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Electron scattering from optically pumped lithium atoms
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A series of superelastic scattering experiments is described in which electrons are scattered from lithium
atoms optically pumped to theP2excited 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 theS2P transition in lithium, is presented. The experimental results are
compared with those predicted from convergent-close-couflt@C) calculations and two distorted-wave
calculations. Excellent agreement is found with the CCC calculat[@1950-294{09)06406-9

PACS numbes): 34.80.Dp, 34.80.Pa, 34.80.Qb

I. INTRODUCTION ing from lithium at incident energies from 15 eV to 190 eV.
These results have been analyzed to give generalized oscil-
The primary motivation for turning our attention to lator strengths and zero-angle differential cross sections for
electron-lithium scattering has been the long-standing disseveral transitions from the ground state including tHé?2
crepancy between theory and experiment forekté scatter-  transition.
ing system. Unlike atomic hydrogen, lithium may readily be Baumet al. [11,17 reported a series of experiments in-
optically pumped to the excitedR2level, thereby allowing volving polarized electrons and polarized lithium atoms. The
the SUperelaStiC Scattering teChnique to be used. This tecgpin asymmetry paramet@r was measured at several scat-
nique provides extremely accurate data with which theering angles for elastic scatterifiyl] and for the excitation
theory can be compared. It is particularly pleasing to see thgjs ine 22p state[12] for incident electron energies from 1
the excellent agreement between theory and experiment g\ o 30 eV. Good agreement was found when the measured
the case of lithiuni1] was sufficient motivation for new-H values ofA were compared to those predicted by a 13-state
experiments to be performda,3]. The new measurements, coupled-channel optical calculation of Brayal. [13].

gg:gg:}lqaerrl% \t/\r/]i?r?erec():e:\(?lrlnn:)estta;.o[pza,is\alcegtee;o?hn(;jo:i% sbimlg not Our initial measurements of the orientation and alignment
the old measurements parameters were reported by Karagarei\al. [1,14]. Here

The measurement of the superelastically scattered sign&fe prese_nt a complete set. of the four spm.-averaged param-
as a function of the polarization of the laser beam that excite§"S: which fully ghara_cte_rlz_e the electron-impact e>_<C|tat|on
the atom enables both the differential cross sections and tHd the 25-2P transition in lithium. These parameters include
orientation and alignment parameters to be deduced at a pdfifferential cross sections, the orientation parametér, ,
ticular scattering angl¢4]. The orientation and alignment and alignment parametesgP . The present paper also ad-
parameters essentially describe the magnitude and phase driesses various experimental aspects of the superelastic scat-
the scattering amplitudes and therefore provide an extremelyering experiments from lithium in full detail.
sensitive test of the scattering theory. Although the apparatus described in this paper was de-

The very limited set of experiments that have been resigned to study collisionally induced alignment and orienta-
ported on electron scattering from lithium reflects the signifi-tion phenomena, the differential cross sections for t8&2P
cant technical problems that are encountered in producingansition can also be accurately determined during the same
beams of lithium atoms. Integral cross sections for the exciexperiment. There are two distinctive techniques by which
tation of the 2P state of lithium have been presented by differential cross sections can be measured using superelastic
Zapesochnyet al. [5], Leep and Gallagh€i6], and Jadusz- scattering from optically excited atoms. The method used in
liwer et al.[7]. Differential cross sections have been reportedthe present experiments has been reported previously for
by Williams et al.[8] and Vukovic et al.[9]. The measure- small-angle scattering from bariuh5-17. A very different
ments of Vukovic et al.[9] cover the energy range from 5.4 recoil-atom scattering technique has been used by the group
eV to 200 eV and these results were made absolute by noet New York University{ 18] to deduce absolute superelastic
malization of the angular distributions using a generalizeddifferential cross sections for theP33S transition in so-
oscillator strength formalism. Shuttlewortt al. [10] have  dium.
measured zero-angle energy-loss spectra for electron scatter- One the other hand, the measurements of inelastic differ-

ential cross sections on alkali-metal and alkali-earth atoms

using conventional methods have a long history. Neverthe-

*Present address: Jet Propulsion Laboratory, California Institutéess, in spite of a large number of measurements reported,
of Technology, M.S. 183-601, Pasadena, CA 91109. there are still substantial discrepancies not only between
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anov[21], this resulted in a partial pressure of 0.15 Torr in

§ . the oven, which we estimated produced an atomic density of
electron & | lithium about 5 10'° c¢m~2 at the interaction region.
/‘g‘%\\gve“ An electron gun with a barium oxide cathode provided the
= s e electron beam currents between QUA and 1 uA. A re-
| ato® . .
(€= a ﬂ@:} tarding field electron spectrometg?2] was used to separate
\)g : S electron the elastically and superelastically scattered electrons. It was
e I <_detector found that thel overall energy resolution _of the_ system was
; HSEE largely determined by the thermal spread in the incident elec-
%ﬂla“mm“ tron energy. Normally the energy resolution did not exceed
O 0.3 eV.
Sl A commercial ring dye lasefSpectra-Physics, Model
quarter-wave plates@ : ! .
Qf';? 380D) was used as a source of single-frequency radiation.

