
PHYSICAL REVIEW A VOLUME 44, NUMBER 9 1 NOVEMBER 1991

Effect of configuration mixing on 3d-4f transitions in highly ionized Ga-, Zn-, and Cu-like ions
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It is shown that the introduction of configuration interaction through 4s4f 4p4d -and 4p4f 4d mixi-ng

has a very significant effect on 3d 4f transit-ions in highly charged Ga-, Zn-, and Cu-like ions. This effect
changes the width and, to a lesser extent, the mean wavelength of transition arrays as compared to the
spin-orbit split array model. Because of this mixing, lines previously identified as dielectronic recom-
bination satellites may have a non-negligible inner-shell excitation component. This should be taken into
account in models for the intensities of these lines.

PACS number(s): 31.20.Tz, 32.30.Rj, 52.25.Nr

I. INTRODUCTION

Many spectra of highly ionized elements emitted from
laboratory plasmas are characterized by strong 3d 4f-
emission from ions neighboring the Ni-like charge state
(ground-state 3d' and transitions 3d' 3d 4f ). Lase-r-
produced-plasma spectra of many high-Z elements show-
ing these features have been published (see Ref. [1] and
references therein). A typical spectrum emitted from a
laser-produced tantalum plasma is shown in Fig. 1. This
spectrum, obtained at the Soreq Nuclear Center has al-
ready been analyzed in Ref. [1] where details on the ex-
perimental setup and wavelength calibration can be
found. For this kind of spectrum, the only theoretical
means for transition identification is ab initio accurate
predictions together with careful isoelectronic sequence
considerations. Indeed, the classical method of paramet-
ric fitting of level energies cannot be applied for such
high-ionization stages, since blending of lines is the rule,
and most of the features appearing in the spectra are un-
resolved transition arrays (UTA's). This was pointed out
by Wyart et al. [2] in the case of the Cu-like 3d-4p se-
quence. The analysis of the 3d 4f pseudocontin-uum was
first performed by Klapisch et al. [1] for the spectra of
Tm to Re and by Busquet et al. [3] for the Au spectrum.
The two latter works rely on computations using the
RELAc code based on the relativistic parametric potential
method [4]. Because of the nature of the spectrum, with
a very large number of lines merging into unresolved
transition arrays, extensive use of the spin-orbit split ar-
ray (SOSA) [5] model was made by Klapisch et al [1].
The SOSA model is a version of the UTA theory [6] that
accounts for the splitting of the array into jj components.
However, some discrepancies inherent to the SOSA ap-
proximation were found in Ref. [1]. The origin of these
discrepancies is twofold.

(i) The SOSA model as used in Ref. [1] assumed pure jj

coupling. It was found that, even if the 3d-4f array was
conspicuously split into subarrays corresponding to the
difFerent 3d-4f-allowed jj transitions, some residual in-
teraction between the relativistic subconfigurations gave
additional wavelength shifts and redistribution of intensi-
ties that was not taken into account in the SOSA model.
Recently, the global efT'ects of the mixing of relativistic
subconfigurations (the breakdown of jj coupling) on the
intensities of the SOSA subarrays has been included in
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FIG. 1. Spectrum of tantalum emitted from a laser-produced
0

plasma in the 5.8—6.4-A region (courtesy of Dr. A. Zigler).
A, B,C, . . . :3d3/p 4f, zz transition in Ni-, Cu-, Zn-, . . . like
tantalum with the 4I spectator electron. b, c,d, . . . , same as
B,C,D, . . . , but among the spectator electrons, one belongs to
51(see Ref. [15]).
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the SOSA model [7].
(ii) Important configuration interaction of the

