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Orbital and spin-polarization transfer in ionizing electron-atom collisions

J. Lower and E. Weigold
Atomic and Molecular Physics Laboratories, Research School of Physical Sciences and Engineering, Australian National University,
Canberra ACT 0200, Australia

J. Berakdar
Max-Planck Institute for Microstructure Physics, Weinberg 2, 06120 Halle, Germany

S. Mazevet
T-division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 19 March 2001; published 10 September 001

We have performed an experiment in which a polarized electron beam ionizes an orbitally oriented and/or
spin-polarized valence electron of sodium. The cross section for this reaction is measured for well-resolved
vector momenta of the two electrons in the final channel. In order to study the transfer of the initial spin and
orbital orientation from the electron-atom system to the final-state correlated electron pair, we develop a
tensorial recoupling scheme in which the measured quantities are expressed in terms of independent, irreduc-
ible spherical tensor components. By this procedure the cross section is separated into terms characterized by
their specific rotational transformation properties, decoupling of geometrical effects due to initial-state prepa-
ration from effects associated with details of the scattering dynamics is achieved, and exchange and orbital
angular momentum transfer effects are disentangled. For a comparison with experiment we performed numeri-
cal ionization-cross section calculations within the distorted wave Born approximation and the dynamically
screened three Coulomb waves theory. For some tensorial parameters significant discrepancies between theory
and experiment are observed that underline the importance of the state-specific measurements as stringent tests
of scattering theories.

DOI: 10.1103/PhysRevA.64.042701 PACS nuntber34.80.Dp, 34.80.Nz, 34.80.Qb

[. INTRODUCTION Thus the goals of a many-body scattering theory are the
treatment of the charge scattering dynamics as dictated by
The behavior of electrons determines decisively a widethe total potential, the modeling of the spin scattering pro-
range of properties of materials such as their resistivity andesses constrained by the Pauli principle and/or influenced
their optical response. While in most cases the ground staigy aqditional spin-dependent forces, and the isolation of the
is eff|C|entIy_ deduced via minimizing the energy, the treat-. (e of the orbital degrees of freedom.
ment of excited states still poses a challenge both conceptu- Basically these questions and the fundamental aspects of

ally and computationally{1]. In principle, the excitation . ; ! )
spectrum is determined by the energy, momentum, and spiwe physical processes remain unaltered when dealing with

transfer during collisions between the constituents of the sysmore CO”_‘F"GX cqrrelated systems, SUCh. as ferromageets
tem. Thus the question arises as to what extent we are able ?5'3”99 interaction [8] or heavy-fermion systemgthe
describe theoretically electronic collisions and which experi-d€Jcoupling between charge, spin, and orbital degrees of
mental ways and tools are necessary to judge the quality cﬂfeedorﬁ [1]. Therefore, it is desirable to develop a general
theory. Obviously, the simplest case to start from is a systerfheoretical scheme based on symmetry arguments and hence
of two colliding electrons with well-defined moderate ener-applicable to systems beyond the atomic case.

gies. Here the determining factors are the electrostatic scat- For a detailed probe of the scattering dynamics and the
tering potential known analytically and the exchange intertheoretical approaches new experimental techniques are nec-
action that originates from the Pauli exclusion principle.essary. In this work an experimental arrangement is pre-
Fortunately, the two-body Coulomb scattering problem carsented that probes the spin, the orbital, and the charge depen-
be solved analytically2,3]. However, for three-particle sys- dence of electron-atom ionizing collisions. This is achieved
tems, e.g., an electron colliding with a one-electron atonby performing ionization coincidence measurements in
(hereafter referred to as theatom systerny the situation  which both the spin and the orbital projection quantum states
changes in two ways. The total potential that governs thef the electron-atom system are determined prior to the col-
system’s dynamics has a richer structure, such as the exifision, as well as the energies and momenta of the projectile
tence of saddle points and nonmonotonic potential gradientand the two final-state continuum electrons.

and in the electron-atom collision case, in contrast to two- Sodium was chosen as the target in the present study for a
body scattering, the electron bound to the atom may have aumber of reasons. First, it possesses a simple hydrogenlike
well-defined orbital momentum with known sense of circu-structure that enables a simplified treatment of the many-
lation (magnetic quantum numbersRecently it has been body scattering to be performed. Second, it is a light atom,
shown that these additional degrees of freedom influence thde consequence of which is that spin-orbit interaction be-
dynamics of the scattering procggs-7]. tween the continuum electrons in the initial and final states
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and the targefion) can be neglected, enabling the results of Quantization Axis

experiment to be interpreted solely in terms of orbital angu- Hemispherical
Analyzer

lar momentum and electron exchange effects. In contrast, if ¢
heavy target atom were used, this continuum spin-orbit inter-
action would lead to an additional dependence, for both
ground- and excited-state transitions, of the measured cros ¢ §
section on the absolute orientations of both bound and con
tinuum electron-spin projections, a complication avoided by
the present choice of target. Finally, to achieve a well-
defined sense of circulation of the valence electron we utilize

GaAs
Photocathode Sodium

laser pumping for the 83p sodium transition. Through this «—1/4 Wave Plate — <——

procedure a target ensemble comprising both spin-polarizet «_ Linear Polarizer »~——.,.  Dye Laser
ground-state and spin-polarized and oriented excited-state a

oms is achieved. The details of this pumping process are wel Modulator Ar* Laser

understood and the transition occurs in a frequency range Diode Laser
that is e_aS|_Iy a_cceSSIbIe to high-power tunable lasers. . FIG. 1. Schematic representation of the2g) experiment on
The ionization measurements presented here on spin;

larized d-stat di i . . lari fjser pumped sodium atoms. Pairs of electrons liberated from ion-
polarized ground-state sodium atoms using a spin-polarize ation of ground-state 8and excited-state (8 orbitals are mea-

FfleCtron beam er_]ables the process O,f exchange to be SeNglied in two hemispherical electrostatic energy analyzers. See text
tively probed. This is because for a light atom such as sog; getails.

