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Electron scattering from optically pumped lithium atoms

V. Karaganov,* Igor Bray, and P. J. O. Teubner
Department of Physics, Electronic Structure of Materials Centre, The Flinders University of South Australia,

G.P.O. Box 2100, Adelaide 5001, Australia
~Received 21 October 1997; revised manuscript received 13 August 1998!

A series of superelastic scattering experiments is described in which electrons are scattered from lithium
atoms optically pumped to the 2P excited state. The incident electron energies were 5.2, 12.2, and 20 eV and
superelastically scattered electrons with energies of 7, 14, and 21.8 eV were detected over the angular range
from 0° to 140°. Both differential cross sections and the orientation and alignment parameters were deduced
from the same measurements. A complete set of the four spin-averaged parameters, which fully characterize
the electron impact excitation of the 2S-2P transition in lithium, is presented. The experimental results are
compared with those predicted from convergent-close-coupling~CCC! calculations and two distorted-wave
calculations. Excellent agreement is found with the CCC calculations.@S1050-2947~99!06406-9#

PACS number~s!: 34.80.Dp, 34.80.Pa, 34.80.Qb
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I. INTRODUCTION

The primary motivation for turning our attention t
electron-lithium scattering has been the long-standing
crepancy between theory and experiment for thee-H scatter-
ing system. Unlike atomic hydrogen, lithium may readily
optically pumped to the excited 2P level, thereby allowing
the superelastic scattering technique to be used. This t
nique provides extremely accurate data with which
theory can be compared. It is particularly pleasing to see
the excellent agreement between theory and experimen
the case of lithium@1# was sufficient motivation for newe-H
experiments to be performed@2,3#. The new measurement
particularly those of Yalimet al. @2#, were found to be in
agreement with recent most sophisticated theories and
the old measurements.

The measurement of the superelastically scattered si
as a function of the polarization of the laser beam that exc
the atom enables both the differential cross sections and
orientation and alignment parameters to be deduced at a
ticular scattering angle@4#. The orientation and alignmen
parameters essentially describe the magnitude and pha
the scattering amplitudes and therefore provide an extrem
sensitive test of the scattering theory.

The very limited set of experiments that have been
ported on electron scattering from lithium reflects the sign
cant technical problems that are encountered in produ
beams of lithium atoms. Integral cross sections for the e
tation of the 22P state of lithium have been presented
Zapesochnyiet al. @5#, Leep and Gallagher@6#, and Jadusz-
liwer et al. @7#. Differential cross sections have been repor
by Williams et al. @8# and Vušković et al. @9#. The measure-
ments of Vusˇković et al. @9# cover the energy range from 5.
eV to 200 eV and these results were made absolute by
malization of the angular distributions using a generaliz
oscillator strength formalism. Shuttleworthet al. @10# have
measured zero-angle energy-loss spectra for electron sc

*Present address: Jet Propulsion Laboratory, California Insti
of Technology, M.S. 183-601, Pasadena, CA 91109.
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ing from lithium at incident energies from 15 eV to 190 eV
These results have been analyzed to give generalized o
lator strengths and zero-angle differential cross sections
several transitions from the ground state including the 22P
transition.

Baum et al. @11,12# reported a series of experiments i
volving polarized electrons and polarized lithium atoms. T
spin asymmetry parameterA was measured at several sca
tering angles for elastic scattering@11# and for the excitation
of the 22P state@12# for incident electron energies from
eV to 30 eV. Good agreement was found when the measu
values ofA were compared to those predicted by a 13-st
coupled-channel optical calculation of Brayet al. @13#.

Our initial measurements of the orientation and alignm
parameters were reported by Karaganovet al. @1,14#. Here
we present a complete set of the four spin-averaged par
eters, which fully characterize the electron-impact excitat
of the 2S-2P transition in lithium. These parameters includ
differential cross sectionss, the orientation parameterL' ,

and alignment parametersg,P̄l . The present paper also ad
dresses various experimental aspects of the superelastic
tering experiments from lithium in full detail.

Although the apparatus described in this paper was
signed to study collisionally induced alignment and orien
tion phenomena, the differential cross sections for the 2S-2P
transition can also be accurately determined during the s
experiment. There are two distinctive techniques by wh
differential cross sections can be measured using superel
scattering from optically excited atoms. The method used
the present experiments has been reported previously
small-angle scattering from barium@15–17#. A very different
recoil-atom scattering technique has been used by the g
at New York University@18# to deduce absolute superelas
differential cross sections for the 3P-3S transition in so-
dium.

One the other hand, the measurements of inelastic dif
ential cross sections on alkali-metal and alkali-earth ato
using conventional methods have a long history. Nevert
less, in spite of a large number of measurements repor
there are still substantial discrepancies not only betw

te
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4408 PRA 59V. KARAGANOV, IGOR BRAY, AND P. J. O. TEUBNER
theories and experiments but also between different set
experimental data@4,19#. One of the motivations of the
present work was to explore the advantages of
superelastic-scattering technique for measurements of di
ential cross sections for the 2S-2P transition in lithium.

