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Differential (in angle) electron scattering experiments on laser-excited '*Ba !P were carried out at
30- and 100-eV impact energies. The laser light was linearly polarized and located in the scattering
plane. The superelastic scattering signal was measured as a function of polarization direction of the
laser light with respect to the scattering plane. It was found at low electron scattering angles that
the superelastic scattering signal was asymmetric to reflection of the polarization vector with respect
to the scattering plane. This is in contradiction with theoretical predictions. An attempt was made
to pinpoint the reason for this observation, and a detailed investigation of the influence of experi-
mental conditions on the superelastic scattering was undertaken. No explanation for the asymmetry

has as yet been found.

I. INTRODUCTION

In recent years, a number of coherence studies of
electron-atom collision processes have been carried out.
Most of these measurements have used electron-photon
coincidence techniques.! However, the same, and in some
cases more, information can be obtained by studying su-
perelastic electron scattering by laser-excited atoms.? This
latter approach has been applied to Na by Hertel and
Stoll? and to Ba by us.> These studies go beyond conven-
tional electron collision cross-section measurements and
yield detailed information about the properties (orientation
and alignment parameters) of the excited atomic state
prepgred by the inverse (inelastic) electron impact pro-
cess.”

A general theory for the interpretation of superelastic
electron scattering by laser-excited atoms was developed
by Macek and Hertel* based on the formalism of Fano and
Macek.’> A description of this theory, its extension to
heavy elements, and its apglication to the present observa-
tions is given elsewhere.” In the case of superelastic
scattering by Na (Ref. 7) (and also until recently in all
electron-photon coincidence measurements), the Percival-
Seaton hypothesis® of decoupling of spin and angular mo-
menta during the collision was assumed. Recently it has
been pointed out by Blum et al.’ and Paixdo et al.!° that
electron spin-orbit coupling has to be considered in general
and the J,M; coupling scheme has to be used to describe
the target atom in its interaction with the continuum elec-
tron. This spin-orbit coupling causes the loss of reflection
symmetry of the M;=1 and M;= —1 scattering ampli-
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tudes with respect to the scattering plane [in the case of a
(J =0)—(J =1) excitation] and requires the introduction
of two new source parameters, (¢,A) in addition to the
three parameters (o,A,X) conventionally used in the LS
coupling scheme. (In the latter case € and A are zero).
Nuclear-spin decoupling seems to be justified in electron
scattering experiments.

In our studies concerning superelastic electron scatter-
ing by laser-excited !**Ba 6s 6p 'P atoms, a linearly polar-
ized laser beam, located in the scattering plane was utilized
and the superelastic scattering intensity (I’) was measured
as a function of laser beam polarization angle (¥) with
respect to the scattering plane at fixed impact energies
(E,), electron scattering angles (6,), and laser beam direc-
tions (6,).%> No spin selection was made in the incoming
and scattered electrons. These measurements clearly indi-
cate that Ba has to be described in the J,M; coupling
scheme. The experiments also showed a high degree of
coherence between the M;=1 and M;=—1 scattering
amplitudes and a much lower degree of coherence was ob-
served for the M;=0 and M;==1 amplitudes.’® It
should be noted that in the previous evaluation of the ex-
perimental data,® the low-angle asymmetry was not con-
sidered.

The Ba experiments also indicated that the reflection
symmetry of the superelastic scattering intensity with
respect to the scattering plane is lost at low scattering an-
gles. The subject of the present paper is to describe in
some detail the experimental arrangements and pro-
cedures, the results, and the investigations aimed at find-
ing the possible cause of the observed asymmetry. Due to
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the unexpected nature of this observation, the experiments
are described in greater detail than normal. In a planned
subsequent paper,® we will derive the analytical expres-
sions necessary for the interpretation of the superelastic
scattering results and discuss the present data in terms of
this theory.

