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Azimuthal asymmetry in elastic electron scattering by polarized  sodium atoms
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Azimuthal asymmetry of the differential cross sections between two polarized states has been measured in
elastic electron scattering by laser-excited sodium atoms prepared in 4Rg,F=3 (Mg=+3 or
Mg= —3) polarized state. These results are an observation of the orbital effect in the elastic electron collision
due toM, atomic state perpendicular to the scattering plane. Data are reported for electron energies in the
range of 1-10 eV, comparable with the kinetic energy of the atomic valence electron. At polar scattering angle
0=135° we found the asymmetry to be more significant when the incident electron energy is lower. Differ-
ential cross sections of these excited, polarized states were obtained at 135° as a function of electron energy as
well. The experimental results are compared wRhmatrix-based close coupling, and convergent-close-
coupling calculations[S1050-294{®6)10206-7

PACS numbds): 34.80.Bm

[. INTRODUCTION so-called “orbital effect” in the collision when the target
atom is oriented with an orbital angular momentum perpen-

Polarization-sensitive scattering studies have undergondicular to the scattering plane. The laser-excited, polarized
significant development in nuclegt] and atomid2] physics 3P sodium atom is an ideal target to study this orbital effect,
because they reveal detailed aspects of a scattering proces#ce almost 100% atomic polarization can be achieved by
Alkali-metal atoms have been more frequently chosen as taexcitation with polarized laser light, and its relatively small
gets for detailed study because of their theoretical simplicityspin-orbit interaction can be neglectgdl] in this process.
and relative ease of experimental handling. Sodium, in parSuch an orbital effect is a consequence of the pure Coulomb
ticular, has been one of the most popular targets for electromteraction between the valence and the projectile electrons.
scattering over the years. This is due in part to its relative A simple classical picture to explain this orbital effect is
ease in preparation, and in part to the coincidence that thgiven in Fig. 1. The polar scattering angldies in the scat-
sodium D, lines are at a wavelength appropriate fortering plane defined by the collision frami2] [electron @)
rhodamine dye, which is used effectively in dye lasers. and atom (x) axes of propagatiory=0° along+ z axeq,

With the advent of tunable narrow-band lasers, especialland the projection of the azimuthal scattering anglées in
cw dye lasers, it has become possible to study collisions witlhe plane of atom and photon-§) propagation axes. In
laser-excited atoms in their specific short-lived states. By ussuch a configuration collisions in the scattering plane corre-
of the unique properties of the pumping laser light, namelyspond to ¢,¢=0°) and @, ¢$=180°). By employing a cir-
its monochromaticity, well-defined polarization, and high in- cularly polarized laser light propagating perpendicularly to
tensity, one can achieve the excited-state population of the
target atom in the scattering region to be comparable to the
ground-state population and study in detail fine-structure or
even hyperfine-structure transitions, or transitions between
different magnetic substates.

A considerable number of experiments were performed
on sodium using polarized electron beams by groups at Na-
tional Institute for Standards and TechnologyIST) and
University of Minster. Researchers at NIST have performed
a series of elastic and superelastic scattering measurements.
They obtained spin asymmetries for superelastic scattering
[3,4] from the 32P5, excited sodium, the spin asymmetry
for ground-state elastic scatterif§,6] from spin-polarized
sodium atoms, and the rat{@] of triplet to singlet elastic
scattering cross sections. Researchers at University of-Mu
ster measuredi8] left-right asymmetries for spin-polarized
electrons scattered superelastically from laser-excited unpo-
larized sodium atoms.

We performed an experimental investigation on elastic FIG. 1. Classical picture of orbital effect. Propagation of pho-
electron scatteringunpolarized electrons are used hesth  ton, atom, and electron beams are aleng, x, andz axes, respec-
laser-excited polarized sodium atorf&. The aim of this tively. The wave vectors of the continuum electron befdeg &nd
research is to study the azimuthal asymmetry caused by &ter k') collision define the scattering plame
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the scattering plane, a sodium atom can be excited and
polarized in one of its pure B states, e.g.,
32Pg,,F=3Mg=3, in which the orbital angular momen-
tum is also in a pure magnetic substig =+1 and the
guantum axis is perpendicular to the scattering plane. Under
such a condition, when the projectile electron passes the tar-
get sodium atom from the lefor right) and scattered into a
polar angle# and an azimuthal anglé¢=0° (or 180°), the
valence electron and the projectile electron will move “par-
allel” (or “antiparallel”) to each other during the collision.

In that case, the effective interaction due to the Coulomb
repulsive force between the two electrons during the colli-
sion process that determines the momentum transfer is dif-
ferent. Thus, in such a collision process an azimuthal asym-
metry [Eq. (17) in Sec. Ill] in the differential cross-section
measurements is expected. This asymmi&tys expected to

be more significant at low incident energies and large scat-
tering angles. It is worth noting that from reflection symme-
try consideration the azimuthal asymmetry is equivalent to
the asymmetry in differential cross-section measurements at
a fixed azimuthal angle between initially opposite polarized
target states. Since an unpolarized electron beam was em-
ployed in the present experiment the spin-orbit asymmetry
[7] is excluded.

