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Recent progress in the Electron Physics Group at NIST is discussed. Improvements
have been made on the low-energy diffuse-scattering spin analyzer, reducing instru-
mental asymmetries and boosting the effective Sherman function. A figure of merit
of 2.3 x 10~ has been achieved. Thorium has been used as a target in a8 100 keV
retarding Mott spin analyzer, resulting in an effective Sherman function as high
as 0.49. This increased Sherman function, together with an increased scattering
intensity, results in a factor of 2 increase in the figure of merit. Good agreement
is seen between experiment and theoretical predictions of the Sherman function
for thorium. A hierarchical description of the T-matrix is discussed as a context
for interpreting recent results on spin-polarized electron scattering from optically
pumped sodium. Results are presented for elastic and superelastic scattering at

20 eV incident energy.
1 Introduction

In this paper, I would like to discuss three separate
subjects. Though they may seem somewhat unrelated,
they all pertain to the general theme of our work on
state-selected electron-atom scattering in the Electron
Physics Group at NIST. In the first two sections, I will
present some recent work on the improvement of exper-
imental techniques associated with the measurement of
electron spin. Innovations in the design of a compact
low-energy spin analyzer will be discussed, followed by a
description of some recent work on improving the Sher-
man function of 8 Mott analyzer by using thorium as a
target. In the last section, I will consider some of our
latest state-selected results for 20 eV electron scatter-
ing from sodium, with particular emphasis on how they
contribute to a complete picture of electron-sodium scat-
tering.

2 Improved low energy electron spin de-
tector

The low-energy diffuse-scattering electron spin ana-
lyzer, developed! in the Electron Physics Group.at NIST
in 1986, has led to significant advancements in the ap-
plication of polarized electron studies to a large num-
ber of fields, including electron microscopy? and surface
pbotoemission.® The high detection efficiency of the an-
alyzer (I/Iy ~ 0.01), combined with a spin-analyzing
power (effective Sherman function S.q) of ~ 0.1 leads to
a figure of merit F = §%1/I; of about 1 x 104, This
figure of merit is comparable with that of the best Mott
detectors. The small size of the detector (about 10~3m3)
makes this detector an extremely useful tool for a wide

range of applications. Figure 1a shows a sketch of the
original detector design. The principle of operation is in
essence the same as a conventional Mott detector—the
polarized electron beam to be analyzed is incident upon
a gold target, and backscattered electrons are collected
with two detectors in a plane perpendicular to the com-
ponent of the polarization to be measured. Two sets of
detectors allow measurement of the two transverse com-
ponents of the spin.

The major difference between this detector and a
conventional Mott polarimeter is the ability to operate
at a low energy, i.e., 150 eV, instead of 100 keV. In order
to make low energy operation possible, the surface of the
gold target must be kept clean. This is accomplished
by operating the detector in relatively good vacuum (~
10-% Torr), and periodically evaporating a fresh gold
film on the target. The high detection efficiency of the
detector results from the high backscattering coefficient
at 150 eV, and also from the large solid angles collected
by the channelplate detectors.

Though the original design of the detector operates
quite well, there are two areas in which possibilities for
improvement bave become evident. The improvements
have been incorporated in a new design, which is now in
operation.*

The first improvement has to do with instrumental
asymmetries resulting from the sensitivity of the detector
to angular and positional displacements of the incident
electron beam. This problem can be particularly trou-
blesome when the detector is used in conjunction with
scanning electron microscopy, but is of concern in other
applications as well, especially if the source of polarized
electrons is not spatially stable. The cause of the sensi-
tivity lies in the angular dependence of the cross section
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Figure 1. Low-energy diffuse-scattering electron spin analyzer. (a) Original design! (G1 = shield grid, G2 = retarding grid) (b) New

design.! showing negatively biased electrode (E1).

and the variation of the solid angles subtended by the
two electron detectors as the beam is displaced.

