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The importance of the interaction between 4s4d 'D and 4p 'D is studied in the Zni isoelectronic sequence
from Znr to %'xLv. Multiconfiguration Hartree-Fock calculations have been carried out for the two lowest
'D terms in this sequence and used to calculate gf values for the 'P-'D transitions. For the heavier elements
relativistic effects are important and intermediate-coupling calculations of the gf values using
multiconfiguration Dirac-Hartree-Fock transition energies have been carried out. Final gf values take into
account relativistic effects in an approximate way, as well as core-polarization effects. The latter are found
to be as important for the 'P-'D transitions as for the 'S-'P resonance transition even for high-ionization

stages. The gf values for transitions from the lowest 'D terms were found to be small due to destructive
interference. Little experimental data exist with which the present results. can be compared. Furthermore, it
is shown that much of the earlier experimental material concerning the 'D terms are in error. Comparison
with a few very recent experimental investigations shows good agreement, however, and the present results

point to the need for further experimental studies of this sequence, even towards the neutral end.

I. INTRODUCTION

The spectra of highly ionized atoms in the ZnI
isoelectronic sequence are presently of consider-
able interest in fusion related research. 'The

available spectroscopic inf ormation about these
spectra is very limited, ' ' and for many of the
highly ionized species only the resonance transi-
tion, 4s''S-4s4p'P, has been observed. "' More
surprisingly, even the lighter elements have been
studied only f ragmentarily. Though analogous to
the MgI sequence, the ZnI sequence is somewhat
more complicated to analyze due to the large num-
ber of low-lying terms, especially for high stages
of ionization. Configurations of the type 4l 4f are
asymptotically degenerate with the 4s' 'S ground
state in the ZnI sequence, while configurations
involving 4f electrons in the MgI sequence are
well above the ground state. The greater com-
plexity of the ZnI sequence probably contributes
to the fact that this sequence has been studied
less extensively experimentally than the MgI
sequence.

On the theoretical side, a number of studies
have been made of the energy and oscillator
strength of the resonance transition, ' ' but again
very little work has been done on other transitions.

This paper presents the first study of the 4s4p
'P —"D transitions in the ZnI sequence with the,
effects of correlation taken into account. Two 'D
terms are considered in this work which will be
designated, '& and i,D:,'& is the lowest 'D term and

~D the second lowest. The dominant eigenvector
component of D, say, is not the same for the
whole sequence but the relative phase -between the
two largest components does remain constant for

the Q state. In this case the relative phase has
a greater effect on the gf value than the absolute
size of the eigenvector components, so a scheme
that labels the terms according to their position.
in the spectrum is more usefulfor jsoelectronic
comparisons than a scheme based on the dominant
eigenvector component. Kith increasing ionization
the actual states lose their LS character. How-
ever, for convenience the same labels will be used
for the whole sequence. Two configurations in
particular contribute to the low 'D terms, 4p' and
4s 4d, both of which combine strongly with 4s4p.
In the MgI sequence the equivalent configurations,
3p' and 3s3d, cross over in the beginning of the
sequence. The same happens in the ZnI sequence
with 4p''D bei,ng the dominant component of the
(lowest), 'D term in all spectra except ZnI, where
4p 'D apparently is above the ionization limit"
(as is the case for SP' 'D in MgI). However, the
crossing in the ZnI sequence has only recently
been noticedi and the original classification
the lowest 'D term was 4s4d'D.

The primary motivation for this paper is to
point out the consequences of the strong inter-
action between the 4p' and 4s4d'D terms which
lead to destructive interference between the con-
tributions to the transition probability for the
transition to 4s4p 'P from,'&. The occurrence of
destructive interference on this transition turns
out to be in agreement with observations. It was
noted already by Bao" that the 4s4p'Pi D2
transitron appears to be stronger than 4s4p 'P,
—,'D, in the first spectra in this sequence (GeIII
to Se V). At the same time, the strength of the
spin-forbidden 'P —,'D transition suggests that it
might be necessary to introduce spin-orbit inter-
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action in the calculation of the line strengths even
for-low stages of ionization, and such a calculation
has been carried out.

With regard to the g term, it is shown that the
reported' term in GeIII and AsIV is wrongly
identified and that the correct 'D term lies much
higher. New ',D terms have recently been esta-
blished'4 in GaII and Ge III which corroborate this
result. Thus the present work points to the need
for a revision of the existing analysis of this se-

I

quence even for low stages of ionization.
Another purpose of this work is to provide in-

formation needed for the experimental reinvestiga-
tion of the lifetime of the 4s4P'P level. It has
recently been pointed out '""that there exists a
considerable discrepancy between observed and
calculated lifetimes for this level, a discrepancy
which increases with increasing ionization. The
discrepancy hap been attributed" to difficulties
in applying cascade corrections to the observed
beam-foil decay curves as a result of the existence
of a number of cascades originating in levels with
a lifetime comparable to that of the 'P term. One
of these is the &D term studied in this paper. To
be able to extract the 'P lifetime from beam-foil
decay curves additional measurements of the life-
times of levels contributing to the cascades are
necessary. Since the P level is unknown, the
theoretical transition probabilities presented in
this paper are the only information available at
present about this cascade contribution.