II. APPARATUS, TECHNIQUES, AND SCATTERING
GEOMETRY

The electron impact spectrometer used in the present
study has been described in some detail elsewhere.® The
electron gun consisted of two cylindrical electrostatic lens
systems (one for producing the low-energy collimated
beam for the energy selector and one for focusing the ener-
gy selected beam with the required impact energy, into the
scattering region) and two tandem hemispherical energy
selectors. Typical beam current at the scattering center
was about 20 nA with about 0.080 eV energy width [full
width at half maximum (FWHM)] and 0.13 cm diameter
(with about +1° divergence). In the present experiments
the electron impact energy was either 30 or 100 eV. The
electron detector also consisted of two lens trains and two
tandem hemispherical energy analyzers operated at about
0.080-¢V resolution. The detector could be rotated around
the scattering center to various fixed scattering angles on
either side of the incoming electron beam. The electrons
passing through the energy analyzer, which was set to
transmit electrons with a specific energy (Eq+2.25 eV in
the present study), were detected by an electron multiplier
and counted using standard pulse counting and multichan-
nel scaling (MCS) techniques.

The barium beam was generated by heating a tantalum
crucible containing the naturally occurring isotopic mix-
ture (71.7% '*Ba, 11.3% '*'Ba, 7.8% '*°Ba, 6.6% '*Ba,
2.4% '*Ba, 0.1% '*’Ba, and 0.1% '*’Ba). The metal va-
por effused from the crucible through a 0.5-cm-long 0.1-
cm-diam tube and was further collimated by a 0.1-cm-
diam aperture (in some cases with 6:1 but mostly with
30:1 collimation) to reduce the transverse Doppler width.
The heater was a double strand resistor wire (to cancel the
magnetic field generated by the current) which was sur-
rounded by a grounded shield. It was wound directly on
the crucible. Two layers of tungsten heat shield and a
copper jacket surrounded the crucible. The Ba beam was
placed on the rotation axis of the detector and it was per-
pendicular to the scattering plane. The beam density in
the scattering region was typically 10'2 cm™3 for the low
collimation and about 10'°—10'! cm~2 for the high col-
limation case. The beam diameter in the scattering region
was 1 mm in the latter case.

The laser system used for preparing the excited barium
atoms consisted of an argon-ion laser and a tunable cw
single-mode dye laser (Coherent Inc. Model 599-21 with
Rhodamine 560 dye). Typical power level in the present
experiments was about 5 mW with a few MHz width.
The laser beam (diameter about 0.1 cm at the output
coupler with a divergence 1.5 mrad) was located in the
scattering plane at an angle 6, with respect to the incom-
ing electron beam. The laser beam diameter at the scatter-
ing center was about 0.3 cm. The output of the laser was
linearly polarized with polarization direction perpendicu-

lar to the scattering plane. This light beam was sent
through a half-wave plate which was needed to control the
angle of linear polarization with respect to the scattering
plane (). At zero electron scattering angle, the scattering
plane is not defined. The incident electron beam and the
laser beam, however, define a plane to which the laser po-
larization vector can be related. The laser beam then en-
tered the vacuum chamber through an antireflection coat-
ed quartz window and after crossing the scattering region
exited from the chamber through a similar window. The
laser was tuned to excite only the 6s6p 'P, state of the
138Ba (I =0) isotope. (See Fig. 1 for the energy-level dia-
gram.) The notation of Ref. 11 is used here. .

The optical pumping of the Ba resonance line at 5535 A
is somewhat complicated by the presence of a non-
negligible branching ratio to the lower lying 'D level. This
branching ratio has been given'? as 24:1 but recent mea-
surements indicate that a 700:1 ratio is more likely.!* Be-
cause of this uncertainty the dependence of the !P popula-
tion as a function of branching ratio has been investigated
in some detail. A plot of 'S, 'P, and 'D population frac-
tions versus branching ratio for typical experimental con-
ditions (2 usec pumping time, 5 mW laser power) is shown
in Fig. 2. Based on this analysis and the observation that
only weak electron scattering from the !D state has been
observed in the present work, the 700:1 branching ratio
seems to be the more accurate. Using this value, detailed
calculations of population versus pumping time and laser
power have been carried out. The effect of higher laser
power is to drive the 1S and P populations to nearly equal
values, whereas the pumping time allows more access to
the D level. Figure 3 demonstrates the population evolu-
tion versus pumping time for the conditions typical of this
work. From this analysis it is estimated that approximate-
ly 30% of the beam is the !P excited state.
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FIG. 1. Energy-level diagram for Ba. On the left side the
electronic states of Ba are indicated up to 2.5 eV. On the right
the hyperfine structure of the 6s 6p 'P state is shown with an ex-
panded scale.
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FIG. 2. Population fraction of the 6s2!S, 6s6p 'P, and
6s 5d 'D states as a function of branching ratio for an illumina-
tion time of 2 pusec and pumping power of 5 mW
(5x10~12 ergscm~! Hz™)).