It was found that, by altering the geometry of the
detector and installing suitable optics at the input, in-
strumental asymmetries could be dramatically reduced.
The reduction occurs because the angular dependence
of the cross section and the solid angle variation can be
made to cancel each other.® For example, if a parax-
ial incident beam passes through a simple einze! lens
with focus located between the lens and the target, a
spatial displacement of the incident beam is converted
at the target into a spatial displacement in the oppo-
site direction plus an angular displacement. The spatial
displacement will increase the intensity in the near de-
tector, while reducing it in the far one because of solid
angle effects. The angular displacement, however, will
decrease the intensity in the near detector and increase
it in the far one because the cross section decreases for
angles farther from the backscattered direction. By cor-
rectly choosing the geometry of the detector, these two
effects can be made quite linear over a large range, and
80 compensation involves a rather simple electron optical
design process. In a detector constructed on this prin-
ciple, using a simple einzel lens, we were able to obtain
instrumental asymmetries as low a 0.0035/mm over a
displacement of up to 4 mm.

The second improvement concerns optimization of
the effective Sherman function of the detector. This was
done by careful consideration of the two major influences
on the effective Sherman function, i.e., the range of scat-
tering angles over which the channelplate detectors in-
tegrate, and the range of inelastic electrons allowed to
reach the channelplate detectors.

For 150 eV elastic scattering from an amorphous
gold target, the Sherman function generally decreases
as one goes closer to scattering in the backward direc-
tion. At 180° (full backward direction) it is identically
zero by symmetry. Thus the effective Sherman function
can be optimized by collecting over a selected interval of
backscattering angles, usually not exceeding 150°.

In addition to its angular dependence, the Sherman
function has a dependence on the amount of energy lost
in scattering from the target. Elastically scattered elec-
trons have the largest Sherman function, while inelas-
tics have a smaller and smaller Sherman function as
the energy loss increases. Thus the inclusion of inelasti-
cally scattered electrons in the set of detected electrons,
though desirable for increasing I/, tends to decrease
the effective Sherman function of the detector. The in-
elastic window must therefore be carefully controlled to
balance the increased collection efficiency against the de-
crease in Seq. To accomplish this, the detector is fitted
with a retarding grid to optimize the energy range of the
inelastic electrons collected.

By examining the original design of the detector
(Figure 1a) it is evident that the retarding grid is not
optimally designed for either the scattering angle range
or the inelastic window. A suboptimal angular range is
emphasized, since electrons travelling in the backward
direction pass through the grid, while those travelling
at smaller scattering angles (closer to 90°) are repelled
because their velocity component perpendicular to the
grid is reduced by cos . Also, because of this angular
dependence of the retarding energy, the cut-off energy
for inelastically scattered electrons is a strong function
of scattering angle, making it impossible to choose a sin-




gle inelastic window for all angles.

These difficulties have been remedied in the new de-
sign, shown in Figure 1b, by moving the scattering tar-
get further from the channelplate detectors and adding
a negatively biased electrode around the target region.
With this arrangement, the trajectories of the scattered
electrons from a large range of angles are made per-
pendicular to the retarding grid before passing through
it. Thus, all scattering angles are treated more equally
by the retarding grid, eliminating the emphasis on low-
Sherman-function backscattered electrons, and also pro-
viding the same energy window for all scattering angles.

The results of the implementation of the new design
features are a Sherman function of up to 0.15 and a fig-
ure of merit as high as 2.3 x 10~*. This represents a
significant improvement in the performance of the low
energy diffuse-scattering electron spin detector, and will
increase its utility in a broad range of fields.

3 Use of thorium in a Mott analyzer

As discussed in the preceding section, optimization
of electron spin detectors has been a concern in our group
recently. To this end, some work has also been done
looking for ways to increase the effective Sherman func-
tion of a Mott analyzer. If this can be done without a
corresponding loss in the detection efficiency I/I;, per-
formance of the detector can be dramatically enhanced.
Since the figure of merit of a detector is proportional to
the square of the effective Sherman function, increasing
Sert bas a much larger potential benefit than increasing
the detection efficiency. In addition, a higher S.g is ad-
vantageous independent of the figure of merit, in that
instrumental asymmetries become less significant com-
pared to a larger “real” asymmetry.