dium it can be safely assumed that spin-flip processes are

negligible and the only spin-dependent effects observed wilky|cylations. In addition, this method allows a decoupling of
be due to exchange. Furthermore, complications arising froffhe geometrical effects due to initial-state preparation from
finite-target orientation, which for the excitegh State influ-  hose dependent upon the scattering dynamics.
ence the cross sections for ionization, are avoided. Thus the gq comparison with experiment, numerical values for the
ionization cross sections depend only on the relative spifensorial components are needed. For this numerical study
orientations of the projectile and target electrons before thye ytilize the distorted wave Born approximatiBWBA)
collision. . _ . [3,13] and the dynamically screened three Coulomb waves
The exchange interaction can be most easily analyzed bjbs30) theory[14]. For some tensorial parameters signifi-
extracting from the measurement the individual cross secgant discrepancy between theory and experiment is observed.
tions leading to a vanishing total spin ste8e=0 (singlet  This might be due to an insufficient modeling of the sodium
scatteringand to aS=1 state(triplet scattering These mea-  gtom and/or a shortcoming in describing the complete scat-
surements are similar to the pioneering work of Baum an‘iering dynamics.
co-workers[9—11] for the scattering of spin-polarized elec-  The paper is organized as follows. Section Il describes the
trons from spin-polarized ground-state lithium atoms. methods used to perform the present measurements and pro-
In contrast, the ionization results for the orientepl &-  yjdes a description of the apparatus. The reaction kinematics
cited states enable the role of orbital orientation to be probetynd the laser pumping techniques used to prepare the initial
Orientation is defined as the expectation value of the orbitad]uantum state of the primary electron and target are also
angular momentum operator along an arbitrary quantizatiogxplained. In Sec. Ill the theoretical methodology used in
axis[12]. The dependence of the electron-impact ionizationtis work is presented. Tensorial parameters are introduced to
cross sectiofi(e,2e) cross sectiohon target orientation, for  highlight the physical aspects of the collision process. Ex-
the case of an unpolarized beam of electrons, has been dgressions relating these parameters to experimentally deter-
scribed previously[4,5]. In the present case, for spin- mined count rates are presented. Following this discussion,
polarized primary electrons, it is shown that the singlet anghe results of the DWBA13] and DS3C methodi14] and
triplet partial cross sections deduced from experiment als@ther calculational schemes are presented and discussed in
exhibit a dependence on target orientation. It should be noteghyht of the experimental data. Section IV concludes by sum-
that the experiments ons3and 3 ionization are performed marizing the main results of the study and points to ways in

simultaneously under identical experimental conditions asyhich future improvements in theory and experiment will be
the target ensemble comprises both ground- and excited-stagghieved.

atoms.

To disentangle the spin-dependent from the orbital orien-
tation effect we employed a tensorial recoupling scheme in
which the cross sections are expressed in terms of indepen- Figure 1 shows schematically the kinematical arrange-
dent, irreducible spherical tensor components. Each of thement employed for the present measurements and the main
components has a well-specified behavdstermined by the components of the apparatus. As a detailed description of the
rank of the respective tengounder rotations generated by apparatus has appeared in previous publicatirikb], only
the spin or orbital angular momentum. This permits an idena brief description will be given here.
tification of the exchange-induced and orbital orientation ef- Electron impact ionization events occur within the colli-
fects on symmetry grounds without resorting to numericalsion volume, defined as the region of space formed by the

Il. EXPERIMENTAL METHODOLOGY
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intersection of the sodium, primary electron, and the dyecident beam. Each analyzer is mounted on its own turntable
laser beams. The sodium target beam is produced by effusidhat is, as for the oven turntable, independently rotatable
through a 1-mm-diameter exit nozzle of an ohmically heatedabout the dye laser beam axis that defines the quantization
recirculating sodium oven and collimated by a liquid- axis in the present measurements. Microchannel plate elec-
nitrogen-cooled aperture. The oven is mounted on a turntablgon multipliers and resistive anode-position-sensitive detec-
rotatable about the dye laser beam axis. After passingprs are incorporated into the exit plane of each analyzer and
through the interaction region the sodium beam is condenseghable simultaneous measurement of electron energies over a
on a liquid-nitrogen-cooled beam durfiot shown in figure 6 eV band and with a resolution of around 300 me&/2¢€)
mounted from the oven. Rotational freedom of the oven angvents, corresponding to the emission of two electrons from
dump allows the scattered electron analyzers to access anga-common ionization event, are identified by the correlated
lar regions that would otherwise remain obscure. arrival times of an electron detected in each of the two sepa-
The primary polarized-electron beam used to induce theate microchannel plate detectors. Events corresponding to
ionization process is generated by photoemission from #e random emission of two electrons from separate scatter-
cesium- and oxygen-coated GaAs crystal under illuminatioring events, but detected within the instrumen®gR¢) tim-
by 810 nm circularly polarized laser radiation. This radiationing resolution, are subtracted using standard statistical tech-
field is derived from passing linearly polarized light from a niques[17].
3-mW diode laser through a rotatable quarter-wave-plate in- The experiments consisted of measuring te@d) count
terposed between the diode laser and GaAs photocathodetes as a function of the emission angjeof one of the two
Details of the crystal cleaning and surface preparation profinal-state electrons, for a fixed emission angle of the
cedure used in the present work can be found in B@fThe  other, for each of the four combinations of atomic and
degree of polarizatio?, achieved for the present measure- electron-beam polarization directions. For ground-state ion-
ments was 0.2# 0.03 and remained stable over the durationization, measurements were performed for the following four
of the measurements. Inversion of the electron beam polareactions:
ization from into, to out of the scattering plane is achieved
by reversing the helicity of the diode laser radiation field _ __
through rotation of a quarter-wave plate. e()+Na(me=+2), e(T)+Na(me 2),
A frequency-modulated 589 nm circularly polarized laser
beam is used to excite, spin polarize, and in the case of the e(l)+Name=+2), e(])+Name=-2), (2
excited-state atoms, additionally orient the sodium target en- ) S )
semble. This is achieved through pumping tre3p transi- and for excited-state ionization for the reactions,
tion by circularly polarized light. Through the actions of an
electro-optical modulator, the single-mode dye laser beam is e(T)+Namg=+3), e(])+Namg=-3),
frequency modulated, causing side bands to appear in the
laser frequency spectrum. This enables excitation to be per-
formed by means of two laser frequencies and results in an
improved excitation fraction of around 40%6]. After a few
excitation/decay cycles the target atoms gather exclusively iPor
the two-state system

e(})+Name=+3), e(l)+Namg=-3). (3

The ground- and excited-state measurements were per-
med simultaneously since the atomic target consisted of a
known fraction of excited- and ground-state atoms. The
above four measurements were made for equal times at each
3s!?S (F=2me=+2(—2)) angle 6,, before changing to a new anghg. The accessible
range of§,, which was contingent upon the relative posi-
tions of both analyzers and the sodium oven, varied from

) ) o experiment to experiment but always lay between 40° and
for pumping by left-handr™ (right-hando ™) circularly po-  gge The full range of angles, was swept through many

—3pt2P3(F=3meg=+3(—3)) 1)

larized radiation. _ _ times in each experiment to average over instrumental drifts
The ground stated~ =2 mg= +2(—2)) consist of maxi-  yith measurements being performed at 5° intervals,
mum projections of electron spmg= + 1/2(—1/2) and cor- In order to discriminate between ionization events result-

respon_d to a target polarizatioq directed out(wwito) the ing from the removal of 8 and the ® electrons, respec-
scattering plane. The two excited stat@8=3me=+3  (ely the binding energy, of the ejected electron is de-
(—3)) consist of maximum projections of both electron gyced from the energies of the two final-state continuum

spinsms= +1/2(—1/2) and orbital angular momentum,  gjectronsE, and E,, respectively, and the enerdgg, of the
=+1(—1) (and nuclear spith=23/2). For this case the as- incoming electron through the relation

sociated target polarization and orientation vectors are paral-
lel to one another and directed out @fto) the scattering €=Ey— (E,+Ep). (4)
plane.