A schematic diagram of the scattering geometry is
shown in Fig. 4. An enlarged diagram of the scattering
region (made to proper scale) is shown in Fig. 5. For the
present investigations the laser was always located in the
scattering plane at either the 8, =45° or 90° position. The
scattering volume was defined by the intersection of the
Ba beam, the laser beam, and the electron beam. It was
about 0.1 cm in all three dimensions. The electron beam
was adjusted to maximize the superelastic signal. Note
that in the present investigation the Ba beam, the laser
beam, and the electron beam were stationary and only the
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FIG. 3. Same as Fig. 2 except as a function of illumination
time at fixed 700:1 branching ratio and 5 mW pumping power.
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FIG. 4. Schematic representation of the scattering geometry.
The Ba beam is perpendicular to the scattering plane. Laser
beam is in the scattering plane at an angle 6, with respect to the
incoming electron beam. Scattering to the left is associated with
positive and to the right with negative scattering angles. Polari-
zation of the light is rotated clockwise from the Ba target point
of view and in the present experiments we start our measure-
ments always at ¢=90".

detector was moved. The detector view cone diameter at
the scattering center was 0.37 cm (half angle 3.4°). The
solid angle of signal collection was 3X10~* sr for a
scattering point located at the scattering center and de-
creased to 3X 107 sr for the extreme edges of the scatter-
ing volume. The combination of the electron detector and
source cones yielded an angular resolution of about *1°.

The superelastic scattering intensity IS was measured as
a function of ¥ at fixed scattering angles ranging from
—15° to +15°. A switch on the half-wave—plate rotator
initiated a 256-channel sweep in the MCS. A sweep corre-
sponded to a rotation of the half-wave plate by 315° (a ¢
rotation of 630°). The MCS then halted until the half-
wave plate completed the 360° rotation and the switch ini-
tiated the next scan. This was repeated about 20 times at
near-zero scattering angles and about 100 times for the 10°
to 15° range.

III. RESULTS

Typical oscillatory curves representing the superelastic
signal as a function of ¢ for 100-eV impact energy and for
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FIG. 5. Diagram showing the scattering region (drawn to
proper scale). Intersection of the Ba, laser, and electron beams

and the view cone are shown. Collimating apertures for the Ba
beam and view cone are indicated.
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several scattering angles with the laser located at 6,=45°
and 90° are shown in Figs. 6 and 7, respectively. The key
points concerning these figures are (a) the oscillatory
curves shift with scattering angle (b) at zero degree
scattering angle the signal is maximum for ¥=90° (Hertel
and Stoll? found a minimum superelastic signal at 1y=90°
for Na) and (c) the signal at and very near 6, =0° and at
0, >5° is symmetric in the sense that IS(y)=I5—1).
However, at scattering angles between about 1° and 5° this
symmetry is not found. A systematic study of this sym-
metry question was undertaken at 30- and 100-eV impact
energies and at laser angles of 45° and 90° and the results
are summarized in Figs. 8—10.

A theoretical expression for the superelastic intensity®?>
which considers electron spin-orbit coupling in the Ba
atom® !0 for the present experimental arrangement can be
given as

IS(Y)g,,6,0,=A +B cos2y . (1)

This equation is based on and reflects the natural assump-
tion of reflection symmetry of the scattering intensity with
respect to the scattering plane:

IS)=I%(—y) (2)

and is based on our knowledge that the interactions and
the experimental conditions are symmetric with respect to
reflection at the scattering plane. 4 and B are constants in
the present consideration (they contain the source parame-
ters) and depend on E,6,, and 6,.

