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Orientation dependence of inelastic scattering from the laser-excited...6s6p 1P;) state of barium
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We have investigated inelastic electron scattering from the laser-excités6p 1P;) 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 parhgggjt&ur the
time-inverse related deexcitatioXs—(...6s6p P;), whereX=(...6s7p *P,), (...6s6d 'D,), (...657s 1S),
(...502 3P,) and the unresolved stat¢s.5d? 1D,,...605d D,). 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 8ie P and D— P deexcitations in comparison to
previously reported results f&— P and D— P excitations[Y. Li and P. W. Zetner, Phys. Rev. A9, 950
(1994; P. V. Johnson, B. Eves, P. W. Zetner, D. Fursa, and I. Bray, Phys. RB9, A39 (1999] shows a
selection rule ofAm=+1(—1) to hold for excitationdeexcitation in small-angle scattering.
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[. INTRODUCTION ries (which neglect channel couplingnay be less useful
than close-coupling approaches in treating the problem.
Electron collision phenomena involving excited-state Since the review by Trajmar and Nickel, studies of
atomic targets are by and large under-represented in the ligxcited-state to excited-state collisions in barium and sodium

erature. This point was made by Trajmar and Nidkdlin have been reportd@—8|. Measurements were carried out in

1992 and is largely true today. Such studies present a difficroSSed-beam experimental configurations with momentum
cult problem from both experimental and theoretical stand-selemcm(bUt no spin selectldmf the incident and scattered
. electrons. Laser radiation was tuned to e P resonance

enough to measure statistically significant scattering intensiéng|e and laser polarization dependence of the energy loss

ties. To measure scattering angle-resolved quantities, such fgyiyre associated with the collision process of interest. In
differential cross sectlor(i)CS)_, for excited-state to excited- thig way, the DCS for a large variety of excitations out of the
state processes, a substantial fractisay, >10%) of the  Ba(...&6p 1P,) level were measured by Zetnet al. [4].
target beam must be excited. With tuneable, cw lasersadditionally, population of the metastabfe..6s5d 3D, !D)
excited-state populations of this magnitude are relativelyevels by radiative cascade from thi®; level allowed the
easy to achieve, and this technique is responsible for recepteasurement of the DCS for excitation out of these meta-
progress in the field. stable leveld5].

The application of laser excitation to collision studies re- The use of laser radiation to generate excited atoms intro-
stricts the target species, for the most part, to the alkali anduces the possibility of controlling the magnetic sublevel
alkaline-earth atoms with resonance transitions in a convedistribution of the target population. Generally, the distribu-
nient (near uv to near rportion of the spectrum. These tion is anisotropic with the population of magnetic sublevel
atomic targets are problematic for the theorist both in theu) being different than that ofw’) (for magnetic sublevel
determination of the target wave functions and in the apguantum numberg, ). Such anisotropic populations are
proximations used in the collision model. As the atomicCharacterized by alignment, associated with equal popula-
numberZ of the target increases, electron shells underlyingions in the|u) and|— ) substates, and/or orientation, asso-
the valence shells can introduce electron correlation effect§iated with unequal populations in the) and |-u) sub-
into the description of the wave functions, thus giving rise toSttes. The nature of the target population anisotropy is
a relatively complicated configuration mix. Asincreases, it determined by the polarization state of the exciting laser
is also possible thatrelativistio) spin-orbit coupling effects P€am: Thle early e_xp;nments 3f Herthel andd ﬁolla:)orators
can enter into the description of the wave function and the‘[s?:;tlula]ri?]g ’Cilsseazl_iz);mgnt_satﬁfje gﬁemgiznoggpeaﬁéni ecli;g)cnek
coII|S|pnaI Interaction Hamlltoman. Furthermore, C.h".’mneland Hertel[11] developed a theoretical description in which
coupling effects, which are relatively small for the collisional

L - : . ~ the measured collision proceéscattering from an aligned/
excitation of resonance transitions at intermediate energieg,ioniedp state targtis interpreted in terms of a process

can become important in the description of excited-state Qg|ated 10 it in a time-inverse senégzattering that produces
excited-state scattering. Hence, first-order perturbative theoy, aligned/oriente® state. Hence, the study of collisionally
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induced transitions of the typP— X (where X represents terms of the inverse processes- P, whereX represents an

some arbitrary, final atomic levelin which laser excitation isotropically populated level.

has been used to produce an aligned/oriefteslate popu-  This paper is organized as follows. In Sec. Il we present a

lation, allow one to ascertain the nature of collisionally in- discussion of the measurement theory relating the measured
duced P state alignment/orientation in the “time-inverse” Scattering intensity to the scattering parameter of interest

= . o
transitionX— P. There has been a long history of interest in (Lperp - In Sec. 1Il a brief description of the convergent
collision-induced alignment/orientation 8fstates and, con- C€l0S€-coupling formalism is provided. In Sec. IV we describe
sequently, it has become customary to describe the results 1€ €xperimental procedure and the steps required to unfold

scattering studies on laser-excitBdevel atoms in terms of scattering signal associated with a particular collision pro-

collision processes terminating on tRdevel. The reader is cess from the measured energy loss spectrum. Section V pre-

referred to the recent monograph by Andersen and Bartscthnts our results with discussion, and concluding remarks are

[12] for a comprehensive review of the subject. made in Sec. VI

Andersen, _Gal_lagher, and H_er{&lS] have disc_:usse_d vari- Il. MEASUREMENT THEORY
ous parametrizations of the alignment and orientation of an _
atomicP level excited out of d&ground S level. We refer to In our earlier work[2,3], we developed the theory of

these various parameters as the electron impact coherenbtcek and Hertel to define the partial differential cross sec-
parametersEICP). Scattering studies with laser-excit@l  tion (PDCS for scattering out of a Iaser-e>§C|tejd31 state.
level atoms have been carried out to determine the EICP fof "€ measured scattering signal | is proportional to the PDCS
(ground stateS— P excitations by measuring the laser po- a"d can be written as

larization dependence of scattering intensity for the inverse | = koPPCS (1)
(superelasticP— S deexcitation process. Such a process is ) _ o
completely characterizedor spin-unpolarized electrondy where « contains factors such as detection efficiency, elec-
four EICP and the DCS. Measurements of this type havdron beam flux, target population and so on. The PDCS for a
been carried out to determine EICP 8 P transitions in  Particular scattering process differs from the DCS in that the
sodium[9,10,14,185, lithium [16], potassiun{17], rubidium initial P-level population is anisotropically distributed over