4s4f 4p4-d and 4p4f 4d-kind was found [1]. Since
configuration interaction was not taken into account in
the SOSA model, identification of individual lines super-
imposed on the pseudocontinuum was discarded in Ref.
[1]. Nevertheless, the major features of the 3d 4f p-seu-
docontinuum could be analyzed, and the conclusion was
reached that the different peaks in the experimental spec-
trum correspond to 3d-4f transitions in the successive
lower-ionization states. This was confirmed by the
analysis of b n & 1 transitions [8—11] where these
discrepancies were found to be negligible. It must be
stressed that the global effect of configuration interaction
on the intensity distribution of unresolved transition ar-
rays [12] is now also well understood [13]. However, no
studies have been performed on the global effect of
configuration mixing on the structure of the spin-orbit
split arrays. Since this effect is crucial to the understand-
ing of the details of the 3d 4f emissi-on pattern as it ap-
pears, for example, in the spectrum emitted by the tan-
talum laser-produced plasma of Fig. 1, a more detailed
study of this effect has been undertaken.

II. THEORY

The wavelengths and gf values of the transitions were
computed using the RELAc code implemented on the Na-
val Research Laboratory Cray computer. Parametric po-
tential optimization was performed using the variational
criterion on the average energy of the excited
configuration. A correcting shift (see, for example, Ref.
[11]) was used for the ground-state energy on the final
computation. The same method was used in many previ-
ous works (Refs. [1]and [10],for example).

30

I

20

(a)

C)

10

I

20

C)

10

I

g) 20

(c)

C)

10

0 , , . [x L
I I

5.8 6 6.2 6.4
wAYELENGTH (I)

FIG. 2. Transitions in Ga-like Ta XLIII: {a)
3d'04s 4p 3d94s 4p4f; (b-) 3d' 4s 4p 3d (4s 4p4f+-4s24d2); (c)
3d' 4s 4p 3d (4s 4p4-f+4s 4d +4s4p 4d).
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computation, whereas Fig. 2(b) includes mixing of the
upper configuration with 3d 4s 4d . Figure 2(c) displays
the results of the 3d' 4s 4p 3d (4s 4p4f-+4s 4d
+4s 4p 4d ) computation, allowing mixing through

III. EFFECT OF CONFIGURATION MIXING
(a)

A. Global eÃect

The global effect of the configuration mixing on 3d4f-
transitions will first be shown in a qualitative way in four
different transitions pertaining to three ionic states. In
each case the effect of the configuration mixing is shown
by comparing the results of the ab initio intermediate
coupling computation in the form of theoretical spectra.
In these theoretical spectra, the height of each line is pro-
portional to gA, g being the statistical weight of the
upper level and A the transition probability. The first
theoretical spectrum shows the results of the computa-
tion before introduction of the mixing. The second (and,
in Fig. 2, the third spectrum also) shows the results of the
computation including the perturbing configuration. All
the computations have been performed for highly ionized
tantalum.

1. TaxJssl
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The results of the computations for Ga-like TaXLIII
are displayed in Figs. 2(a)—2(c). Figure 2(a) gives the re-
sults of the single configuration 3d' 4s 4p 3d 4s 4p4f-FIG. 3. Transitions in Zn-like Ta xLIv.

3d'O4s2 3d 4s24f; (b) 3d' 4s 3-d9(4s 4f+4s4p4d). -
{a)
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4s4f 4p-4d and 4p4f 41-' interaction. The third
configuration adds 452 levels to the 113 levels already
present in the second case.

2. Ta XL.IV

In the Zn I-like isoelectronic sequence the
3d ' 4s 3d 4-s 4f transition has been computed [Fig.
3(a)] and the effect of the mixing of the upper
configuration with the 3d 4s4p4d configuration is shown
[Fig. 3(b)]. It must be pointed out that the 4s 4f 4s-4p4d
mixing has already been observed for An =0 transitions
in the Gal-like sequence [14]. The single-configuration
computation gives, in analogy with the Ni-like transition,
three lines corresponding to each of the three SOSA
subarrays. Since the third line at the longest wavelength
has a g 3 value smaller than the g 3 value of the two oth-
er lines by three orders of magnitude, only the two
strongest lines are visible. The width of each of these
subarrays is, of course, AA. =O. This is the width listed
for this transition in Ref. [15] (see Table I therein). The
computed transition including configuration mixing
shows now many lines in the 5.9—6.0 A-wavelength range,
and thus the actual subarrays have finite width.

