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Two- and three-body effects in single ionization of Li by 95-MeV/u A8t projectiles:
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Cross sections for single electron emission have been measured in collisions of 95-M&V/prjectiles
with atomic Li for electron energies ranging from 3 to 1000 eV and angles ranging from 25° to 155°. Models
based on the Born approximation are introduced to separate two- and three-body effects in the angular distri-
butions of the ejected electrons. Both experiment and theory provide information about the separability of the
two- and three-body effects. The high projectile velocity and the use of the Li target are shown to be essential
for the present analysis. The emission of theeelectron is attributed mainly to three-body effects. The cross
section for three-body collisions rapidly decreases with the electronic energy transfer involving a power law
with an exponent of—3.5. Consequently, two-body effects dominate at high electron emission energies.
Remarkably large contributions from two-body collisions were also observed for the low-energy emission of
the 2 electrons. Demonstrating the analogy in ionization by photons and ions, the two- and three-body
processes are associated with Compton scattering and photoabsorbtion, respEsfi0&§-294®9)05202-9

PACS numbes): 34.50.Fa, 32.80.Fb

I. INTRODUCTION and many-body parts provide important insight into the fun-
damental nature of ionization mechanisffs-8].

Electron emission from a target atom by ion impact has Electron emission spectra exhibit various characteristic
been the subject of intense investigation since the beginninfipatures which can be associated with particular ionization
of detailed studies of ion-atom collisiorj4,2]. This long- mechanisms. Electrons emitted with low energies are par-
standing interest is due to the fundamental importance oficularly important because these electrons have, by far, the
ionization in various fields of physics. Studies of electronslargest probability for ejection. These low-energy electrons,
ejected in ion-atom collisions are relevant for numerous apreferred to as soft-collision electrons, are produced mainly in
plications as well as for basic research of many-body prolarge impact-parameter collisions. When the velocity of the
cesse$3,4]. The two-body Coulomb problem, involving an projectile is much larger than the velocity of the active
ion colliding with a free electron, may be considered as bebound electron, the momentum transfer in a soft collision is
ing solved within the framework of quantum mechanics,very small on an atomic scale. On the other hand, an ejected
whereas three-body phenomena can only be described tectron may carry away a significant amount of momentum.
means of approximate methods. Therefore, the theoretic8hen the final electron momentum is larger than the mo-
description of many-body processes remains a challenginmmentum transfer, a third body is required to balance the
task in the field of ion-atom collisio$]. To help solve this missing momentum. Hence, if no other particle is ejected in
problem it is desirable to separate the two-body part beforéhe collision, the target nucleus has to take part in the ion-
treating many-body effects. Also, separate studies of the twazation process. Therefore, soft collisions at high projectile

energies can be attributed to three-body collisions involving
the projectile, the active electron, and the residual target ion

*Present address: Friedrich-Ebert-Str. 4, D-15566 6elnbe, [9,10].
Germany. For the case of small momentum transfer, the removal of

1050-2947/99/5@)/126211)/$15.00 PRA 59 1262 ©1999 The American Physical Society



PRA 59 TWO- AND THREE-BODY EFFECTS IN SINGE . .. 1263

an atomic electron by interaction with a fast ion resembles
photoionization where the incident photon is annihilated.
Similar to a fast ion with small momentum transfer, a photon Epseotiatet
cannot ionize without the interaction with the residual ion. .
Hence, photoabsorption necessarily corresponds to a thre<--
body process involving the incident photon, the active elec- ]
tron, and the target ion. The analogy between photons an
charged particles with regard to ionization was recognized ir
the pioneering studies by Bethg&] and Williams[2] and has
subsequently received much attention by F&8h Inokuti
[7,11], and Kim and collaboratofd 2,13. More recently, the
construction and use of large ion accelerator facilities anc
advanced synchrotron light sources have led to new interes ——
in thl_s field[3,5,14-18. _ _ _ | b J. |

It is well known that the photoeffect is mediated by dipole
transitions involving the transfer of a unit angular momen-  F|G. 1. The experimental setup used to measure angular distri-
tum (Al=1). Similarly, a fast ion may be regarded as apution of electrons ejected in ion-atom collisions. The scattering
source of virtual photons which gives rise to dipole transi-chamber contains an electron spectrometer and a high-temperature
tions [2]. Due to the uncertainty principle, the angular mo- oven producing a vapor target. The spectrometer is mounted on a
mentum transfer affects the angular distribution of themovable ring. The vapor jet is directed into a cooled catcher.
ejected electrons. The angular momentuamd the emission
angle ¢ are canonical quantities which are subject to thecharacteristic differences in the angular distributions of the
condition AIA 6=1. Hence, low-order multipole transitions binary- and soft-collision electrons provide an experimental
produce a broad angular distribution. In fact, the ejectednethod to separate the two- and three-body effects.

Faraday Cup

electrons produced by dipole transitions from an inigal In preliminary communications we have provided evi-
state exhibit a (sitg)-like angular distribution that is sym- dence that two- and three-body effects are separable in the
metric around 9098]. angular distributions of electrons ejected in collisions of fast

