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A STUDY OF 5p EXCITATION IN ATOMIC BARIUM
II. A FULLY RELATIVISTIC ANALYSIS OF 5p
EXCITATION IN ATOMIC BARIUM{

By S.J. ROSEf, I. P. GRANT] anp J. P. CONNERADE]||

1 Department of Theoretical Chemistry, 1 South Parks Road, Oxford 0X1 3TG, U.K.
| Blackett Laboratory, Imperial College, Prince Consort Road, London SW'7 24Z, U.K.
and Physikalisches Institut, Universitit Bonn, 53 Bonn, West Germany

(Communicated by W. R. S. Garton, F.R.S. — Received 5 December 1978 — Revised 30 April 1979)
[Plate 1]

A fully relativistic ab-initio multiconfiguration Dirac-Fock (m.D.-F.) procedure has
been used to identify six prominent peaks in the 5p electron-impact ionization spectrum
of Bar and thereby also suggest assignments for each series limit in the 5p-photo-
absorption (synchrotron radiation) spectrum of Ba1.

Comparison between single configuration m.D.—F. and non-relativistic H.~F. inter-
mediate coupling calculations show differences in the predicted ordering of levels;
triple manifold m.D.~F. calculations show the interaction between configurations
5p® 6s%, 5p®5d 6s and 5p? 5d? of Bam to be responsible for the prominence of super-
numerary excitations in each experiment.

1. INTRODUCTION

The spectrum of 5p-excited Bar has attracted much interest in recent years: anomalies con-
cerning the Ba?+/Ba* photoionization rates were found by Brehm & Bucher (1974) and Hotop
& Mahr (1975). Several explanations have been proposed: Fano (1973) has discussed collective
effects (cf. Wendin 1974); Wendin (1978) has proposed a mechanism relying on near-resonance
direct photoemission to Ba+ followed by Auger emission; and Hansen (1975 @) has proposed an
explanation (‘two-step autoionization’) within the framework of the independent particle
model which relies on the coincidence of the He1 resonance line with an absorption line in the
5p-spectrum of Bar.

Collective effects in the form of ‘giant’ resonances, which were predicted by Wendin (1974)
to arise from (5p; nd) intrachannel coupling in Ba1, have been investigated experimentally by
Connerade et al. (1974) whose results did not conform closely to the theory. Subsequent studies
of 5p-excitation from Ba to Yb (Connerade & Tracy 1977) suggested that the ‘giant’ resonance
in Bar1is diluted by the effect of 6s—5d mixing.

More recently Connerade ¢t al. (197794) have presented a detailed study of the 5p-spectrum of
Bar. The spectrum has been classified into series converging onto 12 levels of Ba1r, the energies
of which are in close correspondence with binding energy measurements for the 5p shell of Bat
obtained by Mehlhorn et al. (1977) by electron-impact spectroscopy (figure 1). According to
a simple one-electron model, only two Ba levels, 5p® 6s22P; and 2Pj, should be involved in
both cases, yet the experiments reveal a much richer structure.

t Part I appeared in Phil. Trans. R. Soc. Lond. A 290, 327-352.
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528 S. J. ROSE, I. P. GRANT AND J. P. CONNERADE

In this paper an ab-imitio multiconfiguration self-consistent-field Dirac-Fock (m.D.-F.
procedure (Grant et al. 1976) is applied to the interpretation of both sets of experimental results.
These calculations allow for 6s—5d mixing as well as the inclusion of relativistic effects. Connerade
et al. (1979a) suggest that the appearance of more than two series is due to 6s—-5d mixing in the
Bar ion. This suggestion originated (Connerade & Mansfield 1974) from a comparison with
5p-excitation in the Cs1 spectrum (Connerade 1970). Rose ef al. (1978) applied the m.D.-F.
method to the low-lying even-parity levels of Ba1, and agreement with experimental term
splittings suggested that a fully relativistic treatment of the 5p-excitation in Ba1 should be
undertaken.

(i)

)
i '
=M R — = i
1 T N R Y "
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Ficure 1. (i) Experimental Ba1 2 keV electron-impact 5p-ionization spectrum of Mehlhorn et al. (1977); the
major peak is taken to be coincident with series limit (a, ) in the 5p photoabsorption spectrum. (ii) Experi-
mental Ba 1 5p-photoabsorption series limits (Connerade ¢t al. 1979 a). (The labels (a—I) are those given in
that paper).

2. Tue m.D.-F. METHOD APPLIED TO Ba 11

The m.D.—F. method has already been described by Grant et al. (1976) and only a résumé is
presented here. The wavefunction for an atomic state « is approximated by an atomic state
function (a.s.f.)

Ta(PJM) = Zcraqﬁ(YrPJM), (1)

which is a linear combination of configuration state functions (c.s.f.) @(y, PJM), each of which
corresponds to a pure jj-coupled state. Each c.s.f. is constructed from Dirac central-field orbitals
and has total angular momentum quantum numbers .J and A4, and parity P, while the labels
v, are sufficient to distinguish between different states of the same configuration and the different
configurations to be included in the sum.