II. EXPERIMENTAL TECHNIQUES

A. Apparatus

Figure 1 is a schematic diagram of the apparatus.
scattering plane was defined by the directions of the m
menta of the incident electrons and the scattered electr
The electron gun and electron detector could be rotated
dependently in the scattering plane about the common
coinciding with the vertically directed laser beam. The ran
of scattering angles at which measurements could be m
was constrained by the physical size of the equipment. Us
configurations with different positions of the electron g
and detector, it was possible not only to cover a wide ra
of scattering angles~up to 140°), but also to check the ex
perimental results for consistency. This was usually achie
by comparison of the data taken for negative and posi
scattering angles and/or for different positions of the elect
detector.

The size and shape of the scattering volume was defi
by the overlap of the laser beam and the atomic beam
could be considered as a cylinder 3 mm in diameter an
mm long. This was considerably less than the field of vi
of the electron detector. It should be noted, however, that
scattering volume could not be treated as infinitely sm
The treatment of the systematic errors due to finite ang
resolution and volumetric effects are discussed in Sec. II B

The lithium beam was produced in a resistively hea
oven. In general, the theory and principles of the design
effusive atomic beam sources are well established@20#.
However, specific problems arise in the case of lithium
cause the solubility and reactivity of molten lithium an
lithium vapor become extreme at high temperatures. In s
circumstances the performance and reliability of each co
ponent of the lithium beam source becomes crucial to
success of the experiments. The typical operating temp
ture of the oven was 650 °C. Based on the data in Nesm

FIG. 1. Schematic diagram showing the experimental geom
and the essential details of the superelastic electron-atom-scatt
apparatus.
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anov @21#, this resulted in a partial pressure of 0.15 Torr
the oven, which we estimated produced an atomic densit
about 531010 cm23 at the interaction region.

An electron gun with a barium oxide cathode provided t
electron beam currents between 0.2mA and 1 mA. A re-
tarding field electron spectrometer@22# was used to separat
the elastically and superelastically scattered electrons. It
found that the overall energy resolution of the system w
largely determined by the thermal spread in the incident e
tron energy. Normally the energy resolution did not exce
0.3 eV.

A commercial ring dye laser~Spectra-Physics, Mode
380D! was used as a source of single-frequency radiat
The laser was tuned to 670.977 nm to optically pump
2 2S1/2–2 2P3/2 transition in 6Li. This wavelength was ob-
tained by using DCM laser dye. The dye laser was pum
with a multiline argon ion laser~Coherent, Innova 310!. The
typical laser power used in the experiments was 300–
mW. Long-term frequency drifts in the laser were eliminat
by locking the laser frequency to the lithium transition@23#.

A large fraction of the lithium atoms can become trapp
in the ground state during the pumping process. This p
nomenon is known as hyperfine-structure trapping. This
desirable effect can be avoided by the simultaneous pum
of both hyperfine ground-state levels. An electro-optic ph
modulator was used to generate a number of frequen
shifted sidebands@24#. In the present series of experimen
the central frequency and one of the first-order sideban
separated by 228 MHz, were used to pump the ground-s
levels 22S1/2, F51/2 and 22S1/2, F53/2 simultaneously.
The modulation signal was applied as a voltage across e
trodes on the top and bottom of an electro-optic LiTa3
crystal with dimensions of 334325 mm3 and Z-X-Y ori-
entation. A resonant inductor-capacitor circuit was used
reduce the power of the rf signal required to operate
device. The resonant frequency of the modulators was tu
by changing the physical dimensions of the inductors or
pacitors. It was found that optimum pumping conditio
were achieved when the oscillator was driven with a rf pow
of 1 W.

A polarization rotator, consisting of two rotatable quarte
wave plates, was employed in this project in order to obt
either circular polarization or any orientation of linear pola
ization of the laser radiation required for superelastic exp
ments. The major advantage of the present scheme over
which had been used before in our laboratory@25# was that it
enabled all three components of the Stokes vector to be ta
during the same run without changing optical componen
This not only significantly reduced the time spent collecti
the data, but also completely solved the problem of comb
ing separate measurements when the total polarizationP1,
defined in Eq~2.6!, was evaluated~Sec. II B 4!.

B. Superelastic electron-scattering experiment:
Experimental procedure

1. Alignment and orientation parameters

For the experimental geometry shown in Fig. 1, where
laser propagates perpendicular to the scattering plane,
reduced Stokes parameters measured in superelastic ele
scattering experiments are defined as@26#:

ry
ing
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P̄1~u!5
1

K
P1~u!,

P̄2~u!5
1

K
P2~u!, ~2.1!

P̄3~u!5
1

K8
P3~u!,

where

P1~u!5
I 0~u!2I 90~u!

I 0~u!1I 90~u!
,

P2~u!5
I 45~u!2I 135~u!

I 45~u!1I 135~u!
, ~2.2!

P3~u!5
I RHC~u!2I LHC~u!

I RHC~u!1I LHC~u!
.

In Eqs.~2.2!, I f(u) denotes the count rate of the superel
tically scattered electrons when the laser is linearly polari
at the angle off, with respect to the direction of the sca
tered electrons, or when the laser is right-left-handed cir
larly polarized.u denotes the scattering angle.K andK8 are
the superelastic depolarization factors associated with lin
and circular optical pumping@26#. The reduced Stokes com
ponents are related to the alignment, orientation, and co
ence parameters as@27#

L'52 P̄3 , ~2.3!

P̄l 5AP̄1
21 P̄2

2, ~2.4!

g5
1

2
arg~ P̄11 i P̄2!, ~2.5!

