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Two- and three-body effects in single ionization of Li by 95-MeV/u Ar181 projectiles:
Analogies with photoionization
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Cross sections for single electron emission have been measured in collisions of 95-MeV/u Ar181 projectiles
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 the 1s electron 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 of23.5. 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 2s electrons. Demonstrating the analogy in ionization by photons and ions, the two- and three-body
processes are associated with Compton scattering and photoabsorbtion, respectively.@S1050-2947~99!05202-6#

PACS number~s!: 34.50.Fa, 32.80.Fb
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I. INTRODUCTION

Electron emission from a target atom by ion impact h
been the subject of intense investigation since the begin
of detailed studies of ion-atom collisions@1,2#. This long-
standing interest is due to the fundamental importance
ionization in various fields of physics. Studies of electro
ejected in ion-atom collisions are relevant for numerous
plications as well as for basic research of many-body p
cesses@3,4#. The two-body Coulomb problem, involving a
ion colliding with a free electron, may be considered as
ing solved within the framework of quantum mechanic
whereas three-body phenomena can only be describe
means of approximate methods. Therefore, the theore
description of many-body processes remains a challen
task in the field of ion-atom collisions@5#. To help solve this
problem it is desirable to separate the two-body part be
treating many-body effects. Also, separate studies of the t
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and many-body parts provide important insight into the fu
damental nature of ionization mechanisms@6–8#.

Electron emission spectra exhibit various characteri
features which can be associated with particular ionizat
mechanisms. Electrons emitted with low energies are p
ticularly important because these electrons have, by far,
largest probability for ejection. These low-energy electro
referred to as soft-collision electrons, are produced mainly
large impact-parameter collisions. When the velocity of t
projectile is much larger than the velocity of the acti
bound electron, the momentum transfer in a soft collision
very small on an atomic scale. On the other hand, an eje
electron may carry away a significant amount of momentu
When the final electron momentum is larger than the m
mentum transfer, a third body is required to balance
missing momentum. Hence, if no other particle is ejected
the collision, the target nucleus has to take part in the i
ization process. Therefore, soft collisions at high projec
energies can be attributed to three-body collisions involv
the projectile, the active electron, and the residual target
@9,10#.

For the case of small momentum transfer, the remova
1262 ©1999 The American Physical Society
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PRA 59 1263TWO- AND THREE-BODY EFFECTS IN SINGLE . . .
an atomic electron by interaction with a fast ion resemb
photoionization where the incident photon is annihilate
Similar to a fast ion with small momentum transfer, a phot
cannot ionize without the interaction with the residual io
Hence, photoabsorption necessarily corresponds to a th
body process involving the incident photon, the active el
tron, and the target ion. The analogy between photons
charged particles with regard to ionization was recognize
the pioneering studies by Bethe@1# and Williams@2# and has
subsequently received much attention by Fano@6#, Inokuti
@7,11#, and Kim and collaborators@12,13#. More recently, the
construction and use of large ion accelerator facilities a
advanced synchrotron light sources have led to new inte
in this field @3,5,14–18#.

It is well known that the photoeffect is mediated by dipo
transitions involving the transfer of a unit angular mome
tum (D l 51). Similarly, a fast ion may be regarded as
source of virtual photons which gives rise to dipole tran
tions @2#. Due to the uncertainty principle, the angular m
mentum transfer affects the angular distribution of t
ejected electrons. The angular momentuml and the emission
angle u are canonical quantities which are subject to
condition D lDu*1. Hence, low-order multipole transition
produce a broad angular distribution. In fact, the ejec
electrons produced by dipole transitions from an initias
state exhibit a (sin2u)-like angular distribution that is sym
metric around 90°@8#.

When the projectile is incident in a close encounter w
the atomic electron, significant momenta can be transfe
in the collision. In such a hard collision, two-body effec
become important. The incident ion interacts with an in
vidual electron in a binary-encounter process@19# where the
target atom plays only a minor role. The binary-encoun
approximation and, thus, the neglect of the interaction w
the residual ion are adopted in the framework of the impu
approximation@20,21#. The energy spectra of the binary
encounter electrons exhibit a pronounced peak whose p
erties are determined by two-body kinematics@4#.

As already pointed out by Bethe@1#, the two-body process
in electron emission by ions is analogous to the Comp
scattering of photons. In the latter case, a photon occur
the final channel of the collision which may provide th
missing momentum. Accordingly, as in the case of
binary-encounter process, the target nucleus plays a m
role in the Compton scattering of photons. In addition, fro
the analogy between ions and photons it is plausible that
shape of the binary-encounter peak is determined by
Compton profile of the corresponding bound orbital@22–24#.

A binary-encounter peak occurs in both the energy a
angular distributions of the emitted electrons. An importa
criterion to observe a sharp binary-encounter peak is the
lidity of the impulse approximation which, in turn, require
projectiles with a large velocity. Fast ions create a bina
encounter peak near 90° in the angular distribution involv
high-order multipoles (D l @1). The transfer of high angula
momenta and the production of a distinct peak of small
gular width are consistent with the uncertainty princip
mentioned above.

Thus, for fast projectiles two-body effects in ionizatio
produce a sharp peak, while three-body effects give rise
broad angular distribution of the ejected electrons. Th
s
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characteristic differences in the angular distributions of
binary- and soft-collision electrons provide an experimen
method to separate the two- and three-body effects.