The observed asymmetry or equivalently the shift of the
phase of I°(y) with scattering angle requires a modifica-
tion of Eq. (1). The simplest empirical modification
which describes the observation is

SUPERELASTIC INTENSITY (arb. units)
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FIG. 6. Superelastic scattering intensities as a function of
laser light linear polarization angle (3) and channel number of
the multichannel scalar (ch. No.) at E,=100 eV and 6, ranging
from —2°to +2°. Laser position corresponded to 8,=45°. Ex-
perimental points and a fit to them are indicated. Background
signal is shown on the right side for each scattering angle.
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FIG. 7. Typical superelastic intensity curves for *Ba (!P,)

obtained at 90° laser position, 100-eV electron impact energy,

and +5° to —6° scattering angles as indicated as a function of

laser polarization angle ¥. Equivalent channel numbers are also
indicated.

IS(Y)g, 6, 6,=A +B cos{2[¢p+a(6,)]} 3)
or equivalently
IS(Y)g, 0,,0,=A +B'cos2y+B"'sin24 . 4)

Although Egs. (3) and (4) were obtained empirically, iden-
tical equations are derived from theory if the reflection
symmetry of the state created by the inverse collision pro-
cess with respect to the scattering plane is not assumed.®
Figures 8—10 show that the a(6,) function appears to
be symmetric with respect to 8, =0° for 8,=90° cases and
antisymmetric for 6,=45° cases independently of impact
energy. The rate of change of a with 6, is, however, ener-
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FIG. 8. Summary of shifts at Eq=100 eV, 6,=90".
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FIG. 9. Summary of shifts at E,=100 eV, 6,=45°. Figure
includes data points with and without externally applied magnet-
ic field. Symbols A and B represent data points obtained with a
15-mG magnetic field at the scattering region in the + and —
direction of a coordinate line which is perpendicular to the elec-
tron beam and which is in the scattering plane.

gy dependent and is more pronounced at the higher im-
pact energy. Within the experimental uncertainties, for
both laser positions a(8, =0°)=90° and IS(1)=90") is max-
imum. At around 6,=*10°, a becomes zero and the
asymmetry disappears. It should be noted that in Eq. (4)

B’'=cos2a and B" = —sin2a , (5)
that is

tan2a=—2_ . ®

an2a 7 )

Since the observed asymmetry is unexpected and
surprising, we undertook an extensive study to reconfirm
this observation and to investigate the possible influence
of various experimental conditions and parameters on this
‘asymmetry.

IV. ADDITIONAL INVESTIGATIONS

A. Magnetic field

The presence of a magnetic field in the scattering region
could lead to asymmetry in the scattering signal. In the
present experiments, the magnetic field in the scattering
region was reduced to about 1 mG under normal condi-
tions. This was achieved by double u-metal magnetic
shielding, a pair of Helmholtz coils, and by the use of non-
magnetic materials in the scattering chamber. The pair of
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FIG. 10. Summary of shifts at E,=30 eV, 6,=45° and 90°.

Helmholtz coils was needed to cancel a small magnetic
field (5 mG) which leaks into the scattering chamber
through the pumping ports. In order to ascertain whether
magnetic field effects could play a role in the present ob-
servations, we repeated the experiments with magnetic
fields of about 15 mG applied (by additional Helmholtz
coils) both in the scattering plane and perpendicular to the
scattering plane. These fields are not large enough to sub-
stantially perturb the electron trajectories but are an order
of magnitude larger than the normal residual magnetic
field in the scattering region. As a precautionary measure
the polarity of the Helmholtz coils and of the dc heating
coil on the Ba crucible was reversed for some of the stud-
ies.

The outcome of these investigations (at E,=100 eV,
0,=45°) was negative in the sense that no change in the
behavior of IS(y) and a with respect to 6, was found.
This is demonstrated in Fig. 11.