Finally, the present data for the heavier ele:-
ments are of importance for determining radiative
losses in fusion plasmas. Relativistic effects will
be important for these elements. In the study of
the resonance transition' it was fourid that it is
possible to combine nonrelativistic line- strength
calculations, modified by the introduction of the
spin-orbit interaction, with observed transition
energies in order to obtain gf values which take
into account both correlation (if included in the
nonrelativistic calculation) and relativistic effects.
The validity of this approach with respect to the
correlation among the outer electrons was dem-
onstrated earlier. ' That the validity extends to
the effects of core polarization has recently been
confirmed by calculations using the relativistic
random-phase approximation (RRPA), which in-
cluded core polarization. " The results of these
calculations were in agreement with the nonre-
lativistic multiconfiguration Hartree-Fock (MCHF)
(length) results' modified for spin-orbit effects
and scaled by the ratio between the relativistic and
nonrelativistic transition energy. 'The same ap-
proach has been used in this work for the 'P -'D
transitions, although no evidence exists at the
moment that the procedure necessarily will be

reliable in this case. Since none of the transition
energies have been observed for heavier elements,
multiconfiguration Dirac-Hartree-Fock (MCDHF)
calculations were performed for the transition
energies using the Desclaux computer program. "
The relativistic effects on the 'P —'D transition
energies are smaller than for the 'S —'P transi-
tion, as expected.

II. NONRELATIVISTIC CALCULATIONS

The general computational procedure follows
that described in our paper on the resonance
transition, ' but some differences to that work will
be described here. Briefly, the approach was to
calculate MCHF wave functions using the computer
program MGHF77. " 'The angular matrix elements
involved in the interaction were obtained using a
modified version of Hibbert's program" and the
wave functions used to calculate transition pro-
babilities. "'" In order to include the effects of
correlation between the outer electrons (outer
correlation), the configurations belonging to the
complex" (i.e. , the set of configurations with the
same set of principal quantum numbers and the
same parity, in this case of the type 4l 4/') were
included while correlation with the core (core
polarization) was included to first order by in-
cluding those configurations in the 'D state, say,
which have Bd-4P or Bd-4f electric dipole transi-
tions to the two main components (4s4p and 4P4d)
of the 'P state. Only correlation with the Sd"
shell is taken into account. Since the number of
terms (configuration states) which could be added
to the '& state was rather large, only those which
combine directly with the two main components

TABLE I. MCHF expansions.

~P state

3d 4g~4p( + 3di04p2 d( + 3di04yj4d2

+ 3d94f24g + 3d94p34g + 3d94p3

+ Bd94f24p/+ Sd~ 4f (tP)4s34d3

tD state (main component Sdt04$)

3d 4p/+Sd 4st4d~+Sd 4d +Sd 4ft4p2

+ Sd 4f +3d94fs( P)4s&4p3

+ Sd94f (~P)4p&4ds+ Sds4s34$

tD state (main component Sd 4s&4@i

3dto 4s 4dt + Sdt 4pf + Sd10 4d) + Sdt0 4f 4p

+ 3d~ 4f + 3d 4fs( P)4&24p4

+ Sd'4f4('P)4p, 4dt + Sd'4s, 4p',

If no coupling scheme is indicated, all possible cou-
pligg schemes have been included.
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of the 'I' expansion were added.
Compared to the earlier calculation for 'I' it

was necessary to add the configuration Sd' 4f 4s 4d
to the '& expansion in order to includ'e the first-
order contribution from 3d-4f excitations to both
large components of 'D. The configuration state
Sd 4f('P) 4s 4d'P was the only one which com-
bined directly with the components of the 'D ex-
pansion and only this configuration state has been
added to the '& expansion.

Since the '& states have two large components,
4P' and 4s4d, the description of the configurations
added to the 'D expansions in terms of correlation
orbitals depends on which of the two is chosen as
refer'ence state. For this reason as many un-

constrained orbitals as possible were determined
for each state (the limit set by MCHF77 is 20 or-
bitals). Only one orbital had to be constrained
and was chosen to belong to a configuration which
combines with the smaller component (3d' 4P 4d)
of the '& state only. The orbital was constrained
to be the same as one of the orbitals in the domi-
nant configuration of the 'D state and was required
not to be a correlation orbital relative to this
configuration. The expansions used for the two
'D states are given in Table I.

Due to the large number of orbitals it was nec-
essary to neglect some overlap integrals in the
calculation of nondiagonal matrix elements, par-
ticularly for the 'D term. Generally, the neglected
overlap. integrals were close to unity, except for
the lightest atoms. In the case of the interaction
between Sd" 4f 4P and 3d' 4f 4P 4d, which is a
single-particle 3d 4d excitation, the cancellation"
between the single-particle integral I(3d, 4d) and

the Coulomb-interaction integrals R'(nl 3d, nl 4d)
was determined numerically. Most of the neglected
overlap integrals in the 'D state are connected with
these matrix elements.

A fixed core model was used as in the earlier
calculation' with the inner 1s, 2s, . . . , 3P orbitals
taken from a Hartree Fock (HF) calculation for
3d' 4s' 'S and the 3d orbital taken from an HF
calculation for 'P. All other orbitals were deter-
mined variationally, specifically all outer orbitals
in the 'I' state were optimized again upon intro-
duction of the 3d' 4f('P) 4s 4d configuration state.