In preliminary communications we have provided ev
dence that two- and three-body effects are separable in
angular distributions of electrons ejected in collisions of f
ions with Li @25,26#. It was shown that the two- and three
body effects are quite different for single ionization of 1s
and 2s electrons. This finding has been explained by diffe
ences in the binding energies of the electrons as well a
the structures of the corresponding wave functions@4#. It was
evident, however, that the analysis required further effor
solve various open questions.

In the present work, we extend our preliminary study@26#
of electron emission from Li bombarded with 95 MeV
Ar181. The high projectile velocity of nearly half the veloc
ity of light (v/c50.42) is essential for various aspects of t
analysis. Atomic Li is shown to provide a unique system
separate two- and three-body effects in the angular distr
tions of the ejected electrons. Two- and three-body effe
are analyzed in terms of the electronic binding energy a
the structure of the Li orbitals. The analysis is supported
means of model calculations based on a multipole expans

The present study is structured as follows. The exp
mental and theoretical methods are described in Secs. II
III, respectively. Section IV is devoted to the comparis
between experimental and theoretical results. In Sec. V c
cluding remarks are given. Atomic units are used through
if not otherwise stated.

II. EXPERIMENTAL METHOD

The measurements were carried out at the GANIL acc
erator facility in Caen~France! using the scattering chambe
shown in Fig. 1. The essential components in the interior
the scattering chamber are the electron spectrometer an
oven used to produce a lithium vapor jet target. The scat
ing chamber and the parallel-plate electron spectrom
were similar to those described previously@27#. With this
apparatus some preliminary electron spectroscopy exp

FIG. 1. The experimental setup used to measure angular d
bution of electrons ejected in ion-atom collisions. The scatter
chamber contains an electron spectrometer and a high-temper
oven producing a vapor target. The spectrometer is mounted
movable ring. The vapor jet is directed into a cooled catcher.
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1264 PRA 59N. STOLTERFOHTet al.
ments with a lithium target were performed earlier@28#. For
the present experiments we constructed a new lithium o
which can be heated to high temperature and may be fi
with a relatively large quantity of Li@26#.

With the amount of;10 g lithium, the oven provided a
vapor beam for about 6–8 h with a density corresponding
several mTorr in the target region. The previous hig
resolution studies@28# of the Li Auger lines have shown tha
the target essentially consists of atomic Li, i.e., the fract
of molecular lithium (Li2) was found to be less than 5%. Th
center of the collision region was located at a distance o
mm from the exit aperture of the oven, which had a diame
of 1 mm. The width of the Li beam in the collision regio
was estimated to be;5 mm.

When working with the lithium vapor target, various in
strumental difficulties had to be solved. The metallic lithiu
was heated slowly, thereby driving contaminations from
surface, until a stable lithium vapor beam was obtained.
the reliable detection of low-energy electrons, the possibi
of perturbing effects due to the electric field resulting fro
lithium build-up on the spectrometer surfaces must be ta
into account. Moreover, when metallic lithium is deposit
on insulators separating parts with high voltages, elec
breakdowns become likely. To avoid such effects, an e
cient baffle system was used to protect the sensitive par
the spectrometer. Furthermore, magnetic fields associ
with the relatively large current (;1.5 A) used to heat the
metallic lithium had to be expected. To minimize the ma
netic fields, the heating wire was used in a bifilar manner.
test for remaining magnetic fields, measurements were ta
with the heating current on and off and no changes in
electron spectra could be detected. With the present s
trometer setup, electron yields could be measured reliably
emission energies as low as;3 eV.

The Li vapor target was crossed by a beam of 95-MeV
Ar181 ions whose current was 122mA. The beam was col-
limated to a size of about 2 mm3 2 mm. Continuum elec-
trons emitted from the Li target were analyzed with the sp
trometer within the electron energy range from about 3
1000 eV. The spectrometer had a solid angle of ab
1023 sr and a relative energy resolution of 5.5%. Ejec
electrons were observed in an angular range from 25°
155° which was scanned in relatively small steps. The ma
mum of the binary-encounter peak in the vicinity of 90° w
measured with an angular step size of 2° and in the wing
the peak the step size was 5° to 10°.

From the measured electron intensities we determi
cross-sections differential in the energy and angle of
ejected electrons. To obtain absolute cross sections we
grated the measured data over the electron emission a
and normalized the results to the corresponding Ruther
cross section@3,4#. This was done at one energy point ne
200 eV for the part of the spectrum produced by two-bo
effects~see also below!. The relative errors with respect to
variation of the electron energy and angle are about625%.
At energies below;10 eV the experimental uncertaintie
increase and reach about640% at the lowest energy mea
sured~3 eV!.

Typical double-differential cross-section spectra a
shown in Fig. 2 as a function of the electron energy for
electron emission angles of 25°, 65°, and 90°. The spe
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show a distinct maximum at about 52 eV which is due
KLL Auger transitions in core excited lithium. The Auge
spectra contain several lines@28# from which the most in-
tense one is attributed to the initial configuration 1s2s2p.
Furthermore, the cross sections for continuous electron e
sion increase strongly with increasing angle up to 90°, wh
the data reach a maximum indicating the occurrence of
binary-encounter peak.

It is noted that the measured data represent the sum o
electron emission from both the 1s and 2s orbitals. The in-
dividual contributions from these shells will be separated
means of model calculations as outlined in the followi
section.

III. THEORETICAL ANALYSIS

The fast collisions relevant in this work are treated
means of perturbation theory. For 95-MeV/u Ar181 the ratio
of projectile charge to projectile velocity is equal toZp /vp
'0.3. This interaction parameter is expected to be su
ciently small for the validity of the Born approximation@4#.
Nevertheless, to ensure that two-center effects are neglig
we evaluated electron emission cross sections from
continuum-distorted wave~CDW-EIS! code by Gulya´s et al.
@29# in comparison with corresponding Born-approximati
calculations using the same code. The higher-order contr
tions were found to be less than a few percent so that t
could be neglected in the present analysis.