When the projectile is incident in a close encounter withions with Li [25,2€. It was shown that the two- and three-
the atomic electron, significant momenta can be transferredody effects are quite different for single ionization of 1
in the collision. In such a hard collision, two-body effects and X electrons. This finding has been explained by differ-
become important. The incident ion interacts with an indi-ences in the binding energies of the electrons as well as in
vidual electron in a binary-encounter proc¢$8] where the  the structures of the corresponding wave functigfsit was
target atom plays only a minor role. The binary-encounterevident, however, that the analysis required further effort to
approximation and, thus, the neglect of the interaction withsolve various open questions.
the residual ion are adopted in the framework of the impulse In the present work, we extend our preliminary st(i2g]
approximation[20,21. The energy spectra of the binary- of electron emission from Li bombarded with 95 MeV/u
encounter electrons exhibit a pronounced peak whose progvr®*. The high projectile velocity of nearly half the veloc-
erties are determined by two-body kinematfid$ ity of light (v/c=0.42) is essential for various aspects of the
As already pointed out by Bethi&], the two-body process analysis. Atomic Li is shown to provide a unique system to
in electron emission by ions is analogous to the Comptorseparate two- and three-body effects in the angular distribu-
scattering of photons. In the latter case, a photon occurs itions of the ejected electrons. Two- and three-body effects
the final channel of the collision which may provide the are analyzed in terms of the electronic binding energy and
missing momentum. Accordingly, as in the case of thethe structure of the Li orbitals. The analysis is supported by
binary-encounter process, the target nucleus plays a mineneans of model calculations based on a multipole expansion.
role in the Compton scattering of photons. In addition, from The present study is structured as follows. The experi-
the analogy between ions and photons it is plausible that theental and theoretical methods are described in Secs. Il and
shape of the binary-encounter peak is determined by th#l, respectively. Section IV is devoted to the comparison
Compton profile of the corresponding bound orbj2—-24. between experimental and theoretical results. In Sec. V con-
A binary-encounter peak occurs in both the energy analuding remarks are given. Atomic units are used throughout
angular distributions of the emitted electrons. An importantif not otherwise stated.
criterion to observe a sharp binary-encounter peak is the va-
lidity of the impulse approximation which, in turn, requires
projectiles with a large velocity. Fast ions create a binary-
encounter peak near 90° in the angular distribution involving The measurements were carried out at the GANIL accel-
high-order multipoles £1>1). The transfer of high angular erator facility in Caer(France using the scattering chamber
momenta and the production of a distinct peak of small anshown in Fig. 1. The essential components in the interior of
gular width are consistent with the uncertainty principlethe scattering chamber are the electron spectrometer and the
mentioned above. oven used to produce a lithium vapor jet target. The scatter-
Thus, for fast projectiles two-body effects in ionization ing chamber and the parallel-plate electron spectrometer
produce a sharp peak, while three-body effects give rise to were similar to those described previou$B7]. With this
broad angular distribution of the ejected electrons. Thesapparatus some preliminary electron spectroscopy experi-

II. EXPERIMENTAL METHOD
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ments with a lithium target were performed earli28]. For R " | 95-MeV/u Ar'® + Li
the present experiments we constructed a new lithium oven 107
which can be heated to high temperature and may be filled E
with a relatively large quantity of Lj26].

With the amount of~10 g lithium, the oven provided a
vapor beam for about 6—8 h with a density corresponding to
several mTorr in the target region. The previous high-
resolution studief28] of the Li Auger lines have shown that
the target essentially consists of atomic Li, i.e., the fraction
of molecular lithium (Lj) was found to be less than 5%. The
center of the collision region was located at a distance of 4
mm from the exit aperture of the oven, which had a diameter
of 1 mm. The width of the Li beam in the collision region
was estimated to be-5 mm.

When working with the lithium vapor target, various in-
strumental difficulties had to be solved. The metallic lithium

107°
102 '

107 '

Differential Cross Section (cm?/eV sr)

-22 I
was heated slowly, thereby driving contaminations from the 10 3 % 3
surface, until a stable lithium vapor beam was obtained. For ; ® \./'\Zf
the reliable detection of low-energy electrons, the possibility 3 ,'5"'%'0 20 50 160 200 5001‘000

of perturbing effects due to the electric field resulting from
lithium build-up on the spectrometer surfaces must be taken
into account. Moreover, when metallic lithium is deposited £ 5 Energy distributions of electrons emitted in collisions of

on insulators separating parts with high voltages, electrigs vev/y A8 on Li at angles of 25°, 65°, and 90°. The con-
breakdowns become likely. To avoid such effects, an effitinyum part of the electron spectra originates from single ionization
cient baffle system was used to protect the sensitive parts @f the Li target. The peak at 52 eV is dueKa L Auger electrons
the spectrometer. Furthermore, magnetic fields associategected after exciting aslelectron to a higher bound state.

with the relatively large current~1.5 A) used to heat the

metallic lithium had to be expected. To minimize the mag-show a distinct maximum at about 52 eV which is due to
netic fields, the heating wire was used in a bifilar manner. T&KLL Auger transitions in core excited lithium. The Auger
test for remaining magnetic fields, measurements were takespectra contain several lin¢28] from which the most in-
with the heating current on and off and no changes in théense one is attributed to the initial configuratios2$2p.
electron spectra could be detected. With the present spe&urthermore, the cross sections for continuous electron emis-
trometer setup, electron yields could be measured reliably fogion increase strongly with increasing angle up to 90°, where

Electron Energy (eV)

emission energies as low as3 eV. the data reach a maximum indicating the occurrence of the
The Li vapor target was crossed by a beam of 95-MeV/winary-encounter peak.
Ar'8* jons whose current was-12uA. The beam was col- It is noted that the measured data represent the sum of the

limated to a size of about 2 mme 2 mm. Continuum elec- electron emission from both thesland X orbitals. The in-
trons emitted from the Li target were analyzed with the specdividual contributions from these shells will be separated by
trometer within the electron energy range from about 3 tameans of model calculations as outlined in the following
1000 eV. The spectrometer had a solid angle of abousection.
102 sr and a relative energy resolution of 5.5%. Ejected
electrons were observed in an angular range from 25° to Ill. THEORETICAL ANALYSIS
155° which was scanned in relatively small steps. The maxi- . _ _
mum of the binary-encounter peak in the vicinity of 90° was The fast coII|S|o_ns relevant in this work lare treatgd by
measured with an angular step size of 2° and in the wings di'€ans of perturbation theory. For 95-MeV/u Ar the ratio
the peak the step size was 5° to 10°. of prOjectl_Ie .charge.to projectile vel_ocny is equal Zg /v, .
From the measured electron intensities we determined@ 0-3- This interaction parameter is expected to be suffi-
cross-sections differential in the energy and angle of th&iently small for the validity of the Born approximatiga].
ejected electrons. To obtain absolute cross sections we intdlevertheless, to ensure that two-center effects are negligible,
grated the measured data over the electron emission angfé€ evaluated electron emission cross sections from the
and normalized the results to the corresponding Rutherforgontinuum-distorted waveCDW-EIS) code by Gulyaet al.
cross sectiori3,4]. This was done at one energy point nearl29] in comparison with corresponding Born-approximation
200 eV for the part of the spectrum produced by two_bodyc_alculatlons using the same code. The higher-order contribu-
effects(see also below The relative errors with respect to a 10ns were found to be less than a few percent so that they
variation of the electron energy and angle are aho@gv.  could be neglected in the present analysis.
At energies below~10 eV the experimental uncertainties = Within the framework of the Born approximation, the
increase and reach abotit40% at the lowest energy mea- dc_)uble-dlffere_ntlal cross section f(_)r emission of electrons
sured(3 eV). with energye into the solid angl€} is given by[7]
Typical double-differential cross-section spectra are
shown in Fig. 2 as a function of the electron energy for the
electron emission angles of 25°, 65°, and 90°. The spectra dedQ