Some special problems were encountered for
specific atoms which necessitated changes in the
general expansions shown in Table I. In the cal-
culations for the,'& state, the interaction with the
3d' 4s, 4P4 configuration decreased with increasing
ionization and became very difficult to determine
for ions heavier than approximately Kr VII. For
Mo XIII and Sn XXI, the effects of the configuration
were taken into account by diagonalizing the energy
matrix including the 3d' 4s 4P' configuration with

the 4s and 4P orbitals fixed at the 4s, and 4p, or-
bitals (see Table I) instead of optimizing them.
For SnXXI, the influence of the configuration was
small and for the heavier atoms the 3' 4s 4p'
conf iguration was neglected.

The calculations for the Q state were somewhat
difficult for low stages of ionization. For ions
heavier than GaII, HP calculations predict 4P' '&

to be lower than 4s 4d 'D. All 4s nd 'D states lie
above 4s4d 'D and contribute towards pushing the
eigenvalue down. In the calculation for the lower
eigenvalue, the 4s 4d 'D component is able to take
into account the effect of the whole 4s nd series
in which the d orbitals in principle can be bound as
well as continuum orbitals. 'The resulting d or-
bital is a correlation orbital and will be designated
as nd, signifying that it represents the inter-
action with the whole 4s md series, where m) n.
For heavy elements, however, the 4d* orbital
is rather close to a, spectroscopic (HF) 4d orbital
and the main part of the interaction can be under-
stood as being between the two configurations 4P'
and 4s4d (and can be calculated by diagonalizing
the interaction matrix using HF functions for 4P'
and 4s4d). For lighter elements the 4d* orbital
deviates more and more from a spect'roscopic
orbital and in a configuration-interaction (CI)
calculation it is necessary to include more and

more members of the 4snd series (as well as the
continuum) to reproduce the MCHF result. In the
optimization of an eigenvalue, which is not the
lowest one of a given symmetry, part of an inter-
acting series might be below and the rest above
the position of the state being sought. In such a-

case it seems to be easier, although not in prin-
ciple necessary, to introduce one orbital to re-
present the interaction from below and another to

TABLE II, Eigenvector compositions of the two low-
est ~D states in Ga ii. Only components larger than 0.025.
are shown.

aiD stat

0.7422
~

Bd~04pj) —0.6668
~

Bd~o 4s&4+)

+0.0284( 3d 4d )+ 0.0316
~

Bd 4fg4p2)

—0.0263 i
Bd9 4f4(iP)4pg(2P)4d3)

—0.0259
~

3ds 4s& (BD)4P24(BP) )

~D state

o.6579 I Bd 4s&4dI)+ 0.67281 Bdfo 4p2)

—0.3077
~

Bd~o 4s&5d) + 0.0656
~

Bd~o 4d22)

+ 0.0998 I
Bd~o 4fg4p2)

+ 0.0343
~

3d9 4f& (iP)4s24p4)

—0.0478
~

Bds 4f4(~P)4PS(2S)4+)

—0.0421
i

Bds 4s& (sD)4P25(sP) )
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represent the interaction from ab ove. This is
the case for GaII . HF calculations for Ga II place
4s 4d '& below 4P' '&, which, however, is below
4s 5d '& and the rest of the 4s nd series. In a
2 && 2 CI calculation using HF o rb ital s, 4s 4d 'D is
likely to be the dominant component in the lowest

state in Ga II. However, due to the interaction
between 4P' and the rest of the (higher-lying) 4snd
series, 4P is in effect pushed down more (by 4s
nd, n &4) than up (by 4s4d) and in the MCHF cal-
cul ation 4P' is the dominant component of the low-
est 'D state (55%). The Q state would thus be
expected to have a dom in ant 4s 4d 'D component
and be the first member of the 4s nd series. The
position of this state corresponds roughly to the
HF position of the 4P' '& term and the effects of
interaction with 4s nd are rel ativel y minor because
4s4d pushes the state up nearly as much as Z~,
4snd pushes it down. It is still possible to repre-
sent the weak interaction between Zi„54s nd and
4P' using one 4s 4d* configuration state but it is
e asie r to obtain initial estimates of the e or re 1ation
orbital by introducing both the Hartree- Fock 4s4d
and the correl ating 4s 5d* configurations. The
calculations were caz ried out using frozen 4s and
4d orbitals taken from a HF calculation for 4s4d 'D
and only the 5d* orbital was optimized. 'The same
procedure was applied to the calculation of the

state in Ge III and the results were found to be
equivalent to those obtained using one 4s4d* con-
figu ration state to represent the 4snd series. The
cance 11ation between the single- particle integral
I(4d, 5d) and the Coulomb interaction integrals
ft"(nl 4d, nl 5d) was carried out numerically and
the off-diagonal m atrix element between the two
conf igurations was small as expected from
Brillouin's theorem. " The eigenvector com-
positions for the two '& states in Ga II are given
in Table II. Only contributions larger than 0.02 5
are shown. It is seen that the 1ar ge st individual
e igenve ctor component in both state s is 4P' but
the ~& state in total has more 4snd 'D than 4P'
char acte r, in agreement with expectations.

In Zn I, the 5D state (dominant eigenvector com-
ponent 4p') is expected to be in the continuum"
and no attempt has been m ade to obtain an MC H F
wave function for it.

TABLE III ~ Tripl et levels included in the intermedi-
ate-coupl ing calculation.