P15AP̄1
21 P̄2

21 P̄3
2. ~2.6!

The six different states of polarization of the laser rad
tion were obtained using the dual wave plate polarizat
rotator. The laser beam was chopped at 61 Hz with a rota
toothed wheel and the count ratesI f(u) were determined
using gated counters. The typical superelastic signal co
rate varied from 10 Hz to 10 kHz and it depended on
incident electron energy, the beam current, and the scatte
angle. The background count rate usually did not exc
1–10 % of the signal.

The Stokes parameters for each scattering angle w
measured several times at different positions of the elec
detector and electron gun. This procedure minimized the
fluence of the systematic errors.

The entire experiment was controlled by the compu
though human supervision was required to provide readj
ment to the laser frequency in the case of mode hops.
total acquisition time varied from several minutes to seve
hours at each angle.
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2. Optical pumping and fluorescence measurement

Determination of the superelastic depolarization factorK
and K8 was essential for interpretation of the experimen
results. As discussed by Farrellet al. @26# and Menget al.
@28#, the factorK was taken to be identical to the line pola
ization of the resonant fluorescencePL . For the geometry
shown in Fig. 2 the line polarizationPL is defined as

PL5
F~0°!2F~90°!

F~0°!1F~90°!
, ~2.7!

whereF(a) is the intensity of the fluorescence signal that
analyzed by a linear polarizer@28#. This signal was moni-
tored through the vacuum window during the experiment,
it was possible to determine the factorK5PL for each mea-
surement.

A series of experiments has been conducted previou
@29# to study the optical pumping processes in lithium. T
measured data were useful in the subsequent supere
scattering experiments since the pumping conditions co
be optimized on the basis of this knowledge. The QE
model @26# predicts excited-state densities of about 17%
6Li and 8% for 7Li at laser intensities of 20 mW/mm2 @30#.
Although it is possible to conduct superelastic-scattering
periments under these conditions, it is preferable to incre
the excited-state population using the dual-frequency pu

FIG. 2. Schematic diagram of the experimental geometry u
in the line polarization measurements during optical pumping w
the linearly polarized light.

FIG. 3. Comparison of the different ways of optical pumping.s

and d represent the fluorescent intensity as a function of la
intensity measured for single-frequency pumping.L represents the
fluorescent intensity as a function of laser intensity measured
dual-frequency pumping with a phase-modulated laser beam.
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4410 PRA 59V. KARAGANOV, IGOR BRAY, AND P. J. O. TEUBNER
ing technique. The advantage of dual-frequency opt
pumping can be clearly seen from the experimental data
sented in Fig. 3. The use of the electro-optic modulator
lowed a substantial increase in the excited-state populat

The dependence ofPL on various experimental condition
has been investigated@29#. The results of these measur
ments showed thatPL was essentially constant over a wid
range of laser intensities. Specifically it was found that

PL50.57560.010 ~2.8!

when the intensity of the pumping radiation in the interact
region changed from 5 mW/mm2 to 40 mW/mm2. In con-
trast, the uncertainty inPL in the case of7Li was substan-
tially greater. This remarkable insensitivity ofPL to the ex-
perimental conditions was one of the reasons why the6Li
isotope has been chosen for further experiments.

The factorK8 characterizes the depolarization in the ca
of circularly polarized optical pumping and, in principl

plays an equally important role in the determination ofP̄3. It
is shown in the literature, however, that this paramete
practically independent of the experimental conditions an
very close to unity at any laser intensities except at very
levels @26#. In practice, the measurement ofK8 requires the
determination of the degree of circular polarization of t
fluorescence at a very small angle to the laser beam@26#.
This measurement is difficult to perform and is usually as
ciated with large errors. Thus, in the present project the th
retically calculated valueK8'1 was used for the evaluatio

of the Stokes parameterP̄3. The experimental results fo
P3(u) ~Fig. 5! give an additional confirmation that the a
sumptionK8'1 is justified. We can write from general con
siderations

P3

K8
5 P̄3<1, K8<1. ~2.9!

On the other hand, the maximum measured value ofP3,

P350.98660.033, ~2.10!

was observed experimentally at 20 eV at the scattering a
of 80°. Thus the meaningful range forK8 can be determined
from Eqs.~2.9! and ~2.10! as

1>K8>0.98660.033. ~2.11!

3. Differential cross sections

The theoretical analysis of the electron scattering from
laser excited atomic target is given in@4,31#. It has been
shown that for the experimental geometry where the la
beam is perpendicular to the scattering plane~Fig. 1! the
angular distribution of the total scattering intensitiesI l in(u)
and I circ(u) is dependent only on the differential cross se
tion s(u):

I l in~u!5I 0~u!1I 90~u!5I 45~u!1I 135~u!}s~u!,
~2.12!

I circ~u!5I RHC~u!1I LHC~u!}s~u!. ~2.13!
l
e-
l-
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The above analysis assumes a positive reflection symm
in the excitedP state. This implies thatr00

nat[0, wherer00
nat

is a density matrix element in the natural frame@4,31#. It is
also assumed that the optical pumping conditions are c
stant during a measurement.

This allows the relative differential cross section~DCS! to
be determined from the measured superelastic-scatte
count rates at different polarizations of the laser radiation
is clear that in our case the differential cross sections can
determined simultaneously with the Stokes parameters~Sec.
II B !.