B. Laser beam alignment

The present experiments were designed and evaluated
with the assumption that the pumping laser beam was in
the scattering plane. Asymmetry may result from locating
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FIG. 11. Behavior of the superelastic scattering signal as a
function of laser linear polarization () at 100-eV electron im-
pact energy and 45° laser angle for zero and +15-mG magnetic
fields at the scattering center. 6, was 2°.

the laser beam out of the scattering plane. From the
mechanical construction of the system we estimated that
the laser beam was aligned with this plane to within
+0.1°. This estimation was also confirmed by optical
alignment checks. A collimated light beam was sent
through the axis of the gun and the detector systems (at
various detector angles). These beams illuminated a 0.1-
cm-diam rod located with one end in the crucible and the
other end protruding through the collimating aperture.
This rod defined the Ba beam axis and the detector rota-
tion axis. The point of illumination defined the scattering
center and it remained stationary at all detector angles.
The laser beam was then aimed at the scattering center
and its inclination with the scattering plane was made
zero.

To examine the possible effects of small deviations from
the assumed laser beam geometry, we have tilted the laser
beam above and below the scattering plane by 0.7° (the
beam still crossing the scattering plane at the scattering
center). For both offset geometries, we found no signifi-
cant change in the behavior of I5(¢) with respect to 6,.

C. Polarization of laser beam

The investigations were carried out with the assumption
that the dye laesr output was linearly polarized. If it were
not, circular or elliptical polarization could cause asym-
metric scattering. The source of elliptical polarization
may be the laser itself or optical components (e.g., half-
wave plate) between the laser and scattering center.
Several measurements were made to see whether elliptical
polarization might influence the observations.

The polarization characteristics of the dye laser were

determined by measuring the laser beam intensity passing
through a Glan-Thompson prism with its polarization
direction parallel (I}|) and perpendicular (I}) to the pri-
mary laser polarization direction (vertical). The beam in-
tensity passing through the prism was measured with a
photodiode. Calibrated neutral density filters were used to
reduce the I|| value to the I, value, and it was found that
99.4% of the total laser beam intensity corresponded to I I
and 0.6% to I,. This indicates that the laser beam is very
nearly linearly polarized. (The major and minor axes for
the polarization ellipse have the ratio 99.4 to 0.6.) This
situation can be further improved by a factor of 10* by
sending the laser beam through a stationary Glan-
Thompson prism with its transmission direction parallel
to the laser light polarization before it reaches the half-
wave plate. This was done in several of our experiments.
It was also found that the light transmitted by the half-
wave plate retained the same ellipticity as the light il-
luminating the half-wave plate. This means that no ellip-
ticity was introduced by the half-wave plate.

In one study, a Glan-Thompson prism was placed be-
tween the half-wave plate and the scattering center and the
I(¥) vs ¥ measurements were repeated at the various
scattering angles. The prism had an extinction ratio of
10~* and its polarization direction was chosen such that
the combined half-wave plate and prism system yielded
maximum transmission. Since the half-wave plate rotates
the linear polarization with twice the angular frequency of
its own rotation, we rotated the Glan-Thompson prism
twice as fast as the half-wave plate. This assured that the
polarization directions for the half-wave plate and the
Glan-Thompson prism remained in phase and at the max-
imum transmittency of these two combined elements.
Since the beam exiting from the Glan-Thompson prism is
slightly offset with respect to the entering beam, the
pumping laser beam described a small circle at the scatter-
ing region (the center of this circle being defined by the
original direction of the laser beam before the prism).
This effect superimposed a small modulation on the nor-
mal oscillation of I3(3) and the consecutive peaks did not
have exactly the same magnitude. This effect, however,
does not influence our conclusions concerning the
behavior of a, and again it was found that the general
behavior of a with respect to 6, remained the same when
the experiments were performed with or without the
Glan-Thompson prism.