J= 1 state (dominant components 4s&4P& and 4p2 4d& )

4s(4pg Pt + 4p54dg P5 + 4p54Q Dg

J= 2 states (dominant components 4s&4Q and 4ptf)

4 14 I 2 + p1 P2 + V54p2 D2 + f14p2 P2

in the complex was carried out. The levels in-
cluded via the spin- orbit interaction are given
in Table III. The reason for including levels
of the 4p4f configuration in the Z = 2 calculations
is that 4P4f 'D has a fairly large coefficient (-0.1)
in the ',D state. However, it turns out that the
only significant admixture s due to the spin- orbit
interaction is 4s4P 'P, in the 'P, state, 4p"P, in
the,'D, state, and a smaller admixture of 4s 4d '&,
in P7, . The angular part of the spin-orbit inter-
action matrix was calculated using a modified
version of Klotz program. " The radial spin- orbit
parameters we re taken from the MC HF results
and the electrostatic energies of the levels added
were calcul ated from the electrostatic energy
expressions using the radial integral s from the
MC HF calculation. For example, the electrostatic
energy of 4p' 'P was determined as

E(4P"&)= &(4P"D)- ~25 &'(4P, 4P ),
where E(4P' 'D) is the diagonal energy of 4p' 'D
in the MCHF calculation. These procedures are
somewhat arbitrary and the resulting wave func-
tion will only be an approximation to the correct
'P or 'D wave functions.

IV. MU LTICONFIGU RATION DIRAC-HARTREE-FOCK

CALCULATIONS

MCDHF calc ul ati ons were carried out using the
De sc1aux computer program" to determine the
'P —'D transition energies for ion s heavier than
Br VI . Only the most important configurations
within the complex were included (Table IV). The
calculations are similar to those carried out by
Cheng and Johnson' for the Mg seq uence except
that these authors included al so the d' conf igura-

III. INTERMEDIATE-COUPLING CALCULATIONS

Since a simple intermediate-coupling (IC) calcu-
1ation was successful in the case of the 'P state, '
a similar but more accurate appr oach has been
adopted here . A diagonaliz ation of the J' = 1 and
J = 2 interaction matrices based on the electro-
static MCHF matrices for 'P and 'D augmented
with the spin-orbit matrices for some of the levels

TABLE IV . MC DH F expansions .
J= 1 state

4st/24'/2 + 4sf/24p5/2 + 4p1/24 8/2 + 4p3/245/2 + 4p5/24d5/2

J=2 states

4si/24 5/2 + 4st/, 4d, /, + 4pj/54p5/5 + 4Q/5
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TABLE V. Calculated S- D energy separations (a.u.)
in the Zn I isoelectronic sequence. The observed values
for S-,D are also shown.

TABLE VI. Calculated P- D energy separations
(a.u.) in the Zn I isoelectronic sequence obtained in
MCHF calculations.

Ion
iS iD

MCHF Qbser ved ~
1 1S —5D
MCHF

Ion iP ~iD iP iD

ZnI
Ga II

Ge III

As Iv
Sev
Br vI
Kr vII

Mo xIII
Sn xxI
Xe xxv
Sm xxxIII
WXLv

0.2619
0.4727
0.6320
0.7804
0.9236
1.0638
1.2022
2.0128
3.0740
3.6023
4.6573
6.2382

0.2/4 582
0.490 804
0.660 541
0.818 149
0.971 383

0.5575
0.7898
1.0189
1.2404
1.4581
1.6718
2.8949
4.4435
5.2005
6.6960
8.9124

ZnI
QaII
Ge III

As Iv

Sev
Br vI
Kr vII

Mo xnI
Sn xxI
Xe xxv
Sm xxxIII
W xLv

0.0610
0.1610
0.2267
0.2882
0.3481
0.4071
0.4656
0.8120
1.269
1.497
1.953
2.638

0.2458
0.3845
0.5267
0.6649
0.8013
0.9352
1.694
2.638
3,095
3.992
5.312

~Reference 1.

tion in the J=2 states. Cheng and Johnson found
that the 3p', /, J=2 level crossed 3s]/, 3d3/, J=2
and 3sg/, 3d, /, J=2 for 2=50, approximately, and
became the highest of the four J= 2 levels in 3P'
and 3s3d. The same crossing takes place around
Z = 70 in the Zn sequence. The first and fourth
eigenvalue of the J= 2 interaction matrix corre-
sponds to the 'D terms in the LS limit up to the
crossing but after the crossing the ~D term corre-
sponds to the third eigenvalue. In the MCDHF cal-

culations these particular eigenvalues were op-
timized. For J=1, the second eigenvalue, corre-
sponding to the 'P term in the LS limit was opti-
mized. All calculations were made assuming the
nucleus to be a point charge.

V. NONRELATIVISTIC RESULTS

The nonrelativistic MCHF wave functions de-
scribed in Sec. II have been used to calculate the
positions of the two lowest 'D terms and to calcu-
late the Ii values for the transitions to 'P from
these two 'D terms. Table V shows the calculated

TABLE VII. Nonrelativistic gf values for the P-,D transitions in the ZnI isoelectronic
sequence. Length (l) and velocity (v) values are given.

