PHYSICAL REVIEW A

ATOMIC, MOLECULAR, AND OPTICAL PHYSICS

THIRD SERIES, VOLUME 59, NUMBER 6 JUNE 1999

RAPID COMMUNICATIONS

The Rapid Communications section is intended for the accelerated publication of important new results. Since manuscripts submitted
to this section are given priority treatment both in the editorial office and in production, authors should explain in their submittal letter
why the work justifies this special handling. A Rapid Communication should be no longer than 4 printed pages and must be accompanied
by an abstract. Page proofs are sent to authors.

Role of exchange and kinematic in the generation of low-energy polarized electron pairs
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Spin-polarized electron pairs are generated following the ionization of the valence electron of polarized Li
atoms by polarized low-energy electron impact. It is shown that the shapes of energy-sharing spectra of the
pairs are influenced by an interplay of structures resulting from binary-encounter and exchange effects of the
two electrons. The spin asymmetry is measured at an excess energy as low as 20 eV and compared with
dynamical calculations of different models. The shape of the asymmetry is explained on the grounds of
symmetry and dynamic$S1050-294{@9)50106-4

PACS numbe(s): 34.80.Nz

Spin-dependent effects in electrdionizing) collisions  spin nonresolved angular distribution of electrons emitted
can be traced back to exchange and/or spin-orbit interactiongpon electron impact on HE) and HefS®) have been at-
Spin-orbit effects are prominant when the spins of the electributed to an interplay between exchange effects and the
trons are strongly coupled to the electrons’ angular moment§ffects of binary collisiongsee also[18], and references
[1,2]. Such effects of the spin-orbit coupling can be observedherein. This conclusion has been inferred from the analysis
in the single ionization of thek- and L-shell electrons of ©f the contributing spin-resolved cross sections.

heavv-metal taraets uoon the imoact of spin-polarized elec- Our experimental and theoretical work aims at the explicit
vy 9 b P pIn-p ~~~ _ “nvestigation of the spin-resolved cross sections at low ener-
trons [3—6]. On the other hand, exchange interaction is

e ies. This yields a direct insight into the interplay between
consequence of the fermionic nature of the electrons thglinematic and exchange effects. To this end we consider the

imposes the Pauli principle on the wave function. In anjonization of the valence electron of polarized Li atoms by
electron-impact ionizing reaction with spin-polarized part-polarized electron impact. The two escaping electrons in the
ners the strength of the exchange interaction between the twha| channel are detected in coincidence. Their energies
escaping electrons can be stud@]. It is very much de- E_ E, are resolved using two electrostatic hemispherical
pendent on the collision geometry, but is present for allspectrometers positioned in a plane that contains the incident
atomic targets, whereas spin-orbit effects diminish with de-electron beam. For fixed angular positions of the spectrom-
creasing strength of the Coulomb nuclear field, i.e., for lighteters with angles ofA®,=—-A®,=45°, where the two
targetd 1]. Effects arising from spin-orbit and exchange cou-electrons escape perpendicular to each other, and for fixed
pling may also interfere, as is the case in the incidence oéxcess energ¥:=E,+E, (E=20 eV in the present mea-
polarized electrons on a heavy target while the fine structureurements we study the dependence of the count rates on
of the final ion state is resolvd®-16|. the energy sharingr=(E,—Ey)/E. The apparatus is de-

In a spin nonresolved electron-impact ionization processcribed in more detail elsewhef8].
the electrons’ spectra are deduced as a statistical average of The spin asymmetnA provides information about the
the individual spin channels. However, structures of the inspin dependence of the triple differential cross sectiott is
dividual spin contributions may still be observable in thedefined as the relative difference between the cross sections
spin nonresolved cross sections. Such a case has recenfty antiparallel and parallel spin combinations of the collid-
been pointed out in Ref17]. There, certain structures in the ing particles:
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oll—gil asymmetry must be symmetric to thg=10 eV line; that is,
AZm- (1)  the asymmetries foE,=8 eV andE,=12 eV should be

g g

identical. However, besides statistical fluctuations, the differ-

From the observed number of coincident-electron count nt experimental conditions for these two settings, especially

NV for each spin combination we obtain the “raw” or the.angular acceptance, may lead to small deviations
asymmetry from thl_s expectation. . . o
For light targets such as Li we can neglect spin-orbit in-
N NI teraction. Thus, the spin asymmetry is primarily due to ex-
W= =|P,.Py|A, (2) change and can be expressed in terms of the singlet and
N +NTT triplet scattering cross sectioms and o, respectively:
which we relate toA by taking the nonperfect beam polar- 05— Oy
izations P,,P,) into account as indicated in E(R). During A= m ©)

the measurements, the spin settings of the Li beam as well as
those of the electron beam were alternated in short time infhe singlet and triplet scattering cross sections are obtained

tervals to reduce systematic errors. _ from the corresponding transition matrix elemefitsand T,
The ions produced in the scattering region represent gia the relation

measure of the total ionization cross section. They are ex-

ploited for determining the product of the beam polariza- 4 KaKp )
tions,|P,- P|. To this purpose, we record ion counts concur- osit(Ea Ep Qa,p) =(2) k. [ Tsl®, ®)
rently with the electron coincidences and obtain, in an '

analogous way to Eq2), the “raw” spin asymmetry of the  wherek;, k;,, andk, are the momenta of the incoming elec-
total |on|z'at|pn,Air§,‘§V'. The physical spin asymmet#;o,, of  trons and the two emitted electrons, respectively, @pd(Qy,
the total ionization is known experimentall$9], as well as  are the solid angles associated withandk,, with respect to

theoretically[20,21], with good agreement between the two. the incident direction. The matrix elemerits, represent the

