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Interpretation of relativistic „e,2e… experiments in coplanar asymmetric geometry:
Atomic-number-dependent effects
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Triply differential cross sections and spin asymmetries for (e,2e) reactions of the 1s1/2 state of intermediate-
and high-Z atoms in coplanar asymmetric geometry are analyzed within the framework of the relativistic
distorted wave Born approximation. Specific signatures of the relativistic nature of the electron-electron inter-
action, and of the atomic-number-dependent electron-residual ion interaction, are identified.
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I. INTRODUCTION

Total or low-order differential cross sections for inn
shell ionization of atoms with high atomic numberZ by rela-
tivistic electrons have been the subject of theoretical inv
tigations since the early days of quantum mechanics. Alre
the first studies@1,2# suggest that this process can be trea
in perturbation theory, but that it is mandatory to take in
account the relativistic nature of the interaction between
incident and the initially bound electron. Indeed, the pert
bative approach yields qualitative and in many cases qua
tative agreement between calculated and measured i
shell total and singly differential cross sections for a wi
range of impact energies and target species@3#. The situation
changed when triply differential cross sections~TDCS!, ob-
tained by coincident energy and angle resolved detectio
the two active electrons, became available@4#. Theoretical
attempts~reviewed, e.g., in@5#! to understand the structure o
the TDCS failed in the initial stages, indicating that the re
tivistic (e,2e) process is much more subtle than one mig
have anticipated from the results for integrated cross s
tions.

The key to understanding the inner shell ionization p
cess lies in the fact, only appreciated in recent years,
elastic scattering of the active electrons in the effective e
trostatic potential, generated by the target nucleus and
spectator electrons, plays an extremely important role@6#.
Specifically, only the development of a theoretical descr
tion „the relativistic distorted wave Born approximatio
~RDWBA! @7,8#… including ~i! ionizing transitions by virtue
of exchange of a longitudinal or transverse photon betw
the active electrons, and~ii ! the representation of the fre
electrons involved in the process by exact elastic scatte
eigenfunctions of the Dirac equation with an effective pote
tial generated by the residual ion, has led to an adeq
representation of the experiments.

*Author to whom correspondence should be addressed. Electr
address: keller@th.physik.uni-frankfurt.de
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In a recent theoretical study@9# ~referred to as I! a de-
tailed interpretation of one specific (e,2e) experiment@10#
on the K shell of copper in terms of interference betwe
longitudinal and transverse ionization amplitudes, and ela
scattering from the residual ion was proposed. The pres
investigation was stimulated by new experimental data@11#
that extend the results of@10# systematically into the high-Z
regime. The dependence of the TDCS on atomic num
that is revealed by these experiments, is the topic of
present theoretical study. The dependence of the spin as
metry on atomic number is also discussed. It can be stud
in (e,2e) experiments with transversely polarized relativis
electrons.

II. THEORETICAL BACKGROUND

In the following, we establish some properties of the re
tivistic (e,2e) processes to be discussed, and also brie
summarize the formalism underlying our RDWBA calcul
tions.

A. Characterization of „e,2e… processes in Ehrhardt geometry

In the present study, we will exclusively consider (e,2e)
processes involving the 1s1/2 electrons of many-electron at
oms in coplanar asymmetric unequal energy shar
~‘‘Ehrhardt’’ ! geometry@12#. This arrangement is depicted i
Fig. 1, which also introduces our notation. The target st
~ionization potentialVb) is ionized by a high energy electro
~impact kinetic energyT0@Vb), and a fast electron~momen-
tum k1) is detected under a fixed angleu1,0 @13#. The
triply differential cross section

d3s~e,2e!

dV1 dV2 dE
~1!

is displayed as function of the observation angleu2 of the
slow electron (k2!k1). The quantities ki and Ti ( i
50,1,2) are related by the usual relativistic free particle d
persion relation
ic
1284 ©1999 The American Physical Society
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Ti1c25Aki
2c21c4 ~2!

