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Orbital effect in elastic electron scattering by a polarized excited target
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Azimuthal asymmetry in elastic scattering has been measured for electron collisions with laser-excited,
polarized (3) Na atoms. An observation of this asymmetry in the elastic channel is reported for incident
electron energies in the range of 1 to 10 eV at polar scattering angle 135°. Data with selected magnetic
sublevels provide a stringent test for available calculations where even the most successful one, the convergent
close-coupling calculation, has difficulties at the large scattering angles.

PACS numbe(s): 34.80.Bm

Scattering of polarized or unpolarized projectiles by a podinto a polar angled at an azimuthal anglep=0° (or
larized target reveals detailed aspects of a scattering process=180°), the valence and projectile electrons will travel
For this reason polarization-sensitive scattering studies havgarallel” (or “antiparallel’) to each other during the scat-
undergone significant development in nuclgirand atomic ~ tering, for collisions with small impact parametefiarge

[2] physics. In this context we are studying the scattering ofscattering angles The effective interaction due to the Cou-
electrons by a po|arized atomic target in its excited State'_omb repulsive force between the two electrons will therefore

Such results contain more information than total and differbe different in these two cases. Thus an azimuthal asymme-

ential scattering cross-section measurements without polafty in the differential cross-section measurements is ex-
ization analysis. In addition to their importance as a primePected. From reflection symmetry considerations, the scatter-
testing ground for complex collision processes, the measurdng intensity atf,¢=0° for M =+1 is equal to the intensity
ments provide data relevant to a variety of applied areasit 6,¢=180° forM_ =—1. One can experimentally double-
such as high-electron-temperature plasmas. In recent yeagfeck this asymmetry by comparing signals¢ap=0° and
both experimental techniques and theoretical methods hav#=180° for a chosemM_ state and by comparing signals
developed rapidly and an improved understanding ofor M| =+1 andM =—1 states at a chosen andlé ).
electron-atom collisional dynamics has been achieved. FrorBoth sets are employed in the present experiment with con-
the experimental point of view, development of polarizedsistent results obtained.

projectile electron beams allows diagnosis of spin-dependent Such dynamical phenomena should be especially impor-
effects in the collision, such as singlet-triplet asymmetry andant under the following two conditions: the first is when the
spin-orbit asymmetry 3], while the advent of the laser al- incident energy of the projectile electron is of the order of
lows for electron collision studies with a specifically pre- several eV, comparable to the kinetic energy of the valence
pared initial state and analysis of the final state of the targeglectron. In that case, both electrons possess similar speeds,
atom[2].

The work presented in this paper is a study of an azi-
muthal asymmetry caused by a “dynamic orbital effect” in
the electron collision by the polarized target atom with an
orbital angular momentum perpendicular to the scattering
plane. Qualitatively, this effect is due to the difference in the
sense of rotation of the atomic valence electron in the
M, ==1 states. The laser-excited, polarize® 3odium
atom is an ideal target to study this orbital effect, since al-
most 100% atomic polarization can be achieved by excita-
tion with polarized laser light, and its relatively small spin-
orbit interaction can be neglectédl] in this process.

Consider the collisional geometry illustrated in Fig. 1,
where the polar scattering angidies in the scattering plane
defined by the collision framg2] [electron g) and atom
(—x) axes of propagationf=0° along +z axeq, and the
projection of the azimuthal scattering angfelies in the
plane of atom and photonHy) propagation axes. In such a
configuration collisions in the scattering plane correspond to,
0,¢=0° and 6,¢=180°. £ 4

Consider now a (B) Na atom prepared in the orbital
magnetic substat®él =+ 1 perpendicular to the scattering  FIG. 1. Classical picture of orbital effect. Propagation of the
plane(see Fig. 1 In this case, when the projectile electron photon, atom, and electron beams are along-the —x, andz
passes the target atom from the lé&ft right) and scatters axes, respectively.
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and the collision time is comparable to the revolution period 0.5
of 10 ®s. The second condition requires that the two elec-
trons collide at small impact parameters, corresponding to o
large scattering angleévhere the influence of the long- 0.4t
range, i.e., polarization force, is negligibly small =y
Excited (3P) Na atoms were prepared by a single-mode | [,
ring dye laser tuned to the?%,,, F=2—32P;,, F=3
transition and polarized in one of the magnetic substrates
(Mg=+3 or Mg=—3) by employings™® or o~ circularly
polarized laser light propagating perpendicularly to the scat-
tering plan€5,6]. The orbital angular momentum is also in a 02 T A
pure magnetic substat®, =+1 or M, =—1, quantized < * S
along the laser propagation axisatural framg2]). The rela- ° .:
tive excited-state populatioh has been determined by mea- 011+ i e
suring photon recoil deflection of the atom beam illuminated :
by the traveling-wave laser field?]. In the present experi- Y/
mentf=0.25+0.02 was achieved, and we found it to be the £
same for both polarized statéd,-=+3 andMg=—3. The )
elastically scattered electrons were dete¢®&dat (6=135°,
¢=0°) and(6=135°, $=180° by a channeltron, after pass-
ing through plane mirror energy analyzers. The relative dif-  -0.1¢
ferential cross sections at these angles were obtained for the
incident electron energy range from 1 to 10 eV for both 0 5 4 6 " 10
ground and 3P;,, F=3 (Mg=+3 or M= —3) states of Electron energy (eV)
sodium. Experimental details are planned to be discussed in

a future publication. , FIG. 2. Azimuthal asymmetrA at polar scattering angle 135°
~In order to examine the asymmetry due to orbital effects, ejastic scattering of electrons by laser-excited, polarize®) (3

in the differential cross section between the two magnetiys atoms i, =+1 andM, = —1 states. Experimen®, present
substates of the #Pj,, F=3 state, M,=+3 and data with indicated error bars and an energy uncertainty @f15
M= —3, at a fixed azimuthal angle, only relative measure-ev. Calculations:¢, close-couplind10]; A connected with dotted
ments were required. Thus, all the experimental parametersine, convergent close-couplif§].

