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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 dynamics.@S1050-2947~99!50106-6#
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Spin-dependent effects in electron~ionizing! collisions
can be traced back to exchange and/or spin-orbit interacti
Spin-orbit effects are prominant when the spins of the e
trons are strongly coupled to the electrons’ angular mome
@1,2#. Such effects of the spin-orbit coupling can be observ
in the single ionization of theK- and L-shell electrons of
heavy-metal targets upon the impact of spin-polarized e
trons @3–6#. On the other hand, exchange interaction is
consequence of the fermionic nature of the electrons
imposes the Pauli principle on the wave function. In
electron-impact ionizing reaction with spin-polarized pa
ners the strength of the exchange interaction between the
escaping electrons can be studied@7,8#. It is very much de-
pendent on the collision geometry, but is present for
atomic targets, whereas spin-orbit effects diminish with
creasing strength of the Coulomb nuclear field, i.e., for lig
targets@1#. Effects arising from spin-orbit and exchange co
pling may also interfere, as is the case in the incidence
polarized electrons on a heavy target while the fine struc
of the final ion state is resolved@9–16#.

In a spin nonresolved electron-impact ionization proc
the electrons’ spectra are deduced as a statistical avera
the individual spin channels. However, structures of the
dividual spin contributions may still be observable in t
spin nonresolved cross sections. Such a case has rec
been pointed out in Ref.@17#. There, certain structures in th
PRA 591050-2947/99/59~6!/4109~4!/$15.00
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spin nonresolved angular distribution of electrons emit
upon electron impact on H(1s) and He(1Se) have been at-
tributed to an interplay between exchange effects and
effects of binary collisions~see also@18#, and references
therein!. This conclusion has been inferred from the analy
of the contributing spin-resolved cross sections.

Our experimental and theoretical work aims at the expl
investigation of the spin-resolved cross sections at low en
gies. This yields a direct insight into the interplay betwe
kinematic and exchange effects. To this end we consider
ionization of the valence electron of polarized Li atoms
polarized electron impact. The two escaping electrons in
final channel are detected in coincidence. Their energ
Ea ,Eb are resolved using two electrostatic hemispheri
spectrometers positioned in a plane that contains the inci
electron beam. For fixed angular positions of the spectro
eters with angles ofDQa52DQb545°, where the two
electrons escape perpendicular to each other, and for fi
excess energyEªEa1Eb (E520 eV in the present mea
surements!, we study the dependence of the count rates
the energy sharinga5(Ea2Eb)/E. The apparatus is de
scribed in more detail elsewhere@8#.

The spin asymmetryA provides information about the
spin dependence of the triple differential cross sections. It is
defined as the relative difference between the cross sec
for antiparallel and parallel spin combinations of the colli
ing particles:
R4109 ©1999 The American Physical Society
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A5
s↑↓2s↑↑

s↑↓1s↑↑
. ~1!

From the observed number of coincident-electron cou
N↑↓/↑↑ for each spin combination we obtain the ‘‘raw
asymmetry

Araw5
N↑↓2N↑↑

N↑↓1N↑↑
5uPa•PeuA, ~2!

which we relate toA by taking the nonperfect beam pola
izations (Pa ,Pb) into account as indicated in Eq.~2!. During
the measurements, the spin settings of the Li beam as we
those of the electron beam were alternated in short time
tervals to reduce systematic errors.

The ions produced in the scattering region represen
measure of the total ionization cross section. They are
ploited for determining the product of the beam polariz
tions,uPa•Peu. To this purpose, we record ion counts conc
rently with the electron coincidences and obtain, in
analogous way to Eq.~2!, the ‘‘raw’’ spin asymmetry of the
total ionization,Aion

raw. The physical spin asymmetryAion , of
the total ionization is known experimentally@19#, as well as
theoretically@20,21#, with good agreement between the tw
Thus we obtain the spin asymmetryA of Eq. ~1! from

A5
Aion

Aion
raw

Araw. ~3!

Normalizing in this way is more direct and carries smal
systematic uncertainties than using the individual beam
larizations, as measured separately with respective pola
eters.

The energy and angular acceptances of each electron
tection system depend on the electron-optical setting of
lens system in front of the hemispherical electrostatic sp
trometer. The coincidence energy acceptanceDEab can be
obtained from

DEab
225DEa

221DEb
22 , ~4!

