PHYSICAL REVIEW A VOLUME 60, NUMBER 6 DECEMBER 1999
Integral cross sections for electron scattering by ground-state Ba atoms
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We have used the convergent close-coupling method and a unitarized first-order many-body theory to
calculate integral cross sections for elastic scattering and momentum transfer, for excitation df tise 5
6s6p'P,, 6s7p'P,, 6s8p'P,, 6s5d'D,, 5d’'D,, 6s6d'D,, 6p5diF;, 6s4f'F;, 6p5d'D,,
6s6p 3Po,1,2: 6s5d 3D1,2,3, and 5d °D, states, for ionization and for total scattering by electron impact on
the ground state of barium at incident electron energies from 1 to 1000 eV. These results and all available
experimental data have been combined to produce a recommended set of integral cross sections.
[S1050-294{@9)02912-1

PACS numbes): 34.80.Bm, 34.80.Dp

[. INTRODUCTION Q(6s5d'D,). Total ionization cross sectiongQ() in the
threshold to 600 eV range have been reported by Dettmann
A great deal of interest and need has developed in recerind Karstensefil8] and by Vainshteiret al. [19] from the
years for electron collision cross sections involving Ba at-threshold to 200 eV. Total electron scattering cross sections
oms. In the applications area, these cross sections are needel ) were measured by Romanyuek al. [20] in the 0.1—
for modeling the behavior of Ba vapor lasdib-4], dis-  10-eV range.
charge lamp$5], plasma switchef5], and various planetary ~ There is a larger database available from calculations.
ionosphere$7—12), where Ba has often been used as a trace|astic-scattering cross sections were calculated by Gregory
element for diagnostic purposes. On the academic sideind Fink[21] in the 100—1500-eV rangéumerical solu-
benchmark laboratory cross sections are needed for testingns of the Dirac equation by Fabrikant[22] at impact
various theoretical approximations and calculational methodenergies ranging from 6 to 35 eVhonrelativistic close-
hoping to predict these cross sections. coupling approximation by Yuan and Zhang from 0.01 to
The experimental database, available at the present timg,0 eV (quasirelativistic static-exchange formalisf23] and
is rather limited both in the electron impact energy range androm 0.04 to 150 eMHartree-Fock method with relativistic
the scattering channels. Line emission cross sections for theéorrections [24], by Szmytkowski and Sienkiewid25] in
(6s6p *P1;—6s?1S) at 5535 A[Qemis{6s6p'P;)] were the 0.2-100-eV regiotrelativistic polarized-orbital approxi-
determined by Chen and Gallagh¢i3] in the 2.3— mation, and by Kelemeret al. [26] from 0.1 to 200 eV
1497.0-eV impact energy range. They claimed an uncertaintyusing the phenomenological complex opical potential
of *5%. Since the 86p P, level decays predominantly Szmytkowski and Sienkiewici25] and Kelemeret al. [26]
(99.7% to the ground state, the measured line emission crosas well as Gribakiret al. [27] (Hartree-Fock approximation
sections are equivalelvithin the experimental error limils  with correlation corrections, from zero to 2.5 eWave re-
to the apparent €p*P; level excitation cross sections ported momentum transfer cross sections. As far as inelastic
[Qapd6s6p 'P1)] and they differ from the electron impact scattering is concerne@(6s6p *P,) results were obtained
excitation cross sectio€(6s6p *P,)] by the cascade con- by Fabrikant[22] from threshold to 35 eMnonrelativistic
tributions. (See, e.g., Trajmar and Nickgl4] for the defini-  two-state close-coupling approximatjpiy Clarket al.[28]
tions of these cross sectionsgCascade corrections, only from 5 to 100 eV[unitarized distorted-wave approximation
available from theory, can be applied to the data of Chen anQUDWA) and unitarized first-order many-body theory
Gallagher, and the resultin@(6s6p 'P;) values represent (UFOMBT)], and Srivastavat al. [29,30 from 20 to 100
the most reliable electron scattering cross sections availableV [relativistic distorted-wave approximatiotRDWA)].
for Ba at the present timl5]. Jenseret al.[16] and Wang ~ Srivastava etal. also reported Q(6s6p3P;) and
et al.[17] determined relative cross sections for elastic scatQ(6s5d 'D,) andQ(6s5d °D , 5 values.Qy results in the
tering (Qela9 and momentum transfely) at a few impact 10-200-eV range were given by Kelemenal. [26]. Very
energies. Jensest al.[16] also obtained some cross-section recently the nonrelativistic convergent close-coupliGgC)
results for excitation of the€sd D, level [Q(6s5d 'D,)]. method was applied by Fursa and Brg8l,15 to obtain