Knowing that the physical process underlying the
spin sensitivity of Mott detection is the spin-orbit inter-
action, it is natural to search for a target that has the
largest possible spin-orbit effect when electrons scatter
from it. Since the spin-orbit interaction increases as the
target atomic number Z gets larger, one is led to look
for suitable target materials at the end of the periodic
table. Thorium is a high-Z material (Z = 90) for which
thin target discs are readily available, so we have un-
dertaken a study of the effective Sherman function of a
Mott detector using a thorium target.® The results of our
study are shown in Figure 2. A GaAs polarized electron
source was used as a source of polarized electrons, and
the Mott detector was of a 100 keV cylindrical design
first developed at Rice University.” The effective Sher-
man function was measured for a 0.09 mm thick thorium
target as a function of incident electron energy over the
range 20-100 keV. An energy window of 25 eV was main-
tained with suitable retarding voltages at the detectors.
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Figure 2. Effective Sherman function S.g versus scattering en-
ergy. Crosses represent data of Gray et al®

Similar measurements were done for a 1250 A gold foil

for comparison with previous gold measurements® and
the new thorium results. Also done, but not displayed
here, were measurements of the dependence of Set on
the size of the inelastic window.

The effective Sherman function for the thorium tar-
get was found to be significantly higher than it was for
the gold. At 100 keV, the gold S.g reaches a maximum
magnitude of 0.39, while the thorium S.q is as high as
0.49. At lower energies, the thorium effective Sherman
function is as much as 30% higher. In addition, the scat-
tering intensity for the thorium target was found to be
about 15% greater than for the gold target. The com-
bination of these eflects results in about a factor of 2
increase in the figure of merit when thorium is used as a
target.

Besides improving the effective Sherman function of
the Mott analyzer, we were able to provide some interest-
ing comparisons with theory as well. First, our incident
electron beam polarization was calibrated with a mea-
surement at 100 keV on the gold target. A value of 0.39
is generally accepted as the correct value for the Sher-
man function at this energy.® This value allowed us to
put our gold measurements on an absolute scale, after
which they showed agreement with previous retarding
Mott measurements,® as well as with the recent theory
of Ross and Fink.®

Comparison could then be made with similar cal-
culations by Ross and Fink for thorium, and excellent
agreement was found at 100 keV. The measured value of
the Sherman function was 0.491 & 0.009, and the theo-
retical value was 0.485. Though this does not represent
a fully independent absolute experimental determination
of the Sherman function (a double scattering experiment
is required for this), it does show good internal consis-
tency within the theory.




The above mentioned contributions to the advance-
ment of electron-spin polarimetry will hopefully increase
the prospects for “complete” electron—atom scattering
experiments, in which the polarizations of the incoming
electrons, the atomic target, and the scattered electrons
are all under experimental control in a single experiment.
Given the large body of work in the past year alone on
the improvement of spin polarimetry 461911 the future
for such experiments seems bright.

4 State-selected electron scattering from
sodium at 20 eV

Recently, our ongoing research efforts to study elec-
tron scattering from sodium with spin-polarized elec-
trons and atoms have produced a set of elastic scattering
data at 20 eV, and a set of superelastic data at 17.9 eV
incident energy. These data represent a very extensive
(though not yet “complete”) set of measurements which
yields a broad spectrum of specific information for com-
parison with theory. Before discussing the results them-
selves, I would like to outline some thoughts on how mea-
surements of the type we are involved in connect with
theoretical calculations.