~in atomic units,\5me5e51, c5137.035 989 5). As indi-
cated in Fig. 1, such experiments may also be carried
with transversely polarized electrons. The corresponding
ditional observable is the ‘‘spin asymmetry’’

Aª
d3s~↑ !2d3s~↓ !

d3s~↑ !1d3s~↓ !
, ~3!

i.e., the normalized difference of the TDCS obtained w
‘‘spin-up’’ and ‘‘spin-down’’ electrons.

The main characteristic of the Ehrhardt geometry is
fact that the direct process, which results in the ejected e
tron being observed at the lower energyT2 , is much more
likely than the exchange process involving a large ene
transfer to this electron. Therefore the fast electron may
all practical purposes be identified with the projectile. Co
sequently, the ratio between the magnitude of the momen
transferDªk02k1 to the target and the relevant intrins
momentum of the target~pictorially speaking, the Bohr ve
locity in the initial bound state! is a characteristic paramete
of these processes@12#.

If one wishes to compareZ-dependent signatures of th
ionization process, a definition of ‘‘equivalent scattering
nematics’’ is required to account for the differences in t
ionization potential. The simplest case of the hydrogen i
electronic sequence suggests the use of Coulomb units
fined by

@r #;Z21, @k#;Z, @E#;Z2 ~4!

in order to relate data for different targets. This scaling p
cedure is, however, only approximately valid for neutral t
gets because screening by the passive electrons introd
another length scale, reflected in deviations of the exp
mental inner shell binding energies from the Coulomb sc
ing behavior. To circumvent this problem, Ehrhardt and
workers@12# suggested comparing experiments with a fix
ratio T0 /Vb . By contrast, the recent experiments@10,11#
used a fixed impact kinetic energyT0 of 300 keV for all
target systems, and compensated the differences in bin
energy by varying the detection energy of the fast~scattered!
electron, so that the kinematics of the individual measu

FIG. 1. Schematic representation of an (e,2e) experiment in a
coplanar asymmetric unequal energy sharing geometry. The t
differential cross section is measured as function ofu2 . The arrows
perpendicular to the scattering plane labeled with^s& represent the
orientations of incident electron spin expectation value in exp
ments with tranversely polarized beams.
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ments arenot equivalent. While this procedure was enforc
by experimental constraints, we argue below that it is a
more adequate than the two scaling prescriptions discus

In all relativistic problems, the velocity of light,c, appears
as an invariable scale parameter. Technically speaking, t
is no scale invariant and Lorentz covariant theory of mass
particles~see, e.g.,@14#, Chap. 13!. Specifically, the impor-
tance of relativistic effects in (e,2e) processes is characte
ized by the ratiosVb /c2 and Ti /c2, so that rescaling the
kinetic energiesTi with Z2 or Vb amounts to also varying the
importance of relativistic effects. In fact, it is impossible
disentangle relativistic and atomic-number-dependent eff
usinganyscaling procedure. For the study ofZ dependences
in relativistic (e,2e) collisions, it is therefore advisable t
use similar asymptotic energies for all target systems in or
to render the results comparable at least with regard to
importance of relativistic effects. AsVb /c2 is a target prop-
erty, the natural choice would be to vary the impact ene
accordingly ~i.e., work at fixed excess energy! in order to
minimize the changes inTi /c2. However, in Ehrhardt geom
etry (T0@Vb ,T1@T2) this procedure may reasonably b
simulated by varying the detection energy of the fast~scat-
tered! electron, as in the recent experiments@10,11#. We will
restrict the present discussion to this case.