In these cases, the relative cross sections were normalized g, ,, Qu., Q(6s6p3P,), Q(6s5d1D,), and
an estimated cascade correction applied to the Chen and Gap,,{6s6p 'P;) results in the 1-897-eV range.
IagherQapF(GSGplPl) values to obtairQ(6s6p *P;) values The present work represents a substantial extension of

which in turn were used to normaliz®.,s, Qu, and CCC and UFOMBT calculations to cover all scattering chan-
nels which we consider important for practical applications
over a wide range of impact energies. Comparison of these

*Electronic address: dmitry.fursa@flinders.edu.au theoretical results with fragmentary experimental data allows
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TABLE |. Excitation energies and dominant configurations for the barium levels from CCC a(BbCC
nonrelativistic calculations. The experimental data are from R8/@.and[38] (5d? 'S level). States are
labeled by the major configuration.

Experiment Present
Label E (eV) Label E (eV) Dominant configurations
6s21s 0.00 & 0.00 0.944(82% 1S) +0.228(? 19) — 0.191(%&6s 1S)
5d? 'S 332 & 3.34 0.591(86s'S) —0.519(5% S) + 0.369(d5d *S)
6s6p P 224  66p 2.27 0.800(p6s *P)—0.504(56p 1P)
—0.256(16s'P)
6s7p P 354  6&7p 3.62 0.688(P6s *P)—0.550(x6p 1P)
+0.331(57p 1P)
6s8p 1P 4.04  68p 4.14 0.788(8np*P)+0.301(56p 1P)
—0.505(57p 1P)
6s5d 'D 141  6s5d 1.44 0.896(816s D) —0.226(57s D) —0.226(52 D)
5d2 D 2.86 52 3.04 0.798(8 'D) — 0.442(nd5d D) +0.350( 62 D)
6s6d D 375  6s6d 3.79 0.8930d6s D) —0.369(57s D) —0.162(? D)
5d6p 1D 2.86  S6p 2.87 0.946(86p D) —0.289(57p D)
5d6p 'F 332 H6p 3.35 0.852(86p *F)—0.424(57p *F)
+0.2800 65 1F)
6s4f F 4.31 654§ 4.36 0.9730f6s'F)+0.165(57p 1F)
—0.141(d6p F)
6s6p °P 1.62  66p 1.59 0.960(@6s°P)—0.161(516p °P)
—0.116(67s°P)
5d6p 3P 320 w6p 3.30 0.873(86p °P)—0.394(57p °D)
—0.215(6s°P)
5d? 3p 294 52 3.11 0.799(81° °P) + 0.458( d5d 3D) + 0.389( &2 °P)
6s5d °D 1.16  6s5d 1.21 0.955(516s°D)—0.201(517s °D)
—0.112nf6p °D)
6s6d°D 3.85  66d 3.82 0.96160d6s°D)—0.208(517s°D)
5d6p °D 3.06 %6p 3.12 0.924(86p °D)—0.361(57p °D)
5d6p °F 2.86  H6p 2.88 0.934(86p °F) —0.289(H7p °F)

+0.1290 65 °F)

us to recommend a reliable and consistent cross-section daaad oscillator strengthgl5]. The barium target states ob-
set, which should be satisfactory for most modeling calculatained in this way provide not only an accurate representa-
tions. We found very good agreement between the CCC retion of the barium discrete spectrum but also allow for a
sults and experiment, and therefore in our recommendationsquare-integrable representation of the target continuum.
we relied heavily on the CCC data. This allows for coupling to the ionization channels in the
scattering calculations. These calculations use barium target
states in order to perform an expansion of the total wave
function and formulate a set of close-coupling equations.
A. CCC method These equationgor the T matrix) are formulated and solved