; The laser was tuned to 670.977 nm to optically pump the
o _ _ 22S,,,-22P,, transition in 8Li. This wavelength was ob-
FIG. 1. Schgmatlc @agram showing thg experimental geometwained by using DCM laser dye. The dye laser was pumped
and the essential details of the superelastic electron-atom-scatterl%th a multiline argon ion lasefCoherent, Innova 310The
apparatus. typical laser power used in the experiments was 300—400
) ) ) mW. Long-term frequency drifts in the laser were eliminated
theorl_es and experiments but also betwee_n d_|fferent sets ?fy locking the laser frequency to the lithium transiticg].
experimental datg4,19]. One of the motivations of the A |arge fraction of the lithium atoms can become trapped
present work was to explore the advantages of the, the ground state during the pumping process. This phe-
superelastic-scattering technique for measurements of diffefjomenon is known as hyperfine-structure trapping. This un-
ential cross sections for theS2P transition in lithium. desirable effect can be avoided by the simultaneous pumping
of both hyperfine ground-state levels. An electro-optic phase
Il. EXPERIMENTAL TECHNIQUES modulator was used to generate a number of frequency-
shifted sidebandg24]. In the present series of experiments
the central frequency and one of the first-order sidebands,
Figure 1 is a schematic diagram of the apparatus. Th&eparated by 228 MHz, were used to pump the ground-state
scattering plane was defined by the directions of the molevels 2°S,,, F=1/2 and 2S,;,, F=3/2 simultaneously.
menta of the incident electrons and the scattered electron$he modulation signal was applied as a voltage across elec-
The electron gun and electron detector could be rotated infodes on the top and bottom of an electro-optic LifaO
dependently in the scattering plane about the common axierystal with dimensions of 4x25 mn? and Z-X-Y ori-
coinciding with the vertically directed laser beam. The rangeentation. A resonant inductor-capacitor circuit was used to
of scattering angles at which measurements could be madeduce the power of the rf signal required to operate the
was constrained by the physical size of the equipment. Usingdevice. The resonant frequency of the modulators was tuned
configurations with different positions of the electron gunby changing the physical dimensions of the inductors or ca-
and detector, it was possible not only to cover a wide ranggacitors. It was found that optimum pumping conditions
of scattering anglegup to 140°), but also to check the ex- were achieved when the oscillator was driven with a rf power
perimental results for consistency. This was usually achievedf 1 W.
by comparison of the data taken for negative and positive A polarization rotator, consisting of two rotatable quarter-
scattering angles and/or for different positions of the electroiwave plates, was employed in this project in order to obtain
detector. either circular polarization or any orientation of linear polar-
The size and shape of the scattering volume was definei@ation of the laser radiation required for superelastic experi-
by the overlap of the laser beam and the atomic beam anghents. The major advantage of the present scheme over that
could be considered as a cylinder 3 mm in diameter and 8vhich had been used before in our laborat&§] was that it
mm long. This was considerably less than the field of viewenabled all three components of the Stokes vector to be taken
of the electron detector. It should be noted, however, that thiguring the same run without changing optical components.
scattering volume could not be treated as infinitely small.This not only significantly reduced the time spent collecting
The treatment of the systematic errors due to finite angulathe data, but also completely solved the problem of combin-
resolution and volumetric effects are discussed in Sec. Il B 4ing separate measurements when the total polariza&ion
The lithium beam was produced in a resistively heatedlefined in Eq(2.6), was evaluatedSec. 11 B 4.
oven. In general, the theory and principles of the design of
effusive atomic beam sources are well establish2d]. B. Superelastic electron-scattering experiment:
However, specific problems arise in the case of lithium be- Experimental procedure
cause the solubility and reactivity of molten lithium and
lithium vapor become extreme at high temperatures. In such
circumstances the performance and reliability of each com- For the experimental geometry shown in Fig. 1, where the
ponent of the lithium beam source becomes crucial to théaser propagates perpendicular to the scattering plane, the
success of the experiments. The typical operating temperaeduced Stokes parameters measured in superelastic electron
ture of the oven was 650 °C. Based on the data in Nesmeyscattering experiments are defined[2§]:

A. Apparatus

1. Alignment and orientation parameters
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— 1
P1(6) =K P1(0), laser
~—beam —
— 1
P2(0) = Pa(6), 21
o 1 lineT-r
P3(8)=—P3(0), laser / polarizer
K polarizationl/
where
FIG. 2. Schematic diagram of the experimental geometry used
_1o(8)—1go(6) in the line polarization measurements during optical pumping with
Pa( 0)_|o( 0)+1go(6)’ the linearly polarized light.

g 0) 1 134 0) 2. Optical pumping and fluorescence measurement
45(0)— 113
Pa( 9)=m, (2.2 Determination of the superelastic depolarization fackors

andK' was essential for interpretation of the experimental

e 0)— 1 Luc( ) results. As discussed by Farreit al. [26] and Menget al.

— _RHC Lhc 7/ [28], the factorK was taken to be identical to the line polar-
lRHc(0) +1Lnc(0) ization of the resonant fluorescenBg . For the geometry

shown in Fig. 2 the line polarizatioR, is defined as
In Egs.(2.2), 1 ,(6) denotes the count rate of the superelas-

tically scattered electrons when the laser is linearly polarized F(0°)— F(90°)
at the angle ofp, with respect to the direction of the scat- I re——
tered electrons, or when the laser is right-left-handed circu- F(0°) +F(90°)
larly polarized.f denotes the scattering angl€ andK’ are
the superelastic depolarization factors associated with line
and circular optical pumpinf26]. The reduced Stokes com-
ponents are related to the alignment, orientation, and cohe
ence parameters §27]

P3(0)