3. Ta xLV

mixing has been pointed out previously [1]. For the
b, n =0 transitions, the strong 4s4f 4p-4d interaction has
also been studied in the Zn? sequence [16]. The Cu-like
3d' 4p 3d -4p4f transition has also been computed and
the efFect of the configuration mixing with the 3d 4d
configuration has been calculated. The results are
displayed in Figs. 5(a) and 5(b).

The following conclusions can be drawn from Figs.
2—5.

(i) In each case, the general structure of three subarrays
is not changed.

(ii) The subarray widths are much larger when
configuration mixing is introduced.

(iii) Line intensities are smaller in the case of
configuration mixing because this intensity is shared be-
tween many more lines.

(iv) It seems that the mean wavelengths of the subar-
rays are not changed.

To express these facts in a more quantitative way, the
line-strength-weighted mean wavelengths A, and spectral
widths AA. of the arrays were calculated using the com-
puted data for individual lines (unlike the UTA or SOSA
models). A, and bL are defined by the following equa-
tions:

For the Cu-like 3d' 4s 3d 4s4f t-ransition, mixing of
the upper configuration with 3d 4p4d was introduced
into the computation, and the results are displayed in
Figs. 4(a) and 4(b). The importance of this configuration
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FIG. 4. Transitions in Cu-like TaxLV with the 4s spectator
electron. (a) 3d' 4s 3d 4s4f; (b) 3d' 4s 3d (4s4f+-4p4d). -

FIG. 5. Transitions in Cu-like TaxLV with the 4p spectator
electron. (a) 3d'"4p 3d 4p4f; (b) 3d'O4p 3d-(4p4f+4d'). -
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of the computed transition line, and g,. is the statistical
weight of the upper level. Only those lines in the selected
wavelength range r are included in the summation.
represents the line-strength-weighted mean wavelength
and b, A, the spectral width of the subarrays (these results
are equivalent to the results of the SOSA model for the
single-configuration calculations). The weighted mean
wavelengths and spectral widths obtained are given in
Table I for the three isoelectronic sequences considered.
In each case, the mean wavelength and spectral width
have been computed for lines in three different wave-
length ranges, r&, r2, and r3. Here A, &, A,2, and k3
are the mean wavelengths of the three SOSA subarrays
corresponding to 3d3/2 4f~/2, 3d5/2 4f7/2 -and
3ds/2 4f»2 -transitions, respectively, and the three wave-
length ranges were chosen as follows: the first range (r, )

from A. =O to A, =0.5 (A. , +A,z), the second (r2) from
A, =0.5 (A. , +A2) to A, =0.5 (A2+A3), the third (r3) from
A, =0.5 (A.&+A,3) to A, = ~. These three wavelength
ranges correspond to the maximum spread of each of the
three SOSA subarrays. From Table I, the very significant
effect of configuration mixing on the SOSA width is evi-
dent. Since this kind of configuration mixing is not in-
cluded in the SOSA model at the present time, the results
of the SOSA computations, like those displayed in Table
I of Ref. [15], should be taken with caution as far as the
width of the subarray is concerned. Of course, in many
other cases the configuration interaction could be negligi-
ble. For example, it can be anticipated that for a transi-
tion like 3d' 4f 3d 4f or -3d' 4d 3d 4d4f the-
configuration interaction of the upper levels with the
configuration of the 3d 4l4l' complex may be less impor-
tant because there is no near-degenerate configuration in
the same complex. This has not been investigated in the
present work. However, for all the transitions of the
kind 3d' 4s"4p -3d 4s"4p 4f (k=1,2 and m=1 to 5),
configuration mixing of the upper configuration with
3d 4s 4p '4d and 3d 4s '4p +'4d is crucial and
should be taken into account for any estimation of the
SOSA width. On the other hand, it appears from Table I
that the mean wavelength of each of the subarrays is al-
most not changed. This interesting conclusion was not
generalized to other transition arrays because of the com-
plexity of the computations involved.