4.1 The T-matrix

Most state-of-the-art ab snitio scattering calculations,
such as close-coupling calculations, have as their most
immediate output a T-matrix. This matrix, which some-
times takes the form of an S-matrix or K-matrix (i.e.
reactance matrix), provides the link between an ab ini-
tio solution of Schrodinger’s equation and the prediction
of observed scattering intensities. Once a T-matrix is
calculated, scattering intensities are arrived at through
complex scattering amplitudes, which are generally ex-
pressed as sums over T-matrix elements with various co-
efficients, such as Clebsch-Gordan coefficients, spherical
harmonics, etc. For example, consider the scattering am-
plitudes for excitation of the different M-sublevels in the
sodium 3s-3p transition:*

fii(6,¢) o Z iL-leL + 1)1/2( —5’&4 ;{ 16 )
Li=L%1

x Y, M(0,6) T35 -3p) (1)

The T-matrix itself is a multidimensional matrix with
various subscripts corresponding to the different chan-
nels in a scattering process. Once the incident energy of
the electron is chosen, which then becomes the energy

*This expression is shown for illustrative purposes only. It may
prove useful in the upcoming discussion, but the reader is referred
to a text on electron scattering’? for a discussion of all the details.

of the system in the solution to Schrédinger’s equation,
all the T-matrix elements corresponding to the various
channels can in principle be calculated.

The elements of the T-matrix can be thought of in a
hierarchical sense in order to facilitate keeping the multi-
dimensional nature of the matrix in mind (see Figure 3).
At the top of the hierarchy are the various energy chan-
nels open to the system. These correspond to transitions
that may occur in the atomic target. There is a group
of elements for each transition energetically allowed, in-
cluding no transition at all (i.e., elastic scattering). For
example, in sodium, we speak of the “3s-3s” channel,
the “3s-3p” channel, the “3p—4s” channel, etc.

The next level of the hierarchy corresponds to the
spin channels accessible to each transition in the scat-
tering system. There may be only one channel at this
level, as would be the case for scattering from a closed
shell target such as helium at low energy where spin-orbit
effects can be ignored, or there may be several. In the
case of low-energy electron scattering from a light one-
electron atom, such as hydrogen or an alkali (considered
“one-electron” to a good approximation), there are two
channels, the singlet and the triplet. These correspond
to the two possible relative orientations of the incident
electron and the target electron. In heavier atoms, where
the spin-orbit interaction becomes significant and L — S
coupling breaks down, there may be more channels. In
fact, in this case the separation between this hierarchy
level and the next one down becomes less clear. For the
present discussion, however, we shall ignore these effects.

The third level of the hierarchy corresponds to a se-
ries of orbital angular momentum channels. If no angular
momentum is transferred between the electron and the
target, this level consists simply of a series of channels
corresponding to the partial waves used to describe the
scattering. Each channel describes how a partial wave
with a particular value of L scatters from the atom. The
set of partial waves is technically infinite, but in practice
is usually truncated at some large value of L.

If, bowever, angular momentum is transferred be-
tween the electron and the target, the angular momen-
tum level of the hierarchy is split into two channels,
corresponding to exactly how the angular momentum
is transferred. For example, in the case where the atom
undergoes an S — P transition, the extra unit of an-
gular momentum can come from the Lth partial wave
by changing it into either an L + 1 or an L — 1 wave,
according to the rules of addition of angular momenta.
There is a partial wave series for each of these ways in
which angular momentum can be transferred.

The T-matrix, then, has energy level channels, spin
channels, and angular momentum channels. In order
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Figure 3. T-matrix hierarchy for electron-sodium scattering.

to generate a simple total scattering intensity, one must
sum over all these channels. Clearly, total scattering
intensities do not provide a very exacting test for theé-
retical predictions. Very real possibilities exist for for-
tuitous cancellations between the various channels, the
result being good agreement between experiment and
theory for the wrong reason. The only way to provide a
good experimental test of a theoretical approach is to ex-
amine all elements of the T-matrix individually, to the
extent that this is possible. This can only be done in
state-selected scattering experiments in which all exper-
imental variables are resolved.

