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Orientation dependence of inelastic scattering from the laser-excited„...6s6p 1P1… state of barium

P. V. Johnson and P. W. Zetner
Department of Physics and Astronomy, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2

D. Fursa and I. Bray
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~Received 16 October 2001; published 15 August 2002!

We have investigated inelastic electron scattering from the laser-excited(...6s6p 1P1) state of barium at 20
eV incident electron energy and scattering angles of 5.5°, 9°, 13°, and 16°. By using circularly polarized laser
light and measuring the circular polarization dependence of inelastic energy loss features associated with
various excitations, we have determined the transferred orbital angular momentum parameter.Lperp

1 for the
time-inverse related deexcitationsX→(...6s6p 1P1), whereX5(...6s7p 1P1), (...6s6d 1D2), (...6s7s 1S0),
(...5d2 3P2) and the unresolved states(...5d2 1D2 ,...6p5d 1D2). Our structure calculations show some of
these states to be essentially pure, two-electron states with relatively strong singlet-triplet mixing. Scattering
calculations were carried out in the convergent close-coupling formalism and, in general, good agreement with
experimental data is shown. A detailed analysis of theS→P and D→P deexcitations in comparison to
previously reported results forS→P and D→P excitations@Y. Li and P. W. Zetner, Phys. Rev. A49, 950
~1994!; P. V. Johnson, B. Eves, P. W. Zetner, D. Fursa, and I. Bray, Phys. Rev. A59, 439 ~1999!# shows a
selection rule ofDm511(21) to hold for excitation~deexcitation! in small-angle scattering.

DOI: 10.1103/PhysRevA.66.022707 PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Electron collision phenomena involving excited-sta
atomic targets are by and large under-represented in the
erature. This point was made by Trajmar and Nickel@1# in
1992 and is largely true today. Such studies present a d
cult problem from both experimental and theoretical sta
points. The experimentalist is faced with the task of gene
ing steady-state concentrations of excited-state species
enough to measure statistically significant scattering inte
ties. To measure scattering angle-resolved quantities, suc
differential cross sections~DCS!, for excited-state to excited
state processes, a substantial fraction~say, .10%! of the
target beam must be excited. With tuneable, cw las
excited-state populations of this magnitude are relativ
easy to achieve, and this technique is responsible for re
progress in the field.

The application of laser excitation to collision studies
stricts the target species, for the most part, to the alkali
alkaline-earth atoms with resonance transitions in a con
nient ~near uv to near ir! portion of the spectrum. Thes
atomic targets are problematic for the theorist both in
determination of the target wave functions and in the
proximations used in the collision model. As the atom
numberZ of the target increases, electron shells underly
the valence shells can introduce electron correlation eff
into the description of the wave functions, thus giving rise
a relatively complicated configuration mix. AsZ increases, it
is also possible that~relativistic! spin-orbit coupling effects
can enter into the description of the wave function and
collisional interaction Hamiltonian. Furthermore, chann
coupling effects, which are relatively small for the collision
excitation of resonance transitions at intermediate energ
can become important in the description of excited-state
excited-state scattering. Hence, first-order perturbative th
1050-2947/2002/66~2!/022707~12!/$20.00 66 0227
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ries ~which neglect channel coupling! may be less usefu
than close-coupling approaches in treating the problem.

Since the review by Trajmar and Nickel, studies
excited-state to excited-state collisions in barium and sod
have been reported@2–8#. Measurements were carried out
crossed-beam experimental configurations with momen
selection~but no spin selection! of the incident and scattere
electrons. Laser radiation was tuned to theS→P resonance
transitions in these atoms and scattering out of the exciteP
state was studied by measuring the impact energy, scatte
angle and laser polarization dependence of the energy
feature associated with the collision process of interest
this way, the DCS for a large variety of excitations out of t
Ba(...6s6p 1P1) level were measured by Zetneret al. @4#.
Additionally, population of the metastable(...6s5d 3D, 1D)
levels by radiative cascade from this1P1 level allowed the
measurement of the DCS for excitation out of these me
stable levels@5#.

The use of laser radiation to generate excited atoms in
duces the possibility of controlling the magnetic sublev
distribution of the target population. Generally, the distrib
tion is anisotropic with the population of magnetic sublev
um& being different than that ofum8& ~for magnetic sublevel
quantum numbersm, m8!. Such anisotropic populations ar
characterized by alignment, associated with equal pop
tions in theum& and u2m& substates, and/or orientation, ass
ciated with unequal populations in theum& and u2m& sub-
states. The nature of the target population anisotropy
determined by the polarization state of the exciting la
beam. The early experiments of Hertel and collaborat
@9–11# on laser-excitedP-state sodium showed that electro
scattering is alignment and orientation dependent. Ma
and Hertel@11# developed a theoretical description in whic
the measured collision process~scattering from an aligned
orientedP state target! is interpreted in terms of a proces
related to it in a time-inverse sense~scattering that produce
an aligned/orientedP state!. Hence, the study of collisionally
©2002 The American Physical Society07-1
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induced transitions of the typeP→X ~where X represents
some arbitrary, final atomic level!, in which laser excitation
has been used to produce an aligned/orientedP state popu-
lation, allow one to ascertain the nature of collisionally i
duced P state alignment/orientation in the ‘‘time-inverse
transitionX→P. There has been a long history of interest
collision-induced alignment/orientation ofP states and, con
sequently, it has become customary to describe the resul
scattering studies on laser-excitedP level atoms in terms of
collision processes terminating on theP level. The reader is
referred to the recent monograph by Andersen and Barts
@12# for a comprehensive review of the subject.

Andersen, Gallagher, and Hertel@13# have discussed vari
ous parametrizations of the alignment and orientation of
atomicP level excited out of a~ground! S level. We refer to
these various parameters as the electron impact coher
parameters~EICP!. Scattering studies with laser-excitedP
level atoms have been carried out to determine the EICP
~ground state! S→P excitations by measuring the laser p
larization dependence of scattering intensity for the inve
~superelastic! P→S deexcitation process. Such a process
completely characterized~for spin-unpolarized electrons! by
four EICP and the DCS. Measurements of this type h
been carried out to determine EICP forS→P transitions in
sodium@9,10,14,15#, lithium @16#, potassium@17#, rubidium
@18#, calcium @19#, barium @20–23#, ytterbium @24,25#, and
chromium@26#.

