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Abstract: 

The spectra of elements Y, Zr, Nb, Mo, Ru, Rh, Pd and Ag in the 

range 10-100 A were obtained from a high power vacuum spark and a 

grazing incidence high resolution spectrograph. The transi t ions 
10 9 9 9 9 

3d -3d 4p,-3d 4f,-3d 5p,-3d 5f were identified, The agreement 

with ab initio relativistic calculations is very good. The relevance 

of jj coupling scheme for level labeling is discussed, as well as 

the importance of relativistic effe.cts, by comparing with other 

results on high Z atoms Cup to Pt). 

* This work was partially supported by CEA contract IMC 11/14.272, 
* 
Present address: Department of Physics, Johns Hopkins University, 

Baltimore, Maryland 21218, U,S,A, 



•2-

1. Introduction 
this study of spectra of elements Y to AJJ in a high, power vacuum 

spark, in the soft X-ray range, was initiated a few years ago. Our 
aim was the understanding and identification of the spectra of Molybdenum 
and other refractory metals appearing in TFR and other Tokamak devices, 
through, systematic studies of isoelectronic sequences. The spectra 
are very rich in lines of many ionization stages. The complete and 
detailed list of line wavelengths will be published elsewhere. Meanwhile, 
it appeared that the sequence of Ni ICground state 3d ] had some interest 
of its own; the corresponding ions are long-lived in many plasma 
conditions, and they radiate a few intense, easily recognized, lines. 
Owing to recent measurements on HfXLV to ReXLVIII [1], on PtLI [2] 
and even AuLII [3], this sequence is one of the longest described so far. 
Spectra of highly ionized elements of the fifth row in the soft X-ray 
range were first studied by Edlen [4,5], using a vacuum spark source. 

Edlen did not obtain wavelengths below 45 A, and he did not publish 
10 9 10 9 his measured results. He indicated some of 3d -3d 4p and 3d -3d 4f 

transitions on his spectrograms [5], and his results constitute the 
principal source of the compilation of Atomic Energy Levels CAEL) 
by C, Moore £6], AEL reports energy levels of the configurations 
3d 4p, 3d 4f and of some levels of 3d 5p and 3d Sf up to Y XII. 

Alexander et al. [7] measured the wavelengths of most of the 
10 9 lines of the 3d -3d 4p transitions in Y, Zr, Nb and Ho, and of 

10 9 3d -3d 4f in Y and Zr. Even-Zohar [8] identified lines belonging to 
10 9 3d -3d 4p transition in Ag and In. Schwob et al. [9] identified two 
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10 9 10 9 lines of 3d -3d 4p and 3d -3d 4f in Molybdenum, from a high power 
vacuum spark and in the TFR Tokamak. Mansfield et al. [10J also 
reported these lines in DITE Tokamak and laser produced plasma. 
Buxkhalter et al, [11] extended the investigation of this isoeleotronic 
sequence to Sn, and to rare earths [12] by laser produced plasmas. 

in o in Q They found the three lines of 3d -3d 4p and of 3d -3d4f, However, for 
the latter, a misidentification of the longer wavelength was corrected 
in ref. 1, and the line was attributed to 3p 63d I 0-3p 53d 1 O4s. The 
experimental accuracy of ref. 12 was ±2.10 X. Burkhalter et al. [3], 
in an investigation of exploded-wire plasmas report wavelengths of the 
strongest transition of 3d 1 0-3d 94p and 3d 6-3d 94f for DyXXXIX,W XLVII, 
PtLI and AuLII with an accuracy of ±15 eV. 

Some wavelengths foT 3d 1 0 -3d 9 4p and 3d 1 0-3d 4f of TaXLVI in laser 

produced plasmas were reported by Boiko et al . [13] . Recently, 
10 9 Zigier et a l . [1,2] obtained from laser produced plasma the 3d -3d 4p, 

3d 1 0 -3d 9 4f, 3p 6 3d 1 0 -3p 5 3d 1 0 4s, and some of the 3p ô 3d 1 0 -3p S 3d 1 0 4d 

transitions, with high accuracy, for Hf, Ta, H, Re, Pt, as well as 

for Tm and Yb [143. 

In the present work, we report accurate measurements of the 
10 9 10 9 

wavelengths of all the lines of the transitions 3d -3d 4p and 3d -3d 4f 
for the elements of the fifth rowYXII, ZrXIII, NbxiV, MoXV, RuXVlI, 
RhXVIII, PdXEC and AgXX, obtained from a high power vacuum spark. 
Technetium, which is radioactive, was not investigated. We obtained 

10 9 
also two lines of the transition 3d -3d 5f in al l the above mentioned 
elements and of the transition 3d 1 0-3d 95p iny-xtl , ZrXITI and Nbxiv, 
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Most of the identifications reported Kere are based on extrapolation 
or interpolation along the Ni isoelectronic sequence and do not rely 
on computations. This enables us to compare with ab initio relativistic 
calculations of energy levels, wavelengths, and oscillator strengths. 
We also performed these calculations for the heavier atoms of the 
sequence (up to Pt), in order to discuss the general trends in the 
agreement between theory and experiment. 