[18], calcium[19], barium[20-23, ytterbium[24,25, and magnetic _sublgvel$,u>. In tact, for the Iaser-excite&Pl
chrc;mium[26] ' ' = level that is of interest here, the atomic target population can

The discussions of Andersen, Gallagher, and Hé(t8] be _desprlbed by a wave functmipe., it is a coherent st_a)te
: Lo which, in some reference coordinate frame, can be written as
were largely restricted t&— P transitions; however, the

. . - |IN), with J=1 and magnetic quantum numbsr For lin-
theory of Macek and Hert¢lL1] provides a simple generali- early polarized laser light, an appropriate reference frame

zation of the EICP to the case where a collisionally induced(the “photon frame”[10,28) would be that in which the
transition to theP level occurs out of an isotropically distrib- quantization axis lies along the oscillation direction of the

uted magnetic sublevel population of atoms in some initialyptical electric field, in which cashi=0. For circularly po-
level of arbitrary total angular momentum. This generaliza-|5yjzed light, an appropriate quantization axis would lie along
tion was described by Li and Zetng8] and Johnsoret al.  the laser beam propagation directidantiparallel to the
[2] in their investigations of thémetastable(...6s5d 'D,)  beam direction in the so-called “laser framg28]) in which
—(..6s6p 'P,) inelastic transition in barium. Measurements caseN=+1 depending on the handedness of the circular
of the DCS and four EICP for this transition were made bypolarization. In general, théP,; wave function can be de-
studying superelastic scattering for the time-invePse D scribed by a coherenfmagnetic sublevél superposition
deexcitation process. Subsequently, related measurementsstéte,

generalized EICP have been reported for elastic scattering

from the laser-excited...6s6p *P,) state in barium by JINY=2, a,|Jdu) 2
Trajmaret al. [27] and for scattering from the laser-excited e

3 2P state in sodium by Shurgaliet al. [6,7]. Shurgalin
et al. measured inelastic scattering out of théR level in
sodium to determine EICP for the time inversé®—3 2P
[6] and 3°D— 3 2P [7] superelastic transitions.

for u=0, £1. The nature of this superposition is determined

by the quantization axis chosen to define subst{ateand by

the polarization state and incidence direction of the laser
The present work is closely related to that of Shurgalinbeam with respect to this'qu'antization axis. W? geiine ing

et al. in that we have studied inelastic scattering from thepOIar angles'o?v ’.‘Dv) of'the incident laser beam with respect

laser-excited...6s6p 1P;) barium state to determine one of E‘;’ th)? quat?tlgatlon axis %ucfl_f'ghzt;hgtPDCS fprt a:jmeasured

the EICP, namely, thel_;erp parameter (defined below, —X scattering processdentified by its associated energy

i P loss,AE) is dependent on{, ,¢,) and the polarization state
for the superelastic transition¥X—(...6s6p 'P;) where . . o :
X represents levels (..657p 1Py (...6s6d 1D.). (which we symbolize by the letter,), and can be written as

(...657s'Sy), (...5d%3P,) and the unresolved pair o"P°YAE; 0, 0, ,m,)

(...502 1D,,...6p5d 'D,). As noted above, measured scat- L "

tering processeB— X, involving an anisotropically distrib- _ = ~ Immk I TIINGONZ (3
uted P level magnetic substate population, are described in 2%3 k % < MK [TIINgd)I" (3)
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Here (J'mmk’|T|INuk) is the scattering amplitude for This parameter, introduced by Andgrsen, Gallagher, and Her-
the P— X process expressed as a matrix element of the trarfe! [13], gives the amount of orbital angular momentum
sition operatorfl’. It gives the amplitude for excitation of the transferred to the positive reflection symmetry component of

|3'm) substate of leveK from the laser-excite¢IN) coher- thne/ c?arge cloud in ;h? fln&?Esta(tse. Equn/Lalent_Iy, lihe ratio
ent superposition staéhe 1P, state with incident electron P1/P-1-1, extracted from Eq(6) once Ly, is known,

- - gives the relative population d?-level atoms produced in
momentunk (spin: ug) and scattered electron momentlm : L
. L . the (natural frame u= =1 magnetic substates by collisional
(spin: mg). Substitution of Eq(2) into Eq. (3) allows us to ( &u 9 Y

define the quantities deexcitation from levelX. Since the upper level magnetic.
substates are unresolved in the measurement, the population
A1y A of u==1 substates is determined by an incoherent sum
:{Em<‘] m|T|Ji)(] m|T|‘]J>*}, (4)  over squared transition amplitudesl’ m|T|Ju), as is evi-
{2m1M|<J'm|‘r|3M>|2} dent by rewriting Eq(4) in the form

Pij

!

where the asterisk indicates a complex conjugate and the n_ K PWESERNF
Pii SkO.DCS(AE)%: |<‘J m|T|‘JI>| (7)

curly brackets represent the average over initial and sum
over final electron spins, explicitly shown in E@). By the
Macek-Hertel theory, the quantities defined in Ed) are  With i=j==*1. The arrows drawn in Fig. 1 represent the
density matrix elements of th&P; level produced by elec- (squared collisional transition amplitudes which couple up-
tron impact on the isotropically populatédevel. The PDCS  per level(X) magnetic substates) to P level substateg*1)
for the P— X process measured with a laser beam in polarfor three of the levelsXx='S;, 'P;, and 'D, under con-
ization state s, and incidence direction determined by Sideration in the present work. The assumption of conserva-
(6, ,¢,) can thus be expressed in termspgf describing the tion of reflection symmetry through the scattering plane for
X— P process. these singlet-singlet transitions has been made in Fig. 1. This
In this paper, we describe measurements carried out witfequires that the target levels ak& coupled and that the
circularly polarized laser light propagating vertically upward collision Hamiltonian does not explicitly depend on the spin-
and striking the horizontal scattering plane perpendicularhPrbit interaction. In the most comple>§ transition |Ilus§rated,
from below. A convenient quantization axis in this case is the-€-, 'D—*P1, conservation of reflection symmetry will re-
“natural frame” quantization axis described by Andersen,duce the number dfea) terms required in the summation in
Gallagher, and Hertdl13] which, in our case, points along Ed.(7) from 5 to 3.
the laser beam propagation direction. Hence the adgle
=0 (¢, is irrelevan and we will simplify the notation for Il THE CONVERGENT CLOSE COUPLING METHOD
the PDCS in Eq.3) by eliminating 6, and ¢, from the
argument and replacing the symhg) with the symbol RHC We have used the convergent close couplif@CC)
(LHC) for right-hand (left-hand circularly polarized light. method to calculate the DCS and EICP for the transitions
With density matrix elementgEq. (4)] defined in the natural listed in Table I. Application of the CCC method to electron