whereDEa ,DEb are the single acceptances of the elect
detectors@22#. In our measurement (E520 eV) the energy
sharing varies betweena520.8 for an extremly asymmetric
case anda50.2 for a measurement going beyond the sy
metric case whereEa5Eb . Hence, the energy of one of th
electrons Ea varies between 2 and 12 eV~thus, Eb
P@8,18 eV#). As the accepted energy width depends on
pass energy of the electrons through the analyzer, we ch
for the typically slow electron of detectora an acceleration
factor of 5 in the lens system, giving a correspondingly
creased pass energy, and for the typically fast electron
detectorb an acceleration factor of 1, as was done in o
previous investigations@8#. In this way the energy accep
tance is increased for the ‘‘slow’’ detector and, in additio
the coincidence energy acceptance of Eq.~4! is almost equal
for each data point fromEa52 eV to Ea512 eV. As an
effect of the different settings for the optics, the two dete
tors have different angular acceptances with full width at h
maximum values ofDQa520° and DQb510°. The spin
ts
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asymmetry must be symmetric to theEa510 eV line; that is,
the asymmetries forEa58 eV and Ea512 eV should be
identical. However, besides statistical fluctuations, the diff
ent experimental conditions for these two settings, especi
for the angular acceptance, may lead to small deviati
from this expectation.

For light targets such as Li we can neglect spin-orbit
teraction. Thus, the spin asymmetry is primarily due to e
change and can be expressed in terms of the singlet
triplet scattering cross sectionsss ands t , respectively:

A5
ss2s t

ss13s t
. ~5!

The singlet and triplet scattering cross sections are obta
from the corresponding transition matrix elementsTs andTt
via the relation

ss/t~Ea ,Eb ,Va ,Vb!5~2p!4
kakb

ki
uTs/tu2, ~6!

wherek i , kb , andka are the momenta of the incoming ele
trons and the two emitted electrons, respectively, andVa ,Vb
are the solid angles associated withka andkb with respect to
the incident direction. The matrix elementsTs/t represent the
transition operatorsTs/t where

Ts5~ I 1Pab!Tf i~ka ,kb!, Tt5~ I 2Pab!Tf i~ka ,kb!. ~7!

The action of the exchange operatorPab on Tf i is given by
PabTf i(ka ,kb)5Tf i(kb ,ka). The operatorTf i is represented
by the matrix element

Tf i~ka ,kb!5^CuVi uf,k i&. ~8!

Here we assumeuf,k i& to be the asymptotic initial state
consisting of a product of an incoming plane wave desc
ing the incident projectile and a single-particle 2s Hartree
orbital of Li @23#. The perturbation operatorVi occurring in
Eq. ~8! is the Coulomb scattering potential from the acti
valence electron of Li and from the core (Li1).

The state vector̂ Cu in Eq. ~8! describes the two-
continuum electrons’ motion in the field of Li1. Two ap-
proximate expressions are used to represent^Cu: the 3C
model @24# in which the three-body system~two electrons
and the Li1 core! is broken down into three noninteractin
two-body subsystems, and the DS3C approach that acco
for dynamical screening within each of the two-body inte
acting Coulomb subsystems@25,26#. Both of these models
have been extensively studied~see @26#, and references
therein! and their mathematical details are not repeated h

To exhibit the competition between collisional ionizatio
processes, i.e., effects due to binary encounter between
collision partners, and exchange effects, we focus on the
lowing geometry. The escaping electrons are detected, co
nar with k i , under an angle of 45° with respect tok i and
perpendicular to each other; i.e., (k̂a3 k̂b)• k̂ i50,k̂a• k̂b

50,k̂a• k̂ i5cosp/45 k̂b• k̂ i @see inset in Fig. 1~c!#.
For a fixed excess energy,E520 eV, the asymmetryA is

scanned as function of the energy sharing (Ea2Eb)/E5:a
P@21,1#. For a50(Ea5Eb) we arrive at the condition for
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FIG. 1. ~a! Spin nonresolved cross section for the electron-impact ionization of the valence electron of Li as a function of the
sharing (Ea2Eb)/E, whereEa andEb are the energies of the continuum electrons. The calculations have been performed with the 3C
~dotted curve! and the DS3C theory~solid curve!. The corresponding singlet and triplet cross sections are depicted in~b! and ~c!, respec-
tively. All 3C cross sections have been multiplied by a factor of 4. The total kinetic energy of the escaping electrons isE520 eV. Both
electrons are detected coplanar with the incident directionk i . The electrons escape perpendicular to each other, wherebyk i bisects the
interelectronic relative angle@see inset in~c!#. ~d!–~f! Same as in~a!–~c!, with the same notation; however, the excess energy is lowere
E56 eV. The 3C results have been multiplied by a factor of 20.
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a direct~classical! encounter of the incoming projectile wit
a stationary valence electron. Therefore, in the singlet c
sectionss @Fig. 1~b!#, a pronounced peak arises ata50. On
the other hand, due to the cylindrical symmetry of the wh