The discussions of Andersen, Gallagher, and Hertel@13#
were largely restricted toS→P transitions; however, the
theory of Macek and Hertel@11# provides a simple generali
zation of the EICP to the case where a collisionally induc
transition to theP level occurs out of an isotropically distrib
uted magnetic sublevel population of atoms in some ini
level of arbitrary total angular momentum. This generaliz
tion was described by Li and Zetner@3# and Johnsonet al.
@2# in their investigations of the~metastable! (...6s5d 1D2)
→(..6s6p 1P1) inelastic transition in barium. Measuremen
of the DCS and four EICP for this transition were made
studying superelastic scattering for the time-inverseP→D
deexcitation process. Subsequently, related measuremen
generalized EICP have been reported for elastic scatte
from the laser-excited(...6s6p 1P1) state in barium by
Trajmar et al. @27# and for scattering from the laser-excite
3 2P state in sodium by Shurgalinet al. @6,7#. Shurgalin
et al. measured inelastic scattering out of the 32P level in
sodium to determine EICP for the time inverse 42S→3 2P
@6# and 32D→3 2P @7# superelastic transitions.

The present work is closely related to that of Shurga
et al. in that we have studied inelastic scattering from t
laser-excited(...6s6p 1P1) barium state to determine one o
the EICP, namely, theLperp

1 parameter~defined below!,
for the superelastic transitionsX→(...6s6p 1P1) where
X represents levels (...6s7p 1P1), (...6s6d 1D2),
(...6s7s 1S0), (...5d2 3P2) and the unresolved pai
(...5d2 1D2 ,...6p5d 1D2). As noted above, measured sca
tering processesP→X, involving an anisotropically distrib-
uted P level magnetic substate population, are described
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terms of the inverse processesX→P, whereX represents an
isotropically populated level.

This paper is organized as follows. In Sec. II we presen
discussion of the measurement theory relating the meas
scattering intensity to the scattering parameter of inte
(Lperp

1 ). In Sec. III a brief description of the converge
close-coupling formalism is provided. In Sec. IV we descri
the experimental procedure and the steps required to un
scattering signal associated with a particular collision p
cess from the measured energy loss spectrum. Section V
sents our results with discussion, and concluding remarks
made in Sec. VI.

II. MEASUREMENT THEORY

In our earlier work @2,3#, we developed the theory o
Macek and Hertel to define the partial differential cross s
tion ~PDCS! for scattering out of a laser-excited1P1 state.
The measured scattering signal I is proportional to the PD
and can be written as

I 5ksPDCS, ~1!

wherek contains factors such as detection efficiency, el
tron beam flux, target population and so on. The PDCS fo
particular scattering process differs from the DCS in that
initial P-level population is anisotropically distributed ove
magnetic sublevelsum&. In fact, for the laser-excited1P1
level that is of interest here, the atomic target population
be described by a wave function~i.e., it is a coherent state!
which, in some reference coordinate frame, can be written
uJN&, with J51 and magnetic quantum numberN. For lin-
early polarized laser light, an appropriate reference fra
~the ‘‘photon frame’’ @10,28#! would be that in which the
quantization axis lies along the oscillation direction of t
optical electric field, in which caseN50. For circularly po-
larized light, an appropriate quantization axis would lie alo
the laser beam propagation direction~antiparallel to the
beam direction in the so-called ‘‘laser frame’’@28#! in which
caseN561 depending on the handedness of the circu
polarization. In general, the1P1 wave function can be de
scribed by a coherent~magnetic sublevel! superposition
state,

uJN&5(
m

amuJm& ~2!

for m50, 61. The nature of this superposition is determin
by the quantization axis chosen to define substatesum& and by
the polarization state and incidence direction of the la
beam with respect to this quantization axis. We define
polar angles (uv ,wv) of the incident laser beam with respe
to the quantization axis such that the PDCS for a measu
P→X scattering process~identified by its associated energ
loss,DE! is dependent on (uv ,wv) and the polarization state
~which we symbolize by the letterpv!, and can be written as

sPDCS~DE;uv ,wv ,pv!

5
1

2 (
msms

k8

k (
m

u^J8mmskW8uT̂uJNmskW &u2. ~3!
7-2
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ORIENTATION DEPENDENCE OF INELASTIC . . . PHYSICAL REVIEW A 66, 022707 ~2002!
Here ^J8mmskW8uT̂uJNmsk̂& is the scattering amplitude fo
the P→X process expressed as a matrix element of the t
sition operator,T̂. It gives the amplitude for excitation of th
uJ8m& substate of levelX from the laser-exciteduJN& coher-
ent superposition state~the 1P1 state! with incident electron
momentumkW ~spin:ms! and scattered electron momentumkW8
~spin: ms!. Substitution of Eq.~2! into Eq. ~3! allows us to
define the quantities

r i j 5
$(m^J8muT̂uJi&^J8muT̂uJ j&* %

$(m,mu^J8muT̂uJm&u2%
, ~4!

where the asterisk indicates a complex conjugate and
curly brackets represent the average over initial and s
over final electron spins, explicitly shown in Eq.~3!. By the
Macek-Hertel theory, the quantities defined in Eq.~4! are
density matrix elements of the1P1 level produced by elec
tron impact on the isotropically populatedX level. The PDCS
for the P→X process measured with a laser beam in po
ization state pv and incidence direction determined b
(uv ,wv) can thus be expressed in terms ofr i j describing the
X→P process.

In this paper, we describe measurements carried out
circularly polarized laser light propagating vertically upwa
and striking the horizontal scattering plane perpendicula
from below. A convenient quantization axis in this case is
‘‘natural frame’’ quantization axis described by Anderse
Gallagher, and Hertel@13# which, in our case, points alon
the laser beam propagation direction. Hence the angleuv
50 ~wv is irrelevant! and we will simplify the notation for
the PDCS in Eq.~3! by eliminating uv and wv from the
argument and replacing the symbolpv with the symbol RHC
~LHC! for right-hand ~left-hand! circularly polarized light.
With density matrix elements@Eq. ~4!# defined in the natura
coordinate frame, we can write

sPDCS~DE;RHC!53sDCS~DE!r2121
n ~5a!

and

sPDCS~DE;LHC!53sDCS~DE!r11
n , ~5b!

where the superscriptn indicates natural frame density ma
trix elements and the quantity

sDCS~DE!5
1

3

k8

k H (
m,m

U^J8muT̂uJm&U2J ~5c!

is the DCS for the measured~inelastic! collision processP
→X specified by energy lossDE. As is evident from equa-
tion ~5c!, the DCS describes excitation out of an isotrop
~i.e., unpolarized! 1P1 level.

