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Spin asymmetry in weakly relativistic „e,2e… collisions
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~Received 20 December 2000; revised manuscript received 25 April 2001; published 26 February 2002!

Two geometries are chosen to make predictions and to test the Coulomb-Born approximation against the
distorted-wave Born approximation and experiment, the symmetric coplanar constantQ12 geometry forK-shell
ionization of Ag and the asymmetric coplanar geometry forL-subshell ionization of U. Even for the heaviest
target, good agreement is found as long as the two electrons emerge on opposite sides of the beam axis.
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I. INTRODUCTION

Inner-shell ionization of atoms by electron impact is o
of the basic processes in atomic-collision physics. The co
cident detection and spectroscopy of the two outgoing e
trons, together with the determination of the bound electro
initial state provides a complete analysis of the three-b
collision kinematics@1#. In order to achieve the same goal
heavy-ion collision experiments, not only a very compl
detection system is needed~the COLTRIMS detector@2#!,
but one usually has to deal with a large variety of emit
particles due to the strong perturber field, which inhibits
accurate study of a pure three-body process. Moreover,
the (e,2e) experiments the projectile electron is polarize
fine-structure effects become accessible. Hence, a com
son of theory with experiment, both for the triply differenti
cross sections and for the spin asymmetry provides an o
mal test of the underlying theoretical models.

During the last two decades, series of absolute meas
ments onK- andL-shell ionization of targets from copper t
uranium by relativistic polarized and unpolarized electro
with impact energies up to 500 keV were performed by N
kel and his Tu¨bingen collaborators~for a review, see Ref
@1#!. The first quantum-mechanical theory able to expl
quantitatively the early data on angular and energy distri
tion of the emitted electrons was the~semirelativistic!
Coulomb-Born approximation~CBA! @3#. This theory is a
first-order approximation in the electron-electron interacti
which allows for relativistic kinematics and which include
the Coulomb field in all electronic states by means of se
relativistic Coulomb states. Polarization effects and postc
lisional electron-electron correlation are disregarded si
they are immaterial for the relativistic incoming and outg
ing electrons under consideration.

An improvement of the CBA was provided by the ful
relativistic Coulomb-Born theory~RCBA @4#!, which em-
ploys exact relativistic Coulomb functions for the electron
states, as well as by the relativistic distorted-wave Born
proximation ~RDWBA @5#!, where the target potential i
taken from a self-consistent relativistic Kohn-Sham loc
density approximation and its bound and scattering eig
states are generated numerically. RDWBA turned out to
very successful in reproducing the measured angular di
bution of the ejected electrons@1#.

Deviation between CBA and RDWBA can be used as
1050-2947/2002/65~3!/034706~4!/$20.00 65 0347
-
c-
’s
y

d
n
in
,
ri-

ti-

re-

s
-

n
-

,

i-
l-
e

-

-

-
n-
e
ri-

n

indicator for situations where a fully relativistic represen
tion of the electronic wave functions is mandatory in contr
to situations where a correct account of relativistic kinem
ics is sufficient. This is possible because the other two d
ciencies of the CBA as compared with the RDWBA, th
nonorthogonality between the bound and continuum state
well as the neglect of screening the target nuclear field by
passive electrons beyond Slater screening, were found t
immaterial for inner-shell ionization of the heavy targets u
der consideration@4,6#.

This work concentrates on the comparison between CB
RDWBA, and experiment in the case of weakly relativis
target states, that is,L-shell ionization of very heavy atom
and K-shell ionization of atoms with intermediate nucle
charge. Atomic units (\5m5e51) are used unless othe
wise indicated.

II. COULOMB-BORN APPROXIMATION

In a first-order theory such as the CBA, the electron em
sion is mediated by one single electron-electron interac
Vee. Using the Fourier representation ofVee in its relativistic
form, the transition amplitude for ejecting an electron fro
the initial statef i

(s i ) into the final statefkf

(s f ) while simulta-

neously scattering the projectile electron fromcki

(si ) into ck f

(sf )

is given by@7#

Wsfs f sis i
~k f ,kf !5E dq

q22q0
22 i e

$^ck f

~sf !ue2 iq"r1ucki

~si !&

3^fkf

~s f !ueiq"r2uf i
~s i !&

2^ck f

~sf !ue2 iq"r1a1ucki

~si !&

3^fkf

~s f !ueiq"r2a2uf i
~s i !&%, ~2.1!