Considering the problem of DCS measurement, we n
that the superelastic technique, when applicable, prov
several clear advantages when compared to the convent
technique. In superelastic experiments an interaction volu
is defined by an intersection of the laser beam and the ato
beam~Fig. 1!; this is much better than in inelastic exper
ments where poorly collimated electron and atomic bea
determine the collision region. The density of excited ato
in the interaction region can be monitored by observing
spontaneous fluorescence signal, which is technically ea
than measuring a density of neutral atoms. The backgro
can be readily determined and subtracted from the sig
simply by chopping the laser beam.

When the conventional technique is used, it is often d
ficult to discriminate inelastic peaks in an energy-loss sp
trum because the energy separations between theP, D, andF
states can be comparable to or smaller than the resolutio
the measuring system. Unlike the inelastic peaks, the su
elastic peak is well separated from both the elastic and
elastic features. In addition, the superelastic electrons ha
higher energy and can be detected with an efficient retard
field analyzer.

4. Experimental uncertainties

An extensive study has been undertaken in order to id
tify, qualitatively estimate, and possibly remove various s
tematic errors including those due to finite angular reso
tion, imperfect laser polarization, scattering ang
determination, radiation trapping, and electron energy va
tion.

The scattering angle was the independent variable in
project. Consequently, it was important that the electr
scattering angle was accurately determined. The resid
magnetic field in the interaction region was less than 3 m
so its influence could be neglected. However, static elec
fields created by oil deposits from the diffusion pump cou
cause problems at low incident electron energies. Thus al
ment of the electron gun and detector using conventio
mechanical means was often not sufficient to ensure cor
determination of the true zero-scattering angle. It was the
fore necessary to check the preliminary mechanical ali
ment by measuring the position of the extremum on

P̄1(u) curve exactly corresponding tou50°.
Two further tests were also important. First, the symme

of the results for negative and positive scattering angles
checked at large angles. Second, the experimental data t
for the same scattering angle but for different positions of
gun and electron detector with respect to the central vert
axis were checked for consistency. TheXnat axis for
superelastic-scattering experiment is parallel to the direc
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of the scattered electron@4#. Thus good practice dictates th
the scattered electron detector remains fixed and the sca
ing angle is changed by rotating the electron gun. A co
plete set of data was taken for the appropriate scatte
angles with the detector fixed in one position. The detec
was then rotated by 45° and the experiments repeated. It
observed that these results were consistent with the firs
of data. Similar results were obtained when the detector
rotated by 90° from the original position. Such consisten
checks were performed regularly during the course of
experiments and they indicated that the confidence in
scattering angle was better than61.5° over the whole range
of angles.

When P̄1 , P̄2, and P̄3 are measured in two separate e
periments an additional systematic error inP1 can arise
from possible uncertainties in the determination of the t
scattering angle in each case@29#. Even a small angular off-
set may result in large changes ofP1 due to rapid variations
in the Stokes parameters at certain angles. Model calc
tions have been carried out in order to simulate this effe
The result of such modeling demonstrates that combining

measurements forP̄1(u), P̄2(u), and shiftedP̄3(u21.5°)
gives a discrepancy of up to 16% in the total polarizationP1

and may result in a strongly pronounced artificial structu
The type of polarization rotator used in the present exp
ments allowed all three Stokes components to be determ
simultaneously. This removed any potential angular shift

tween the measurements ofP̄1 , P̄2, and P̄3 and thus com-
pletely eliminated the problem.

The finite angular resolution and finite interaction volum
are factors that must be taken into account when compa
the experimental results with the theoretical calculatio
Discussions addressing these problems and several exam
of their solution can be found in the literature@32–35#. In
our case these effects were simulated by performing the
volution transform with appropriate normalization@32#

^Pi~u!&5
~Pis!* H

s* H

5

E
2`

1`

Pi~u8!s~u8!H~u2u8!du8

E
2`

1`

s~u8!H~u2u8!du8

, ~2.14!

Here Pi and s represent the corresponding theoretical d
for the Stokes parameters and differential cross section.
functionH(u) characterizes the overall angular resolution
the measuring system and, in our case, is taken to be Ga
ian with an angular width of 3° full width at half maximum

Equation~2.14! is applicable for modeling the influenc
of the finite angular resolution and the volumetric effe
when only collision events within the scattering plane a
considered. Extension of the finite interaction volume out
the scattering plane leads to an effective rotation of the s
tering plane about theXnat axis and therefore to a differen
geometry of the measurements. This situation was discu
by Zetner et al. @34# and more recently by Sanget al.
@36,37#. Modeling calculations based on the formalism giv
in @36,37# demonstrates that the ‘‘out-of-plane’’ effects a
er-
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pronounced only at small angles and in our case their in
ence is less significant than the influence of the ‘‘in-plan
effects.

An accurate knowledge of the electron energy is requi
to minimize possible systematic errors due to instabilities
the electron gun characteristics. An electron energy calib
tion facility was established in the scattering chamber to
able the electron beam energy to be measured and corre
~if necessary! any time during the experiment without ope
ing the chamber and changing the experimental arrangem
The beam energy was calibrated against theb feature in the
metastable excitation function of neon, which is at 16.906
@38#.

