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Fine-structure effect in the relativistic (e,2e) process
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Using a transversely polarized electron beam a relativistige) experiment has been performed to look for
a spin-up—spin-down asymmetry in the electron-impact ionization process caused by the fine-structure effect.
An incident energy of 300 keV, coplanar asymmetric kinematics, and phg €hell of uranium Z=92) have
been used. We found clear evidence for the fine-structure effect in the relativistic regime and a qualitative
agreement with theoretical results of the relativistic distorted-wave Born approximation, including a change of
sign in the angular distribution of the asymmetry near the Bethe r{@&050-29478)50710-X

PACS numbg(s): 34.80.Dp, 34.80.Nz

Kinematically complete electron-electron coincidencefine-structure effect does exist if relativistic electrons ionize
[or (e,2e)] experiments have proved to be a valuableinner shells of atoms of high atomic humbers and how to
method of investigating the dynamics of electron-impact ion-separate it from asymmetries caused by spin-dependent
ization of atoms[1,2]. (e,2e) experiments with polarized forces. This gave us the motivation to start the present work
electrons are a further step towards the ideal of a quantunm the course of which relativistic calculations have become
mechanically complete analysis of the elementary process @fvailable showing considerable asymmetries attributed to the
electron-impact ionization. Recently, two types efde) ex-  relativistic fine-structure effect. A first calculation was based
periments using transversely polarized electron beams amh the semirelativistic Coulomb-Born approximation of
unpolarized targets have been carried out to measure spilakubassa-Amundsdal]. In a basic paper of Kelleet al.
asymmetries. In the first type, spin-up—spin-down asymmef10] a theory of €,2e) processes with spin-polarized relativ-
tries have been measured which are caused by spirstic electrons has been worked out using the fully relativistic
dependent forces, i.e., by the spin-orbit interaction of thedistorted-wave Born approximatiotRDWBA). Details of
continuum electrons moving with relativistic energies in thethe RDWBA, which is a first-order theory using exact eigen-
Coulomb field of the atomic nucle(i8,4]. In experiments of states of the Dirac equation with an effective atomic poten-
the second type done at nonrelativistic enerffie§] the spin  tial for all electron wave functions, are outlined in Keller
asymmetries are interpreted in terms of the so-called fineet al. [12].
structure effect first discussed by Hanmg for the case of We report here on ane(2e) experiment with a trans-
electron-impact ionization of states with nonzero orbital an-versely polarized primary beam designed to look for the fine-
gular momentum. Here the asymmetries are caused by tharucture effect in the relativistic energy regime and on an
Coulomb interaction, within the system and the exchangénner shell of an atom of high atomic number. We used a
interaction even if spin-dependent forces on the continuunprimary energy of 300 keV and thep3g,, state of the_ shell
electrons are of minor importance. of uranium £=92). In general, the asymmetry caused by

A simple model of the fine-structure effect is presented inthe spin-orbit interaction of the continuum electrons may ap-
the papers of Madisoet al. [8] and Jone®t al. [9] for the  pear simultaneously with that of the fine-structure effect.
nonrelativistic regime. An essence of these arguments iSince for the present we are interested in measuring the fine-
given by Kelleret al.[10] as follows: If a fine-structure mul- structure effect exclusively we chose kinematical conditions
tiplet is experimentally resolved.e., if the total angular mo- in a way that the asymmetry coming from the continuum
mentumJ is known) in an ionization experiment using an electrons is expected to be as small as possible. To achieve
electron beam polarized perpendicular to the scatteringhis our considerations were as follows. In @2g) experi-
plane, then, assuming approximate validityLdd coupling  ment with coplanar asymmetric kinemati@hrhardt geom-
for the initial target state, the possibility of exchange scatteretry) where the fast outgoing electrons are detected at a small
ing of the spin parallel electrons yields an asymmetry in thescattering angle the angular distribution of the slow outgoing
differential cross section. This effect is due to an interfer-electrons consists, in general, of a binary peak and a recoil
ence: while(in absence of spin-orbit coupling leading to peak. The recoil peak cannot be explained unless an electron-
spin-flip transitiongthe spin singlet direct and exchange am-nucleus interaction is taken into account. Consequently, in
plitudes do not interfere because the incident electron can kthis region a spin-orbit interaction of the continuum electrons
identified in the final channel if a spin measurement is carmust contribute, and a spin asymmetry is to be expected. The
ried out, the spin triplet amplitudes do interfere because obinary peak, however, has a large contribution from a direct
the possibility of spin-exchange scattering. Due to conservabinary collision between the incoming electron and the
tion of total angular momentum, this effect may also be in-atomic electron, with the nucleus in the role of a “specta-
terpreted in terms of an orientation of the spectator ion in thdor,” and the spin-orbit interaction will be weak. Indeed, we
final state. could show in a formerd,2e) experiment on th& shell of