Scattered electrons, which are emitted in the scattering For each measured coincidence event the eneEjesd
plane defined by the momentum vectors of the sodium ané&, of both detected outgoing electrons is summed and stored
primary electron beams, are measured in two electrostation a multichannel analyzer. In our notati@=E;,. From
hemispherical analyzers located on opposite sides of the irthis a binding-energy spectrum is formed with an energy
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resolution given by the convolution of the energy spread of Ill. THEORETICAL FORMULATION
the incoming beam and the apparatus functions of both of the
electron analyzers. In the present case, ej2d) binding ) ) o
energy resolution of around 0.9 eV was achieved, more than _For a general formulation we c0n3|der_the ionization o_f a
sufficient to discriminate between events corresponding téx€d state of a quantum system for which the total orbital

ionization of the ground-state (3s)=5.14 eV and excited- MomentumJis a good quantum number. The system can be
state atoms;(3p)=3.0 eV characterized by a density matyix The matrix elements of

An energy average was performed at each value of bind? in an angular momentum basis are given by

A. Tensorial recoupling

ing energy over all combinations of values fBy and E, 2] K

within the 6 eV acceptance band of each analyzer, which AM[plaMy=> > (—1)"MIMm’J
satisfy Eq.(4). Both analyzers possess a flat energy response K=0 me=-K

to a very good approximation. In this way the results could _ M|KmK>meK_ (5)

be displayed in a more compact form and the statistics at
each data point improved. Accordingly, the symblsand

Ey, are used to denote the 6-eV energy-averaged vahiss

the mean energigdor the two final-state continuum elec-

trons. All calculations presented in this paper have likewis

been energy averaged over 6 eV to enable a valid compa

son with experiment to be made. .
It should also be noted that in each of the three experi— Pkm -

mental data sets presented here, performed at a fixed value of The component®y, satisfy the following relations:

incident energy, the difference in binding energy betwegsn 3

and 3 electrons reflects itself in 1-eV lower values for the Pl =(—1)™Py_ (6)

mean scattered electron energiesand E,, for the ground,
as compared to the excited-state data.

In the present measurements, data were collected under P’észcK({J}KmK), (7)
three separate kinematical conditions, each characterized by

a particular choice of initial- and final-state electron mo-Where ({J}m.) denotes an averaged value of the tensor
menta and designed to highlight different aspects of the ion- Kmy 9

ization process. product of angular momentum operatdisThe constanty

The first experiment was performed at an incident energyS 9iven by the formula

of 151 eV under highly asymmetric scattering kinematics.
Under such conditions, one anticipates exchange effects to j 2]+ (23—-j)!
play a minor role. Here the fast scattered electron was of Ci= jr(23+j+1)!

average energﬁaz 127 eV for P ionization and measured
at a fixed scattering anglé, = 20°. This corresponds closely In a recent papef20] useful representations are given for

to the binary collision regiorior Bethe ridge kinemati¢s  p,_ in terms of the averaged values of the components of
i.e., scattering from a stationary free electron. K

The second measurement was performed under conditioﬁ]s' o . .
of symmetric energy sharing between the two final-stat For the description of the ensemble of the incoming po-
1ar|zed electron beam we employed the density matrix ele-

electrons at an incident beam energy of 83 eV. Under suc 155 Th b ded in th
conditions exchange effects are expected to be strong. Thigen Spmsm;' €se can be expanded In the same manner as

reaction kinematics also encompasses the condition whedone in Eq.(5):

both final-state electrons possess identical energies and scat-

tering anglegon opposite sides of the primary beamwhich 2s k

allows basic symmetry properties relating to exchange and;Sm = > e D
s's k=0 =

Here we assume that the states with*J do not contribute

to the statistical mixture. The irreducible componeRig,,

of the density matrix are called thgolarization momenta
18] and are related to the standard polarization state multi-
poles pxm, (that we employed in[19,4) by Pym,

_ K (—=1)% Ms(smis—mglkm)({Skm,)
orbital angular momentum transfer to be tested. ms=—k
The final measurement was performed at an even lower 2s  k
value of incident energy64 eV), with the average fast scat- = —1)S Ms(sm.s—m.km _ 8
er & w2, (TS mkmopin,.  (8)

tered electron energy, of 40.5 eV for 3 ionization. Under

these conditions of low final-state energies, correlation ef-

fects involving the mutual interactions between the three Following the ionization of the atomic mixture by the
charged particles liberated through the ionization process aigcoming electron beam two electrons are transferred into the
enhanced, providing theory with a particularly difficult chal- continuum and emerge with energiEg and E,, and emis-
lenge to accurately describe this aspect of the ionization prosion solid angles ), and ,. The cross section
cess. o(Q,,Q,,Ep) for this process is given by
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0(Q,.05,E))=CY > (Xsme¥ ke, |V @iy P am)
SMs MM’
mm’

J 3
X Pvim P { Pamr @iy |V xsmg¥ i)

9

where|<pk0ms<I>JM> is an undistorted initial state consisting of

a bound statéd ) and a spinor plane wa\}eakoms) with an
incident momentunk,. The state vecto(rXSMS‘I'kakbl repre-

PHYSICAL REVIEW A64 042701

operator where the phaseis arbitrary but satisfies the con-
straint thate — M is an integer. With these definitions we find
for Aﬁkm under an appropriate choice far (a=—J)

Kk

Kk
A

m=C 2 (=1)> "™(sm{s—mgkmy)

mgmg

X > (IMI=MKmIM W, . (12
M'M

sents an antisymmetrized two-electron state with a total spin

S total spin projectionMs, and possessing appropriate The sum oveM andM ' is equivalent to the definition of the
boundary conditions that describes two escaping electrongandard tensor product of two tensors of rahto yield a

with asymptotic momente, andk,, .