Within the framework of the Born approximation, th
double-differential cross section for emission of electro
with energye into the solid angleV is given by@7#

ds

de dV
54Zp

2M2
K f

Ki
kE

Kmin

KmaxuFi f ~K !u2

K4
dV f , ~1!

FIG. 2. Energy distributions of electrons emitted in collisions
95-MeV/u Ar181 on Li at angles of 25°, 65°, and 90°. The con
tinuum part of the electron spectra originates from single ionizat
of the Li target. The peak at 52 eV is due toKLL Auger electrons
ejected after exciting a 1s electron to a higher bound state.
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PRA 59 1265TWO- AND THREE-BODY EFFECTS IN SINGLE . . .
whereZp and M are the projectile charge and the reduc
mass, respectively,K5K f2K i is the momentum transfer
with Ki andK f being the initial and final projectile momenta
and k5A2e is the momentum of the ejected electron. T
integration is performed over the solid angledV f
5sinuf duf dwf of the scattered projectile, where the m
mentum transfer is subject to the conditionK5(Ki

21K f
2

22KiK f cosuf)
1/2 involving the projectile scattering angl

u f . The minimum momentum transferKmin is obtained as

Kmin'
DE

vp
, ~2!

whereDE is the energy transfer andvp the projectile veloc-
ity. The maximum momentum transfer is given byKmax
'2vp . Moreover,

Fi f ~K !5E w f* ~r !e2 iK•rw i~r !dr ~3!

is the atomic form factor, wherew i andw f are the initial and
final states of the active electron, respectively.

Since the electronic structures of the initial Li statesw i
are important for the present analysis@26#, we exhibit the
densities and wave functions@30# of the bound orbitals 1s
and 2s in Fig. 3. The 1s electron has a binding energy o
about 59 eV and is localized close (,1 a.u.) to the nucleus
The 2s electron has a much smaller binding energy of ab
5.5 eV. Due to the node in the wave function, the 2s orbital
has two parts, an inner part close to the nucleus (,1 a.u.)
and an outer part extending quite far from the nucleus~up to
about 7 a.u.!.

For various applications it is useful to expand the fo
factor over the final angular momentum states. This has b
done in the early work by Madisonet al. @31# and Manson
et al. @32# to allow for the use of numerical wave function
w i andw f . In the present work, such an expansion is appl
to study individual multipole terms. The corresponding e
pansion is given by

FIG. 3. Electron densities~upper part! and wave functions
~lower part! for the atomic orbitals 1s and 2s of Li evaluated using
the Cowan code@30#. From @26#.
t

en

d
-

Fi f ~K !5(
lm

Flm~K !Ylm~V!, ~4!

whereYlm are spherical harmonics for the angular mome
tum l and magnetic quantum numberm of the final state. In
the following, l 5D l since initials states are used. Then th
form factorFlm(K ) can be expressed as

Flm~K !5A4peid lYlm~VK! f e ln~K !, ~5!

where f e ln(K)5*Re l(r ) j l(Kr )Rns(r )r 2dr is the radial ma-
trix element containing a Bessel functionj l and the radial
wave functionsRns and Re l associated withw i and w f , re-
spectively. The solid angleVK specifies the direction of the
momentum transfer.

Thus, a coherent sum of multipoles is obtained,

ds

de dV
54Zp

2M2
K f

Ki
kE

Kmin

KmaxU(
lm

Flm~K !

K2
Ylm~V!U2

dV f

~6!

which can be evaluated introducing a multiple sum overl, l 8,
m, andm8. The integration over azimuthal angledw f of the
solid angledV f5sinuf duf dwf gives rise to the constrain
m5m8. The polar angledu f can be expressed in terms o
the momentum transfer, i.e., sinuf duf5(KiKf)

21K dK. Thus,
after regrouping the diagonal (l 5 l 8) and nondiagonal (l
Þ l 8) terms, one obtains

ds

de dV
58p

Zp
2

vp
2

kH(lm blmuYlm~V!u2

1 (
lÞ l 8m

cll 8mYlm* ~V!Yl 8m~V!J , ~7!

where the coefficients

blm5E
Kmin

KmaxuFlm~K !u2

K3
dK ~8a!

and

cll 8m5E
Kmin

KmaxFlm* ~K !Fl 8m~K !

K3
dK ~8b!

govern the contributions of individual angular momenta a
their interferences, respectively. Due to the orthogonality
the spherical harmonics, the interference terms cancel w
single-differential cross sections are evaluated by integra
over the electron observation angle.

We calculated individual multipole terms relevant for i
tegrated cross sections within the framework of the Bo
approximation using a program similar to that of Guly´s
et al. @29#. The program implies Hartree-Fock-Slater wa
functions for the initial and final state of the active electro
Figure 4 shows examples for the quantityuFlm(K)u2/K3 oc-
curring within the integral of Eq.~8a!. ~After a summation
over m, the vectorK reduces to the modulusK.! Results are
given for the angular momental 51 and lÞ1 showing that
the functionuFlm(K)u2/K3 maximizes in different ranges o
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1266 PRA 59N. STOLTERFOHTet al.
the momentum transfer. Thel 51 contribution is strongly
peaked atK→0, whereas the contribution of thelÞ1 multi-
poles exhibits a maximum nearK'k whose low-energy
wing falls off rapidly atK→0. The occurrence of two dis
tinct peaks inK space supports the separation of thel 51 and
lÞ1 multipoles.