The application of the CCC method to calculation of elec-in momentum space.
tron scattering from barium has been discussed elsewhere, We have performede-Ba scattering calculations using
see Refs[15] and[32] for details. Briefly, barium target two models[15]. In the first model, we have performed 55-
states are described by a model of two valence electrorgiate close-coupling calculationsCC(55)] where only
above an inert Hartree-Fock core. We have used #&arium discrete spectrum states have been included in the
configuration-interactiofCl) expansion technique to obtain close-coupling expansion. In the second model, we have per-
barium wave functions. One-electron orbitals used in the Cformed 115-state close-coupling calculatio@CC). The
expansion have been obtained by diagonalizing a Ba close-coupling expansion in this case includes a large num-
Hamiltonian in a SturmiariLaguerre basis. One- and two- ber of positive energy state@elative to the Ba ground
electron core-polarization potentials have been added to inmstate¢ which allow us to model coupling to the ionization
prove agreement with experimental energy levels and opticathannels. The difference between (66 and CCC results is
oscillator strength. In Table | we compare energies for theexpected to reveal the relative importance of the ionization
states relevant to the present study with experimental datehannels.
and give a set of the dominant configurations for each state. The CCC method is formulated as a purely nonrelativistic
We find very good agreement between our results and exheory in both target structure and electron scattering calcu-
periment and other accurate calculations for energy levelktions. In order to compare results from the nonrelativistic

Il. CALCULATIONAL METHODS
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CCC calculations with experiment, we have used a technique 60
essentially identical with the transformation scheme de-

50}
scribed by SarapfB3]. Namely, we first transform the non-
relativistic CCC scattering amplitude!§foIfmf mslm, 10 the 40f
amplitudes describing transitions between fine-structure lev- 30t
elsJ; andJ;, 20l
fszj(:'\iﬂfywi‘]iMi(sflf’Yf Silivi) 10}
0
_ 2 JiM¢ SMg 100
meqeom; g .S MSts T (120 sed g,‘g\ wl
JiM; SMg s 3
X C'ilmiI»SiQiC(l/Z)Ui 'Siqifﬂ'fsflfmf v’TiSi'imi(yf - Ig 60}
=1
(N £ wf
HereSis the total spin, andr; (), s; (S), |+ (I;), andm % sl
(m;) are the final(initial) target state parity, spin, orbital 8

angular momentum, and its projection on thexis of the 0
collision frame, respectively. The findinitial) projectile
spin projection on th& axis of the collision frame is indi-

cated aso; (o), and the indexy distinguishes states with st
the same orbital angular momentum, spin, and parity. The
above amplitudes are used to form amplitudes in the inter- 6¢
mediate coupling scheme b
gf ,0;
wafJfrl/lf,wiJiMi(Bf:ﬁi) 2F
0 n 1
1 10 100 1000
- Bi~Bis 0t 0
= > X Cyffcyilfﬂ-ff‘]f'\lﬂfYﬂ-i\]iMi(SfIf’Yf’Siliyi)! 2 Ey (eV)
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FIG. 1. Excitation of the 66p 1P, level. (a) Apparent andb)
where the indexs distinguishes target states with the samedirect integral excitation cross sectioris) cascade contribution to
total angular momenturd and paritys. We obtain mixing the apparent excitation cross section. Calculationssar€CC; A,
coefficientscﬁ by diagonalizing the Breit-Pauli Hamiltonian CC(55); X, CCQ2), Fabrikant[22]; +, RDWA, Srivastavaet al.
(only the one-body spin-orbit term is uged the basis of the [29]. Experimental data ar®, Chen and Galaghdr3]. For the
barium target states obtained from the nonrelativistic bariun§lirect excitation cross section, the present theoretical estimate of the
structure Calculann Note that the dependence Of the Scaf_ascade contribution is subtracted from the apparent cross section
tering amplitudes in Eq€1) and(2) on the electron spherical of Chen and Galaghdil3]. The solid line represents our recom-
anglesé and ¢ is implicit. mended values.
Amplitudes (2) are used to calculate the semirelativistic

integrated cross sections: levels oy and o;. We have also found that for the target
states involved in the present study, only one or two terms in
_ Ky Eq. (2) have large mixing coefficients. Together, these allow
Qf5_2(2ji +1)k; us to express the cross section defined by(Bin terms of
the nonrelativistic cross sectiowhich are obtained from
ot .0 2 the nonrelativistic amplitude€l). We give below a decom-
XMf,,\g,,f,,,i dQ|F7TfJfo'7TiJiMi(Bf’Bi)| - 9 position of the semirelativistic IC$3) via nonrelativistic

cross sections,

The subscript “fs” (fine-structurg indicates that the cross
section is calculated with atapproximatg account of rela- ’1 ’1
tivistic corrections. Qrs(5d° 75)=0.9635Q(5d" °S)

