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Spin-Dependent Orientation Propensities Revealed in Polarized-Electron—Polarized-Photon
Coincidence Studies
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The density matrix parametrization of collisionally excited atomic ensembles is generalized to account
for a projectile spin. The elements are related to the “generalized Stokes parameters” of Andersen and
Bartschat [J. Phys. B7, 3189 (1994)], determined in scattered-projectile—polarized-photon coincidence
experiments after impact excitation by spin-polarized electrons. The well-established orientation
propensity rule for unpolarized electron beam experiment®iwvalid for spin-resolved collisions.

PACS numbers: 34.80 Dp

The traditional object of electronic and atomic colli- methods to produce beams of spin-polarized electrons un-
sion studies is a total or differential cross section. Usutaveled spin-dependent alignment and orientation parame-
ally, these observables are the result of averages over keégrs. For light atoms, such studies were pioneered at NIST
variables, such as impact parameter, magnetic quantuf3]. They showed that the propensity also holds true for
numbers, or electron spin. The averaging, however, magpin-resolved orientations in sodium.
partly or completely obscure the collision dynamics re- We report spin-resolved studies of heavy atom excita-
sponsible for the process, and makes comparison betwedion which reveal that this propensity may be violated. In
theory and experiment less valuable. For many fundathis case the analysis is complicated due to the many in-
mental processes the focus of investigation has, therefordependent scattering amplitudes [14,15]. Introducing so-
increasingly been concentrated on identifying dimensionealled “generalized Stokes parameters,” two of us [16]
less quantities which can be derived from relative intensityshowed how the description of the excitation process in
measurements. The ultimate goal, first clearly formulatederms of scattering amplitudes defined in the “natural co-
by Bederson [1], is thperfect scattering experimewhich  ordinate” system (where theaxis is taken perpendicular
determines all the quantum mechanical, complex scattete the scattering plane, and the incident beam direction
ing amplitudes. defines thex axis) enables the solution of the nonlinear

The study of such quantities, termed alignment andequations for determination of these amplitudes.
orientation parameters, has by now reached a very high Below we provide what has been, to date, the miss-
level of sophistication. Although the goal perfecthas ing link between the “generalized Stokes” parameters, the
presently been achieved in a few cases only, this approadensity matrix, and the spin-dependent coherence param-
has dramatically increased our understanding of the collieters that describe the excited atomic ensemble. The gen-
sion dynamics for a broad range of collision processesgral structure of the new density matrix decomposition is
such as charge transfer in energetic collisions involvingralid well beyond our special case of interest, electron
singly [2] or multiply [3] charged ions, and thermal col- impact excitation of mercury. The concept of “general-
lisions involving atoms with low [4] or high [5] level ized Stokes” parameters can be transferred directly to any
of excitation. Ever since the pioneering discussion byexperimental situation where two (or more) spin or light
Kohmoto and Fano [6], a parameter of particular inter-polarizations are prepared or analyzed.
est has been the orientation which describes the sense ofFor the case of unpolarized incident electrons, it is
circulation of the active electron around the atomic corewell known [12] how the set of (relative) parameters
Propensity rules for orientation have been formulated andL 1, y, P, , ), representing the angular momentum
discussed for heavy particle [7] and electron [8] impacttransfer, the alignment angle, the degree of linear po-
excitation. Recent efforts [9] have concentrated on exiarization, and the height of the charge cloud, can be
ploring the generality of these rules [10,11]. determined in scattered-electron—polarized-photon co-

For electron impact excitation at small scattering an4incidence experiments by measuring the set of Stokes
gles, a general observation is that the orientation vectoparameter§P,, P,, P;) with a photon detectquerpendicu-

i.e., the transferred electronic orbital angular momentuntar to the scattering plane, and the linear polarizatftan
L, points in the direction ok;, X k., Wherek;, and  with a photon detectan the scattering plane.