FIG. 2. ~a! Spin asymmetry corresponding to the situation
Figs. 1~a!–1~c!. The 3C ~dotted curve! and DS3C~solid curve!
results are shown along with the experimental findings~full
squares!. Theoretical results have not been convoluted by the fin
experimental resolution. In~b! the spin asymmetry associated wi
the geometry of Figs. 1~d!–1~f! is shown; 3C~dotted! and DS3C
~solid curve! calculations are depicted.
ss

e

experiment with respect tok̂ i , the triplet scattering cross
sections t vanishes ata50 (Ea5Eb) @Fig. 1~c!#. The shape
of the spin-averaged cross section,s50.25ss10.75s t @cf.
Fig. 1~a!#, is now very much dependent on the ratio of t
singlet @Fig. 1~b!# to the triplet@Fig. 1~c!# cross section and
hence on the spin asymmetry. Dominant triplet scatter
leads to a decreased spin nonresolved cross section ata50
~due to the zero point ins t at a50 that results from ex-
change! @cf. the 3C results in Fig. 1~d!#, whereas a dominan
singlet scattering yields a maximum ata50 in the cross
section~due to the peak inss at a50 that originates from
the direct electron-electron encounter!, as observed in Fig
1~a!. Generally the ratio of singlet-to-triplet cross section
which is closely related toA, is a dynamical quantity tha
depends sensitively on the dynamical model used to desc
the collision process, as demonstrated below.

The spin asymmetryA @Eq. ~1!# for the geometry of Fig.
2~a! reveals a smooth decrease away froma50 where it
should be unity (s t50 ata50). The DS3C calculations ar
in good agreement with the experimental data, whereas
predictions of the 3C model deviate considerably from
measured asymmetry values. This is consistent with the fi
ing of a previous study on the spin asymmetry in integra
cross sections@27,28#. There, the 3C model systematical
underestimated the value ofA, whereas the DS3C theor
performed satisfactorily. Since the difference between
DS3C and the 3C treatment is the neglect of three-body c
pling in the 3C model, we can conclude that the spin asy
metry is influenced considerably by the three-body dyna
ics.

At higher energies and small momentum transfer@E@1
and one electron is very slow (a561)] the ionization pro-
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cess is dominated by direct scattering@29#. To see how this
is being reflected into the spin asymmetry, we writeA in the
form A5u f u ugucosd/(ufu21ugu21uf2gu2) @30#, wheref and g
are, respectively, the direct and exchange scattering am
tudes andd is their relative phase. Thus, forE@1 and
a561 the spin asymmetry diminishes as limE@1,a561A
→ugu/u f u→0 ~in this limit u f u@ugu @29#!. Similarly,
limugu@u f uA→u f u/ugu→0, i.e., A is of a sizable magnitude
only whenu f u and ugu are of the same order.

A reminiscence of this behavior is observed in Fig. 2~a!.
The asymmetry decreases drastically fora→61. Going
down with the excess energy@Fig. 2~b!#, the asymmetryA
should increase fora561 as the exchange amplitudeugu
enhances~as compared tou f u). The DS3C results confirm
this behavior@cf. Fig. 2~b!#.

At low excess energy (E56 eV) @Figs. 1~d!–1~f!# we
notice a drastically different behavior as compared to theE
520 eV case. The triplet~singlet! cross section still shows
zero~peak! at a50 for the reasons mentioned above. Ho
ever, the ratio of the magnitude ofss to that ofs t changes
(s t becomes more pronounced!. As a consequence, the 3
spin-averaged cross section@Fig. 1~d!# reveals a minimum a
a50. In contrast, the DS3C model predicts a dominant s
glet scattering. Therefore, the DS3C results fors show a
maximum ata50 that stems fromss . However, this peak
i-
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-
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in s is less pronounced than the corresponding one inss due
to vanishing contribution froms t at a50. At even lower
energies the DS3C anticipates an enhanced triplet cross
tion and hence the spin-averaged cross section also reve
minimum ata50.

The rough structure of the cross sections in Figs. 1 an
can be explained qualitatively by assuming that the cr
sections should reveal a maximum arounda50 for kine-
matical reasons~at a50 the condition for direct binary en
counter is fulfilled!. Now combining this form with the Paul
minimum at a50 we end up with the shape ofs t as de-
picted in Figs. 1~c! and 1~f!. For example, in Fig. 1~c! s t
possesses a maximum ata560.75. The origin of this maxi-
mum is basically the minimum ata50, i.e.,s t rises whena
varies froma521 to a50 in the same wayss does. Due
to the Pauli minimum ata50, however,s t drops to zero at
a50, leaving the ‘‘hills’’ around a560.75. The same
analysis applies to Fig. 1~f!.

Comparing Fig. 2 and Fig. 1 it is obvious that, in additio
to the spin asymmetry, a measurement of the spin no
solved cross sections or the singlet and triplet cross sect
is indispensible to arrive at unambiguous information on
precise contribution of kinematical versus exchange effe
Unfortunately, none of those measurements are available
and an experimental endeavor in this direction is most de
able.
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