Let us examine what experimental techniques can be
used to probe the different hierarchies of the T-matrix.
The first level, which consists of the atomic energy level
channels, is in part trivial to sort out experimentally.
One needs only an energy analyzer on the experiment,
which is quite commonplace today. This allows measure-
ment of the ground state elastic channel, as well as the
various transition channels connecting the ground state
to the excited states of the atom. The first level of the T-
matrix hierarchy, however, contains many more channels
than these. For a complete measurement at this level,
one must also measure elastic scattering from each of
the excited states, as well as inelastic scattering between
different excited states. Measuring these cross sections
becomes much more difficult, as it usually involves some
sort of laser excitation in combination with the electron
scattering experiment. Very little experimental work has
been done on these other channels,!314 though they rep-
resent a significant portion of the T-matrix.

The spin-channel level of the T-matrix hierarchy has
received a great deal of attention lately. The spin of the
incident electron can be put under experimental control
through the use of a polarized electron source, the spin of

the atomic electron can be manipulated through optical
pumping methods, and the spin of the scattered electron
can be measured with a Mott polarimeter, as discussed
in the first two sections of this paper. A large body of
work has been done on investigations involving the role
played by the electron spin in scattering,!® though few
true “complete” measurements have been done.

The angular momentum channels in the T-matrix
present somewhat of a problem for experiments. In an
ideal world, one would like to be able to measure the
scattering process partial wave by partial wave, examin-
ing the contribution of each individually. This is gener-
ally impossible, though it can be accomplished in a very
limited sense by measuring at very low energies where
only the first partial wave contributes, or by studying
the somewhat analogous process of multiphoton ioniza-
tion, in which selection rules limit the number of partial
waves that can play a role.

By measuring the angular dependence of electron
scattering intensities, however, one can obtain most of
the partial wave information needed. An angle-resolved
intensity is, after all, essentially a “Fourier transform” of
the partial wave series, and a complete measurement over
the entire angular range can be “back-transformed” to
extract the coefficients for each of the individual partial
waves. The coefficients are generally complex, though, so
some information is lost, but the amount of information
obtained is nevertheless quite substantial.

In the situation where angular momentum is trans-
ferred between the electron and the target, the angular
dependence of the intensity still provides information on
the individual partial wave contributions in a “Fourier
transform” sense. Now, however, we also have the differ-
‘ent transfer channels,e.g., L+1and L~1lina AL=1
transition. These can be investigated by means of align-




ment and orientation studies. In this type of study, the
angular momentum state of the atom is either probed
after collision in a coincidence experiment, or prepared
before collision in a superelastic scattering experiment.
The probabilities of exciting the different M-sublevels of
the excited state, along with phase relations between the
corresponding amplitudes, are measured in either case.
In the coincidence measurement, the Stokes parameters
of the fluorescent light are determined; in the supere-
lastic case the atoms are optically pumped with differ-
ent light polarizations. The information obtained from
these studies relates directly back to the different an-
gular momentum transfer channels in the T-matrix, by
way of some Clebsch-Gordan algebra or perhaps some
state-multipole formalism.

It should now be clear what is involved in generat-
ing a complete set of measurements which can verify all
the predictions of an ab initio electron scattering cal-
culation. One needs energy resolution to fix the target
excitation channel, spin resolution to fix the spin state

of the scattering system, angular resolution to deter-*

mine the various partial wave contributions, and align-
ment/orientation information to separate the angular
momentum transfer channels. A complete set of mea-
surements entails measuring all possible elastic and in-
elastic excitation channels, with complete spin and an-
gular momentum resolution. This is certainly a massive
task, which any single laboratory or research group can
only begin to accomplish. Nevertheless, given the large
number of research efforts in this field around the world,
it can be reasonably hoped that the combined results
will represent significant progress toward this goal.

