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Electron-impact excitation of the „ . . . 6s5d 1D2… to „ . . . 6s6p 1P1… transition in barium

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

D. Fursa and I. Bray
School of Physical Sciences, Flinders University of South Australia, GPO Box 2100, Adelaide 5001, Australia

~Received 27 May 1998!

We have measured and calculated scattering parameters~differential cross sections and four electron-impact
coherence parameters! for electron-impact excitation of the (. . . 6s5d 1D2) to ( . . . 6s6p 1P1) transition in
barium in the low to intermediate impact energy regime~10, 20, and 40 eV!. Measurements were carried out
by the superelastic scattering technique in which collisional deexcitation from the laser-excited
( . . . 6s6p 1P1) state to the metastable (. . . 6s5d 1D2) level was detected by electron-energy-loss spectros-
copy in a crossed-beam apparatus. Supporting calculations were carried out in the convergent close-coupling
scheme. Measured differential cross sections were significantly lower than those measured for (. . . 6s6p 1P1)
excitation out of the ground (. . . 6s2 1S0) state and good agreement with theory was found. Measured and
calculated coherence parameters show strikingly different behavior from that associated with1P1 excitations
out of the ground state. Agreement between measured and calculated coherence parameters was found to be
less satisfactory than in the case of the differential cross sections but was, nevertheless, encouraging consid-
ering the weak nature of the transition.@S1050-2947~99!08301-8#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

Electron collisions with excited atoms play a promine
role in a variety of partially ionized plasma systems~high-
density gas discharges; astrophysical, fusion,
semiconductor-etching plasmas; electron-beam
discharge-pumped lasers; etc.! and the basic physics of suc
collisions must be understood before successful theore
models of these systems can be generated. Collisions inv
ing long-lived metastable species are especially interes
because significant populations of these can accumulat
such plasmas. However, the investigation of electron sca
ing from excited-state atomic targets represents a relati
unexplored frontier. The challenge to the experimentalist
in producing sufficient excited atom number densities in
scattering apparatus while the theoretical challenge ar
from the need to generate accurate excited-state wave f
tions and include coupling to the many-target states ly
energetically close to the initial and final states.

Schemes to generate metastable atoms~particularly rare-
gas metastables! in sufficient concentrations to make scatte
ing experiments feasible have been under developmen
some time. Such metastable sources based on discharg
citation, electron beam excitation, and charge exchange h
been reviewed by Trajmar and Nickel@1# and Lin and
Anderson@2#. Measurements of integral inelastic and ioniz
tion cross sections have been made using sources of
type. However~angular! differential cross-section measur
ments are extremely rare because selection of electrons
tered into a specific solid angle can reduce the meas
scattering signal by four or more orders of magnitude a
higher concentrations of excited target species are there
required.

For some atomic systems~such as alkali-metal o
alkaline-earth elements!, limitations on excited atom numbe
PRA 591050-2947/99/59~1!/439~16!/$15.00
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densities encountered in the sources listed above can
overcome by employing laser pumping. Continuous-wave
ser light tuned to the resonance~S to P! wavelength in these
atoms has been successfully employed in differential sca
ing experiments carried out on sodium~Jianget al. @3#, Sang
et al. @4#, Sholtenet al. @5#, Hermann and Hertel@6#, Hertel
and Stoll @7#!, chromium ~Hanneet al. @8#!, ytterbium ~Li
and Zetner@9#!, calcium~Law and Teubner@10#! and barium
~Li and Zetner@11–13#, and Zetneret al. @14–16#!. These
investigations have all been concerned with scattering ou
a short-lived, excitedP state and, for the most part, hav
concentrated on the superelasticP to S deexcitation process
The aim has been to measure the dependence of the s
elastic scattering signal on laser polarization and incide
direction in order to extract the so-called electron imp
coherence parameters~EICP! for the ‘‘time-inverse’’ S to P
excitation as discussed further below. Apart from the work
Jianget al. @3# in sodium and Li and Zetner@13# and Zetner
et al. @16# in barium, very little work has been done o
inelastic-scattering differential cross-section measurem
out of the excitedP state.

The present study concerns itself with experimental a
theoretical investigation of the (. . . 6s5d 1D2) to
( . . . 6s6p 1P1) excitation in barium. Level designations a
those of Moore@17# in which the dominant2S11LJ term and
the dominant contributing configuration are indicated. T
1s22s22p63s23p63d104s24p64d105s25p6 configuration is
abbreviated by an ellipsis. When laser radiation tuned to
138Ba resonance transition@( . . . 6s2 1S0) to ( . . . 6s6p 1P1)
at 553.7 nm# interacts with a beam of barium atoms, substa
tial concentrations of (. . . 6s6p 1P1) and ( . . . 6s5d 1,3D)
are produced. The metastableD levels are populated by ra
diative cascade from the1P1 level. When electrons scatte
from this target beam of mixed ground- and excited-st
constituents, a variety of processes become accessib
439 ©1999 The American Physical Society
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study. Inelastic processes of the type (. . . 6s6p 1P1) to X,
where X represents some higher-lying level, have recen
been reported by Zetneret al. @16#. An important aspect of
such processes is the coherent nature of the laser-ex
( . . . 6s6p 1P1) state. Coherence in this context refers to t
preparation of a quantum mechanically pure1P1 magnetic
sublevel superposition state and its effect on the meas
ment of the differential cross section~DCS! is discussed by
Zetneret al. @16#. Processes originating on the metastableD
levels~i.e., 1,3D to X! are also observable~Zetneret al. @18#!.
In principle, the excitedD levels should be partially coheren
in nature as a result of their production~by radiative cascade!
from a fully coherent1P1 state.

When the DCS for a particular type of inelastic process
to be measured, the most straightforward method invol
the analysis of an electron-energy-loss spectrum in the
elastic region of interest. The objective is to isolate
energy-loss feature corresponding to a particular excita
and convert the intensity of this feature to the associa
DCS. This presents a difficult task, however, because
large number of observable processes leads to a highly
gested spectrum~under conditions of practical electron e
ergy resolution! and, consequently, rather involved unfoldin
procedures must be utilized.

The experimental data presented in this work extend
previous investigations~Li and Zetner@12,13#! in which we
focus on the (. . . 6s5d 1D2) to ( . . . 6s6p 1P1) excitation.
Isolation of this particular process was accomplished
turning our attention to a related process, namely
( . . . 6s6p 1P1) to ( . . . 6s5d 1D2) deexcitation, which is
well-resolved in the superelastic portion of the energy-l
spectrum. The exact nature of the~‘‘time-inverse’’! relation-
ship between the superelastic process we study and th
elastic process we wish to describe will be discussed in
next section. Here we point out that the coherent nature
the laser-excited1P1 state allows us to probe fine details
the excitation~as characterized by the EICP! in addition to
measuring the DCS. To our knowledge, the only previo
studies of this type are a set of measurements carried ou
Hermann@19# involving electron impact excitation of th
laser-prepared Na(32P) state to the higher-lying 32D level
at 5 eV impact energy and scattering angles less than
These measurements remained unpublished until the re
by Andersenet al. @20#, where they were analyzed in term
of the 2D to 2P superelastic collision.

The theoretical method employed in the present work
calculation of electron scattering from the (. . . 6s5d 1D2)
level is the convergent close-coupling~CCC! method. This
method was successfully applied to the calculation of e
tron scattering from hydrogen~Bray and Stelbovics@21#!,
light alkali-metal atoms ~Li: Karaganov et al. @22#;
Na: Bray @23#! and helium~Fursa and Bray@24#!. It was
generalized to a calculation of electron scattering fr
alkali-metal earth atoms and results for electron-berylli
scattering have been reported~Fursa and Bray@25#!.

