionization where one or morgheoretical study of helium single ionization by 2-MeV/u
target electrons are finally unbound. C®* ions. We shall restrict our attention to exploring colli-
In fast projectile-target collisions where the collision ve- sions accompanied by emission of low-energy<10 eV)
locity v, is much larger than the projectile chardg, »  electrons. For the collision system in question the effective
=Z,lvy,<1, the standard first Born approximatiasee, perturbation strengtly=2,/v,=0.67 is rather large. There-
e.g., Refs[1,2]) often represents an appropriate tool to anafore, very substantial deviations from results of first-order
lyze the different aspects of target ionization. Within thisconsiderations, connected with multiple photon exchanges
approximation the initial and final states of the colliding sys-between the projectile and the target electrons as well as with
tem are approximated by unperturbed projectile and targehe n-n interaction, are expected to take place. The main
wave functions and the collision occurs via just a “single emphasis of the present study will be to elucidate the role of
interaction” (or single-virtual-photon exchangbetween the then-n interaction in the formation of momentum spectra of
projectile and the target. Moreover, because of the orthogoscattered projectiles and recoil iof4]. Atomic units are
nality of the initial and final target states, the projectile inter-used throughout except where otherwise stated.
action with the target nucleus does not contribute to target
transitiong 3] and, therefore, the single virtual photon has to
be exchanged between the projectile and the target electrons Il. EXPERIMENTAL AND THEORETICAL
(see, e.g., Ref1)). BACKGROUNDS
When the effective perturbation strengthincreases the
application of the first Born approximation becomes ques-
tionable even for evaluations of total ionization cross sec- The experiment has been performed at the Tandem accel-
tions. Using the language of perturbation expansion of therator of the Max-Planck-Institute in Heidelberg using a mul-
transition amplitude in powers of the projectile-target inter-tielectron recoil-ion momentum spectrometé&eaction mi-
action, one can say that in such a case “multiple” interac-croscope’) which has been described in detail elsewtéfe
tions (or multiple-virtual-photon exchangesetween the The accelerator provided a well-collimated X1 mn¥),
projectile and the target electrons start to contribute substarpulsed(pulse length=1 ns, repetition rate=180 kHz) ¢*
tially to the ionization process. Also the interaction betweenbeam with an energy of 2 MeV/amw (~9 a.u.), which is
the projectile and the target nucle(more precisely, the in- crossed with a supersonic helium gasjet target in the reaction
teraction between the projectile and the target core whicimicroscope. Electrons and target ions produced in the colli-
consists of the target nucleus and “passive” target elecjronssion were extracted in opposite directions along the beam
begins to influence the process. axis by a weak electric fiel(.7 VV/cm) and were detected by
The latter interactioridenoted below as the-n interac- two-dimensional position sensitive multichannel plates. In
tion) is known to have a negligible influence on electronaddition, a solenoidal magnetic field of 6 G was applied ori-
emission spectrdintegrated over the projectile deflection ented along the projectile beam direction to confine the elec-
angle in high-velocity collisions. Despite this, then inter-  tron transverse motion. In this way, all electrons with ener-
action remains to be of great importance because of twgies below 9 eV were forced onto the detector in a cyclotron
main reasons. The first and fundamental reason is that it hasotion and were detected with the full solid angle of.4
to be included in order to give a proper treatment of the fullFrom the measured position on the detector and the time of

A. Experiment
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flight, the initial momenta of the extracted particles can beionization potential of helium. This very simple target de-
reconstructed. The achieved momentum resolution for thecription was used in Refl6] to perform the study of he-
He" ions was Apgy=0.1 a.u. in the longitudinal and lium ionization in the Glauber approximation. A good agree-
Apgr, =0.3 a.u. in the transverse direction, respectively. Thenent with experiment was reported in REL6].
electron longitudinal momentum resolution was about A slightly more complicated description of the helium
Ape=0.01 a.u. The transverse electron momentum resolueonsists in approximating the initial state of the active elec-
tion is modulated by the cyclotron motion of the electrons intron by a Hartree-Fock wave function whereas the final elec-
the magnetic field. At certain time of flightsnteger mul-  tron state is still taken as a continuum one in the Coulomb
tiples of the inverse cyclotron frequencye electron trans- field of the atomic core withz,_.=1.345[17]. Although
verse momentum is unambiguous due to the properties of theithin this description the initial and final target states be-
trajectory projection in the magnetic field]. Here, the long to different Hamiltonians and are not orthogonal, such
transverse electron momentum cannot be determined. Othean approach was used in many papers studying helium single
wise, the transverse momentum resolution averages tonization in the CDW-EIS approximation and it had been
Ape;~0.1 a.u.. proven to yield rather good results for spectra of electrons
Since we did not measure absolute cross sections, o@mitted in the process of helium single ionization by the
experimental results, reported in Sec. lll, were normalized tompact of fast singly, multiply, and highly charged iofesg.,