The separation of the form factor has already been p
posed in the pioneering work of Bethe@1#. To allow indi-
vidual treatments of small and large momentum transf
Bethe@1# introduced an intermediate momentum transferK0
to split the integral in Eq.~1!,

ds

de dV
58p

Zp
2

vp
2

kH E
Kmin

K0 uFi f ~K !u2

K3
dK

1E
K0

KmaxuFi f ~K !u2

K3
dKJ . ~9!

In various studies@1,3,7,12# the first term in Eq.~9! has been
recognized as being due to dipole transitions (l 51). As seen
from Fig. 4, the intermediate momentum transferK0 may be
located at the minimum of theuFlm(K)u2/K3 curve, i.e., at
the crossing point of thel 51 and lÞ1 curves. Thus, the
multipoles can be separated in good approximation and
deed, the first term is nearly exclusively attributed to dip
transitions. Since thelÞ1 peak maximizes neark5A2e, the
two peaks approach each other with decreasing energye and
their overlap may become significant. However, Fig. 4~a!
indicates that even the results for the lowest energy~3 eV!
provide confidence that the groups due tol 51 andlÞ1 can
be fairly well separated.

Bethe@1# has also drawn the attention to the analogy
tween ionization by ions and photons. The dipole term c
responds to photoabsorption where a photon is annihila
and the second term corresponds to the Compton eff
where a photon remains in the final state. As pointed
above, photoabsorption cannot occur without the interac

FIG. 4. ExpressionuFlm(K)u2/K3 for the Li 2s orbital summed
overm for the angular momental 51 andlÞ1 as a function of the
momentum transferK. The left-hand side is for 3 eV electrons an
the right-hand side for 30 eV. For the convenient graphical disp
the 30 eV data are multiplied by a factor of 20. The data are ca
lated by means of the Born approximation using a program sim
to that of Gulyaset al. @29#.
-

s,

n-
e
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r-
d
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with the target nucleus and, hence, photoabsorption is ne
sarily a three-body process. On the other hand, the Com
effect may proceed without the presence of the target nuc
so that the two-body aspect becomes dominant. Accordin
in ion-atom collisions the distinction of thelÞ1 and l 51
contributions is associated with the separation of two- a
three-body effects, respectively. We recall that this sepa
tion is primarily justified by the differentK dependencies o
the form factors given in Fig. 4.

In the following we shall deduce approximate expressio
for the two- and three-body parts which can be used to
culate the corresponding contributions. The cross sect
due to the two- and three-body parts will be specified by
labels 2 and 3, respectively. First, we treat the three-b
part by using the dipole term forl 51 from Eq.~7!. Hence,
the angular distribution reduces toA1B sin2u, where the
constantsA andB are given by the coefficientsb10 andb161
from Eq. ~8a!. Since the smooth component of the expe
mental angular distribution~three-body part! exhibits asym-
metries, we also keep the monopole terml 50 which modi-
fies the constantA and introduces the cross termC cosu with
C5c100 due to an interference effect with the dipole term
Hence one obtains

ds3

de dV
5A1B sin2u1C cosu. ~10!

As will be shown below, the monopole term is small d
to the high projectile energy used in this work. Furthermo
it is recalled from Eq.~7! that the interference term is subje
to the constraintm5m8. At high impact energies the dipol
term with the magnetic quantum numberm51 dominates so
that the interference with the monopole term (m50) is
small. As the monopole term and the related interference
not significant, the sum of monopole and dipole terms will
referred to as an extended dipole term. For small inter
ences it can be seen from Eq.~10! that the three-body part o
the electron emission cross section has a broad angular
tribution governed by the sin2u term.

The two-body part refers to the second term in Eq.~9!
representing the transfer of high momenta and angular
menta characteristic for violent collisions. For such a cas
is reasonable to treat ionization as a binary collision betw
the incident particle and the target electron while neglect
the target nucleus. Within this treatment, referred to as
impulse approximation@20#, the momentum balance is give
by p5k2K , wherep is the initial momentum of the bound
electron. Moreover, the final state of the electron is descri
by a plane wavew f5(2p)23/2e2 ik•r so that the form factor
from Eq. ~3! can be identified with the initial wave functio
in momentum space,

w̃ i~p!5
1

~2p!3/2E e2 ip•rw i~r !dr . ~11!

For further evaluation the solid angle of the scattered p
ticle dV f'(KiK f)

21d2K' is written in terms of the momen
tum transferK' perpendicular to the incident beam directio
K i . Hence, the double-differential cross section for tw
body collisions is obtained as~Bell et al. @22#!
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ds2

d« dV
54

Zp
2

vp
2

kE
K0

Kmaxuw̃~K !u2

K4
d2K' . ~12!

The momentum distributionuw̃ i(p)u2 represents a distinc
peak, which corresponds to thelÞ1 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
kc , which is close to the maximum location of thelÞ1 peak
in Fig. 4.

The quantitykc may be approximated by the mean val
of the momentum transferK. Recalling thatK25k21p2

22k p cosb and assuming that the cross term is canceled
the averaging procedure, we set

kc'~k21 p̄2!1/2, ~13!

wherep̄ is the mean value of the initial momentum distrib
tion of the electron. In accordance with the virial theore
the mean momentum of the electron may be deduced f
its binding energyEb , i.e., we setp̄5cA2Eb, where c
51.2 is the correction factor for multielectron atoms@3#.
Moreover, in binary collisions the kinetic energye may be
replaced by the energy transferDE5e1Eb @9# and, accord-
ingly, the momentumk by kc in a good approximation.