In the present studies of orientation dependence oX
→P processes, the parameter of interest is

Lperp
1 5

sPDCS~DE;LHC!2sPDCS~DE;RHC!

sPDCS~DE;LHC!1sPDCS~DE;RHC!
5

r11
n 2r2121

n

r11
n 1r2121

n .

~6!
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This parameter, introduced by Andersen, Gallagher, and H
tel @13#, gives the amount of orbital angular momentu
transferred to the positive reflection symmetry componen
the charge cloud in the finalP state. Equivalently, the ratio
r11

n /r2121
n , extracted from Eq.~6! once Lperp

1 is known,
gives the relative population ofP-level atoms produced in
the ~natural frame! m561 magnetic substates by collision
deexcitation from levelX. Since the upper level magneti
substates are unresolved in the measurement, the popul
of m561 substates is determined by an incoherent s
over squared transition amplitudes,^J8muT̂uJm&, as is evi-
dent by rewriting Eq.~4! in the form

r i i
n 5

k8

3ksDCS~DE! (m u^J8muT̂uJi&u2 ~7!

with i 5 j 561. The arrows drawn in Fig. 1 represent th
~squared! collisional transition amplitudes which couple up
per level~X! magnetic substatesum& to P level substatesu61&
for three of the levels,X5 1S0 , 1P1 , and 1D2 under con-
sideration in the present work. The assumption of conse
tion of reflection symmetry through the scattering plane
these singlet-singlet transitions has been made in Fig. 1.
requires that the target levels areLS coupled and that the
collision Hamiltonian does not explicitly depend on the sp
orbit interaction. In the most complex transition illustrate
i.e., 1D2→1P1 , conservation of reflection symmetry will re
duce the number of~real! terms required in the summation i
Eq. ~7! from 5 to 3.

III. THE CONVERGENT CLOSE COUPLING METHOD

We have used the convergent close coupling~CCC!
method to calculate the DCS and EICP for the transitio
listed in Table I. Application of the CCC method to electro
scattering from Ba has been extensively discussed elsewh
We refer to Fursa and Bray@29# for a general formulation of
the method and its application to electron scattering fr
alkaline earth atoms. The details relevant to the Ba at
have been discussed by Fursa and Bray@30# and, in Zetner
et al. @5#, it was shown how the major relativistic effec
singlet-triplet mixing in the Ba wave functions, can be tak
into account in the CCC method.

In Table I we present the configuration-interaction expa
sions for levels included in the present study. Only ma
configurations were retained. The results demonstrate v
strong coupling between different configurations in t
wavefunctions. Two-electron configurations are very imp
tant for the description of the(...6s6p 1P1), (...6s7s 1S0),
(...6s7p 1P1), and (...6s6d 1P1) levels. The(...5d2 1D2),
(...6p5d 1D2), and (...6d2 3P2) levels are pure two-
electron excited levels. They are very strongly affected
the breakdown of the nonrelativistic approximation which
demonstrated by large singlet-triplet mixing coefficien
Good agreement between calculated level energies and
level energies of Moore@31# is shown.

The excitation energies, relative to the(...6s6p 1P1)
level, for all transitions studied, do not exceed 1.5 eV. T
incident electron energy of 20 eV employed in the expe
7-3
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ments therefore corresponds to more than 13 threshold u
and is close to the high-energy regime of the scattering p
cess. Given a rather small triplet component in t
(...6s6p 1P1) level, we expect that, for all the transition
the singlet-singlet, one-electron mechanism will be dom
nant, at least in the near-forward scattering region.

IV. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The apparatus, an electron-energy-loss spectrometer
sisting of fixed electron detector and rotatable electron g
has been fully described by Johnsonet al. @2# and the reader
is referred to that work for details. Our measurements w
carried out by developing electron-energy-loss spectra
the laser beam polarized in both right-hand and left-ha
circularly polarized states. System energy resolution was
proximately 90 meV at about 75 nA electron gun current a
the angular resolution was about62.5°. Electron impact en
ergy was calibrated on the known position of the He 22S
elastic scattering resonance at 19.37 eV. For this work,
focus was on the inelastic portion of the spectrum~i.e., P
→X processes were of the inelastic type! and our task was to
identify and isolate inelastic scattering signal correspond
to a particularP→X excitation. Equation~6! shows that only

FIG. 1. Reflection symmetry-conserving superelastic scatte
amplitudes for singlet transitions of the typeS to P ~a!, P to P ~b!,
and D to P ~c!. Amplitudes for transitions terminating on them
511(21) magnetic substate of theP level are represented b
dashed~solid! arrows.
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ratios of PDCS for orthogonal laser polarization states,
required to determine theLperp

1 parameter for the~time-
inverse! superelasticX→P deexcitation. Ratios of PDCS ar
equal to ratios of scattering intensity@Eq. ~1!# associated
with a particular energy-loss feature~i.e., no normalization is
required! and, hence, determination of the EICP necessita
a measurement of the polarization dependence of the sca
ing intensity.

Previous experiments@4,5# have shown that the inelasti
portion of the energy-loss spectrum obtained from las
excited barium vapor is highly congested with, under con
tions of practical energy resolution, many overlapping fe
tures. When the laser beam and the collision interact
volume~determined by the intersection of the electron bea
vapor beam, and electron detection viewcone! overlap, the
Ba vapor beam contains predominantly(...6s2 1S0),
(...6s6p 1P1), (...6s5d 1D2), and (...6s5d 3D2) species of
the 138Ba isotope and all other isotopes in their ground sta
The conditions on atom beam collimation, laser beam int
sity, and residual fields necessary to isolate the138Ba isotope
for laser-pumping have been discussed by Registeret al. @32#
and are satisfied in our experiments. We refer to the ge
etry in which laser beam and collision interaction volum
overlap as the ‘‘laser-center’’ geometry@4,5#.

The laser-center geometry produces significant concen
tions of (...6s5d 1D2 , 3D2) species that are metastable a
electron scattering from atoms in these metastable le
contributes to the congested nature of the energy-loss s
trum. In order to isolate energy-loss features associated
P→X transitions we utilize a method developed in previo
studies@4,5# where the contribution due to scattering fro
theD level metastables can be eliminated from a laser-ce
spectrum. This involves additional measurements in wh
the laser beam–vapor beam interaction volume is displa
upstream from the collision interaction volume. In th
‘‘laser-low’’ arrangement, target beam constituents at the c
lision interaction volume will comprise only ground sta
andD level metastables, since the short-livedP state decays
in approximately 8 nsec and does not survive the tra
downstream. In a sequence of steps which we will desc
below, it is possible to generate an energy-loss spectrum
playing only features of theP→X type by subtracting suit-
ably scaled versions of laser-low and laser-off~ground-state
targets only! spectra from laser-center spectra.