do

:422M2ﬁkJ'KmaX|Fif(K)|2
p

K <) KA dQy, ()
[ min



PRA 59 TWO- AND THREE-BODY EFFECTS IN SINGE . .. 1265

1 2
° . Fi(K)=3 Fin(K)Yin(€0), @

whereY,,, are spherical harmonics for the angular momen-
tum | and magnetic quantum numberof the final state. In
the following, | = Al since initials states are used. Then the
form factorF,,(K) can be expressed as

Fim(K)= 47 2Y,(Q0)f 4n(K), (5)

wheref ,(K) =R, (r)j,(Kr)Rng(r)r2dr is the radial ma-
w i trix element containing a Bessel functign and the radial
= 5f | wave functionsR,s and R, associated withp; and ¢;, re-

0 spectively. The solid angl@y specifies the direction of the
momentum transfer.

6 4 2 0 2 4 6 64 2 0 2 4 6 Thus, a coherent sum of multipoles is obtained,
Distance (a. u.)

2

. . do Kf Kmax F|m(K)
(lOVI;(IE(rB. 3. Electron dgnsﬂ@:{upper pant and. wave functhns 9c 40 =4Z§M szj | Z ; Yim(Q)| dQ;
par} for the atomic orbitals ¢ and 2 of Li evaluated using € i Kmin | Tm K
the Cowan cod¢30]. From[26]. (6)

whereZ, andM are the projectile charge and the reduced"hich can be evaluated introducing a multiple sum dyet,
mass, respectivelyk =K;—K; is the momentum transfer, ™M andm’. The integration over azimuthal angle of the

with K; andK being the initial and final projectile momenta, S°lid angledQ=sin6; df; der gives rise to the constraint

and k= \2¢ is the momentum of the ejected electron. TheM=m"- The polar anglel¢; can be expres_sled in terms of
integration is performed over the solid angldQ, the momentum transfer, i.e., #indf=(KiKy) "K dK. Thus,

=sing; d; de; of the scattered projectile, where the mo- &ftér regrouping the diagonal€1") and nondiagonalI(
mentum transfer is subject to the conditish=(K2+K? 7! terms, one obtains
— 2K ;K cosé;)*? involving the projectile scattering angle

., . . do z2
6; . The minimum momentum transf&t,,, is obtained as ngwv_gk{ % Bil Yim( Q)2
K AE @
vy + 2 cwmvrm(mvwm(m], )
I#1"m

whereAE is the energy transfer and, the projectile veloc- -
ity. The maximum momentum transfer is given b,  Where the coefficients

~2vp. Moreover, )
Kinax| F (K|
b|m: dK (8&)

. _ 3
Fif(K)=f ef (e "o (r)dr ©) Kmn - K
and

is the atomic form factor, wherg; and ¢; are the initial and .

final states of the active electron, respectively. _ JKmame(K)Fl'm(K) dK (&b
Since the electronic structures of the initial Li statgs Ci'm= Ko K3

are important for the present analy$6], we exhibit the

densities and wave functio80] of the bound orbitals 4  govern the contributions of individual angular momenta and

and X in Fig. 3. The & electron has a binding energy of their interferences, respectively. Due to the orthogonality of

about 59 eV and is localized closez(l a.u.) to the nucleus. the spherical harmonics, the interference terms cancel when

The 2s electron has a much smaller binding energy of abousingle-differential cross sections are evaluated by integrating

5.5 eV. Due to the node in the wave function, tre@bital  over the electron observation angle.

has two parts, an inner part close to the nuclegd (a.u.) We calculated individual multipole terms relevant for in-
and an outer part extending quite far from the nucleysto  tegrated cross sections within the framework of the Born
about 7 a.y. approximation using a program similar to that of Guya

For various applications it is useful to expand the formet al. [29]. The program implies Hartree-Fock-Slater wave
factor over the final angular momentum states. This has beenctions for the initial and final state of the active electron.
done in the early work by Madisoet al. [31] and Manson Figure 4 shows examples for the quantify,(K)|%/K? oc-
et al. [32] to allow for the use of numerical wave functions curring within the integral of Eq(8a). (After a summation
¢; ande; . In the present work, such an expansion is appliedbver m, the vectorK reduces to the modulus.) Results are
to study individual multipole terms. The corresponding ex-given for the angular momenta=1 andl #1 showing that
pansion is given by the function|F,,(K)|?/K® maximizes in different ranges of
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R YT =1 HA AR with the target nucleus and, hence, photoabsorption is neces-
s=3eV e=30eV sarily a three-body process. On the other hand, the Compton

| x20 | effect may proceed without the presence of the target nucleus
8 1=1 so that the two-body aspect becomes dominant. Accordingly,
% | | in ion-atom collisions the distinction of thiet 1 andl=1
o I=1 contributions is associated with the separation of two- and
gE three-body effects, respectively. We recall that this separa-
Ty tion is primarily justified by the differenK dependencies of

the form factors given in Fig. 4.