Finally, one obtains for the double-differential cross se
tion

ds2

de dV
5

4Zp
2

vp
2kc

3
J~pz!, ~14!

where

pz5k cosu2Kmin ~15!

is the initial momentum component along the beam direct
and J(pz)5* uw̃ i(p)u2 d2p' is the Compton profile of the
initial state. The integration variableK' was substituted by
the componentp' of the initial momentum perpendicular t
the incident beam direction. It should be pointed out that
peaking approximation suppresses the dipole term, so
the lower integration limit forp' may be set to zero in a
good approximation. In the following, the method yieldin
Eq. ~14! is referred to as thefree-electron peaking approxi
mation ~FEPA! @4#.

Taking into account the normalization of the Compt
profile, *J(pz)dpz51, the FEPA formula~14! may readily
be integrated over the solid angle, yielding the simple
pression

ds2

de
5

2pZp
2

vp
2 DEc

2
~16!

with DEc5kc
2/25e1c2Eb . A similar expression has previ

ously been deduced from the Rutherford cross section@3,4#
using DE instead ofDEc . The differences resulting from
this replacement are significant fore→0, but vanish fore
@Eb .

Returning to the double-differential cross sections,
note that Eq.~14! describes a distinct peak which is iden
y

,
m

-

n

e
at

-

e

fied as the binary-encounter peak. It can readily be sho
that the location of the binary-encounter peak is determi
from the condition that the Compton profile maximizes
pz50. For the electron energy at the binary-encounter ma
mum it follows that~Fainsteinet al. @34#!

eBE52vp
2 cos2u22Eb . ~17!

This formula indicates that the electrons are ejected near
when the electron velocity remains much lower than the p
jectile velocity. The latter condition can readily be achiev
when high-velocity projectiles are used.

Since angular distributions of the ejected electrons are
primary interest here, we estimate the angular width fr
Eq. ~15! forming the derivativedpz /du5k sinu. Thus, the
width of the binary-encounter peak is obtained as

Du'
Dpz

k sinu
. ~18!

It is recalled that high-velocity projectiles eject electrons p
marily at anglesu'90°. Hence, sinu reaches its maximum
value of unity and the angular widthDu reaches its mini-
mum, i.e., the binary-encounter peak is relatively sharp w
produced by high velocity projectiles.

IV. DISCUSSION OF THE RESULTS

In order to verify the contributions from two- and thre
body processes, we compare the experimental and theore
results for angular distributions of the ejected electrons.
example for 30 eV electrons is given in Fig. 5. The two-bo
part is evaluated by means of Eq.~14! where the Compton
profiles were deduced from atomic Hartree-Fock wave fu
tions @30#. Figure 5 shows the fraction for the 1s shell ~la-

FIG. 5. Angular distribution of 30 eV electrons emitted in co
lisions of 95-MeV/u Ar181 on Li. The dot-dashed curve labeled
refers to calculations using the two-body theory given by Eq.~14!.
The dot-dot-dashed curve labeled 2@1s# refers to the two-body par
from the 1s orbital only. The dashed curve labeled 3 is a fit to t
underlying three-body part using the extended dipole termA
1B sin2 u1C cosu ~see text!. The solid curve is the sum of al
contributions.
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1268 PRA 59N. STOLTERFOHTet al.
beled 2@1s#) and the total two-body contribution~labeled 2!
including both the 1s and 2s shells. After subtraction of the
two-body part, the extended dipole term Eq.~10! is used to
fit the experimental data taken primarily at forward (<60°)
and backward angles (>120°). The result of the fit~labeled
3! is given by the dashed curve and the sum of all the th
retical components is given by the solid curve.

A. Two-body phenomena

In Fig. 5 the most significant feature of the spectrum is
distinct binary-encounter peak near 90° which represents
two-body processes. As outlined in Sec. III, the shape of
binary-encounter peak is determined by the Compton pro
of the target electrons. An important consequence of
Compton profile analysis by means of Eq.~14! is that the
most distinct part of the binary-encounter peak can be att
uted to the 2s orbital. The 1s electron, since it involves
higher momenta, has a broader Compton profile as can
seen from the 2@1s# curve. Also, the inner part of the 2s
wave function, since it is closer to the nucleus~Fig. 3!, pro-
duces a broader component in the Compton profile. In fa
is found that, apart from a constant factor, the Compton p
files for the 1s wave function and the inner part of the 2s
wave function are essentially equal. Thus, the 1s wave func-
tion as well as the effect of the node in the 2s orbital give
rise to a ‘‘kink’’ in the Compton profile, which is clearly
confirmed by the experiment.

More examples for energies of 5, 30, 200, and 500 eV
given in Fig. 6. For reasons of graphical display we sh
only the three-body part and the total sum of the model c
culations. The model results are seen to agree well with
experimental data. The only significant deviations betwe
the model and experiment occur in the region of backw
angles; e.g., see the data for 200 eV. These deviations ca
be accounted for by an increased interference between
dipole and monopole term~the corresponding cross sectio
would have to become negative above;155°). Rather, the
observed discrepancy is attributed to the interference

FIG. 6. Angular distributions of electrons emitted in collisio
of 95-MeV/u Ar181 on Li at energies of 5, 30, 200, and 500 eV. T
dot-dashed curve is a fit to the underlying three-body part using
extended dipole termA1B sin2 u1C cosu ~see text!. The solid
curve is the sum of the two- and three-body parts.
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tween the dipole (l 51) and higher multipoles such as th
quadrupole (l 52). In the angular distributions of the emi
ted electrons, the interference between these multipoles
cause ambiguities in the separability of the two- and thr
body effects. However, as shown later, the different mu
poles are fully separable in the single differential cross s
tions.