coordinate frame, we can write scattering from Ba has been extensively discussed elsewhere.
We refer to Fursa and Brdp9] for a general formulation of
oPPCYAE;RHC) =30 AE)p" ,_, (58 the method and its application to electron scattering from
alkaline earth atoms. The details relevant to the Ba atom
and have been discussed by Fursa and Bigg] and, in Zetner
. _ . | et al. [5], it was shown how the major relativistic effect,
o"PYAE;LHC) =30 Y AE)p1;, (5b)  singlet-triplet mixing in the Ba wave functions, can be taken
o ] into account in the CCC method.
where the superscript indicates natural frame density ma- |, Taple | we present the configuration-interaction expan-
trix elements and the quantity sions for levels included in the present study. Only major
1K i configuration; were retained: The results dempnstrgte very
oPCSAE) = __‘ > ’<J’m|T|JM> 2] (5¢)  strong coupling between different configurations in the
3 Kk | wavefunctions. Two-electron configurations are very impor-

_ _ _ o tant for the description of thé...6s6p P,), (...657s 1Sy),
is the DCS for the measurdthelastig collision process® (. es7p 1P,), and (...66d *P,) levels. The(...5d? 'D,),

—X SpeCified by energy losSE. As is evident from equa- (q)Sd lDz), and (@2 3P2) levels are pure two-
tion (5¢), the DCS describes excitation out of an isotropiCelectron excited levels. They are very strongly affected by

(i.e., unpolarizet *P; level. S the breakdown of the nonrelativistic approximation which is
In the present studies of orientation dependenceXof demonstrated by large singlet-triplet mixing coefficients.
— P processes, the parameter of interest is Good agreement between calculated level energies and the

PDCY AE:LHC) — ¢PPCYAE: RHC n_on_ level energies of Moorg31] is shown.
|_+er:U 1 )~ ):pn - 1_ The excitation energies, relative to the..6s6p P,)
PP gPPCYAE;LHC) + ¢PCAE;RHC)  pli+p" 4 level, for all transitions studied, do not exceed 1.5 eV. The
(6) incident electron energy of 20 eV employed in the experi-
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(a) ratios of PDCS for orthogonal laser polarization states, are
required to determine the;erp parameter for thetime-
S inverse superelastiX— P deexcitation. Ratios of PDCS are
equal to ratios of scattering intensiffeqg. (1)] associated
\ with a particular energy-loss featufiee., no normalization is
y required and, hence, determination of the EICP necessitates
N a measurement of the polarization dependence of the scatter-
\ ing intensity.
_1 Previous experimentgt,5] have shown that the inelastic
portion of the energy-loss spectrum obtained from laser-
(b) excited barium vapor is highly congested with, under condi-
tions of practical energy resolution, many overlapping fea-
tures. When the laser beam and the collision interaction
volume (determined by the intersection of the electron beam,
vapor beam, and electron detection viewcooeerlap, the
Ba vapor beam contains predominantlf...6s* 1Sp),
(...686p *P,), (...6s5d D), and (...85d D) species of
the 1*8a isotope and all other isotopes in their ground states.
The conditions on atom beam collimation, laser beam inten-
sity, and residual fields necessary to isolate’ffBa isotope
(c) for laser-pumping have been discussed by Regétat.[32]
and are satisfied in our experiments. We refer to the geom-
etry in which laser beam and collision interaction volume
overlap as the “laser-center” geomet4,5].

The laser-center geometry produces significant concentra-
tions of (...6s5d 'D,, 3D,) species that are metastable and
electron scattering from atoms in these metastable levels
contributes to the congested nature of the energy-loss spec-

1 0 1 trum. In order to isolate energy-loss features associated with
FIG. 1. Reflection symmetry-conserving superelastic scatterinda_)x transitions we utilize a_ me_thOd developed |n_preV|ous
amplitudes for singlet transitions of the tygeo P (a), P to P (b), studies[4,5] where the contrlbutlpn_ due to scattering from
and D to P (c). Amplitudes for transitions terminating on the  theD level metastables can be eliminated from a laser-center
=+1(—1) magnetic substate of the level are represented by SPectrum. This involves additional measurements in which
dashedsolid) arrows. the laser beam—vapor beam interaction volume is displaced
upstream from the collision interaction volume. In this
ments therefore corresponds to more than 13 threshold unitéaser-low” arrangement, target beam constituents at the col-
and is close to the high-energy regime of the scattering prolision interaction volume will comprise only ground state
cess. Given a rather small triplet component in theandD level metastables, since the short-liiedgtate decays
(...656p 1P;) level, we expect that, for all the transitions, in approximately 8 nsec and does not survive the transit
the singlet-singlet, one-electron mechanism will be domi-downstream. In a sequence of steps which we will describe

nant, at least in the near-forward scattering region. below, it is possible to generate an energy-loss spectrum dis-
playing only features of th®— X type by subtracting suit-
IV. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS ably scaled versions of laser-low and laser{gffound-state

targets only spectra from laser-center spectra.

The apparatus, an electron-energy-loss spectrometer con- Determination of EICP for th&X— P process required us
sisting of fixed electron detector and rotatable electron gunto measure the laser-polarization dependence of feature in-
has been fully described by Johnsetral.[2] and the reader tensities corresponding tB— X inelastic scattering. Laser
is referred to that work for details. Our measurements weréeam polarization was determined by a rotatable quartz
carried out by developing electron-energy-loss spectra fophase retardation plate used in combination with a Glan-
the laser beam polarized in both right-hand and left-handraylor prism. The measurement was begun in the laser-
circularly polarized states. System energy resolution was agenter geometry. The retardation plate was rotébgdstep-
proximately 90 meV at about 75 nA electron gun current ancdber motoj into the orientation required to give a desired
the angular resolution was aboti2.5°. Electron impact en- polarization state and an energy-loss sweep over the desired
ergy was calibrated on the known position of the H8®  energy-loss range was initiated for accumulation in a multi-
elastic scattering resonance at 19.37 eV. For this work, ouchannel scalefMCS). We chose the energy loss region to
focus was on the inelastic portion of the spectr(im., P include the elastic scattering featuraE=0) and the'S,

— X processes were of the inelastic typad our task was to  — P, excitation feature §E=2.24 eV). At the end of the
identify and isolate inelastic scattering signal correspondingweep, the MCS provided a trigger pulse to rotate the retar-
to a particulaiP— X excitation. Equatiori6) shows that only  dation plate into the required position for the orthogonal la-
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TABLE I. Level excitations out of the $p P, laser-excited state studied in the present work.