Ion

ZnI

GaII

Ge III

As Iv

Sev

Br vI
I

Kr vII

Mo xIII

Sn xxI

Xe xxv

Sm xxxIII

WxLv

l
V

l
V

l
V

l
V

l
V

l

l
V

l
V

l

l
V

l
V

l
V

&fE, ,
1.229
1.646
0.000 58
0.034 2
0.252
0.358
0.484
0.577
0.632
0.705
0.727
0.784
0.789
0.834
0.885
0.920
0.821
0.847
0.779
0.808
0.696
0.721
0.594
0.616

C ancellation
factor

0.473
0.174
0.000 12
0.001 50
0.054 6
0.015 6
0.112
0.026 9
0.154
0.035 2
0.185
0.042
0.210
0.047 2
0.294
0.069 7
0.344
0.0843
0.361
0.090 2
0.383
0.097 1
0.404
0.104

gf&c~c
outer correlation

1.214
1.650
0.004 04
0.028 1
0.307
0.381
0.565
0.633
0.725
0.781
0.824
0.871
0.888
0.927
0.968
0.9.87
0.882
0.897
0.831
0.846
0.736
0.751
0.622
0.637

1.442
1.403
0.000 61
0.032 6
0.269
0.335
0.517
0.540
0.674
0.662

'Core-polarization effects included.
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position of the 'D terms- relative to the ground
state 4s' 'So. These values are obtained as the
difference between total MCHF energies using the
ground-state energy obtained in the earlier calcu-
lation. The 'I' —'D transition energies, calculated
as a difference between total MCHF energies, are
given in Table VI.

Table VII shows the theoretical gf values for the
'I' —,'D transitions calculated using the transition
energies given in Table VI. The negative phase
between the two main eigenvector components (see
Table II) together with the convention that the
orbitals be positive near the origin leads to de-
structive interference in the calculation of the
transition probability to the 'I' state and the gf
values given in 'Table VII are fairly small. A
quantitative measure of the importance of can-
cellation is given in Column 3, which shows the
ratio between the true gf value and the value cal-
culated using absolute values of all contributions
to the quare. root of the line strength. 'These
cancellation factors are less than 0.5 in all cases
shown and less than 0.1 in many cases, particular-
ly for the velocity value. -This means that rather
accurate wave functions are necessary in order
to obtain reasonably accurate line strengths. At
the same time fairly accurate transition energies
are necessary in order to obtain accurate Il' values
since the absolute transition energy is relatively
small. In order to distinguish between these two
sources of error, column 5 (Table VII) gives the

gf values calculated using the observed energies'
in the spectra ZnI to Se V. 'The agreement bet-
ween length and velocity values is better for all
these spectra when the observed energies are
used. In particular, very good agreement is ob-
tained in the case of Zn I, suggesting that the fairly
large discrepancy obtained using the theoretical
transition energy for ZnI is almost entirely due
to the error in the determination of the energy.
For GaO and GeIII the difference between length
and velocity value remains large when the observ-
ed energies are used and the error in the calculat-
ed line strengths seems more important than the
error in the calculated transition energy. For
As IV and SeV the calculated line strengths seem
again to be more accurate than the calculated
energies.

In the case of GaII, there is nearly complete
cancellatiori between the contributionq from the
two large components of the 'D state (Table II).
This makes the calculated gf value very sensitive
to small changes in the wave functions —in fact,
sensitive to such an extent that the result is de-
pendent even on the degree of self-consistency
obtained for,'D. 'Two MCHF calculations with a

.lower degree of self-consistency gave gf (length)
values of 0.016 27 and 0.004 54 compared to the
value of 0.00058 given in Table VII. 'The corre-
sponding velocity values were 0.-1247, 0.0625, and
0.0342. Thus the calculated length gf value in
GaII is apparently uncertain to within a factor of

TABLE VIII. Nonrelativistic gf values for the P-~D transitions in the Zni isoelectronic
sequence. Length (l) @nd velocity (v) values are given.

Ion
C ancellation

factor
gf@

outer oor'relation

Ga ii

Ge ~~

As w

Sev

Br vi

Kr vu

Mo xai

Sn xxr

Xe xxv

gm xxxm

WxLV

l
V

l

l
V

l
V

l
V

l
V

l
V

l
V

l
V

l
V

l
V

3.64
3.67
4.94
4.82
5.15
5.07
4.97
4.84
4.81
4.68
4.62
4.52
3.63
3.61
2.78
2.81
2.49
2.52
2.06
2.10
1.63
1.67

0.470
0.225
0.684
0.407
0.666
0.430
0.655
0.431
0.651
0.437
0.649
0.441
0.659
0.455
0.679
0.465
0.687
0.467
0.703
0.474
0.719
0.479

3.92
3.92
5.34
5.26
5.56
5.51
5.38
5.28
5.21
5.10
5.01
4.91
3.92
3-.88
2.97
2.97
2.65
2.66
2.17
2.19
1.70
1.73

Core-polarization effects included.
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25. The disparity between length and velocity
values amounts to a factor of 50 even if the ob-
served transition energy is used. Despite this
uncertainty it seems clear that the 'P —,'D gf
value in GaII is very small.

Since the two main contributions to the oscillator
strength partially (or nearly completely) cancel
each other, fairly small contributions like core-
polarization effects can influence the final value
more .than could be expected for a transition bet-
ween excited states. Column 4 in Table VII gives
the gf values calculated from the MCHF wave
functions but including outer correlation only. The
difference between columns 2 and 4 shows the im-
portance of core polarization for this transition.
Except for ZnI, the influence of core polarization
is fairly large, especially in the case of the length
value. The difference is more than 20% in the case
of Ge Ill (length value) and considerably more for
GaII. However, for GaII the precise value is
rather uncertain for reasons mentioned above.
From MoXIII(9%) to WXIV(5%}, the influence of
core polarization is similar to that found earlier'
for the '8- 'P transition. The influence of core
polarization ori the velocity value is smaller,
particularly in the beginning of the sequence.