2.7)

where F(«) is the intensity of the fluorescence signal that is
ae[nalyzed by a linear polariz¢R8]. This signal was moni-
tored through the vacuum window during the experiment, so
[t was possible to determine the factor= P for each mea-

surement.
— A series of experiments has been conducted previously
L, =—P3, (2.3} [29] to study the optical pumping processes in lithium. The
measured data were useful in the subsequent superelastic
P,=\P?+P2 (2.4  scattering experiments since the pumping conditions could

be optimized on the basis of this knowledge. The QED
1T model[26] predicts excited-state densities of about 17% for
y=—arg P,+iP,), (2.5  °Liand 8% for 'Li at laser intensities of 20 mW/mfj30].
2 Although it is possible to conduct superelastic-scattering ex-
periments under these conditions, it is preferable to increase

P*=P?+P2+P3. (2.6)  the excited-state population using the dual-frequency pump-

The six different states of polarization of the laser radia-
tion were obtained using the dual wave plate polarization
rotator. The laser beam was chopped at 61 Hz with a rotating
toothed wheel and the count rateg(#) were determined
using gated counters. The typical superelastic signal count S$
rate varied from 10 Hz to 10 kHz and it depended on the <s§>
incident electron energy, the beam current, and the scattering S &
angle. The background count rate usually did not exceed & dfoo

1-10 % of the signal.
The Stokes parameters for each scattering angle were I
. TTTOm T T 1T 1 rrom|

measured several times at different positions of the electron
detector and electron gun. This procedure minimized the in- 0.0001 0.001 001 0.1 b 10 2100
. Laser intensity (mW/mm")
fluence of the systematic errors.
The entire experiment was controlled by the computer, k|G, 3. Comparison of the different ways of optical pumpify.
though human supervision was required to provide readjustind @ represent the fluorescent intensity as a function of laser
ment to the laser frequency in the case of mode hops. Thigtensity measured for single-frequency pumpitg represents the
total acquisition time varied from several minutes to severafluorescent intensity as a function of laser intensity measured for
hours at each angle. dual-frequency pumping with a phase-modulated laser beam.

7Li, single frequency pumping o)
6. . . G
Li, single frequency pumping

Q.

6Li, pumping with &
phase-modulated laser beam <
¢

uorescence intensity (arb. units)
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ing technique. The advantage of dual-frequency opticallhe above analysis assumes a positive reflection symmetry
pumping can be clearly seen from the experimental data prén the excitedP state. This implies thaijs'=0, wherepfs"
sented in Fig. 3. The use of the electro-optic modulator alis a density matrix element in the natural fraf@e31]. It is
lowed a substantial increase in the excited-state populationalso assumed that the optical pumping conditions are con-
The dependence & on various experimental conditions stant during a measurement.
has been investigatel®9]. The results of these measure-  This allows the relative differential cross secti@C$) to
ments showed tha®_ was essentially constant over a wide be determined from the measured superelastic-scattering
range of laser intensities. Specifically it was found that count rates at different polarizations of the laser radiation. It
is clear that in our case the differential cross sections can be
P =0.575:0.010 (2.8)  determined simultaneously with the Stokes parame®es.
11B).
when the intensity of the pumping radiation in the interaction (gonsidering the problem of DCS measurement, we note
region changed from 5 mw/nfimo 40 mW/mnf. In con-  that the superelastic technique, when applicable, provides
trast, the uncertainty i, in the case of'Li was substan- several clear advantages when compared to the conventional
tially greater. This remarkable insensitivity Bf. to the ex-  technique. In superelastic experiments an interaction volume
perimental conditions was one of the reasons why the s defined by an intersection of the laser beam and the atomic
isotope has been chosen for further experiments. beam(Fig. 1); this is much better than in inelastic experi-
The factorK’ characterizes the depolarization in the casements where poorly collimated electron and atomic beams
of circularly polarized optical pumping and, in principle, determine the collision region. The density of excited atoms
plays an equally important role in the determinatiorPgf It in the interaction region can be monitored by observing a
is shown in the literature, however, that this parameter igpontaneous fluorescence signal, which is technically easier
practically independent of the experimental conditions and i¢han measuring a density of neutral atoms. The background
very close to unity at any laser intensities except at very lowean be readily determined and subtracted from the signal
levels[26]. In practice, the measurement iéf requires the Simply by chopping the laser beam.
determination of the degree of circular polarization of the When the conventional technique is used, it is often dif-
fluorescence at a very small angle to the laser bgagh ficult to discriminate inelastic peaks in an energy-loss spec-
This measurement is difficult to perform and is usually assofrum because the energy separations betweeR,tbe andF
ciated with large errors. Thus, in the present project the thecstates can be comparable to or smaller than the resolution of
retically calculated valu&’~1 was used for the evaluation the measuring system. Unlike the inelastic peaks, the super-
of the Stokes parametd?;. The experimental results for e:ast!c fpeak is well zngrateg from bolth t_he lelastlc a?]d n-
P.(6) (Fig. 5 give an additional confirmation that the as- S1aStic features. In addition, the superelastic electrons have a

sumptionK ' ~1 is justified. We can write from general con- hlgher energy and can be detected with an efficient retarding
field analyzer.

siderations
4. Experimental uncertainties
E:_SS 1, K'<1. (2.9 An extensive study has been undertaken in order to iden-
K’ tify, qualitatively estimate, and possibly remove various sys-
tematic errors including those due to finite angular resolu-
On the other hand, the maximum measured valuP Hf tion, imperfect laser polarization, scattering angle
determination, radiation trapping, and electron energy varia-
P;=0.986+0.033, (2.10 tion.