For atoms of high atomic number thé coupling scheme silver [3] that the relating asymmetry in the binary peak is
is clearly invalid. Therefore the question arises whether thelose to zero, whereas in the recoil region a distinct asym-
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. K . Electron Scattering Angle @,
keV) is perpendicular to the scattering plane.
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metry was found(Asymmetries due to the fine-structure ef- (b)
fect vanish forK-shell ionization because of the absence of % °°[
the orbital angular momentum in tteestate) Therefore we 00

started our search for the relativistic fine-structure effect in
the binary region of the angular distribution of the
(e,2e)-process. To confirm this feature of a small influence
of the spin-orbit coupling of the continuum electrons we
have repeated the formee,@e) experiment in the binary
peak of theK shell of silver[3] with kinematical parameters FIG. 2. () Spin-up—spin-down asymmetd of the triply dif-
similar to those in the present measurement of uranium. Dufrential cross section for electron-impact ionization of they,2
to the smaller radius of thié-shell orbital of silver the spin- state of thel shell of uranium as a function of the scattering angle
orbit interaction of the continuum electrons should be abouB, of the outgoing slow electrons of ener@=72.8 keV. The
a factor of 3 stronger compared to theg2 orbital of ura-  primary electron energy amounted fg= 300 keV. The outgoing
nium. Nevertheless we got only asymmetries between 0%ast electrons oE;=210 keV were observed at an angle@f=
and 3%, indicating that any larger asymmetry observed un=24.8°. O is the direction of the momentum-transfer vector. The
der comparable kinematical conditions cannot be explaineérror bars represent the standard deviations only; the systematic
by continuum spin-orbit coupling. error of asymmetry scale was estimated toth2%. The solid line

A sketch of the experimental arrangement is shown iris a theoretical prediction of the relativistic distorted-wave Born
Fig. 1. The source for the polarized electron beam used th@PProximation of Kelleret al.[10]. (b) Angular distribution of the
photoemission of electrons from a strained GaAs crystal ir__trlply c_ilfferentlal cross section ca_llculgted according to _the relativ-
radiated by circularly polarized light of a laser dio@te istic dlstort_ed-wave Born approxmatlgn for an ur!polarlzed beam.
source is described in principle elsewhéig], but was at The plot displays only the binary region; the region of the recoll
that time operated merely with a conventional GaAsP cryspeak 's not shown.

tal). After deflection by a 90° cylindrical deflector, the ex- . fraction discrimi Th .
tracted electrons are transversely polarized. Reversal of thef'ter Via constant fraction discriminators. The quantity mea-

polarization of the electron beam can easily be realized b)?ured directly is t_he counting rate of the true coincidencgs
inverting the helicity of the laser light. The source is installeg@ternately for Spin-up and spm-dqwn eI.ectrons of the pri-
in a high-voltage terminal of a 300-kV accelerator tube and"a"y bear_n. Th_e spin asymmetry is defined as the relative
produces a continuous transversely polarized beam with &©SS-section difference

degree of polarization in the range of 60—-65 %. The polar- 3 13|

ization was measured by a Mott analyzer put into the beam A= d°o —d°c )

line in front of the entrance of the scattering chamber. In the d®ol+d3a!”

Mott analyzer the electrons scattered through 120° by a gold

foil were detected by a pair of ion-implanted silicon detec-where d3®s’ and d3¢! are the triply differential ionization
tors. The primary beam was focused to a 1-mm-diam spot ooross sections for impinging electrons with spin up and spin
the target foil placed at the center of a vacuum chamber. Agown perpendicular to the scattering plane. We got the
the target we used uranium foil with a thickness ofasymmetryA as the ratio