Determination of EICP for theX→P process required us
to measure the laser-polarization dependence of feature
tensities corresponding toP→X inelastic scattering. Lase
beam polarization was determined by a rotatable qu
phase retardation plate used in combination with a Gl
Taylor prism. The measurement was begun in the la
center geometry. The retardation plate was rotated~by step-
per motor! into the orientation required to give a desire
polarization state and an energy-loss sweep over the de
energy-loss range was initiated for accumulation in a mu
channel scaler~MCS!. We chose the energy loss region
include the elastic scattering feature (DE50) and the1S0
→1P1 excitation feature (DE52.24 eV). At the end of the
sweep, the MCS provided a trigger pulse to rotate the re
dation plate into the required position for the orthogonal

g

7-4
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TABLE I. Level excitations out of the 6s6p 1P1 laser-excited state studied in the present work.

Feature
numbera

Upper level

Feature
energy loss

~eV!b

Assignment DominantLS terms

Level excitation energy from the
ground state~eV!

Moore @31# This work

1 5d2 1D2 0.740(5d2 1D)20.425(5d6d 1D)10.324(6p2 1D)
20.288(5d2 3P)10.165(5d6d 3P)20.14(6p2 3P)

2.859 3.00 0.62

1 6p5d 1D2 0.834(6p5d 1D)10.427(6p5d 3F)
20.255(5d7p 1D)20.132(5d7p 3F)

2.861 2.87 0.622

3 5d2 3P2 0.745(5d2 3P)20.427(5d6d 3P)10.363(6p2 3P)
10.286(5d2 1D)20.159(5d6d 1D)
10.126(6p2 1D)

2.966 3.10 0.727

6 6s7s 1S0 0.572(6s7s 1S)20.431(6s8s 1S)10.422(5d2 1S)
20.42(5d6d 1S)10.318(6p2 1S)

3.5 3.54 1.261

7 6s7p 1P1 0.683(6s7p 1P)20.546(6p5d 1P)
20.329(5d7p 1P)

3.54c 3.60 1.301

8 6s6d 1D2 0.765(6s6d 1D)20.429(6s7d 1D)
20.366(5d7s 1D)20.161(6d2 1D)

3.749 3.77 1.51

6s6p 1P1 0.797(6s6p 1P)20.502(6p5d 1P)
20.255(6s7p 1P)20.074(6s6p 3P)

2.24 2.25

aFeature numbers are those of Zetneret al. @4#.
b‘‘Feature energy loss’’ gives the excitation energy from the(...6s6p 1P1) level. These were calculated from the values of Moore@31#.
cMoore @31# made the assignment of 6p5d 1P1 for this upper level.
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ser polarization state and a new sweep was initiated. At
end of this sweep a sweep with laser-off was taken a
which the system was reset to its starting condition. D
collection resumed in this automated fashion until las
center spectra of suitable quality for both laser polarizati
had been accumulated. Periodically, this procedure was
terrupted to collect energy-loss spectra in the superela
region. In particular, we required the1P1→1S0 and 1D2
→1S0 superelastic feature intensities~for both laser polariza-
tions! in order to determine scaling factors required to co
bine laser-low and laser-center spectra. Laser-low spe
were then taken in the identical manner to that just descri
under the same experimental conditions. No superela
spectra were required for the laser-low configuration. M
surements of this type were repeated a number of times
the selected scattering angles of 5.5°, 9°, 13°, and 16°.
scattering angle was calibrated by introducing laser ligh
the target which was linearly polarized along the detec
axis. Superelastic1P1→1S0 scattering signal for this case
symmetric for scattering to the left and to the right, allowi
the determination of zero degrees.

Removal of background scattering signal constituted
first step in the spectrum analysis procedure. This was
complished by fitting a double-exponential decay to tho
regions of the laser-off spectra~ground state excitations! in
which no features were present including the elastic tail. T
fitted background function was subtracted from the laser
spectra and the associated laser-on spectra.

The next step involved combining measured spectra,
ing appropriate scaling factors, to produce a final spectrum
which only features representing excitations of the typeP
→X were present. To proceed with our discussion of sp
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trum analysis, we introduce the following notation for th
fractional populations of atoms~in S, D, andP levels! in the
laser-low and laser-center geometries. In the laser-low c
we write

SL5
NS

L

NL and DL5
ND

L

NL , ~8!

where the superscript ‘‘L’’ refers to laser-low andNL, NS
L ,

and ND
L refer to the total,S-state andD-state atom popula-

tions, respectively, in the target beam. In the laser-cen
case, we write

SC5
NS

C

NC , DC5
ND

C

NC , and FC5
NP

C

NC , ~9!

where the ‘‘C’’ superscript refers to laser center andNC, NS
C ,

ND
C , andNP

C refer to the total,S-state,D-state, andP-state
atom populations, respectively, in the target beam.

In the above notationND
L and ND

C refer to the combined
population of (...6s5d 1D2 , 3D2) metastables. The frac
tional populations are constrained by the equations

SL1DL51 ~10a!

and

SC1DC1FC51. ~10b!

With these quantities defined, we can write the feature int
sities in our measured~background-subtracted! energy-loss
spectra as
7-5
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I L~DE!5CLNL@SLsS
DCS~DE!1DLsD

DCS~DE!#,
~11a!

I off
L ~DE!5CLNLsS

DCS~DE!, ~11b!

I C~DE;pv!5CCNC@SCsS
DCS~DE!1DCsD

DCS~DE!

1FCsP
PDCS~DE;pv!#, ~11c!

I off
C ~DE!5CCNCsS

DCS~DE!, ~11d!

where the superscriptL(C) refers to laser-low~laser-center!,
the subscriptsS, D, and P denote cross sections involvin
initial ground-state,D-state, andP-state atoms, respectively
and the constantsCC, CL involve factors such as electro
beam flux, detection efficiency and so on~exclusive of target
atom population! which relate the measured intensities to t
cross sections. The symbolpv refers to the polarization stat
of the laser light. Note that, in Eqs.~11a!-~11c!, we have
assumed scattering from theD-level target atoms to be de
scribed by a DCS~isotropic target! as opposed to a PDC
~anisotropic target!. In principle, theD states can be aligned
oriented since they are populated by radiative cascade f
an aligned/orientedP state. However, our studies have r
vealed no measurable laser-polarization dependence of
tering from theD states in both the laser-low and laser-cen
geometries. These conclusions are based on the subtra
of spectra taken with orthogonal polarizations in both
these geometries. A discussion of systematic effects res
sible for disalignment of theD states is given by Zetneret al.
@5#. Equations~11a!–~11d! suggest the appropriate combin
tion of scaled spectra to give an energy-loss spectr
I P(DE;pv), of features associated only withP→X excita-
tions,

I P~DE;pv!5CCNCFCsP
PDCS~DE;pv!. ~12!