_ _ The scattering angle was the independent variable in this
was observed experimentally at 20 eV at the scattering anglgroject. Consequently, it was important that the electron-
of 80°. Thus the meaningful range f&’ can be determined scattering angle was accurately determined. The residual

from Egs.(2.9) and(2.10 as magnetic field in the interaction region was less than 3 mG,
so its influence could be neglected. However, static electric
1=K’=0.986+0.033. (211 fields created by oil deposits from the diffusion pump could
cause problems at low incident electron energies. Thus align-
3. Differential cross sections ment of the electron gun and detector using conventional

The theoretical analysis of the electron scattering from thén€chanical means was often not sufficient to ensure correct
laser excited atomic target is given ju,31. It has been determination of the true zero-scattering angle. It was there-
shown that for the experimental geometry where the laseloreé necessary to check the preliminary mechanical align-
beam is perpendicular to the scattering pldfig. 1) the Ment by measuring the position of the extremum on the
angular distribution of the total scattering intensitigs(6) P,(6) curve exactly corresponding t=0°.
andl.c(6) is dependent only on the differential cross sec- Two further tests were also important. First, the symmetry

tion o(6): of the results for negative and positive scattering angles was
checked at large angles. Second, the experimental data taken
Lin(0)=10(60) + 190 8) =1 45(0) + 1135 ) = 7 (6), for the same scattering angle but for different positions of the

(2.12 gun and electron detector with respect to the central vertical
axis were checked for consistency. Th€?' axis for
lcirc(0)=lruc(0) + 1 uc(0)xo(6). (2.13 superelastic-scattering experiment is parallel to the direction
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of the scattered electrdd|. Thus good practice dictates that pronounced only at small angles and in our case their influ-
the scattered electron detector remains fixed and the scattesnce is less significant than the influence of the “in-plane”
ing angle is changed by rotating the electron gun. A comeffects.

plete set of data was taken for the appropriate scattering An accurate knowledge of the electron energy is required
angles with the detector fixed in one position. The detectogo minimize possible systematic errors due to instabilities of
was then rotated by 45° and the experiments repeated. It Wage electron gun characteristics. An electron energy calibra-
observed .thz.at these results were consistent with the first sgpp, facility was established in the scattering chamber to en-
of data. Similar results were obtained when the detector wagpe the electron beam energy to be measured and corrected
rotated by 90° from the original posmpn. Such con5|stency(if necessaryany time during the experiment without open-
checks were performed regularly during the course of thg, the chamber and changing the experimental arrangement.

experiments and they indicated that the confidence in th%he beam energy was calibrated againsthitfeature in the

scattering angle was better thari.5° over the whole range metastable excitation function of neon, which is at 16.906 eV
of angles. [38]

WhenP,, P,, andP; are measured in two separate ex-  Experimentally measured values of the Stokes parameters
periments an additional systematic error BT can arise  and the line polarization can be underestimated when the
from possible uncertainties in the determination of the tr“%ensity of atoms in the interaction region is too high. This
scattering anlglg 'I” eachhcaW]. E%/en a small angular off- - yp1em arises from radiation trapping where the absorption
set may result in large changesRT due to rapid variations and reemission of photons in the interaction region results in

in the Stokes parameters at certain angles. Model CaICUI"’gubstantial depolarization of the target at large atomic beam

tions have been carried out in order to simulate this eﬁeCtdensities Kadotat al. [39] checked the influence of radia-
The result of such modeling demonstrates that combining thﬁon trapbing in thei.r experiments with optically excited

measurements foPy(6), P(6), and shiftedP3(6—1.5°)  |ithjum atoms and found it to be still negligibly small up to a

gives a discrepancy of up to 16% in the total polarizafn  gensity of 1.5¢102 cm3. It was estimated that in our case

and may result in a strongly pronounced atrtificial structure . ithium beam density did not exceed<80° cm3

The type of polarization rotator used in the present EXperly erefore, it is expected that depolarization due to radiation
ments allowed all three Stokes components to be determlnet hpping will be small under the conditions of the experi-

simultaneously. This remov_ed any poteﬂtlal angular shift beF”nent. The oven used in the present experiments could not be
tween the measurements Bf, P,, andP; and thus com-

= 1l heated above 700 °C. Consequently, we were unable to dem-
pletely eliminated the problem.

he fini | uti finite i ) | onstrate the onset of radiation trapping. Nevertheless, we
The finite angular resolution and finite interaction volume, oo ahje to show that both the Stokes parameters and the

are factors that must be taken into account when comparing, polarization were independent of the atomic beam den-

th.e expenmental re;ults with the theoretical caIcuIatmnsisit when the fluorescence signal and hence the atomic den-
Discussions addressing these problems and several example L )
sity changed by a factor of about 50. The variation in atomic

of their solution can be found in the literatuf82—35. In densit tored by the fi ianal. N
our case these effects were simulated by performing the co cam density was monitored Dy the Tiuorescence signal. No
variation of the measured Stokes parameters or variation of

volution transform with appropriate normalizatips2] . o : -
the line polarizatiorP, beyond the typical statistical uncer-