Until recently the CCC method has been applied to
calculation of electron scattering from relatively light targe
Calculation of electron scattering from a target as heavy
barium poses a new challenge. Our first results at the si
incident electron energy of 20 eV for elastic scattering a
excitation from the barium ground state~Fursa and Bray
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@26#! and for elastic scattering from the (. . . 6s6p 1P1) state
~Trajmaret al. @27#! are in good quantitative agreement wi
experimental data.

This paper is organized as follows. Section II describ
the measurement theory required to analyze the superel
scattering data in terms of EICP and the DCS for the ‘‘tim
inverse’’ inelastic process, Sec. III gives a discussion of
convergent close-coupling~CCC! theory used to calculate
scattering parameters~EICP and DCS! while the experimen-
tal approach is outlined in Sec. IV. In Sec. V, a comparis
of theory and experiment is made, with discussion of gene
trends observed in the behavior of the scattering parame
Concluding remarks will be made in Sec. VI.

II. MEASUREMENT THEORY

When resonant, narrow-band, cw laser light interacts w
a beam of barium atoms, experimental conditions can
chosen~Registeret al. @28#! so that only the (. . . 6s6p 1P1)
level of the 138Ba atom is excited by the laser. This simp
excitation scheme~as opposed to the alkali-metal atom cas
for example, in which nonzero nuclear spin plays a ro!
leads to the optical preparation of a quantum mechanic
pure state, i.e., a coherent superposition of1P1 magnetic
substates:uJ,m& ~for J51 andm521,0,11). The nature of
this coherent superposition state will change depending
the choice of reference frame used to describe it. For line
polarized laser light it is useful to define the so-called ‘‘ph
ton frame’’ ~Hertel and Stoll@7#, Zetneret al. @29#! in which
the quantization axis is chosen to lie along the electric-fi
vector of the linearly polarized light. In this frame, a pu
u1,0& magnetic substate is excited. Likewise, for circula
polarized laser light, the pure substateu1,11& or u1,21& is
excited~depending on the handedness of the polarization! if
we describe the state with respect to a quantization a
pointing antiparallel to the laser beam incidence direct
~the ‘‘laser frame,’’ Macek and Hertel@30#!. These pure
uJ,m& substates can be rotated into any convenient refere
frame by standard rotation matrix algebra~Brink and
Satchler@31#! to produce a coherent superposition of ma
netic basis states referenced to a quantization axis ident
in this frame. We can write this state as

uJN&5a21uJ,21&1a0uJ,0&1a11uJ,11& ~1!

with magnetic basis statesuJ,m& in the new reference frame
and superposition coefficientsam . The superposition coeffi-
cientsam are then functions of the spherical polar anglesun

andfn which define the laser beam incidence direction w
respect to the new quantization axis~and, in the case of
linearly polarized light, an angleC which defines the direc-
tion of the polarization plane with respect to the quantizat
axis!.

An important reference frame is the so-called ‘‘collision
frame in which the quantization axis points along the m
mentum vector,kW , of the incident electron. The electron sca
ters with new momentum,kW8, so thatkW and kW8 define the
scattering plane. We fix coordinate axes to the collis
frame by denotingẑ as a unit vector pointing along the qua
tization axis andx̂ as a unit vector lying in the scatterin
plane so thatkW8• x̂ is positive for scattering to the left. In ou
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earlier work~Li and Zetner@13#! we defined a spin-average
‘‘partial’’ differential cross section~PDCS! for excitation of
a level with basis statesuJ8,m& out of the coherentuJ,N&
superposition state by

sPDCS5 1
2 (

ms
(
ms

k8

k (
m

z^J8mmskW8uT̂uJNmskW & z2. ~2!

Here ^J8mmskW8uT̂uJNmskW & is the collision frame scattering
amplitude expressed as a matrix element of the transi
operatorT̂. It gives the amplitude for excitation of theuJ8m&
substate from the laser-exciteduJN& coherent superposition
state with incident electron momentumkW and spinms and
scattered electron momentumkW8 and spinms . By substitut-
ing Eq. ~1! into Eq. ~2! and defining the~observable! quan-
tities

r i j
c 5

H(
m

^J8muT̂uJi&^J8muT̂uJ j&* J
H(

m
(
m

z^J8muT̂uJm& z2J , ~3!

where the curly brackets represent an average over inci
electron spins and a sum over scattered electron spins
can write the PDCS for any laser beam geometry~defined by
the anglesun ,fn) and polarization state.

For linearly polarized laser light, the PDCS is a functi
of laser angles (un ,fn ,c) and we are interested in the g
ometries (un ,fn)5(90°,90°) and (un ,fn)5(90°,45°), for
which it can be shown that

sPDCS~90°,90°,c!5 3
4 sDCSS 12cos 2c

1~113 cos 2c!r00
c

22~12cos 2c!r211
c

14& sin 2c Re@r01
c #

D ~4!

and

sPDCS~90°,45°,c!5 3
4 sDCSS 12cos 2c

1~113 cos 2c!r00
c

14 sin 2c Re@r01
c #

D , ~5!

where the symbolsDCS represents the DCS.
For circularly polarized light, the PDCS is a function

the handedness of the polarization and the laser an
(un ,fn). For the (un ,fn)5(90°,90°) geometry, we have

s6
PDCS~90°,90°!5 3

4 sDCS~11r00
c 22r211

c 64& Im@r01
c # !,

~6!

where the ‘‘6’’ subscript indicates right-hand~1! or left-
hand~2! circularly polarized light.

The scattering intensityI for some collision process in
volving the uJN&(1P1) target state is proportional to th
PDCS, i.e., for linearly polarized laser light,

I ~un ,fn ,c!5ksPDCS~un ,fn ,c!, ~7a!

or, for circularly polarized laser light,
n

nt
we

les

I 6~un ,fn!5ks6
PDCS~un ,fn!, ~7b!

where the proportionality constantk contains factors such a
detection solid angle, detection efficiency, incident elect
flux, and the number of laser-excitedP level atoms within
the interaction volume.

From Eqs.~4!–~6! it can be seen that the scattering inte
sity depends on laser beam incidence anglesun and fn ,
laser beam polarization state, and scattering parame
sDCS, r00

c , r211
c , Re@r01

c #, and Im@r01
c #. The parametersr i j

c

have an interesting physical significance first discussed
Macek and Hertel@30#. They can be interpreted as densit
matrix elements for an excitedP level produced in a colli-
sion process related by time reversal to the measured
cess. For example, if the superelastic scattering sig
associated with collisional deexcitation of the coherent1P1
state to the ground1S0 state is measured, then the densi
matrix elementsr i j

c refer to the time inverse1S0 to ~coher-
ent! 1P1 inelastic process. In our present studies we meas
the superelastic scattering signal arising from the~coherent!
1P1 to 1D2 deexcitation to determine matrix elements,r i j

c ,
for the 1D2 to 1P1 ~coherent! excitation. A key point here is
that, while superelastic scattering from the coherent1P1
state will generally result in an anisotropic distribution
population among the1D2 magnetic sublevels~as deter-
mined by the superelastic scattering amplitud

^J8muT̂uJN&), the inelastic process described by matrix e
mentsr i j

c involves excitation out of a1D2 level in which all
magnetic sublevels are equally populated. This is m
manifest by the summation overm which appears in Eq.~2!
as a consequence of the fact that the1D2 magnetic sublevels
remain unresolved in the superelastic scattering experim