Upper level
Level excitation energy from the E
Feature  Assignment DominankS terms ground statdeV) eneﬁg;,u[gss
numbef Moore [31] This work (ev)P
1 5d2 D, 0.740(512 D) — 0.425(516d D) +0.324(6? D) 2.859 3.00 0.62
—0.288(5? °P)+0.165(516d *P)—0.14(6p? °P)
1 6p5d 'D, 0.834(65d D) +0.427(65d °F) 2.861 2.87 0.622
—0.255(517p 'D)—0.132(57p °F)
3 5d2 3P, 0.745(512 3P) —0.427(516d ®P) +0.363(&? °P) 2.966 3.10 0.727
+0.286(%? D) —0.159(5l6d D)
+0.126(6? D)
6 6s7s 'S, 0.572(657s 1S)—0.431(658s 1S) +0.422(5? 1S) 3.5 3.54 1.261
—0.42(5d6d 1S)+0.318(? 1S)
7 6s7p 1P, 0.683(67p P)—0.546(65d 1P) 3.5¢ 3.60 1.301
—0.329("7p 'P)
8 6s6d D, 0.765(656d D) —0.429(67d D) 3.749 3.77 1.51
—0.366(517s 'D)—0.161(&l° 'D)
6s6p 1P, 0.797(66p *P)—0.502(65d *P) 2.24 2.25

—0.255(657p P)—0.074(66p °P)

8Feature numbers are those of Zeteeal. [4].
b“Feature energy loss” gives the excitation energy from ¢he6s6p *P,) level. These were calculated from the values of Md@®H.
®‘Moore[31] made the assignment op6d P, for this upper level.

ser polarization state and a new sweep was initiated. At theeum analysis, we introduce the following notation for the
end of this sweep a sweep with laser-off was taken aftefractional populations of atomén S, D, andP levels in the
which the system was reset to its starting condition. Datdaser-low and laser-center geometries. In the laser-low case,
collection resumed in this automated fashion until laserwe write

center spectra of suitable quality for both laser polarizations . .

had been accumulated. Periodically, this procedure was in- L Ns L Nb

terrupted to collect energy-loss spectra in the superelastic Y :m and A :W' ®)
region. In particular, we required th&P;—1S; and !D,

— 1S, superelastic feature intensitiéier both laser polariza-  \yhere the superscriptL” refers to laser-low andN“, N,

tions) in order to determine scaling factors required to COM-z4 NE refer to the total Sstate andD-state atom popula-
bine laser-low a_nd Iager-cgnter spectra. Lasgr-low spgctr ns, respectively, in the target beam. In the laser-center
were then taken in the identical manner to that just described o \we write

under the same experimental conditions. No superelastic

spectra were required for the laser-low configuration. Mea- < NS NS
surements of this type were repeated a number of times with 3C= NC' AC=WC, and (DC=WC, 9

the selected scattering angles of 5.5°, 9°, 13°, and 16°. The

scattering angle was calibrated by introducing laser light alhere the ‘C” superscript refers to laser center aNg, NS
the_ target Wh'Ch. was Ilmearly po_Ianzgd along the dete‘?“"i\lg, and NS refer to the total Sstate,D-state, andP-state
axis. Superelasti¢P; — 'S, scattering signal for this case is

symmetric for scattering to the left and to the right, allowing atom populations, re;pecElver, |ncthe target beam. .

the determination of zero degrees. In thg above notatloerD asnd Np refer to the combined
Removal of background scattering signal constituted th .opulat|on of.(...655d D2, D.Z) metastables. _The frac-

first step in the spectrum analysis procedure. This was a ional populations are constrained by the equations

complished by fitting a double-exponential decay to those sLpal=1 (103

regions of the laser-off spectfground state excitationpsn

which no features were present including the elastic tail. Thgq

fitted background function was subtracted from the laser-off

spectra and the associated laser-on spectra. SCHACHPC=1. (10b)
The next step involved combining measured spectra, us-

ing appropriate scaling factors, to produce a final spectrum iWith these quantities defined, we can write the feature inten-

which only features representing excitations of the type sities in our measuretbackground-subtractgdnergy-loss

— X were present. To proceed with our discussion of specspectra as
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IN(AE)=C'N3 02 AE)+ ALoRCAE)], st Ib (2.24 eV 5
(113 15 (2.24eV)
I5¢(AE)=C'NLo2°S(AE), (11D and
IS(AE; m,)=CON[SCo2°S(AE) + ACsRCY AE) o€ (224evim) 16
+®CGEPCYAE: )], (110 1S (2.24eV)
The validity of Egs.(15), (16) rests on the assumption that
IGH(AE)=CONCog“YAE), (11d  the intensity of features corresponding B—X and D

— X' excitations which underlie th@round S,—'P, fea-
where the superscripit(C) refers to laser-lowlaser-centet  ture can be neglected, i.e.,

the subscriptsS, D, and P denote cross sections involving

initial ground-stateD-state, and®-state atoms, respectively, SLo2CS (2.24 eV>AL0B%® (2.24eV), (179
and the constant€®, C' involve factors such as electron
beam flux, detection efficiency and so @xclusive of target 3C02% (2.24eV)>AC0DR%S (2.24eV), (17b

atom populatiopnwhich relate the measured intensities to the

cross sections. The symbe|, refers to the polarization state and

of the laser light. Note that, in Eq$11a-(11¢, we have

assumed scattering from tilevel target atoms to be de- 3C08%° (224 eV D 0" (2.24 eVim,). (170
scribed by a DCSisotropic target as opposed to a PDCS ,