B. Line identification

In view of the effect of configuration interaction, previ-
ous works where these effects were not taken into ac-
count are reviewed. First, in Ref. [1],extensive use of the
SOSA model was made. The conclusion of Klapisch et
aI. [1] was that the band structure ("pseudocontinuum")
in the long-wavelength side of the resonance Ni-like tran-
sition arises from the contribution of the different ioniza-
tion states, whereas for each ionization state several tran-
sitions involving different spectator configurations can be
involved. Since this conclusion relies essentially on the
mean wavelength and not on the width of the computed
SOSA subarrays, this conclusion is not affected by the
present work. As a conclusion, the authors wrote: "Oth-
er reasons (which contribute to the broadening of each
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band) may be configuration interactions, which shift the
different transitions arrays differently, thus making the
true array wider. " In light of the present work, it seems
that the spreading of the array is the main consequence
of the configuration mixing.

Further analysis of the 3d 4f -pseudocontinuum ap-
pearing in the laser-produced-plasma Ta spectrum and
based on the SOSA model was performed by Bauche-
Arnoult et al. [15]. In the latter work, an interpretation
of the successive peaks appearing on the long-wavelength
side of the Ni-like 3d' -3d&&24f5&z(J=1) line at

0
X=5.907 A was given as a superposition of two "grids"
of arrays. The first grid was composed of transitions of
the kind 3d' 41'41 ~. . .-3d 41'41 J. . .4f the diFerentI =i +j+ corresponding to the successive lower-
ionization states =ssentially the same interpretation as
that of Klapisch et al. [1]. The Ni-like line and the suc-
cessive peaks of this first grid have been labeled
A, B,C. . . on the spectrum of Fig. 1, following the label-
ing of Bauche et al. in Fig. 2 of Ref. [15]. The
second grid was composed of transitions of
the kind 3d' 41'41'J. . .51'-3d 41'41 J. . .51*4f with
i+j+ . =m —1, i.e., like the first grid but replacing
one of the n =4 spectator electrons by a 5l' electron.
The peaks of this second grid have been labeled in Fig. 1,
as b, c,d, . . . , as in Ref. [15]. Each peak of the second
grid was found to be shifted towards shorter wavelengths
by about 27 mA relative to the corresponding peak of the
first grid. This allowed the authors to identify, in partic-
ular, a line appearing at A. =5.919 A (labeled b) on the
long-wavelength side of the Ni-like line as a Cu-like tran-
sition of the second grid. Also, a feature appearing at
A, =5.957 A (c), on the long-wavelength side of the Cu-
like transition 8 of the first grid (at A, =5.946 A) was
identified as a Zn-like transition of the second grid. Since
all the upper configurations of the transitions of the
second grid are above ionization threshold, doubly excit-
ed, and cannot be reached by electron-impact excitation

at the electron density and temperature involved, the
conclusion was reached that these lines are satellites re-
sulting from dielectronic recombination. The identifi-
cation of the different peaks was made using the SOSA
model without configuration mixing. This was further
supported by an average model for dielectronic recom-
bination of the Ni-like ion into the Cu-like ion. The
present work now deals with the identification of indivi-
dual lines in the experimental spectrum in view of the
effect of configuration mixing as explained above. In par-
ticular we address the spectroscopic identification of the
lines b and c of the second grid at A, =5.919 and 5.957 A.

It must be stressed that relying on the SOSA single-
configuration computation only, the identification of line
b as a satellite with a 5l electron is particularly attractive.
Indeed, owing to the fact that this rather intense line lies
outside the range of any of the 3d 4f tran-sitions of the
Cu-like and lower-ionization states as derived from the
calculated SOSA width, a possible alternative identifi-
cation of this line would be difficult.