The orbitals used to construct the a.s.f. were determined solely by the a.l. (average level)
procedure; this involves a variational calculation based on an energy functional which is the
average energy of all c.s.fs with a common value of J included in the sum (1). The levels found
in this way are usually within 200 cm™! of those of the corresponding (optimal) level-by-level
(0.l.) m.D.—F. procedure (Grant et al. 1976; Rose et al. 1978), although this would have proved
far too expensive in computer time for use on the present problem. The c.a.l. (extended average
level) version, which uses the same orbital set to describe atomic states of more than one value
of J, would require too much computer store to be used.
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5p EXCITATION IN Ba 529

3. ENERGY LEVELS AND CONFIGURATION MIXING COEFFICIENTS

The manifolds 5p®6s?, 5p®5d6s and 5d?5p® of Bam were chosen for study since the large
number of observed Ba 11 levels in photoabsorption (Connerade e al. 1979 a) and electron-impact
ionization experiments (Mehlhorn et al. 1977) (figure 1) was expected to arise from mixing
between these configurations. Tables 1 and 2 show the m.D.~F. — a.l. single-manifold energy
levels and mixing coefficients in LS-coupling® together with the corresponding results of single
configuration non-relativistic Hartree-Fock average of configuration calculations with full
intermediate coupling (Connerade & Mansfield 1978). For the 5p®5d6s configuration the
ordering of levels predicted by the two methods is the same and the energy splittings are similar.
However, for the 5d2 5p® levels an unambiguous designation cannot always be made on the basis
of largest weight. For a particular level the eigenvectors for each method show similarities, to
the extent that differences in the ordering of levels can be seen: the m.D.—F. eigenvectors for the
5d25p®J = § levels 5, 6, 9 and 10 are taken to correspond to the H.—F. 5d25p®J = § levels 6,
5,10 and 9 respectively.

TABLE 1a. ENERGY LEVELS FOR CONFIGURATION 5p® 652

H.-F. average of configuration plus

m.D.-F. single manifold] intermediate couplingt
— A - 15 A -
designation energy level/cm™! designation energy level/cm™!
2P% 144050 2P% 147047
2P_% 161572 2P% 161651

1 J. P. Connerade & M. W. D. Mansfield (1978, private communication).
I Relative to single manifold m.D.-F. 5p®6s 23y having a total energy of —8135.8222699 atomic units.
(The atomic unit of energy is 2hcR,, = 27.21 eV.)
TABLE 1). ENERGY LEVELS FOR CONFIGURATION 5p5 5d 6s

H.-F. average of configuration plus

m.D.-F.-a.l. single manifold§ intermediate coupling}
r A T r A )
designation energy level/cm™1 designation energy level/cm™1!
4P% 126 674 4P% 121516
(°P)?Py 135229 (°P)*Py 127845
4D% 150387 4D% 144185
(*P)*Py 184097 (*P)*Py 173613%
189042
4P% 128314 4P,3_ 123248
(°P)°Py 137655 (°P)?Py 131453
4F% 138400 4F,3_ 133436
4D% 150994 4D7§ 144915
(‘D)*Dy 152818 (*D)*Dyg 146 220
(3D)2D% 159934 (3D)2D% 152363
(P)2Py 189266 (P)2Dy 174135%
189255

1 J. P. Connerade & M. W. D. Mansfield (1978, private communication).
I Separately optimized calculation (J. P. Connerade & M. W. D. Mansfield (1978, private communication)).
§ Relative to single-manifold m.D.-F. 5pf6s 253.

* The coeflicients obtained directly from the calculations are in a jj-basis and these have been transformed
to an LS-basis by a transformation matrix derived by numerical diagonalization of the Hamiltonian matrix in
each coupling scheme.

41-2
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530 S. J. ROSE, I. P. GRANT AND J. P. CONNERADE

TaBLE 1¢. ENERGY LEVELS FOR THE CONFIGURATION 5d2 5p®

H.-F. average of configuration plus

m.D.-F.-a.l. single manifold intermediate couplin
pling
A Al

s N r Al

designationt} energy level/cm™! designationt} energy level/cm™1
(°F)*Dy 126 602 (°F)*Dy 115072
(°P)2Dy 138890 (°P)iPy 127197
(1D)2Py 141952 (*D)?Py 131233
(°P)*Dy 156526 (3P)*Dy 144268
(°P)2Sy 161332 (°P)2Sy 149414
(3P)2P%_ 174463 (1S)2P,% 163081
(1)2Py 188749 (3P)?P} 180966
(3F)4D_% 127 348 (3F)4D% 115555
(3P)*P; 136575 (°P)#Py 125091
(3P)4P, 137722 (°F)Fy 126514
(°F)*F; 142528 (°F)¥y 131053
(°P)*Dy 150582 (\D)2Dy 138654
(®P)2P3 151213 (3P)4D% 140060

3P)4S; 158635 3P)2Dy 147072
3 2

(°P)3S; 161268 (°P)sSy 149352
(\D)*Py 164057 (18)2Py 153806
(18)2Py 189976 (°P)?Py 183168
(3F)2D% 192 863 (3F) 2D% 186 540