Blum @32# has discussed symmetry conditions which
strict the number of real parameters required to comple
specify the density matrix for a collisionally excitedP state.
The requirements of hermiticity and reflection invariance
the scattering plane restrict the required number of indep
dent, real parameters to four~for the normalizationS ir i i

c

51) when the initial level is isotropically populated. Thu
with the inclusion of the DCS, five real scattering paramet
can completely specify the~isotropic! 1D2 to 1P1 excitation
with unpolarized electrons, namelysDCS, r00

c , r211
c ,

Re@r01
c #, and Im@r01

c #. The partial differential cross section
defined in Eqs.~4!–~6! can be measured to extract each
these scattering parameters. However, it is more conven
to measure appropriate combinations of these quant
which define the EICP discussed in the review of Anders
et al. @20#. Our experimental method can provide direct me
surements of the DCS, the Stokes parametersP1 , P2 , and
P3 , and thel parameter by making use of the followin
combinations of partial differential cross sections:

sPDCS~90°,90°,0°!2sPDCS~90°,90°,90°!

sPDCS~90°,90°,0°!1sPDCS~90°,90°,90°!
5P1 , ~8a!

sPDCS~90°,90°,45°!2sPDCS~90°,90°,135°!

sPDCS~90°,90°,45°!1sPDCS~90°,90°,135°!
5P2 ,

~8b!
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s1
PDCS~90°,90°!2s2

PDCS~90°,90°!

s1
PDCS~90°,90°!1s2

PDCS~90°,90°!
5P3 , ~8c!

sPDCS~90°,45°,0°!

sPDCS~90°,45°,0°!12sPDCS~90°,45°,90°!
5l, ~8d!

and

1
3 @sPDCS~90°,45°,0°!12sPDCS~90°,45°,90°!#5sDCS.

~8e!

Since the scattering parameters defined in Eqs.~8a!–~8e!
refer to the time-inverse process, we must make use of
appropriate collision frame with which to describe this pr
cess. In this work, we measure the superelastic proces
understand the inelastic process. The collision frame qua
zation axis appropriate to the time-inverse inelastic proc
of interest lies antiparallel to the superelastically scatte
electron momentum vector. The laser anglesun , fn , andc
are measured with respect to this axis.

The EICP given by Eqs.~8a!–~8d! describe excitation ou
of the isotropic1D2 level to the1P1 state. These paramete
would be identical to those measured in an electron-pho
coincidence experiment carried out on a target beam of138Ba
1D2 metastable atoms in which the inelastically scatte
electron, having excited the1P1 state, is detected in time
correlation with the1P1 to 1S0 fluorescence photon. Dete
mination of the DCS by Eq.~8e! requires a normalization
procedure which is briefly described below. For details,
refer the reader to Li and Zetner@13#.

III. COLLISION THEORY

We refer to Fursa and Bray@25# for the details of calcu-
lation of electron scattering from alkali-metal earth atom
Here we give a brief overview of the method and deta
specific toe-Ba scattering. The CCC method is formulat
in a nonrelativisticLS coupling framework. The total wave
function ~projectile and target electrons! is expanded in a
basis of barium target states. The close-coupling equat
for theT matrix ~coupled Lippman-Schwinger equations! are
then formulated and solved in momentum space.

For barium target states we adopt a model of two vale
electrons above an inert Hartree-Fock core. Stand
configuration-interaction~CI! expansion has been used to o
tain barium atom energy levels and wave functions. O
electron orbitals used in the CI expansion have been ca
lated by diagonalization of the Ba1 ion Hamiltonian in a
Sturmian~Laguerre! basis. The resulting barium target stat
are square-integrable. Negative energy states~relative to the
Ba1 ground state! represent an approximation to the bariu
discrete spectrum states, while positive energy states pro
square-integrable discretization of the barium continuum,
lowing, therefore, coupling to the ionization channels.

In order to account for polarizability of the inert core, w
have added phenomenological one-electron and two-elec
polarization potentials. The cutoff parameters of the o
electron polarization potential have been chosen to fit
energies of the low-lying states of the Ba1 ion. The set of
two electron configurations in the CI expansion has b
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constructed from one-electron orbitals with orbital angu
momentuml 50, 1, 2, and 3. One of the electrons in th
configuration set has been restricted to occupy
Ba1 6s, 7s, 6p, 7p, and 5d orbitals only, while the number
of orbitals ~within given l! for the other electron has bee
increased to achieve convergence in the description of
low-lying discrete states of the barium atom. We have fou
that such a choice of configurations is sufficient to acco
for a major part of the electron-electron correlations.

The accuracy of the Ba wave functions involved in t
present study can be estimated by comparing experime
and calculated energy levels and oscillator strengths. For
( . . . 6s2 1S), ( . . . 6s6p 1P1), and ( . . . 6s5d 1D2) levels,
theoretical ~experimental! ionization energies are 5.23
~5.211!, 2.973 ~2.972!, and 3.978~3.978! eV, respectively,
where the experimental values are from Moore@17#. The
calculated oscillator strength for the (. . . 6s2 1S) to
( . . . 6s6p 1P1) transition is 1.64 a.u., in agreement with th
experimental value of 1.64 a.u.~Hulpke et al. @33#!. For the
( . . . 6s5d 1D2) to ( . . . 6s6p 1P1) transition, the calculated
value of 0.0035 a.u. is in accord with the experimental e
mate for the oscillator strength being less than 0.0034
~Bernhardt et al. @34#!. The modified form of the dipole
length operator has been used to calculate oscillator stren
~Laughlin and Victor@35#, Hameedet al. @36#!. The very
small value of the (. . . 6s5d 1D2) to ( . . . 6s6p 1P1) oscil-
lator strength makes it extremely sensitive to the details
the calculation with the error in the relatively small ener
difference between the two states being one of the m
factors contributing to the sensitivity. We therefore have v
ied the cutoff parameter of the two-electron polarization p
tential to achieve the best fit to the (. . . 6s6p 1P1) and
( . . . 6s5d 1D2) ionization energies.

Barium is a heavy atom for which relativistic effects a
expected to be important. The spin-orbit term is the ma
relativistic correction and leads to singlet-triplet mixing
the barium levels. This mixing for the levels involved in th
present study, (. . . 6s6p 1P1)-( . . . 6s6p 3P1) and
( . . . 6s5d 1D2)-( . . . 6s5d 3D2), was found to be smal
~Trefitz @37#, Bauschlicher, Jr.et al. @38#!. Our scattering cal-
culations indicate that, at the incident electron energies of
20, and 40 eV, the cross section for excitation of the trip
states is significantly smaller than the cross section for e
tation of the corresponding singlet states. We therefore
lieve that the present nonrelativistic theoretical model is
equate. A similar conclusion was reached in the experime
~Li and Zetner@11#! and theoretical~Clark et al. @39#, Srivas-
tava et al. @40#! studies of (. . . 6s6p 1P1) level excitation
from the barium ground state. Finally, we would like to ref
to the work of Zemanet al. @41#, who tested the nonrelativ
istic approximation fore-Cs scattering in the framework o
the distorted-wave method. They found that relativistic
fects were important for spin-resolved scattering but not
portant for the spin-averaged quantities. As the cross sect
and electron-photon coincidence parameters studied in
work involve averaging over spin and magnetic subleve
we believe relativistic effects to be relatively unimportant

The present calculations have been performed in
models: a 55-state close-coupling calculation@CC~55!# and
a 115-state convergent close-coupling calculat
@CCC~115!#. The 55-state close-coupling calculations i



he
er
in
ri

r
c
ic
es

e
m

e

th
tro
o
th
n
le
x

30
ea
o

ca

re

F
h

ar

th
a

it

e
ro
-

an

th
ti

e

-
b-

om

ent

m-
tter-

on
a

d to
a-
ain
f

pro-
tion

cti-

of

n

he

for
m-

PRA 59 443ELECTRON-IMPACT EXCITATION OF THE (. . . 6s5d . . .
volve only discrete spectrum states. It comprises five1S, six
1Po, seven1De, five 1Fo, three3S, six 3Po, five 3De, five
3Fo, one 1Po, three 1Do, one 1Fe, three 3Pe, three 3Do,
and two 3Fe, states. In order to estimate the effect of t
coupling to the barium atom ionization continuum, we p
formed the 115-state close-coupling calculations which
cluded a large number of positive energy states and comp
141S, 171Po, 191De, 191Fo, 73S, 93Po, 93De, 93Fo, and
two each of1,3Pe, 1,3Do, and 1,3Fe states.