(anisotropic target In principle, theD states can be aligned/ 1he appearance of the symbel, in Egs. (16) and (179
oriented since they are populated by radiative cascade froffdicate that the approximation is taken to hold for both laser
an aligned/oriented state. However, our studies have re- 06am polarization states. In our experiments, the approxima-
vealed no measurable laser-polarization dependence of sc&@nS (178-(170 appeared to be well satisfied, consistent
tering from theD states in both the laser-low and laser-centerVith observations made by Zetnet al. [4,5]. _
geometries. These conclusions are based on the subtraction 1€ last scaling factor required in EQ.3) is the ratio of

of spectra taken with orthogonal polarizations in both ofD-state fractl'onal pqpulatlons in the laser-center and Igser—
these geometries. A discussion of systematic effects respofW geometries. Using Eqd8)—(10) we can express this
sible for disalignment of th® states is given by Zetnet al. ~ 'atio as

[5]. Equationg(119—(11d suggest the appropriate combina- c c c\ -1

; . AY (1-%%) P

tion of scaled spectra to give an energy-loss spectrum, I b (18)
Io(AE;7,), of features associated only with— X excita- At (1-3h AC

tions,

We determined this ratio by measuring signal intensi-
| p(AE;m,)=CONCDCEPIAE; 7,). (120 ties (in the laser-center geomejryfor the well-
resolved (...6s6p 1P;)—(...6s% 1S;) and (...85d D)
This result can be obtained by combining the measured spec= (---65° 'Sp) superelastic transitions at energy losses of
tra according to AE=—2.24 and—1.41 eV, respectively. The ratio of these
feature intensitiesmeasured in the same spectiuis

Ip(AE;m,) =1S(AE; m,) — 2C1$(AE)

T CING F[I (AE)—=3"Ig(AE)]. : Ty o, io, .

IC(—2.24eVm,) NS opPc® (—2.24eVir,)

(19

13
(13 The validity of Eq.(19) rests on two assumptions. First, the

The scaling factors appearing in E@.3) can be generated instrumental detection efficiency is assumed to be the same
using the measured intensities of certain energy-loss featuredt the two energy-loss valugs-2.24 and—1.41 eV). Sec-

For example, ond, the averaging effect on the scattering signal due to the
spatial distribution of scatterers through the collision volume
CONC 1S, (2.24eV) is assumed to be the same for excited-steflg and ‘D
= , (14) atoms. The first assumption rests on the fact that the separa-
C"N™ g (2.24eV) tion, in energy loss, between the two features is siita83

eV) in comparison to the incident electron ener@p eV)
where the intensities are those associated with the grourahd the focal properties of the electron optics remain con-
state 1S;—!P; inelastic feature at energy losaE  stant over this range, as previous work with this instrument
=2.24 eV. The fractional populations® and S are ap- has shown. The second assumption is less well justified as
proximately given by the rate equation modeling of excited-state populat{@3%
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shows different spatial distributions for atoms in theand  impact energy DCS of Jensen, Register, and Tra[i®@)for
1P, levels within the collision volume. While th&P; popu-  the 'S;—P; and 'S,—!D, excitation processes. We note
lation is nearly symmetrically distributed with respect to thethat the 20 eV'S,— P, DCS data of Jensen, Register, and
center of the laser beam intensity profilessumed Gauss- Trajmar[36] is in excellent agreement with the more recent
ian), theD level atoms, because of their metastable charactemeasurements of Wang, Trajmar, and Zef&1. To convert
are very asymmetrically distributed with a population thatthe DCS for the'P;—!S; process to the PDCS required in
takes on a constant, maximum value downstream of the las@q. (19), we used thel_;erp parameters for the'Sy— P,
beam center. Consequently, scattering from Ehéevel at-  transition reported by Li and Zetng20]. For this transition
oms, asymmetrically distributed within the 5° detectionit was found thap,=0 in which case

viewcone, is weighted somewhat toward scattering angles

different from the nominal scattering angle defined by the P21:1_PE1—1:%(L§erp+ 1) (22)
central axis of the detection viewcone. The relationship be-

tween measured scattering intensity and the cross section fghd the PDCS can be obtained from ES). in conjunction

a scattering process under con_dmo_ns of f|n|t_e mstrgmentq}vith the DCS. Rigorously the;erp parameters for 17.76 eV
resolution (in energy and ang)eis discussed in detail by impact energy are required in the PDCS determination

Brinkmann and Trajmaf34]. For our purposes, the error \yhereas the utilized parameters were measured at 20 eV im-
introduced by differently distributed scatterers lies in eM-pact energy.

ploying the DCS for'D,— 'S, deexcitatior{in the denomi-
nator of Eq.(19)] for the nominal scattering angle. We ex-
pect this error to be relatively small in relation to some of the

other errors discussed Cin this section. From Ef), it is Figure 2 shows a representati®— X excitation spec-
clear that the ratid\lS/NlDz can be calculated if the PDCS trum produced by scaling and combining laser-low and laser-

for the 'P,—1S, deexcitation and the DCS for théD,  center spectrawith their associated laser-off speqteccord-
— 15, deexcitation are known. The relationship between thignd to Eqg.(13). Spectrum fitting with a Gaussian line-shape

ratio and the desired ratio of fractional populations requiredunction enabled us to extract feature intensities associated
in Eq. (18) is with excitations(...6s6p P;) to X for levels X listed in

Table I. Analysis of thécirculan polarization dependence of
®C NS the feature intensities allowed the determination_gigrp pa-
AC T F (20 rameters for the time-inversé (isotropig to (...6s6p P;)

D, deexcitations. The measured results are tabulated in Table Il

i ) ] _and plotted in the figures below along with the results of the
The factor of 0.7 arises from the branching fractions of Biz-ccc calculations and the CCC calculations convoluted with
zari and Hube{35] which shows that radiative cascade pro-the finite collision interaction volume. Details of this convo-
duces a totaD-level population comprising 70%D, and  ytion procedure are given by Zetner, Trajmar, and Csanak
30% °D, populatltl)n(wn? a negligible °D; component [28] and Zetner, Li, and Trajmai21]. Error limits on the
,The PDCS for"P;—"S, deexcitation and the DCS for experimental data were obtained from the uncertainties in the

D,—"S, deexcitation required in Eq19) were obtained spectral line fitting coefficientéamplitudes of the Gaussian
from the DCS for the inverséexcitation processes!S, |ine shape returned by the fitting routine.
—'P; and 'S,—'D, reported by Jensen, Register, and  Figure 3 shows thd ., parameter extracted from the
Trajmar[36]. The relationship between the DCS for time- nojarization dependence of feature(Table ). This is a
inverse processes is given by the principle of detailed balyjended feature corresponding to two unresolved transitions
ance. Speglflcally, the DCS for thHe— X tran3|t|0n(|mpact in which the final levels are an even and an odd patiy,
energyE,) is related to the DCS for th¥— P processim-  state arising from thédominani two-electron configurations