_ Sca_ttering on a singlet initial state gllows for significant +0.0339Q(5d2 3Py), (58)
simplification in Eq.(3). Symmetry relations of the scatter-
ing amplitudeg(1),
Q4«(656p *P;)=0.9934Q(6s6p 3P;)

+0.0058Q(6s6p *P), (5b)

U’f,()'i

Fram, o (Stleve,silivi)

=—(— 1)Sff;f(3ff,§,|?,r;i3i,v|i(3f|f?’f Silivi), s=0, (4

6s5d 1D,)=0.9779Q(6s5d 1D
ensure that the singlet-tripléinterference terms in Eq.(3) Qusl 2 QA 2)
are zero after summation over projectile spin magnetic sub- +0.0220Q(6s5d °D5), (50
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TABLE Il. Recommended values f@,,{6S6p *P1), Qcascadk6s69'P1), andQ(6s6p *P;) in units of

10 tecnt.

EO (eV) Qap;{656p lPl) Qcascade(Qapp (%) QcascadgGSep lPl) Q(656p 1P1)
2.50 4.56 0.00 0.00 4.56
3.00 12.00 0.00 0.00 12.00
4.00 25.84 15.54 4.02 21.83
5.00 33.34 17.71 5.90 27.43
6.00 37.26 19.52 7.27 29.98
7.00 39.89 20.61 8.22 31.67
8.35 39.00 19.80 7.72 31.28
9.00 40.44 17.53 7.09 33.35

10.00 41.24 15.63 6.45 34.79
11.44 42.56 13.48 5.74 36.82
15.00 42.47 15.23 6.47 36.00
20.00 39.78 13.14 5.23 34.55
30.00 35.01 11.19 3.92 31.09
36.67 32.39 10.38 3.36 29.03
41.44 30.78 9.94 3.06 27.72
50.00 28.11 9.57 2.69 25.42
60.00 25.49 9.15 2.33 23.16
80.00 21.55 8.30 1.79 19.76

100.00 18.75 7.44 1.40 17.35

200.00 11.65 6.56 0.76 10.88

400.00 6.81 5.46 0.37 6.44

600.00 4.92 5.17 0.25 4.66

897.60 3.52 4.91 0.17 3.35

Q4(655d 3D,)=0.9779Q(6s5d °D,)

+0.0220Q(6s5d D),

Q1(656d 1D,) = 0.9845Q(6s6d 1D,)

16f

1.2}

cross section (10~1%cm?)
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FIG. 2. Same as Fig. 1 except for the7® 1P, level.

Q4«(5d? 'D,)=0.8591Q(5d% 1D,)

+0.1292Q(5d? 3P,),

Q(6p5d D,)=0.7774Q(6p5d 'D,)

+0.2091Q(6p5d 3F,),

25T

cross section (10~1%cm?)
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(59

FIG. 3. Same as Fig. 1 except for thedp 1P, level.
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TABLE IIl. RecommendedQ(6s7p *P;), Qapd6S7p *P1), Q(6s8p *P;), andQ,,{6s8p 'P;) values

in units of 10 *®cn?.

Eo (eV) Q(6s7p 'Py) Qapd 657p 'P1) Q(6s8p 'Py) Qapd 658p *P1)
5.00 0.48 0.70 0.22 0.27
6.00 0.76 1.04 0.45 0.53
7.00 0.73 1.06 0.71 0.81
8.35 0.81 1.20 0.78 0.90
9.00 0.49 0.86 0.64 0.76

10.00 0.35 0.70 0.69 0.80
11.44 0.33 0.60 1.00 1.08
15.00 0.32 0.65 1.18 1.30
20.00 0.39 0.67 1.30 1.40
30.00 0.47 0.71 1.45 1.54
36.67 0.50 0.72 1.46 1.54
41.44 0.50 0.71 1.48 1.55
50.00 0.50 0.70 1.49 1.55
60.00 0.49 0.65 1.45 1.50
80.00 0.46 0.58 1.25 1.35