In the relativistic context, the classification of (e,2e) pro-
cesses in terms of the magnitude of scaled momentum tr
fer is thus bound to play a subordinate role. In view of
importance in nonrelativistic (e,2e) theory, it is nevertheless
worth mentioning that in all relativistic (e,2e) processes un-
der consideration, the scaled momentum transfer is of o
unity. This implies that the the interpretation of Ehrhardt a
co-workers@12# ~ultimately based on the seminal work o
Bethe@15#!, that relates (e,2e) reactions at very small mo
mentum transferD to ionization by dipole photon absorption
and collisions with very large momentum transfer to imp
sive Compton-like processes, is not very helpful here.

B. Outline of theoretical formalism

The TDCS for ionization of one of the (2j b11) electrons
of a closed shell with total angular momentumj b ~or quan-
tum numberkb) is given by

d3s~e,2e!

dV1 dV2 dE
5~2p!4

k1k2

k0

E0E1E2

c6

1

2

3 (
e1e0e2eb

uT~k1e1 ,k2e2 ;k0e0 ,kbeb!u2,

~5!

where the quantitiese denote the spin and angular mome
tum projections of continuum and bound electron states,
spectively, andT(k1e1 ,k2e2 ;k0e0 ,kbeb) is the scatteringT
matrix.

As it is not possible to define a manifestly covaria
many-body Hamilton operator for a relativistic Coulomb sy
tem, a consistent theory of theT matrix for relativistic (e,2e)
processes can only be formulated via the perturbation exp
sion of quantum electrodynamics~see, e.g.,@14#!. As noted
above, it is adequate to represent the action of the pas
electrons and the atomic nucleus on the active electrons
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1286 PRA 59S. KELLER et al.
classical effective potential. The leading~first-! order contri-
bution to the perturbation expansion of the (e,2e)T matrix in
the Furry picture~see, e.g.,@14#! defined by this potential
describes ionization by exchange of one virtual photon
tween the incident and the initially bound electron. Th
quantity is the RDWBAT matrix ~written in the conventions
of @14#!:

T~k1 ,e1 ;k2 ,e2 ;k0 ,e0 ;k,eb!

5Tdir2Tex

5E d3x c̄k1 ,e1

~2 ! ~x!gmck0 ,e0

~1 ! ~x!

3E d3y Dmn
0 ~x2y!c̄k2 ,e2

~2 ! ~y!gnck,eb
~y!

2E d3x c̄k2 ,e2

~2 ! ~x!gmck0 ,e0

~1 ! ~x!

3E d3y Dmn
0 ~x2y!c̄k1 ,e1

~2 ! ~y!gnck,eb
~y!.

~6!

It is equivalent to the Mo” ller T matrix element@1#, with an
exact bound eigenstateck,eb

and exact continuum eigen

statesck,e
(6) ~satisfying appropriate scattering boundary co

ditions! of the Dirac equation with the effective potential
the residual ion. Further technical details can be found in@8#.
A simplified model, the relativistic first-order Born approx
mation~RFBA! is obtained by neglecting the elastic scatt
ing of the projectile electron in the effective potential of t
spectator ion, i.e., by replacing the continuum statesck,e

(6)

depending onx in Eq. ~6! with Dirac plane wave states@16#.
Equation~6! represents the interaction between the tr

sition four currentsj 10
m of the projectile electron andj 2b

n of
the ejected electron mediated by the free photon Gre
function Dmn

0 (x2y), so that, e.g.,

Tdir;E d3x j10
m ~x!E d3y Dmn

0 ~x2y! j 2b
n ~y!. ~7!

Resolving the four currents into~timelike! density compo-
nents j 05r and spatial currentsj5( j 1, j 2, j 3) and using a
gauge ~e.g., Feynman or Coulomb gauge! in which D0i
5Di050, the contributions to the first-orderT matrix may
be rewritten as, e.g.,

Tdir;E d3x r10~x!E d3y D00
0 ~x2y!r2b~y!

2E d3x j10
i ~x!E d3y Dik

0 ~x2y! j 2b
k ~y!

5Tlong2Ttrans. ~8!