This result can be obtained by combining the measured s
tra according to

I P~DE;pv!5I C~DE;pv!2SCI off
C ~DE!

2
CCNC

CLNL

DC

DL @ I L~DE!2SLI off
L ~DE!#.

~13!

The scaling factors appearing in Eq.~13! can be generated
using the measured intensities of certain energy-loss featu
For example,

CCNC

CLNL 5
I off

C ~2.24 eV!

I off
L ~2.24 eV!

, ~14!

where the intensities are those associated with the gro
state 1S0→1P1 inelastic feature at energy lossDE
52.24 eV. The fractional populationsSC and SL are ap-
proximately given by
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SL5
I L ~2.24 eV!

I off
L ~2.24 eV!

~15!

and

SC5
I C ~2.24 eV;pv!

I off
C ~2.24 eV!

. ~16!

The validity of Eqs.~15!, ~16! rests on the assumption tha
the intensity of features corresponding toP→X and D
→X8 excitations which underlie the~ground! 1S0→1P1 fea-
ture can be neglected, i.e.,

SLsS
DCS ~2.24 eV!@DLsD

DCS ~2.24 eV!, ~17a!

SCsS
DCS ~2.24 eV!@DCsD

DCS ~2.24 eV!, ~17b!

and

SCsS
DCS ~2.24 eV!@FCsP

PDCS ~2.24 eV;pv!. ~17c!

The appearance of the symbolpv in Eqs. ~16! and ~17c!
indicate that the approximation is taken to hold for both la
beam polarization states. In our experiments, the approxi
tions ~17a!-~17c! appeared to be well satisfied, consiste
with observations made by Zetneret al. @4,5#.

The last scaling factor required in Eq.~13! is the ratio of
D-state fractional populations in the laser-center and la
low geometries. Using Eqs.~8!–~10! we can express this
ratio as

DC

DL 5
~12SC!

~12SL!
S 11

FC

DC D 21

. ~18!

We determined this ratio by measuring signal inten
ties ~in the laser-center geometry! for the well-
resolved (...6s6p 1P1)→(...6s2 1S0) and (...6s5d 1D2)
→(...6s2 1S0) superelastic transitions at energy losses
DE522.24 and21.41 eV, respectively. The ratio of thes
feature intensities~measured in the same spectrum! is

I C ~22.24 eV;pv!

I C ~21.41 eV;pv!
5

NP
C

N1D
2

C

sP
PDCS ~22.24 eV;pv!

s 1D
2

DCS
~21.41 eV!

.

~19!

The validity of Eq.~19! rests on two assumptions. First, th
instrumental detection efficiency is assumed to be the s
at the two energy-loss values~22.24 and21.41 eV!. Sec-
ond, the averaging effect on the scattering signal due to
spatial distribution of scatterers through the collision volum
is assumed to be the same for excited-state1P1 and 1D2
atoms. The first assumption rests on the fact that the sep
tion, in energy loss, between the two features is small~0.83
eV! in comparison to the incident electron energy~20 eV!
and the focal properties of the electron optics remain c
stant over this range, as previous work with this instrum
has shown. The second assumption is less well justified
the rate equation modeling of excited-state populations@33#
7-6
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shows different spatial distributions for atoms in theD and
1P1 levels within the collision volume. While the1P1 popu-
lation is nearly symmetrically distributed with respect to t
center of the laser beam intensity profile~assumed Gauss
ian!, theD level atoms, because of their metastable charac
are very asymmetrically distributed with a population th
takes on a constant, maximum value downstream of the l
beam center. Consequently, scattering from theD level at-
oms, asymmetrically distributed within the 5° detecti
viewcone, is weighted somewhat toward scattering ang
different from the nominal scattering angle defined by
central axis of the detection viewcone. The relationship
tween measured scattering intensity and the cross sectio
a scattering process under conditions of finite instrume
resolution ~in energy and angle! is discussed in detail by
Brinkmann and Trajmar@34#. For our purposes, the erro
introduced by differently distributed scatterers lies in e
ploying the DCS for1D2→1S0 deexcitation@in the denomi-
nator of Eq.~19!# for the nominal scattering angle. We e
pect this error to be relatively small in relation to some of t
other errors discussed in this section. From Eq.~19!, it is
clear that the ratioNP

C/N1D2

C can be calculated if the PDC

for the 1P1→1S0 deexcitation and the DCS for the1D2
→1S0 deexcitation are known. The relationship between t
ratio and the desired ratio of fractional populations requi
in Eq. ~18! is

FC

DC 50.7
NP

C

N1D
2

C . ~20!

The factor of 0.7 arises from the branching fractions of B
zari and Huber@35# which shows that radiative cascade pr
duces a totalD-level population comprising 70%1D2 and
30% 3D2 population~with a negligible 3D1 component!.

The PDCS for1P1→1S0 deexcitation and the DCS fo
1D2→1S0 deexcitation required in Eq.~19! were obtained
from the DCS for the inverse~excitation! processes,1S0
→1P1 and 1S0→1D2 reported by Jensen, Register, a
Trajmar @36#. The relationship between the DCS for tim
inverse processes is given by the principle of detailed b
ance. Specifically, the DCS for theP→X transition~impact
energyE0! is related to the DCS for theX→P process~im-
pact energyE02DE! by

@sP→X
DCS ~DE!#E0

5S gx

gp
D S E02DE

E0
D @sX→P

DCS ~2DE!#E02DE ,

~21!

wheregX andgP are level degeneracies of theX andP lev-
els, respectively (gP53). We made a small approximation i
utilizing this equation. Our present measurements were
ried out at 20 eV impact energy. Hence, Eq.~21! relates the
~superelastic! DCS for 1P1→1S0 deexcitation at 20 eV im-
pact energy to the~inelastic! DCS for 1S0→1P1 excitation at
17.76 eV impact energy. Likewise, the~superelastic! DCS
for 1D2→1S0 deexcitation at 20 eV impact energy is relat
to the ~inelastic! DCS for 1S0→1D2 excitation at 18.59 eV
impact energy. Our approximation involved using the 20
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impact energy DCS of Jensen, Register, and Trajmar@36# for
the 1S0→1P1 and 1S0→1D2 excitation processes. We not
that the 20 eV1S0→1P1 DCS data of Jensen, Register, a
Trajmar @36# is in excellent agreement with the more rece
measurements of Wang, Trajmar, and Zetner@37#. To convert
the DCS for the1P1→1S0 process to the PDCS required
Eq. ~19!, we used theLperp

1 parameters for the1S0→1P1

transition reported by Li and Zetner@20#. For this transition
it was found thatr00

n 50 in which case

r11
n 512r2121

n 5 1
2 ~Lperp

1 11! ~22!

and the PDCS can be obtained from Eq.~5! in conjunction
with the DCS. Rigorously theLperp

1 parameters for 17.76 eV
impact energy are required in the PDCS determinat
whereas the utilized parameters were measured at 20 eV
pact energy.