100.00 0.42 0.54 1.10 1.14

200.00 0.30 0.37 0.74 0.77

400.00 0.19 0.23 0.44 0.45

600.00 0.14 0.17 0.31 0.32

897.60 0.10 0.12 0.23 0.23

Q1(6p5d 3D,)=0.9878Q(6p5d D)

used as standards to normalize other electron collision cross
sections obtained from relative measurements. Indeed, this

+0.0075Q(6p5d 'D,), (5h)  procedure was followed by Jenset al. [16] and Wang
L L et al.[17], who assumed very approximate cascade contribu-
Q1s(6p5d “F3) =0.9698Q(6p5d “F3) tions. A better estimate of these cascade contributions can be
+0.0291Q(6p5d 3D3). (5i) made based on the CCC calculations. We will follow here

this latter procedure. In Fig.(a), the Q,,{6s6p p,)) values

These cross sections typically differ by less than 3% from thénéasured by Chen and Gallagher and those obtained from

corresponding cross sections obtained from(Byg.All other

the CCC and C(G5) calculations(by adding the direct and

target states are well described in the nonrelativistic approxic@scade contributionsire shown. Figure(t) shows the cal-

mation.
B. UFOMBT method

The UFOMBT method used here has been discussed ir

general and in particular its implementation for Ba by Clark
et al. [28] and Zetneret al. [34].
Ill. RESULTS AND DISCUSSION

A. Line emission, apparent level excitation, and electron
impact excitation cross section for the 86p P, level

At the present time, the most reliable electron collision

cross sections for Ba are the 5535-A line emission cross

sectiong Qgmis{ 6S6p *P;)] associated with the radiative de-
cay of the electron impact and cascade populatgp6P,
level to the ground & 'S state as measured by Chen and
Gallagher{13]. The uncertainty claimed for these cross sec-
tions is about+5% over the 2.3 —1497-eV impact energy
range. As mentioned in the Introduction, for all practical

10!

10! g
(C) 5d? ! Dy

(a) 52 18

100

_
i
L

)

—
= o
o 1
©

cross section (10™%cm?)

1
10 10°

10°
10!

10!

I 10 100 1000 1 10 100 1000
EO (eV) Eo (eV)

purposes these emission cross sections are equivalent to the
apparent level excitation cross sectiof@,p{6s6p lPl)]. FIG. 4. Integral cross sections for excitation (af 5d2 1S, (b)
from which the electron impact excitation cross sectionssssd 'D,, (c) 5d2'D,, and(d) 6s6d D, levels. Calculations are

[Q(6s6p 1P;)] can be derived if proper account of the cas-O, CCC: A, CO(55); [J, UFOMBT: +, RDWA, Srivastavaet al.
cade contributions can be taken. These cross sections can [38]. The solid line represents our recommended values.
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TABLE IV. Recommended(5d? 'S), Q(6s5d 'D,), Q(5d? 'D,), andQ(6s6d D) values in units of

10 ®cn?.
Eo (eV) Q(5d*1s) Q(6s5d 'Dy) Q(5d*'Dy) Q(6s6d 'Dy)
5.00 0.81 5.45 2.74 1.21
6.00 0.89 4.95 2.54 1.79
7.00 1.23 4.07 241 2.25
8.35 1.79 3.69 1.87 221
9.00 1.17 3.59 1.57 1.96
10.00 0.70 3.53 1.51 2.01
11.44 0.55 3.39 1.44 2.28
15.00 0.48 2.99 1.28 2.13
20.00 0.36 2.74 0.90 1.89
30.00 0.38 2.46 0.51 1.50
36.67 0.38 2.33 0.37 1.29
41.44 0.38 2.24 0.31 1.15
50.00 0.35 2.00 0.24 0.97
60.00 0.31 1.78 0.19 0.81
80.00 0.27 1.44 0.13 0.62
100.00 0.23 1.22 0.10 0.50
200.00 0.14 0.69 0.043 0.25
400.00 0.08 0.37 0.018 0.125
600.00 0.05 0.25 0.012 0.083
897.60 0.03 0.16 0.008 0.056
culated cascade contribution. Chen and Gallagher have used
the Bethe-Born theory to normalize their relative measure-
ments at high energy. They used the value of the optical 10 e :
oscillator strengthf=1.59a.u. for the 6°'S—6s6p'P; R ° (a) 6s6p 3Py
transition. This value is now known more accuratefy, 10°1 ° ;
=1.64a.u.[35]. We therefore have multiplied the cross- 1071}
section values given by Chen and Gallagher by the ratio of 0=}
the latter and former optical oscillator strengths. The excel-
lent agreement between experiment and the CCC results 1073
gives credence to the CCC method and some assurance that L,
the Q(6s6p 1P;) cross sections from these calculations are o
reliable. In Fig. 1b), we compare these cross sections with 1%2
3 0 :g 10tf
. Tg 10°F
” u”u 10! g 107'r
g 102}
g 1072 g -
(a) 6p5d 1Dy ; = °
10 074 10 100
10° ey ; ;
10 “D (c) 6s6p 3P, 1
107! 10°%
10—1 L
(b) 6p5d 3D, 10-2
1 10 100 1 10 100 1000
By (eV) By (eV) 1071 10 100 1000
Eo (eV)