IV. EXPERIMENTAL METHOD

The apparatus consists of an electron spectromete
which the electron source and scattered electron dete
both employ single-hemisphere energy selection opt
Measurements were carried out with a system energy r
lution of about 170 meV, sufficient to separate the1P1 to
1D2 superelastic energy-loss feature~at 20.83 eV! from the
tail of the elastic feature. The angular resolution of the sp
trometer is estimated to be less than 5°. Magnetic-field co
pensation~to less than 25 mG! is accomplished by a singl
layer of 0.050 in.m-metal shielding which is periodically
degaussed.

The electron spectrometer is configured in such a way
the scattered electron detector is held fixed while the elec
gun is rotatable. This establishes the most convenient ge
etry for measuring scattering parameters associated wi
‘‘time-reversed’’ process. The ‘‘time-reversed’’ collisio
frame quantization axis lies antiparallel to the scattered e
tron momentum vector, hence along the fixed detector a
pointing away from the detector. Laser polar anglesun and
fn ~as well as laser beam polarization anglec! are then
referenced to this fixed axis.

The metal vapor beam source consists of a tubular,
stainless-steel crucible wrapped with resistive, coaxial h
ing wire. It is heated to a typical operating temperature
760 °C and produces a beam collimation of 10:1 with typi
number densities of the order of 731010 cm23 at the inter-
action region. During a measurement, background gas p
sure in the chamber was typically less than 131026 torr.

Schematic diagrams of the apparatus are presented in
1. Figure 1~a! shows an experimental configuration in whic
the laser beam strikes the scattering plane perpendicul
(un ,fn)5(90°,90°), while Fig. 1~b! shows the (un ,fn)
5(90°,45°) geometry in which the laser beam strikes
scattering plane at 45° and the detector axis at 90°. In e
case, the atom beam is directed in such a way that
transversely illuminated by the laser beam. The purpose
transverse illumination is to limit the Doppler width of th
absorption line, thereby allowing selection of the ze
nuclear-spin138Ba isotope for optical excitation. Require
ments on atom beam collimation, laser beam intensity,
residual fields necessary for isolation of the138Ba isotope are
discussed in detail by Registeret al. @28#.

Selection of the polarization state of the laser beam at
interaction region was accomplished by a phase retarda
plate ~P in Fig. 1! in tandem with a Glan-Taylor polarizing
prism ~GT in Fig. 1!.

Use of the perpendicular geometry, (un ,fn)
5(90°,90°), with linearly polarized laser light allows th
determination of the Stokes parametersP1 and P2 through
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Eqs. ~8a! and ~8b!. With circularly polarized laser light, we
can measure theP3 Stokes parameter by Eq.~8c!. Note that
the Stokes parametersP1 , P2 , and P3 are determined en
tirely by ratios of PDCS measurements which can be o
tained, under stable experimental conditions, simply fr
ratios of scattering intensities.

The (un ,fn)5(90°,45°) geometry, in conjunction with
linearly polarized laser light, is useful for the measurem
of the DCS and thel parameter as shown in Eqs.~8d! and
~8e!. The l parameter, as in the case of the Stokes para
eters, is again determined by the appropriate ratio of sca
ing intensities.

Measurements ofP1 , P2 , P3 , andl were carried out by
rotatingP, the retardation plate, into the desired orientati
with a motor drive and accumulating signal counts in
scaler. After some preset interval, a timing signal was use
rotateP into the new orientation required for the determin
tion of a particular scattering parameter. Signal was ag
accumulated in a~different! scaler so that the desired ratio o
scattering intensities could be found. The measurement
ceeded in an automated fashion and included a detec
channel in which background signal was collected by a
vating a shutter to block the laser beam.

The DCS determination requires the weighted average
normalizedPDCS values given in Eq.~8e!. The paper of Li
and Zetner@13# describes in detail a reliable normalizatio
scheme in which the Ba(. . . 6s5d 1D2) to ( . . . 6s6p 1P1)
excitation can be calibrated to known values of t
( . . . 6s2 1S0) to ( . . . 6s6p 1P1) excitation previously mea-
sured by Jensenet al. @42# and Wanget al. @43#. Essentially,

FIG. 1. A schematic diagram of the apparatus is shown
experimental configurations involving the two laser geo
etries: ~a! (un ,fn)5(90°,90°) and~b! (un ,fn)5(90°,45°). The
electron source~G!, electron detector~D!, atom beam source~O!,
Glan-Taylor polarizing prism~GT!, and phase-retardation plate~P!
are shown.
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the procedure involves a measurement of the relative sca
ing intensities, combined according to Eq.~8e!, for the
( . . . 6s6p 1P1) to ( . . . 6s5d 1D2) and ( . . . 6s6p 1P1) to
( . . . 6s2 1S0) superelastic transitions with an application
the principle of detailed balance to give the inelastic DC
The measurement of the DCS proceeded in a fashion sim
to that employed in the determination ofl and the Stokes
parameters, except that additional detection channels w
required for the accumulation of1P1 to 1S0 superelastic
signal for each polarization state. This involved an au
mated adjustment of electron spectrometer voltages to
the required energy loss and impact energy.

V. RESULTS AND DISCUSSION

Figures 2–6 show the results of the present work. M
sured parameters are compared with the 55-state cl
coupling @CC~55!# and convergent close-couplin
@CCC~115!# calculations. At incident energyE0520 eV,
calculations of the DCS and thel parameter carried out in
the unitarized distorted wave approximation~UDWA! are
also shown~Clark and Csanak@44#; see also Clarket al.
@39#!. Measurements of the DCS~Fig. 2! reveal forward-
peaking behavior as expected for a dipole-allowed exc
tion. This forward peaking becomes more pronounced w
increasing impact energy. Table I gives a listing of the m
sured relative DCS~with respect to the1S0 to 1P1 DCS as
well as the normalized results corresponding to the val
plotted in Fig. 2. From the table it is apparent that the1D2

→1P1 DCS is significantly smaller than the1S0 to 1P1

DCS. The small relative DCS is consistent with the sm
branching fraction for1P1 to 1D2 radiative decay relative to
the 1P1 to 1S0 radiative transition~Bizzarri and Huber@45#!.
Close-coupling calculations reveal the same forward-peak
trend as the measurements and exhibit good quantita
agreement at small scattering angles. Agreement betw
CC~55! and CCC~115! calculations is good, with the forme
DCS being larger than the latter. This is consistent with
effect of coupling to the ionization channels.