However, the present computations show that because
of the configuration mixing, some resonance Cu- and Zn-
like inner-shell excited transitions have wavelengths very
close to the b and c lines, whose origin is attributed in
Ref. [15] to dielectronic recombination. This is shown in
Tables II and III where detailed results of the computa-
tion of the 3d' 4s 3d 4s4f trans-ition in Cu-like TaXLv
and of the 31' 4s 3d 4s 4f tran-sition in Zn-like TaxLIv
are given. In each table the results of the computation
before introduction of the perturbating configuration is
given for comparison [Tables II(a) and III(a)]. The final
results including the mixing are given in Table II(b)
[3d' 4s 3d (4s4f+4p4d-)] and III(b) [3s' 4s 3d (4s 4f-
+4s 4p 4d ) ], respectively. In these tables, the first
column gives the spectroscopic designation of the upper
level in a shortened jj notation. The J value of the inter-
mediate coupling of the successive open shells is given in
parentheses. The total J of the upper level follows the

TABLE II. Taxi.V 3d' 4s-3d94s4f transitions. Only transitions with gf )0.5 are listed. The eigenvectors are given in a shor-
tened jjnotation where 1+ =l, =~+&z2, and1 =1,=»zz (see text). For example [3d 4s(1)4f ]3&z means that the hole in the 3d shell
with j=3/2 has been coupled with the j=—' of the 4s electron to give the intermediate J*= 1, which, in turn, has been coupled to the
j= —' of the 4f outer electron to give the total J=—' of the level. The number in front of the level designation is the square of the
eigenvector, the sign showing the relative phase of the components.

Upper-level composition

(a) Single-configuration computation
0.48[3d . 4s(1)4f ],q~+0. 36[31 4s(2)4f ],q~

+0.84[3d 4s (2)4f ],i2
+0.42[3d 4s (2)4f ], +0.32[3d 4s (3)4f ],
+0.79[3d+4s(2)4f ~ ],g2

A, (A)

5.929
5.933
6.125
6.127

8.08
4.15
2.48
1.16

(b) Including configuration mixing with 3d 4p4d
+0.42[3d 4p+ (3)4d~ ],qi

—0.31[3d 4p ~ (1)4d+ ],~2
+0.78[3d 4s(2)4f ],~~—0.32[3d9 4s(1)4f ],~i

—0.21[3d 4s(2)4f ],~2

+0.50[3d 4p+(1)4d ],qi
—0.23[3d 4p+(3)41 ],q2+0. 09[3d 4s(2)4f ],q2

+0.13[3d+ 4p+ (2)4d+ ]3~~+0.30[3d + 4p+ (1)41+]3~~+0.15[3d+ 4s (2)4f+ ],~2

+0.52[3d9+4s(3)4f+ ],~2—0.30[3d+4s(2)4f+], z2
—0.14[3d+4s(3)4f+],~&+0.23[3d+4p+(1)4d ],z2

5.920
5.929
5.932
5.970
6.106
6.131
6.144

0.65
3.92
5.17
1.31
0.56
0.88
1.39
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0.85(3d 4s24f )

0.77(3d+4s 4f+ )

0.91(3d+4s 4f )

TABLE III. Ta xLiv 3d' 4s -3d94s 4f transitions.