(Pjo)*H tainties was detected, so we conclude that our results are free
(Pi(0))= T o*H from radiation trapping effects.
The experiments were carried out with the assumption
JMPi(G’)a(G’)H(G— 0)dg’ ;that the gxcjted_ st‘r‘;\tes c,),f Iithium a_toms were prepared by the
Cw aser radiation in “pure” polarization states. If this was not
= - , (214 the case, the presence of a residual elliptical polarization of
f ag(6"H(6—0")de’ the pumping laser beam could cause serious systematic er-

rors in measurements of the Stokes parameters. In a practical

Here P, and o represent the corresponding theoretical dat£XPeriment such small elliptical components in the laser ra-
for the Stokes parameters and differential cross section, Th@iation could appear because of the imperfections or mis-
functionH(6) characterizes the overall angular resolution ofélignment of the quarter-wave plates or the birefringence of
the measuring system and, in our case, is taken to be Gaude vacuum window. _ _
ian with an angular width of 3° full width at half maximum.  Detailed theoretical and experimental studies of the
Equation(2.14) is applicable for modeling the influence Polarization-related problems in superelastic experiments
of the finite angular resolution and the volumetric effectswill be reported elsewhergt0]. It can be shown that given
when only collision events within the scattering plane arethe error in the laser polarization state, the uncertaiy
considered. Extension of the finite interaction volume out ofin the Stokes parameters can be qualitatively estimated. In
the scattering plane leads to an effective rotation of the scaparticular, it was found that when measuring electron scat-
tering plane about thX"@' axis and therefore to a different tering for linearly polarized light R,,P,), the errors are
geometry of the measurements. This situation was discussguoportional to the admixture of undesirable circular polar-
by Zetner et al. [34] and more recently by Sangtal. ization and toP,.
[36,37. Modeling calculations based on the formalism given  For the present series of experiments the degree of polar-
in [36,37] demonstrates that the “out-of-plane” effects are ization of the incident laser beam was measured and found to



4412 V. KARAGANOV, IGOR BRAY, AND P. J. O. TEUBNER PRA 59

TABLE |. Differential cross sectiongr and reduced Stokes paramet§§,52,53 measured for an
electron energy of 7 eV referred to the ground state.

0 o

(deg (cmPsr ) P, P, P,

0 2.91x10 14 0.863+0.040 —0.185+0.127 —0.019+0.005
2 2.60<10 4 0.751+0.038 —0.290+0.091 —0.048+0.022
4 2.05x 10714 0.646+0.104 —0.539+0.049 —0.091+0.026
6 1.83x 1074 0.344+0.066 —0.837:0.080 —0.153+0.018
8 1.36x10° 4 —0.017+0.115 —0.950+0.046 —0.251+0.008
10 11710 ¥ —0.230+0.071 —0.875-0.031 —0.258+0.036
12 8.33x 10 ® —0.395+0.081 —0.813+0.047 —0.367£0.043
14 5.90< 10 %° —0.525+0.120 —0.767+0.102 —0.470+0.032
16 3.82x10° % —0.607£0.184 —0.459+0.075 —0.449+0.090
18 27210715 —0.734+0.063 —0.499+0.028 —0.500+0.031
20 2.01x 10715 —0.619+0.026 —0.452+0.030 —0.543+0.021
25 9.92x10 16 —0.610+0.022 —0.303+0.028 —0.655+0.012
30 4.83x 10716 —0.427+0.028 —0.180+0.019 —0.819+0.024
35 2.61x 1016 —0.107=0.080 —0.167+0.024 —0.901+0.006
40 1.74<10° 16 0.228+0.052 —0.288+0.014 —0.856+0.017
45 1.25¢10 16 0.410+0.016 —0.495+0.030 —0.739+0.013
50 1.03x 1076 0.488+0.021 —0.635+0.027 —0.577+0.007
55 9.33x10° Y/ 0.500+0.018 —0.720+0.025 —0.491+0.006
60 8.14x10™ Y7 0.525+0.025 —0.720+0.035 —0.445+0.008
65 7.12x10° Y 0.540+0.023 —0.678+0.037 —0.441+0.013
70 5.80x 10~ Y7 0.518+0.026 —0.607+0.065 —0.454+0.011
75 4.63x10° Y 0.567+0.028 —0.599+0.050 —0.499+0.008
80 3.7 107V 0.621+0.031 —0.502+0.045 —0.516+0.008
85 2.95¢ 10~ Y7 0.657+0.026 —0.378+0.040 —0.542+0.010
90 2.0 10"V 0.672+0.036 —0.183+0.058 —0.565+0.010
95 1.53<10° Y7 0.636+0.032 0.002-0.044 —0.568+0.005
100 1.1x10°Y 0.508+0.037 0.206:0.028 —0.447+0.020
105 1.0x 10 Y 0.349+0.121 0.2730.024 —0.157+0.106
110 8.8 10718 0.319+0.011 0.2580.079 0.146:0.064
115 8.65¢107 18 0.189+0.024 0.1130.055 0.4740.016
120 11107V 0.263+0.060 —0.196+0.078 0.666:0.029
125 1.51x10° Y 0.379+-0.068 —0.263+0.044 0.72%0.026
130 1.71x10°Y 0.532+0.053 —0.464+0.052 0.676:0.004
135 1.91x 10"V 0.602+0.093 —0.441+0.034 0.576:0.025
140 2.4K%10°Y 0.669+0.018 —0.407+0.009 0.558-0.011

be better than 0.9996 using the Stokes formalidtj where  rors from the two effects cancel. Therefore it is difficult to
perfect polarization is identically 1. Nevertheless, it can becite a precise value of the systematic errors at each angle and
shown[40] that this level of uncertainty in the laser beam all the errors quoted in Tables I-1ll and Fig. 5 are statistical
polarization can give rise to uncertainties in the Stokes paand represent plus and minus one standard deviation.
rameters defined in Eq§2.2) that are estimated to be We note that an error analydi40] confirms the intuitive

view that the parametd?; is the least sensitive component
of the Stokes vector to the systematic polarization problems.