In this paper we present the azimuthal asymmetry of the
differential cross sections in elastic electron scattering by
polarized 3 sodium atoms obtained experimentally. The 5 5 schematic diagram of experimental setap:sodium
relative differential cross section®CS) of the elastically  g4rce:B, 6-pole magnetC, fiber; D, detector planeE, electron
scattered electrons atf€135°¢=0°) and (#=135°.¢  gun;F, Faraday cupG, electron energy analyzers; channeltron;
=1809 for both ground and ¥3,,F=3 (Mg=+3 or | counting systemJ, steering mirrorsK, circular polarizeriL,
Mg = —3) states of sodium were also obtained for the inci-cylindrical lens telescopeM, dye laser;N, Ar* laser; O, laser
dent electron energy range from 1 to 10 eV. An absolutestabilization systemP, beam spitter.

DCS for 3P, M ==*1 at#=135° as a function of electron
energy was determined when the ground-state DCS'’s wergefined by the initial k) and scattered electroi () momen-

put on the absolute scale with respect to theory. _ tum vectors(see Fig. 1 Electrons scattered into the polar
An overview of the experimental method employed in theangle = 135° with azimuthal angleg)=0° and ¢=180°

present research as well as the measured quantities are p{gere detected.
sented in Sec. Il. The relationship between experimentally The apparatus consists of four stainless-steel vacuum
obtained data and the calculations is discussed in Sec. llghambers: the source chamber containing an atom beam
while the final results of azimuthal asymmetry and absolutgource and a skimmer, the baffle chamber containing a laser
DCS's for 3°,M = *1 states are presented in Sec. IV.  stabilization system, the interaction chamber containing the
interaction system, and the atom beam detection chamber
containing a hot wire atom detector. There is a hexapole
magnet between the source and the baffle chambers that can
A crossed-beam apparatus was used to perform the efocus and partially velocity and state select the atom beam.
periment. It was constructdd0—12 to be suitable for elec- The overall length of the apparatus is close to 5 m. One
tron scattering by atoms using the atomic-recoil technigueunique part of the apparatus is the atom beam detection
Without changing the original options to observe atoms rechamber, which is connected to the interaction chamber
coiled by the electron, the photon, or both, we reconstructethrough a 3.35-m-long drift tube by attaching to a rotary
[13] an interaction system in order to observe the scatteredltazimuthal mount. The atom beam profile as well as the
electrons as well. In this interaction system a collimated elecrecoiled atoms due to electron collision or photon absorption
tron beam with low energyl—30 e\j can be produced by an spatial distribution can thereby be scanned two dimension-
electron gun and cross fired with an atom beam. The eleally on the surface of a sphere centered at the interaction
trons scattered to the polar angle=135 ° with azimuthal region. The sodium atom beam was produced by the high-
angles¢=0° and¢=180° can by energy analyzed and de-temperature oven. The pressure in the system during the op-
tected. For convenience we recall briefly the essential parteration at 830-K oven temperature was 10 ° torr in the
of the apparatus. Additional experimental information andsource chamber, 310"’ torr in the baffle chamber, and
the interaction system are presented. (1-4)x 10 ® torr in the collision and in the atom beam de-
As explained in the previous section, the propagation axetection chambers.
of the atom beam, incident electron beam, and laser beam are A schematic diagram of the experimental setup is shown
mutually perpendicular to each other. The scattering plane i Fig. 2. Excited (P)Na atoms were prepared by a cw
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single-mode ring dye laser(Coherent-699-21 with
Rhodamine 6@ tuned to the 3S,,,F=2—32P,,,F=3
transition and polarized in one of the magnetic substates
(Mg=+3 or Mg=—3) by employinga™ or o~ circularly
polarized laser light propagating perpendicularly to the scat-
tering plang 14,15. The orbital angular momentufaee Fig.
1) was also in a pure magnetic substdig =+1 or
M, = —1, quantized along the laser propagation &metural
frame[2]). The dye laser is pumped by a 6-W, 514.5-nm, 1
TEM g mode argon-ion laseiCoherent CR-15 S{5 Under 0
optimum conditions the output power of the ring dye laser |
can be 1.2 W for broadband radiation and 600 mW for 36 34 32 30 28 26 24 22 20
single-mode radiation around the sodiubg line of 589.0 Vietarding (V)
nm. The effective linewidth of the single-mode output was
about 1 MHz. In the lock mode, even with a temperature
stabilized reference cavity, there was still a frequency drift
about 100 MHz/h. In order to achieve a better performance
of the laser, a frequency stabilization feedback system has
been developed and implementgt3]. This system, fully
described in a forthcoming publicatidi6], is based on a
Doppler shift due to radial velocity spread of the atomic
beam itself. So the laser frequency was kept within 1 MHz
over 20 h. During the experiment a Fabryr®teinterferom-
eter (Spectra-Physics 47Qvith a 2-GHz free spectral range
was used to monitor the mode structure of the laser beam and
to display on an oscilloscope. A sodium vapor cell heated up TS a0 a5 a5 a1 31 a0
to 80°C was used for coarse tuning of the sodiDmline ‘ ’ ’ V - (V)' ' ’ '
transition. An optical fiber was used to transfer a probe laser retarding
beam(about 1 mW for atom beam diagnosis and frequency
fine tuning. A broadband polarization rotat@pectra Phys- FIG. 3. Incident electron energy distributio@ measured elec-
ics 310-2) and a quartz zero-order quarter-wave plate werdron current as a function of the retarding potentidd) energy
placed in the path of the laser beam to achieve circular podistribution obtained by differentiating curve).
larizations of the light. The main beam was reflected by three
mirrors onto the scattering apparatus, shaped by a cylindricdhe electron gum made of titanium was grounded electroni-
lens telescope into a ribbon-shaped beam, about 5 cm lorglly to shield the interaction region from the electrical fields
and 0.5 cm wide to illuminate the atom beam in the interacProduced by the electrodes. The whole electron gun together
tion region at right angles. with the collector and energy analyzdiesxplained later in