where the spatial coordinates of the scattered and of
ejected electron are denoted byr1 and r2 , respectively,k i ,
k f , andkf are the momenta of the unbound electronic sta
anda1 ,a2 are the Dirac matrices of the two electrons orig
nating from the relativistic current-current interaction. Wi
Eki

and Ekf
the total ~relativistic! energy of the projectile

electron in its initial and final state, respectively, one h
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q05(Eki
2Ekf

)/c. The spin projections of the electron

states are denoted bysi , s i , sf , ands f . In the representa
tion of the wave function in terms of Dirac spinors, the p
larization direction of a free electron is along its momentu
If the incident electron is polarized in a given spatial dire
tion, a spin rotation has to be performed. For transvers
polarized electrons, as in the experiments discussed be
the amplitude for ionization by spin-up (si51) and spin-
down (si52) electrons is obtained from Eq.~2.1! by means
of the following rotation@7#:

Vsfs f1s i
~k f ,kf !ª

1

2
$~11 i !Wsfs f1s i

~k f ,kf !

1~12 i !Wsfs f2s i
~k f ,kf !%,

Vsfs f2s i
~k f ,kf !ª

1

2
$2~11 i !Wsfs f1s i

~k f ,kf !

1~12 i !Wsfs f2s i
~k f ,kf !%. ~2.2!

The triply differential cross section for detecting the tw
electrons with momentak f and kf in the solid anglesdVkf

and dVk f
, respectively, is for initially polarized electron

given by

d3s~6 !

dEk f
dVkf

dVk f

5
2Ni

c6ki
k fEk f

kfEkf
Eki

3(
umi u

(
sfs fs i

uVsfs f6s i
~k f ,kf !

2Vs f sf6s i
~kf ,k f !u2. ~2.3!

The number of electrons in the initial subshell with to
angular momentum6mi is denoted byNi . The last term in
Eq. ~2.3! is the exchange contribution, obtained from t
direct term by means of interchangingsf with s f andk f with
kf . The sum runs over the unobserved spin quantum n
bers.

The spin asymmetryA is defined as the relative cros
section difference between impinging spin-up and spin-do
electrons

Aª
d3s~1 !/dEk f

dVkf
dVk f

2d3s~2 !/dEk f
dVkf

dVk f

d3s~1 !/dEk f
dVkf

dVk f
1d3s~2 !/dEk f

dVkf
dVk f

.

~2.4!

In the Coulomb-Born approximation, semirelativistic Da
win wave functions are used for the bound statesf i

(s i ) ,
while every continuum state is represented by a produc
nonrelativistic Coulomb wave and free Dirac spinor@3#.

III. RESULTS

The symmetric coplanar constantQ12 geometry was sug
gested by Whelan and co-workers@8#. In this geometry, the
two outgoing electrons have equal energy and are em
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in-plane with the beam axis while the angleQ12 between
them is kept fixed. Hence, for a givenQ12, their emission
anglesqkf

andqk f
are related byqk f

5qkf
1Q12. This ge-

ometry is particularly sensitive to the electron-nucleus int
action in initial and final channels, and both binary regi
~where the two electrons are detected on opposite sides o
beam axis! and recoil region~where both electrons are emi
ted to the same side of the beam axis! can be studied within
a quite narrow range ofqk f

@1#.
In Fig. 1~a!, the dependence of theK-shell ionization

cross section of Ag onqk f
@calculated from the mean valu

of the two expressions given by Eq.~2.3!# is displayed for an
opening angleQ12 of 80°. The cross section is only show
for qk f

> 1
2Q12 because of the symmetry with respect

qk f
5uqkf

u5 1
2Q12. In the angular range corresponding to t

binary region ~Q12/2<qk f
<Q12, which implies 2 1

2Q12

<qkf
<0!, the CBA results are close to those fro

RDWBA, both theories reproducing the experimental tre
This is also true forQ12540° and 60°~not shown!. For

FIG. 1. K-shell ionization cross section of Ag by 300 keV ele
trons in symmetric coplanar constantQ12 geometry (Ekf

5Ek f

5137.25 keV) withQ12580° ~a!, and corresponding spin asymme
try A for Q12540°, 60°, and 80° in the case of electrons polariz
perpendicular to the collision plane~b!. Theory: , RDWBA
from Ast ~taken from Ref.@9#!; , CBA. The experimental
data,�, are from Nakel’s group@9#.
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BRIEF REPORTS PHYSICAL REVIEW A 65 034706
larger anglesqk f
, CBA underestimates RDWBA by a facto

of 2.
Figure 1~b! predicts the corresponding spin asymme

for the three angles, which is caused by the spin-orbit in
action of the relativistic continuum electrons in the stro
field of the target nucleus. While forEkf