FIG. 5. Same as Fig. 4 except f@ 6p5d 'D,, (b) 6p5d °D,,
(c) 6p5d 1F5, and(d) 6s4f 1F, levels.

4595

FIG. 6. Same as Fig. 4 except for theGp 3P0,1,2 levels.
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TABLE V. Recommendedd(6p5d 'D,), Q(6p5d*F;), Q(6s4f 'F;), and Q(6p5d3D,) values in
units of 10 %cn?.

Eo (eV) Q(6p5d D) Q(6p5d *F3) Q(6s4f 'F3) Q(6p5d °D,)
5.00 0.446 0.826 0.249 0.150
6.00 0.456 0.661 0.297 0.098
7.00 0.376 0.506 0.580 0.093
8.35 0.355 0.424 0.626 0.045
9.00 0.319 0.345 0.617 0.053

10.00 0.249 0.322 0.718 0.026
11.44 0.246 0.344 0.661 0.024
15.00 0.256 0.320 0.571 0.010
20.00 0.238 0.287 0.457 0.005
30.00 0.161 0.231 0.314 0.0025
36.67 0.127 0.195 0.252 0.0019
41.44 0.105 0.177 0.221 0.0013
50.00 0.079 0.148 0.181 0.00098
60.00 0.060 0.128 0.147 0.00068
80.00 0.037 0.099 0.106 0.00039

100.00 0.026 0.081 0.082 0.00025

200.00 0.0072 0.041 0.04

400.00 0.0009 0.022 0.019

600.00 0.00025 0.015 0.012

897.60 0.00017 0.0097 0.0083

those obtained from Chen and Gallagh®g,{6s6p Py, et al. [16] in Fig. 4b). No other results are_available, and
and the results obtained from other calculational methods. Aggain we give our recommended cross sections based on the
can be seen from Fig.(ll), the calculational methods con- CCC calculations in Table IV.

verge at higher impact energi¢éabove a few hundred eV Other important excitation channels are associated with
but only the CCC results can be considered reliable at interthe 6p5d 'D,, 6p5d 'F3, 6s4f 'F5, and §5d°D, levels.
mediate and low impact energies. The set of recommendetihe theoretical results for these cross sections are shown in
cross sections is given in Table 1l. The apparent cross sec-ig. 5 and the recommended values are listed in Table V.
tions are those of Chen and Gallagher, marginally renormal- Excitations of triplet levels are given fors6p 3P, (J

ized by multiplication by 1.03 as discussed above. The ratia-0, 1, and 2 and 65d 3D, (J=1, 2, and 3. Only theoret-

of QcascaddQapp h@s been evaluated using the CCC andica| cross sections are available and they are shown in Figs.
CC(59) results. Both recommended casc&d@scage@Nd di- 6 and 7, respectively. The recommended values are summa-
rect Q(6s6p *P,) cross sections have been obtained fromyized in Table VI.

the apparent cross sections with the utilization of the CCC Comparing CCC and UFOMBT results, we generally find

Qcascadd Qapp ratio. good agreement at high incident electron energies. However,
for a few transitions we observe substantial discrepancies
even at high impact energies. For thp38l 'F, state[Fig.