A special electron gun was designed and built to fulfill thethis section was mounted on a stainless-steel holder, which
requirements of this experiment, which include good colli-was connected through a flexible bellows to a positioner out-
mation, high beam intensity, and low electron energy withside the vacuum chamber. The positioner can be movable in
narrow energy spreading. The design of the electron[g@h three dimensions and rotatable along the electron beam axis.
was based on computer simulation results usingstigon A primary electron beam collector was installed in order
program[17]. The electron emitting source is a tungsten dis-to diagnose the electron beam. It consists of two Faraday
penser cathodéSpectra-Mat, Inc. No. 134 which has an cups and one retarding plate between them. Results of the
emitting area of 9.1 mrh and an emitter thickness of 1.0 electron beam energy distribution shown in Fig. 3 were mea-
mm. The cathode body, 7.2 mm in length is made of molyb-sured employing the retarding potential method. The full
denum. There are three brazed legs attached to the bodyidth at half maximum(FWHM) was found to be about 0.3
providing good thermal isolation and mounting flexibility. €V and it was almost unchanged when the energy of the
One leg was also used as an electrode with a base voltagéectrons was changed from 1 to 10 eV. One can conclude
that determines the electron energy. The operating temper#hat this energy distribution was mainly due to the thermal
ture of the cathode was between 800 °C and 1025 °C. The d@hergy spreading of the heated cathode. The primary electron
current of the resistive heater is in the range of 1.2—1.7 A folbeam currents were in the range of 1610~°> A depending
a stable performance. At these temperatures the saturated @@ the electron energy. They were limited only by the space
emissions were 3—9 A ciif, which were much more than charge effect, which can be expres$e€] by
the present requirements. It was not necessary to keep the
temperature of the cathode very high to achieve large elec- Imax (1A)=38.5E5(eV)]a?/b?, 1)
tron currents, which was limited by the space charge. The
electrodeqslits, grid, spacejsof the electron gun were built wherel,,, is the maximum achievable currer, is the
from molybdenum. Electrical insulators between the elecelectron energya is the diameter of the electron beam cross
trodes were laser machined 0.37-mm-thick ceramic chipsection(same as the exit aperture of the electron)gamd
(Sheffield Precision Ceramics Companifhe envelope of b is the collimation length. In the present case whearel
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TABLE I. The measured maximum incident electron current at

a given energy with corresponding voltages applied on the cathode, 10
grid, and focusing electrode.
Eo (eV) Vathode(V) Vgrid V) Vioeus (V) Imax (1A)
1.0 -34 ~-14 10 0.30 87
2.0 —-4.4 -2.1 12 0.80
3.0 -54 -2.8 14 1.3
4.0 —-6.4 —-3.6 15 2.6
5.0 —-7.4 -4.3 17 3.6 —_ 6
6.0 -84 -49 20 4.2 <
7.0 —-9.4 —-5.7 22 5.3 S
8.0 ~10.4 —6.2 25 6.8 g
9.0 ~11.4 -7.0 28 8.3 T4l
10.0 —-12.4 -7.8 30 9.0
mm andb~10 mm, forEy=1 eV, | 1,~3% 10"’ A and for 2l
Eo=10 eV, | ,~9x 107 % A. These calculated results were
very close to the measured maximum electron currents at a
given energy, which are presented in Table I. The indicated
electron beam currents where measured on the primary elec-

tron beam collector whose components were set to 60 V to 0 2 4 6 8 10 12

achieve saturated collection. In the same table are listed volt- -Veathode (V)

ages applied at each electrode of the electron gun during

Il max Measurements. These are the cathode bias voltage FIG. 4. Incident electron energy calibratioxx, maximized
Veathode 9Fid VOltageVgrida and focusing voltag¥/,,s. Ba- electron current at a given cathode voltage; full line, curve fitted by
sically, V camogedetermines the electron energyyg accel-  !mad#A) =0.3—[Veanoad V)1 - 2.4

erates the electrons from the cathode and mainly controls the

intensity of the electron beam, aht},., determines the col- tron in such magnetic field is larger thd m and the size of
limation of the beam and slightly affects the intensity. Thethe whole interaction system with electron optics is only
electron beam energie, listed in column 1 are nominal about5 cm.