The distinct part of the binary-encounter peak is found
top of a broader maximum@altogether superimposed on th
(sin2u)-like dipole curve#. Again, this broader maximum is
associated with the two-body contribution of the 1s orbital
and the inner part of the 2s orbital. The relative importance
of these contributions changes with electron energy. The
ner part of the 2s wave function contributes primarily a
lower electron energies, while the two-body contribution
the 1s orbital becomes more important at higher energ
*100 eV. Another feature of the spectra in Fig. 6 is that
binary-encounter peak becomes more and more narrow
higher electron energies. This increasing sharpness of
Compton profile may readily be understood from Eq.~18!
yielding for the angular widthDu5Dpz /k when setting
sinu'1 at angles near 90°. Hence, for a givenDpz it follows
that the angular widthDu decreases with increasing electro
momentumk.

The results in Fig. 6 show that the two- and three-bo
parts change considerably in magnitude with varying el
tron energy. For higher electron energies~e.g., 500 eV! the
two-body processes account for nearly all of the elect
emission. At lower energies, however, the two-body p
does not vanish. For 5 eV electrons the two-body contri
tion is still nearly as large as the three-body part. This fin
ing is remarkable. Since the pioneering work of Bethe@1# it
has become common practice to attribute the emission
low-energy electrons by fast projectiles to three-body dip
transitions@7,12#. The present experiments, however, sho
that significant contributions due to two-body processes
main at the low-energy limit.

To study further the properties of the two-body intera
tion, theoretical results for individual multipoles were eval
ated within the framework of the first Born approximatio
~B1! using a modified version of the program by Guly´s
et al. @29#. The calculated double-differential cross sectio
were integrated over the electron emission angle. As m
tioned, the angular integration cancels the interferences
tween multipoles~e.g., dipole and quadrupole! so that the
multipole terms become fully separable. The results for
single differential cross section involving all multipoles wi
l .1 are shown in Fig. 7~a!. As discussed in the theoretica
section, these multipoles represent essentially the two-b
contributions. Moreover, experimental two-body contrib
tions were obtained by integration of the double-different
cross sections after subtraction of the corresponding th
body parts represented by the dot-dashed curve in Fig. 6

In addition, Fig. 7 shows results from the simple formu
~16! derived above from the FEPA model. Apart from di
crepancies at lower energies, where the FEPA is not
pected to yield accurate results, the two theoretical data
exhibit excellent agreement. This agreement is remarkabl
view of the simplicity of the FEPA model, which includes n
adjustable parameters. As mentioned in Sec. II, the FE
formula ~16! was used to normalize the experimental cro
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sections. For the normalization all experimental data w
multiplied with a single factor which was adjusted to achie
agreement with theory near 200 eV. For higher electron
ergies it should be pointed out that the experimental res
are underestimated by numerical integration problems du
the finite step size in the angular distribution measureme

The present results show that the FEPA model is an
cellent tool to describe the two-body part of the Li ionizatio
mechanism. Similar conclusions have been drawn by B
et al. @22# for other target species; see also the work
Zouros et al. @24#. For the following discussion of three
body effects it should be kept in mind that the FEPA formu
~16! implies aDEc

22 dependence of the cross sections.
seen from Fig. 7, the two-body part of the B1 cross sectio
rather accurately follows this law.

B. Three-body phenomena

A remarkable result of the spectral analysis is that
three-body part of the ionization process can be separate
good approximation from the two-body part~Fig. 6!. At en-
ergies lower than about 200 eV, the spectral decomposi
shows that the three-body part is well fitted by the extend
dipole formula ~10!. At higher energies the separation o
two- and three-body contributions becomes less reliable
to the interferences of different multipoles. In addition, t
increasing statistical error of the data measured at forw
and backward angles causes uncertainties in the determ

FIG. 7. Angle-integrated cross sections for electron emission
95-MeV/u Ar1811Li collisions separated into two-body process
~a! and three-body processes~b!. In ~a!, the experimental data
points were obtained by integrating the measured angular distr
tions after subtraction of the three-body part, shown in~b!. The
curve labeled ‘‘B1’’ was evaluated for the multipolesl .1 by
means of the Born approximation using the code by Gulya´s et al.
@29#. The curve labeled ‘‘FEPA’’ refers to formula~16!. In ~b! the
experimental data points originate from the fits of Eq.~10! to the
experimental results shown in Fig. 6. The curves labeled ‘‘B
were evaluated using the Born approximation@29#. The dash-dot-
dot line labeled ‘‘Monopole’’ refers to monopole (l 50) transitions.
The full line labeled ‘‘Dipole1Monopole’’ refers to dipole (l 51)
plus monopole transitions. The dash-dot line labeled ‘‘Fit’’ repr
sents the functionxDE23.5 whereDE is the electronic energy trans
fer andx is a fit parameter adjusted to achieve the best agreem
with experiment~see text!.
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tion of the three-body contribution~see the 500 eV spec
trum!. However, we estimated that the error of the thre
body part does not exceed640% at the highest emitted
electron energies.

As already noted, the extended dipole term contains c
tributions due to monopole transitions. These contributio
include also the interference between monopole and dip
terms. The monopole term does not belong to the three-b
part. Hence, the decomposition of the angular distribution
possible only if the monopole term is small. This is inde
shown in the following analysis.