In all UFOMBT calculations except for the excitation of 5(c)], this discrepancy is the result of the small but important
the 6s4f 'F; and the ®5d'D, levels, the 22 configura- difference in the Cl mixing coefficients for thef6s!F,
tional basis set described in Zetredral. [34] was used. configuration. We find that thef6s'F, configuration con-

Apparent level excitation and electron impact excitationtributes most to the ICS, specially at high energies. We gave
cross sections for thes@p P, and &8p P, levels, ob- preference to the CCC results in this case, because it is likely
tained from CCC, C(5), and UFOMBT calculations, are that the structure calculation performed in the UFOBT
shown in Figs. 2 and 3, respectively. No experimental data omethod has not converged for this state. Similarly, for the
other theoretical results are available for these excitation prass5d 3D, level [Fig. 7(c)] a small difference in the singlet-
cesses. The recommended cross sections are listed in Taltplet mixing coefficient between$d °D, and &5d D,

lll. These values correspond to the CCC results. No recomeonfigurations leads to some differences between CCC and
mended cross sections are given below 5.0 eV since thgFOMBT calculations at high energies.

present implementation of the CCC method is too computa- The enormous difference between CCC and UFOMBT
tionally expensive to study resonance regions. results for the 5d D, and 65d 3D, levels [Figs. 5a)

Electron impact excitation cross sections for thé?%S  and 5b)] has nothing to do with differences in the structure
level and D, levels associated with thesbd, 5d%, and  models but comes from the difference in the scattering cal-
6s6d major configurations are given in Fig. 4. We did not culations. In a first-order theory, such as UFOMBT, in the
include the very approximai®(6s5d 1D,) values of Jensen nonrelativistic approximation the excitation of both

B. Other inelastic-scattering channels
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6p5d D, and 65d 3D, levels from the 82 'S ground state
can occur by exchange scattering only. As the incident elec-
tron energy increases, the exchange scattering decreases,
which leads to very small values of the excitation cross sec-
tion. Account of relativistic corrections in UFOMBT does
not change this situation because the singlet-triplet mixing in
the ground state is negligible, while the singlet-triplet mixing
for 6p5d D, and @5d3D, levels brings contributions
from exchange transitions only. On the other hand, in a
close-coupling theory, excitation of thepsd D, level (in

the nonrelativistic approximationcan occur as a twofor
more step process. Such processes, for exampe's
—6s5d 'D,—6p5d D,, can occur via direct scattering,
which leads to significantly larger cross sections. The ac-
count of relativistic corrections for thepd D, level leads

to significant increase of the cross section due to admixture
of the singlet §5d D, level, see Eq(5h).

C. lonization

Total ionization Q"+ Q* *+---=Q;) and single ioniza-
tion (Q") cross sections were measured by Dettmann and
Karstenseil8] and total ionization Q;) by Vainshteiret al.
[19]. The CCC results are available only f@" (threshold
for double ionization is at 15.2 eVThese results are shown
in Fig. 8. It is clear that the CCC method substantially un-
derestimates the experimen@l". At incident electron en-
ergies above 15 eV, this is related to the opening of th¢ 5
shell. This process is not accounted for in the CCC model
(which has inert inner shellsHowever, below the inner-
shell ionization threshold, the CCC method should be able to
account for all major ionization channels. Inclusion in the
CCC calculations ofG states and other states with larger
angular momentum will result in a larger ionization cross

TABLE VI. Recommended)(6s6p 3P;) andQ(6s5d D) values in units of 10'%cn?.

Q(6s6p °P;) Q(6s5d °D))

Eo (V) J=0 J=1 J=2 J=1 J=2 J=3
5.00 0.133 0.553 0.664 1.232 2.130 2.875
6.00 0.093 0.451 0.463 0.983 1.712 2.293
7.00 0.092 0.460 0.461 0.710 1.247 1.656
8.35 0.041 0.323 0.207 0.385 0.710 0.899
9.00 0.024 0.269 0.122 0.272 0.524 0.635