Upper-level composition

(a) Single-configuration computation

A. (A)

5.969
6.163
6.247

gf

5.84
1.79
0.005

(b) Including configuration mixing with 3d 4s4p4d (gf )0.3)—0. 18[3d 4s(1)4p+(5/2)4d ]+0.18[3d 4s(2)4p+(3/2)4d ]+0.13[3d 4s(2)4p+(5/2)4d ]
+0.63[3d 4s (2)4p „(3/2)4d+ ]—0. 15[3d 4s (1)4p+ (3/2)4d+ ]+0.06[3d 4s 4f ]
+0.34[3d 4s 4f ]+0.16[3d 4s (2)4p+ (1/2)4d ]+0.19[3d 4s (2)4p+ (7/2)4d+ ]
+0.13[3d 4s 4f ]+0.20[3d 4s (2)4p+ (3/2)4d ]—0.23[3d9 4s (2)4p+ (7/2)4d+ ]
+0.23[3d 4s (2)4p+ (3/2)4d ]+0.13[3d 4s(2)4p+ (7/2)4d+ ]+0.14[3d 4s(2)4p+ (5/2)4d+ ]
+0.44[3d9 4s(2)4p~(1/2)4d ]—0.11[3d,i24s 4f,g2]+0.08[3d 4s(1)4p+(5/2)4d ]
+0.30[3d + 4s(2)4p+ (3/2)4d+ ]+0.16[3d,~24s 4f 7~2]+0.14[3d 4s (2)4p+ (5/2)4d ]
+0.29[3d9+ 4s24f+ ]—0. 12[3d 4s (2)4p (5/2)4d ]—0. 10[3d9+ 4s (3)4p+ (3/2)4d ]

5.857
5.919
5.958
5.971
5.994
6.021
6.176
6.190

0.35
0.31
2.21
0.86
0.61
1.11
0.36
0.64

level designation is the square of the eigenvector, the sign
showing the relative phase of the components. The lower
level is 3d' 4s (J=—,') for Table II and 3d' 4s (J=O)
for Table III. The next column gives the computed wave-
length (in angstroms) and the gf values. As can be seen
from Tables II(b) and III(b), possible alternative
identification for the line b at the measured wave-
length A, =5.919 A (Ref. [15], Table III) is the Cu-like
3d ' 4s-3d 4s4f line at the computed wavelength
A, =5.920 A (gf =0.65) blended with the Zn-like line at
5.919 A (gf =0.31). Moreover, an alternative
identification for the line c of the second grid at
A, =5.957 A is the Zn-like 3d' 4s 3d 4s 4f lin-e at the
computed X=5.958 A (gf =2.21). And the yet
unidentified line labeled a in Fig. 1, which has a measured
wavelength A, =5.855 A, is identified as the Zn-like line
at a computed wavelength A, =5.857 A (gf =0.35). This
shows clearly that inner-shell excited transitions can con-
tribute to the intensity of lines b and c.

IV. DISCUSSION

A. Accuracy of the computations

Definitive identification of the spectral lines for the
kind of spectra that are dealt with in the present work

has to rely on isoelectronic regularity. Indeed, neither
the accuracy of the computed 3d 4f transitio-n nor the
experimental spectral resolution allows definitive
identification based on the spectrum of one element. The
2-mA agreement between the measured and calculated
wavelength of the transitions as reported in the previous
section should be considered as rather fortuitous, the usu-
al agreement for this kind of transition being in general of
the order of 5 mA (Ref. [18]). The remaining discrepan-
cies arise from many factors. The most important are re-
sidual configuration interactions not taken into account
in the computation [for example, in the case of
3d' 4s 3d (4s 4f+4s4p-4d), the blending of the upper
configurations with 3d 4p ], overestimation of the ex-
change integral (which is particularly important for the
Ni-like 3d' 3d3/24f5/3 and sa-tellite transitions), and the
central field approximation. In the case of the SOSA
model computations the interaction between the relativis-
tic subconfigurations that has been neglected is one more
factor. Here it is worth mentioning that in Ref. [15] the
wavelengths of the 3d3/2 4fs/2 transitions (ca-lculated us-
ing the SOSA model) have been shifted by 0.015 A to fit
the experimental values. The configuration interaction
between the 3dj 4fJ' relativistic subconfigurations has
been invoked by the authors to justify this shift. For ex-
ample, for the 3d' 4s 3d3/Q4s 4f5/z Zn-like -transition,
the SOSA result, A, =6.000 A, has been shifted to 5.985 A

TABLE IV. Identification of the Zn-like a line along the isoelectronic sequence.