(correctedl energies. This energy can be expressed as The detection system used to measure the scattered elec-
trons consists of two electron energy analyzers and a high

gain (1) electron channeltron multipli€Galileo Electron-
Eo=—&(Vcathode™ Vcorrection» 2 Optics Corporation, Cat. No. 4860The electron energy and

analyzerqsee Fig. 2 are two identical plane mirror analyz-
whereV orecionincludes the contact potential correction and €rS where the scattered electrons are deflected and energy
space charge correction. The relative contact potential voltsélected in a uniform static electrical field produced by two
age difference can be obtained when the retarding potenti@arallel electrode plates with the voltage differenée In
method was used by determining the energy distribution. It i9rder to achieve a uniform electrical field inside of the ana-
found to be about 1.7 V. The space charge correction can b¥zer and to reduce the edge effects, a third electrode plate at
estimated when the intensity and dimensions of the electroile potential ofV/2 was placed at the middle of the two
beam are known. In Fig. 4 we plotted the datd gf, versus  €lectrode plates. The middle pIa’Fe has a slot in the center to
Veathode According to Egs.(1) and (2) and assuming that l€t the electrons pass freely. During the experiment the inner
VomrectioniS @ CONSstant in the zeroth-order approximation, onegléctrode plate with the apertures was grounded, while the
can adjust and determine the value\of, ecionas a param- Voltages on the middle and outer plates can be finely ad-
eter by fitting the curve e E(S)lz“(Vcathode— Veorreatio) ¥2 Justgd. Th.e se]ected scattered electron en&rdyas a linear
Using this method, we found that the best fitting correspond&elationship withV as
to the proportionality constant of 0.3 aNd eciior= 2.4 V as
shown in Fig. 4. Another method to perform electron beam E= eD v
diagnoses of FWHM an&, will be explained later in this 2rsin2a '
section.

In order to reduce the magnetic field in the interactionwheree is the electron charge) is the electron traveling
region a cylindrical double-walled high permeability focal length, which is equivalent to the distance between the
u-metal shielding was used around the whole interactiorcenters of the entrance and exit apertures of the analyier,
system in the vacuum chamber. The magnetic field inside ththe separation between the two electrode plates acaisctthe
shielding was measured to be less than 20 mG. It was weadectron incident angle. The electrode plates of the analyzers
enough that one can neglect the magnetic field effects on theere parallel to the electron primary beam and placed back
electron propagation, since the gyration radius of 1 eV elecen the two sides of the electron gun. Thus, to detect electrons

()
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scattered atf=135°,=0°) and (#=135°,=180°), the %

incident anglea=45° is the same for both analyzers. The
first advantage of such an incident angle is that Ehand g (g)
V have a simple relationship: <. 60
E eDV 4 g
=5 V- 4 E 40
&
The second characteristic of the plane mirror analyzer at this 5 20
incident angle is 8
v
dD 0
aa =0. (5) 0 1 2 3 4 5 6 7 8
@ la=15° 'Vanalyzer(v)
This characteristic means that the analyzer has the same fo-
cal lengthD for all electrons whose incident angles are near 30
around a=45°. Due to the size of the entrance and exit  _
apertures, there is an uncertaidtp in the focal length that g (b)
is mainly responsible for the energy resolution of the ana- 3,
lyzer as 'z
’ g
AE/E~AD/D, ®) 59
=
whereAE is the electron energy uncertainty, and ag 20
=
Q
AD=\AS;+ASS, (7) z
0
whereAS, and AS, are the diameters of the entrance and 0 ! 2 3V ¢ (Vi ¢ 7 s
~ ¥ analyzer

exit aperature. In the present design the dimensions of an
analyzer are(35.6 mmx(20.0 mmx(12.0 mm, while . .
D= {5 2 mm(d=7 6 zm( andASnj: A(Sz= 1.0 nr;m The FIG. 5. Background electron scattering spectra taken with 6-eV
electrdde plat’es aré madé of molylbdenum While tHe SpaCeincideniti electrons. The7 pressure in the interaction chamiaegr:

- ' . . 10" ° torr; (b) 110 torr.
and the holders are of stainless steel. The electrical insulators orr; (0) o

are 0.37-mm-thick ceramic chips. Employing E@ the energies was quite similar to that presented in Fig. 5. The

S ; 0 ' '
analyzer energy resolution is estimated to/i/E~10%. actual electron energy in the scattering volume can be deter-