Figure 3 shows the behavior of thel parameter at inciden
energiesE0510, 20, and 40 eV. This parameter gives t
PDCS for excitation of the1P1 (m50) sublevel relative to
the DCS for excitation of the1P1 level ~all sublevels!.
Agreement between measurement and CCC~115! theory is
quite good. In Figs. 4, 5, and 6 our results for theP1 , P2 ,
and P3 Stokes parameters are presented. The measure
rameters and those calculated in the close-coupling sche
are in qualitative agreement. Measured parameters are l
in Table II.

The parametersl, P1 , P2 , andP3 represent our raw mea
surements. Better insight into the collision dynamics can
obtained, however, by converting to the natural parame
$Lperp,g,Plin

1 ,h% of Andersenet al. @20#. These parameter
are straightforwardly related to the measured parameters
convey physically meaningful information about the angu
part of the excitedp-state charge cloud. The parametersPlin

1

andg give the anisotropy and alignment angle, respective
of the component of thep-state charge cloud which exhibit
positive reflection symmetry with respect to the scatter
er-
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plane. Plin
1 measures the relative difference betwe

‘‘length’’ and ‘‘width’’ ~i.e., maximum densityuCumax
2 and

minimum densityuCumin
2 , respectively! of the excited charge

cloud. This parameter takes on a value of 1 when the wi

FIG. 2. Measured and calculated differential cross sections
the 1D2 to 1P1 excitation in Ba for impact energies:~a! E0

510 eV, ~b! E0520 eV, and~c! E0540 eV. The results of conver
gent close-coupling calculations@CCC~115!# and 55-state close
coupling calculations@CC~55!# are represented by the solid curve
and the dotted curves, respectively. Present measurements
shown as solid circles with error bars. The measurements of Li
Zetner@13# are presented as open circles with error bars. Result
a unitarized distorted-wave calculation carried out at 20 eV imp
energy~Clark and Csanak@44#! are shown by the dashed curve.
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goes to zero and a value of zero when the length equals
width. The alignment angleg gives the direction of maxi-
mum charge cloud density with respect to the collision fra
quantization axis. The height parameterh gives the relative
excitation cross section for the negative reflection symme

FIG. 3. Measured and calculatedl parameters for the1D2 to
1P1 excitation in Ba for impact energies:~a! E0510 eV, ~b! E0

520 eV, and ~c! E0540 eV. The results of convergent clos
coupling calculations@CCC~115!# and 55-state close-coupling ca
culations@CC~55!# are represented by the solid curves and the d
ted curves, respectively. Present measurements are shown as
circles with error bars. The measurements of Li and Zetner@13# are
presented as open circles with error bars. Results of a unitar
distorted-wave calculation carried out at 20 eV impact ene
~Clark and Csanak@44#! are shown by the dashed curve.
he

e

y

component of the charge cloud. Theh parameter is related to
the l parameter in that the former gives the relative cro
section for excitation of ap orbital aligned along an axis
perpendicular to the scattering plane~the ‘‘natural frame’’

t-
olid

ed
y

FIG. 4. Measured and calculated values of theP1 Stokes param-
eter for the 1D2 to 1P1 excitation in Ba for impact energies:~a!
E0510 eV, ~b! E0520 eV, and~c! E0540 eV. The results of con-
vergent close-coupling calculations@CCC~115!# and 55-state close
coupling calculations@CC~55!# are represented by the solid curve
and the dotted curves, respectively. Present measurements
shown as solid circles with error bars. The measurements of Li
Zetner@12# are presented as open circles with error bars.
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quantization axis!, while the latter gives the relative excita
tion cross section for excitation of ap orbital aligned along
the collision frame quantization axis. TheLperp parameter
gives the expectation value of the collisionally transferr

FIG. 5. Measured and calculated values of theP2 Stokes param-
eter for the 1D2 to 1P1 excitation in Ba for impact energies:~a!
E0510 eV, ~b! E0520 eV, and~c! E0540 eV. The results of con-
vergent close-coupling calculations@CCC~115!# and 55-state close
coupling calculations@CC~55!# are represented by the solid curv
and the dotted curves, respectively. Present measurement
shown as solid circles with error bars. The measurements of Li
Zetner@12# are presented as open circles with error bars.
d

orbital angular momentum~measured with respect to th
natural frame quantization axis!.

Relationships between the measured parame
$P1 ,P2 ,P3 ,l% and the natural parameters$Lperp,g,Plin

1 ,h%

are
d

FIG. 6. Measured and calculated values of theP3 Stokes param-
eter for the 1D2 to 1P1 excitation in Ba for impact energies:~a!
E0510 eV, ~b! E0520 eV, and~c! E0540 eV. The results of con-
vergent close-coupling calculations@CCC~115!# and 55-state close
coupling calculations@CC~55!# are represented by the solid curve
and the dotted curves, respectively. Present measurements
shown as solid circles with error bars. The measurements of Li
Zetner@12# are presented as open circles with error bars.
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are given by~see Andersenet al. @20#!

Lperp5
2lP3

11P1
, ~9a!

Plin
1 5~P1

21P2
2!1/2, ~9b!

e2ig5
P11 iP2

~P1
21P2

2!1/2
, ~9c!

12h5
2l

11P1
. ~9d!

In their discussion of an excitedP state of mixed reflec-
tion symmetry, Andersenet al. @20# also introduce the pa
rameterLperp

1 which gives the angular momentum expec
tion value for the positive reflection symmetry component
the charge cloud. This parameter is directly related to
measured Stokes parameterP3 by the simple relationLperp

1

52P3 and its behavior can be easily ascertained from F
6. The Lperp

1 and Lperp parameters are related byLperp

5Lperp
1 (12h) so that the angular momentum expectati

value of the excited charge cloud is always diminished wh
the excitation probability of the negative reflection symme
component is non-negligible. Natural parameters obtained
employing Eqs.~9a!–~9d! with the measured parameters a

TABLE I. Measured differential cross sections.

u ~deg! 10 eV 20 eVa 40 eV
Relative differential cross sections (1022)

4 0.83~0.01!
5 1.50(0.03)†

6 0.72~0.01!
8 0.54~0.04! 0.86~0.01!

10 0.58~0.05! 1.50~0.04!
12 1.57~0.03! 0.83~0.08! 4.00~0.08!
16 1.46~0.04! 1.10~0.10! 5.80~0.20!
20 2.50~0.07! 3.60~0.30!
25 5.20~0.60!
30 5.30~0.10! 3.30~0.60!
35 10.0~0.20!

Absolute differential cross sections (10216 cm2 sr21)

4 3.15~0.79!
5 5.13(1.28)†

6 1.04~0.26!
8 0.67~0.17! 0.52~0.13!

10 0.36~0.09!
12 1.37~0.34! 0.25~0.06! 0.17~0.04!
16 0.57~0.14! 0.13~0.03! 0.11~0.03!
20 0.42~0.11! 0.10~0.03! 0.08~0.02!
25 0.07~0.02!
30 0.13~0.03! 0.03~0.01!
35 0.11~0.03!

aTabulated data forE0520 eV is from Li and Zetner@13# with the
exception of the measurement identified by the dagger symbol~†!.
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tabulated in Table III and plotted in Figs. 7–10 along wi
appropriate close-coupling calculations.