It should be mentioned that these estimates present only tHeis also clear from our measurements tifgf is virtually
upper limits of the expected uncertainties. However, in somginaffected by f|n|te_ angular resolution effects since there is
cases they were essentially zero. For example, in the me&0 sharp structure in this parameter over the whole range of

surement ofP; the systematic error due to a small circular scattering angles.
component may add for positive electron-scattering angles

and subtract for negative angles. This situation arises be-

causeP; is symmetric about=0°, wheread; is antisym-

metric. Consequently, when two sets of results are averaged The details of the convergent close-couplit@CQO

for positive and negative scattering angles the systematic etheory suitable for electron-lithium-scattering calculations

|AP, J=<0.065, |AP4/<0.007. (2.1

Ill. THEORY
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TABLE II. Differential cross sectionsr and reduced Stokes paramets,P,,P; measured for an
electron energy of 14 eV referred to the ground state.

0 o

(deg (cn?sr ) P, P, P,

0 6.10x10 14 0.756+0.025 —0.124+0.043 —0.006+0.005
1 5.91x 104 0.670+0.032 —0.385+0.043 —0.036+0.012
2 5.31x 104 0.527+0.053 —0.597+0.060 —0.055+0.008
3 4.46x10° 1 0.338+0.083 —0.750+0.056 —0.086+0.001
4 3.95¢ 10 4 0.073+0.008 —0.853-0.021 —0.108+0.004
5 2.99<10 4 0.009+0.013 —0.894+0.027 —0.136+0.008
6 2.39x10 4 —0.311+0.012 —0.852+0.022 —0.157+0.004
8 1.46x10 1 —0.557+0.018 —0.723+0.022 —0.206+0.005
10 9.00x10 1° —0.701+0.022 —0.579+0.022 —0.264+0.006
12 5.66< 10715 —0.791+0.026 —0.450+0.023 —0.297+0.008
14 3.68x10°1° —0.833+0.026 —0.380+0.023 —0.340+0.008
16 2.25¢ 10715 —0.832+0.029 —0.298+0.026 —0.411+0.010
18 1.46<10°1° —0.812+0.033 —0.285+0.031 —0.469+0.012
20 9.79<10 16 —0.768+0.039 —0.250+0.025 —0.524+0.027
25 3.79<10 16 —0.585+0.047 —0.240+0.010 —0.720£0.021
30 1.62<10° 16 —0.241+0.023 —0.305+0.020 —0.857+0.006
35 9.15¢ 10”7 0.074+0.018 —0.496+0.027 —0.817+0.010
40 6.33x 10”17 0.256+0.018 —0.661+0.045 —0.666+0.017
45 5.14x 10~V 0.350+0.032 —0.733+0.042 —0.542+0.008
50 4.05x 107 0.401*+0.022 —0.738+0.032 —0.492+0.005
55 2.89%x 10~ Y7 0.450+0.020 —0.729+0.030 —0.485+0.007
60 2.02x10° Y 0.541+0.022 —0.634:0.022 —0.515+0.004
65 1.3%<10° V7 0.644+0.027 —0.455+0.030 —0.563+0.004
70 9.28<10 18 0.780+0.036 —0.218+0.036 —0.582+0.007
75 6.11x 10 18 0.810+0.032 0.089:0.037 —0.549+0.010
80 4.14x10°18 0.738+0.028 0.523:0.039 —0.307£0.027
85 3.39%<10 18 0.412+0.018 0.7530.040 0.152-0.025
90 3.27x 1018 0.080+0.041 0.542-0.035 0.63%0.023
95 3.98x10°18 —0.079+0.029 0.10%:0.031 0.895:0.010
100 5.16<10° 18 —0.056+0.032 —0.259+0.031 0.91%0.004
105 6.67 10718 0.011+0.036 —0.424+0.050 0.858 0.009
110 8.80<10718 0.185+0.050 —0.596+0.049 0.7870.021
115 1.0%x 10"V 0.303+0.042 —0.682+0.038 0.696:0.021
120 1.26<10° Y 0.406+0.083 —0.679+0.030 0.608:0.028
125 1.43<10° Y7 0.481+0.014 —0.692+0.018 0.555:0.022
130 1.6x10° Y 0.616+0.047 —0.67+0.032 0.499-0.025
135 1.7% 10 Y 0.638+0.044 —0.602+0.018 0.43%0.011

have already been givga2]. Briefly, the method is based on tion of the valence electron. Lithium is particularly well
the close-coupling formalism involving the solution of suited to such a description. For the heavier alkali metals we
coupled Lippmann-Schwinger equations. These are derivefind that this model also works very well with the addition of
by expanding the total wave function using a set df a phenomenological core-polarization potenfi4], but we
negative- and positive-energy target states obtained by dido not require this here.
agonalizing the target Hamiltonian in an orthogonal Laguerre The total number of expansion states is given Ky
basis. The use of such a basis ensures that simply with inr=3N;, wherel ranges up td .. Thus a test of conver-
creasingN the expansion yields an increasingly accurate degence requires the increase of bbth, andN, within eachl.
scription of the target discrete and continuous spectrum. The size of the calculations typically depends on the relative
The method concentrates on treating the scattering aspesize of the cross sections being calculated. TResZcitation
of the calculation, leaving the primary approximation beingof lithium is one of the largest lithium cross sections and so
the treatment of the target structure. Presently, the lithiunthe numerical analysis is relatively simple. Convergence
atom is modeled using the frozen-core Hartree-Fock modelwith |, is found atl ,,,,=3 and we typically haveN,=13
The two core % electrons are assumed to be inert and are-1.
used to define the Hartree-Fock potential governing the mo- In addition, we performed a standard close-coupliGg)
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TABLE Ill. Differential cross sectionsr and reduced Stokes paramet§§,52,53 measured for an
electron energy of 21.8 eV referred to the ground state.