In the following we shall deduce approximate expressions
for the two- and three-body parts which can be used to cal-
culate the corresponding contributions. The cross sections
due to the two- and three-body parts will be specified by the
20 o5 10 15 20 labels 2 and 3, respectively. First, we treat the three-body
K, Momentum Transfer (a. u.) part by using the dipole term fd=1 from Eq.(7). Hence,
the angular distribution reduces #-+ B sing, where the
overm for the angular momentia=1 andl%l as a function of the ]E:r%rr]:tgzt.séz;dgr?gg ?A\éegrgg;:]he (?(?r?]fgglr?;r:flgfa?ﬁebg(lperi-
momentum tran§de. The left-hand side is for.3 eV elecltrons'and mental angular distributiotthree-body paitexhibits asym-
the right-hand side for 30 eV. For the convenient graphical display . . .
the 30 eV data are multiplied by a factor of 20. The data are calcu[.nemes’ we also keep the monopole tdrm0 which qul-
lated by means of the Born approximation using a program simiIaJIes the constam and introduces the Cros_s temI:QSBWIIh
to that of Gulyaset al. [29]. C=cCyqo due to an interference effect with the dipole term.
Hence one obtains

FIG. 4. ExpressiofiF,(K)|?/K? for the Li 2s orbital summed

the momentum transfer. Thie=1 contribution is strongly

peaked aK— 0, whereas the contribution of tthet 1 multi- doz .

poles exhibits a maximum nedf~k whose low-energy de dQ =A+Bsir9+C cose. (10
wing falls off rapidly atK—0. The occurrence of two dis-

tinct peaks irk space supports the separation ofltkel and As will be shown below, the monopole term is small due
I #1 multipoles. to the high projectile energy used in this work. Furthermore,

The separation of the form factor has already been projt is recalled from Eq(7) that the interference term is subject
posed in the pioneering work of Bettj&]. To allow indi-  to the constrainm=m’. At high impact energies the dipole
vidual treatments of small and large momentum transferserm with the magnetic quantum numbrer 1 dominates so
Bethe[1] introduced an intermediate momentum transfgr  that the interference with the monopole term=£0) is

to split the integral in Eq(1), small. As the monopole term and the related interference are

not significant, the sum of monopole and dipole terms will be

do z; J'KO [Fie(K)[? referred to as an extended dipole term. For small interfer-

=8m—; ——F—dK :

de dQ b2 K K3 ences it can be seen from EQO) that the three-body part of .

P the electron emission cross section has a broad angular dis-
Kma] Fi (K)|? tribution governed by the sta term.
+ f ——dK;. 9) The two-body part refers to the second term in ).
Ko K representing the transfer of high momenta and angular mo-

menta characteristic for violent collisions. For such a case it
is reasonable to treat ionization as a binary collision between
the incident particle and the target electron while neglecting
o . the target nucleus. Within this treatment, referred to as the
2 3 1
It(r)]cated aF the mlrtnmfu?]éci ;hb:'g(li)l /K curvc_ar,hl.e.,tﬁt impulse approximatiofi20], the momentum balance is given

€ crossing point o —-.an curves. 1hus, the by p=k—K, wherep is the initial momentum of the bound

multipoles can be separated in good approximation and, "Nslectron. Moreover, the final state of the electron is described

deed3 _the firs_t term is nearly exclu_si\(ely attributed to dipoleby a plane waves; = (27) 3%k s0 that the form factor
transitions. Since the# 1 peak maximizes neetgr= V2e, the from Eg. (3) can be identified with the initial wave function
two peaks approach each other with decreasing eneegyd momentum space
their overlap may become significant. However, Figa)4 ’
indicates that even the results for the lowest endBygV) 1
provu_de confidence that the groups dud t01 andl#1 can @i(p)=—mJ e P Ty, (r)dr. (11)
be fairly well separated. (27)

Bethe[1] has also drawn the attention to the analogy be-
tween ionization by ions and photons. The dipole term cor- For further evaluation the solid angle of the scattered par-
responds to photoabsorption where a photon is annihilateticle dQ~ (K;K;) “1d?K , is written in terms of the momen-
and the second term corresponds to the Compton effectsm transfelK, perpendicular to the incident beam direction
where a photon remains in the final state. As pointed ouK;. Hence, the double-differential cross section for two-
above, photoabsorption cannot occur without the interactiotody collisions is obtained &8ell et al. [22])

In various studie$l,3,7,19 the first term in Eq(9) has been
recognized as being due to dipole transitions {). As seen
from Fig. 4, the intermediate momentum trandfgrmay be
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40

do,  Zp [Kmal@(K)[?
=4k —d%K, . 12
de dQ 02 Sy KA 1 (12

20}

The momentum distributionie;(p)|? represents a distinct
peak, which corresponds to the1 peak shown in Fig. 4.
Hence, to simplify Eq(12) one may perform a peaking ap-
proximation[4,33] by settingK equal to an effective value
k., which is close to the maximum location of the 1 peak
in Fig. 4.

The quantityk, may be approximated by the mean value
of the momentum transfeK. Recalling thatK?=k?+ p?
— 2k pcospB and assuming that the cross term is canceled by
the averaging procedure, we set

101

Diff. Cross Section (107 cm?/eV sr)
(=2}

06} ]
0 30 60 90 120 150 180
Emission Angle (deg)

ke~ (k2+p?)Y2, (13

wherep is the mean value of the initial momentum distribu-
tion of the electron. In accordance with the virial theorem, F|G. 5. Angular distribution of 30 eV electrons emitted in col-
the mean momentum of the electron may be deduced fromsions of 95-MeV/u A" on Li. The dot-dashed curve labeled 2
its binding energyE,, i.e., we setpzc\/f, where ¢ refers to calculations using the two-body theory given by @¢).
=1.2 is the correction factor for multielectron atorf]. ~ The dot-dot-dashed curve labelef12] refers to the two-body part
Moreover, in binary collisions the kinetic energymay be  from the Is orbital only. The dashed curve labeled 3 is a fit to the
replaced by the energy transtéE = e+ E,, [9] and, accord- underlying three-body part using the extended dipole tekm

ingly, the momentunk by k. in a good approximation. +Bs_in2 n9_+Ccos¢9 (see text The solid curve is the sum of all
Finally, one obtains for the double-differential cross sec-contributions.
tion fied as the binary-encounter peak. It can readily be shown
do 472 that the location of the binary-encounter peak is determined
2 _ —L23(p,), (14)  from the condition that the Compton profile maximizes at
dedQ 323 p,=0. For the electron energy at the binary-encounter maxi-
mum it follows that(Fainsteinet al. [34])
where