such as atom density, electron current, interaction volume,

detection solid angle, and detection efficiency, can be ex- One of the reduced Stokes parametRgsthat is used to
pressed by only one coefficientto link the signal counting describe the atomic charge cloud after collisi@ can be

rate to the differential cross section When the asymmetry obtained from the present experiment. This parameter as a
of the differential cross sections foM =+1 and spin-averaged quantity can be simply related to the measured
M_=—1 polarized states is measured, the coefficigntin-  asymmetry as

cels out for a fixed electron incident energy and a selected

azimuthal angle at a gived. The ground-state scattering Ps=—A, 5
signal N taken withlaser offand scattering signal from the

mixture of ground- and excited-state atol$ taken with ~ While the orientation parametér, , defined as the angular
laser on where the sign+ refers toM, = +1, can be ex- Mmomentum transfer to an initially polarized atom tar(mta
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pressed as final unpolarized atom for a proper time-reversed progess
can be related té [9] as
N= nosg, 1)
L, =A(1-pf, 6)
N*= [ (1-f)osst fospl, v

wherepg, is the natural frame density-matrix element for the
where o35 is the (35) Na ground-state elastic differential M_=0—M =0 transition. Unlike in the 3P« 3 2S transi-
cross section andp is the (3P) Na excited-state elastic tion where pg, vanishes due to the symmetry restriction,
differential cross section foM = =*1 polarized states. We pg, is nonzero in the 3P—32P collision process. Thus
define an azimuthal asymmetty as L, is no longer equal to-P5. In order to determing.;
experimentally one has to determipf, independently. The
experimental arrangement, including circularly polarized la
ser light used to determing, can also be used to determine
poo if linearly polarized laser light is used for the initial-state
From Egs.(1) and(2) one can derivéA with respect to the preparationpg, can be obtained with proper normalization

v -
_O3p~ 0O3p

3

= _F
O3ptO3p

measured quantitied, N*, N~, andf as of the scattering intensities corresponding to the atoms pre-
- pared with differently polarized laser lights.
A N"—N 4) The measured is the asymmetry of the differential cross

- Nf+N"—2(1—-f)N° sections between two polarized states. In FigAZis pre-
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sented as a function of electron energy. The indicated errdhe measurements seems to suggest that the core contribution
bars originate from the counting statistical errors, as well ags larger than assumed in calculations for the large angle
uncertainties in the determination éf and the degree of scattering. The second aspect of the comparison is that the
atomic polarization. The relatively large error bars are theCCC calculation generates oscillation in the asymmetry at
consequence of the counting statistical err&® for each  energies from 6 to 10 eV, while the experiment shows no
measured signalcoming from two major constraints in the sych tendency. Even though the calculated results are within
experiment. First, the asymmetry corresponds only t0 thene error bars of the experiment, this oscillation, if real, is
scattering intensity from the B state, while the measured |arge enough to show up in the mean value of the data. Most
signal is the mixture of the B and the ground-state scatter- jikely, this oscillation is a shortcoming of the calculation due
ing, which is almost three times larger. The second constraing, difficulties with the convergence at the large scattering
is in the simultaneous rn_easgrementfofrhis condition re- angles(see Fig. 6 in Ref[9]).
quires a very good collimation of the atomic beam. As @ Tg the best of our knowledge, the results of the orbital
consequence, the atom-beam density in the interaction regiiifect shown in Fig. 2 are the first observations of the azi-
was two orders of magnitude smaller than in the standarghythal asymmetry in the elastic electron collision due to the
cross-beam scattering experiment. . M, atomic state perpendicular to the scattering plane. The
Motivated by this experiment, numerlcal data have bee’?nagnitudes of the measured asymmetry are found to be
calculated by Zhouetal. [10] using a ten-state close- |arger than a factor of 0.3 with a confidence level of 90% at
coupling approximation based on &matrix method at in-  jycident electron energies below 5 eV. They are approaching
cident electron energies of 2 and 3 eV; and by Betl. [9]  zero at higher incident energies, which is consistent with a
using a convergent close-couplitgCC) approximation in - gimple classical model. This asymmetry, caused by a pure
the energy range from 1 to 10 eV. The frozen core approxicoylomb interaction, indicates the significance of the dy-
mations were included in both calculations. The former argamical effect due to the orbital motion of the valence elec-
justifiable by observations only. The azimuthal asymmetry ingn. | one exactly knew the scattering amplitudes, this
the pure Coqlomb scattering is a good test of the calc:ulationgsymmetry would be an expected outcome of the quantum-
since the existence of the asymmetry is due only to the Vamechanical treatment of this collision process. The data with
lence electron, while the magnitude of the asymmetry is dese|ected magnetic sublevel provide a different point of view

termined by the combined contribution of both the core andys the collision process and serve as a stringent test of ap-
the valence electron. Data from the present measurement§oximations used for calculations.

are compared with these calculations and also presented in

Fig. 2. The calculated results are in qualitative agreement This work is supported by the Physics Department at Old
with the experiment; however, the measured asymmetry i®ominion University and partially by National Science
generally less pronounced than those calculated in Ref&oundation, Grant No. PHY-9007571. We thank B. Bederson
[9,10]. Therefore, it is of interest to assess how accuratelyor valuable discussions; H. L. Zhou, D. W. Norcross, and B.
the calculation reflects the relative roles of the valence eleck. Whitten for sending us results prior to publication; and I.
tron and the core. The smaller asymmetry value obtained iBray for sending us numerical results of his calculations.
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