[/ o

(deg (cmPsr ) P, P, P,

6 —0.585+0.067 —0.692+0.071 —0.126+0.024
10 —0.878+0.043 —0.419+0.038 —0.207+0.009
12 2.67x10°1° —0.890+ 0.057 —0.367+0.055 —0.271+0.041
14 2.10<10°%° —0.894+0.021 —0.242+0.010 —0.320+0.003
16 119107 %° —0.877+0.021 —0.210+0.010 —0.393+0.003
18 6.61x 1016 —0.830+0.031 —0.198+0.011 —0.441+0.032
20 3.95¢10° 16 —0.825+0.031 —0.201+0.011 —0.549+0.017
25 1.10<10 16 —0.491+0.018 —0.237:0.014 —0.781+0.004
30 5.09< 10" Y7 —0.234+0.038 —0.425+0.036 —0.838+0.004
35 3.06x10° Y7 0.214+0.014 —0.570+0.022 —0.733+0.005
40 1.67x10° Y 0.264+0.033 —0.699+0.038 —0.589+0.009
45 1.11x10°Y 0.537+0.028 —0.709+0.031 —0.504+0.009
50 8.20< 10718 0.580+0.062 —0.652+0.027 —0.450+0.014
55 5.10<10° '8 0.778+0.050 —0.468+0.036 —0.374+0.013
60 3.18<10° '8 0.962+0.046 —0.160+0.044 —0.239+0.021
65 2.19< 1018 0.989+0.065 0.1410.053 0.08%:0.036
70 1.79<10° 18 0.822+0.052 0.324:0.080 0.486:0.044
75 1.78< 1018 0.475+0.146 0.326:0.050 0.8010.040
80 1.77x 10718 0.078+0.064 —0.006+0.044 0.986:0.033
85 2.04x 10718 0.056+0.078 —0.217+0.032 0.96%0.013
90 2.25¢10° 18 —0.038+0.048 —0.425+0.038 0.894:0.015
95 2.57x 1018 0.081+0.045 —0.536+0.036 0.795:0.014
100 2.91x10° 18 0.080+0.043 —0.651+0.034 0.7330.011
105 3.4% 1018 0.188+0.126 —0.815+0.044 0.65%0.028
110 3.81x10 8 0.280+0.049 —0.698+0.070 0.575:0.060
115 3.94<10° 8 0.353+0.148 —0.797:0.063 0.5270.056
120 44310718 0.459+0.081 —0.764+0.045 0.4930.033
125 52210 %8 0.579+0.056 —0.738+0.054 0.412-0.026
130 5.3%10 %8 0.674+0.054 —0.699+0.052 0.382-0.020
135 5.6810 8 0.697+0.062 —0.651+0.065 0.33@:0.021
140 5.95¢10 18 0.828+0.046 —0.608+0.067 0.286:0.014

calculation that is convergent in treating of just the discretewith subsequent normalizing to a known value of the inte-
target eigenstates. States witlks7 were included. grated cross section for theS2P transition in lithium. This
method was used to normalize the DCS measurements at 7
eV and 14 eV.
o The integrated cross sections given by Leep and Gal-
The reduced spin-averaged Stokes paramdgr®,,P;  lagher[43] were used in the described normalization proce-
are given in Table I-lIl at the three incident energies 7, 14dure. We note that the values reported by Leep and Gal-
and 21.8 eV referred to the ground state. The uncertaintielagher[43] have been confirmed by a number of subsequent
quoted represent one standard deviation. The differentidghdependent measurements8,9. The accuracy of the re-
cross sections are also presented in the tables. The dataported integrated cross sections varied from 10% to 35%.
these tables provide a complete set of the four spin-averaged No measurements have been performed in the present
parameters that fully characterize the electron-impact excitgproject at small scattering angles for 21.8 eV. This region is
tion of the 2P transition in lithium from the ground state.  particularly important for normalization because the differ-
The previously reported experimental data available forential cross section is strongly peaked for the forward angles.
comparison are the DCS measured in conventional inelasticFhus it was not possible to obtain an accurate integral cross
scattering experimen{$8,9] for an electron energy of 20 eV. section at this energy. In order to compare the relative values
The present relative differential cross sections were extractedf differential cross section, our results for 21.8 eV have
from the measurements of the superelastic-scattering intenddeen normalized to the value of DCS at the point where the
ties as described in Sec. Il B 3. The normalization methodheory is in good agreement with the measurements bkVus
employed in the present work involved integrating the meaovic et al.[9], which is at a scattering angle of 14°.
sured DCS over a range of scattering angles from 0° to 140° The absolute values of differential cross sections mea-

IV. RESULTS AND DISCUSSION
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1013

are compared both with the CCC model calculations for ideal
conditions and with the convoluted curvdsg. 5). It can be
seen that the influence of the finite system resolution is ex-
pected to be negligible, except for small scattering angles.
Therefore the theories and measurements can be safely com-
pared beyond this region. However, care should be taken

when analyzing the derived quantiti®s™ and P, that are
strongly affected by these effects at scattering angles around
0°. These results confirm the major conclusions on the effect
101 : : : : : of finite angular resolution made by Zetnetral. [44].