Ion
Theory

Upper-level composition A, (A) A, (A)
Experiment

A,„„,-A,,„... (mA)

Tm xL —0. 15a+0. 11P+0.16y+0. 115+0.10m

Yb xr r —0. 15a+0. 12P+0. 16y+0. 125+0.08m

Hf XLIII —0. 17a+0.12p+0. 17y+0. 125+0.06E
Ta xLIv —0. 18a+0. 12P+ 0. 18y+ 0. 135+0.05E'

a = [3d 4s(1)4p+ (5/2)4d ]J= 1

8= [3d 4s(2)4p+ (5/2)4d ]J= 1

6.881 0.75
6.603 0.62
6.091 0.42
5.857 0.35
P= [3d 4s(2)4p ~ (1/2)4d ]J= 1

e=[3d 4s 4f ]J= 1

6.870 —11
6.592 —11
6.079 —12
5.855 —2

y = [3d 4s(2)4p+ (3/2)4d ]J= 1
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TABLE V. Difference between measured and calculated wavelength of the Ni-like 3d' -3d3/z4f5/z
transition.

Ion

Tm XL
Yb xI.I
Hf xLIII
Ta xLIV
W XLVII
Re xLVIII

'Reference [17].
bReference [18].

A, (A) (theory)

6.885'
6.615'
6.122b

5 895
5.682b

5 479

~ (A) (experiment)

6.890'
6.620'
6.125b

5 907
5.689b

5.484b

X,„,-A,,„„,(mA)

5
5
3

12
7
5

(Tables I and III in Ref. [15]) to fit the experiment wave-
length of the peak at a measured wavelength X=5.983 A.
However, the above-mentioned interaction would have
shifted the SOSA result to A, =5.969 A, which is the
value given in Table III(a) differing from the SOSA com-
putation only by the introduction of this relativistic
subconfiguration mixing. It is the other factors, as ex-
plained above, which account for the remaining
discrepancy of 0.014 mA.

B. Identi6cation along the isoelectronic sequence

In view of the precision of the theoretical computation
and of the experimental spectral resolution as obtained in
Refs. [1] and [15], it seems difficult to confirm the
identification of lines b and c along the isoelectronic se-
quence. Predictions for the wavelength of b and c, fol-
lowing either identification as inner-shell excited or from
dielectronic recombination, are very smooth along the
isoelectronic sequence, and these lines remain blended
with the strong Ni-like line and satellite Cu-like SOSA in
the isoelectronic spectrum of neighboring atoms. Line a
however, is a good candidate for the confirmation of the
validity of the present calculations since this line is well
isolated and appears in the spectra of Trn, Yb, and Hf as
reported in Ref. [1]. Table IV gives the results of the
computation and the measured wavelength of this line.
The overall agreement between theory and experiment is
good. The discrepancy between theory and observation
is about 11 mA for TmXL, YbXI.I, and HfXLIII, and 2
mA for Ta xLIv. This irregularity should not dismiss the
identification of line a as a Zn-like transition since the
same trend is observed when comparing measured and
calculated wavelengths of the very close 3d3/p 4f5/2
strong Ni-like line as reported in Refs. [17] and [18] (see
Table V). This is probably due to a wavelength shift of
the experimental tantalum spectrum.

V. CONCLUSION

In the present work it is shown using ab initio cornpu-
tation that configuration mixing has to be taken into ac-
count in the computation of the mean wavelength and
width of the 3d-4f arrays in Cxal, Zn- and Cu-like tan-
talum. These configuration interactions are strong be-
cause they are in a quasidegenerate complex. Because of
the mixing, the first two lines of the "grid" interpreted as
dielectronic satellites with one 51 electron in Ref. [15]
have an alternative interpretation as inner-shell reso-
nance transitions in the Cu I and Zn I ionization states or
at the very least as a superposition of two transitions. We
caution the user of these lines as a diagnostic tool for a
recombining plasma to be aware of the possible contribu-
tion of inner-shell excitation to the line intensities. This
conclusion does not involve any assumption about plasma
conditions.

Finally, in the case of 3d 5f, 6f transit-ions [8,9] the
importance of configuration mixing might be much
smaller, and this fact can explain the very good agree-
rnent between the predictions of the array width by the
SOSA model and the experimental observations.
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