+ The largest contribution to the particular eigenvector.
1 Relative to single-manifold m.D.—F. 5p®6s 51

No Hartree-Fock calculation allowing for interaction between the different configurations
was performed by Connerade & Mansfield (1978) and, as the m.D.~F. method is suited to such
calculations, an a.l. triple-manifold calculation was performed for the full set of J = } and §
levels The resulting energies and configuration mixing coeflicients are shown in table 3. The
three configurations in the single-manifold calculations are found to overlap in energy and,
although the spread of energies is not greatly affected, the mixing coefficients reveal considerable
coupling between all three configurations to the extent that designations (such as were made in
table 1) have not been proposed in table 3. Alternative labelling procedures were not found to
be useful. For example the J = §levels 6 and 7 each have their largest contribution from 5p® 6s® 2Py
(level 6: —0.4930 (24 9,), level 7: —0.6406 (41 9%,)), and with the common procedure whereby
the level with smaller weight is designated the unassigned LS state with the next largest con-
tribution, level 6 would have to be designated (5p®5d%P)6s*Dy although this assignment has a
purity of only 0.1125 and the designation does not therefore have much physical significance.

Hansen (1974) presented H.-F. calculations on the two levels (5p%5d3P)6s?P and
(5p® 5d 1P) 65 P of Ba1 in which each level was optimized separately. The term dependence of
the 5d orbital and associated parameters was very marked. Since the present m.D.—F.—a.l.
calculations use a common set of orbitals for each level of common J, this flexibility is not
admitted and as a consequence the m.D.—.F. single-manifold and H.-F. calculations are not
comparable. This is confirmed by the fact that the single-manifold m.D.-F.~a.l. (5p55d1P)
6s 2P, 3 energies arc more in line with the average of configuration than the separately optimized
H.-F. calculations (table 1) of Connerade & Mansfleld (1978).
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TABLE 24. MIXING COEFFIGIENTS IN LS-COUPLED BASIS FOR THE SINGLE-
MANIFOLD m.D.-F.—a.l. (5p® 5d)6s J = { LEVELs oF Ba 11

level
LS state 1 2 3 4
(1P)2P%. —0.0717 0.2277 0.1476 —0.9598
0.0147 —0.0008 0.1284 —0.9916
(3P)2P,% 0.2008 —0.8842 0.3879 —0.1651
0.1372 —0.9663 —0.2165 —0.0252
4 4P.% 0.9724 0.1630 —0.1567 —0.0581
s 0.9868 0.1145 0.1108 0.0289
| 4D% —0.0986 —0.3737 —0.8962 —0.2194
—d 0.0848 0.2307 —0.9614 —0.1235
§ — The numbers in italics are the Hartree~Fock average of configuration plus full intermediate coupling
@) = values supplied by J. P. Connerade & M. W. D. Mansfield (1978, private communication).
2
O TABLE 2b. MIXING COEFFICIENTS IN LS-COUPLED BASIS FOR THE SINGLE-
O MaNIFOLD m.D.—F.-a.l. (5p® 5d)6s J = % LEVELs oF Ba 11
v level
- 12) Is - N
5% LS state 1 2 3 4 5 6 7
E = (*P) 2P% —0.0775 —0.2366 —0.0928 —0.1240 0.0386 0.2062 —0.9328
oYL —0.0287 0.0337 0.0010 0.0877 —0.0799 —0.0793 —0.9888
(72) 55 °© (P) 2P% 0.1448 0.7779 0.3395 —0.1728 0.1080 —0.3605 —0.2953
92 —0.1636 0.9070 —0.1305 —0.0786 0.1122 —0.3357 0.0464
E é (lD)zD% 0.0515 —0.0524 —0.5886 0.0490 0.6575 —0.4619 —00138
O = —0.0423 —0.1663 0.4813 0.2940 0.6623 —0.4623 0.0056
(“D)zD% 0.0745 0.3167 —0.1515 —0.3434 0.4307 0.7374 0.1550
—0.0689 0.2406 0.2052 —0.1131 0.5058 0.7848 —0.1035
4P% —0.9580 0.0681 0.0692 —0.2245 0.0955 —0.0928 0.0687
—0.9653 —0.1143 0.0456 0.1572 —0.1494 0.0633 0.0451
4D% 0.2166 —0.3839 0.1999 —0.8321 0.0253 —0.2429 0.1174
—0.1844 —0.2575 —0.2686 —0.8149 0.3340 —0.2110 —0.0860
4F% —0.0122 0.2896 —0.6797 —0.3029 —0.5995 —0.0535 —0.0012
—0.0096 —0.1067 —0.7969 0.4451 0.3907 0.0525 —0.0005

The numbers in italics are the Hartree~Fock average of configuration plus full intermediate coupling values
supplied by J. P. Connerade & M. W. D. Mansfield (1978, private communication).