V. RESULTS AND DISCUSSION

pact energyEy—AE) by 5d? and 5d, respectively. Table | gives the results of
E _AE structure calculations which show that the.5d? 'D,) level
[02%S(AE)]e :(%)( 0 )[UQESP(_AE)]E AE contains an admixturé_ll%) of 3P, and the (...65d 1D2)
° \0p Eo 0 level contains an admixtur@0%) of 3F,. The feature dis-

(21) played a weak polarization dependence that givet
parameter in fair agreement with CCC results. Theoretical

wheregy andgp are level degeneracies of tikeandP lev- ) :
. - ... results for the blended feature were obtained by calculating
els, respectivelygp=3). We made a small approximation in }he PDCS in Eqs(5a), (5b) for the individual transitions,

utilizing this equation. Our present measurements were car- . - .

ried out at 20 eV impact energy. Hence, E21) relates the summing the PPCS and gene_ratlng)erp by using the

(superelasticDCS for 'P,—1S, deexcitation at 20 eV im- sumrr+1ed values in Ed6). Alternatlvely,_gne can show that

pact energy to théinelastio DCS for 1S, — 1P, excitation at theL 5., parameter for a blended transm_on_vylth two compo-

17.76 eV impact energy. Likewise, theuperelastic DCS nents can be expressed in terms of the individual parameters,
: : ! + +

for !D,—1S, deexcitation at 20 eV impact energy is related Lperd 1) @ndLpe{2), as

to the (inelastio DCS for 1S,— 1D, excitation at 18.59 eV N N N _

impact energy. Our approximation involved using the 20 eV Lperp= L perd 1)COS™ é+ L pof 2)sir £, 23
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FIG. 3. TheL ., parameter for deexcitation of the unresolved
(...5d% 'D,,...5d6p 'D,) levels to the(...6s6p 'P,) level at 19.4
eV impact energy. Measured data are represented by solid squares
with error bars. The solid curve is the result of the CCC calculation
while the dotted curve represents a finite interaction volume mod-

501

2541

Scattering Intensity (arb. units)
o

251 eling calculation employing the CCC results. Calculated CCC
results for transitions out of the individug]...5d% 'D,) and
-501 (...5d6p 'D,) levels are also presentédashed curves
-75_ T T T T T i T
04 06 08 10 12 14 16 1.8

Energy Loss (eV) labels “1” and “2” referring to the 5d6p 'D, and &2 'D,

_ ergy Loss (e . levels, respectively, comprising the blend, theoretical predic-
FIG. 2. Measured and fitted spectra {or.6s6p “P,) to Xtran-  jpng of tarf £ in the CCC formalism give values of 18.17,

sitions at 5.5° scattering angle and 20 eV incident electron energy; g4 5nd 2.97 at scattering angles of 5.5°, 8°. and 13°. re-

Measured spectra obtained with right-hand and left-hand Circmarhépectively We note also that calculated DCS ratios for exci-
polarized light were combined to form the sum spectfajrand the .

; 21 ; 1

difference spectruntb). The five features listed in Table | were 220280;5h87 i :nzdlgvfé rgegggett;?ir:heaﬁfﬁsD525|§V§<|> and
fitted using Gaussian line shapes of equal width and the energy-losf30 N t'. I’ hi h. h 9 g. ' 'ti? !
values given in Table I. Composite synthetic spe¢trald curve$ , respectively, which shows, upon comparison wittt fan

and individual line shapes are shown. fthat the DCS, and ni)t theparameter, determines the behav-
ior of the blended. ., parameter at small angles. Clearly,
where the 5d° D, component dominates in near-forward scatter-
ing and consequently, to a good approximation, we expect
ar? i aP%(2) (1-pgy(2)) the rglelasuredL;erp pagameter at 5.5° to describe the
aP¥(1) (1—phs(1) (...5d° "D,) to (...6s6p “P,) deexcitation. The CCC calcu-

lations ofL;erp for the resolved transitions are also plotted in
The “blended” L;erp parameter consists of weighted contri- Fig. 3. It is interesting to note the radical dissimilarity in the

butions from the two unresolved transitions where theangular behavior oltgerppredicted by the CCC theory for the
weighting factors involve the DCS for the individual transi- two component transitions of the unresolved feature. Over
tions [¢P°%(1) ande°“(2)] as well as the corresponding the range of scattering angless®<30°, the sign oi_;e,pis
natural frame density matrix elemen§,(1) and pgy(2). predicted to be opposite. The agreement between measured
The pg, matrix element is also called the “height parameter” and theoretical results for the blended feature, Wi;gpval-

h and takes on values in the rangesB<0.5 [13]. With  ues greater than zero, indirectly supports the CCC prediction

TABLE 1. MeasuredL;erp parameters for the superelastic procesées(...6s6p 1P,).

Scattering anglédeg?

Level Electron impact
X energy(eV) 5.5 9 13 16

5d2 1D, 19.4 0.110.02 0.090.02 0.000.03
6p5d D,

(blend

5d? °p, 19.3 0.1%0.04 0.170.06 0.170.09
6s7s 1S, 18.7 —0.170.02 —0.270.09 —-0.730.25
6s6d 1D, 18.5 0.170.02 0.240.03 0.180.04 0.060.04
6s7p P, 18.7 —0.030.23 —0.040.12 0.070.1)

dQuantities in parentheses represent the measurement uncertainties.