€pe= 205 COS 60— 2Ey . 17
p,=kcosf—Knn (15
This formula indicates that the electrons are ejected near 90°
is the initial momentum component along the beam directiowhen the electron velocity remains much lower than the pro-
and J(p,) = f|i(p)|>d?p, is the Compton profile of the jectile velocity. The latter condition can readily be achieved
initial state. The integration variabl¢, was substituted by when high-velocity projectiles are used.
the componenp, of the initial momentum perpendicular to ~ Since angular distributions of the ejected electrons are of
the incident beam direction. It should be pointed out that theprimary interest here, we estimate the angular width from
peaking approximation suppresses the dipole term, so th&td. (15 forming the derivativedp,/dé=ksin#é. Thus, the
the lower integration limit forp, may be set to zero in a width of the binary-encounter peak is obtained as
good approximation. In the following, the method yielding
Eq. (14) is referred to as th&ee-electron peaking approxi- Ap,
mation (FEPA) [4]. ksing’
Taking into account the normalization of the Compton
profile, [J(p,)dp,=1, the FEPA formula14) may readily It is recalled that high-velocity projectiles eject electrons pri-
be integrated over the solid angle, yielding the simple exmarily at anglesf~90°. Hence, si reaches its maximum

(18

pression value of unity and the angular width § reaches its mini-
mum, i.e., the binary-encounter peak is relatively sharp when
do, 2172,2) produced by high velocity projectiles.
de ~ y2aE2 (o
p ¢ IV. DISCUSSION OF THE RESULTS

with AE.=k2/2= e+ c?E,. A similar expression has previ- In order to verify the contributions from two- and three-
ously been deduced from the Rutherford cross se¢Bofi  body processes, we compare the experimental and theoretical
using AE instead of AE.. The differences resulting from results for angular distributions of the ejected electrons. An
this replacement are significant fer—0, but vanish fore =~ example for 30 eV electrons is given in Fig. 5. The two-body
>Ey. part is evaluated by means of Ed.4) where the Compton

Returning to the double-differential cross sections, weprofiles were deduced from atomic Hartree-Fock wave func-
note that Eq(14) describes a distinct peak which is identi- tions [30]. Figure 5 shows the fraction for theskhell (la-



1268 N. STOLTERFOHTet al. PRA 59

oMV AT L T tween the dipole I(=1) and higher multipoles such as the

1 quadrupole (=2). In the angular distributions of the emit-
ted electrons, the interference between these multipoles may
cause ambiguities in the separability of the two- and three-
body effects. However, as shown later, the different multi-
poles are fully separable in the single differential cross sec-
tions.

The distinct part of the binary-encounter peak is found on
top of a broader maximurfaltogether superimposed on the
(sirfé)-like dipole curvd. Again, this broader maximum is
associated with the two-body contribution of the drbital
and the inner part of thes2orbital. The relative importance
of these contributions changes with electron energy. The in-
NI N ner part of the 8 wave function contributes primarily at

0 30 60 90 120 150 180 0 30 60 90 120 150 180 lower electron energies, while the two-body contribution of
Emission Angle (deg) Emission Angle (deg) the 1s orbital becomes more important at higher energies

FIG. 6. Angular distributions of electrons emitted in collisions “>'.100 eV. Another feature of the spectra in Fig. 6 is that the
of 95-MeV/u Ar®" on Li at energies of 5, 30, 200, and 500 eV. The b!nary—encounter peak becor_ne§ more_ and more narrow at
dot-dashed curve is a fit to the underlying three-body part using thé1Igher eleCtro_n energies. Th's increasing sharpness of the
extended dipole termA+ B sir? 0+ Ccosd (see text The solid ~Compton profile may readily be understood from E4g)
curve is the sum of the two- and three-body parts. yielding for the angular widthA 6=Ap,/k when setting

sinf#~1 at angles near 90°. Hence, for a givep, it follows
beled Z1s]) and the total two-body contributiofiabeled 2  that the angular widtiA ¢ decreases with increasing electron
including both the § and 2 shells. After subtraction of the momentumk.
two-body part, the extended dipole term Eg0) is used to The results in Fig. 6 show that the two- and three-body
fit the experimental data taken primarily at forward @0°) ~ Parts change considerably in magnitude with varying elec-
and backward angles(120°). The result of the filabeled ~ tron energy. For higher electron energiesg., 500 eV the

3) is given by the dashed curve and the sum of all the theotWo-body processes account for nearly all of the electron
retical components is given by the solid curve. emission. At lower energies, however, the two-body part

does not vanish. For 5 eV electrons the two-body contribu-
tion is still nearly as large as the three-body part. This find-
ing is remarkable. Since the pioneering work of Befthgit