TABLE 2¢. MIXING COEFFICIENTS IN LS-COUPLED BASIS FOR THE
m.D.-F.—a.l. 5d% 5p® J = } LEVELS oF Ba i1

~ level
- - . .
§ — LS state 1 2 3 4 5 6 7
o CIE —0.0102  —0.2889  —0.2314 0.2578  —0.8832 0.1053 0.0724
2 = —0.0076 0.2517 0.1403 0.1574  —0.9389  —0.0877 0.0538
— (19)2Py —0.0489  —0.1231 0.1530  —0.1791 0.0755 0.5039 0.8169
= Q 0.0213  —0.0713 0.1936 0.0367  —0.0379 0.8595 0.4642
af@ (D)*Py  —0.0791  —0.3746 0.7625 0.2137  —0.0576  —0.4544 0.1284
= 0.0655  —0.2483 0.8095  —0.2014 0.0723  —0.3640 0.3171
o (P)*Py 0.0457 0.2073  —0.4000  —0.0262  —0.0113  —0.7081 0.5410
<z —0.0585 01702  —0.4295  —0.0588 0.0494  —0.3255 0.8193
©0o (P)"Pp  —0.0655  —0.8243  —0.4134 0.0186 0.3737  —0.0549  —0.0474
= 0.0567  —0.9040  —0.2993  —0.0532  —0.2910  —0.0378 0.0337
Qu 3P)aD; 0.3176 0.1255  —0.0632 0.8800 0.2572 0.1521 0.1255
@) 3
AZLO 0.3473  —0.0943 0.0685 0.9067 0.1499  —0.1132 0.0913
7] .
oz (3F)4Dy 0.9402  —0.1511 0.0817  —0.283¢  —0.0707 —0.0312  —0.0171
=3 0.9316 0.1220  —0.0945  —0.3238  —0.0470 0.0293  —0.0171
oy

The numbers in italics are the Hartree-Fock average of configuration plus full intermediate coupling values
supplied by J. P. Connerade & M. W. D. Mansfield (1978, private communication).
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M.c. H.-F. calculations have been performed by Hansen (19756) on the same two levels.
In addition to the separate level optimization the 5p36s? and 5p®5d 6s configurations were
allowed different 6s and 5d orbitals from the 5p3 5d? configuration and no comparison between
these and the m.D.-F. triple-manifold results is attempted.

4. THE USE OF INTENSITY RATIOS AND ENERGY SEPARATIONS IN THE
INTERPRETATION OF THE ELECTRON-IMPACT IONIZATION
SPECTRUM OF Ba 1

The electron-impact experiment of Mehlhorn ef al. (1977) produces Bai states by ionization
of a 5p shell electron. Decay to the Bamr ground state follows, accompanied by ejection of an
Auger electron whose kinetic energy is equal to the energy of the particular Bam state relative
to the Bar ground state. The intensity of signal is proportional to the probability of production
of the particular Ba1 state, and so as to make use of this information as well, a simple model
for the electron-impact ionization process is proposed. The ground Bar state is labelled a and
has J = 0, while that of the ionized Ba state is called B. The state B plus ejected 5p electron is
called v and has J = 1; it can be constructed from c.s.fs used for Bamr with J = &, 3, § or Z by
coupling an outgoing continuum es, ed or ed electront

Rose et al. (1978) have performed such an m.D.—F.-a.l. calculation for the Bar ground state
and found its composition to be

¥, = 0.9780[ 652 5p2 5pi] — 0.1337[5d2 5p? 5pt], — 0.1600[5d2 5p2 5pY],. (2)

TABLE 4. ORBITAL RADII FOR Ba 1 AND Ba 1 MULTIPLE MANIFOLD GALGULATIONS

(r)/a
r A I
Bam

Bar: — = \

double manifold a.l. triple manifold a.l. triple manifold a.l.
orbital J=0 J=% J=3
5p 1.8832 1.8462 1.8446
5p 1.9622 1.9141 1.9153
5d 4.7459 3 0582 3.0888
5d 4.9081 3.2662 3.2043
6s. 5.0545 4.2802 4.3055

Table 4 shows the radii of each orbital for the multiple manifold calculations on Bar and
Ban. Although the 5p and 5p orbitals are similar for each calculation the 5d, 5d and 6s are
contracted in the ionic state. For simplicity we make the approximation that the mixing co-
efficients taken from separate calculations correspond to some common set of orbitals, ignoring
the effects of orbital relaxation.

Mott & Massey (1965, § 9.21) derive an approximate expression for the ionization cross-
section from electron-impact at high energy (greater than 1keV, but not such that kinematic
relativistic effects are important, a criterion which is satisfied for 2keV electrons). They show
that for fixed initial impact energy the ionization cross section from ground state a to ionic
state f involving a continuum electron of angular character k is given by

Qha(x) o f \d,,,(6x)|2de, (3)

1 The symbols I and / conventionally distinguish between Dirac orbitals having respectively j = [—% and
J=1+%
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where d,_(ex) is the dipole matrix element for transition from ground state a to ionizing state y
involving continuum electron ex and the integral is over all possible continuum states of fixed
x, the sum over M, values being incorporated in |d,, (ex)|* With the assumptions that the c.s.f.
mixing coefficients for the ionization state y can be taken as those of the corresponding Ba 1
ion, and that the radial factors involved in |d,, (ek)|? are independent of the Bam state B, then
equation (3) can be written as (see the appendix)

Qf o = const. (Dg5)?, (4)
where

u[i = Zcm csB denc (I‘, ) (5)

and e = p if J = } and p if J = . In this approximation the ionization cross section depends
only on configuration interaction in the initial state (i.s.c.i.) and in the final ionic state (f.i.s.c.i.)
together with the angular factor d3 (r, s) (table 5), which physically accounts for the degeneracy
of the ionized subshell (5p or 5p) and only allows nonvanishing transition matrix elements
between c.s.fs with appropriate angular structure. This approximation is similar in form and
physical content to those derived by Martin & Shirley (1976) for the interpretation of photo-
emission satellite spectra in the non-relativistic approximation.