the calculated total cross section. Refs.[18,10,5, see also remarkL9]). This target description
was also applied for calculations of scattering fast protons by
B. Theory helium target$11]. Then-n interaction was assumed in Ref.

[11] to be a Coulomb one between the projectile and the

In order to theoretically describe helium single ionizationtar et core. Results of RefL1] for projectile scattering were
we use the continuum distorted wave—eikonal initial state > 9 ' . Proj 9
n good agreement with the experiment.

(CDW-EIS) approximation. We also compare in some cases Taking into account the above-mentioned points, in the

results of the COW-EIS with those given by the first Born resent paper we use the following approximations. First, we

approach. The application of the first Born approximation forP paperw SN g app . > '

exploring atom ionization in projectile-atom collisions has regard helium single lonization as an e_f_fectwely_ single elec-
tron process and assume that in the initial and final states the

been studied in great detail in the literatdsee, e.g., Refs. active target electron moves in the Coulomb field of the tar-
[7,2] and references therginThe CDW-EIS approximation get core with a charg&, .— 1.345[23]. Second, the Cou-

was introduced in Re{8] by replacing the CDW description lomb interaction between the projectile and the active elec-

of the initial state in the CDW-CDW modelo] by its tron is considered within the CDW-EIS approach. Third, the

asymptotic (eikona) form. This approximation belongs to ) ) . o
thg fapl)mily of perturbative distor?epd-wave theories gand iSreS|duaI part of the interaction between the projectile and the

rather well documented in the literatuigee Refs[8,10—-13 ftarget(i..e., then-n interactior)_ is _treatgd as a pure Coulomb
and references therein, and also R@#]). For heavy ion- interaction between the projectile with a chaigg and the

atom collisions the CDW-EIS has been very successful irﬁet lttarg_i: (_:OEE chz_:\liga,lfl. F(_)urtrt1_, the?-r:hmtler:cn(t)r? 'Sd.
describing total ionization cross sections and electron emiscca’t With In the eikonal approximation. In the latter the dis-

sion spectra. As we noted already in the Introductisee tqrtion due to then-n intgraction Is accounted for by an
also Refs[8,10,9, and references thergithe n-n interac- eikonal factor, representing the asymptotics of the corre-

tion is not important for considering ionization cross Sectionss=30nt_1|nghtw?-b(l)d);]CoulolrrIb wave, Inot %m%/;gn thg |n|r':|al but
integrated over the projectile scattering angle. The account ¢t'S0 in the final channdl11] (see also Ref[8]). Such an

this interaction, however, may become of great importanceapprOXimation is quite reasonable as long(iaghe projec-

e.g., for a proper description of ionization cross section dif-t'.l.es suffer only very small Qeflectlons n the cqlll_smns and
(ii) the velocity of the recoil ion remains negligible com-

ferential in the projectile scattering an . . >
In the presenF; pf’:lper in order togexp%]raé]the role ofrthre pared to that of the emitted electron. Such conditions are, of
! course, fulfilled for a vast majority of ionizing collisions.

interaction for helium single ionization by 2-MeV/fC, we . . . .
In our first Born calculations we also regard helium single

apply the CDW-EIS approximation with and without taking . . . factivelv sinale elect d
this interaction into account. ionization as an effectively single electron process and as-

Any theory, which attempts to describe ion-atom colli- SUM€ that in the initial and final states the active target elec-

sions, has to deal with the problem which, to some exteniron moves in the Coulomb field of the target core with a