In Fig. 5 the most significant feature of the spectrum is thehas become common practice to attribute the emission of
distinct binary-encounter peak near 90° which represents thew-energy electrons by fast projectiles to three-body dipole
two-body processes. As outlined in Sec. Ill, the shape of theransitions[7,12]. The present experiments, however, show
binary-encounter peak is determined by the Compton profilghat significant contributions due to two-body processes re-
of the target electrons. An important consequence of thenain at the low-energy limit.
Compton profile analysis by means of Hd4) is that the To study further the properties of the two-body interac-
most distinct part of the binary-encounter peak can be attribtion, theoretical results for individual multipoles were evalu-
uted to the B orbital. The Xk electron, since it involves ated within the framework of the first Born approximation
higher momenta, has a broader Compton profile as can b@1) using a modified version of the program by Gidya
seen from the P1s] curve. Also, the inner part of thes2 et al.[29]. The calculated double-differential cross sections
wave function, since it is closer to the nuclei#éy. 3), pro-  were integrated over the electron emission angle. As men-
duces a broader component in the Compton profile. In fact itioned, the angular integration cancels the interferences be-
is found that, apart from a constant factor, the Compton protween multipoles(e.g., dipole and quadrup9lso that the
files for the Is wave function and the inner part of thes2 multipole terms become fully separable. The results for the
wave function are essentially equal. Thus, tlsenave func-  single differential cross section involving all multipoles with
tion as well as the effect of the node in ths @rbital give 1>1 are shown in Fig. (&). As discussed in the theoretical
rise to a “kink” in the Compton profile, which is clearly section, these multipoles represent essentially the two-body
confirmed by the experiment. contributions. Moreover, experimental two-body contribu-

More examples for energies of 5, 30, 200, and 500 eV arg¢ions were obtained by integration of the double-differential
given in Fig. 6. For reasons of graphical display we showcross sections after subtraction of the corresponding three-
only the three-body part and the total sum of the model calbody parts represented by the dot-dashed curve in Fig. 6.
culations. The model results are seen to agree well with the In addition, Fig. 7 shows results from the simple formula
experimental data. The only significant deviations betweeri16) derived above from the FEPA model. Apart from dis-
the model and experiment occur in the region of backwardrepancies at lower energies, where the FEPA is not ex-
angles; e.g., see the data for 200 eV. These deviations canne¢cted to yield accurate results, the two theoretical data sets
be accounted for by an increased interference between thexhibit excellent agreement. This agreement is remarkable in
dipole and monopole teritthe corresponding cross sections view of the simplicity of the FEPA model, which includes no
would have to become negative abovd55°). Rather, the adjustable parameters. As mentioned in Sec. I, the FEPA
observed discrepancy is attributed to the interference bedermula (16) was used to normalize the experimental cross

0.3
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Diff. Cross Section (102" cm?/eV sr)
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wil (@) [Two-Bodies || " ) | Three-Bodies tion of the three-body contributiofsee the 500 eV spec-
= E trum). However, we estimated that the error of the three-
3 [ B1: Multipoles |>1 A B Dieole + Monopole body part does not exceett40% at the highest emitted
E 107 . . i electron energies.
5 FEPA:4E." '\, As already noted, the extended dipole term contains con-
g 10" tributions due to monopole transitions. These contributions
2 include also the interference between monopole and dipole
S 1021 [ B1: Monopdle ‘\‘ terms. The monopole term does not belong to the three-body
5 \, part. Hence, the decomposition of the angular distributions is
g o : possible only if the monopole term is small. This is indeed

of /\) ] shown in the following analysis.
Fit: AE% % 1 It should first be recalled that the interferences between
102} L M dipole and monopole terms cancel by integrating the cross
sections over the electron emission angle. Hence it is useful
to consider single-differential cross sections obtained after
angular integration. Figure(d shows integrated cross sec-
FIG. 7. Angle-integrated cross sections for electron emission irtions evaluated by means of the Born approximatiBa)
95-MeV/u Ar8* +Lj collisions separated into two-body processes code by Gulyaet al.[29]. The curve representing the mono-
() and three-body processéb). In (a), the experimental data pole term(labeled “B1:Monopole’) is seen to be relatively
points were obtained by integrating the measured angular distribUsmall. In fact. the summed dipole and monopole tetaa
tions after subt‘liract’llon of the three-body part, sh_owr(bh The  poled “B1:Dipole+ Monopole™) is about an order of magni-
curve labeled “B1” was evaluated for the multipolés-1 by .
S . tude larger than the monopole term alone. Only at the highest
means of the Born approximation using the code by Gaibtaal. . .
energies near 1000 eV does the monopole term become im-

[29]. The curve labeled “FEPA” refers to formuld6). In (b) the X .
experimental data points originate from the fits of Etp) to the ~ Portant. The good agreement obtained between experiment

experimental results shown in Fig. 6. The curves labeled “B1” and theory seen in Fig.(B) attests to the validity of attrib-
were evaluated using the Born approximat[@9]. The dash-dot-  uting the fitted part of the experimental data to dipole tran-
dot line labeled “Monopole” refers to monopolé£0) transitions. ~ sitions and, hence, to three-body effects.

The full line labeled “Dipole-Monopole” refers to dipole I(=1) Returning to the analogy between fast ions and photons,
plus monopole transitions. The dash-dot line labeled “Fit” repre-we note from the Einstein relation for the photoeffect that the
sents the fUnCtiOWAEiB'SWhereAE is the electronic energy trans- present electron Spectroscopy measurements allow for deter-
fe.r andx ig a fit parameter adjusted to achieve the best agreemerﬁ;]ining the energy of the annihilategirtual) photon, since

with experiment(see text this photon energy is equal to the electronic energy transfer

sections. For the normalization all experimental data wer E.Zfr:r Eb. (repall thate is thhe em|tte(.j|'elefctror;] energy and
multiplied with a single factor which was adjusted to achieve_b is the binding energy T_e probability for p otoab_sorp-

agreement with theory near 200 eV. For higher electron ent-'on decreasei gtrongly with photon energy followmg the
ergies it should be pointed out that the experimental result8oWer lawAE "**[14,39. Therefore, we have fitted the ex-

. . . _3.5 .
are underestimated by numerical integration problems due tBerlmentaI data with the functio®AE =%, wherex is a con-

the finite step size in the angular distribution measurement$ 2Nt which was adjusted to achieve agreement V\.’ith the ex-
The present results show that the FEPA model is an e erimental data between 30 and 300 eV. The binding energy

cellent tool to describe the two-body part of the Li ionization —1s v;as uzed t% d;terfrpin@E, sane the $t§eritaI ri;_’hgof\_"
mechanism. Similar conclusions have been drawn by BelfMed by three-body e ecsee the next subsectiprThe fit

et al. [22] for other target species; see also the work byresults given in Fig. () compare well with the_ resuilts ob-
Zouros et al. [24]. For the following discussion of three- t@ined from the Born approximation. The discrepancy at

body effects it should be kept in mind that the FEPA formula€lectron energies below 30 eV is due to the fact that the fit
(16) implies aAE-2 dependence of the cross sections ASdoes not include the contribution from the @rbital, which
c .