Figure 7 shows the measured angular behavior ofLperp to
be well-described by the calculations at 10 eV impact ene
while less satisfactory agreement is exhibited at 20 and
eV impact energies. It is worth comparing the observed
havior of Lperp for the 1D2 to 1P1 excitation to that previ-
ously observed in the Ba1S0 to 1P1 excitation~Li and Zet-
ner @11#!, for which it was demonstrated thath50 and,
hence,Lperp5Lperp

1 . In the case of1S0 to 1P1 excitation,

TABLE II. Measured coherence parameters.

u ~deg! P1 P2 P3 l

E0510 eV

10.5 0.11~0.05! 0.00~0.04! 0.17~0.02!
16.1 0.22~0.05! 0.075~0.04! 0.38~0.03! 0.45~0.01!
21.5 0.20~0.07! 0.24~0.04! 0.56~0.03! 0.44~0.01!
24.8 20.10~0.10! 0.41~0.04! 0.61~0.03! 0.34~0.01!
30.6 20.20~0.07! 0.37~0.04! 0.57~0.04! 0.34~0.01!
35.8 20.15~0.11! 0.39~0.06! 0.48~0.04! 0.29~0.01!
40.5 20.20~0.11! 0.38~0.06! 0.31~0.07!
45.8 0.00~0.20! 0.10~0.08!
50.6 0.20~0.20! 20.20~0.10!

E0520 eVa

5 0.04~0.04! 0.38(0.01)†

8 0.43~0.03!
10 0.47~0.04!
12 0.20~0.07! 0.09~0.05! 0.01~0.05! 0.47~0.04!
15 0.33~0.05! 0.20~0.06! 0.07~0.06! 0.38~0.04!
17.5 0.33~0.05! 0.27~0.06! 0.14~0.06!
20 0.26~0.05! 0.26~0.06! 0.22~0.06! 0.31~0.03!
22.5 0.13~0.06! 0.21~0.05! 0.32~0.06!
25 20.03~0.07! 0.15~0.05! 0.38~0.06! 0.28~0.04!
27.5 20.18~0.07! 0.07~0.05! 0.39~0.06!
30 20.28~0.07! 20.02~0.05! 0.39~0.06! 0.30~0.07!
35 20.22~0.08! 20.10~0.05! 0.34~0.07!
40 0.04~0.11! 20.10~0.05! 0.26~0.08!
45 0.32~0.12! 0.02~0.06! 0.16~0.10!

E0540 eV

3.6 0.11~0.09! 0.02~0.05!
4.0 0.41~0.01!
5.8 0.22~0.09! 0.04~0.05!
6.0 0.46~0.01!
6.4 0.26~0.06! 0.06~0.04! 0.03~0.05!
7.3 0.32~0.08! 0.13~0.05! 0.05~0.05!
8.5 0.48~0.07! 0.14~0.05! 0.08~0.05! 0.46~0.01!

11.5 0.50~0.10! 0.13~0.05! 0.14~0.04! 0.40~0.01!
13.8 0.15~0.07! 0.10~0.06! 0.27~0.05! 0.36~0.01!
16.3 20.10~0.11! 0.00~0.10! 0.31~0.04! 0.32~0.01!
18.8 20.30~0.20! 20.20~0.10! 0.30~0.04! 0.29~0.01!
21.5 20.10~0.10! 0.25~0.06!
26.7 0.20~0.30! 0.00~0.10!

aTabulated data forE0520 eV are from Li and Zetner@12,13# with
the exception of the measurement identified by the dagger sym
~†!.
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TABLE III. Natural coherence parameters.

u ~deg! Lperp g ~deg! Plin
1 h P1

E0510 eV

10.5 0~10.4! 0.11~0.05! 0.20~0.03!
16.1 20.28~0.03! 9.4~5.1! 0.23~0.05! 0.26~0.03! 0.45~0.04!
21.5 20.41~0.03! 25.1~5.5! 0.31~0.05! 0.27~0.04! 0.64~0.04!
24.8 20.46~0.06! 51.9~6.6! 0.42~0.05! 0.24~0.07! 0.74~0.04!
30.6 20.49~0.06! 59.2~4.4! 0.42~0.05! 0.15~0.05! 0.71~0.04!
35.8 20.33~0.05! 55.5~7.2! 0.42~0.07! 0.31~0.08! 0.64~0.05!
40.5 58.9~6.8! 0.43~0.07! 0.53~0.07!

E0520 eVa

12 20.008~0.04! 12.1~7.0! 0.22~0.07! 0.22~0.08! 0.22~0.07!
15 20.04~0.03! 15.6~4.3! 0.39~0.05! 0.43~0.06! 0.39~0.05!
17.5 20.07~0.03! 19.6~3.8! 0.43~0.05! 0.45~0.05!
20 20.11~0.03! 22.5~4.3! 0.37~0.05! 0.51~0.05! 0.43~0.06!
22.5 20.17~0.04! 29.1~6.7! 0.25~0.05! 0.40~0.06!
25 0.22~0.05! 50.7(13.0)† 0.15~0.05! 0.42~0.09! 0.41~0.06!
27.5 20.28~0.09! 79.4(7.9)† 0.19~0.07! 0.44~0.06!
30 20.33~0.10! 288.0(5.1)† 0.28~0.07! 0.17~0.21! 0.48~0.06!
35 277.8(6.7)† 0.24~0.08! 0.42~0.07!
40 234.1~27.6! 0.11~0.06! 0.28~0.08!
45 1.8~5.4! 0.32~0.12! 0.36~0.12!

E0540 eV

3.6 5.2~13.3! 0.11~0.09! 0.32~0.06!
4.0
5.8 5.2~6.6! 0.22~0.09! 0.23~0.06!
6.0 20.008~0.05!
6.4 20.02~0.04! 6.5~4.4! 0.27~0.06! 0.27~0.06!
7.3 20.03~0.03! 11.1~4.6! 0.35~0.08! 0.35~0.08!
8.5 20.05~0.03! 8.1~3.0! 0.50~0.07! 0.38~0.03! 0.51~0.07!

11.5 20.07~0.02! 7.3~3.0! 0.52~0.10! 0.47~0.04! 0.54~0.09!
13.8 20.17~0.03! 16.8~10.1! 0.18~0.07! 0.37~0.04! 0.32~0.06!
16.3 20.22~0.04! 290.0~28.6! 0.10~0.11! 0.30~0.09! 0.33~0.05!
18.8 20.25~0.08! 273.2~11.0! 0.36~0.18! 0.17~0.24! 0.47~0.14!
21.5 20.15~0.04!

aTabulated data forE0520 eV are from Li and Zetner@12,13#. Data points identified by the dagger symbol~†! are taken from Li and Zetne
@12# but corrected for a 90° error in their published values.
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studies over a similar kinematic regime (E0520, 37, and 50
eV! show Lperp to take on positive values for small ang
scattering (u&40°). A rather broad peak is defined over th
region whereLperp approaches the maximum value of11
and returns to zero at some scattering angle which dep
on impact energy. The conditionLperp50 at zero scattering
angle is enforced by angular momentum conservation.
1S0 to 1P1 behavior ofLperp in Ba is qualitatively in agree-
ment with the ‘‘generic’’ features ofS to P excitations dis-
cussed by Linet al. @46#. However, for excitation of the1P1
state from the isotropic1D2 initial level, as examined in the
present work, measurements at impact energyE0510 eV
show an ‘‘inverted’’ behavior in which a broad dip is define
with the minimum value ofLperp lying near20.5. Measured
results are in close agreement with the CCC~115! calcula-
tions. Measured results at higher impact energies point to
same trend as at 10 eV, but close-coupling calculations s
ds

e

he
w

an oscillatory behavior inLperp for 20 and 40 eV impact
energies with significant positive values attained at 40 eV
the small scattering angle region.