Tlong describes interactions by exchange of a longitudi
photon.Ttrans represents transverse photon exchange, in
ticular the relativistic electromagnetic coupling of the spa
charge currents of the two active electrons@17#.
-

-

-

-
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III. ATOMIC NUMBER DEPENDENCE OF TDCS

A. Ionization of the K shell of copper

The initial experiment of Beschet al. @10# was carried out
on theK electrons of copper. In Fig. 2, we show these e
perimental results in comparison with results of the RDWB
and the RFBA. The relative experimental data indicate
double peak structure for emission of both electrons into
same half-plane~negative values ofu1 and u2). Except for
the three data points at large positiveu2 , the measured
TDCS is well reproduced by the RDWBA calculation o
@18#. Since in this experiment the ionization potenti
(V1s1/2

Z52958.979 keV) was much smaller than the impact k

netic energy, the effects of the projectile-spectator ion int
action can be estimated using perturbation theory. A co
sponding detailed study was presented in I. The main res
of this work can be summarized as follows:~i! The second-
ary maximum of the TDCS for emissions of both electro
into the same quadrant is due to the destructive interfere
of the amplitudesTlong andTtrans. This effect is also presen
qualitatively in the RFBA result.~ii ! The additional structure
at u2;295° is caused by elastic scattering of the projec
electron in the spectator ion potential, followed by an ion
ing electron-electron collision without momentum transfer
the spectator ion. This structure also appears in a RDWB
type calculation that neglectsTtrans @19#.

The model calculation just mentioned also shows so
extra structure in the region of the ‘‘interference peak,’’ i
dicating that in this angular regime, the magnetic interact
between the projectile electron and the spectator ion can
be ignored@9#. Moreover, as was shown in@20#, the position
of the binary maximum cannot be reproduced using a pla
wave description of the projectile electron~RFBA!.

B. Ionization of the K shell of silver

Sauteret al. @11# have very recently extended the me
surements of@10# to silver and gold targets. Figure 3~upper

FIG. 2. TDCS for (e,2e) on the K shell of copper (Z529).
Impact energyT05300 keV, slow outgoing electron energyT2

571 keV, fast electron observation angleu1529°. Symbols:
relative experimental data@10#, normalized to RDWBA calculation
at the maximum; full curve: result of RDWBA calculation@18#;
dashed curve: result of RDWBA calculation including only long
tudinal term@9#; dash-dotted curve: result of RFBA calculation@9#.
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PRA 59 1287INTERPRETATION OF RELATIVISTIC~e,2e! . . .
part! shows their results for silver along with data from t
same theoretical models as in Fig. 2. The two sets of res
are remarkably similar, indicating that the basic physi
mechanisms discussed in I can also be invoked to exp
inner shell (e,2e) reactions on silver. This result is not un
expected in view of the relatively small ionization potent
involved (V1s1/2

Z547525.514 keV). The lower part of Fig. 3

shows that the secondary maximum for large negativeu2
becomes more pronounced asu1 takes larger absolute value
~an effect that would be interesting to study experimenta!
@21#. The shift of its position follows the prediction of th
simple double scattering model used in I~full circles!. This
result emphasizes the fact that the structure in questio
unrelated to the conventional ‘‘recoil peak’’ due to bac
scattering of the ionized electron@22#, that would appear
opposite to the direction of momentum transfer.

FIG. 3. TDCS for (e,2e) on theK shell of silver~Z547!. Impact
energy T05300 keV. Top, slow outgoing electron energyT2

571 keV, fast electron observation angleu1529°. Symbols,
relative experimental data@11# normalized to RDWBA calculation
at the maximum; full curve, result of RDWBA calculation; dash
curve: result of RDWBA calculation including only longitudina
term; dotted curve, result of RDWBA calculation including on
direct term; dash-dotted curve, result of RFBA calculation. Botto
RDWBA results for slow outgoing electron energy of 70 keV a
different observation angles. Full curve,u15210°; short dashed
curve:u15215°; dotted curve,u15220°; long dashed curve,u1

