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Spin asymmetry in weakly relativistic (e,2e) collisions
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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 coBstaggometry fork-shell
ionization of Ag and the asymmetric coplanar geometrylferubshell 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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[. INTRODUCTION indicator for situations where a fully relativistic representa-
tion of the electronic wave functions is mandatory in contrast
Inner-shell ionization of atoms by electron impact is oneto situations where a correct account of relativistic kinemat-
of the basic processes in atomic-collision physics. The coinics is sufficient. This is possible because the other two defi-
cident detection and spectroscopy of the two outgoing elecsiencies of the CBA as compared with the RDWBA, the
trons, together with the determination of the bound electron'sionorthogonality between the bound and continuum states as
initial state provides a complete analysis of the three-bodyvell as the neglect of screening the target nuclear field by the
collision kinematicg1]. In order to achieve the same goal in passive electrons beyond Slater screening, were found to be
heavy-ion collision experiments, not only a very compleximmaterial for inner-shell ionization of the heavy targets un-
detection system is needéthe COLTRIMS detectof2]),  der consideratioif4,6].
but one usually has to deal with a large variety of emitted This work concentrates on the comparison between CBA,
particles due to the strong perturber field, which inhibits anRDWBA, and experiment in the case of weakly relativistic
accurate study of a pure three-body process. Moreover, if itarget states, that id.-shell ionization of very heavy atoms
the (e,2e) experiments the projectile electron is polarized,and K-shell ionization of atoms with intermediate nuclear
fine-structure effects become accessible. Hence, a compagdharge. Atomic unitsf{=m=e=1) are used unless other-
son of theory with experiment, both for the triply differential wise indicated.
cross sections and for the spin asymmetry provides an opti-
mal test of the underlying theoretical models. Il. COULOMB-BORN APPROXIMATION
During the last two decades, series of absolute measure-
ments onK- andL-shell ionization of targets from copper to  In a first-order theory such as the CBA, the electron emis-
uranium by relativistic polarized and unpolarized electronssion is mediated by one single electron-electron interaction
with impact energies up to 500 keV were performed by Na-Vee. Using the Fourier representation\df, in its relativistic
kel and his Tingen collaboratorgfor a review, see Ref. form, the transition amplitude for ejecting an electron from
[1]). The first quantum-mechanical theory able to explalnthe initial StateqS i) into the final stat&b("f) while simulta-
oo I e eechons was. e Feausy scaterng e prjecte sleoron e o
Coulomb-Born approximatiofCBA) [3]. This theory is a is given by[7]
first-order approximation in the electron-electron interaction,

which allows for relativistic kinematics and which includes dq S| amigery [ (S)
the Coulomb field in all electronic states by means of semi- Wsiosio (Kr s k) = j —2_{<¢ le 1|¢ )
relativistic Coulomb states. Polarization effects and postcol-
lisional electron-electron correlation are disregarded since ><<¢E‘”f)|e‘q'fz|¢i("i)>
they are immaterial for the relativistic incoming and outgo-
ing electrons under consideration. <¢,k g i0T1q, |l/,<3>>
An improvement of the CBA was provided by the fully f
relativistic Coulomb-Born theorfRCBA [4]), which em- X<¢)E:'f)|eiq.r2a2|¢i(0'i)>}, 2.1)

ploys exact relativistic Coulomb functions for the electronic

states, as well as by the relativistic distorted-wave Born ap-

proximation (RDWBA [5]), where the target potential is where the spatial coordinates of the scattered and of the
taken from a self-consistent relativistic Kohn-Sham local-€jected electron are denoted byandr,, respectivelyk,
density approximation and its bound and scattering eigenkr, ands; are the momenta of the unbound electronic states,
states are generated numerically. RDWBA turned out to b@&nd a;,a, are the Dirac matrices of the two electrons origi-
very successful in reproducmg the measured angu|ar d|3trpat|ng from the relativistic current-current interaction. With
bution of the ejected electrofhs]. Ek, and Ek the total (relativistic) energy of the projectile

Deviation between CBA and RDWBA can be used as arelectron in its initial and final state, respectively, one has
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do=(Ex.—Ey.)/c. The spin projections of the electronic s (b

i f I5,doy, don ke s
states are denoted sy, o;, S;, ando;. In the representa- Y
tion of the wave function in terms of Dirac spinors, the po-
larization direction of a free electron is along its momentum.
If the incident electron is polarized in a given spatial direc-
tion, a spin rotation has to be performed. For transversely
polarized electrons, as in the experiments discussed below,
the amplitude for ionization by spin-ups;& +) and spin-
down (s;= —) electrons is obtained from E¢R.1) by means
of the following rotation[7]:

1 L I I L 1 I L
VSfoJrUi(kf  K) ::E{(1+ i )stofﬂri(kf JK) 30° 50° 70° 9001%1100
Ky
+(1=1)We g~ (Kp 1)}, N
1 : (b)
stzrffo'i(kf 1Kf) ::E{_ (1+ I )WSfO'f+a'i(kf 1Kf) 0.1f
. //"\V/\ ’—\\\\\
+(1=1)Ws g - (ke i)} (2.2 0 [rond AN
XN N 80° e
The triply differential cross section for detecting the two gl 60 \\ \\ /
electrons with momentk; and «; in the solid angIeS{kof i \\ e
and dQKf, respectively, is for initially polarized electrons ool -
given by ‘ W
d3o(+) 2N, g —03 ¢
R b K Ex . . . . .
dE, dQ dQ, — Bk "Rk 200 400 60 80° 1007y
h‘f
% ; > Vs o+ o0 (Kt 55) FIG. 1. K-shell ionization cross section of Ag by 300 keV elec-
my| stoto; e trons in symmetric coplanar constaft;, geometry (£kf=EKf
=137.25 keV) with® ,,=80° (a), and corresponding spin asymme-
Vo0, (165 K2, (2.3 ) Wit~ 80" (@ ponding spin asy

try A for ®,,=40°, 60°, and 80° in the case of electrons polarized

. — . perpendicular to the collision plan@). Theory: ——, RDWBA
The number of electrons in the initial subshell with total s, ast (taken from Ref[9]); — — —, CBA. The experimental

angular momentuntm; is denoted byN;. The last term in  gat5 § are from Nakel's groufa].
Eqg. (2.3 is the exchange contribution, obtained from the
direct term by means of interchangisgwith o; andk; with

«;. The sum runs over the unobserved spin quantum nunil-Plane with the beam axis while the angte,, between
bers. them is kept fixed. Hence, for a given,,, their emission

The spin asymmetnA is defined as the relative cross anglesdy and ¥, are related by, =y +©,. This ge-
section difference between impinging spin-up and spin-dowrometry is particularly sensitive to the electron-nucleus inter-

electrons action in initial and final channels, and both binary region
s 3 (where the two electrons are detected on opposite sides of the
d ‘7(+)/dEdeQkfdQKf_d ‘T(_)/dEdeQkfdQKf beam axig and recoil regior{where both electrons are emit-
A::d3o(+)/d EdeQkfdQKerd%(—)/d E,dQ dQ, - ted to the same side of the beam gxdan be studied within

a quite narrow range of, [1].

(2.4 In Fig. 1(a), the dependence of thkK-shell ionization
In the Coulomb-Born approximation, semirelativistic Dar- cross section of Ag o, [calculated from the mean value

win wave functions are used for the bound staaéé"), of the two expressions given by E@.3)] is displayed for an
while every continuum state is represented by a product obpening angled 1, of 80°. The cross section is only shown
nonrelativistic Coulomb wave and free Dirac spif8. for 19Kf>%®12 because of the symmetry with respect to
B = | = 30 ,. In the angular range corresponding to the
. RESULTS binary region (01/2<¥, <015, which implies —30,

The symmetric coplanar constai, geometry was sug- <9k <0), the CBA results are close to those from
gested by Whelan and co-workdi&]. In this geometry, the RDWBA, both theories reproducing the experimental trend.
two outgoing electrons have equal energy and are emitte@his is also true for®,,=40° and 60°(not shown. For
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FIG. 3. Spin asymmetry for [2,-subshell ionization of U by
‘ , ‘ 300 keV electrons polarized perpendicular to the collision plane.
0 20 40 80 80 100 The parameters ail'ekf=210 keV andﬂkf: —24.8°. Theory—,
Vg RDWBA (taken from Ref[11]); — — —, CBA. The experimental
data,®, are from Besctet al.[11].