Its angular resolution is about 2°, which is determined by mined precisely from the elastic scattering peak. A contact

the scattering v_olume and the sizes of th_e analyzer apertu_r;;%tential correction for the energy analyzer electrodes of
as well as the distance between them. This angular resolutidly | + 5 7 eV can be obtained from two facts. One. the in-

c_omblned with the electron b?am colllmatlon of2° de- elastic scatterings shoulders always have a sharp cutoff volt-
fined the total angulqr uncertainty afg=3°. age of about 0.7 V for all electron energies, and second, the
Another way to find .the. e>§act 'electron enerBy and ._lowest measurable elastic scattering peak was around 0.7 V.
FWHM of the energy distribution is to analyze the elastlc-l-he electron energy determined by this method was quite
scattering peak in the background electron scattering SPeCHnsistent with the maximum current fitting method de-
trum taken by the energy analyzers. A typical spectrum withy e apove and presented in Fig. 4. The width of the elas-

an elastic_scgttering peak anld an inelgstic scat?ering ShOUIdﬁE scattering peak was determined by both the primary elec-
is shown in F|g._5. The elastic §catter|ng pe.ak IS dpe to bqt ron beam energy distribution and the analyzer energy
electron scattering by the residual gases in the interaction

region and the surface scatterings, while the inelastic scatter- +ag| £ 1. The noise at the peak of elastic scattering at a given

ing should_er is_ mainly due to the surface scattering. Dat%ackground pressure measured within counting period of 100 s.
presented in Figs.(8 and 5b) were taken at a pressure of

2x107° and 1x107 torr, respectively. The height of the Pressurdtorr) Counting rate(Hz)
elastic scattering peak is linearly proportional to the density

of the residual gases, while the inelastic scattering shoulder 1x10°° 15
is almost unchanged in different vacuum conditions. The lin- 2x10°° 19
ear proportionality between the elastic scattering peak and 4x10°8 30
the density of residual gases is checked in the wide pressure 6x10°8 42
range. The results obtained with 6-eV electrons are listed in 8x10°8 50
Table II. The total counting time at each condition was 100 s. 1X10°7 61
It was found that there is about a 10-Hz count from surface 2x10°7 112
elastic scattering and about a 5-Hz count per1D8 torr 3x1077 158
from the residual gases scattering. The shape of the electron 4%x10°7 206

background scattering spectrum taken with different electron
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TABLE Ill. Full width at the half maximum(FWHM) of the

elastic scattering peak obtained from the background scattering Interaction region Detection region
spectrum. AN x
Eo (V) FWHM (V) L . Snelected

1.0 0.32 “\‘/ z

2.0 0.35 Atom / AN ¢

3.0 0.42 Y >

4.0 0.50 -7 Y

5.0 0.59 2 )

6.0 0.70 E{%:at;?n \L :

7.0 0.75 v

8.0 0.88

9.0 1.0 4

10.0 1.1 ~— Photon deflected

Laser atom beam

resolution. From the measured FWHM of the elastic scatter- FIG. 6. Scheme of traveling-wave arrangement for measure-
ing peak at different incident electron energies presented ifments of the fraction of the excited-state atorfis|, the laser
Table Ill, it was confirmed that the primary electron beamradiation lengthL, the distance between interaction region and the
had a distribution of 0.3 eV at FWHM and the energy reso-atom beam detector pland; the atomic beam deflection.
lution of the analyzer was about 10% of the electron ener- )
gies. All the diagnosis procedures were done before the scaively. From deflection measurementis=17 mm was ob-
tering experiment was performed_ During the Scatterin§a|ned. Thus, the fraction of the eXC|ted states was about 25%
experiment an additional primary electron beam collector agccording to Eq(8). The calculated value dfis actually an
a damping absorber was used to achieve maximum absorpverage result. First, the atom beam possesses a velocity dis-
tion of the primary electrons so that the background scattertribution V(V). Second, since the center of the scattering
ing signals from the surrounding surface can be minimizedvolume is in the middle of, in a first-order approximation
When the sodium atom beam was present the elastic eleé-in the scattering volume is taken to be the same as the
tron scattering signal was about 2—4 Hz. The correspondingveragef along the interaction path Of course, the lifetime
estimated sodium atom density was abowt 1° cm™2. 7o has only its statistical meaning and the spontaneous emis-
The experiment was performed with this relatively low Ssion will result in a random walk broadening of the atom
atomic beam density because its good collimation was crubeam profile. After considering all these effects as well as
cial since the population of excited state sodium atoms havéhe uncertainties in the measurements, a 10% errdrde-
to be determined from the atom beam profile measurementermination was estimated. The measured relative excited-
Since the background noise was almost a constant, by chogtate populatiorf was found to be the same for both polar-
ping the atom beam the noise can be reduced to the limit oged states. Detailed discussion about power broadening,
the counting fluctuations. Thus, by increasing the data takingptical pumping, and frequency detuning effects can be
time as long as the experimental conditions were stable, th#®und in our previous work20-23.
statistical error can be reduced to a level comparable to other The primary electron beam intensity and the atom beam
uncertainties in the experiment. flux are always monitored during the data taking period. The
For initial atom state preparation a traveling-wave laseifluctuations were kept below 1% and 3%, respectively. By
field [19] was arranged in which the laser light passeschopping the sodium atom beam, the electron scattering sig-
through the interaction region in one direction. The excited-hal from the ground-state sodium atom was measured using
state relative population was determined by measuring théach analyzer alternatively. Thus, the relative efficiency of
deflected atomic beam profile due to resonant photon absorjhe two analyzers was determined. The chopping frequency
tion (see Fig. 6. The fractionf of the excited-state atoms in has been changed from 1 to 0.01 Hz to check the consistency
the interaction region is equivalent to the fraction of time anof the signal at different chopping frequencies. By chopping
atom spends in the excited state while it is exposed to théhe laser light as well as the atom beésee Fig. 7, electron
laser field. For convenience, we recall its relatjd8,19 to  scattering signals from excited-state sodium atoms at both
the deflection displacemedtof the atom beam profile azimuthal angles were measured. The ground-state scattering
signal (N) taken with laser-off and scattering signal from the
_ MV2\ 7od mixture of ground- and excited-state atonhs~) taken with
~ hLl ®) laser on were measured, where the sign refers to
M = *1. The measurement was repeated at each energy on
whereM is the mass of sodium atonv,=1200 m/s is the different days at least three times. The final results are pre-
mean velocity of the atom beam=5890 A is photon wave- sented as an average of all the measurements for each elec-
length, 7=1.6x10"8 s is the lifetime of the ® excited tron incident energy. For convenience, the typical experi-
state,h is the Planck constant,=3.35 m is the distance mental parameters are summarized in Table IV.
between interaction region and the atom beam detector In this experiment only relative measurements were re-
plane, and =15.2 mm is the laser radiation length, respec-quired. Thus, all the parameters, such as atom density, elec-
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FIG. 7. Data taking scheme with indicated relative chopping