k.. are the linear momenta of the incoming and outgoing The generalization of the density matrix representation
electron, respectively [12]. The development of efficientgiven in [12] to the case of polarized electron beams
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is a pair of density matrices, one for spin-up and onedown scattering. The total degrees of polarizatfor =
for spin-down electron impact excitation where “uff)  |P*™| must be unity for initial target states with total
and “down” (|) correspond to the initial spin projection electronic angular momentuthy = 0, provided depolar-
with respect to the scattering plane. Here we restricization effects due to fine- and hyperfine-structure interac-
the discussion to a spin polarization perpendicular to théion in the target can be neglected. In such a cagricd
scattering plane and decompose the density matrix fanitial states, the two relationships
unpolarized (subscript") bezim excitation af ) (LI“)z N (P;T’l)z o (10)
1+ Ll 0 _Pg et
Pu = Uu(l —h 0 % 0 reduce the number of independent parametesev@n
2 —pfe2iY 0 | - Lt A determination of the parameter set (10) doest
correspond to gerfect experimentsince three relative
— wipl + wipt (1) pha;es of thg scgttering gmplitudg_s remain ur_lknown [16].
_ Their determination requires additional experimental set-
with ups discussed in a forthcoming review [17]. Here we con-
1+ L7t 0 _p;Teziy‘ centrate on the above set, which forms the spin-resolved
p! (1 — Al 24! analog to the parameter set for unpolarized beams. These
— = 0 T 0 )
oy 2 I 1=h! " parameters can be extracted from a measurement of the
—Pge "t 0 1 —L, “generalized Stokes parameter matrix” whose elements
(2)  (Qi))r are defined as follows (see Fig. 1): With a photon
detector placed in thé direction, four light intensities are
measured for orthogonal positions of the light polarization
ou = (o + /2 = W + whe, (3) analyzers and electron beam polarizatiar®. Following
[16], we define for(0°, 90°):

and similarly forp!, where

is the cross section for unpolarized electron scattering.

The following relationships hold: 1h(Q™)p = IR(0°) + I"p(0°) — IB8(90°) — I"p(90°),
LM=-pi, (4) (11)

R () 1MEL)e = I2(0°) — I"5(0°) — I2(90°) + I%5(90°),
(1 —nL" =wia — el (12)

+ w1 — mhL 1, 6)  IR(QR)p = I8(0°) — I7p(0°) + I8(90%) — I"5(90°),
(1 — h)PF e = wi(1 — Khp, e (13)

+ w1t = PN here
h=wlh! + whit. (8)

M= 13(0°) + I"p(0°) + IB(90°) + I"p(90°) . (14)
Consequently, the maximum set afne dimensionless X X
independent parameters that can be extracted from tf@milarly, we define(Q3;)p and(Q3;)p, j = {1,2,3}, by
radiation pattern is given by replacing(0°,90°) with (45°,135°) and, for circular po-
R - 1o+l larization analysis(c—, o). Such “generalized Stokes”

(LI Ly oy PO PO LR W, ) parameters can be defined for any optical transition ex-
i.e., spin-resolved angular momentum transfers, aligneited by spin-polarized beams.
ment angles, degrees of linear polarization, and height For photon detection perpendicular to the scattering
parameters, as well as a probability parametel) that plane @ = ), the generalized Stokes matrix can be
determines the relative importance of spin-up and sp|inexpressed in terms of the density matrix parameters as

IZ<Q?/'>P::
wi(@ = a Pl + wh(l — rh P w1t — AN P] — wh(1 = hYPh 2wl = 3a1) — wh(1 — 3aY)]

| wia - MY PY + wh(l — By Py wi(1 — KPS — wh(l — Y P 2[wl(1 = 3hT) — wh(1 — 3kY)] |, (5)
w1 — K PY + wh(l — BYPY wi(l — AP — wh(l — Y PY: 2wl (1 — 3A1) — wh(1 — 3hY)]

with If = %(1 — h). Similar expressions hold for obser-  The first column(Q,-il)p: is the standard Stokes vector
vation directionsi = §, X in the scattering plane [17]. (Py, P,, P3) for unpolarized incident electrons. The third
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The lengths of the two vector€™ are the quanti-
ties wh(1 — nM)/(1 — k). Additional measurement of
(Q{l)p: = —P,4 [16] determines the height parameter
and subsequently the det’, ', h').