V. RESULTS AND DISCUSSION

Figure 2 shows a representativeP→X excitation spec-
trum produced by scaling and combining laser-low and las
center spectra~with their associated laser-off spectra! accord-
ing to Eq.~13!. Spectrum fitting with a Gaussian line-shap
function enabled us to extract feature intensities associ
with excitations(...6s6p 1P1) to X for levels X listed in
Table I. Analysis of the~circular! polarization dependence o
the feature intensities allowed the determination ofLperp

1 pa-

rameters for the time-inverseX ~isotropic! to (...6s6p 1P1)
deexcitations. The measured results are tabulated in Tab
and plotted in the figures below along with the results of
CCC calculations and the CCC calculations convoluted w
the finite collision interaction volume. Details of this conv
lution procedure are given by Zetner, Trajmar, and Csa
@28# and Zetner, Li, and Trajmar@21#. Error limits on the
experimental data were obtained from the uncertainties in
spectral line fitting coefficients~amplitudes of the Gaussia
line shape! returned by the fitting routine.

Figure 3 shows theLperp
1 parameter extracted from th

polarization dependence of feature 1~Table I!. This is a
blended feature corresponding to two unresolved transiti
in which the final levels are an even and an odd parity1D2
state arising from the~dominant! two-electron configurations
5d2 and 6p5d, respectively. Table I gives the results
structure calculations which show that the(...5d2 1D2) level
contains an admixture~11%! of 3P2 and the (...6s5d 1D2)
level contains an admixture~20%! of 3F2 . The feature dis-
played a weak polarization dependence that gives anLperp

1

parameter in fair agreement with CCC results. Theoret
results for the blended feature were obtained by calcula
the PDCS in Eqs.~5a!, ~5b! for the individual transitions,
summing the PDCS and generatingLperp

1 by using the
summed values in Eq.~6!. Alternatively, one can show tha
theLperp

1 parameter for a blended transition with two comp
nents can be expressed in terms of the individual parame
Lperp

1 (1) andLperp
1 (2), as

Lperp
1 5Lperp

1 ~1!cos2 j1Lperp
1 ~2!sin2 j, ~23!
7-7
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where

tan2 j5
sDCS~2!

sDCS~1!

~12r00
n ~2!!

~12r00
n ~1!!

.

The ‘‘blended’’ Lperp
1 parameter consists of weighted cont

butions from the two unresolved transitions where
weighting factors involve the DCS for the individual trans
tions @sDCS(1) andsDCS(2)# as well as the correspondin
natural frame density matrix elementsr00

n (1) and r00
n (2).

Ther00
n matrix element is also called the ‘‘height paramete

h and takes on values in the range 0<h<0.5 @13#. With

FIG. 2. Measured and fitted spectra for(...6s6p 1P1) to X tran-
sitions at 5.5° scattering angle and 20 eV incident electron ene
Measured spectra obtained with right-hand and left-hand circul
polarized light were combined to form the sum spectrum~a! and the
difference spectrum~b!. The five features listed in Table I wer
fitted using Gaussian line shapes of equal width and the energy
values given in Table I. Composite synthetic spectra~bold curves!
and individual line shapes are shown.
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labels ‘‘1’’ and ‘‘2’’ referring to the 5d6p 1D2 and 5d2 1D2

levels, respectively, comprising the blend, theoretical pred
tions of tan2 j in the CCC formalism give values of 18.17
6.84, and 2.97 at scattering angles of 5.5°, 9°, and 13°,
spectively. We note also that calculated DCS ratios for ex
tation of the 5d2 1D2 level relative to the 5d6p 1D2 level
are 18.32, 7.11, and 3.12 at scattering angles 5.5°, 9°,
13°, respectively, which shows, upon comparison with tan2 j,
that the DCS, and not theh parameter, determines the beha
ior of the blendedLperp

1 parameter at small angles. Clearl
the 5d2 1D2 component dominates in near-forward scatt
ing and consequently, to a good approximation, we exp
the measuredLperp

1 parameter at 5.5° to describe th
(...5d2 1D2) to (...6s6p 1P1) deexcitation. The CCC calcu
lations ofLperp

1 for the resolved transitions are also plotted
Fig. 3. It is interesting to note the radical dissimilarity in th
angular behavior ofLperp

1 predicted by the CCC theory for th
two component transitions of the unresolved feature. O
the range of scattering angles 0<u<30°, the sign ofLperp

1 is
predicted to be opposite. The agreement between meas
and theoretical results for the blended feature, withLperp

1 val-
ues greater than zero, indirectly supports the CCC predic

y.
ly

ss

FIG. 3. TheLperp
1 parameter for deexcitation of the unresolve

(...5d2 1D2 ,...5d6p 1D2) levels to the(...6s6p 1P1) level at 19.4
eV impact energy. Measured data are represented by solid squ
with error bars. The solid curve is the result of the CCC calculat
while the dotted curve represents a finite interaction volume m
eling calculation employing the CCC results. Calculated CC
results for transitions out of the individual(...5d2 1D2) and
(...5d6p 1D2) levels are also presented~dashed curves!.
TABLE II. MeasuredLperp
1 parameters for the superelastic processesX→(...6s6p 1P1).

Level
X

Electron impact
energy~eV!

Scattering angle~deg!a

5.5 9 13 16

5d2 1D2

6p5d 1D2

~blend!

19.4 0.11~0.02! 0.09~0.02! 0.00~0.03!