duration.
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TABLE V. Uncertainties of measured quantities.

Measured quantities Uncertainties

Atom beam fluctuation 3%
Vacuum pressure <1%
Electron current measurement <1%
Degree of atomic polarizatiop 3%

Atom scattering signal 5%
Determination off 10%

20%—-30%
+0.05=0.15

o3p Measurements
Azimuthal asymmetnA

double check this asymmetry by comparing signals at
(0,6=0°) and (#,»=180°) for a choseM state, and by
comparing signals foM =+1 and M, =—1 states at a
chosen angle 4, #). Both types of observation were em-
ployed in the present experiment with consistent results ob-
tained. The final asymmetry results are the average value of

tron current, scattering volume, solid angle, and detectio#@t@ taken at the two azimuthal angles. In these measure-

efficiency can be expressed by only one coefficigrib link
the signal counting rate to the differential cross secton
The scattering intensitie andN= can be expressed as

N= 703s,
N*==y[(1—f)oast fospl,

where o3¢ is the sodium $ ground-state scattering cross
section andosp is the sodium ® excited-state scattering
cross sections for different polarized states.

9

(10

ments the polarization of laser light was changed at the fixed
azimuthal angle. An advantage of this approach is that cali-
bration of » between the two analyzers is not needed. The
measurements taken with fixed laser light at different azi-
muthal angles were only used as a test of consistency. With
this experimental approach, calibration §fwould be re-
quired to obtain the final results, which would introduce an
additional uncertainty.

The main uncertainties of the present experiment come
from the counting statistical errors due to large background
noise, the relative excited-state populatibmeasurement,

From reflection symmetry considerations, the scatteringnd the degree of atomic polarizatiprdetermination. These

intensity at @,¢=0°) for M_ =+ 1 is equal to the intensity
at (0,¢=180°) for M_=—1. One can experimentally

TABLE IV. Experimental parameters.

Parameters Values
Electron current 0.3-%A
Electron beam diameter 0.10 cm
Oven source temperature 830 K
Nozzle temperature 900 K
Sodium beam average velocity 1200 m/s
Nozzle orifice diameter 0.040 cm
Sodium beam diameter 0.15 cm
Sodium densityN ;o 2x108 cm™3
Vacuum in interaction chamber 2108 torr
Residue magnetic field <20 mG
Laser power intensity 100 mwi/ch
Degree of circular polarizatiop >97%
Laser interaction length 1.52 cm
Photon recoil atom deflectioth 1.7 cm
Related excited state populatién 25%
Angular uncertainty 4 +3°
Scattering volume 1 mf
Background noise 20-100 Hz
Ground state scattering signs! 2-4 Hz
Scattering signal with laser a4 2-5Hz

uncertainties, summarized in Table V, all are at the 1
(68%) confidence level. The final counting uncertainty can
reach the level of 0.1 Hz if the repeated measurements at
different data taking sessions were averaged, and total data
acquisition time for each signal was over 2500 s during one
session. The atom scattering sigf2+4 H2z was measured
with only a 5% statistical uncertainty. It almost reaches the
limitation of the atom beam fluctuation, which was 3%. The
stability of the vacuum pressure in the interaction chamber
and the steadiness of the electron current determined the re-
liability of the measurements done by the chopping method.
Any visible long-term variations, longer than the chopping
period, had to be corrected for. Since only one-fourth of the
atoms are in their excited states, which contribute to the
excited-state scattering signals, the statistical uncertainties in
the o5 determinations were enlarged almost four tinies

to about 20% comparing witho ;g determinations. Consid-
ering the uncertainties if determination(10%) and polar-
ization degregp measurement3%), the uncertainty ofr;p
determination were even larg€20%—30%.