Thus we obtain the spin asymmet#yof Eqg. (1) from transition operatordg, where
A A_W Araw @ F0tPwTikake), T=0-PaTuka k). ()
Aion The action of the exchange operaf@y, on 7;; is given by

Normalizing in this way is more direct and carries smaller PabZri(Ka . kp) = T5i(Kp .ka). The operatorTy; is represented
by the matrix element

systematic uncertainties than using the individual beam po-
Iéatrelisa.tlons, as measured separately with respective polarim Ti(Ka ko) = (¥ Vi 6,k )

The energy and angular acceptances of each electron dgg e e assumés, k
tection system depend on the electron-optical setting of th‘éonsisting of a proc;u
lens system in front of the hemispherical electrostatic spe
trometer. The coincidence energy acceptaA&g,, can be
obtained from

i) to be the asymptotic initial state
ct of an incoming plane wave describ-
Cl'ng the incident projectile and a single-particle Blartree
orbital of Li [23]. The perturbation operat¥; occurring in
Eq. (8) is the Coulomb scattering potential from the active
valence electron of Li and from the core (1)i.

The state vecto(¥| in Eq. (8) describes the two-

where AE, ,AE, are the single acceptances of the electrorcOntinuum electrons’ motion in the field of Li Two ap-

_ imate expressions are used to represgahf: the 3C
detectors22]. In our measurementS(= 20 eV) the energy Proximate expres

sharing varies between= — 0.8 for an extremly asymmetric Mode![24] in which the three-body systeritwo electrons
case ancv=0.2 for a measurement going beyond the Sym_and the Li" core is broken down into three noninteracting
metric case wher&,=E, . Hence, the energy of one of the two-body subsystems, and the DS3C approach that accounts

electrons E, varies between 2 and 12 ewvthus, E, for dynamical screening within each of the two-body inter-

<[8,18 eVl). As the accepted energy width depends on thg‘cting Coulomb subsysteni&5,26]. Both of these models

pass energy of the electrons through the analyzer, we choo qve. been ext_enswely stgdm(d;ee .[26]' and references
for the typically slow electron of detectaran acceleration erein and their mathematical details are not repeated here.

factor of 5 in the lens system, giving a correspondingly in- To exhibit the competition between collisional ionization

creased pass energy, and for the typically fast electron dffOcesses, 1.€., effects due to binary encounter between the
detectorb an acceleration factor of 1, as was done in OurcoII|S|on partners, and exchange effects, we focus on the fol-

previous investigation$8]. In this way the energy accep- Iowmgtﬁiometré/. The escalplngf (leeoctro_?hs are det;a;ted,gopla—
tance is increased for the “slow” detector and, in addition,nar wi i, under an angie o with respect kp an

the coincidence energy acceptance of @jis almost equal Perpendicular to each other; i.e.k(<kp)-ki=0ka-kp
for each data point fronE,=2 eV to E;=12 eV. As an =0k, kj=cosr/d=k,-k; [see inset in Fig. &)].

effect of the different settings for the optics, the two detec- For a fixed excess energg=20 eV, the asymmetrj is
tors have different angular acceptances with full width at halfscanned as function of the energy shariig{ E,)/E=:«a
maximum values ofA®,=20° andA®,=10°. The spin e[—1,1]. Fora=0(E,=E,) we arrive at the condition for

AE_2=AE,?+AE,?, (4)
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FIG. 1. (8 Spin nonresolved cross section for the electron-impact ionization of the valence electron of Li as a function of the energy
sharing E,— E,)/E, whereE, andE, are the energies of the continuum electrons. The calculations have been performed with the 3C model
(dotted curve and the DS3C theorysolid curve. The corresponding singlet and triplet cross sections are depictdnl and (c), respec-
tively. All 3C cross sections have been multiplied by a factor of 4. The total kinetic energy of the escaping eledier®)igV. Both
electrons are detected coplanar with the incident diredtianThe electrons escape perpendicular to each other, whégebigects the
interelectronic relative anglesee inset if(c)]. (d)—(f) Same as iffa)—(c), with the same notation; however, the excess energy is lowered to
E=6 eV. The 3C results have been multiplied by a factor of 20.

a direct(classical encounter of the incoming projectile with experiment with respect t&;, the triplet scattering cross

a stationary valence electron. Therefore, in the singlet CrOSSectiono, vanishes ate=0 (E,=E,) [Fig. 1(c)]. The shape
sectionos [Fig. 1(b)], a pronounced peak arises@t0. On ot yhe spin-averaged cross sectien=0.257+0.75, [cf.