4.2 Experimental results

The foregoing discussion of the T-matrix has hope-
fully provided a reasonable context for our most re-
cent results on electron scattering from optically pumped
sodium with spin-polarized electrons. For this particu-
lar work, we have concentrated on an electron energy of
20 eV, and have measured both elastic scattering from
the ground state and superelastic scattering from the
first excited state (3P). The superelastic results involve
measuring de-excitation of the 3P-state in order to ob-
tain alignment and orientation information about the
time-inverse inelastic 353 P excitation. Thus they were
obtained with an incident energy of 17.9 eV in order to
make the energy of the electrons after scattering equal to
20 eV (the excitation energy of the 3 P-state is 2.1 eV).

Figure 4 shows the elastic scattering results, ex-
pressed in terms of a spin asymmetry as a function of
scattering angle. This quantity, which highlights the spin
dependence in the scattering and hence in the T-matrix,
is determined by measuring intensities with incident and
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Figure 4. Spin asymmetry for elastic dectron scattering from
Na at 20 eV. Cirdles, experiment; solid line, theory of Oga 16

atomic spin either paralle]l or antiparallel to each other.
The asymmetry is given by

L;~1
A= p-1p-i \f} 1t , 9
e A ]11 +ITT ( )

where P, and P4 are the electron and atom beam polar-
izations, and I1; and I1; are the antiparallel and paral-
lel intensities, respectively. Calculated in this way, the
asymmetry is equivalent to a normalized difference be-
tween the singlet and triplet scattering cross sections. It
can range from a value of —1/3 when the triplet chan-
nel dominates, to a value of 4+1 when singlet dominates.
The experimental results in Figure 4 show that at this
energy, the scattering is largely triplet over most of the
angular range, with a slight singlet dominance at large
and small angles.

Also shown in Figure 4 is the spin asymmetry from
a 4-state close-coupling calculation of Oza.!® The agree-
ment between experiment and theory is quite good at
large angles, beyond about 60°, but significant differ-
ences appear at smaller angles. Below 30°, the theory
still predicts a larger triplet cross section, while the ex-
periment indicates that singlet has taken over.

Combined with an absolute determination of the
differential cross section for elastic scattering from the
sodium ground state, our results provide a nearly com-
plete determination of this energy channel of the T-
matrix. All that is missing is a measurement of the
relative phase between the singlet and triplet scattering
amplitudes, which must be determined by measuring the
spin of the scattered electron while still controlling the
atomic and incident electron spins.

Our superelastic results are shown in Figure 5.7
Since this energy channel involves a AL of 1, we must
concern ourselves not only with the spin channels, but
also with the angular momentum transfer channels in
the T-matrix. Thus there is a larger set of parameters
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Figure 5. Superelastic electron scattering from Na at 17.9 eV.
(a) L; measured with unpolarized electrons, (b) L, separated
into singlet and triplet contributjons. (c) Spin asymmetry, av-
eraged over M, -excitations.
that must be measured in this case. We have followed
the tradition of discussing the extra parameters associ-
ated with angular momentum transfer in terms of phys-
ical quantities describing the atomic wave function.!®
One such quantity is L, the net angular momentum
transferred perpendicular to the scattering plane. By
optically pumping with circularly polarized laser Light
incident perpendicular to the scattering plane, we can
conveniently determine Ly in terms of the scattering in-
tensities I, and I_ for o+ and o~ polarization of the
laser: L =1
+ —d-
L, = L= (3

Equation 3 shows that L is a normalized difference

between intensities associated with excitation (or de-
excitation) of M = =1 sublevels, and hence contains
the necessary angular momentum transfer channel infor-
mation. Phase difference information, which completes
the picture for these channels, is obtained from measure-
ments of Fin and y. These physical parameters result
from experiments with linearly polarized light, which we
do not consider here.