Equation (2) shows that the ground state of Bar is predominantly [6s%5p25p¢], and so it
proves convenient to split up the sum Dgj as follows

a[i = e'[g"l" a[i) (6)
where
o5 = X eiatspdid(1,5) (7)
8
and
11% = Zcra sB eK (r: S) (8)
.or=23 s .

For J; = %, (£25)? depends on the [6s25p 5p*]; character and for J; = § on the [6s® 552 5p®];
character of the ionic state (which in LS—couphng is equlvalent to 5p5 6522P; or *Py character)

(6) results from a combination of configuration interaction in the ground and ionic states, the
interacting c.s.fs that contribute being [5d3 5p2 5p%], and [5d25p2 5p?], in the ground state o
and [[5d35p 5p*]yex],, [[6d35p256p®];ex],, [[6d35p 5ptlyex], and [[5d35p25plzex], in the
ionizing state y (table 5). The values of (Dg§)? and (Eg)? are shown for the different levels p
in table 6, and are very similar except for several levels high in energy for which (Dgf)? is sig-
nificantly greater than (£gf)?2, although this does not affect identification of the experlmental
levels. This shows that inclusion of such configuration interaction in (Dgf)2 produces a correction
to the simplest approximation (£gf)?%, which is unimportant for our purposes.

Figure 2 shows the assignment of each of the six prominent peaks in the experimental spectrum
of Mehlhorn ¢t al. (1977) (figure 2(i)) on the basis of energy and intensity (figure 2 (ii)). The
major feature of the experimental electron-impact spectrum of Ba1 which differs from the lighter
alkaline earths is that instead of two strong peaks corresponding to 5p® 6s22P; and *Py, three
major peaks are seen. Our identifications show that the most intense peak corresponds to a
Bam state (J = § level 8) which is predominantly 5p®6s®2P; (799,). However, the two other

42-2
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TABLE 5. NON-ZERO VALUES OF THE COEFFICIENT d3)(r, )

a b r ] d¥(r,s)
5p nK [6s%5p25pt], [[6s2 5D 5p*] i nK]y A2
5 e [532 55° 5p*], (53 5 5p*y ], J2
5p nK [5d35p25p*], [[5d3 5p 5p*]y nxcly V2
5p nK [6s%5p2 5pt], [[6s2 5p2 5p®] 3 nK], 2
5p nx [533 552 5p'], [[532 552 5p°]y ], 2
_ 5p nK [5d25p25p], [[5d?5p* 5p®]g nx], 2

A A

— TaBLE 6. THE TRIPLE-MANIFOLD AL J = { AND J = £ ENERGY LEVELS AND
< S (Dg5)? AND ([2%)% VALUES FOR EACH LEVEL (SEE TEXT)
S ~ level B
[A8] r A )
=7 — J level energy/cm=1t (Dgh)? (Egp)?
=0 3 1 126098 0.0015 <10~
O 1 2 126519 0.0003 0.0004
= w 3 1 126 606 0.0003 0.0001
- 3 2 128 147 0.0091 0.0093
5 Z 3 3 132560 0.3213 0.2480
=0 3 3 132971 0.0355 0.0292
= 3 4 137648 0.1043 0.0766
o &t) & 3 5 138305 0.0033 0.0016
8 %) 3 6 139444 1.0527 0.9297
= <Zt 3 4 140119 0.0001 0.0001
T 3 7 142967 1.9597 1.5700
B 5 5 143540 0.0053 0.0007
3 8 143716 0.0006 0.0033
3 9 148934 0.2918 0.3698
3 6 150255 0.0058 0.0078
3 10 150629 0.0089 0.0088
3 11 153421 0.1061 0.1337
3 12 153462 0.0415 0.0433
% 7 156766 0.0168 0.0123
2 13 158 857 0.0056 0.0173
% 8 159457 1.8090 1.5161
3 14 161 506 0.0053 0.0097
5 9 161561 0.0107 0.0101
3 15 163 998 0.0477 0.2573
3 16 169 334 0.0413 0.1401
pr 3 10 177044 0.1086 0.2616
> <B 3 17 184 576 <10 0.0030
h 5 11 186 921 0.0048 0.0211
2 % 12 189266 0.0030 0.0538
>_‘ >.‘ 3 18 190757 0.0005 0.0047
O ~ 3 19 193 683 0.0001 <10~
(o4 E 1 All energies referred to the single manifold calculation on the ground state of Ban (5p® 6s).
E 8 peaks are due to two different Bam states (J = £ levels 6 and 7), which have 249, and 419,
— o 5p5 6s? 2Py character respectively (table 3). The fact that two levels can have significant 5p® 652 2Py

character is solely due to the 6s—5d mixing in the Ba i1 levels.