5d2 3P2 19.3 0.15~0.04! 0.17~0.06! 0.17~0.09!
6s7s 1S0 18.7 20.17~0.02! 20.27~0.06! 20.73~0.25!
6s6d 1D2 18.5 0.17~0.02! 0.24~0.03! 0.18~0.04! 0.06~0.04!
6s7p 1P1 18.7 20.03~0.23! 20.04~0.12! 0.07~0.1!

aQuantities in parentheses represent the measurement uncertainties.
7-8
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ORIENTATION DEPENDENCE OF INELASTIC . . . PHYSICAL REVIEW A 66, 022707 ~2002!
that the (...6s6p 1P1) to (...5d2 1D2) excitation is much
stronger than the(...6s6p 1P1) to (...5d6p 1D2) excitation
in near-forward scattering. It is also interesting to note th
in the first Born approximation, amplitudes for two-ele
tron transitions between the configurations 5d2 1D2 and
6s6p 1P1 are zero. Also, amplitudes for the one-electro
dipole-forbidden transition between configuratio
5d6p 1D2 and 6s6p 1P1 are small in the forward scatterin
region, where dipole-allowed transitions dominate. Howev
the (...5d2 1D2) level has a substantial admixture of th
(...6p2 1D2) configuration while the(...6s6p 1P1) level has
a significant contribution from the(...6p5d 1P1) configura-
tion. Hence, the dipole-allowed transitions(...6p2 1D2)
→(...6s6p 1P1) and (...5d2 1D2)→(...6p5d 1P1) likely
dominate the scattering at the small angles and relativ
high-impact energy studied here.

Figure 4 gives our results for the(...5d2 3P2) to
(...6s6p 1P1) deexcitation. A good agreement between e
periment and theory is shown. According to the struct
calculations, the upper, even parity,3P2 level is predomi-
nantly tripletP in nature~87%! but contains an admixture o
1D2 ~12%! including the(...6p2 1D2) configuration~1.6%!.
We also show CCC results for the(...5d2 1D2)
→(...6s6p 1P1) transition in Fig. 4. The remarkable sim
larity in Lperp

1 behavior predicted by CCC calculation
for the (...5d2 1D2)→(...6s6p 1P1) and (...5d2 3P2)
→(...6s6p 1P1) transitions reinforces the suggestio
made above that the dipole-allowed,(...6p2 1D2)
→(...6s6p 1P1) and (...5d2 1D2)→(...6p5d 1P1) compo-
nents of the transition play the dominant role in each cas

Figure 5~a! shows the Lperp
1 parameter for the

(...6s7s 1S0)→(...6s6p 1P1) superelastic ~deexcitation!
process. This is a one-electrons→p transition that is dipole
allowed. The agreement between measurements and the
good for this case. The small-angle behavior of this para
eter is very similar to the characteristic behavior of1S0
→1P1 excitations observed for many targets and collis

FIG. 4. TheLperp
1 parameter for deexcitation of the(...5d2 3P2)

level to the (...6s6p 1P1) level at 19.3 eV impact energy. Th
measured data are represented by solid squares with error bars
solid curve is the result of the CCC calculation while the dot
curve represents a finite interaction volume modeling calcula
employing the CCC results. Calculated CCC results for the tra
tion out of the(...5d2 1D2) level are also presented~dashed curve!
for comparison.
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energies but with inverted sign. In fact, comparison
the present data~collision energy of 14.8 threshold units!
with our previous studies @20# of the (...6s2 1S0)
→(...6s6p 1P1) excitation at 36.7 eV~collision energy of
16.4 threshold units!, reproduced in Fig. 5~b!, reveals this
similarity most convincingly. The sign is opposite but,
both cases,uLperp

1 u increases smoothly to a peak value
unity near 20° scattering angle and then begins to decre
This observation is completely consistent with the propen
rule proposed by Andersen and Hertel@38# to relateLperp

1

measured ins→p excitation to the corresponding measur
ment in s→p deexcitation. Propensity rules have been d
cussed further by Bartschat, Andersen, and Loveall@39# and
Andersen and Bartschat@12# with specific reference to the
experiment on sodium carried out by Shurgalinet al. @6,40#.
Shurgalinet al. determined theLperp

1 parameter for the 3s
→3p excitation process~22 eV collision energy! and 4s
→3p deexcitation process~25.2 eV collision energy! in so-
dium to find significantly different angular behavior o
uLperp

1 u. The propensity rule was shown to hold only over
very restricted angular range in the near-forward regim
Bartschat, Andersen, and Loveall@39# tied this behavior to

The

n
i-

FIG. 5. ~a! The Lperp
1 parameter for deexcitation of th

(...6s7s 1S0) level to the(...6s6p 1P1) level at 18.7 eV impact
energy. The measured data are represented by solid squares
error bars. The solid curve is the result of the CCC calculation wh
the dotted curve represents a finite interaction volume mode
calculation employing the CCC results.~b! The Lperp

1 parameter for
deexcitation of the(...6s6p 1P1) level out of the(...6s2 1S0) level
at 36.7 eV impact energy. Measured data from Li and Zetner@20#
are represented by open squares with error bars. The solid cur
the result of the CCC calculation while the dotted curve represe
a finite interaction volume modeling calculation employing t
CCC results.
7-9
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the large polarizability of the 4s state~due to strong coupling
of the 4s state to states other than 3p! and the consequen
importance of partial waves with high angular momentum
the collision through the long-range polarization interactio
Application of the conclusions of Bartschat, Andersen, a
Loveall @39# with the demonstrated validity of the propensi
rule in the present work suggests that partial waves of h
angular momentum do not dominate the collisional inter
tion in the kinematic regime studied.

Figure 6~a! gives results for the (...6s6d 1D2)
→(...6s6p 1P1) deexcitation that is, largely, a dipole
allowed, one-electrond→p transition ~see Table I!. The
agreement between measurement and theory is good at
and 9° but becomes somewhat less satisfactory at o
angles. While theoretical results show a significant peak n
12°, measured data suggest a somewhat smaller maxim
The present result for aD→P deexcitation are compare
with previous data of Johnsonet al. @2# for the
(...6s5d 1D2)→(...6s6p 1P1) excitation, reproduced in
Fig. 6~b!. The 10 eV impact energy data of Johnsonet al. @2#,
corresponding to 12.0 times the threshold excitation ene
was chosen to compare with the present 18.5 eV impact
ergy results~12.2 times the threshold excitation energy!. The
observations show that the sign ofLperp

1 in small angle scat-
tering is opposite for the twoD→P transitions and, hence
the propensity rule governing the sign change ofLperp

1 for
excitation versus deexcitation processes appears to hold
transitions more complex than the simpleS→P case.