Experimentally measured values of the Stokes parame
and the line polarization can be underestimated when
density of atoms in the interaction region is too high. Th
problem arises from radiation trapping where the absorp
and reemission of photons in the interaction region result
substantial depolarization of the target at large atomic be
densities. Kadotaet al. @39# checked the influence of radia
tion trapping in their experiments with optically excite
lithium atoms and found it to be still negligibly small up to
density of 1.531012 cm23. It was estimated that in our cas
the lithium beam density did not exceed 831010 cm23.
Therefore, it is expected that depolarization due to radiat
trapping will be small under the conditions of the expe
ment. The oven used in the present experiments could no
heated above 700 °C. Consequently, we were unable to d
onstrate the onset of radiation trapping. Nevertheless,
were able to show that both the Stokes parameters and
line polarization were independent of the atomic beam d
sity when the fluorescence signal and hence the atomic
sity changed by a factor of about 50. The variation in atom
beam density was monitored by the fluorescence signal.
variation of the measured Stokes parameters or variatio
the line polarizationPL beyond the typical statistical unce
tainties was detected, so we conclude that our results are
from radiation trapping effects.

The experiments were carried out with the assumpt
that the excited states of lithium atoms were prepared by
laser radiation in ‘‘pure’’ polarization states. If this was n
the case, the presence of a residual elliptical polarization
the pumping laser beam could cause serious systemati
rors in measurements of the Stokes parameters. In a prac
experiment such small elliptical components in the laser
diation could appear because of the imperfections or m
alignment of the quarter-wave plates or the birefringence
the vacuum window.

Detailed theoretical and experimental studies of
polarization-related problems in superelastic experime
will be reported elsewhere@40#. It can be shown that given
the error in the laser polarization state, the uncertaintyDPi

in the Stokes parameters can be qualitatively estimated
particular, it was found that when measuring electron sc
tering for linearly polarized light (P1 ,P2), the errors are
proportional to the admixture of undesirable circular pol
ization and toP3.

For the present series of experiments the degree of po
ization of the incident laser beam was measured and foun
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TABLE I. Differential cross sectionss and reduced Stokes parametersP̄1 ,P̄2 ,P̄3 measured for an
electron energy of 7 eV referred to the ground state.

u s
~deg! (cm2 sr21) P̄1 P̄2 P̄3

0 2.91310214 0.86360.040 20.18560.127 20.01960.005
2 2.60310214 0.75160.038 20.29060.091 20.04860.022
4 2.05310214 0.64660.104 20.53960.049 20.09160.026
6 1.83310214 0.34460.066 20.83760.080 20.15360.018
8 1.36310214 20.01760.115 20.95060.046 20.25160.008
10 1.17310214 20.23060.071 20.87560.031 20.25860.036
12 8.33310215 20.39560.081 20.81360.047 20.36760.043
14 5.90310215 20.52560.120 20.76760.102 20.47060.032
16 3.82310215 20.60760.184 20.45960.075 20.44960.090
18 2.72310215 20.73460.063 20.49960.028 20.50060.031
20 2.01310215 20.61960.026 20.45260.030 20.54360.021
25 9.92310216 20.61060.022 20.30360.028 20.65560.012
30 4.83310216 20.42760.028 20.18060.019 20.81960.024
35 2.61310216 20.10760.080 20.16760.024 20.90160.006
40 1.74310216 0.22860.052 20.28860.014 20.85660.017
45 1.25310216 0.41060.016 20.49560.030 20.73960.013
50 1.03310216 0.48860.021 20.63560.027 20.57760.007
55 9.33310217 0.50060.018 20.72060.025 20.49160.006
60 8.14310217 0.52560.025 20.72060.035 20.44560.008
65 7.12310217 0.54060.023 20.67860.037 20.44160.013
70 5.80310217 0.51860.026 20.60760.065 20.45460.011
75 4.63310217 0.56760.028 20.59960.050 20.49960.008
80 3.77310217 0.62160.031 20.50260.045 20.51660.008
85 2.95310217 0.65760.026 20.37860.040 20.54260.010
90 2.07310217 0.67260.036 20.18360.058 20.56560.010
95 1.53310217 0.63660.032 0.00260.044 20.56860.005
100 1.11310217 0.50860.037 0.20660.028 20.44760.020
105 1.01310217 0.34960.121 0.27360.024 20.15760.106
110 8.82310218 0.31960.011 0.25860.079 0.14060.064
115 8.65310218 0.18960.024 0.11360.055 0.47460.016
120 1.12310217 0.26360.060 20.19660.078 0.66660.029
125 1.51310217 0.37960.068 20.26360.044 0.72960.026
130 1.71310217 0.53260.053 20.46460.052 0.67060.004
135 1.91310217 0.60260.093 20.44160.034 0.57060.025
140 2.47310217 0.66960.018 20.40760.009 0.55960.011
b
m
pa

t
m
e

ar
le
b

g
e

to
and

cal

nt
ms.

is
e of

ns
be better than 0.9996 using the Stokes formalism@41# where
perfect polarization is identically 1. Nevertheless, it can
shown @40# that this level of uncertainty in the laser bea
polarization can give rise to uncertainties in the Stokes
rameters defined in Eqs.~2.2! that are estimated to be

uDP1,2u<0.065, uDP3u<0.007. ~2.15!