. L : N - hargez, ,=1.345.
artificially, can be split into two main part§) the projectile- ¢ “t-e L
target interaction should be properly treated &ingd (initial Taking into account that a heavy fast projectile suffers

and fina) free target states should be described with reason’€"Y small deflection in the collision and that the velocity of

able accuracy. the recoil ion is negligible compared to that of the emitted

Concerning the second point, the simplest description 0ialectron, the basic cross section in our case can be written as
helium states in helium single ionization is to assume that

"
helium has one “active” and one “passive” electron and that L =i|-|-(q ke)|26®)(q—Pr—ke)

the “active” electron can be described as moving in the ef- dkd3Prdiq vp O C ¢
fective Coulomb field of the atomic core with an effective )
chargeZ,_.=21,=1.345, wherel;=0.9 a.u. is the first X 8(Vp-q—kgl2—13). ()
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FIG. 1. Longitudinal momentum spectra of electrons and recoil G- 2- Longitudinal momentum spectra of electrons and recoil
ions in helium single ionization by 2-MeV/uC. Solid and open '0NS IN helium single ionization by 2-|\./|eV/u.6C. Thick solid
circles: experimental data for electrons and recoil ions, respectivelfUve: CDW-EIS data for electrons. Thin solid curve: CDW-EIS
Solid and dashed curves: CDW-EIS calculations for electrons angata for r_econ ions. Thick dgshed curve: first-order rt_as_ults for elec-
recoil ions, respectively. Dotted curve: first Born results for elec-0ns: Thin dashed curve: first-order results for recoil ions.
trons. Both in experiment and calculations only collision events,
where emitted electrons ha('&'Lﬁo.S a.u., have been taken into Shown, electrons with all possib|e VaIUkS,,L have been
account. Note that in the experimental data we have omitted thezken into account.
momentum_ regions, wh_ere th_e applied m_agnetic field is causing a The spectra, presented in Figs. 1 and 2, show remarkable
low resolution, as mentioned in the experimental part. asymmetries for the electrons and recoil ions. A majority of
the emitted electrons has a positive longitudinal velocity

HereT(q,ke) is the transition matrix elemeritalculated in component, i.e.{ke)>0, whereas the recoil ions tend to

D e ! orn abXMaLl € 08 " prfer e o recon of e motof <0
menta of the emitted electgr]on’ and recoiIRion respectivel Although there exist many papers, where the longitudinal

. . : A Pe y'spectra were considered, we could not locate in the literature
The three- and one-dimensiondlfunctions in Eq.(1) arise

due to the momentum and enerav conservation. respectiveldy article containing a detailed discussion of all main physi-
in the collision. The cross sectic?ril) s given in th'e Iagora- dal reasons leading to the asymmetries in the longitudinal
: 9 spectra. For example, quite oftésee, e.g., Refd24-26)

trgrs){ Irrnatr;ii ?rzﬂwg is assumed that the target was initially atthe origin of the asymmetries is reduced to just the so-called
' “drag” mechanism. Namely, because of the long-range at-

e Q!L:a:]c:\ﬁtzie%r%ﬁa?ﬁggO dr:rséc:?p?rgﬁqd tr':; g]:siiog?]\gmg tractive force between the projectile and the emitted electron
! y ' Ehe latter is “dragged” in the direction of the projectile mo-

(1), by means of performing necessary integrations. tion; on the other hand, the long-range repulsive force be-

tween the projectile and the recoil ion pushes the latter back-
Ill. RESULTS AND DISCUSSION wards. It is clear that in such a picture the sign of the
projectile becomes of crucial importance. However, the fact
that such a picture is not complete follows, e.g., from experi-