022707-8



ORIENTATION DEPENDENCE OF INELASTT . .. PHYSICAL REVIEW A 66, 022707 (2002

0.3 T T 0.4 T T T T
.- 02t (@ .
(.50 °P,) 00
L / / 54D, ,,’i + P
- 0.2 e 2) £ 02 1
Q. NN v ~J
~ A -04 .
0.1} ,'/ ~._t\_.\‘:,':/’ i -0.6 1
-0.81+
10 s . s .
0 10 20 30 40 50
0.0 0 1'0 2'0 30 Scattering Angle (degrees)
Scattering Angle (degrees) , . . i
FIG. 4. Thel ., parameter for deexcitation of tife..5d* *P,) 01 () h2 1
level to the(...6s6p 'P;) level at 19.3 eV impact energy. The 08l ]
measured data are represented by solid squares with error bars. The '
solid curve is the result of the CCC calculation while the dotted & 06
curve represents a finite interaction volume modeling calculation ng
employing the CCC results. Calculated CCC results for the transi- 04}
tion out of the(...5d% 1D,) level are also presentédashed curve y
for comparison. 02b I/ J
that the(...6s6p *P;) to (...5? 'D,) excitation is much 0.0¢ . : : '

0 10 20 30 40 50

stronger than thé...6s6p *P;) to (...5d6p 'D,) excitation Scattering Angle (degress)

in near-forward scattering. It is also interesting to note that,
in the first Born approximation, amplitudes for two-elec-
tron transitions between the configurations?5D, and

FIG. 5. (8 The L;e,p parameter for deexcitation of the
(...657s'Sy) level to the(...6s6p P;) level at 18.7 eV impact

6560 1P Al litudes f h I energy. The measured data are represented by solid squares with
s6p °P, are zero. Also, amplitudes for the one-e ECtron’error bars. The solid curve is the result of the CCC calculation while

dlpoleiforbldden gransmon b_etween conflgurat!onsthe dotted curve represents a finite interaction volume modeling
5d6p "D, and &6p “P, are small in the forward scattering ca|culation employing the CCC results) The L perp PArameter for
region, where dipole-allowed transitions dominate. Howevergeexcitation of the...6s6p 1P,) level out of the(...65? Sy) level
the (...51* 'D,) level has a substantial admixture of the at 36.7 eV impact energy. Measured data from Li and Zef2e}
(...6p? 'D,) configuration while the...6s6p *P,) level has  are represented by open squares with error bars. The solid curve is
a significant contribution from thé...6p5d *P;) configura-  the result of the CCC calculation while the dotted curve represents
tion. Hence, the dipole-allowed transitior(s..6p? 'D,) a finite interaction volume modeling calculation employing the
—(...686p *P;) and (...®° 'D,)—(...6p5d 'P,) likely ~ CCC results.
dominate the scattering at the small angles and relatively
high-impact energy studied here. energies but with inverted sign. In fact, comparison of
Figure 4 gives our results for th¢...5d%> P,) to the present dat&collision energy of 14.8 threshold units
(...6s6p 1P,) deexcitation. A good agreement between ex-with our previous studies[20] of the (...6% 'Sp)
periment and theory is shown. According to the structure—(...6s6p 'P;) excitation at 36.7 eMcollision energy of
calculations, the upper, even pariif, level is predomi- 16.4 threshold unijs reproduced in Fig. ), reveals this
nantly tripletP in nature(87%) but contains an admixture of Similarity most convincingly. The sign is opposite but, in
D, (129 including the(...6p? 'D,) configuration(1.699.  both cases|L | increases smoothly to a peak value of
We also show CCC results for the(...5d2 D)) unity near 20° scattering angle and then begins to decrease.
—(...6s6p 1P,) transition in Fig. 4. The remarkable simi- This observation is completely consistent with the propensity
larity in L;erp behavior predicted by CCC calculations rule proposed by Andersen and Herf8B] to reIateL,jerp
for the (...5%'D,)—(...6s6p 'P;) and (...8°3%P,) measured irs—p excitation to the corresponding measure-
—(...6s6p P;) transitions reinforces the suggestion ment ins—p deexcitation. Propensity rules have been dis-
made above that the dipole-allowed(...6p? 'D,)  cussed further by Bartschat, Andersen, and Lo&#l] and
—(...6s6p P;) and (...8? 'D,)—(...6p5d P;) compo- Andersen and Bartschf12] with specific reference to the
nents of the transition play the dominant role in each case.experiment on sodium carried out by Shurgadiral.[6,40].
Figure Ha) shows the L, parameter for the Shurgalinetal. determined thel .., Parameter for the 8
(...6s7s1Sp)—(...686p P;) superelastic (deexcitation =~ —3p excitation procesg22 eV collision energy and 4
process. This is a one-electreps p transition that is dipole — 3p deexcitation proces&5.2 eV collision energyin so-
allowed. The agreement between measurements and theorydigim to find significantly different angular behavior of
good for this case. The small-angle behavior of this param}L;er,J. The propensity rule was shown to hold only over a
eter is very similar to the characteristic behavior 8, very restricted angular range in the near-forward regime.
— 1P, excitations observed for many targets and collisionBartschat, Andersen, and Lovef89] tied this behavior to
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the large polarizability of the dstate(due to strong coupling 0.4 ; '

of the 4s state to states other tharpBand the consequent (a)
importance of partial waves with high angular momentum in o2y +H i
the collision through the long-range polarization interaction. 0.0 R
Application of the conclusions of Bartschat, Andersen, and g

Loveall[39] with the demonstrated validity of the propensity ~ 0.2

rule in the present work suggests that partial waves of high

angular momentum do not dominate the collisional interac- 0.4

tion in the kinematic regime studied.

Figure @Ga) gives _ rgsults for. the (...6s6d 1'?2) 0.6, 0 20 30 40 30
—(...6s6p P,) deexcitation that is, largely, a dipole- Scattering Angle (degrees)
allowed, one-electrord—p transition (see Table ). The
agreement between measurement and theory is good at 5.5° 02 ' ' - '
and 9° but becomes somewhat less satisfactory at other (b)
angles. While theoretical results show a significant peak near 0.0
12°, measured data suggest a somewhat smaller maximum. ’%
The present result for ® —P deexcitation are compared §'0'2_ ]
with previous data of Johnsoretal. [2] for the =~ o4 |
(...6s5d 'D,)—(...6s6p 1P;) excitation, reproduced in
Fig. 6b). The 10 eV impact energy data of Johnsdral.[2], 0.6 @*@
corresponding to 12.0 times the threshold excitation energy, N
was chosen to compare with the present 18.5 eV impact en- -0.8 20 30 0

ergy resultg12.2 times the threshold excitation energihe
observations show that the sign Iogerpin small angle scat-

0

Scattering Angle (degrees)