It should be mentioned that these estimates present only
upper limits of the expected uncertainties. However, in so
cases they were essentially zero. For example, in the m

surement ofP̄1 the systematic error due to a small circul
component may add for positive electron-scattering ang
and subtract for negative angles. This situation arises

causeP̄1 is symmetric aboutu50°, whereasP̄3 is antisym-
metric. Consequently, when two sets of results are avera
for positive and negative scattering angles the systematic
e

-

he
e
a-

s
e-

ed
r-

rors from the two effects cancel. Therefore it is difficult
cite a precise value of the systematic errors at each angle
all the errors quoted in Tables I–III and Fig. 5 are statisti
and represent plus and minus one standard deviation.

We note that an error analysis@40# confirms the intuitive

view that the parameterP̄3 is the least sensitive compone
of the Stokes vector to the systematic polarization proble

It is also clear from our measurements thatP̄3 is virtually
unaffected by finite angular resolution effects since there
no sharp structure in this parameter over the whole rang
scattering angles.

III. THEORY

The details of the convergent close-coupling~CCC!
theory suitable for electron-lithium-scattering calculatio
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TABLE II. Differential cross sectionss and reduced Stokes parametersP̄1 ,P̄2 ,P̄3 measured for an
electron energy of 14 eV referred to the ground state.

u s
~deg! (cm2 sr21) P̄1 P̄2 P̄3

0 6.10310214 0.75660.025 20.12460.043 20.00660.005
1 5.91310214 0.67060.032 20.38560.043 20.03660.012
2 5.31310214 0.52760.053 20.59760.060 20.05560.008
3 4.46310214 0.33860.083 20.75060.056 20.08660.001
4 3.95310214 0.07360.008 20.85360.021 20.10860.004
5 2.99310214 0.00960.013 20.89460.027 20.13660.008
6 2.39310214 20.31160.012 20.85260.022 20.15760.004
8 1.46310214 20.55760.018 20.72360.022 20.20660.005
10 9.00310215 20.70160.022 20.57960.022 20.26460.006
12 5.66310215 20.79160.026 20.45060.023 20.29760.008
14 3.68310215 20.83360.026 20.38060.023 20.34060.008
16 2.25310215 20.83260.029 20.29860.026 20.41160.010
18 1.46310215 20.81260.033 20.28560.031 20.46960.012
20 9.79310216 20.76860.039 20.25060.025 20.52460.027
25 3.79310216 20.58560.047 20.24060.010 20.72060.021
30 1.62310216 20.24160.023 20.30560.020 20.85760.006
35 9.15310217 0.07460.018 20.49660.027 20.81760.010
40 6.33310217 0.25660.018 20.66160.045 20.66660.017
45 5.14310217 0.35060.032 20.73360.042 20.54260.008
50 4.05310217 0.40160.022 20.73860.032 20.49260.005
55 2.89310217 0.45060.020 20.72960.030 20.48560.007
60 2.02310217 0.54160.022 20.63460.022 20.51560.004
65 1.39310217 0.64460.027 20.45560.030 20.56360.004
70 9.28310218 0.78060.036 20.21860.036 20.58260.007
75 6.11310218 0.81060.032 0.08960.037 20.54960.010
80 4.14310218 0.73860.028 0.52360.039 20.30760.027
85 3.39310218 0.41260.018 0.75360.040 0.15260.025
90 3.27310218 0.08060.041 0.54260.035 0.63960.023
95 3.98310218 20.07960.029 0.10960.031 0.89560.010
100 5.16310218 20.05660.032 20.25960.031 0.91960.004
105 6.67310218 0.01160.036 20.42460.050 0.85860.009
110 8.80310218 0.18560.050 20.59660.049 0.78760.021
115 1.07310217 0.30360.042 20.68260.038 0.69660.021
120 1.26310217 0.40660.083 20.67960.030 0.60860.028
125 1.43310217 0.48160.014 20.69260.018 0.55560.022
130 1.62310217 0.61660.047 20.6760.032 0.49960.025
135 1.79310217 0.63860.044 20.60260.018 0.43960.011
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have already been given@42#. Briefly, the method is based o
the close-coupling formalism involving the solution
coupled Lippmann-Schwinger equations. These are der
by expanding the total wave function using a set ofN
negative- and positive-energy target states obtained by
agonalizing the target Hamiltonian in an orthogonal Lague
basis. The use of such a basis ensures that simply with
creasingN the expansion yields an increasingly accurate
scription of the target discrete and continuous spectrum.

The method concentrates on treating the scattering as
of the calculation, leaving the primary approximation bei
the treatment of the target structure. Presently, the lith
atom is modeled using the frozen-core Hartree-Fock mo
The two core 1s electrons are assumed to be inert and
used to define the Hartree-Fock potential governing the
ed

i-
e
n-
-

ect

l.
e
o-

tion of the valence electron. Lithium is particularly we
suited to such a description. For the heavier alkali metals
find that this model also works very well with the addition
a phenomenological core-polarization potential@42#, but we
do not require this here.

The total number of expansion states is given byN
5( lNl , where l ranges up tol max. Thus a test of conver-
gence requires the increase of bothl max andNl within eachl.
The size of the calculations typically depends on the rela
size of the cross sections being calculated. The 2P excitation
of lithium is one of the largest lithium cross sections and
the numerical analysis is relatively simple. Convergen
with l max is found atl max53 and we typically haveNl513
2 l .