Figure 5a shows our angle-resolved measurements of
L, for 17.9 eV superelastic scattering. The shape of the
curve is similar to most measurements of L 1 in most
systems, in that it goes initially positive, crosses over
to large negative values at intermediate angles, then in-
creases toward zero at large angles. This particular curve
is interesting in that it has a double positive peak at the
smaller angles. At present, we do not have a theoretical
curve for comparison with our experimental results.

Having separated the angular momentum transfer
channels, we must now turn to the spin channels. The
singlet and triplet spin channels are still an important
part of this inelastic scattering channel, so they must
also be resolved. The resolution is expressed by sepa-
rating L, into singlet and triplet versions LS and L7,
and by determining the spin asymmetry (Equation 2)
averaged over angular momentum transfer.}® This is ac-
complished experimentally by using spin-polarized inci-
dent electrons, and by virtue of the fact that the op-
tical pumping process automatically produces a spin-
polarized excited state—spin “up” with o+ light and
spin “down” with ¢~ light. The exact expressions for
L3, LT and A in terms of scattering intensities are some-
what complicated, so they are not shown here (see Ref-
erence 19). L7 and LT both have forms similar to L, ;
the complications arise mostly from corrections for in-
complete electron beam polarization.

Figure 5b shows the experimental results for LS and
LT. There does not appear to be much of a difference
in the way angular momentum is transferred in the two
spin channels, except around a scattering angle of 50°.
Here we see a prominent peak in LI, but no peak in Li.
This indicates that the second peak in the L curve of
Figure 5a is due entirely to the triplet channel.

Though there is little difference in the way angu-
lar momentum is transferred in this inelastic channel,
there is quite a large difference in the cross sections for
triplet and singlet scattering. This is seen in Figure
5¢c, which shows the spin asymmetry. In fact, around
30°, the asymmetry almost reaches its maximal value of
—1/3, corresponding to pure triplet scattering. It is also
interesting to compare Figure 5¢ with Figure 4, which
shows the spin asymmetry for elastic scattering. The
two curves are remarkably similar over the entire angular
range, the difference being only that the inelastic curve
is generally larger in magnitude and has a little more




structure. This indicates that at this particular energy,
the way in which the T-matrix is partitioned into spin
channels is quite similar for the two energy channels.

As was the case for elastic scattering, these supere-
lastic experiments constitute a nearly complete determi-
nation of all the accessible experimental information on
a particular energy channel in the T-matrix. When com-
bined with an absolute cross section measurement, the
absolute magnitudes of all the relevant scattering ampli-
tudes can be determined. What is missing from the su-
perelastic measurements performed to date is once again
phase difference information. Some form of phase differ-
ences are measurable by scattering unpolarized electrons
from atoms excited with linearly polarized light, but the
singlet and triplet contributions cannot be simply ex-
tracted from these. Combining spin-polarized incident
electrons with linearly polarized optical pumping of the
target is not sufficient to extract the necessary informa-
tion. Measurement of the electron spin after collision,
perhaps in combination with elliptically polarized opti-
cal pumping not perpendicular to the scattering plane,!®
is necessary for a determination of all the phase differ-
ences,

$ Conclusion

The elastic and superelastic scattering results pre-
sented here represent a concerted effort to learn all there
is to know about electron scattering from sodium at a
fixed scattering energy of 20 eV. Though there is a great
deal of work still to be done, we can at least say that all
levels of the T-matrix (see Figure 3) have been probed in
a single batch of measurements. Energy channels, spin
channels and angular momentum channels have all been
investigated, mostly in a “complete” sense, with the ex-
ception of phase difference information.

The two major blocks of work still to be done involve
measuring the cross sections for as many of the possible
transitions in sodium as possible, and measuring with
spin analysis after collision to extract the relative phases
of all the various scattering amplitudes. The latter of
these awaits significant breakthroughs in the efficiency
of spin polarization detectors. The results described in
the first two sections of this paper represent our efforts
to further the field of spin polarimetry, in the hope that
the truly complete experiment will be realizable in the
near future.
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