It should first be recalled that the interferences betwe
dipole and monopole terms cancel by integrating the cr
sections over the electron emission angle. Hence it is us
to consider single-differential cross sections obtained a
angular integration. Figure 7~b! shows integrated cross se
tions evaluated by means of the Born approximation~B1!
code by Gulya´s et al. @29#. The curve representing the mono
pole term~labeled ‘‘B1:Monopole’’! is seen to be relatively
small. In fact, the summed dipole and monopole term~la-
beled ‘‘B1:Dipole1Monopole’’! is about an order of magni
tude larger than the monopole term alone. Only at the high
energies near 1000 eV does the monopole term become
portant. The good agreement obtained between experim
and theory seen in Fig. 7~b! attests to the validity of attrib-
uting the fitted part of the experimental data to dipole tra
sitions and, hence, to three-body effects.

Returning to the analogy between fast ions and photo
we note from the Einstein relation for the photoeffect that
present electron spectroscopy measurements allow for d
mining the energy of the annihilated~virtual! photon, since
this photon energy is equal to the electronic energy tran
DE5e1Eb ~recall thate is the emitted electron energy an
Eb is the binding energy!. The probability for photoabsorp
tion decreases strongly with photon energy following t
power lawDE23.5 @14,35#. Therefore, we have fitted the ex
perimental data with the functionxDE23.5, wherex is a con-
stant, which was adjusted to achieve agreement with the
perimental data between 30 and 300 eV. The binding ene
E1s was used to determineDE, since the 1s orbital is gov-
erned by three-body effects~see the next subsection!. The fit
results given in Fig. 7~b! compare well with the results ob
tained from the Born approximation. The discrepancy
electron energies below 30 eV is due to the fact that the
does not include the contribution from the 2s orbital, which
gains importance at lower energies. At energies*'300 eV
the discrepancy observed between the two theoretical
sets originates from the fact that the fit represent dipole tr
sitions only, whereas the B1 results also include the mo
pole term.

Since the experimental three-body results imply t
monopole term, it is expected that they agree primarily w
the B1 curve. However, at higher energies the experime
data seem to follow the fit curve rather than the B1 cur
This disagreement is not fully understood at present. In
case, the important point to be made here is that the th
body part of ion-induced electron emission follows aDE23.5

power law in accordance with the energy dependence of p
toannihilation. The fact that photoabsorption and three-bo
processes follow the same energy dependence provides
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evidence for the analogy between ionization by photon
fast ion impact.

C. Shell contributions

As shown in the foregoing discussion, the decomposit
of the experimental results provides information about tw
and three-body effects. However, the experiment cannot
tinguish the contributions of the 1s and 2s orbitals. Hence,
to analyze these contributions we use theoretical cross
tions evaluated by means of the Born approximation@29#.
The excellent agreement found between experiment
theory in the foregoing analysis provides confidence that
theory also accurately predicts individual shell contributio

The left- and right-hand sides of Fig. 8 present the par
cross sections for the 1s and 2s orbitals, respectively. Here
we have incorporated the monopole term into the two-bo
part so that the three-body part exclusively represents
dipole term~in accordance with Fig. 4!. Also, the individual
B1 cross sections for the 1s and 2s orbitals were found to
compare well with results~not shown here! from the FEPA
formula ~14!. This provides further confidence for the the
retical data presented here.

The results shown in Fig. 8 indicate that ionization of t
2s electron is most important at low energies whereas
higher energies the 1s ionization becomes dominant. More
over, as already noted from Fig. 7, the two-body part gove
the cross sections at high electron energies, since the th
body part decreases strongly with energy. This is due to
fact that the three-body cross section follows a power
with an exponent of23.5 whereas the two-body part in
volves an exponent of22 only.

The most significant result of the comparison of 1s and
2s contributions is that the two- and three-body effects
very different for the different shells. The 1s ionization is
largely governed by three-body effects, i.e., two-body effe
are found to be small in a wide range of lower electr

FIG. 8. Angle-integrated cross sections for electron emissio
95-MeV/u Ar1811Li collisions divided into contributions from the
1s orbital ~a! and the 2s orbital ~b!. All data were calculated using
the Born approximation@29#. The curve labeled ‘‘2 Bodies’’ repre
sents the multipoleslÞ1 and the curve labeled ‘‘3 Bodies’’ repre
sents the dipolel 51. The full line labeled ‘‘213 Bodies’’ refer to
the sum of the individual contributions.
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energies. On the contrary, for the 2s orbital, two-body ef-
fects remain important even at the lowest electron ener
studied here. Significant contribations of higher multipo
have been noted in the electron-loss cusp by Saa´boet al. @36#
As already noted from the spectra in Fig. 6, the observa
of a significant two-body contribution at low electron ene
gies is remarkable, since to date it is common practice
attribute the emission of soft-collision electrons to dipo
transitions.

Indeed, the results for the Li 1s orbital ~Fig. 8! support
the dominance of the dipole transitions, i.e., at low energ
the two-body part is found to be more than an order of m
nitude lower than the three-body part. Similarly, in a rece
study of He 1s ionization, Moshammeret al. @16# attributed
soft-collision electrons uniquely to dipole transitions. How
ever, the present results for the Li 2s orbital show that the
conclusion of the dominant dipole contribution for so
collision electrons cannot be generalized. Obviously spec
properties of the 2s orbital favor the importance of two-bod
collisions or reduce the probabilities for three-body co
sions. Characteristic properties of the 2s orbital are its small
binding energy, its node producing an inner and outer p
and its large spatial extension. The analysis of the meas
angular distributions~Figs. 5 and 6! has shown that the dis
tinct part of the binary-encounter peak originates from
extensive outer portion of the 2s orbital. However, also the
small 2s binding energy may influence the relation betwe
the two- and three-body processes.