In addition, we performed a standard close-coupling~CC!
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TABLE III. Differential cross sectionss and reduced Stokes parametersP̄1 ,P̄2 ,P̄3 measured for an
electron energy of 21.8 eV referred to the ground state.

u s
~deg! (cm2 sr21) P̄1 P̄2 P̄3

6 20.58560.067 20.69260.071 20.12660.024
10 20.87860.043 20.41960.038 20.20760.009
12 2.67310215 20.89060.057 20.36760.055 20.27160.041
14 2.10310215 20.89460.021 20.24260.010 20.32060.003
16 1.19310215 20.87760.021 20.21060.010 20.39360.003
18 6.61310216 20.83060.031 20.19860.011 20.44160.032
20 3.95310216 20.82560.031 20.20160.011 20.54960.017
25 1.10310216 20.49160.018 20.23760.014 20.78160.004
30 5.09310217 20.23460.038 20.42560.036 20.83860.004
35 3.06310217 0.21460.014 20.57060.022 20.73360.005
40 1.67310217 0.26460.033 20.69960.038 20.58960.009
45 1.11310217 0.53760.028 20.70960.031 20.50460.009
50 8.20310218 0.58060.062 20.65260.027 20.45060.014
55 5.10310218 0.77860.050 20.46860.036 20.37460.013
60 3.18310218 0.96260.046 20.16060.044 20.23960.021
65 2.19310218 0.98960.065 0.14160.053 0.08560.036
70 1.79310218 0.82260.052 0.32460.080 0.48060.044
75 1.78310218 0.47560.146 0.32660.050 0.80160.040
80 1.77310218 0.07860.064 20.00660.044 0.98660.033
85 2.04310218 0.05660.078 20.21760.032 0.96560.013
90 2.25310218 20.03860.048 20.42560.038 0.89460.015
95 2.57310218 0.08160.045 20.53660.036 0.79560.014
100 2.91310218 0.08060.043 20.65160.034 0.73360.011
105 3.42310218 0.18860.126 20.81560.044 0.65760.028
110 3.81310218 0.28060.049 20.69860.070 0.57560.060
115 3.94310218 0.35360.148 20.79760.063 0.52760.056
120 4.43310218 0.45960.081 20.76460.045 0.49360.033
125 5.22310218 0.57960.056 20.73860.054 0.41260.026
130 5.32310218 0.67460.054 20.69960.052 0.38260.020
135 5.68310218 0.69760.062 20.65160.065 0.33060.021
140 5.95310218 0.82860.046 20.60860.067 0.28660.014
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calculation that is convergent in treating of just the discr
target eigenstates. States withn<7 were included.

IV. RESULTS AND DISCUSSION

The reduced spin-averaged Stokes parametersP̄1 ,P̄2 ,P̄3
are given in Table I–III at the three incident energies 7,
and 21.8 eV referred to the ground state. The uncertain
quoted represent one standard deviation. The differen
cross sections are also presented in the tables. The da
these tables provide a complete set of the four spin-avera
parameters that fully characterize the electron-impact exc
tion of the 2P transition in lithium from the ground state.

The previously reported experimental data available
comparison are the DCS measured in conventional inela
scattering experiments@8,9# for an electron energy of 20 eV
The present relative differential cross sections were extra
from the measurements of the superelastic-scattering inte
ties as described in Sec. II B 3. The normalization meth
employed in the present work involved integrating the m
sured DCS over a range of scattering angles from 0° to 1
e

,
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ed
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with subsequent normalizing to a known value of the in
grated cross section for the 2S-2P transition in lithium. This
method was used to normalize the DCS measurements
eV and 14 eV.

The integrated cross sections given by Leep and G
lagher@43# were used in the described normalization proc
dure. We note that the values reported by Leep and G
lagher@43# have been confirmed by a number of subsequ
independent measurements@5,8,9#. The accuracy of the re
ported integrated cross sections varied from 10% to 35%

No measurements have been performed in the pre
project at small scattering angles for 21.8 eV. This region
particularly important for normalization because the diffe
ential cross section is strongly peaked for the forward ang
Thus it was not possible to obtain an accurate integral cr
section at this energy. In order to compare the relative val
of differential cross section, our results for 21.8 eV ha
been normalized to the value of DCS at the point where
theory is in good agreement with the measurements by Vuˇk-
ović et al. @9#, which is at a scattering angle of 14°.

The absolute values of differential cross sections m
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sured at 7 eV and 14 eV and relative measurements at
eV are presented in Fig. 4. Agreement between the pre
set of experimental data and the CCC calculations is goo
all scattering angles and for all energies.

The measurements published by Williamset al. @8# and
by Vušković et al. @9# for 20 eV give larger absolute value
of the DCS than those predicted by the theory. Howeve
one considers only the angular distributions and ignores
problems of normalization, it can be seen that there is r
sonable agreement between experiment and theory with
spect to shape.