In Eq. (9) the constan€ = (2)*k,ky, /Ky is a kinematical
factor (due to normalization to the incident flux current den-
sity). The operator that induces the transition is the

tensor (\X) of rank K. Obviously, this procedure and con-
clusions can be repeated for the sum owgrandm,, .
The formal conclusion thal\r'fq';mk is a spherical tensor

projectile-target interactioV and is assumed in the rest of has immediate consequences as far as the rotational transfor-

this work to be spin independent. For simplicity we choosgMation properties are concerned. Tensors with rérk0
situations for which the structure of the final residual-ion@nd/ork=0 are scalar with respect to rotations generated by

state is irrelevant to the preserg,2e) reaction.
With Eg. (6) the expressiorn9) can be written as

2J K 2s k

U(Qa’ﬂbyEb):CK > 2 gikaCK<{J}KmK>

=0 mg=—K k=0 m,

Xishn) 3 Z (-7
S

X(IM'I—M|Kmg)({smis—mg kmy)
X{xsmeV k k| VI €Ky m P am)

X(D ymr ok m | VIXsmg¥p, py)- (10

Thus we arrive at the compact expression

2J K 2s k

U(Qa'QbaEb):KE > > zikaCK“‘]}KmK)

=0 mg=—K k=0m
X({Shm) & Amgm,(SMs), (11)
S

where A,'ﬁ,';mk(SMs) is a tensor of rankK with spherical

componentam, . In addition,A,ﬁ';mk(SMs) can be consid-
ered as a tensor of ramdwith componentsn, . To prove this

statement we may proceed by defining the quantmeé,l,

=(d)m,¢k0,mé|V|XSMS\Ifka'kb). Since the dependence of
M;\],l, on M’ is given by theM’ dependence of angular

momentum eigenstate§lf;)) we can considem ﬂ,l asa

J and/ors. The tensors with ranK=odd (k=odd) are ori-
entation parameters whereas Foreven k=even) the ten-
sors can be regarded as alignment tengb2%

The relation(11) is valid for an arbitrary mutual angle
between the natural quantization axes of the incoming elec-
tron beam and the polarized atomic target. If the polarized
electron beam and the polarized target have a common quan-
tization axis(as is the case in the present experimehe
density matrices become diagonal and Ed4) reduce to

-
oo
o

o(Qq,Q0p,Ep)= Ag:% PooPoot PooploA_oz
0

X oo

=o0dd),0
ASSGedd

©

2J
+ Pk—

KZl( (K =odd)oPoo A8:8
AK=0dd,l
0,0

+P(k=odd)oP10— 075
Ago

2J-1 A(()Kozeven),o
+ Pk —
22 (K even)()OOO A 8

ABK:even),l
+ P(K:even)(pm#
Ao

0,
0,
1 . (13

The first term of the sum in Eq13) yields the spin-averaged
cross section from randomly oriented targets, whereas the
second term is the spin asymmetry for the ionization of iso-
tropic targets by polarized electrons. The third term describes

spherical tensor of ran with spherical components being the orientational asymmetriédichroism averaged over the
indexed byM'. In addition, we can write the complex con- spin polarization of the incident beam whereas the fourth

jugate in the form (M ,)* =(—1)*"Mw?,, . This relation
defines the tensorV? , of rank J and components! and

term represents a spin and orbital asymmetry. The fifth
(sixth) term is to be associated with spin-averagsgin-

resembles formally the definition of the adjoint of a tensorresolved alignment parameters.
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B. Applications to the present experiment K is a normalization constant arising from the fact that the
From Eq.(12) it is clear that for an evaluation O‘rf{km present é,2e) measurements are relative and not absolute.
Kk

one has to calculate the spin- and initial-state-resolved cross
sectionSUJM,ms. To describe the present experiment we can

discard the spin-orbit interactiofin all channels The spin For the ionization of excited states, where the target ori-
and orbital degrees of freedom are then decoup|ed and tf@]tathn is nonzero, the Slnglet and trlplet lonization cross

cross sectionsr,y, , are easily related to the ionization Sections are dependent on the sign of the initial orbital ori-
ns entation that changes with the reversal of the pump laser

beam, i.e.,

D. lonization from the oriented, excited states

Cross sectionsrLML,ms, wherel is the orbital angular mo-

mentum andM_is its projection along the atomic quantiza-

tion axis. For the experimental arrangement shown in Fig. 1

the ionization cross section for the orbital =0 is zero USVW)EK'[
[19]. Therefore(and due to the neglect of any spin-flip reac-

tions) only four (out of eigh} parameters in Eq9413) are

independent. These aredy, Agd, Agg, andAdS. As done in

Eqg. (13) we can reexpress these quantities in terms of asym- )

metry parameters. This is particularly useful as the individual owm=K [(p_e +1
Cross s,ectionej,\,mS are measured on a relative scale but the

absolute value of the ratio of cross sectionsHere o) and o) stand respectively for the initial
TimmtTimrm (M#M’ ;mg#=m,) are determined. atomic-state resolved singlet and triplet cross sections for
mg m;

In the following description we use the notation positive f (me=+3m =+1) and negative |l (me=
N'T (N'T to describe theneasuredcount rates for ioniza- —3m, =—1) target onentations. As noted above, for the

tion when the target volume is pumped by left-handircu- reaction kinematics employed in the present measurements

larly polarized radiation and ionized by an electron beam(Flg' 1), the ionization cross section from the state=0 is

whose polarization vector is out ¢f(or into |) the scatter- Z€ro.
. P PN It should be noted that the relationship betwéeand X’
ing plane. In the same mannbrr! (N'Y) represents count

; X was determined experimentally in the present measurements
rates when the target atoms are pumped by right-iacit- as both the ground- and excited-state signals were collected

nEimultaneously under identical experimental conditions. This

was achieved by performing separate measurements, with the
laser on and off respectively, to determine the excitation frac-
o , ] tion according to the procedure described in a previous pub-
C. lonization from the spin-polarized ground state lication[5]. Thus the ground- and excited-state cross sections

For the ground-state ionization)€1/2s=1/2) we de- presented here for each of the three kinematical arrange-
duce from Eq. (13 that four independent parameters ments are determined within a single normalization factor.
Agg,K,kzoll can be measured. However, as we have nelowever, cross normelization of the experimental data be-

glected any spin-flip processes the parametefsand A3 tween the three experiments has not been carried out. Thus a

vanish and the remaining two parameter% and Aéé will separate normalization factor relates the relative experimen-

be given below in terms of the measured state-resolved tri tal to the theoretical cross sections in each of the three kine-

let and singlet cross sectiohsee Eqs(28)]. matical arrangements. . .
The ionigation Cross sec?:)en deqpe(ndé]only onreative To relate the measured count rates with the tensorial pa-

spin orientations of the projectile and target beams. For thi ameters we have introduced above, we group them in the

reason count rates corresponding separately to par&llél ( ollowing way:

and N and antiparallel 'T and N'!) spins can be

summed. The two partial cross sectioms and o, corre- gy =K'[NTT+ N4+ NI+ Ni“]zK’NE, (18
sponding respectively to ionization leading to singl& (