A comparison of Figs. 5 and 6 shows that, in small-an
scattering, theD→P transitions are characterized byLperp

1

parameters opposite in sign to theS→P transitions~in both
excitation and deexcitation!. Examination of Fig. 1 prompted
us to consider whether the common feature in theD→P and
S→P transitions responsible for the observed sign chang
the predominance of transition amplitudes forDm5m2m
511(21) in excitation ~deexcitation!. This is obviously
true in theS→P cases to produce the observed sign ofLperp

1

but, if the argument is applied to theD→P cases it requires
the squared amplitudesu^1D2(m522)uT̂u1P1(m521)&u2

andu^1D2(m52)uT̂u1P1(m51)&u2 to dominate in excitation
and deexcitation, respectively. This requirement arises
cause there is an additionalDm511(21) amplitude in ex-
citation ~deexcitation! describing transitions originating o
the 1D2 (m50) substate and terminating on the1P1(m)
substate of opposite angular momentum to the one prefe
tially excited~to give the observed sign ofLperp

1 !. Calculated
natural-frame CCC amplitudes~squared! are plotted in Fig.
7. Calculations indicate that amplitudes for reflecti
symmetry-nonconserving transitions are zero and, as Fi
shows, the dominant amplitudes in small-angle scattering

^1D2(m522)uT̂u1P1(m521)& in excitation and^1D2(m
52)uT̂u1P1(m521)& in deexcitation. Note that this result i
consistent with optical transition probabilities that favor t
1D2(m562)→1P1(m561) transitions over the1D2(m
50)→1P1(m561) transitions by a factor of 6. In fact, thi
factor of 6 is evident in the ratio of calculated amplitudes
forward scattering. To further illustrate the similarities in t
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S→P and D→P processes, we have combined the calc
lated CCC amplitudes to generate summed amplitudes
Dm561 ~andDm563 in theD→P case! transitions and
present the results in Fig. 8. A very strong resemblance in
small-angle behavior of the amplitudes forS→P and D
→P scattering is observed with a ‘‘selection rule’’ for dom
nantDm511(21) transitions evident in the excitation~de-
excitation! case. These observations suggest that the pro
sity rule of Andersen and Hertel@38# can be generalized to
link the sign ofDm to the sign of the momentum transfer fo
these optically allowed transitions.

Finally, Fig. 9 shows the behavior ofLperp
1 for the one-

electron, dipole-forbidden(...6s7p 1P1)→(...6s6p 1P1)
deexcitation. This transition was somewhat more difficult
analyze than those discussed above because of the prox
of the associated energy-loss feature to the stron
(...6s7s 1S0)→(...6s6p 1P1) feature~see Fig. 2!. However,
some qualitative agreement between the CCC theory and
experiment is shown. Relatively little is known aboutP
→P transitions, therefore further study is warranted, parti
larly in view of the interesting structures predicted for t
Lperp

1 parameter, such as the pronounced and rather s

FIG. 6. ~a! The Lperp
1 parameter for deexcitation of th

(...6s6d 1D2) level to the(...6s6p 1P1) level at 18.5 eV impact
energy. Measured data are represented by solid squares with
bars. The solid curve is the result of the CCC calculation while
dotted curve represents a finite interaction volume modeling ca
lation employing the CCC results.~b! The Lperp

1 parameter for ex-
citation of the(...6s6p 1P1) level out of the(...6s5d 1D2) level at
10.0 eV impact energy. Measured data from Johnsonet al. @2# are
represented by open squares with error bars. The solid curve is
result of the CCC calculation while the dotted curve represen
finite interaction volume modeling calculation employing the CC
results.
7-10
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FIG. 7. Natural frame, squared, CCC transition amplitudes
~a! the (...6s6d 1D2) to (...6s6p 1P1) superelastic transition a
18.5 eV impact energy and~b! the (...6s5d 1D2) to (...6s6p 1P1)
inelastic transition at 10.0 eV impact energy. Amplitudes coupl
the D-level substate with magnetic quantum numberm to the
P-level substate with magnetic quantum numberm are identified by
the ordered pair (m,m). The amplitudes have been normalized
that the sum over allm andm of their squares is set equal to unit
Solid ~dashed, dotted! curves indicateDm521(11,63) transi-
tions.
02270
peak near 18° shown in Fig. 9. We note that elastic scatte
on the laser-excited(...6s6p 1P1) state has been invest
gated by Trajmaret al. @27# which, in principle, bears some
resemblance toP→P inelastic scattering. Their work did no
utilize orientedP-state atoms and hence no comparison
made with our results.

VI. CONCLUSIONS

We have presented measurements and CCC calcula
of the Lperp

1 parameter for the deexcitationX
→(...6s6p 1P1) where X5(...6s7p 1P1), (...6s6d 1D2),
(...6s7s 1S0), (...5d2 3P2) and the unresolved level
(...5d2 1D2 , ...6p5d 1D2). In general, a good agreeme

r

g

FIG. 9. The Lperp
1 parameter for deexcitation of th

(...6s7p 1P1) level to the(...6s6p 1P1) level at 18.7 eV impact
energy. The measured data are represented by solid squares
error bars. The solid curve is the result of the CCC calculation wh
the dotted curve represents a finite interaction volume mode
calculation employing the CCC results.
,
-
;

-

.

FIG. 8. Sums over squared
natural-frame CCC transition am
plitudes satisfying the conditions
Dm5m2m521 ~solid curves!,
11 ~dashed curves!, and63 ~dot-
ted curves! for ~a! (...6s6d 1D2)
to (...6s6p 1P1) deexcitation at
18.5 eV impact energy, ~b!
(...6s5d 1D2) to (...6s6p 1P1)
excitation at 10.0 eV impact en
ergy, ~c! (...6s7s 1S0) to
(...6s6p 1P1) deexcitation at 18.7
eV impact energy, and ~d!
(...6s2 1S0) to (...6s6p 1P1) ex-
citation at 36.7 eV impact energy
7-11
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between experiment and theory is demonstrated for b
dipole-allowed and dipole-forbidden transitions. A go
agreement is also shown for cases in which there is ra
substantial singlet-triplet mixing@i.e., the (...5d2 1D2),
(...6p5d 1D2), and (...5d2 3P2) states# although, at the
small angles and large impact energy~relative to the excita-
tion energies of transitions involving these states! studied
here, we would expect the collisional interaction to be dom
nated by singlet-singlet scattering. It would be desirable
carry out studies at the lower impact energy, where the tri
component of the initial state plays a more important role
further test the capabilities of the theory. A detailed analy
of theS→P andD→P deexcitations, and of previous resul
for the S→P andD→P excitations, shows a selection ru
of Dm511(21) to hold in excitation~deexcitation! at
small scattering angles and suggests a generalization o
ra
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Andersen-Hertel propensity rule to more complicated tran
tions.
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