. ) . gains importance at lower energies. At energie300 eV
faetigrfrggu':r:gtéry ftgltlaot/\\//vsotﬁic;dl);&art of the B1 cross section e discrepancy observed between the two theoretical data

sets originates from the fact that the fit represent dipole tran-
sitions only, whereas the B1 results also include the mono-
pole term.

A remarkable result of the spectral analysis is that the Since the experimental three-body results imply the
three-body part of the ionization process can be separated monopole term, it is expected that they agree primarily with
good approximation from the two-body pdHig. 6). At en-  the B1 curve. However, at higher energies the experimental
ergies lower than about 200 eV, the spectral decompositiodata seem to follow the fit curve rather than the B1 curve.
shows that the three-body part is well fitted by the extended his disagreement is not fully understood at present. In any
dipole formula(10). At higher energies the separation of case, the important point to be made here is that the three-
two- and three-body contributions becomes less reliable dukody part of ion-induced electron emission followd & 3
to the interferences of different multipoles. In addition, thepower law in accordance with the energy dependence of pho-
increasing statistical error of the data measured at forwartbannihilation. The fact that photoabsorption and three-body
and backward angles causes uncertainties in the determinprocesses follow the same energy dependence provides clear

sl PRI 1 1
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energies. On the contrary, for thes 2rbital, two-body ef-
fects remain important even at the lowest electron energies

] studied here. Significant contribations of higher multipoles
3 have been noted in the electron-loss cusp bybBaaal.[36]

As already noted from the spectra in Fig. 6, the observation
of a significant two-body contribution at low electron ener-

gies is remarkable, since to date it is common practice to
attribute the emission of soft-collision electrons to dipole

2 +3 Bodies

107

3 Bodies —)

10»19 L
E_ 2 Bodies

Single Diff. Cross Section (cm?/eV)

0% 3 E transitions.
] Indeed, the results for the Lislorbital (Fig. 8 support
107 the dominance of the dipole transitions, i.e., at low energies

the two-body part is found to be more than an order of mag-
. ] nitude lower than the three-body part. Similarly, in a recent
107 3 \\ E study of He X ionization, Moshammeet al.[16] attributed
" ! e soft-collision electrons uniquely to dipole transitions. How-

3 0 30 100 300 1000 ever, the present results for the Ls @rbital show that the
Electron Energy (V) conclusion of the dominant dipole contribution for soft-
£ollision electrons cannot be generalized. Obviously specific
properties of the & orbital favor the importance of two-body
collisions or reduce the probabilities for three-body colli-
sions. Characteristic properties of the @bital are its small
binding energy, its node producing an inner and outer part,
and its large spatial extension. The analysis of the measured
angular distributiongFigs. 5 and $ has shown that the dis-
tinct part of the binary-encounter peak originates from the
] o extensive outer portion of thes2orbital. However, also the
evidence for the analogy between ionization by photon andmga|| 2s binding energy may influence the relation between
fast ion impact. the two- and three-body processes.

To find out which property of the Rorbital has the domi-
nant influence on the two- and three-body effects, we carried

As shown in the foregoing discussion, the decompositionOUI auxiliary calculations using ghydrogeni¢ 1s orbital

of the experimental results provides information about two-W'g.] allr?md'ﬁg energ)t/)_ 03.5'5 ev. WE not%_that the Lﬁ 2h .
and three-body effects. However, the experiment cannot disr Ital has the same binding energy but a diameter which is

N L . about a factor of 4 larger than this Dbrbital. The calcula-
tinguish the contrlbutlo_ns (.)f thesland % orb|ta!s. Hence, ions show that the two-body cross sections for tiseelec-
to analyze these contributions we use theoretical cross se

) ) ffon (bound with 5.5 eV and the Li & electron are nearly
tions evaluated by means of the Born approximafi@8].  equal. This can be understood from Eg) indicating that

The excellent agreement found between experiment anflq tyo-hody cross section scales only with the binding en-
theory in the foregoing analysis provides confidence that th%rgy. On the contrary, the three-body cross section, which is
theory also accurately predicts individual shell contributions.; Jvarned by the dipole form factor, strongly depends on the
The Ieft.- and right-hand sides o_f Fig. 8 presgnt the partiali cture of the wave functiote.q., its node The three-
cross sec_uons for thesland & orbitals, respecnvely. Here, body cross section for the Li2orbital is found to be sig-
we have incorporated the monopole term into the two-body,ificanty reduced with respect to the results for thedt-
part so that the three-body part exclusively represents thg, Hence, the present observation that in soft collisions
dipole term(in accordance with Fig.)4 Also, the individual the three-body contribution of the Lis2orbital does not

B1 cross sections for thesland 2 orbitals were found t0 yominate the two-body part is primarily caused by the struc-
compare well with resulténot shown herefrom the FEPA ture of the 2 orbital.

formula (14). This provides further confidence for the theo- Finally, in Fig. 9 we give an overview of the present

retical data presented_ her_e. - o analysis, which compares the experimental data with
The results shown in Fig. 8 indicate that ionization of theg  meq theoretical two- and three-body cross sections from
2s electron is most important at low energies whereas akjg g The two contributions are about equal at the lowest
higher energies theslionization becomes dominant. More- energy studied3 eV), whereas at higher energies up to
over, as aIready noted f_rom Fig. 7, the two_—body part governs_ 19 eV the three-body part exceeds the two-body part. At
the cross sections at high eIectron energies, since the thregiiner increasing energy the three-body part drops rapidly
body part decreases strongly with energy. This is due t0 the, 1t the two-body part becomes dominant. As before, this
fapt that the three-body cross section follows a power laws nderstood from the-3.5 power-law dependence of the
with an exponent of-3.5 whereas the two-body part in- e hody cross section which is much stronger than that of

volves an exponent of 2 only. , the two-body cross section.
The most significant result of the comparison & dnd