=0) and triplet §=1) final spin states, can then be derived

NUI(TU)_(PE_]_ N ,

3 +1
Pe e

(16)

1
NI — (P_ _ 1) Nimu)} 17)

e

whose polarization vector is intp (or out of ) the scatter-
ing plane.

from the measurement according to the relations Aorb:Niz[NerNm_Nw_NwL (19
ass/c{ Pie+1 (Nl”+NT“)—(Pie—l)(NerNl“)}
a4 Amag=ﬁ[Nm+ N —NIT— N, (20)
UtEIC[ i+1)(NT”+NN)—(i—l)(N““rNT”)}.
Pe Pe 15 Am’0=N2Pe[NT“+ NT—NTT—NHT, (21)
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As shown below these quantities are independent and fullthe electrons’ spins and the sense of orbital rotation and is
sufficient to characterize the ionization dynamics, for theyindependent of the helicity of the laser light. The quantity
are directly related to the tensorial parameters introduced ., defined for a beam afnpolarizedelectrons, is propor-

above. . _ . tional to the spin-averagedrbital dichroism It is a polar
In terms of singlet and triplet cross sections the paramvyector with respect to inversion of the laser’s helicity but a
eters(18)—(21) are readily re-expressed as scalar in the spin space of projectile electron, and results
_ from the dependence of the ionization cross section on the
Ta=[(Bory+ o))+ (Boyytosy) /4, @2 rientationof the atomic target ensemble.
_ In contrast the tensorial parametAy, hereafter re-
Aob=[(30i1+0s4)— (3o +os )]/ (4o ag
o =L(3og+ osy) = Boy+ s l(40a,) ferred to as thenagnetic dichroismchanges sign when the
(30 4+ 0sq)— (30 +0sy) polarization of the incoming electron beam is inverted but
= (Boy 05y +(Bopg+05y)’ (23 remains invariant under_a chang_e of the helicity of the pho-
’ ’ ' ’ ton[cf. Eq.(20)]. It describes a spin up-down asymmetry for
Amag=L(0sy— 00— (0si— 0 )1 (40a) a polarized beam of e.lecfcron.s from afigned ensemble of
target atoms. Its origin lies in then, dependence of the
_ (osy— o) —(osy—0oy) ionization cross section both in the singlet- and triplet-spin
" (30, 1 Fos)+ (3ot osy)’ (24) channels. If the individual singlet and triplet cross sections
’ ' ' ’ show nom, dependence, i.e., ifg; =gy, the magnetic
Amo=[(osy— 0y +(osy— 01 ) 1/ (40y,) dichroism vanishes, as can be directly deduced from Eq.
(24). A similar effect appeared in the electron impact excita-
(o5 =0+ (osp—0ory) 25) tion process and the ionization of closed-shell systems by

N (Boyytosy) (3ot 0sq) polarized electrons in presence of a spin-orbit interaction and
was categorized as “fine structure effe¢21].

Furthermore, one can write the singlet and the triplet cross The fourth independent tensorial componeht,, is
sections in Eqs(22)—(25) in terms of direct and exchange- needed to fully characterize the present measurements. It is

scattering amplitudes and retrieve the formalism presented ian exchange-induced antiparallel/parallel spin asymmetry

Ref. [5]. and as such changes sign if the helicity of the photon is
For ionization of the isotropic 8 ground state J=1/2),  flipped or if the polarization of the incoming beam is in-
we have verted, esls is clear from E1). In contrast to the spin asym-
metry Ay , [cf. Eg. (28)], which results from the electron-
‘Tgv:IC[ijL'\IM“L'\IUH'I\M:| (26) impact rin(’)onization of spin-polarized electrons from spin-
polarized targets with no orbital orientatiof9], the
=Bort+oy)/4, (27) parameterd, , is influenced in a subtle way by the depen-
dence of the singlet and the triplet cross sections on the or-
AS = Is™ Ot (29  bital orientation of the initially polarized target.

3oitos This is reflected in a symmetry behavior &f, , different
s from that oano. For example, for ionization from isotropic
Here o3, and A , are the forms ofog, and Ay, for the  giates in the doubly symmetric geometiye., 6,= 6, and
ionization of an isotropic state am, andAmagare zeroin - g _ gy the triplet ionization amplitude vanishes due to its
thls_case. Since we neglected spin-orbit interactions it ig,qq symmetry behavior with respect to exchange of the two
s_tralghtforward t(godeducellfrom Eq_l3) that only the tenso- escaping electrons, amf. , tends to unity[cf. Eq. (28)], as
rial parameters\q, and Agg are finite and are respectively gqvn pelow[Fig. 5b)]. This is because the experiment in
proportional to the spin-averaged cross sectioff,} and e doubly symmetric configuration is invariant undetra
spin asymmetry Ay, ;) [for J=1/2 the expansiofil3) con-  otation with respect to the incoming beam direction, but the
tains four termg triplet amplitude must change sign due to symmetry that im-
As mentioned above, for the present case of a polarizegoses a node on the triplet scattering amplitude at this geom-
electron beam impinging onto a polarized target wth etry.
= 3/2 the equatiori13) consists of eight terms. However, due  In contrast, for oriented targets the triplet cross sections
to the neglect of spin-orbit interactions only four terms areare generally finite in the case of doubly symmetric kinemat-
independent and are related to the quantit®®—(25) as ics[6]. The origin of this effect is that the symmetry of space
follows: Oay=\2A00, A= —VBI2A5Y A, Amag= s broken by the presence of a defined direction in syt
—3ASYA, and A, o= 5/4A5YAJS. These relationships target orientation induced by the circularly polarized laser
reveal that the four paramete(22)—(25) are independent bean). Therefore, the exchange of the two electrons dues
and sufficient to fully characterize the ionization dynamicscorrespond in this case to a symmetry operation under which
for the present arrangement. In addition, they possess welbur experiment is invariantz rotation around the incoming
defined transformation properties that are readily deducetieam axis. ThereforeA, , does not need to tend to unity in
from their rank: The parametert,, is a scalar that describes the doubly symmetric kinematics. On the other hand, if the
the ionization cross section averaged over the projections gfartial cross sections, ,, vanish for the doubly symmetric