We have used experimental data from [18] (diamonds),
[19] (triangles), and this work (circles) to extract the
nonzero “generalized Stokes” parameter matrix elements
for thez andy directions for electron impact excitation of
the (6s2)'Sy — (6s6p)>P; transition in Hg. Results for
an incident electron energy of 8 eV are shown in Fig. 2,
together with theoretical results based on a five-state Breit-
Pauli R-matrix calculation [20], which is still the bench-
mark theory for this collision system. The agreement
FIG. 1. Frame definition for generalized Stokes parameters. between experiment and theory is satisfactory, keeping in
mind the complexity of the collision problem and the level

2 . _ of detail in the comparison. The experimental data for
column (Q;3)p. corresponds to an “optical asymmetry (0%)p., (0%)p., and (Q%)p., which should be identical

which compares light intensities measured with spin-URyithin the error bars, are not completely consistent, al-

and spin-down electrons, independent of the light analyzef, 5 gh a tendency toward the same result is recognized.
setting. Combining the first two columns according to The corresponding spin-averaged and the new spin-

cH = [(Q%)p. + (0%)p.]/2, (16) resolved coherence parameters are presented in Fig. 3.
) X . We corrected for hyperfine-structure depolarization ef-
(1 — ptHpt — =
onTel 1;|lnds” Wil = h _)P /(= h) where P fects by first extracting state multipoles from the measured
(Py", Py, P37) are the spin-resolved Stokes vectors.

) ) i light polarizations and then recalculating the unperturbed
Spin-dependent alignment angles are obtained from 4 iation pattern. The vertical lines in Fig. 3 represent the

2y = arg(C}l + ic%l , (17)  scatter due to alternative ways of extracting the set (10),
which is overdetermined by the 12 parameters of Fig. 2.
Details are given in [17].

and angular momentum transfers from
LM =—ci (18)

".Ol\lll‘(\

o T T Illl LR T 7
¢ 3 ¢ + T
r r o 2 T gooo 7 ° o
on cooo °/°° ° w . . q
SNo—Ne : G N/
i o7 o T B gl .

W
| | 1
5 T T T T T
_i'g — e oL Xo_o___/. M g
& ‘4‘ L L4 >t i
| 1 o
4

1.[]|ll||l ﬁ_ﬁlrrl‘llrlﬁ—rlll

I 542 ¢ ¢ s 0 '
00 Panmal h — ~
: J : L ° o 3 L] ¥ L ¥
ACAEN A % ol NN g ]
-10 A A | - [ | 10 l # I o
10 1 T T T T T 1 o B
i (tA T ) 051+ o
00 = L +
a ° P
a 14 1
- V Oy | w
— ,
.‘ID I B I Ll L l [ l Lt 1 ‘ Ll [ 10_ h
W T T .
| 05_ Qe 0 o1
00 ko4 L. D‘Z O A a PO N -3 f- .
: * M 2 oo © < 11 | 11 I L >
/ 0 \ 0 - 003060 golo
.‘!0 1l t | li Lol YT TR I B | 1
0 0 60 90 30 60 %O 30 60 90
8(deg) FIG. 3. Spin-averaged and spin-resolved coherence parame-

ters for electron impact excitation of Kg6p)’P; at 8 eV.
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excitation of Hg6s6p)*P, at 8 eV. See text for symbols. the present work«) reflect statistics and consistency tests.
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_ stimulate further work in this area, to elucidate the physics
© of the collision process and to further explore the limits of

O — ® /_/j_ ______ applicability of propensity rules.' o
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