Ill. THEORETICAL DESCRIPTION

In order to fully understand the collisional dynamics, a
number of methods have been developed to describe the
electron-atom scattering process, which is basically a many-
body problem. In the low incident electron energy range
where the present experiment has been performed, the proper
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theoretical calculation employs the close-coupling approxi- For unpolarized electrons the scattering is a mixture of
mation. Motivated by this experiment, numerical data havesinglet (s) and triplet ¢) spin state, thus the spin-average
been calculated employing a ten-state close-couplg) differential cross section is
approximatior] 24] based on afR-matrix method at incident . < 3 .
electron energies up to 3 eVY25], and employing a o(0)=30(0)>+70(0)" (16)
convergent-close-couplingCCC) approximation[26] in the . . .
energy range from 1-10 eV. All these calculations yield theInsertlng Upfer’,def'ned by.Eq's(14) af‘d(“’) Into Eg;(lz),
scattering amplitudes or the reduc&ematrix elements and one can obtalr! the elastic differential Cross sectigp for
all the experimentally observable quantities can be related f==*1 polgnzed states. Than, the azimuthal asymmetry
them. For example, the measured scattering intensity for & €an be defined as
specific transition — | can be expressed as + _ =
O3p~ O3p
=—F —. (17)
_ do LS ) o3ptogp

ji

From a theoretical point of view, this asymmetry can be
where 7 includes experimental parameterto/d()|;._; is simply related 26] to one of the reduced Stokes parameters
the differential cross section for the-j channelk; andk; as

are the scattered electron initial and final wave number. A= _p (19)
fi(0,¢) is the scattering amplitude. In general, the initial 8

and final states are selected only with some probability. The-ne grientation parametér, defined as the angular momen-
measured intensity corresponds to tum transfer to an initially unpolarized atom target a final
unpolarized atom for a proper time-reversal progéssften

K; ; L ;
1(0,¢)= 7]_1 N; Tr( o'detFo'prer.FT)v (12 used to describe the collision process. This parameter can be
ki also related toA [26] as
whereogeis anN; X N; matrix describing the analysis of the L, =A(1-pho), (19

final state,oepis anN; X N; matrix describing the prepara-

tion of the initial state, anér is anN; X N; scattering matrix \yherepl, is the natural frame density matrix element for the
W_hose elementgj|F|i)=f;; are the standard s_cattgr_lr_lg am- \, =0—M,=0 transition. Unlike in the 3P+ 32S transi-
plitudes.N; andN; are the number of any possible initial and i where pl. vanishes due to the symmetry restriction,

ﬁn{#]?Laetesr,erseeiﬁeecf\/:rli);ﬁent the initial atomic state was rep80 is nonzero in the P3P collision process. Thus,
Pr perin . ; P L, is no longer equal to- P5. In order to determing.
pared by circularly polarized laser light and all possible final

magnetic substates were detected with equal efficiencies, S%(per!mentally one has to detgrmlpgo mdependeqtly. The
experimental arrangement with circularly polarized laser

Oder= Nj_ll, (13)  light used in the present work to determiAecan also be
used to determingg, if linearly polarized laser light is used
wherel is the unit matrix. to prepare the initial atomic state. In order to obtafg from

~As mentioned in the previous section, by optical pumpingsuch experiment, it would be necessary to normalize the
with o™ light (or o~ light), one can produce excited sodium scattering intensities that correspond to the initial atomic

in its pure 3?P4,,F=3,Mg=3 (or M= —3) state in the states prepared with differently polarized laser light.
natural frame[2]. The atom is also in its initial pure

L=1,M =1 (OI’ M =- 1) magnetic substate. The prepara- IV. RESULTS AND DISCUSSION
tion density matrix in the natural frame has a simple form for
o™ light, We obtained scattering intensitids N*, andN~ at a
fixed polar angle#=135° in order to examine the asymme-
0 0 try due to orbital effect in the elastic differential cross sec-
ot = 0 0 (14) tions between the two sodium polarized excited states
prep ' 3P,M_=+1 and P,M = —1. These scattering intensities,
00 measured at incident energies 1-10 eV and presented in

Table VI, are related to the relative DCS’s of ground and

and foro™ light, excited states according to Eq9) and (10). A fraction of

0 0 excited sodium atomf has been measured as well. Combin-
- ing Egs.(9), (10), and(17) one can derive azimuthal asym-
Oprep— 0 0 0f. (19 metry with respect to measured quantitesN™*, N~ , and
0 1 f as
Usually the scattering amplitudes are calculated in the A N*—N~ 20

collision frame[2]. Transformation from the collision frame
to natural frame can be performga7] by standard rotation
matrix D (a,B8,y) with the Euler angles being The asymmetry results obtained according to Ef) are

—ml2,— /2,0, respectively. presented also in Table VI as a function of electron energy.