S
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kinematics the experiment becomes invariant under m-  two-body subsystemsthe electron-electron, the electron-
tation around the incoming beam leading to a vanishing tripNa" and the electron-Natwo-body subsystemsThe cou-
let cross section and therefofg, ,— 1, as readily deduced pling of these three two-body subsystems is included in the
from Eq.(25). Within the first Born approximation this is the theory via dynamical screening of the interaction strength of
case when the wave vector of the photon, the momenturaach of the three individual two-body subsystdié]. From
transfer vector, and the vector momentum of the secondarhe nature of interactions included or omitted in each of these
electron are linearly dependent, ie., are confine_d to the samf/namical models one can deduce roughly the region where
plane. In the plane-wave impulse approximati@WIA),  they are expected to perform reasonably well: The PWIA is a
i.e., when¥, , is modeled by two independent plane high-energy approximation for short-range potentials and as
waves, the orbital dichroism vanishes identically, thereforesuch is expected to perform well when the electron velocities
the parameterd\,, and A4 are identically zero and the are very large(compared to the typical velocity of the ini-
asymmetry parametey;, , reduces to the forn28) of A;o. tially bound valence electrognThe use of the FBA is sen-
This gives a hint of the high-energy behavior of the tensoriakible when one of the secondary electrons is very fast. The
componentg18)—(21) where the PWIA may be regarded as DWBA is justified when the electron-electron interaction is
satisfactory. weak. This is the case when the relative velocities of the two
final-state electrons are large and their absolute velocity val-
ues are not too small. Therefore the DWBA is not expected
IV. EXPERIMENTAL DATA AND COMPARISON to describe as well the lower-energy results of those pre-
WITH THEORY sented in this paper. The DS3C is designed to account ex-
The tensorial parameters given in Eg3) contain all the plicitly for the_ electron-electron interaction in the presence of
the residual ion. It does neglect, however, certain aspects of

necessary information on the collision dynamics while the h body i i hat b .
state multipoles describe the geometry of the excited state E}Qe three-body Interactions that become more Important at

prepared by the experiment. In principle, the dynamical ten:OWer energie_s[19]. For isofropic targets the DS3C the_ory
sorial parameters&iojo can be further expanded in terms of has been quite successful when compared to experiments
multipolar harmonicg20] that depend on the relevant vec- [26]. It should be noted, however, that these arguments con-

tors of the problen{the momentum vector direction of the ceming the rough range of vqlidity Of. th_e four _dynamical
electrons and the spin polarization vector of the incomin odels are based on the experience with isotropic targets. As

electron. This procedure is helpful for a general symmetry hown here for scattering reactions involving polarized spe-

analysis but does not yield the actual values of the tensoriacifsﬂfgecﬁgiagogczgr?;e 'Svggﬁj@;n%ig{gye?et?tstﬁgsti?a?my
components that can be compared with experiments. For th 9 g dy y

evaluation ofAY, a dynamical model is needed to calculate © ectrostatic potentiamay not be appropriate.

the state-resolved singlet and triplet cross sections as is cleﬁ[ In Fig. 2 we compare the results of measurement with
from Eqgs.(22)—(25). In this work we utilize four standard eory for the quantitie§22)~(25) corresponding to ioniza-

calculational schemes: The PWIA and the first Born approxi-tlon of the excited-state |8 electrons. Here the theoretical

mation(FBA) [3], the DWBA[13,3), and the DS3G14]. Al results have been averaged over the 6 eV experimental en-

P . ergy band as described in Sec. Il. In Figa2the averaged
these approximations reduce the scattering from the Na atOg}oss section data is presented. To facilitate comparison of
to a three-body problem by considering only the active- :

: theory with experiment, the experimental data have been
lence electron of the Na atom. The details of these models, /.24 1o the DS3C theory and the FBA and PWIA re-

as ap plied to tge p:jesent p:oblem thgvr? bee: d'lsdc_us?eéd k;nsﬁlts scaled down by a factor of three. Obviously none of the
previous work{5] and are not repeated here. As indicate Ytheories describe accurately all the details of all of the pa-

Eq. (9) the central quantity 1o be calculated is the trans'tlonrameters. It is particularly interesting to note that even under

matrix elementi1j, =(Xsm¥ ko, | VI@rom Pam)- The initial 0 iions where the FBA model could be expected to work
state can be obtained from a pseudopotential approagzasonably well, namely, at a moderately high value of inci-
[22,23 (as in the DS3C, the FBA, and the PWIA calcula- dent energy E,=151 eV) and in a kinematical regime en-
tions) or from a standard Hartree-Fock methid#,29 (as  compassing theclassical binary collision region, unsatis-
employed by the DWBA methgdA more serious problemis  factory agreement with experiment is observed. We remark
to find appropriate expression for the three-body final statenhat for isotropic targets and at such moderate energies the
(V)i | (two continuum electrons in the field of N Inthe  FBA, the DWBA, and the DS3C all give satisfactory results
PWIA the interaction of these two electrons with the residualas compared to experimerits3,3,29 (see also Fig. %
ion is neglected altogether as well as their mutual coupling, The global trends in Fig.(2) can to some extent be un-
whereas within the FBA one accounts for the interaction ofderstood by the following considerations. Analyzing the
one of the electrongéthe slow ong with Na* and neglects PWIA results we deduce that the main peaksrjp are due
other final-state interactions. The DWBA approach account$o a binary collision between the projectile electron and the
for the short- and long-range interactions of both of the elecvalence ® electron. The nodal structure of the initial-st&e
trons with the field of the iori3,13]. The electron-electron wave function at zero momentum results in a minimum in
interaction is, however, discarded from the treatment. the cross section at the direction of momentum transfer at
Finally, within the DS3C method the three-body system inaround 64°. The other three theories, in contrast, show only
the final state is considered as the sum of three decouplexzbme small evidence for a minimum around this direction.
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FIG. 2. Comparison of the measured and calculated cross section paramgte(@, Ao, (D), Anag (©), and Ay, (d) [see Egs.
(22)—(25)], for ionization from the oriented and excitegh 3tate of Na with polarized electrons. The incident beam engggy151 eV and
the mean energy of the detected fast scattered elecEgnd 27 eV with corresponding scattering anglg=20°. The cross sections are
plotted as a function of the slow electron scattering amgleThe experimental average cross secfivere seen irfa)] has been normalized
to the DS3C theory. Solid and light lines are respectively the DS3C and DWBA calculations, and the short and long dashes are respectively
the FBA (X 1/3) and PWIA (x 1/3) calculations.