the other hand, due to the cylindrical symmetry of the whoIeFig_ 1(a)], is now very much dependent on the ratio of the
singlet[Fig. 1(b)] to the triplet[Fig. 1(c)] cross section and

0o [ hence on the spin asymmetry. Dominant triplet scattering
leads to a decreased spin nonresolved cross sectior at
z 06 (due to the zero point i, at =0 that results from ex-
é change [cf. the 3C results in Fig.(@)], whereas a dominant
Z o3 singlet scattering yields a maximum at=0 in the cross
§ section(due to the peak irg at =0 that originates from
0.0 - the direct electron-electron encounteas observed in Fig.
1(a). Generally the ratio of singlet-to-triplet cross sections,
e ' ' ' e which is closely related t@, is a dynamical quantity that
' S ' ) depends sensitively on the dynamical model used to describe
08 |- the collision process, as demonstrated below.
2 o6l The spin asymmetnA [Eq. (1)] for the geometry of Fig.
E 2(a) reveals a smooth decrease away fram0 where it
g o4r should be unity ;=0 ate=0). The DS3C calculations are
£ o2l in good agreement with the experimental data, whereas the
® predictions of the 3C model deviate considerably from the
oo measured asymmetry values. This is consistent with the find-
-02 o. 65 olo ols ’ o ing of a previous study on the spin asymmetry in integrated

(E. -E,JE cross section$27,28. There, the 3C model systematically
a o underestimated the value @&, whereas the DS3C theory
FIG. 2. (8) Spin asymmetry corresponding to the situation of Performed satisfactorily. Since the difference between the
Figs. 1a)—1(c). The 3C (dotted curvg and DS3C(solid curve DS3C and the 3C treatment is the neglect of three-body cou-

results are shown along with the experimental findirgsll  Pling in the 3C model, we can conclude that the spin asym-
squares Theoretical results have not been convoluted by the finitemetry is influenced considerably by the three-body dynam-
experimental resolution. Itb) the spin asymmetry associated with ICS.

the geometry of Figs. (#)—1(f) is shown; 3C(dotted and DS3C At higher energies and small momentum transgfes 1
(solid curve calculations are depicted. and one electron is very slowrE +1)] the ionization pro-
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cess is dominated by direct scatterii29]. To see how this in ¢ is less pronounced than the corresponding one.idue
is being reflected into the spin asymmetry, we whAten the  to vanishing contribution fromu, at «a=0. At even lower
form A=|f| |g|cosd(|f|?+|g[>+|f—g?) [30], wheref andg  energies the DS3C anticipates an enhanced triplet cross sec-
are, respectively, the direct and exchange scattering ampltion and hence the spin-averaged cross section also reveals a
tudes andsé is their relative phase. Thus, f&>1 and minimum ata=0.
a==*1 the spin asymmetry diminishes as fim ,— 1A The rough structure of the cross sections in Figs. 1 and 2
—|gl/|f|—0 (in this limit |f|>|g| [29]). Similarly, can be explained qualitatively by assuming that the cross
lim|g= (s A—|f|/|g|—0, ie., A is of a sizable magnitude sect.ions should reveal a maxim'u.m aromdto fqr kine-
only when|f| and|g| are of the same order. matical reaso_nsat a=0 the c<_)n_d|t|on_ for d|rec_t binary en-

A reminiscence of this behavior is observed in Figa)2 counter is fulfilled. Now combining this form with the Pauli

The asymmetry decreases drastically fer-+1. Going Minimum ate=0 we end up with the shape af; as de-
down with the excess enerd¥ig. 2(b)], the asymmetnA picted in Figs. 1[:) and 1f). For example_, n F'g'.(r) It
should increase for=+1 as the exchange amplitudg| possesses a maximumat * 0.75. The origin of this maxi-

enhancegas compared tof|). The DS3C results confirm UM is basically the minimum at=0, i.e., o rises whern
. . i varies froma=—1 to «=0 in the same wayr, does. Due
this behaviofcf. Fig. 2b)].

At low excess energyH=6 eV) [Figs. 1d)—1(f)] we to the Pauli minimum atv=0, howeverg; drops to zero at

. . . g =0, leaving the “hills” around a=*0.75. The same
notice a drastically different behavior as compared toEhe « J “«

. . ! . analysis applies to Fig.(f).
=20 eV case. The tripldsingle) cross section still shows a Comparing Fig. 2 and Fig. 1 it is obvious that, in addition

zero(peak at =0 for the reasons mentioned above. How-g the spin asymmetry, a measurement of the spin nonre-
ever, the ratio of the magnitude of; to that of oy changes  splved cross sections or the singlet and triplet cross sections
(o becomes more pronoungeds a consequence, the 3C s indispensible to arrive at unambiguous information on the

spin-averaged cross sectifffig. 1(d)] reveals a minimum at precise contribution of kinematical versus exchange effects.
a=0. In contrast, the DS3C model predicts a dominant sinUnfortunately, none of those measurements are available yet
glet scattering. Therefore, the DS3C results forshow a  and an experimental endeavor in this direction is most desir-
maximum ata=0 that stems fronmrs. However, this peak able.
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