TNTEN —2(1—-H)N°
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TABLE VI. Measured scattering intensities of the ground state

(N) and mixture of ground and excited state witi (N*) or o~ 21
(N7) laser light, and obtained azimuthal asymmetA) @nd dif- 10
ferential cross sections of M, =+1 (o3p) and P,M =— a0
(03p) as a function of incident electron energy. Data are taken at &
polar scattering angle of 135 °. Cross sections are in the units of OE 10°
1072° m¥sr. s
Eo(eV) N(Hz) N"(Hz2 N (H) A o4 o3 +§10j
1.0 2.85 4.15 3.25 0.29 13.0 7.2 5
2.0 3.1 5.2 3.75 0.34 49 2.4 )
3.0 2.7 4.1 3.25 0.26 1.0 0.60 0 2 4 6 8
40 345  4.05 35 023 048 030 Electron energy (V)
5.0 3.55 3.85 35 0.17 029 0.21
6.0 3.6 3.8 3.55 0.13 0.22 0.17 R
7.0 2.7 2.9 2.7 0.13 0.14 0.10 .
80 225 215 205 012 0071 0.063 °
9.0 2.45 2.35 2.25 0.11 0.067 0.052 0
10.0 2.1 2.0 1.95 0.06 0.049 0.044 NE 2
10°
&
= s
These data are plotted in Fig. 8 together with calculated re- 3 .
sults [25,26. The indicated error bars correspond to 1 ’6“104
(68%) confidence level. Calculated results are in good agree- s
ment with the experiment. However, the measured asymme- ,
try is generally less significant. The CC calculated results 0 2 4 6 8 10
show a pronounced structure in the energy region 1-2.5 eV Electron energy (eV)

where the thresholds for theS4 3D, and 55 channels are
located. Due to limited energy resolution of the experiment, FIG. 9. Differential cross sections at polar scattering angle
these structures cannot be tested. The CCC calculated resulfsp° for elastic scattering of unpolarized electrons by laser excited,

[26], presented with discrete points, show the maximum apolarized P,M = +1 (a) and 3,M_ = —1 (b) sodium states. Ex-
periment:@, present data with indicated error bars and the energy

uncertainty of+=0.15 eV. Calculation: full line, convergent close

coupling[26].

05t higher energy than the experimental data. Also, an oscilla-
tion in calculated asymmetry around 8 eV has not been ob-
served in the present data. Most likely, this oscillation is a

%0-4’ Ca ] shortcoming of the calculation due to difficulties with the
& ) convergence at the large scattering angée® Fig. 6 in Ref.

€ o3l .Zﬁ.. | [26]).

§ ' \ Using the same measured quantities, the ratio of the elas-
& tic scattering DCS’s between theP3polarized states and

E 0.2 1 3S ground state can be obtained from E(.and(10) as

= i

g ‘ ® :."x E 0'3tp N*

N ol TS = .

< 3"-,. [} J3s ( N 1) /f+1 (21)

0.0 1 The absolute DCS'’s of the sodiumP3excited polarized
states were obtained by calibration with respect to the
ground-state DCS according to E@1), while the ground-

017 1 state DCS is normalized to CCC calculated re§@é. DCS

of 3P,M =+1 and ,M = —1 are listed as well in Table

VI as o3p and o3p, respectively. Comparison between

present and CCC calculated results is shown in Fig. 9. Gen-
FIG. 8. Azimuthal asymmetry at polar scattering angle 135° forerally, the agreement is reasonably good except at 6 and 7 eV

elastic scattering of unpolarized electrons by laser excited, polatvhere the discrepancies can be as large as a factor of 2.

ized 3P,M_ = +1 sodium states. Experimer@, present data with To the best of our knowledge, the results of the azimuthal

indicated error bars and the energy uncertainty-@f.15 eV. Cal- asymmetry shown in Fig. 9 are the first observation of the

culations: full line, close couplinf25]; A, connected with dashed orbital effects in the elastic electron collision due Nb_

line, convergent close coupliri@6]. atomic state perpendicular to the scattering plane. The mag-

0 2 4 6 s 10
Electron energy (eV)
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nitudes of the measured asymmetry are found to be moreell as theM -dependent DCS measurements, give the next
pronounced at incident electron energies below 5 eV, aplevel of detailed, and therefore more stringent test of ap-
proaching zero at higher incident energies. Data show thagiroximation used for calculation.
the asymmetry could be larger than a factor of 0.3 with a
confidence level of 90% at the incident electron energies
between 1 and 5 eV. The magnitude of this asymmetry,
caused by a pure Coulomb interaction, indicates how strong This work is supported by the Physics Department of Old
is the dynamical effect caused by the valence electron orbitdDominion University, and partially by U.S. National Science
motion in the atom. Foundation, Grant No. PHY-9007571. We thank B. Beder-
Data presented in this paper examine the relative roleson for valuable discussions, B. L. Whitten and W. K. Trall
played by the valence electron and the core of the targdbr sending us results prior to publication, and |. Bray for
atom in the collision process. The azimuthal asymmetry, asending us numerical results of his calculations.
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