5. INTERPRETATION OF THE 5p PHOTOABSORPTION SPECTRUM O¥ Ba 1

The 5p photoabsorption spectrum of Bar has been presented by Connerade et al. (1979),
who identify 14 series converging on 12 series limits (denoted (a, b), ¢, d, e, f, g, 4, 1,7,k and [). In
the photoabsorption process in which a 5p electron is excited to a Rydberg state, there are several

=l )
3z
20
=
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oS
K<O
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4
T
O =
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complicating features which invalidate the simple predictions of intensity that we were able to
make for the electron-impact spectrum.

(i) In the photoabsorption case the continuum orbital is replaced by a Rydberg orbital which
is bound. As the electron is below threshold, the orbital, and thus the radial transition matrix
elements involved in the photoabsorption transition probability, will be dependent on the Bau
state. This is consistent with the work of Connerade et al. (1979a) which shows that only one of
the series limits, (a, b), supports both / = 0 and [ = 2 series.

(ii) Interchannel coupling is known experimentally to be significant (Connerade et al. (1979 a))

<, and can transfer intensity from one series to another.
-~
—d
<
—
2 = ()
et
= O
T O
=w
=l ()
5z
=0 -
S5 (i)
-9
226
8(/)
=2 - |
I N
-
%
vA 0 /] €ts v B a
a 1L W I
\ Vi
S AN |
1AW ] '\ \ \ I
i! ‘i t \ i i |
1y v \ [
HAN! AR
AN Yoy i i
3| T N
2 b,
g L Lk 5 h gfl cd 1 - )
> < 160 170 180 190 200 210
V| ,
—_ wavenumber/10% cm~!
< Ficure 2. (i) Experimental Ba 1 2 keV electron-impact 5p-ionization spectrum of Mehlhorn et al. (1977). (ii
> P 77
> Predicted relative intensity and position of the electron-impact ionization peaks (i) from the present
~ p
O 25 triple-manifold m.D.~F.-a.l. calculations using (Dg§)? (table 6). (The intensity and position of level « is
% ot taken to be that of the most prominent peak). (iii) Predicted position of Ba 1 5p-photoabsorption series limits
S50 @) made on the basis of the correspondence between the electron-impact ionization experiment and 5p-photo-
I ®) absorption experiment (figure 1). (iv) Experimental Ba 1 5p-photoabsorption series limits (Connerade et al.
. The labels a—v correspond to the following triple-manifold m.D.-F.-a.l. levels:
= 1979)
- a J = }, level 8. £ J = %, level 5.
5z B J =4 level 9. 0  J=3,level 2. )
=0 tentatively
Rl v J = 3, level 7. X J = §, level 1. assigned
8U o é J = §, level 6. A J = 1, level 2.
mg 0 € J = §, level 4. v J = 3, level 1.
oz J = 4, level 3.
EE T T = g level 3.
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The assignments for the electron-impact ionization spectrum can be carried over to identify
the limits (a, ), ¢,d, e, f and £ in the photoabsorption spectrum (figure 2 (iii) and (iv)) on the
basis of the correspondence between the two experiments suggested by Connerade ez al. (19794)
(figure 1). Certain complicating features of the limits (¢, b) and /. remain, however. :

The photoabsorption spectrum suggests that there are three series converging on two limits
very close in energy denoted by (g, b) (see tables 1@ and b of Gonnerade ef al. (1979 a)). We suggest
that the ns and nd series converge to a limit which is assigned to J = } level 8, as is the corres-
ponding peak in the electron-impact ionization spectrum. The other (possibly #s) series limit
cannot be readily identified since no other level of significant (Dgf)? (table 6) is close enough to
J = } level 8. One explanation is that this other series borrows its intensity by mixing with the
first series (which is supported by the fact that only the first few members are seen) and in fact
converges to another level, possibly J = § level 13 which lies 600 cm™~" below J = £ level 8.

Connerade et al. (1979a) suggested that two series converge on limits close in energy which are
denoted jointly by % (the electron-impact ionization experiment presumably cannot resolve the
two) and the m.D.-F. calculations predict two levels which were assigned jointly to the electron-
impact peak corresponding to the limit z. No prediction is made as to which series converges
to which limit since the two are so close in energy.