The study of longitudinal momentum distributions, mental results of Ref.27] where no substantial differences
do*/dkej anddo " /dpg |, Whereke | andpg are the com- had been found between the longitudinal spectra produced in
ponents of the momentuiky, of the emitted electron and of collisions with protons and antiprotons.
the recoil-ion momentunPg which are parallel to the pro- We begin our discussion of the physics laying behind the
jectile velocityv,,, can provide important information about asymmetries with considering results obtained in the first
the collision dynamics and especially about the role of theBorn approximation which are also shown in Fig. 2. Al-
so-called “postcollision” interaction. In the case of helium though this approximation contains no “postcollision” or
single ionization by 2-MeV/u € such spectra are displayed “precollision” effect (and, thus, does not include the drag
in Figs. 1 and 2. mechanism it still predicts asymmetries for spectra of both,
In Fig. 1 we compare our experimental and theoreticaklectrons[28] and recoil ions. According to the first Born

(CDW-EIS) results. Here, because of the experimental detecapproximation the electron spectrum should display quite a
tion limitations, only those collision events have beenstrong asymmetry with a main part of ejected electrons mov-
counted which were accompanied by the emission of elecng in the direction of the projectile velocity. First-order re-
trons with the transverse momentukg , <0.8. The same sults for the recoil-ion distribution also show an asymmetry
restriction on the electron transverse momentum was set iwhere, in the case under consideration, more than half of the
the calculation. In Fig. 2, where only theoretical results arerecoil ions tend to follow the projectiles.

A. Longitudinal momentum distributions
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Within the first-order approach the basic reason for thgRutherford cross section is independent of the sign of the
asymmetries is purely kinematical and it is directly con-projectile charge. Therefore, the presence of the “third”
nected with the fact that the minimum momentum transferbody is certainly necessary in order to explain the differences
qmm=(k§/2+ I1)/v, is always positive. “Absorption” of this  in the longitudinal spectra of electrons emitted in collisions
momentum by the target pushes tleenter of mass of the with negatively and positively charged projectilé&].
target fragments in the forward direction independently of Summarizing the above discussion the main reasons for
the sign of the projectile charge. the asymmetries in the longitudinal spectra can be outlined

In a more sophisticated consideration of the collisionas follows. The asymmetry in the electron longitudinal spec-
there appear two more reasons which could also, in principlerym is caused by the interplay between the following three
Iead_to gsymmgtries in the longitudinal spectra. The first i9factors:(i) the collision kinematicsd,,i,>0), (ii) the “post-
multiple interactiongor virtual-photon exchangedetween  qjjision” interaction of the electron with the projectile, and

the projectile and the target electron which are, in particularji) the electron interaction with the target core. Exactly the
responsible for the “postcollision” effect. The second is the

. i . ) . ame factors are responsible also for the asymmetry in the
n-n interaction. While the first point h_as_been proven to be Oflsongitudinal spectrum of the recoil ions. Due to the
gfeat |mporta-nce for.a Proper description of th‘?s.e asymmeg omentum-energy conservation in the collision one has
tries, then-n interaction in the case of fast collisions does

— (12 _ i -
not seem to noticeably influence the longitudinal distributionpR'”_(ke/2+Il)/vp kecos@e), V\_/her_eﬁe IS t_h_e angle E)e
even of the recoil ion. tween the electron and the projectile velocities. The “post-

Indeed, in high-velocity collisions electron emission spec-(:ﬁ"ISIOn |Eteract|o|n bgtwc_aen_the ?Ierc]:tron ?‘”d thf prOjectl!e
tra, calculated in the CDW-EIS approach, are not sensitive t§ranges the angufar dlstrlbut_|o_n oft € emitted e gctron with
whether then-n interaction is included into the consideration respect to the first Born predlqtlops. Since for a g'.k%"he .
or not. In general, such a statement cannot be made for ggmimum momentu‘r‘n tranf,fer IS flxed,.the I_ong|tud|nal repoﬂ
recoil-ion distributions. However, the energy conservation,rnomentum has to "adapt” to a new direction of the motion

; . - : of the emitted electron. Thus, the interaction between the
being applied to a collision of a fast heavy particle and an rojectile and the electron indirectly but very effectively in-

atom, leads to the result that the momentum conservation Iﬁuences the longitudinal momentum distribution of the recoil
the longitudinal directions is expressed via the characteristics 9