14eV As seen from the graphs, the agreement between the ex-
periment and the CCC calculations is excellent at the scat-
tering angles from 15° to 140°. The CCC calculations modi-
fied for finite angular effects accurately reproduce the
behavior of the scattering parameters observed at smaller

104 | N
1055 L

10r16

1017 b

104 L

1015 |

Differential cross sections (cm”sr)

107 o angles. Minor discrepancies between the experiment and
100 | theory in most cases are comparable to the combined value
of systematic and statistical experimental uncertainties.
1018 . . . . . The distorted-wave localized exchange model calcula-
21.8 ¢V tions(DWB1LE) by Mathur[45] are shown in Fig. 5 fot | ,
100 | v, andP* parameters. Clearly there are difficulties with the
O presentresults (experiment) theory in the intermediate range of scattering angles for all
105§ R ‘C,Sscko";’filml[ ol parameters. The second-order distorted-wave calculations
v Williams et al. [ 8] (DWB?2) of Madisonet al. [46] have not improved the situ-
1016 | ation substantially. The model describes only the general
trends in the behavior df, and y. The structure predicted
107 by this theory forP, andP™ at the intermediate angles has
not been observed experimentally. These comparisons dem-
10 30 60 90 120 150 180 onstrate the generally poor accuracy of both distorted-wave
Scattering angle (deg) calculations. A small difference in the electron energy used

in the calculationg20 eV) and experiment&1.8 e\j cannot
FIG. 4. Differential cross sections for theS2P transition at  explain the significant qualitative discrepancies between the
electron energies of 7, 14,_ e_md 21.8eV referregl to t_he ground statgistorted-wave theories and the present measurements.
The measurements by Williamet al. [8] and Vukovic et al. [9] It is interesting to compare the situation for two different
are given for an electron energy of 20 eV. alkali-metal atoms, sodium and lithium, reviewed by Ander-

_ senet al.[19]. The case of sodium is investigated very well
sured at 7 eV and.14 QV and relative measurements at 21§y, theoretically and experimentally. Taking the DWB2
eV are presented in Fig. 4. Agreement between the presef{ode| as an example of the most sophisticated distorted
set of experimental data and the CCQ calculations is good &{ave theory[47], we note that it provides reasonably good
all scattering angles and for all energies. quantitative agreement with both the experimental results

The measurements published by Williamsal. [8] and  5nq the CCC model when applied to sodium at the range of
by Vuskovic et al. [9] for 20 eV give larger absolute values gnergies about 20 eV. Even for 12 eV the DWB2 predictions
of the DCS than those predicted by the theory. However, ifye correct for the spin-averaged parameters. Nevertheless,
one considers only the angular distributions and ignores thgyis model fails to describe the behavior of the alignment and
problems of normalization, it can be seen that there is reagrientation parameters at 21.8 eV in lithium when compared
sonable agreement between experiment and theory with rgg tne present experimental ddfig. 5). Despite its simpler

spect to shape. atomic structure, lithium appears to be a more difficult target

While differential cross sections provide an important teSo; the distorted-wave-based electron-atom scattering theo-
of the theoretical predictions, a more detailed comparisoRjes than the more complex sodium atom.

can be drawn using the orientation and alignment param- The structure that is seen in the reduced polarization pa-
eters. These parameters can be derived from the data l3meterP+ is very similar to that reported by Teubner and
Tables |1l using Eqs(2.3—(2.6). The derived parameters gcholten[48] in their superelastic-scattering experiment in
L,, v, P,, andP* are shown in Fig. 5. sodium. The authors attribute the structure to a manifestation
As was discussed previously in Sec. Il B, the finite angu-of significant exchange amplitudes in the scattering process.
lar resolution and finite interaction volume are factors thafThey also proposed a simple wave mechanical model that
should be taken into account when comparing the preserman be applied in the present case. In particular this model
results with the theoretical calculations. These effects wergredicts that significant departure fro®i" =1 will be most
simulated by performing the convolution transfof®14) of  apparent near the minimum in the differential cross sections
the corresponding CCC data and the Gaussian function thaind at low energies. It also predicts that the structure will
characterizes the instrumental effects. The experimental dataove to large scattering angles as the energy decreases. The
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7 eV 14 eV 21.8 eV

90 120 150 180 30 60

Scattering angle (deg)
O  experiment - CCC’ ——— DWBILE model
CCCmodel — — CC - DWB2 model

FIG. 5. Orientation parametér, , alignment parameterg andP,, and coherence paramefef measured for electron energies of 7,
14, and 21.8 eV referred to the ground state. The uncertainties represent plus and minus one standard deviation. The convergent close-
coupling results denoted by CCC have been convoluted with the experimental angular resolution to obtain the curve denotédTine CCC
DWB1LE and DWB?2 data are adapted from the review by Andertea. [19] and given for an electron energy of 20 eV.

present results foP* demonstrate that the simple model canreported experimental resulfg,9] obtained using the con-
be used to provide a qualitative description of the scatteringentional inelastic-scattering technique.

process in electron scattering from lithium. We note that The predictions of the CCC model for sodium have
there is excellent agreement between the measBfednd  Proved to be very accurafd?]. The present study has con-
that predicted by the CCC. This level of agreement reflectéirmed the validity of this theory for lithium, the lighter
the excellent agreement between theory and experimempen-shell atom, for electron energies of 7, 14, and 21.8 eV.

that was observed for the Stokes parameters that compris¥hen the project began there was reason to suspect that the
pt CCC theory may not work as well for the lithium target due

to the discrepancy with some of tleeH scattering experi-
ments. Preserg-Li measurements and the recenti mea-
V. CONCLUSIONS surement$2,3] suggest that the CCC theory is equally valid

Neither distorted-wave model accurately predicts all offor all these targets.
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