50

FIG. 6. (8 The L;e,p parameter for deexcitation of the

tering is opposite for the tV\_/ﬁ)—>P tr:_;msitions and, hence, (...656d 'D,) level to the(...6s6p 'P,) level at 18.5 eV impact
the propensity rule governing the sign Chaﬂge‘-ﬁérp for  energy. Measured data are represented by solid squares with error
excitation versus deexcitation processes appears to hold fgrs. The solid curve is the result of the CCC calculation while the
transitions more complex than the simi8e- P case. dotted curve represents a finite interaction volume modeling calcu-
A comparison of Figs. 5 and 6 shows that, in small-angleation employing the CCC resultgb) The L, parameter for ex-
scattering, theD — P transitions are characterized Hl)gerp citation of the(...6s6p 1P,) level out of the(...6s5d 1D,) level at
parameters opposite in sign to tBe- P transitions(in both ~ 10.0 eV impact energy. Measured data from Johretoal. [2] are
excitation and deexcitationExamination of Fig. 1 prompted represented by open squares with error bars. The solid curve is the
us to consider whether the common feature inkhe P and  result of the CCC calculation while the dotted curve represents a
S_)P tranS|t|0nS responS|b|e for the Observed Slgn Change |§n|te intel’aCtion V0|ume mOdellng CalCUIatiOn emp|0y|ng the CCC
the predominance of transition amplitudes fom=x—m  results.
=+1(—1) in excitation (deexcitation. This is obviously
true in theS— P cases to produce the observed sigrh_giefrp
but, if the argument is applied to th&— P cases it requires

. 1 — _9\[FI1 _ 2
the squared amplitudel"Dy(m=—2)|T|"Py(x )l present the results in Fig. 8. A very strong resemblance in the

and|(*Do(m=2)|T|*P;(u=1))|? to dominate in excitation small-angle behavior of the amplitudes &P and D

and deexcitation, respectively. This requirement arises be-, p scattering is observed with a “selection rule” for domi-
cause there is an additionain=+1(—1) amplitude in ex-

N o _ " N nantAm=+1(—1) transitions evident in the excitatidde-
citation (deexcitation describing transitions originating on excitation case. These observations suggest that the propen-
the 1D, (m=0) substate and terminating on tH®,(u)

sity rule of Andersen and Hert¢B8] can be generalized to

substate of opposite angular momentum to the one preferefjpy the sign ofAm to the sign of the momentum transfer for
tially excited(to give the observed sign af; ). Calculated  hege optically allowed transitions.
+

natural-frame CCC amplitudgsquaregl are plotted in Fig. Finally, Fig. 9 shows the behavior df’,_ for the one-
7. Calculations indicate that amplitudes for reflectionyqciron dipole-forbidden (...6s7p 1P1)p—>E...686p p))

symmetry-nonconserving transitions are zero and, as Fig. deexcitation. This transition was somewhat more difficult to
shows, the dominant amplitudes in small-angle scattering arg 5\ 7 than those discussed above because of the proximity
(*Dp(m=—2)|T['Py(n=—1)) in excitation and('D,(M  of the associated energy-loss feature to the stronger
=2)|T|*P,(w=—1)) in deexcitation. Note that this resultis (...6s7s 1Sy)—(...6s6p *P,) feature(see Fig. 2 However,
consistent with optical transition probabilities that favor thesome qualitative agreement between the CCC theory and the
ID,(m=+2)—P;(m=+1) transitions over the'D,(m  experiment is shown. Relatively little is known aboBt
=0)—!P,(m=+1) transitions by a factor of 6. In fact, this — P transitions, therefore further study is warranted, particu-
factor of 6 is evident in the ratio of calculated amplitudes forlarly in view of the interesting structures predicted for the

forward scattering. To further illustrate the similarities in the L;e,p parameter, such as the pronounced and rather sharp

S—P and D—P processes, we have combined the calcu-
lated CCC amplitudes to generate summed amplitudes for
Am=+1 (andAm=*3 in theD— P case transitions and
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04t 7 _ FIG. 9. The L;e,p parameter for deexcitation of the

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

Squared Amplitudes (p, m)

peak near 18° shown in Fig. 9. We note that elastic scattering

on the laser-excited...6s6p P,) state has been investi-

gated by Trajmaet al. [27] which, in principle, bears some

resemblance t®— P inelastic scattering. Their work did not
FIG. 7. Natural frame, squared, CCC transition amplitudes forutilize orientedP-state atoms and hence no comparison is

(@) the (...86d 'D,) to (...66p 'P;) superelastic transition at made with our results.

18.5 eV impact energy an) the (...&5d D)) to (...66p 1P;)

0 10 20 30 40 50
Scattering Angle (degrees)

inelastic transition at 10.0 eV impact energy. Amplitudes coupling VI. CONCLUSIONS

the D-level substate with magnetic quantum numbmerto the

P-level substate with magnetic quantum numpseare identified by We have presented measurements and CCC calculations
the ordered pair g,m). The amplitudes have been normalized soof the L;erp parameter for the deexcitationX

that the sum over alin and u. of their squares is set equal to unity. _, (., 6s6p *P;) where X={(...6s7p *P,), (...6s6d 'D,),
Solid (dashed, dottedcurves indicateAm=—1(+1,£3) transi-  (  &7s1S)), (...5d?3P,) and the unresolved levels

tions. (...5d? 'D,, ...65d 'D,). In general, a good agreement

1.0 T T T T

0.8

06

FIG. 8. Sums over squared,
natural-frame CCC transition am-
plitudes satisfying the conditions;
Am=u—m=-—1 (solid curve,
+1 (dashed curvgsand =3 (dot-

0 10 20 30 40 50 ted curves for (a) (...6s6d 'D,)

Scattering Angle (degrees) to (...66p P;) deexcitation at
185 eV impact energy, (b)
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04t

0.2

Squared Transition Amplitudes
Squared Transition Amplitudes

0.0

ror(d) i excitation at 10.0 eV impact en-
o8k S T | ergy, (© (...687s'Sy) to
S (...6s6p 'P;) deexcitation at 18.7
m=+1

2] |21

(3] (]

3 E

3 s

£ &

5 § 06F 1 eV impact energy, and (d)

S = - 21 1

2 2 o4 (._..6§ So) to (...€s_6p Py) ex-

2 = citation at 36.7 eV impact energy.
o

E g 0.2

o = . =

3 am =+ -

s Am=-3_2§,_\\ 3 00

) 10 20 30 40 50 0 1IO 2‘0 3|0 4‘0 50
; Scattering Angle (degrees) Scattering Angle (degrees)

022707-11



P. V. JOHNSON, P. W. ZETNER, D. FURSA, AND |. BRAY PHYSICAL REVIEW 86, 022707 (2002

between experiment and theory is demonstrated for botAndersen-Hertel propensity rule to more complicated transi-
dipole-allowed and dipole-forbidden transitions. A goodtions.
agreement is also shown for cases in which there is rather

substantial singlet-triplet mixingi.e., the (...5d% 1D,),
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