FIG. 2. 2p3,-subshell ionization cross section of U by 300 keV
electrons in coplanar asymmetric geometry vKQ=21O keV and

9. =—26°. Theory: ——, RDWBA (taken from Ref.[10]:  flip. In contrast toK-shell ionization of Ag, where spin flip is
' CBA - - - - CBA without spin flip. The experimental N€dligible in the binary peak region, there is a considerable
data,$, are from Kull[10]. reduction of the Ps, ionization cross section when spin-flip

transitions are disregarded.

The spin asymmetry resulting froid 2p5,-subshell ion-
ization at a slightly smaller angle}, = —24.8° where ex-
perimental data are available and where the cross sections
still show the Bethe-ridge dip, is plotted in Fig. 3. In addition
fo the spin asymmetry due to the spin-orbit interaction of the

larger anglea?Kf, CBA underestimates RDWBA by a factor

of 2.
Figure 1b) predicts the corresponding spin asymmetry
for the three angles, which is caused by the spin-orbit inter

?cﬂjon fththe relatlwstlf Con“VCﬁ.LI'm felecircl)zns mhthe SONYcontinuum electrongwhich is quite small in the binary re-
leld of the target nucleus. While fdE, =E,, the Cross o5 h ginshell ionization contains a large contribution
section is symmetric with respect #, =301,, the spin  caused by the relativistic fine-structure splitting of the initial
asymmetry is antisymmetricchown for® ,=80° as dotted bound stat¢12]. This is confirmed by the measurements that
line) since the interchange d@f, and— 3 correspondstoa can be exp_lained by the two theories in the whole angular
180° rotation around the beam axis such ti¥#(+) turns ~ fange considered.

into d®¢(—) leading to a sign reversal in Eq42.4). The

extension of the binary regime with increasi®g, is readily IV. CONCLUSION
seen from the broadening of the angular region associated
with a small, positiveA. The recoil region,9, >®,, is By investigating triply differential cross sections as well

characterized by a large, negative spin asymmetry, indicatings the spin asymmetry, we have shown that the applicability
the importance of relativistic wave function effects. TheseOf the Coulomb-Born approximation can be extended to

effects increase when the separation between the two outgb-Shell ionization of the heaviest target accessible to experi-

ing electrons gets smaller. ment, uranium. As long as the slow electron is ejected into
In the asymmetric coplanar geometry, the fast electron i§he binary region, CBA and RDWBA give similar results

emitted at a small fixed anglé, relative to the electron that are in accord with the experimental data. This means
at in this situation, relativistic wave function effects are of

beam, and the slow electron is detected in this scatteringf:mor importance. A study of the-shell ionization of Au(at
plane. Figure 2 shows thg3g,,-subshell ionization cross sec- E\, =200 keV andd,, = — 10°) confirms this finding; how-

tion for uranium in that geometry. Results for the Bethe-ridge i ] ]
anglei, = — 26° (corresponding to zero momentum transfer@Ver, an extension ofl, to the recoil regime reveals that,
to the target nucledsare given where measurements of ab-although CBAis able to reproduce the two-peak structure in
solute cross sections were made recently. The dip in the bfhe triply differential cross section as well as the large asym-
nary region resulting from the node of the initipistate ~ Metry that is present in experiment and RDWBH, it gives
wave function in momentum space is quite prominent in thed Severe underprediction of the peak intensity as well as a
calculations. Taken into consideration that the experimenta§hift of the asymmetry maximum to largér, . This means
filling of this dip is likely to be due to multiple-scattering that even foiL-shell ionization, the relativistic contraction of
effects caused by the thick uranium targets that were usetthe electronic wave functions plays a decisive role in the
[10], both theories provide a satisfactory description of therecoil region. It confirms that large momentum transfers in
measurements with respect to the peak intensities ancose collisions are required when the two electrons are
shapes. Included in Fig. 2 are the CBA results without spirejected into the same hemisphere.

034706-3



BRIEF REPORTS PHYSICAL REVIEW A 65 034706

The investigation of the triply differential cross section tion of the asymmetry related to the coplanar constapt
for an Ag target(and similar calculations for Cu oy geometry to be at least qualitatively correct for the larger
=220 keV andﬂkfz —9°) demonstrates that for the lighter angles.
targets, alsK-shell ionization in the binary regime is well

described by using §em|relat|V|st|c_wave funcnons. In VIeW - thusiasm foré,2e) physics in many discussions and con-
of the fact that CBA is able to provide a picture of essential,. . .
tinuous collaboration during the last decade.

features in the whole angular range, we consider the predic-
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