To find out which property of the 2s orbital has the domi-
nant influence on the two- and three-body effects, we car
out auxiliary calculations using a~hydrogenic! 1s orbital
with a binding energy of 5.5 eV. We note that the Li 2s
orbital has the same binding energy but a diameter whic
about a factor of 4 larger than this 1s orbital. The calcula-
tions show that the two-body cross sections for the 1s elec-
tron ~bound with 5.5 eV! and the Li 2s electron are nearly
equal. This can be understood from Eq.~16! indicating that
the two-body cross section scales only with the binding
ergy. On the contrary, the three-body cross section, whic
governed by the dipole form factor, strongly depends on
structure of the wave function~e.g., its node!. The three-
body cross section for the Li 2s orbital is found to be sig-
nificantly reduced with respect to the results for the 1s or-
bital. Hence, the present observation that in soft collisio
the three-body contribution of the Li 2s orbital does not
dominate the two-body part is primarily caused by the str
ture of the 2s orbital.

Finally, in Fig. 9 we give an overview of the prese
analysis, which compares the experimental data w
summed theoretical two- and three-body cross sections f
Fig. 8. The two contributions are about equal at the low
energy studied~3 eV!, whereas at higher energies up
;100 eV the three-body part exceeds the two-body part
further increasing energy the three-body part drops rap
so that the two-body part becomes dominant. As before,
is understood from the23.5 power-law dependence of th
three-body cross section which is much stronger than tha
the two-body cross section.

V. CONCLUDING CONSIDERATIONS

We have shown for very fast projectiles colliding with L
that two- and three-body effects in single ionization can
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separated. In the present analysis the use of high-energy
jectiles is essential because~i! perturbation theory can b
used, thus justifying the Born approximation,~ii ! the mini-
mum momentum transfer is very small so that the effect
soft collisions resembles photoannihilation,~iii ! the binary
encounter peak occurring near 90° has a particularly sh
profile, ~iv! the monopole term is small and them51 term of
the dipole transition is dominant, and~v! the interference
between the monopole and dipole terms is small. Item~ii !
constitutes the basis for the analogy between fast ions
photons.

In view of the present analysis, the question arises a
what are the limits for the separability of the two- and thre
body processes which are associated with the multip
groupsl 51 and lÞ1, respectively. The basic condition fo
the separability of two- and three-body processes is that
different groups of multipoles appear in rather distinct
gions of momentum transfer~Fig. 4!. With decreasing elec
tron energy the two groups approach each other and sep
bility becomes more difficult. On the other hand, within t
experimental analysis the angular distributions of the ejec
electrons are exploited. This analysis indicates that two-
three-body effects are separable if the angular distribu
exhibits a noticeable binary-encounter peak contributi
which is superimposed on the broad (sin2u)-like maximum
attributed to three-body effects. A specific condition for an
lyzing the angular distributions is that interferences betw
dipole and higher multipoles are small. The present theo
ical and experimental results show that separation of

FIG. 9. Summary of angle-integrated cross sections for elec
emission in 95-MeV/u Ar1811Li collisions. The experimental data
points, representing the sum of the data given in Fig. 7, were
tained by integrating the measured angular distributions. The th
retical results, referring to the sum of the 1s and 2s contributions,
are obtained as in Fig. 8 where also the labels are specified.
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multipole groups appears reasonable for electron energie
low as;3 eV. Further studies below 3 eV would be need
to determine the limits for the separability of two- and thre
body effects.

The theoretical analysis shows that two- and three-b
effects play significantly different roles in the ionization
the Li 1s and 2s orbitals. Three-body effects are domina
for the removal of the 1s electron which contributes signifi
cantly to the total ionization at intermediate and higher e
ergies. In Fig. 9 the relatively large three-body contributio
near 30 eV originate primarily from the 1s ionization. On the
contrary, the ionization of the 2s electron occurs predomi
nantly via two-body interactions which are found to be im
portant for electron energies as low as 3 eV. Therefore
contrast to He, the two-body effects for Li remain significa
for the soft collisions. This apparently strong two-body p
is caused by the suppression of the three-body contribut
which in turn is due to the modal structure of the 2s orbital.

From the present findings the question arises as to how
the different conclusions for He or Li can be generalized
other target atoms. With its small binding energy and la
extension the Li 2s orbital is rather unique. On the othe
hand, the He 1s orbital is also unique but its properties a
opposite. Helium has the largest outer shell binding ene
of any atom and a rather small extension. Hence, it app
promising to study the role of two-body effects for oth
target atoms having electrons in the 2s orbital or even higher
shells whose binding energies lie between those of Li a
He. From our results for the Li 2s orbital we would expect
significant contributions from two-body effects for multishe
atoms. However, to fully answer this question, further d
tailed work is required.

The fact that the experimental three-body data follow
DE23.5 dependence shows that electron spectroscopy exp
ments with ion impact provide characteristic informatio
about photoabsorption over a wide range of photon energ
It confirms the analogy of ionization by fast projectiles a
photons which has attracted considerable attention in the
few years. It appears that even after so many decade
work in this field, originally started by Bethe@1#, the analogy
between ions and photons has not lost its fascination to
searchers.
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