On the basis of the measured results, one is tempte
suggest a propensity rule which links the behavior ofLperp to
the sign of the change in orbital angular momentum (DL)
taking place in the collision. ForS to P transitions (DL
511), the generic features ofLperp behavior have been
mentioned above. For the present case of aD to P transition
(DL521), observations indicate similar generic features
the magnitude ofLperpbut the sign is opposite. A reference
such propensity rules has been made by Andersenet al. @20#
in their analysis of the Na(3d→3p) superelastic scattering
measurements presented by Hermann@19#, but it was pointed
out that the utility of such rules for the description of low
energy electron impact is questionable. Considerations
propensity rules and semiclassical models for the behavio
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Lperp are discussed in more detail by Linet al. @46#, Madison
et al. @47#, Kohmoto and Fano@48#, and Hermann and Herte
@49#.

Measurements and calculations of the alignment angle
presented in Fig. 8. Good quantitative agreement betw
measured results and CCC~115! theory is shown at 10 and 4

FIG. 7. TheLperp parameter for the1D2 to 1P1 excitation in Ba
for impact energies:~a! E0510 eV, ~b! E0520 eV, and~c! E0

540 eV. The results of convergent close-coupling calculatio
@CCC~115!# and 55-state close-coupling calculations@CC~55!# are
represented by the solid curves and the dotted curves, respect
Results derived from the present measurements@according to Eq.
~9a!# are shown as solid circles with error bars. Results from
measurements of Li and Zetner@12,13# are presented as ope
circles with error bars.
re
en

eV impact energies~for scattering angles smaller than 16°
the 40 eV case!. Interestingly, however, the measured da
points are in closer agreement with the CC~55! results for the
higher impact energies~20 and 40 eV!. As in the case ofS to
P excitation, the alignment angle can be well described in

s

ly.

e

FIG. 8. The alignment angleg ~degrees! for the 1D2 to 1P1

excitation in Ba for impact energies:~a! E0510 eV, ~b! E0

520 eV, and ~c! E0540 eV. The results of convergent close
coupling calculations@CCC~115!# and 55-state close-coupling ca
culations@CC~55!# are represented by the solid curves and the d
ted curves, respectively. Results derived from the pres
measurements@according to Eq.~9c!# are shown as solid circles
with error bars. Results from the measurements of Li and Ze
@12# are presented as open circles with error bars. A calculatio
the first Born approximation is represented by the dashed curv
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first Born approximation~FBA! for small scattering angles
The reader can consult Andersenet al. @20# for examples of
this in the case of electron impact excitation ofS to P tran-
sitions in H, He, and Na. A comparison between measureg
parameters and those calculated in the FBA for the Ba1S0 to
1P1 excitation was presented by Zetner@50#. The FBA re-

FIG. 9. The height parameterh for the 1D2 to 1P1 excitation in
Ba for impact energies:~a! E0510 eV, ~b! E0520 eV, and~c!
E0540 eV. The results of convergent close-coupling calculati
@CCC~115!# and 55-state close-coupling calculations@CC~55!# are
represented by the solid curves and the dotted curves, respect
Results derived from the present measurements@according to Eq.
~9d!# are shown as solid circles with error bars. Results from
measurements of Li and Zetner@12,13# are presented as ope
circles with error bars.
quires the excitedP-state charge cloud to exhibit symmet
with respect to the momentum transfer vector and, hence
alignment angle in the FBA is given by the angular deviati
of the momentum transfer vector from the incident electr
momentum vector. In contrast to the1S0 to 1P1 case, the
calculated behavior of the1D2 to 1P1 alignment angle pa-

s

ly.

e

FIG. 10. The anisotropy parameterPlin
1 for the 1D2 to 1P1 ex-

citation in Ba for impact energies:~a! E0510 eV, ~b! E0520 eV,
and~c! E0540 eV. The results of convergent close-coupling calc
lations @CCC~115!# and 55-state close-coupling calculation
@CC~55!# are represented by the solid curves and the dotted cur
respectively. Results derived from the present measurements@ac-
cording to Eq.~9b!# are shown as solid circles with error bar
Results from the measurements of Li and Zetner@12# are presented
as open circles with error bars.
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rameter shows rapid divergence from the FBA at very sm
scattering angles.

We note that the rapid variation ing predicted for small
scattering angles (,10°) is not directly verified by measure
ment. Small-angle measurements of1P1 to 1D2 superelastic
signal were difficult to make in our apparatus because o
large elastic background. Furthermore, there are inhe
limitations to the measurement of low-angle scattering
rameters which arise because of the finite angular resolu
of the apparatus and the resultant detection of scattering f
an interaction volume of finite size. The influence of t
finite volume effect on DCS measurements and on EI
measurements has been analyzed by Brinkmann and Tra
@51# and Zetneret al. @29#, respectively.

Figure 9 shows calculated and experimentally deriv
values of the height parameter,h, which gives the relative
excitation cross section for the negative reflection symme
component of the charge cloud. Theh parameter has a spe
cial significance in the case of1S0 to 1P1 excitations in that
it signals the presence of spin dependence in the collis
interaction. In the absence of spin-dependent forces, the
citation can be described purely in an LS-coupling sche
with the resultant conservation of reflection symmetry of
orbital part of the1P1 wave function through the scatterin
plane. Since an initial target1S0 state has positive reflectio
symmetry, the final1P1 state~in the LS-coupling picture!
must also have positive reflection symmetry requiringh to
remain zero. The more complicated1D2 to 1P1 excitation
involves aninitial target 1D2 level of mixed reflection sym-
metry. Even in the absence of spin-dependent forces,
negative reflection symmetry component of the1P1 state can
be populated by symmetry-conserving excitations from
negative reflection symmetry components of the1D2 level.
Hence, in the present case,h does not give any information
about spin effects in the collision.

The charge-cloud anisotropy,Plin
1 , is provided in Fig. 10.

It can be seen from the figure that close-coupling theory
difficulty reproducing the observed behavior of this para
eter at all impact energies studied, even in a qualita
sense. On the other hand, the calculations do rather we
describing the alignment angle~Fig. 8!. This disparity in
predictive power forg andPlin

1 has been observed previous
by Martuset al. @52# and Zetneret al. @15# in their compari-
son of noble-gas~S to P! and Ba(1S0 to 1P1) measurements
respectively, to first-order perturbative theories.

Figure 11 gives the behavior of theP1 parameter which
defines the ‘‘degree of polarization’’ among the excitedP
states of positive reflection symmetry. It is related to t
measured parameters by

P15~P1
21P2

21P3
2!1/2 ~10!

and takes on values lying between the limits of 0 and
Although this parameter is not independent of the set
EICP $Lperp,g,Plin

1 ,h% described above, it does offer a dire
measure of the coherence properties of the collision. In
lisional excitation with unpolarized electrons~and spin-
insensitive detection!, for example, spin-averaged scatteri
parameters are determined. Incoherence is thus introd
into the description of the collision through the summati
over squared amplitudes associated with the two poss
ll

a
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electron-spin orientations@the summations overms andms in
Eq. ~2!#. In the case of1S0 to 1P1 excitations in purely
LS-coupled systems~He or Ba, for example!, electron spins
play an indistinguishable role in the collision with the res
that the excitation is fully coherent (P151). For otherS to
P excitations, loss of coherence may occur through excha