While differential cross sections provide an important t
of the theoretical predictions, a more detailed compari
can be drawn using the orientation and alignment par
eters. These parameters can be derived from the dat
Tables I–III using Eqs.~2.3!–~2.6!. The derived parameter

L' , g, P̄l , andP1 are shown in Fig. 5.
As was discussed previously in Sec. II B, the finite ang

lar resolution and finite interaction volume are factors t
should be taken into account when comparing the pre
results with the theoretical calculations. These effects w
simulated by performing the convolution transform~2.14! of
the corresponding CCC data and the Gaussian function
characterizes the instrumental effects. The experimental

FIG. 4. Differential cross sections for the 2S-2P transition at
electron energies of 7, 14, and 21.8 eV referred to the ground s
The measurements by Williamset al. @8# and Vušković et al. @9#
are given for an electron energy of 20 eV.
.8
nt
at

if
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e-
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-
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-
t
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re

at
ta

are compared both with the CCC model calculations for id
conditions and with the convoluted curves~Fig. 5!. It can be
seen that the influence of the finite system resolution is
pected to be negligible, except for small scattering ang
Therefore the theories and measurements can be safely
pared beyond this region. However, care should be ta

when analyzing the derived quantitiesP1 and P̄l that are
strongly affected by these effects at scattering angles aro
0°. These results confirm the major conclusions on the ef
of finite angular resolution made by Zetneret al. @44#.

As seen from the graphs, the agreement between the
periment and the CCC calculations is excellent at the s
tering angles from 15° to 140°. The CCC calculations mo
fied for finite angular effects accurately reproduce t
behavior of the scattering parameters observed at sm
angles. Minor discrepancies between the experiment
theory in most cases are comparable to the combined v
of systematic and statistical experimental uncertainties.

The distorted-wave localized exchange model calcu
tions~DWB1LE! by Mathur@45# are shown in Fig. 5 forL' ,
g, andP1 parameters. Clearly there are difficulties with th
theory in the intermediate range of scattering angles for
parameters. The second-order distorted-wave calculat
~DWB2! of Madisonet al. @46# have not improved the situ
ation substantially. The model describes only the gene
trends in the behavior ofL' andg. The structure predicted

by this theory forP̄l andP1 at the intermediate angles ha
not been observed experimentally. These comparisons d
onstrate the generally poor accuracy of both distorted-w
calculations. A small difference in the electron energy us
in the calculations~20 eV! and experiments~21.8 eV! cannot
explain the significant qualitative discrepancies between
distorted-wave theories and the present measurements.

It is interesting to compare the situation for two differe
alkali-metal atoms, sodium and lithium, reviewed by Ande
senet al. @19#. The case of sodium is investigated very we
both theoretically and experimentally. Taking the DWB
model as an example of the most sophisticated disto
wave theory@47#, we note that it provides reasonably goo
quantitative agreement with both the experimental res
and the CCC model when applied to sodium at the range
energies about 20 eV. Even for 12 eV the DWB2 predictio
are correct for the spin-averaged parameters. Neverthe
this model fails to describe the behavior of the alignment a
orientation parameters at 21.8 eV in lithium when compa
to the present experimental data~Fig. 5!. Despite its simpler
atomic structure, lithium appears to be a more difficult tar
for the distorted-wave-based electron-atom scattering th
ries than the more complex sodium atom.

The structure that is seen in the reduced polarization
rameterP1 is very similar to that reported by Teubner an
Scholten@48# in their superelastic-scattering experiment
sodium. The authors attribute the structure to a manifesta
of significant exchange amplitudes in the scattering proc
They also proposed a simple wave mechanical model
can be applied in the present case. In particular this mo
predicts that significant departure fromP151 will be most
apparent near the minimum in the differential cross secti
and at low energies. It also predicts that the structure w
move to large scattering angles as the energy decreases

te.
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FIG. 5. Orientation parameterL' , alignment parametersg and P̄l , and coherence parameterP1 measured for electron energies of
14, and 21.8 eV referred to the ground state. The uncertainties represent plus and minus one standard deviation. The conver
coupling results denoted by CCC have been convoluted with the experimental angular resolution to obtain the curve denoted by C8. The
DWB1LE and DWB2 data are adapted from the review by Andersenet al. @19# and given for an electron energy of 20 eV.
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present results forP1 demonstrate that the simple model c
be used to provide a qualitative description of the scatte
process in electron scattering from lithium. We note th
there is excellent agreement between the measuredP1 and
that predicted by the CCC. This level of agreement refle
the excellent agreement between theory and experim
that was observed for the Stokes parameters that com
P1.

V. CONCLUSIONS

Neither distorted-wave model accurately predicts all
the measured values of orientation and alignment parame
obtained in the present project. In contrast, the converg
close-coupling calculations are found to be in excell
quantitative agreement with the experiments over the wh
range of the scattering angles.

The differential cross sections were also determined
our experiments by studying the 2P-2S superelastic-
scattering process. The measured values appeared to
better agreement with the CCC calculations than previou
g
t
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f
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nt
t
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ly

reported experimental results@8,9# obtained using the con
ventional inelastic-scattering technique.

The predictions of the CCC model for sodium ha
proved to be very accurate@42#. The present study has con
firmed the validity of this theory for lithium, the lighte
open-shell atom, for electron energies of 7, 14, and 21.8
When the project began there was reason to suspect tha
CCC theory may not work as well for the lithium target du
to the discrepancy with some of thee-H scattering experi-
ments. Presente-Li measurements and the recente-H mea-
surements@2,3# suggest that the CCC theory is equally va
for all these targets.
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