In some of our earliest measurements uncertainty was
introduced into our determination of the value of a by the
uncertainty (about +10°) in the pumping light beam polar-
ization at the beginning of the MCS scan (corresponding
to the first channel). A more accurate calibration of v
with respect to the first channel was made subsequently
and the system has been adjusted such that the first chan-
nel signal corresponded to ¥=90°+2° (polarization is vert-
ical). The setup for this calibration is shown in Fig. 12.
The half-wave plate was rotated to cause the rotation of
the linear polarization of the light beam. A linear polariz-
er with its polarization vector horizontal (in the plane of
Fig. 12) was placed between the exit window of the vacu-
um chamber and the photodiode. The half-wave plate was
then rotated and the MCS actuating switch was adjusted
to set channel 1 to correspond to minimum signal in the
photodiode. (The signal was converted to counts for the
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FIG. 12. Experimental arrangement for the characterization
of pumping and fluorescence light beams and for the calibration
of laser polarization in terms of channel number of the MCS.
The symbols have the following meaning: L, laser; M, front sur-
face coated minor; GT, Glan-Thompson prism; %, half-wave
plate and rotator; W, window; VCH, vacuum chamber; GUN,
electron gun; DET, electron detector; P, linear polarizer; PhD,
photodiode; VM, volt meter and amplifier; VFC, voltage to fre-
quency converter. Initial laser polarization was perpendicular to
the scattering plane.

MCS by a voltage to frequency converter.) A typical scan
(signal versus channel number) is shown in Fig. 13. By
this procedure we calibrated ¥ with an accuracy of about
+2° In addition to the uncertainty in ¥, there is an uncer-
tainty in 6, which has to be considered for the uncertainty
of the a(6,) function. This question is further discussed
below in Sec. IVF.

D. Laser beam intensity

Under normal operating conditions the laser beam in-
tensity was about 5 mW (cw single mode). This corre-

POLARIZATION CALIBRATION SIGNAL (arb. units)

Ch. NO.‘l;Niﬂ T b‘if T 134 - - 2617 o o Z;E:
¥ (deg) 90 180 210 360

FIG. 13. Calibration curve for photodiode signal vs channel
number. Zero signal corresponds to ¥=90°. (For experimental

arrangements see Fig. 12.)

sponds to about 1.5X10'® photons/sec or to 5x 102
ergscm™> Hz~!, and produces a power broadening of
about 27 MHz. This broadening when combined with the
natural linewidth and with the Doppler broadening could,
in principle, cause overlap and mixing of the hyperfine
levels and therefore influence the superelastic scattering.
As we shall see below (Sec. IV G) this does not affect our
experiments. To further assure ourselves, we reduce the
laser beam intensity by about a factor of 10 in steps with
the application of neutral density filters, and reinvestigat-
ed the dependence of I5(y) and « at these reduced intensi-
ties. No significant change compared to the normal power
density was found.

E. Barium beam density and collimation

The Ba beam density and collimation affects the radia-
tion trapping (depolarization) and Doppler width, respec-
tively. The asymmetry was first noticed with a beam col-
limation of 6:1. Subsequent experiments were carried out
with a 30:1 collimation which corresponds to a Doppler
broadening of about 36 MHz (FWHM). With this col-
limation the typical beam density in the scattering region
is estimated to be about 10'°—10'" cm~3. The super-
elastic scattering experiments were repeated several times
at lower beam densities by gradually decreasing the heater
current. Judging on the basis of the signal, we estimate
that the beam density was lowered to about 10° cm~—3 for
some of the measurements. In all these experiments, how-
ever, the same asymmetry was found, indicating that radi-
ation trapping or Doppler broadening plays no role in this
asymmetry. Another check on the influence of beam den-
sity concerns the change of maximum to minimum su-
perelastic scattering density ratio in the I(y) modulation
with ¥ When we increased the beam density to about
103 cm~—3 the modulation disappeared due to radiation
trapping (and consequent depolarization). As we lowered
the beam density the modulation depth increased and then
leveled at around I,,,/I,;,=0.9 in the case of E;=100
eV, 0,=56,=45".