Five series limits remain which we consider cannot be unambiguously matched with the peaks
in the electron-impact ionization spectrum: g, ¢, j, £ and /. In this low-energy region, exactly
five previously unassigned levels are predicted by the m.D.-F. calculations, although each has
a low value of (Dg)? in table 6. Interaction between channels, which is experimentally con-
spicuous, may be responsible for their appearance and, asin general Hamiltonian matrix elements
of the form

<[[ﬂ]a‘1”"]1| HI [[V]janxly) # O, (9)

where [p];, and [v];, are two 5p-ionized Bau c.s.fs with 7, 7, = 4,4, % ..., there is the possibility
that these series have Ba 1t limits of J > §. However, the fact that each limit is associated with a
line in Roig’s (1976) list (Connerade et al. 1979a) which involves a transition from the Ban
ground state (J = }), suggests that the limits g, 7, 7, £ and [ have J = § or § and are consequently
tentatively assigned in order of energy to the five remaining triple-manifold m.D.-F. J = } and
2 levels (but see Connerade et al. 1979 6).

The experimental 5p-subshell spectrum of Ba1 (Conneradeetal. (1979 a)), with the assignments
of series limits from the present work is shown in figure 3.

6. CONCLUSIONS

Comparison between single configuration non-relativistic Hartree—-Fock intermediate coupling
calculations and single manifold m.D.-F. —a.l. results shows differences in the ordering of levels.
As interaction between the configurations 5p® 6s%, 5p5 5d 6s and 5p® 5d? was expected to account
for the prominence of more than two (formally 5p®6s22Py,s) states in the electron-impact
5p-ionization spectrum (Mehlhorn ¢f al. 19777) and more than two series in the 5p-photoabsorp-
tion spectrum of Ba1, a model of the (theoretically simpler) electron-impact ionization process
is used which ignores variation in orbitals between one level and one ionization state and another
but does include the effect of configuration interaction in both Bar1 and Bau states. The six
most prominent peaks in the ionization experiment can then be assigned on the basis of predicted
energy and intensity employing only final ionic state configuration interaction (fis.c.i.).
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Inclusion of initial state configuration interaction (i.s.c.i.) does not alter the predicted intensities
sufficiently to affect the assignments, and as in the model the ground atomic c.s.f. [5p2 5p? 6s%], is
linked to the Bair c.s.fs [5p 5p* 6s%]; (5p®6s2Py) and [5p% 5p® 6s%]y (5p® 6522Py) only, it is the
admixture of these c.s.fs into a particular Ba 1 level that is found to be the principal factor deter-
mining the probability of its production from electron-impact ionization.

Correspondence between the Bar electron impact 5p-ionization spectrum and the 5p-photo-
absorption spectrum (Connerade ¢f al. 1979) allows six series limits to be clearly identified. It is
supposed that the existence of other series is mainly due to interchannel coupling which is
experimentally conspicuous and comparison with the Ba 11 photoabsorption spectrum of Roig
(19776) gives tentative assignments for the remaining series limits.

Our thanks go to Dr F. P. Larkins, Monash University, and Dr K. J. Ross, Southampton
University, who both made valuable suggestions at an early stage of the work, and especially
to Professor U. Fano, University of Chicago, who instigated our collaboration, as well as to Dr
M. W. D. Mansfield of the Culham Laboratory who supplied LS coupling energy matrices.

The computations were performed on the IBM 370/195 machine of the Rutherford Labora-
tory, and the S.R.C. are thanked for the use of this facility and for a maintenance grant for
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APPENDIX

In the Appendix we show how equation (4) follows from equation (3) in the text. The tran-
sition dipole matrix element between the ground state o and the ionizing state y with continuum
orbital ex

|| = P KPS M) %7y CR (@) Wy (S M)

= 1(1}'&” 37 COG) | W,)]? x (1010]00)2
= §KPa] 2 CO@) D15 (A1)

where the form of the Wigner—Eckart theorem given in equation (4.15) of Brink & Satchler
(1968) is used.
By (1) each a.s.f. can be expanded as a linear combination of c.s.fs

Ta(JaMa) = 2 cruq)(Yr‘,':zMa): (A 2)
V(S My) = 5 iy P(vs S, M), (A3)

SO
|y |® = 31 ) tra Gy SPOe )| Ty GO D(ys )12 (A4)

It is possible to write a reduced matrix element involving a sum of one-electron operators
over c.s.fsr and s as a sum of single particle reduced matrix elements

(P )| 2 COD D5 h)) = X daw (r,5) {alr CO5). (A 5)

The coefficients d$) (r, s) are discussed in equations (7 )—(12) of Pyper et al. (1978) who also present
a computer program, developed from that of Chang (1974), which is convenient for their
evaluation. From (A 4) and (A 5)

| 1> = %] z,cmcs, Z, (r,s) {a|r CO|b)|2. (A 6)
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With the use of expressions in appendix VI of Brink & Satchler (1968) it is straightforward to
prove that

(@ COIBy = (Gl H1CO Gy 3 j S (BB+Q,Q) rdr

= (B0, B f BB+ (A7)
so that

© 2
anl? = |5 raten 3 B05) (- Gadtoli > [T BB+ Q@) ran )[4

This can be abbreviated to

4 = 3] S DR, %, (A9)
where
Dgl? = Z Crafsy dtglb)(ra S) (A 10)
and T8
Ry p = —{Ja}10|j, %)jo (BB +Qu @) rdr. (A 11)

The c.s.f. mixing coefficients for the ionizing state y are taken to be those derived from the
calculation on the Bamion which is expected to be a fairly good approximation since the coupling
between the different ionic channels can only occur through the continuum electron. Thus we
take