5225°; dash-dotted curve,u15230°. full squares, direction o
momentum transfer; open squares, (2) direction of momentum
transfer; full circles, ‘‘critical angle’’ for double scattering~see
text!.
lts
l
in

l

is

On the other hand, the upper part of Fig. 3 also shows
a nonperturbative inclusion of the projectile-spectator ion
teraction becomes more and more important asZ is increased
at a given impact energy. Indeed, the RFBA model fails
reproduce the absolute magnitude of the RDWBA cross s
tion, in contrast to the case of copper. Moreover, the cal
lated double scattering signature is less pronounced, ind
ing that higher-order processes become more important. L
for copper, the massive shift of the binary maximum w
respect to the direction of momentum transfer is only rep
duced by the full RDWBA calculation. Finally, the contribu
tion of the exchange amplitudeTex plays a subordinate role
as was mentioned above@23#.

C. Ionization of the K shell of gold

The results of@11# for a gold target~Fig. 4! differ dra-
matically from those discussed so far~note the linear rather
than logarithmic scale!. The secondary maximum is simila
in absolute magnitude to the binary one, and has the shap
a broad plateau; this effect has been predicted within
RDWBA model @8#. The agreement of the RDWBA calcu
lation with the experimental results is very good in the fo
ward half-plane~and, remarkably, also for very large positiv
u2 , in contrast to the data sets for copper and silver!, but the
experiment shows a shallow minimum of the TDCS in t
backward emission region where the calculation predicts
maximum of the secondary peak.

A comparison of the different calculations shows som
additional peculiarities. The result of the RFBA calculatio

,

FIG. 4. Same as Fig. 3, but for a gold (Z579) target.



e
c
a
tly

th

o
a
h

g
S

.

s
f
d

rd
a

n

f
of

t

th
e:
m
ol

at
tte

s
ts

ed

-

akel

ors
u-
he

by
the
nd
ee-
the
ng

t of
n-
by

tes
is-
ing
re-

-

get
,

ro-
ling
ne

or
tion.
out
ith

-
t of
the

m

-
is
of
-
es

by

he
lcu

te

1288 PRA 59S. KELLER et al.
has no similarity with the measured data, indicating an ov
whelming influence of the projectile-spectator ion intera
tion. Also, exchange effects play a more important role th
for the lighter target systems. In particular, they significan
influence the shape of the calculated TDCS foru2,290°.
These observations are readily explained in terms of
large ionization potential of theK electrons of gold (V1s1/2

Z579

580.7 keV): the ratio of impact energy and ionization p
tential is too small to warrant the applicability of a perturb
tive treatment of projectile scattering, and the ratio of t
outgoing electron kinetic energies (T1 /T2'2.1) is too small
for a typical ‘‘Ehrhardt’’-type situation. It is also interestin
to observe thatTlong alone dictates the shape of the TDC
for uu2u.120° ~backward emission!, whereas the inclusion
of Ttrans is essential for reproducing the plateau structure

The changes in the shape of the TDCS as function ofu1
~lower part of Fig. 4! shed some light on these observation
For larger absolute values ofu1 , the double-peak structure o
the TDCS for negativeu2 observed in Fig. 3 reemerges, an
the peak close to the forward direction is shifted towa
u250° ~where it eventually merges with the binary peak,
demonstrated in@24#, Fig. 5!. The ‘‘interference peak’’ in
Fig. 3 follows the same pattern. In the RFBA calculatio
one obtains a small hump in this region~upper part of Fig. 4!
that shows the same trend when analyzed as function ou1
~data not shown!. We therefore conclude that the left part
the broad secondary structure is again in large part due to
interference mechanism discussed in I.