This effect can be understood by considering the target-statxperimentally derived orbital dichroisi,,, as seen in Fig.
resolved ionization cross sectiofreot shown for which the  2(b). Indeed, the FBA model predicts an exact reflection
orientation state of the target ensemble is resolved= symmetry for the target-state-resolved cross sections about

+3 or mg=—3), but for which the spin of the incident e girection of the momentum transfgr[7]. q occurs at
electrons is averaged. In the case of the PWIA, both targety _g40 iy the present case, about which the experimental

state-resolved cross sections have exactly the same structl,ar ta is seen to show approximate reflection symmetrg,,as
as that displayed in Fig.(d. This is because the orbital is varied. This reflection symmetry about the momentum

dichroism vanishes identically within the PWIES. Fig. transfer direction is also apparent in the structuré\of. as
2(b)]. For each of the other three theories, the target-state- rection | PP : ucturégh,

resolved cross sections reveal a similar minimum to the?®€N IN Fig. &), with a vanishing value occurring whefy
PWIA. However, the minimum is shifted in angle due to the coincides with this direction. Indeed the experimental values
finite values of orbital dichroism present in each theory.and all the results of the other theories indicate a vanishing

When summing these cross sections over the target orientj@lue forAq, around the direction of the momentum trans-
tion state to obtainr,, , the minimum is filled up, resulting fer, in accord with the FBA. In general, however, all theories
in the angular behavior far,, seen in Fig. £a). Obviously, ~ fail to reproduce accurately the experimental findings over
an accurate description of this effect of reduction in the deptfihe full range of scattering angles, over which measure-
of the cross section minimum due to angular shifts in thement was performed. This is remarkable insofar as it is gen-
associated target-state-resolved cross sections depends umgsally assumed that the kinematic range over which dynami-
a good description of orbital dichroism that is quantified incal models are applicable can be judged from the magnitude
Fig. 2(b). of the momentum transfer and the kinetic energies of the
Figure Zb) makes clear that a model that is capable ofparticles involved.
describing the charge-scattering dynamics may be com- In fact, this common wisdom is confirmed by the results
pletely inappropriate to simulate the orbital dependence ofor the averaged cross section parameter from isotropic tar-
the scattering. In particular the PWIA model, while yielding gets (Fig. 4), but obviously ignores the importance of the
some qualitative aspects of,, in Fig. 2(@), predicts identi- orbital orientation effects that are quantified By, [Fig.
cally vanishing orbital dichroism in a region where experi- 2(b)].
ment indicates large finite values for this quantity. The source of the deviation between the DS3C and the
The FBA results perform only marginally better than the experiments forA,,, at larger ejection angle$,, is most
PWIA in describing the shape of,, ; however, this approxi- likely an oversimplified description of the Na atom that is
mation does succeed in roughly predicting the shape of thbased on the pseudopotential metj@8]. The reason for
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020 | < N ] FIG. 3. Comparison of the

measured and calculated cross
section parameters,, (a), Agrp
(0), Anag (©), and Ay, (d) for
E,=62 eV,E,=40.5 eV andf,
=20°. Details as in Fig. 2 except
that the PWIA results are now
omitted and new multiplicative
factors of 1/3 and 1/4 now apply
to the DWBA and FBA theoretical
cross sections, respectively.

20 40 60 80 100 20 40 60 80 100
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this proposition is that the DS3C results for a hydrogenic Figure 2d) shows the results for the spin asymmetry
target, with the same kinematics as in Fig. 2, deviate considA, ,. This parameter can as well be written in terms of the
erably from those for sodium. Of all the models presenteddirect and exchange amplitudc‘e,gL and Om, as
the DWBA provides the best description of the parameter
Aorp» suggesting that final state electron-electron correlation A joc{Re(f,, — 105 _ . ) +Re(frn - 105 - 1)} oa
may not play a significant role under these kinematics. ' g - - -

In Fig. 2(c) the parameteA g is shown. The experimen-  (note that in the present geometry the scattering from the
tal error bars are much larger in this figend in Fig. 2d)],  statem, =0 does not contribuje In the binary collision re-
as bothAn,g and A, ; are spin resolved quantities that can gime, which is of concern here, we can expect that in general
only be derived from the experimental counts after first x{f| will dominate (over |g|) so thatA,, is also generally
tracting from the data contributions from the unpolarizedsmga)|[27]. (With decreasing incident energies the contribu-
fraction of the primary beani76% for the experiments per- tjon of the exchange scattering becomes more relefieint
formed herg The employed extraction procedure signifi- Fig 3(d)]. Within the error bars all theories perform satisfac-
cantly increases the statistical errors for low values of beangyyily. We recall here that this parameter reduces to the well-

polarization. The physical origin of the structures revealed,qwn spin-asymmetryﬁ , when an isotropic target is em-

by Amag @re made clearer by expressing it in terms of thehoved. This illustrates again the importance of state-
direct and exchange amplitudes

selective studies for the assessment of scattering theories
with the PWIA performing reasonably far,, andA, , but
Amag{Re(fm —+ 10 = +1) ~Re(fm — 105, = )M oay completely failing for the other two parameters.
In Fig. 3 the incident energy is lowered to 64 eV. Again
wheref, andg,, are the state-resolved direct and the ex-the experimental average cross section data seen in (@g. 3
change amplitudes. This relation makes clear Mg, is in has been normalized to the DS3C theory, the FBA calcula-
fact an exchange-induced quantity and it diminishes if arfion divided by 4 and the DWBA calculation by 3 to facili-

interference betweery,, and f, is unlikely, e.g., if tate comparison _of thec_)ry and _experiment.. Dge to the
L L electron-electron interaction the binary peak is shifted from

mitt _ o the direction of the momentum transfer vector (50°). The
coincides with the direction of the momentum trandfez.,  FBA and DWBA do not account for the electron-electron
when 6,~64°) the direct scattering amplitudéy,| pre-  repulsion and consequently the shift of the binary peak is not
dominates[27] and henceA,,4 becomes small, and it in- accurately reproduced by those two models. The DS3C cal-
creases for larger deviations frofia~64° where exchange culation, on the other hand, which does account for electron-
scattering can become significant. The four theories give sigelectron interaction in the final state, provides a much better
nificantly different dependences 8f,,40n 6,. The PWIA  estimate of the shape of the averaged cross section. On the
gives Ap,s=0. The FBA gives fair agreement, considering other hand, it is unable to predict the dip in this cross section
the simplicity of the model, whilst the DWBA and DS3C around 65° as evident in the experimental data. It is noted
perform only slightly better with similar behaviors over most that the DWBA overestimates the absolute value of the cross
of the angular range. sections with respect to the DS3C. This behavior is in line

|9m |/|fm|—0. When the direction of the ejected electron
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with the observation made for isotropic targets. However, as 15.0 | ML 10 ' ' ]
the present experimental cross sections are not determine [ Hi 1 @)
on an absolute scale, the relative merits of the two theories Lt s E =151 eV

. . — O (U €
cannot be assessed on the basis of their absolute values I5 L ey _
comparison with experiment. The PWIA fails completely in -g- 100 - [ Eb:z?) eV |
this kinematical region and hence its results are not showrg o i, 8,=20