. o ion whereas the-n interaction, which directly couples the
of just the targefand its final fragmenijs ke,“+pR1”=(k§/2 - ' e
+13)/v,. This equality, in fact, binds so strongly the longi- projectile and the target core, turns out to be of negligible

tudinal momentum distribution of the emitted electron andlmportance.
that of the recaoil ion that the latter can be expressed via the
former[30]. Therefore, taking into account that the electron
distribution is practically not influenced by then interac- In the plane perpendicular to the projectile veloditye

tion, one can draw a conclusion that the effect of tha  transverse directionshe restrictions imposed by the energy-
interaction on the longitudinal distribution of the recoil ions momentum conservation are not so strong as in the longitu-
is also negligible. dinal direction. In addition, a semiclassical consideration of

The above conclusion is consistent with a simple semithe collision process shows that in the transverse direction
classical picture of the interaction between a fast projectiléhe overall action of the projectile on the target core can
and an atomic core. Let us assume that the projectile moveesult in a substantial exchange of momentum that is in a
along a classical trajectory and the target core initially restsharp contrast to the situation discussed above. Therefore,
at the origin. Collision impact parameters which are of im-the study of transverse spectra of electrons, recoil ions, and
portance for helium ionization are not much smaller thanprojectiles can unveil important information, especially
1 a.u. It is clear that in such collisions the projectile trajec-about that part of the collision dynamics which is “hidden”
tory can be very well approximated by a straight line and thawhen considering the longitudinal spectra.
the target core, because of its very large massnpared to In Fig. 3 we display our experimental and theoretical re-
that of the electron can acquire only a negligibly small sults for the transverse spectrudy “/dk, , , of the emitted
velocity. Taking this into account, it is not difficult to see that electron. As we noted already, timen interaction does not
in the longitudinal direction the overall effect of the projec- influence the electronic spectrum. In addition, since the dif-
tile on the motion of the target core is close to zero becausterence between the CDW-EIS and first-order results for the
the projectile actions on the incoming and outgoing parts ofransverse spectrum is much weaker than for the longitudinal
the projectile trajectory nearly compensate each other. Notene, one can conclude that multiple photon exchanges be-
that the above discussed compensation is substantially letseen the projectile and the target electron are not very im-
complete in the case of the interaction between the projectilportant in this case.
and the target electron. This is because the electron is bound As one could expect, the role of timen interaction in the
initially and is free finally and a typical electron velocity is collision dynamics starts to unveil itself when considering
much larger than that of the target core. transverse distributions of the heavy particles.

One more point, which is rather obvious, is that the inter- In Fig. 4 results for the projectile scatteriog-*/dq, are
action between the active electron and the target core is alshown. Both in experimental and theoretical data only those
very important for the asymmetries to occur. In the case otollision events have been taken into account where the pro-
projectile scattering on a free electron the correspondingectile scattering is accompanied by emission of electrons

B. Transverse momentum distributions
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FIG. 3. Transverse momentum spectrum of electrons in helium FIG. 5. Transverse momentum spectrum of the recoil ions in
single ionization by 2-MeV/u &". Squares: experimental data. helium single ionization by 2-MeV/u €. Circles: experimental
Solid curve: CDW-EIS calculation. Dashed curve: first-order calcu-data. Solid curve: result of the CDW-EIS approximation with inclu-
lation. sion of then-n interaction. Dashed curve: result of the CDW-EIS

approximation without inclusion of the-n interaction. Both in the

. : . : . experimental and theoretical data only collision events kith
with energies<9 eV. It is seen that the inclusion of tien =<0.8 have been taken into account. All the theoretical data have

interaction into CDW-EIS calculations substantially changesDeen convoluted with the estimated experi .
perimental resolution of

the absolute values and the shape of the calculated cro au

section for the projectile scattering and brings it into much™™

better overall agreement with the experimental data. . .

As it follows from the calculations shown in Fig. 4, the values. In contrast, for the “intermediateq, (0.5<q,
whole range ofg, under consideration can be subdivided =2-5) this interaction reduces the cross section.
into three parts where then interaction influences the cross ~ The effect of then-n interaction on the calculated cross
section in a different way. In the ranges of “smallty(  Section at smalfy, could be understood in terms of the fol-
<0.5) and “large” (q, =2.5) transverse momenta the inclu- 10wing simple picture. First, when the-n interaction is in-
sion of then-n interaction increases calculated cross sectiorfluded the projectile “sees” a neutral target. Second, scatter-
ing with small momentum transfers generally correspond to
collisions with large impact parameters. Third, for these im-
pact parameters the net influence of the neutral target on the
projectile is very small. This results in the enhancement of
the projectile scattering into small angles compared to the
case where the-n interaction is “switched off” and the
projectile is always affected by the long-range Coulomb field
of the active target electron.