On the other hand, the double scattering analysis of
large-u2 behavior of the TDCS is obviously inapplicabl
this picture would predict a maximum where a minimu
between the two secondary peaks develops at larger abs
values ofu1 ~full circles!. It does not allow to predict the
changes in position of these structures. This demonstr
that a perturbative approach to describing projectile sca
ing effects in the inner shell ionization of high-Z targets like
gold is not possible in this regime of impact energie
whereas the all-order treatment of elastic scattering effec

FIG. 5. Spin asymmetries for electron impact ionization of t
1s1/2 state, as function of slow electron observation angle, ca
lated in RDWBA. Impact energyT05300 keV, slow electron ob-
servation energyT2571 keV, fast electron observation angleu1

529°. Full curve, gold target; dashed curve, silver target; dot
curve, copper target.
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RDWBA accounts for all major features of the measur
TDCS.

IV. ATOMIC NUMBER DEPENDENCE
OF SPIN ASYMMETRY

For (e,2e) experiments ons states at nonrelativistic ener
gies, the spin asymmetry defined by Eq.~3! is strictly zero
unless the target is prepared in a polarized state@24#. The
nonzero asymmetry measured by Prinz, Besch, and N
@25# in (e,2e) scattering on theK shell of silver must there-
fore be attributed to relativistic effects. Indeed, these auth
interpreted their results in terms of relativistic spin-orbit co
pling of the continuum electrons, i.e., Mott scattering of t
unbound electrons in the strong external field generated
the spectator ion. The experimental observation that
asymmetry is small in the region of the binary peak, a
larger in the region of the secondary maximum, is in agr
ment with the standard semiclassical picture in which
binary ~‘‘recoil’’ ! peak is due to electron-electron scatteri
without ~with! momentum transfer to the spectator ion@25#.
This interpretation was confirmed by the good agreemen
the experimental data with RDWBA calculations, that i
clude elastic scattering in the effective potential generated
the spectator ion to all orders@24#. Moreover, first-order cal-
culations ignoring elastic scattering in all continuum sta
@26# predict vanishing spin asymmetries also in the relativ
tic domain. Hence relativistic effects in the elastic scatter
of the electrons in the spectator ion field are ultimately
sponsible for the spin asymmetries observed.

It was argued in@24# that asymmetries induced by con
tinuum spin-orbit coupling should be stronglyZ dependent.
Comparison of calculated asymmetries for different tar
systems on the basis of theVb scaling described in Sec. II A
showed the expected increase of the asymmetry withZ for all
angles. The experimental verification of this effect was p
posed as a strong test of the continuum spin-orbit coup
interpretation. However, as was shown in Sec. II A, this li
of reasoning is inconclusive because inVb scaling, the im-
portance of all relativistic effects is increased along withZ.
Therefore, it is advisable to reconsider theZ dependence of
the asymmetry for fixed impact energy.

Figure 5 shows asymmetries calculated in RDWBA f
the three atomic targets discussed in the previous sec
Corresponding experiments are currently being carried
@27#. We predict that the asymmetry function increases w
atomic number in the angular regime2100°,u2,230°
considered in@24,25#, and is close to zero in the binary re
gime. This is consistent with the semiclassical argumen
@25#. Our present calculations suggest, however, that
asymmetry for the heaviest target, gold, issmaller than the
result for silver in the region of the backward maximu
(2150°,u2,285°) of the gold TDCS~compare Figs. 3 and
4!. This effect did not manifest itself in theVb scaled data of
@24#, indicating that it is of relativistic rather than strong
field origin. As we could attribute the large TDCS in th
regime to the strong elastic rescattering in the ionic field
the high-Z atom~see Sec. III!, we conclude that the interpre
tation in terms of continuum spin-orbit coupling alone do
not suffice to explain these spin asymmetries.