F. Angular and energy resolution
and scale calibration

The angular resolution selected in the present measure-
ment was dictated by a compromise between high signal
level and high angular resolution requirements. Some
measurements were carried out with +2° but most of them
with +1° angular resolution in the electron detector. Be-
cause the phase, a, which is associated with the asym-
metry of the superelastic signal, changes very rapidly with
scattering angle at low 6, values, one would desire very
good angular resolution. This can only be achieved with
sacrifice in signal intensity. We compromised on +1°.

The question of angular calibration and of associated
angular error is crucial for the present experiments be-
cause of the rapid variation of o with 6,. During several
years of experience we found that mechanical and optical
alignment of the gun and detector is not sufficient in
determining the true zero scattering angle. The electron
beam, due to surface and various field effects, may not
follow the exact mechanical axis. It is more reliable to
determine the actual zerc scattering angle (and therefore
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the angular scale) by measuring the symmetry of an inelas-
tic, strongly forward-peaking scattering signal around the
nominal zero degree point. Usually there is some problem
with this signal at zero angle due to interference from the
direct beam which, however, disappears in our case at
about +0.5°. The accuracy to which the true zero angle
can be determined by this procedure is +1°. This uncer-
tainty of 1° results in an uncertainty in the a(6,) function
(including the +2° uncertainty in measuring v itself) of
about 15°.

The finite size of the detector view cone (in combination
with the electron beam divergence) generates an uncertain-
ty in the scattering angle and in the definition of the
scattering plane. In any real experiment there is not a
unique scattering plane but a distribution of scattering
planes. In the present experiments the tilt angle of these
planes with respect to the laser beam is of some concern as
discussed in Sec. IVB above. More important, however,
is, that the definition of the scattering plane is not mean-
ingful at scattering angles smaller than the angular diver-
gence of the incoming and detected electron beam cones.

Energy resolution was not a major concern in the
present measurements (the nearest superelastic feature is
0.6 eV away); however, good collimation of the incoming
electron beam was important. A wide beam divergence
can cause serious background problems at low angles (a
few degrees) where the superelastic signal falls off very
fast with increasing 6,. To form a well-collimated beam,
we utilized a double hemispherical gun but operated it at a
low energy resolution (80 mV). There was no need in the
present experiments to calibrate the electron impact ener-
gy scale. The few tenths of an eV uncertainty has no
consequence for the present work.

G. Fluorescence intensity

The fluorescence signal represents a convenient means
for monitoring the laser pumping process.'* In the present
case a photodiode was mounted in the scattering plane at
90° with respect to the laser beam direction (Fig. 12) to
measure the fluorescence intensity (I/) as a function of the
laser light polarization angle () with respect to the
scattering plane. Figure 14 shows this signal as a function
of ¥ or equivalently as the MCS channel number. The
fluorescence signal corresponded to the expected dipole ra-
diation, given for our case as

ars

dQ
where y=—(7/2), and ¥’ is the polarization direction
for the detector (measured with respect to the vertical
direction), I is the spontaneous decay rate, and C contains
the atomic density, dipole matrix element, energy density
of pumping beam, and atomic constants.!> For a detector
without a polarization preference

(Y)= —I(:;coszy cos?y , (7a)

%(q&) o« cos?y = cos*(p—90°). (7b)
The fluorescence signal was found to be maximum when ¥
was 0° (y=270°) and minimum (residual signal is due to
scattered light) at y=90° (¢y=0°). The unpolarized
fluorescence signal as a function of ¢ (Fig. 14) satisfies the
condition If(¢)=I/(—1v). This study shows that the
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FIG. 14. Unpolarized fluorescence intensity as a function of
pumping light polarization angle (). Photodiode detector was
located at 90° with respect to the laser beam. [At
1=0° and 180°, the polarization vector of the pumping laser
beam (Ep) is in the plane defined by the laser and detector direc-
tions.]

pumping and fluorescence mechanism is as expected and
that the asymmetry is associated with the collision process.

H. The hyperfine spectrum

In order to assess the degree to which isotopes other
than '3¥Ba may contribute to or interfere with the observa-
tions, we swept the dye laser wavelength and generated hy-
perfine spectra in both the fluorescence and the superelas-
tic channels.