FIG. 11. The polarization parameterP1 for the 1D2 to 1P1

excitation in Ba for impact energies:~a! E0510 eV, ~b! E0

520 eV, and~c! E0540 eV. The results of convergent close
coupling calculations@CCC~115!# and 55-state close-coupling ca
culations@CC~55!# are represented by the solid curves and the d
ted curves, respectively. Results derived from the pres
measurements@according to Eq.~10!# are shown as solid circles
with error bars. Results from the measurements of Li and Ze
@12# are presented as open circles with error bars.
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processes~the 2S to 2P transitions in H and Na, for ex
ample! or spin-flip processes~S to P excitations in the heavy
rare gases!, in which caseP1 is, generally, less than 1 an
provides a useful probe of these spin-dependent effects.
the 1D2 to 1P1 transition under consideration in the prese
work, an additional source of incoherence arises becaus
the experimentally unresolved magnetic sublevels in the
tial 1D2 level. Assuming conservation of reflection symm
try during the collision, the two positive reflection symmet
components of the1P1 state can each be excited from thre
experimentally unresolved, positive reflection symme
states in the initial1D2 level. In principle, one would expec
a substantially reduced degree of polarization because of
incoherent contribution to the excitation@made manifest by
the summation overm in Eq. ~2!#. However, Fig. 11 shows
that P1 can attain surprisingly large values. In the 10 e
impact energy case, for example, peak values close to 0.8
measured near 25° scattering angle@in agreement with
CCC~115! results#. The observation of a relatively high de
gree of coherence for the1D2 to 1P1 transition does not
have direct significance in terms of exchange or spin-
processes~as in the case ofS to P transitions! but suggests
that certain amplitudes must dominate the excitation in
kinematic regime. Figure 11 also shows that, at the hig
impact energies, large values ofP1 are predicted by close
coupling theory, but these results are not borne but by
measurements.

Some general comments can be made regarding the
havior of the coherence parameters discussed above in
limit of zero scattering angle. We can demonstrate that
calculated results are consistent with the notion that elec
impact excitation becomes equivalent to optical excitation
the zero-momentum-transfer limit. For forward scatterin
angular momentum conservation dictates that onlyDm50
transitions can occur. Hence, only the transitions1D2(m) to
1P1(m) are excited wherem50,61 is the collision frame
magnetic sublevel quantum number. If we apply optical
lection rules to a1D2 to 1P1 transition whereDm50 ~i.e.,
the case ofp-polarized light!, we find that the relative exci
tation probabilities of the1P1 (m50) and 1P1 (m561)
substates are4

10 and 3
10, respectively. Alternatively, in terms

of a basis set of1P1 substates represented byp orbitals
aligned along the~x,y,z! collision frame axes~y is perpen-
dicular to the scattering plane!, we can express the relativ
optical excitation probabilities as~ 3

10,
3
10,

4
10! for the respec-

tive p orbitals (px ,py ,pz). Since thel andh parameters are
relative excitation cross sections for the components of
1P1 state represented bypz andpy orbitals, respectively, we
immediately find limiting values in forward scattering ofl
5 4

10 andh5 3
10 , based on optical selection rules. From Fig

3 and 9 we can see that close-coupling theory~and the
UDWA scheme in the 20 eV case! predicts, to a good ap
proximation, this limiting behavior, especially at the high
impact energies of 20 and 40 eV.

The application of optical selection rules can also g
limiting behavior of the alignment angle,g, and anisotropy
parameter,Plin

1 . Since the optical excitation probabilities fo
the px andpz orbitals are 3

10 and 4
10, respectively, we can se

that the major axis of the charge cloud is aligned along thz
axis. Henceg goes to zero in forward scattering in the zer
momentum-transfer limit. The conditiong50 implies
or
t
of
i-
-

,
y

is

re

p

is
r

e

e-
the
e
n

n
,

-

e

.

P250, which further impliesPlin
1 5P1 and then, by Eq.~9d!,

a limiting value ofPlin
1 5 1

7 . This limit is demonstrated by the
close-coupling results shown in Fig. 10. Note that the con
tion Lperp50 in forward scattering is purely a result of ang
lar momentum conservation without any reference to opt
selection rules. By comparison,1S0 to 1P1 excitations in
LS-coupled systems give limiting values of coherence
rameters in forward scattering determined solely by the c
servation of angular momentum. Specifically,l51, which
implies g50, Plin

1 5P151, and P250. In addition, Lperp

50.
With regard to the behavior of theg parameter for1D2 to

1P1 excitation, the suggestion was made by Li and Zet
@13# that the limiting value in forward scattering might b
90° as opposed to 0°. This was based on a compariso
their measured values~at 20 eV impact energy! with a cal-
culation in the FBA. Limiting values ofg50° and 90° in
forward scattering both satisfy the symmetry requiremen
the charge cloud about the momentum transfer direction
the FBA and measured low-angle values ofg were observed
to be consistent with calculations in the FBA carried out
the limiting case ofg590°. These authors admit that the
measurements could not rule out the possibility of alignm
angle behavior which diverges rapidly from FBA predictio
in the near-forward-scattering regime. Such a rapid div
gence is borne out by the close-coupling calculations p
sented here which, in agreement with predictions based
optical selection rules, give the limiting value ofg50° in
forward scattering.

VI. CONCLUSIONS

We have presented a set of scattering parameters~the dif-
ferential cross sections and four electron impact cohere
parameters! for the ( . . . 6s5d 1D2) to ( . . . 6s6p 1P1) exci-
tation in Ba. When the magnetic sublevel structure of
initial 1D2 level is unresolved~i.e., when this level is isotro-
pically and incoherently populated!, these five parameter
represent a complete description of the collision proce
Measurements were made at impact energies of 10, 20,
40 eV with supporting calculations carried out in the conv
gent close-coupling scheme. This work represents a sig
cant extension of previous studies~predominantly ofS to P
excitations! to the regime of excited-state to excited-sta
transitions.

Measured differential cross sections for this transiti
are significantly smaller than those measured
( . . . 6s6p 1P1) excitation from the ground state and are
good agreement with theory. The small values of the diff
ential cross sections are consistent with the small oscilla
strength of this transition. The measured coherence par
eters show strikingly different behavior from that previous
observed for1P1 excitations out of the ground state (1S0).
In some cases good agreement with theory is obtained~es-
pecially for thel parameter at all impact energies and for
parameters at 10 eV impact energy! but, in general, calcula-
tion of these parameters is, at present, somewhat prob
atic. The behavior of the coherence parameters for the lim
ing case of forward scattering is consistent with optic
selection rules forDm50 radiative transitions.

A few comments should be made on the accuracy of
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present close-coupling calculations. According to Fi
2–11, the CCC~115! model is generally in better agreeme
with experiment than the CC~55! model. On some occasion
the CC~55! model is in better agreement with experime
While this is somewhat disappointing, it should be noted t
the ( . . . 6s5d 1D2) to ( . . . 6s6p 1P1) transition is weak,
which is indicated by the very small optical oscillat
strength. Our scattering calculations indicate that many o
transitions have significantly larger excitation cross sectio
The ( . . . 6s5d 1D2) excitation ICS is only the twelfth larg
est ICS at 40 eV, tenth at 20 eV, and seventh at 10
@CCC~115! data#. As for any weak transition, we expect ou
results for the (. . . 6s5d 1D2) to ( . . . 6s6p 1P1) transition
to be more accurate for the ICS than for the DCS, which
turn should be more accurate than the EICP. The achie
level of agreement between the close-coupling calculati
and experiment is therefore rather encouraging, and is lik
s.

n,

y,

d

Ce
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to improve for stronger transitions having (. . . 6s5d 1D2) as
the initial state.
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