10.00 0.023 0.278 0.113 0.199 0.404 0.464
11.44 0.025 0.289 0.127 0.135 0.297 0.316
15.00 0.026 0.291 0.129 0.068 0.178 0.159
20.00 0.016 0.257 0.080 0.054 0.150 0.127
30.00 0.009 0.219 0.043 0.029 0.102 0.067
36.67 0.005 0.192 0.025 0.019 0.084 0.045
41.44 0.003 0.180 0.016 0.013 0.072 0.031
50.00 0.002 0.161 0.009 0.0068 0.057 0.016
60.00 0.001 0.145 0.005 0.0036 0.047 0.0084
80.00 0.0005 0.122 0.002 0.0014 0.035 0.0032

100.00 0.00024 0.107 0.0012 0.0007 0.029 0.0015

200.00 0.066 0.016

400.00 0.039 0.0083

600.00 0.028 0.0055

897.60 0.020 0.0037
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et al. [19].

section. The convergence in the TICS, with increasing
target-space orbital angular momentum, is relatively [f26}
and we estimate that CCC results should converge to values

101 L

100 L

1 10 100 1000

10-15% larger than the present results. This correction of By (eV)

the CCC results would bring them into very good agreement

with measurements of TICS by Vainshteihal. [19] in the FIG. 9. Integral elastida) and momentum transfe(b) cross
region of the first TICS maximum. The discrepancy betweersections: O, CCC; A, CC(55); +, Gregory and Fink21]; X,

the experimental results and between the experimental an@C(2), Fabrikant[22]; V, Szmytkowski and Sienkiewici25]; ¢,

the theoretical results in this energy range makes it imposYuan and Zhang23];*, Kelemenet al. [26]. The solid line repre-
sible for us to present a reliable set of recommended TICSents our recommended values.

values. More accurate theoretical calculations and/or new in-
dependent measurements are required to draw any definite
conclusions. For the time being, we arbitrarily renormalized
the results of Dettmann and Karsten$&8] at the first maxi-

mum to the value of 1.810 ®cn? These renormalized

values are listed in Table VII.

units of 10" 6cn?.

TABLE VIIl. RecommendedQgjas, Qum, and Q. values in

D. Elastic scattering, momentum transfer, and total scattering Ey (V) Qelas Qwm Qrot
Elastic scattering and momentum transfer cross sections 1.00 175.3 88.8 175.3
are available from a number of calculations. They are shown 1.50 117.5 41.1 162.4
2.00 106.1 37.4 148.7
TABLE VII. Estimate of ionization cross sectid@;,, andQ™* 250 93.4 25.4 142.0
values in units of 10 cn?. 3.00 86.0 24.9 1305
+ 4.00 72.1 22.5 122.2
Eo (6V) Qion Q 5.00 65.1 21.0 120.0
5.40 0.8 0.8 6.00 57.8 18.2 117.3
6.00 3.3 3.3 7.00 47.5 11.7 112.8
7.00 7.0 7.00 8.35 35.0 6.6 101.3
8.00 10.1 10.1 9.00 32.3 5.8 97.2
9.00 12.6 12.6 10.00 30.2 4.9 94.8
10.00 12.0 12.0 11.44 28.6 4.9 92.0
12.00 10.6 10.6 15.00 30.6 5.3 91.7
15.00 10.2 10.2 20.00 29.4 4.6 87.4
20.00 11.4 11.4 30.00 26.4 3.0 77.8
30.00 12.8 9.3 41.44 22.7 2.1 67.2
40.00 12.0 7.6 50.00 20.1 1.7 60.0
50.00 11.1 6.5 60.00 18.3 1.6 55.0
80.00 8.6 4.3 80.00 15.6 1.5 46.0
100.00 7.9 3.6 100.00 13.8 1.5 39.9
150.00 7.1 2.4 200.00 10.2 1.8 24.7
200.00 5.6 1.9 400.00 7.5 1.4 15.9
400.00 3.3 1.1 600.00 6.1 1.0 12.0
600.00 2.4 0.8 897.60 4.9 0.7 9.1
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We have presented a recommended set of integrated cross
sections for electron scattering by the ground state of barium.
For most of the transitions presented here, no previous ex-
perimental or theoretical data are available. We expect our
results to be useful in practical applications and will stimu-
late further experimental and theoretical effort to continue to

0 . . improve the cross-section data set.
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FIG. 10. Total electron scattering cross sectiofs:CCC; A, ACKNOWLEDGMENTS
CC(55); X, CC(2), Fabrikant[22];*, Kelemenet al. [26]; B, Ro-
manyuket al.[20]. The solid line represents our recommended val-
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