Figure 15 shows the fluorescence spectrum. The dom-
inant feature corresponds to radiation by *Ba. There is
definite indication for 137 and 135 isotopes at around 63
and 105 MHz, respectively (with respect to the '*®Ba
feature). The frequency values corresponding to the vari-
ous hyperfine levels were taken from Refs. 16—18. The
FWHM of the !*Ba feature was found to be about 51
MHz. This compares well with the 50-MHz width calcu-
lated from the 19-MHz natural width, the 5-MHz laser
width, and the Doppler and power broadening under our
experimental conditions (36 and 27 MHz, respectively).
The contribution to the fluorescence signal from isotopes
other than 3®Ba when the pumping occurs with a laser
frequency which corresponds to zero on the scale of Fig.
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FIG. 15. Hyperfine spectrum in the fluorescence channel.
Frequency values for the various isotopes and F values are indi-
cated. 6,=90°¢¥=90".
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FIG. 16. Hyperfine spectrum obtained in the superelastic
channel. Frequency values for the various isotopes and F values
are indicated. Eq=100¢eV, 6,=2°, 6,=90°, and ¥=90".

14 is negligible. It should be noted, however, that the laser
polarization was chosen as ¥=90° for this spectrum,
which represents the optimum fluorescence condition for
the even Ba isotopes. (At ¥=0° the fluorescence from the
even Ba isotopes is zero if we neglect the effect of finite
solid angle of detection. Fluorescence due to the odd Ba
isotopes is more complicated to describe and it does not
vanish at any value of ¥.) This spectrum gives us infor-
mation on the laser pumping conditions and is consistent
with our expectations.

The spectrum generated in the superelastic electron
scattering channel is shown in Fig. 16. It is very similar
to the fluorescence spectrum. There is a slight additional
broadening due to the electron energy resolution. In this
spectrum the **Ba linewidth is 61 MHz (FWHM). The
138, signal is by far the dominant feature. Under our
normal experimental conditions, when the pumping occurs
at the frequency corresponding to the peak of the 13884
signal, the contributions to I5(¢) from other than the 138
isotope are completely negligible. Again, it should be not-
ed that the polarization in Fig. 16 was chosen to give max-
imum signal for the 138 peak. The behavior of the su-
perelastic signal associated with the other isotopes is not
known and the situation will be different at other values of
1. On the basis of the level widths and separations and of
the isotopic ratios, we can conclude that contribution to
the '**Ba superelastic signal from other isotopic species
will be small under our experimental conditions at any

value of ¢. Furthermore, even if significant contributions
to IS(3) from odd isotopes did exist at certain values of ¥,
this alone would not explain the observed asymmetry for
the following two reasons: (a) in addition to mixing in odd
parity states it would also be required that these states be
oriented in order to explain the observed asymmetry and
(b) the Percival-Seaton hypothesis of decoupling of the nu-
clear spin in electron scattering should hold very well and
therefore nuclear spin does not enter the scattering in-
teraction except in the statistical sense.

V. SUMMARY AND CONCLUSIONS

Owing to the very systematic nature of the data that has
been accumulated over the past three years, two possible
conclusions must be considered: (1) the results are an ar-
tifact of the experimental conditions, which we cannot
recognize at present, or (2) an effect has been observed
which is inconsistent with our present understanding of
collision physics for heavy atoms.

In the former category, the checks which have been per-
formed are certainly more rigorous than usual for
electron-atom collision experiments. This implies that ei-
ther there is an unknown systematic error which we are
unable to discover, or that the sensitivity of these experi-
ments to even usr misalignments makes this approach
essentially useless. Since a number of electron-photon
coincidence experiments with heavy atoms (e.g., mercury)
have been reported, this possibility should apply with
some validity to those data also. A more probable ex-
planation is that the experimental observation pertains to
an ensemble of atomic species, while the theoretical con-
siderations refer to individual atoms or to an ensemble of
identical species.

If, however, reflection invariance is violated in these ex-
periments then some modifications to our understanding
of fundamental atomic processes for heavy atoms must be
made. At this time we do not support a strong claim to
this and would be willing to accept a less dramatic con-
clusion.
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