J !

here. None of the theoretical models predict correctly theQ
behavior of the orbital dichroism. In particular the DS3C &

theory, which provided a moderate description of the unpo-g 50 - 7
larized cross section, is at complete variance with the experi-

mental values. This demonstrates that further theoretical ef .

forts, in particular towards improving the initial-state 0.0 a 7 =

description, are needed. On the other hand, the present con
parison endorses the importance of state-resolved ionizatiol
cross sections as an additional independent test for theorie:
The agreement between theory and experiment, as far as tr
magnitudes of the parametets, . andA,, , are concerned,

can be considered as fair; however, the experimental erro
bars are large in these cases and future experimental ac
vances are required to allow more precise conclusions in this

regard. The results fd€,=83 eV andE,=E,=40 eV were
presented previouslys] and will not be discussed here.
Figures 4a)—4(c) show the singlet and triplet ionization
cross section for the S ground state. The spin-averaged
cross sections are shown in the insets, where both the DS31 00 ===
and FBA results are shown. In case of Fig&)44(b), and
4(c) the FBA results are scaled down respectively by the 80 (c)
factors of 2, 3, and 4 to allow for shape comparison. As . E,=64eV
mentioned above, the absolute values of the cross section
for 3s and 3 ionization are not determined by measure-
ment. However, both their relative values at the same kine-
matics, as well as the ratio of the singlet-to-triplet scattering
cross sections are determined. In other words, whilst the val-
ues of the constant&’ and K in Egs. (18),(26) are not
known, the ratioR=<r§U/Uav is determined by the experi-
ments along with the absolute values of all the asymmetry
parameters. To contrast theory with experiment it suffices to
compare the value dR at one angular position. For the in- L.
cident energyE,=151 eV atf,=75.5° we obtain the ex- 10 30 50 70 90 110
perimental ratioR=2.49+0.05 whereas the DS3C theory 6, [degrees]
gives a ratio ofR=0.96. ForEy=64 eV at §,=60.5° the
experiment yieldR=1.12+0.04, compared with the DS3C FIG. 4. Comparison of the measured and calculated DS3C sin-
value of R=0.85. Finally, for the incident energf, 9letos (solid squares and lingsnd tripleto, (open squares and
=83 eV at §,=50.5° we obtain the experimental rati® dashed linescross sections for the ionization of Na ground-state
=1.81+0.09. The theoretical DS3C value for R under thisatoms at the indicated kinematics. The FBA calculations have been
kinematics is not available. The values of this ratio for all"eSpectively scaled down by factors of 2, 3, and 4an (b), and(c)

other theories are readily obtained from the figures. and their corresponding insets. The insets show the spin-averaged

. S . .
As expected from the repulsive nature of the electronST0Ss sectionsy, (DS3C solid and FBA dotted lings

electron interactionnot included in the FBA the binary

peak position of the DS3C angular distributions is shiftedmeasured herey=64 eV) the experiment shows a subsid-

towards larger angles as compared to the FBA results. Thigry structure arounds=75° that neither theory can de-

shift increases with decreasing incident energy since thecribe.

strength of the electron-electron final-state interaction in- The FBA performs satisfactorily in shape for the spin-

creases. averaged cross sectiofigsets. This shows once again the
Generally, the agreement between the DS3C and FBAmportance of state-resolved measurements in revealing the

theories and experiment is quite good both with regard to theletails of the scattering dynamics.

shape of the cross sections and to the relative magnitudes of Finally, in Fig. 5 we present the spin-asymmetry param-

the singlet verses triplet cross sections. At the lowest energgrterAmvoS for the ground state. The general structure and the
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T T sections at these angles. Clearly, more experimental data are

L (2 J— ] : . : . .
o9 @ IEE)f:ecrimem needed in these regions to confirm the existence or nonexist-
E=151eV | |... FBA ] ence of these structures.

For the casd=y=83 eV, the triplet scattering vanishes at
the angular positio,=37° for the doubly symmetric kine-
matic, as stated above. In this case the spin asymmetry tends
to unity as confirmed both by theory and experimental data.

As expected the deviations between the FBA and the
DS3C becomes more pronounced at lower energies. This is
illustrated in Fig. 4c) where the FBA fails badly to repro-
duce the absolute value of the spin asymmetry. Obviously,
more experimental data are desirable to obtain a clear picture
of the angular dependence of the spin asymmetry at this low
energy.

V. CONCLUSION

We have carried outg(2e) cross sections measurements
on sodium where théspin and orbital angular-momentum-
projection state of the projectile and target are determined
prior to the collision. The measurements involve the ioniza-
tion of the

3s! 25 (F=2mg=+2 or mg=—2)

o3l LY

and the

3p! 2Py(F=3mg=+3 or mg=—3)

hyperfine states by spin-polarized electrons at medium-
impact energies.

To provide a general description we have developed a
tensorial recoupling scheme that factorizes the cross sections
into components characterized by their spherical transforma-

0.0 | E=64eV i tion properties. In addition it allows decoupling of the prepa-
L E_1956V i ! ration process of the laser-pumped target from the ionization
> dynamics.
03 9§=30, T For a comparison with the experimental results we per-
) 20 40 60 80 100 formed calculations within the DWBA and the DS3C model
eb [degrees] (as well as the first Born approximation and the PWIA

The results show that the initial-state resolved ionization
FIG. 5. Comparison of experimentally deduced and calculatectcross section depends both on the relative spin projections of
spin asymmetries,, ,° for the ionization of spin-polarized ground- the incident and bound-state electrons and on the orientation
state sodium atoms by spin-polarized electrons. Results for DS36f the initial atomic state. While the overall dependence of
and FBA calculations are indicated respectively by solid and dottedhe experimental cross sections are reproduced by the two
curves. theoretical models, the lack of a detailed agreement demon-
strates that state specific measurements provide a novel way
to test the electron-electron scattering dynamics and the pro-
absolute value of the spin asymmetry is reproduced by thposed theories for its description.
theories. AtEy= 151 eV a small spin asymmetry is expected, The theories can be improved by using improved descrip-
and this is confirmed by experiment. This is because extions of the initial state. Improvement in the experimental
change scattering in this binary collision region at high en-apparatus are underway by introducing new-generation elec-
ergies and under asymmetric energy-sharing conditions is exron analyzers, capable of measuring data simultaneously
pected to be small. Nevertheless, the spin asymmetry iever a wide range of angles and energies for the final-state
clearly nonzero and reveals some sharp structures that can bkectron pair and by employing a polarized electron source of
associated with the behavior of the singlet and triplet crossnuch improved degree of polarizatié. .
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