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

The physical reasons for the decreasing effect ofritme

10: T T T

-
T

do'/dq, (10™ cm®/a.u.)
=]
T

0.01

0.0

05

1.0

1.5

20

interaction at the range of intermediate are not quite clear.

Formally, this decreasing effect can be understood as fol-
lows. The total number of ionization events is not influenced

FIG. 4. Transverse momentum spectrum of the projectile in he_by then-n interaction. Therefore, both calculations, with and

lium single ionization by 2-MeV/u €. Circles: experimental data. without including then_n. interaction, yield Iqem'cal results
Solid curve: result of the CDW-EIS approximation with inclusion for the total cross sectl_on. It_means that_ i ther(_a are some
of the n-n interaction. Dashed curve: result of the CDW-EIS ap- ranges th ’ V\_Ihere the inclusion F’f thB-r} Interaction Into .
proximation without inclusion of the-n interaction. Dotted curve; ~calculations increases the differential cross section
results of the first-order approximation. Both in the experimentaldffﬂd% , then there also has to be a rar(ge ranges of

and theoretical data only collision events with electron emissiorfl. » Where then-n interaction decreases this cross section.
energies<9 eV have been taken into account. All the theoretical In Fig. 4 we also show results of the first Born approxi-
data have been convoluted with the estimated experimental resoliiation in which neither ther-n interaction nor multiple-

tion of 0.3 a.u. photon exchanges between the projectile and the electron are

transverse momentum transfer q, (a.u.)
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taken into account. By comparing the first-order results with IV. CONCLUSIONS

those obtained within the CDW-EIS approach one can draw We have investigated three-particle momentum transfer in

the conclusion that not only then interaction but also the helium single ionization by 2-MeV/u ©. By comparing

multiple photon exchanges are of importance for a proper : . . .
description of the projectile scattering. experimental data with calculations we have displayed clear

In Fig. 5 we display results for the transverse spectrum oﬁg:satgfr et?neOfrg;:]i[r}olst(:\rr\a;tlc;r:)'lenctti:;e EltﬁinsS\i/r?treS;c(;jt:ztr:Ibhua_s
the recoil ionsdo*/dpg, . Since in the experiments only ProJ )

n shown to represent an important mechanism for th
those events were detected, where the transverse and |On§fe Sho 0 represent an importar € sm 1o €
omentum exchange in ionizing collisions.

tudinal electron momenta were restrictedk, <0.8 (that We have also discussed in some detail the mechanisms

roughly corresponds to including electrons with=9 ev), leading to the forward-backward asymmetry in the longitu-

the same condition fok, ; has been set in our calculations. . S
CDW-EIS calculations were done by including and neglect-dmal spectra of the emitted electrons and recoil ions. These

ing the n-n interaction. As it follows from the calculations, mechanisms aré) the collision kinematics dmin=0); (i)

. ! : . the higher-order contributions in the projectile-electron inter-
the n-n interaction strongly influences the recoil transverse

o ) " > : action; and(iii) the electron interaction with the target core.
distribution. Inclusion of this interaction into account brings These mechanisms are identical for both the electron and the
the calculated results substantially closer to the experiment%coil_ion asymmetries. In contrast to the transverse direc-
data, except for the range of rather smal, . )

AS in the case with the cross sectid/dq, we ob- tion(s) the n-n interaction plays practically no role in the

serve for the transverse momentum distribution of the recoi\ongltUdmal direction.
ions that the whole range @z, can also be split into sub-
ranges with small, intermediate, and large transverse mo-
mentum transfers where the effects of tha interaction on

the recoil distribution are similar to those caused by this The authors would like to acknowledge useful discussion
interaction for the projectile. with P.D. Fainstein.
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