Table VIII gives the results for the 'P —P
transition. For this transition the phase between
the eigenvector components in the 'D state is such
that it leads to constructive interference, and the
calculated gf values are large. However, some
cancellation is still present. The cancellation
factors in column 3 are between 0.47 and 0.72 for
length and between 0.22 and 0.48 for velocity
values, where the smallest figures correspond to
GaII. Column 4 shows the gf values calculated
assuming outer correlation only. The contribution
from core polarization is less than 10% in all cases
(approximately 8% from GaII to Mo.xm and de-
creasing to 5% in W XI V ). This is less than found
for the 'S —'P (Ref. 9) and 'P —,'D (Table VII)

transitions for the light atoms, but comparable
to the core polarization on these transitions for
the heavier atoms (Mo XIII and heavier). It is
somewhat surprising that core polarization is
equally important for transitions between excited
states and transitions involving the ground state'
as found here for the heavier ions. This phenom-
enon is probably a consequence of the contraction
of 4p and 4d orbitals relative to 4s with increasing
ionization. The mean radii (a.u. ) of the three or-
bitals (taken from HF calculations for 4s' 'S,
4s4p'P, and 4s4d'D) are 2.898(4s), 6.110(4p),
and 10.756(4d) for ZnI, but 0.4202, 0.4161, and
0.4009 for W XLv. Thus for heavier elements the
proximity of the outer electrons to the core is
approximately the same for all n =4 orbitals.

VI. INTERMEDIATE-COUPLING AND MCDHF

CALCULATIONS

'The necessity for carrying out intermediate-
coupling calculations is a result of the destructive
interference between the main contributions to the
'P —,'D osci, llator strength, which makes this gf
value sensitive to even very small additional con-
tributions to the wave functions. Similar observa-
tions have been made in the SlgI isoelectronic se-
quence. "

Intermediate- coupling calculations therefore
were carried out for the J=1 and J=2 states, as
described in Sec. III. The neglect of relativistic
contributions other than the spin-orbit interaction
in the IC calculations leads to serious errors in
the calculated transition energies for high stages
of ionization, especially for the 'P —,'& transition.
The MCDHF calculations using Desclaux's pro-
gram (Sec. IV) show that the correct transition
energies are larger than the MCHF values (Table
IX), although the MCDHF/MCHF ratios are con-
siderably smaller than the ratio between observed
and MCHF energies for the resonance transition'

TABLE IX. Calculated MCDHF transition energies (a.u.) for the ions Kr v&& to W xLv. The
MCDHF/MCHF ratios are given as well as the observed/MCHF ratios for the ~S-~Preso-
nance transition.

MCDHF
ig i~

MC DH F/MCHF
~P-)D

MCDHF MCDHF/MCHF
is

obser ved/MCHF

Kr vu
Mo xIII

Sn xxI
Xe xxv
Sm xxxm
W XLV

0.4733
0.8586
1.406
1.696
2.309
3.328

1.017
1.058
1.109
1.133
1.182
1.262

0.9731
1.792
2.863
3.414
4.601
6.204

1.040
1.058
1.085
1.103
1.153
1.168

1.043
1.102
1.21
1.307
1.543
2.082

Reference 9; the S-~P transition has not been observed for Sn xx&, Sm xxxm, and Wxt.v.
The values used as observed" are taken from HFR (Sn xxr) and RRPA (Sm xxxnz and WxLv)
calculations (Refa. 6 and 7).
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(the latter ratios are reproduced in Table IX).
'That the relativistic shifts on the 'P —'D transi-
tions should be much smaller than on the 'S- 'P
transitions can be understood from the eigenvector
compositions of the terms in jj coupling. In this
coupling scheme the 'P term has a very large
4sy/24P, /, component. Thus the large relativistic
shift in the 'S- 'P transition energies is due to a
4sy/ 2 4p3/2 excitation, where the shift on a 4s, /,
electron is much larger than the shift on a 4P, &,
electron. 'The,'D term has 4p, /, 4p, /, as its main

jj component and the 'P —,'D transition therefore
corresponds to a4sy/2 4py/2 excitation. These
two orbitals are degenerate in a hydrogenic ap-
proximation for large Z and the relativistic energy
shift will consequently be small. 4sy/, 4d, /, is the
dominant eigenvector component of ~g and the
'P —',D transition consequently corresponds to a
4p3 / 2 4d, /, excitation. 'These orbital s have sm all-
er relativistic shifts than 4sy/2 and 4p, /, electrons,
although they are not degenerate for large Z.

The relatively small increase in the MCDHF/
MCHF ratio for 'P —',D between SmXXXIII and
W XI V can be attributed to the crossing of 4P3/2
and 4s4d.

'The accuracy of the eigenvectors obtained in the
IC calculations can be expected to be better than
the accuracy of the energies because the bulk of
the neglected relativistic effects, the mass-cor-
rection, and the Darwin terms, displaces all
levels belonging to a particular configuration as a
whole and the IC calculation will therefore give
approximately the correct spin-orbit mixing bet-
ween terms belonging to a given configuration.
Nevertheless, because of the crossing described
earlier, the approximation can be expected to
break down in a region around W XI V. In the
MCDHF calculation, ,'D is the third J'= 2 level in
W XIV but in the IC calculation &D is still the
fourth level. However, . the IC approximation will
also break down with increasing ionization for
more general reasons and in the study of the re-
sonance transition it was found that the IC value
for W XLV was slightly inaccurate.