Csy = CgBs (A 12)

which is achieved by replacing y by B in (3)

Qa0 [ (o], (4 13)

where it is understood that the label s in d3 (r, s) refers to c.s.fs of the ionizing state y and not the
ionic state B. The initial state consists of c.s.fs with angular momentum structure ([X],[j%+],)o
while the final state has the structure ([Y][;%];,5'); and so (from equation (5.20) of Brink &
Satchler 1978)

(XLl o)o | Zrs COO (YTL7]5 )00 = @+ DI COD 0, (A 14)

Thus the non-zero coeflicients d¥ (r, s), table 5, only occur when the c.s.fs r and s have the same
parent, X = ¥, and so equal (2J;+1)% independent of the state of the continuum electron.
Within the approximation of the model, no Ba states of J = § or Z will result from the electron
impact ionization process, as the relevant coefficients diy (r,s) must all vanish. Table 5 also shows
that for c.s.fs, s, with J = 1 Ban parentage the 5p orbital is linked to the continuum orbital
while for the J = § case only the 5p orbital is involved. Consequently

Idzaglz = %' DgﬁRﬁe,exP’ (A 15)
in which

A 16
e=p if J=3 (A16)
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where Dgf in (A 15) depends only on the symmetry character of e and k. With the definitions

Lo = [ |Rucl?de = b0 12, (A 17)
and
Jue= [ |[ BRr @@ 0] (A 18)
(A 13) gives '
Qb ¢ (D) oo (A 19)

where e is given by equation (A 16).

The same Ba 11 level can result from outgoing continuum electrons of different angular charac-
ter, and contributions from each possible type must be included. The total ionization cross
section is then given by

qf:ie—a = QB<—a(K)
oc {(D%)2 Lo, s + (D) Ie,a + (D23)* Lo, a}, (A 20)

where the Clebsch-Gordan coefficients in the 7 integrals limit the number of possible terms.
Certain simplifications can be made to (A 20). The values of d% (r,s) shown in table 5 turn out
to be independent of 4, and as a consequence (A 20) can be written as

QE«uOC (De8)?Lse,s -+ Ise,d + Ise, als (A 21)

where k may be interpreted as any of s, d or d.
Also since the 5p and 5p orbitals have similar spatial properties and as the J integrals will
have a major contribution from continuum orbitals well above threshold then

Ts5.¢ ® Tsp (A 22)

for each x, and each integral is roughly independent of the Ba 1 state B resulting from the
ionization. An examination of the values of the Clebsch—Gordan coeflicients (listed in table 7)
shows that ionization to a J = } Ba state can occur in the present model via an es or ed channel
and the coefficients for the process are identical in magnitude to those relating to es and ed
continuum orbitals for J =  Bau states. However, the possibility of ionization in the ed channel
to a J = § Bau level also occurs. Making the reasonable assumption that ed and ed orbitals
are spatially very similar and from (A 22) then

Isp,a ® Ipa ® 105 3, (A 23)

TaBLE 7. CLEBSCH-GORDAN COEFFICIENTS {j, 10|, ) APPEARING IN THE
SINGLE PARTICLE REDUCED MATRIX ELEMENTS

a b Ja Jo {Ja$10] 70 %)
5p ns 3 $ &

5p ns 3 ¥ 55

5p nd 3 % v

5p nd 3 3 Aw

5p nd 3 s — V3
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the factor of 10 arising from the Clebsch-Gordan coefficient. Thus, ignoring the relatively small
I, 3 contribution,

Qi oC ((Daﬁg)z[lﬁ,s +ISE,E]> Jﬁ = % (A 24)
Ba d
1(D§E)2[[5p,s +lpal, S=%
and from (A 22) and (A 23) we conclude
Qb w0t (D), (A 25)

which is equation (4) of the text.
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NOTES ADDED IN PROOF

1. In a recent paper (Mitchell 1979) published since part I of this investigation, it is suggested that the
assignment of 5p°6s? 2Py of Csl given by Beutler & Guggenheimer (1933) for the level at 109 069 cm™ is incorrect
and the 2Py level must be higher in energy. The same conclusion was reached independenily in our earlier paper.
(Connerade ¢t al. 1979 a) but corrected in a different way. Mitchell (1979) suggests that 111500 cm— should be
assigned 5pP6s® *Py and that 109069 cm™* ‘presumably belongs to the configuration 5p%6s5d’. We assigned
113488 cm™! as 5p6s? 2Py because it is the only appropriate intense transition in the optical spectrum, and we
have identified several 5p525d6s levels among which 5p*5d (*P)6s *P3 at 109 150 cm~*.

2. Hultzch et al. (1979) have observed the autoionization spectrum of Ba following impact excitation by He*
and Net. Although there is a good correspondence between the 1000 €V He* spectrum and the electron impact
spectrum, the detailed assignments which they report differ from the present ones.

In this connection we also draw attention to a recent letter on the 5p photoelectron spectrum by Potts &
Lee (1979) whose results appear to confirm the present analysis.
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