2s contributions is that the two- and three-body effects are
very different for the different shells. Theslionization is
largely governed by three-body effects, i.e., two-body effects We have shown for very fast projectiles colliding with Li
are found to be small in a wide range of lower electronthat two- and three-body effects in single ionization can be

n 1 1 1
30 100 300 1000 10
Electron Energy (eV)

FIG. 8. Angle-integrated cross sections for electron emission i
95-MeV/u A" + Li collisions divided into contributions from the
1s orbital (a) and the 3 orbital (b). All data were calculated using
the Born approximatiof29]. The curve labeled “2 Bodies” repre-
sents the multipoleb+ 1 and the curve labeled “3 Bodies” repre-
sents the dipolé=1. The full line labeled “2+-3 Bodies” refer to
the sum of the individual contributions.

C. Shell contributions

V. CONCLUDING CONSIDERATIONS
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[T ‘ 05-MeViu A + Li multipole groups appears reasonable for electron energies as
1072 Tt 2O 2 low as~3 eV. Further studies below 3 eV would be needed

] to determine the limits for the separability of two- and three-
body effects.

107

i 2+3 Bodies _ The theoretical analysis shows that two- and three-body

; ] effects play significantly different roles in the ionization of

[ 2 Bodies the Li 1s and X orbitals. Three-body effects are dominant
10™

4 for the removal of the & electron which contributes signifi-

] cantly to the total ionization at intermediate and higher en-
I W ] ergies. In Fig. 9 the relatively large three-body contributions
10% 3 \\‘:\. 9 near 30 eV originate primarily from theslonization. On the

; NN contrary, the ionization of the 2electron occurs predomi-

i 3 Bodies )\\ \ nantly via two-body interactions which are found to be im-
10* 3 N\ e portant for electron energies as low as 3 eV. Therefore, in
; \ contrast to He, the two-body effects for Li remain significant
] for the soft collisions. This apparently strong two-body part
3 is caused by the suppression of the three-body contribution,
T which in turn is due to the modal structure of the @bital.

3 10 30 100 300 1000 From the present findings the question arises as to how far
Electron Energy (eV) the different conclusions for He or Li can be generalized to
other target atoms. With its small binding energy and large
FIG. 9. Summary of angle-integrated cross sections for electroRxtension the Li 8 orbital is rather unique. On the other
emission in 95-MeV/u A¥" + Li collisions. The experimental data hand, the He & orbital is also unique but its properties are
points, representing the sum of the data given in Fig. 7, were ObOpposite. Helium has the largest outer shell binding energy
tained by integrating the measured angular distributions. The theqs¢ any atom and a rather small extension. Hence, it appears
retical results, referring to the sum of the and 2 contributions, promising to study the role of two-body effects for other
are obtained as in Fig. 8 where also the labels are specified. target atoms having electrons in the @bital or even higher

separated. In the present analysis the use of high-energy pro€llS whose bindilng fene}:gies lie Egt\;veen tholsde of Li and
jectiles is essential becaugp perturbation theory can be H_e. _F_rom our resu _ts or the Liorbital we wou expect
used, thus justifying the Born approximaticfii) the mini- significant contributions from two-body effects for multishell

mum momentum transfer is very small so that the effect off10MS. However, to fully answer this question, further de-

soft collisions resembles photoannihilatiiii) the binary ~ t@iléd work is required.

; o ; The fact that the experimental three-body data follow a
enC(_)unt.er peak occurring near 90° has a particularly sharRE_&5 dependence sho?/vs that electron s egtrosco experi-
profile, (iv) the monopole term is small and the=1 term of P P Py

the dipole transition is dominant, an@) the interference ments with ion impact provide_ characteristic informatio_n
between the monopole and dipole terms is small. Itéin about photoabsorption over a wide range of photon energies.

constitutes the basis for the analogy between fast ions an confirms the analogy of ionizat@on by fast pro_ject_iles and
photons photons which has attracted considerable attention in the past

In view of the present analysis, the question arises as tifW Years. It appears that even after so many decades of

what are the limits for the separability of the two- and three- WOk in this field, originally started by Betfid], the analogy

body processes which are associated with the multipolQetWee” ions and photons has not lost its fascination to re-
groupsl=1 andl # 1, respectively. The basic condition for searchers.
the separability of two- and three-body processes is that the

different groups of multipoles appear in rather distinct re-

gions of momentum transféFig. 4). With decreasing elec- We are indebted to Gregor Schiurets for helpful com-
tron energy the two groups approach each other and sepanments on the manuscript. This work was supported by the
bility becomes more difficult. On the other hand, within the German-French Cooperation Program PROCQPEDject
experimental analysis the angular distributions of the ejecteflo. 98089 and the German-Hungarian Intergovernmental
electrons are exploited. This analysis indicates that two- an@ollaboration(Project No. B/12% J.-Y.C. received a grant
three-body effects are separable if the angular distributiofirom the Alexander von Humboldt Foundation, Germany;
exhibits a noticeable binary-encounter peak contributionB.S. was supported by the Hungarian National Science Fund
which is superimposed on the broad @#plike maximum  (Contract No. OTKA-T-020-77and by the Hungarian Aca-
attributed to three-body effects. A specific condition for ana-demic Research FundAKP, Contract No. 96/665 2)2
lyzing the angular distributions is that interferences betweed.A.T. was supported by the Division of Chemical Sciences,
dipole and higher multipoles are small. The present theore®©ffice of Basic Energy Sciences, Office of Energy Research,
ical and experimental results show that separation of th&).S. Department of Energy.
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