The IC calculations for 'P and 'D were combined
to give gf values for the 'P, —'D, transitions.
Since both are singlet terms, the 'P, —'D, gf value
is equivalent to the 'P —'D multiplet value calcu-
lated earlier and the difference between the two
shows the influence of spin-orbit interaction
directly. Since the IC energies are less accurate
than the MCHF ones, the latter have been used in
the calculation of the oscillator strengths. This,
furthermore, means that a comparison with the
nonrelativistic results shows directly the influence
of relativistic effects on the line strength, since
both sets of calculations use the MCHF energies.

TABLE X. gf values obtained from intermediate-
coupling calculations, with core-polarization effects in-
cluded, computed using the MCHF energies and com-
pared with gf~" values. Length (l) and velocity (v)
values are given.

Ion
~P-~D iP iD

gf IC gfMCHF gf IC gfMCHF

Zn I

Ga, u

Ge ur

As iv

Sev

Br vi

Kr vo

Mo xlII

Sn xxr

Xe xxv

Sm xxxIII

Wxlv

l 1.23
v 1.65
l 0.000 58
v 0.0341

0.250
v 0.355
l 0.474
v 0.564
l 0.606
v 0.675
l 0.677
v 0.728

0.709
v 0.746
l 0.609
v 0.635
l 0.428
v 0.438
l 0.365
v 0.376

0.280
v 0.297

0.211
v 0.243

1.23
1.65
0.000 58
0.034 2
0.252
0.358
0.484
0.577
0.632
0.705
0.727
0.784
0.789
0,.834
0.885
0.920
0.821
0.847
0,779
0.808
0.696
0.721
0.594
0.616

4.94
4.81
5.-15
5.07
4.96
4.83
4.79
4.67
4.60
4.5O

3.58
3.56
2.70
2.71
2.40
2.42
1.99
2.00
1.76
1.65

4.94
4.82
5.15
5.07
4.97
4.84
4.81
4.68
4.62
4.52
3.63
3.61
2.78
2.81
2.49
2.52
2.06
2.10
1.63
1.67

The gf values calculated using the IC wave func-
tions (gf'c) as well as the nonrelativistic values
(gf"c"F) are shown in Table X. The gf c"v values
are taken from Tables VII and VIII.

Comparison between length and velocity values
in 'Table X shows that the agreement between the
two is as good for gf'c as for gf"c"Fvalues. The
exception is W XLV, which seems to confirm our
earlier conjecture that the IC calculations for
W XI,V are less accurate than for the other atoms.
'The good agreement between length and velocity
values in the IC calculation is rather surprising.

Table X shows that the influence of relativistic
effects on the line strength, as expected, is most
pronounced for the 'P -,'D transition and amounts
to a reduction of the nonrelativistie value by a
factor of more than 2.5 in Sm and W. However,
the gf values for Zn and Ga are essentially un-
changed. This is a consequence of the crossing of
4s4d and 4p' in the beginning of the sequence. In
ZnI and GaII, D has a large 4s4d eigenvector
component and since g« is much smaller than f~
the influence of spin-orbit interaction is less
significant for 4s4d than for 4p'. Between GaII
and Ge III the amount of 4p' increases from 55%
to 73% and the 4p' 'P, admixture increases from
O. l%%uo to 0. 5'%%up. From Ge III, the relativistic effects
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increase fairly rapidly, particularly after Kr VII.
The reason is that the 'P-term is calculated to be
practically pure up to Kr VII. The only effect of
a triplet admixture in,'D is consequently to scale
the gfno"F value in the ratio between singlet and
triplet contributions to the,'D term (assuming that
the relative eigenvector composition of the singlet .

part of the wave function remains constant}. Con-
sequently a triplet eigenvector component as large
as 0.5 will result in a reduction in the 'P —,'D gf
value by "only" 25%. However, when the 'P term
also acquires a large triplet component, the two
combine to give a contribution to the 'P —,'D line
strength which can interfere constructively or
destructively with the contributions f rom the
singlet parts, thereby influencing the gf value
much more drastically.

For the 'P —~D transition, relativistic effects
are much smaller (Table X}. Also for this transi-
tion, the relativistic effects lead to a reduction
in the line strength (except for the length value in
W which, as already mentioned, is less reliable}.
However, the relativistic effects are negligible
until after Kr VII and the reduction in line strength
is only 3% for the length value in Sm XXXIII.

'The relativistic reduction in the line strength is
partially canceled Qy the relativistic increase in
the transition energies for the 'P —,'D transition
and completely canceled for the 'P —P transition.
'The MCDHF transition energies have been used
to scale the gf'c length values to obtain gf values
which take into account core polarization as well
as relativistic effects, at least in an approximate
way, for the ions heavier than BrVI. These final
gf values are given in Table XI. For the 'P —,'D

transition, the overall relativistic effect on the

gf value is a reduction by about 10% for Kr VII,
increasing to more than a factor of 2 for
Sm XXXIII and W XLV. For the 'P-g transition,
the relativistic effects increase the gf value by
approximately 3% in Kr VII and 10% in Sm XXXIII .

VII. COMPARISON KITH EXPERIMENT

A limited amount of observational material
exists at present for the 'D terms, in the ZnI iso-
electronic sequence. 'The lowest 'D term has been
observed in the spectra from ZnI to SeV, while
the second lowest 'D is reported in Ref. 1 for
GeIII and AsIV. However, as already noticed by
I itz4n, "the published' classifications do not
correspond to the dominant eigenvector component
except for the lowest 'D term in Znl, which has
a dominant 4s4d component. The lowest 'D term
in the rest of the sequence has primarily 4p'
character, while the second lowest should be
designated 4s4d 'D.