5Ek f
, the cross

section is symmetric with respect toqk f
5 1

2Q12, the spin

asymmetry is antisymmetric~shown forQ12580° as dotted
line! since the interchange ofqk f

and2qkf
corresponds to a

180° rotation around the beam axis such thatd3s(1) turns
into d3s(2) leading to a sign reversal in Eq.~2.4!. The
extension of the binary regime with increasingQ12 is readily
seen from the broadening of the angular region associ
with a small, positiveA. The recoil region,qk f

.Q12, is
characterized by a large, negative spin asymmetry, indica
the importance of relativistic wave function effects. The
effects increase when the separation between the two ou
ing electrons gets smaller.

In the asymmetric coplanar geometry, the fast electro
emitted at a small fixed angleqkf

relative to the electron
beam, and the slow electron is detected in this scatte
plane. Figure 2 shows the 2p3/2-subshell ionization cross sec
tion for uranium in that geometry. Results for the Bethe-rid
angleqkf

5226° ~corresponding to zero momentum trans
to the target nucleus! are given where measurements of a
solute cross sections were made recently. The dip in the
nary region resulting from the node of the initialp-state
wave function in momentum space is quite prominent in
calculations. Taken into consideration that the experime
filling of this dip is likely to be due to multiple-scatterin
effects caused by the thick uranium targets that were u
@10#, both theories provide a satisfactory description of
measurements with respect to the peak intensities
shapes. Included in Fig. 2 are the CBA results without s

FIG. 2. 2p3/2-subshell ionization cross section of U by 300 ke
electrons in coplanar asymmetric geometry withEkf

5210 keV and
qkf

5226°. Theory: , RDWBA ~taken from Ref. @10#!;
, CBA; • • • •, CBA without spin flip. The experimenta

data,�, are from Kull @10#.
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flip. In contrast toK-shell ionization of Ag, where spin flip is
negligible in the binary peak region, there is a considera
reduction of the 2p3/2 ionization cross section when spin-fli
transitions are disregarded.

The spin asymmetry resulting fromU 2p3/2-subshell ion-
ization at a slightly smaller angle,qkf

5224.8° where ex-
perimental data are available and where the cross sec
still show the Bethe-ridge dip, is plotted in Fig. 3. In additio
to the spin asymmetry due to the spin-orbit interaction of
continuum electrons~which is quite small in the binary re
gion!, p-subshell ionization contains a large contributio
caused by the relativistic fine-structure splitting of the init
bound state@12#. This is confirmed by the measurements th
can be explained by the two theories in the whole angu
range considered.

IV. CONCLUSION

By investigating triply differential cross sections as we
as the spin asymmetry, we have shown that the applicab
of the Coulomb-Born approximation can be extended
L-shell ionization of the heaviest target accessible to exp
ment, uranium. As long as the slow electron is ejected i
the binary region, CBA and RDWBA give similar resul
that are in accord with the experimental data. This me
that in this situation, relativistic wave function effects are
minor importance. A study of theL-shell ionization of Au~at
Ekf

5200 keV andqkf
5210°! confirms this finding; how-

ever, an extension ofqk f
to the recoil regime reveals tha

although CBA is able to reproduce the two-peak structure
the triply differential cross section as well as the large asy
metry that is present in experiment and RDWBA@1#, it gives
a severe underprediction of the peak intensity as well a
shift of the asymmetry maximum to largerqk f

. This means
that even forL-shell ionization, the relativistic contraction o
the electronic wave functions plays a decisive role in
recoil region. It confirms that large momentum transfers
close collisions are required when the two electrons
ejected into the same hemisphere.

FIG. 3. Spin asymmetry for 2p3/2-subshell ionization of U by
300 keV electrons polarized perpendicular to the collision pla
The parameters areEkf

5210 keV andqkf
5224.8°. Theory: ,

RDWBA ~taken from Ref.@11#!; , CBA. The experimental
data,�, are from Beschet al. @11#.
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The investigation of the triply differential cross sectio
for an Ag target~and similar calculations for Cu atEkf

5220 keV andqkf
529°! demonstrates that for the lighte

targets, alsoK-shell ionization in the binary regime is we
described by using semirelativistic wave functions. In vie
of the fact that CBA is able to provide a picture of essen
features in the whole angular range, we consider the pre
.

.

.

03470
l
ic-

tion of the asymmetry related to the coplanar constantQ12

geometry to be at least qualitatively correct for the larg
angles.
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