60 uglcn?. We performed the measurement on they2

shell (Eping=17.2 keV), as the energy distance to the,2 N

shell is 3.8 keV and therefore best to separétée could not A=5, 2
separate the [2,, from the %,,, shell because of the differ-

ence of the binding energy of 0.8 keV onlfach of the two . o .
electron detector systems consists of a magnetic spectrorﬁ"—herep is the pqlarlzatlonT of the Peam, an(_j for spin-up and
spin-down counting rated' andN-, respectively,

eter for the energy analysis combined with a plastic scintil-
lation detector. Each magnet is a doubly focusing homoge- ol
neous sector field shaped by an iron core. The fast signals N N'—N 3
from the detectors were fed into a time-to-amplitude con- NT+N
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We chose the following parameters for the measuremenexchange between the continuum electrons and the target
The polarized electron beam &,=300 keV impinges on atom is included for the incoming and outgoing elastic chan-
the uranium target. In coplanar asymmetric geometry theels in the RDWBA calculations of the relativistic fine-
outgoing fast electrons dE;=210 keV are observed at a structure effecf10,19. Compared to this a calculation of the
fixed scattering angle 0®;=—24.8° with respect to the asymmetry for lower incident energies done by Detral.
primary beam direction. The detector for the coincident slow[15] includes the exchange between each outgoing electron
electrons was adjusted to an energyEgf=72.8 keV in or-  and the remaining target electrons. There it turned out, that
der to select €,2e) processes from thef,, shell. this exchange mechanism could be the major factor under
The result of the measurement of the spin asymm&t@g  particular kinematical conditions. In view of this fact the
a function of the scattering angle of the outgoing slow eleCysymmetry measured in the present experiment can be re-
trons is shown in Fig. @) (full circles). The error bars are arqeq to be due to a more basic scattering mechanism since

the standard deviations. The solid line is a theoretical predict'here is only the exchange between the two active electrons
tion of the relativistic distorted-wave Born approximation of .

! involved.

Keller et al. [10], where one can alfso flnd_plots for_t_helzz In forthcoming measurements we plan to go over to the
and the ,,, states under similar kinematical conditions. To i . Here. in addition to the fine-structure effect a
visualize the angular distribution of the triply differential recolt region. Here, : . .
cross section in the binary peak we show in Figh)2he subgtantlal asymmetry due to the spin-orbit coupling of the
corresponding result of the RDWBA calculation, averageacont'nuum electro_ns is to be expected. Inte_rference effects
over spin degrees of freedom. The experiment shows IargF'ay produce a rich structure of the resulting asymmetry
asymmetriegup to 18%, which, according to the argument 10]. Another interesting task wquld be tp link up with the
given above, cannot be explained in terms of spin-orbit coutVork of Prinz and Kellef4]. Particularly, in the binary re-
pling of the continuum electrons. In view of the fact that in 9ion they observed a small asymmetry in an inclusive mea-
this energy domain there are no known mechanisms otheéfurement on thé shell of gold, in contrast to comparatively
than spin-orbit coupling and possibly the fine-structure effectarge asymmetry values predicted by their theoretical inves-
that could lead to spin asymmetries, we conclude that outigations for the p subshells. This phenomenon is supposed
experiment clearly evidences the existence of the fineto be due to the averaging over the different fine-structure
structure effect in relativistice,2e) collisions. In particular, levels[4]. It will be interesting to confirm this feature experi-
the characteristic change of sign of the asymmetry near thmentally by carrying out inclusive and exclusive measure-
so-called Bethe ridgéon recoil momentunk;,,=0) could ments under the same kinematical conditions.
be confirmed. It appears for relativistic as well as for nonrel-
ativistic primary energies. Our interpretation is confirmed by It is a pleasure to thank the members of the Belfast-
the reasonable agreement between the experimental data g&ag@mbridge-Frankfurt Collaboratiofd. Ast, R. M. Dreizler,
the calculated RDWBA results, which include just the twoS. Keller, H. R. J. Walters, and C. T. Whedior numerous
mechanisms mentioned above. It is interesting to note that waluable discussions, and especially S. Keller for a critical
plane-wave calculation leads to a vanishing asymmetryeading of the manuscript. One of the authdksH.B.)
[14,1Q. This theoretical result gives a hint that the interac-would also like to thank Professor D. H. Madison for helpful
tion between the continuum electrons and the Coulomb fieldliscussions. Support by the Deutsche Forschungsgemein-
of the atom has to be present also in the binary peak regioschaft(Grant No. Na 102/1133 the European Community
in order to produce the fine-structure effect. (Human Capital and Mobility Program No. CHRX-CT93-

For the present high energies the active electrons are well350, and NATO (Grant No. CRG 950407is gratefully
decoupled from the spectator target electrons. Therefore nacknowledged.
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