TABLE XI. Approximate relativistic gf values for the
~P-~D transitions in the Zn I isoelectronic sequence.
The intermediate couplirg length values (Table X) ob-
tained using the MCHF energies are scaled in the ratio
between the MCDHF and MCHF energies (Table IX).
Core-polarization effects are included.

Ion iP i D

Kr vII

Mo xIII
Sn xxl
Xe xxv
Sm xxxIII
W xLv

0.721
0.644
0.475
0.414
0.331
0.266

4.78
3.79
2.93
2.65
2.29
2.06

TABLE XII. Observed and calculated transition prob-
abilities for the ~P —~~D transition in Zn I and Ga II. The
"observed" gf values are obtained under the assumption
that no branching is present in the ~D state.

Ion

Observed
lifetime

(nsec) gf value
C alculated
gf value

ZnI

Ga II

285 ~ 14'
23 2g 2b
21.1 + 0.4 '
15.8+ 1.0d
54 g 5
55'

0.106 + 0.06
1.31 + 0.12
1.44 '+ 0.03
0.346 + 0.022

+ 0.01
0.099

1.44
1.40

0.006
0.0326

May, double resonance, Ref. 26.
Osherovich et al. , delayed coincidence, Ref. 27.

'Shaw et al. , electron-photon coincidence, Ref. 28.
Andersen and Qrensen, beam-foil, Ref. 29.

'Denne et al. , beam-foil, Ref. 30.
' Andersen, beam-foil, preliminary value, Ref. 31.

Considering the lowest 'D term, the observed
'S —,'D energy separations were given in Table V
and comparison with the calculated distances
shows good agreement. The latter are about 4/g

smaller than the former from GaII to SeV. This
is approximately twice the deviation observed for
the S —'P separation in Ref. 9.

The lifetime of the lowest 'D term has been
measured for ZnI"" and GaII"" and the results
are shown in Table XII. The measured lifetimes
have been converted to gf values under the as-
sumPtion that the lifetimeis due exclusively to
the 'P —,'D transition probability. Judging from
the IC calculations and the observations, this
procedure can be expected to lead to reasonable
results in ZnI and GaII but not for the higher
stages of ionization. because of appreciable pro-
babilities for other decay modes. For ZnI it
seems safe to assume that 4s4p'P-, 'D is the dom-
inant decay mode for,'D. 'There is very good
agreement between the "observed" gf value calcu-
lated in this manner from the latest and most ac-



1828 CHARLOTTE FROESE FISCHKR AND JQRGEN E. HAN SEN 19

TABLE XIII. Observed and calculated, D-&~D sepal a-
tions (cm-~) in the Mg t and Zni isoelectronic sequences.
The calculated values are obtained from MCHF calcula-
tions,

Ion Calculated Observed

Mg sequence
Alu
Si III

P Iv

Zn sequence
Ga it
Qe nI

As w

25420~
45 190a
63 450a

18 610
34 630"
52 350"

24 608
43 550
61 012

18466
3804' 29142'

25095~

~ Froese Fischer, Ref. 25.
"Present work.
'Kaufman and Hagan, Ref. 33.
dToresson, Ref. 34.
'Zetterberg and Magnusson, Ref. 35.
f Denne and Litzen, Ref. 14.
~AEL, Ref. l.

curate experimental lif ctime' and the theoretical
gf value (also shown in Table XII) obtained using
the observed transition energy (Table VII).

For GaII, it is more doubtful whether it is
possible to convert the,'D lifetime to gf value
without considering other decay modes. 4s4p 'P
—,'D transitions have been observed in GaII" but
their intensity relative to 'P —,'D are difficult to
judge since the published intensity values are
visual estimates of photographic blackening and the
lines occur in quite different wavelength regions.
In addition, the difference between the calculated
length and velocity values shows that the theoreti-
cal value is of limited accuracy. Nevertheless, it
is clear that the theoretical prediction is a very
long lifetime which is in agreement with the latest
measurements. "~"

For the second 'D term the experimental in-

formation is even more scarce. Table XIII shows
the calculated, '& —Q distances in GaII, Ge III,
and AsIV as well as the observed. "" For com-
parison MCHF determinations" of the same dis-
tance in three spectra of the MgI sequence are
given. These are calculated without the intro-
duction of core polarization which, however, does
not affect the term separations very much. The
MCHF results for AlII, SiIII, and PW show good
agreement with the observed values, ""while no
agreement exists with the values in GeIII and
As' given in Ref. 1. Denne and Litz4n'4 have
recently established the second 'D term in GaII
and also a tentative 'D term in Ge III. Both terms
are in good agreement with the MCHF predictions.

The lifetime of the second 'D term has recently
been measured in GaII." The result is 0.73 +0.07
ns, which corresponds to a gf value of 3.3+0.3
under, the assumption that 'P —,'D is the only decay
mode. The theoretical length value given in Table
VIII is 3.64. If the observed transition energy is,
used a, value of 3.74 is obtained. Both values are
in good agreement with the observed. They are
slightly larger than the- observed, which could
indicate that some cascade effects still are pre-
sent on the experimental lifetime, especially when
it is remembered that taking branching into ac-
count will make the "observed" gf value smaller.
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