Some insight into this phenomenon may be obtained
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PRA 59 1289INTERPRETATION OF RELATIVISTIC~e,2e! . . .
considering the RDWBA asymmetry obtained from the lo
gitudinal scattering amplitude only. Remarkably, Fig.
shows that the strongest deviations from the full RDWB
result occur for observation of both electrons in the sa
quadrant. Comparison with Fig. 4~upper part! shows that in
this region the effect of the transverse ionization amplitud

FIG. 7. Spin asymmetries for electron impact ionization of t
1s1/2 state, as function of slow electron observation angle, ca
lated in RDWBA. Impact energyT05300 keV, slow electron ob-
servation energyT2570 keV, differentu1 ~identification of curves
as in Fig. 3!. Top, silver target; bottom, gold target.

FIG. 6. Spin asymmetries for electron impact ionization of t
1s1/2 state of gold, kinematics as in Fig. 5. Full curve, of RDWB
calculation; dashed curve, RDWBA calculation with longitudin
amplitude only.
-

e

is

indeed most pronounced. Hence we find that the expe
increase of the spin asymmetry withZ manifests itself only
in the angular region where the current-current interaction
the electrons plays an important role.

However, as discussed above~see also@9#!, the magnetic
projectile-spectator ion coupling is effective in the same
gular regime (290°,u1,u2,0°). In order to disentangle
these effects, we compare, for five different fast electron
servation angles, asymmetries for ionization of theK elec-
trons of silver and gold calculated with RDWBA~Fig. 7! and
RFBA ~Fig. 8!. The asymmetries predicted by the first-ord
Born calculation are essentially independent of the fast e
tron observation angle over the whole angular range~except
in the region of the strong TDCS minima, where the sha
maxima in the asymmetry are an artifact of the definition
the asymmetry, see@24#!. This is consistent with the con
tinuum spin-orbit coupling interpretation of the asymmet
the kinematics of ejected electron rescattering in the io
potential are the same for all fast electron observation ang
while any influence of the kinematics of the electron-electr
scattering process should result in a dependence of the a
metry on momentum transfer. The RDWBA data strong
fluctuate as a function ofu1 except for2150°,u2,250°.
This indicates that here the nonvanishing asymmetry is
large part due to Mott scattering of the ejected electron in
field of the atomic nucleus, whereas spin effects due to
projectile-spectator ion interaction play no important ro
All calculations show very small asymmetries in the regi
of the binary peak, again confirming the essence of the
terpretation put forward in@25#.

-

FIG. 8. Same as Fig. 7, but results of RFBA calculations.
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V. CONCLUSIONS

The different features of (e,2e) TDCS for different target
systems observed in recent experiments in coplanar as
metric geometry@11# can be explained in terms of th
mechanisms included in the RDWBA model, namely, M
scattering of the active electrons in the field of the specta
ion, and interference of the amplitudes for longitudinal a
transverse single-photon exchange. Even at very high ato
numbers, the interference mechanism plays a key role
emission of both electrons into the same quadrant.
T0 ,T1 ,T2@Vb , a perturbative treatment of projectile resca
tering suffices for a qualitative interpretation. Strong nonp
turbative features show up for lower relative kinetic energi
or high Z.

The spin asymmetry of relativistic (e,2e) processes ons
states is essentially due to continuum spin-orbit coupl
~Mott scattering of the individual free electrons!, but the
measured asymmetries are also influenced by the interpla
S.
ac

P.

.

.

te
m-

t
r

d
ic

or
or
-
r-
,

g

of

longitudinal and transverse interaction between the two
tive electrons. Our present calculations provide evidence
a large contribution of the transverse amplitude is a prec
dition for observing large asymmetry values, in particular t
expectedZ dependence. The details of the relation betwe
the spin effects in electron-electron scattering and electr
spectator ion scattering in the different asymptotic chann
which conspire to determine the spin asymmetries meas
in (e,2e) experiments, remain to be understood.

Note added in proof.After submission of the present pa
per, Sauteret al. completed and published their measur
ments of the spin asymmetries discussed in Sec. IV@27#. The
experimental results are in quantitative agreement with
predictions of Fig. 5.
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