2. Experimental Set-up 
A low inductance, high power vacuum spark was used to obtain 

high degrees of ionization. Due to the self striction of the 
electrical current, a point plasma appears in the gap between the 
electrodes. The point plasma emits hard and soft X^ray radiation. 
Its temperature is in the fceV range and it contains highly ionized 
atoms, originating from the anode IlSj.Theoptimal values of the 
electrical parameters of the spark were found out by a systematic 
stirty: capacitance 25 uF, voltage 15-19 kv, inductance ^80 nH. The 
peak, current was 300 kA. 

The spectrograph used was built in our laboratory especially for 
the soft X-ray region. It works at a very low grazing incidence Cl°), 
covering the range 5-100 S, with, high resolution. It is equipped 
with, a Bausch. and Lomb concave grating (R*2m, 2400 grooves/mml. 
The high, precision adjustment required is conveniently carried out by 
using an interferometric method 116]. 



,5. 

The spectra were recorded on Kodak SC5 and llford Q2 photographic 
plates, Usually, a good spectrum was obtained with, about thirty 
sparks. Strong Fe lines and lines of light elements (B. c> N, 01 
were used for wavelength, calibration, A system of apertures, 
controlled from outside the spectrograph vacuum vessel makes it possible 
to record spectra of different elements on the same photographic plate. 
The grating equation, with two free parameters, was used to calibrate 
the photographic plates, hfe found this equation more efficient for the 
fitting than the polynomial approximation method. The experimental 
uncertainty is ±0.005 A. 

3. Theoretical Method 
The wavelengths and oscillator strengths were computed ab initio 

by the relativistic parametric potential method [17,18], which is 
an extension of the non-relativistic parametric potential method [19,20], 
The related code RE1AC [21] solves the Dirac equation for the electrons 
in the parametric potential, the parameters of which are varied in 
such, a way as to minimize the total first order energy (including 
contributions of closed shells]. The angular coefficients of rela
tivistic radial integrals in jj coupling, were obtained from the 
programs of Grant [22] for energies, and from a modified and corrected 
version of the program of Chang £23,24] for transition operators. 

As a, rule, the potentials were optimalized separately for the 
ground state, assumed to be pure 3d , and the whole excited complex 
17 1 3 4 where all configuration interactions were accounted for. 
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Although the mixing between the configurations is small ($1%L 
discarding these interactions would usually- enlarge significantly the 
difference between computations and experiment. The RELAC "code also 
includes the Breit interaction for the average of relativistic (jj) 
configurations, and the Lamb shift. The natural basic coupling scheme 
for such a method is the jj coupling, and although our final results 
are, of course, described in intermediate coupling, «re give jj names 
to the levels, when possible. A more detailed description of the 
method, the program and the results, including values of the parameters, 
will be published elsewhere. We now present the results, experimental 
and theoretical for each transition. 

4. The transition 3d 1 0-5d 94p 
This transition array - for atomsfXII to AgXX - consists of 

two strong lines and a very- weak one which has the longest wavelength. 
For the lower members of the sequence, where LS coupling is a good 

3 1 approximation, the strong lines were labeled D. and P. and the weak. 
line P, [6]. The wavelengths measured by Edlen [5J can be retrieved 
from energy levels listed in AEL [6]. Using AEL for elements below Zr, 
we extrapolated along the isoelectronic sequence, and identified the 
three lines in the spectra of YXII to AgXX. A polynomial least square 
fit in ç (the degree of ionization plus one) for the energies of the 
three lines of the eight elements was performed. The average 
deviation was ±0.005 R, comparable with experimental precision. 
Extrapolations to Sn yielded an average deviation of 0,04 8 from 

the values given by Burkhalter et al [11]. These details are 



-7-

noteworthy, since the weak, line could have been confused easily with, 
others. 

Table I summarizes the results for these transitions, The second 
column contains previous wavelength measurements, except for Molybdenum, 
for which these are in Table II. Our own? measurements, in the third 
column are estimated to fie accurate up to ±0.005 A. The intensities 
(column 4}, in arbitrary units, are basically raw data. Theoretical 
wavelengths (column 51 and oscillator strengths (column 6) have been 
calculated with the program RELAC. In colunn 7, we give the composition 
of the upper level on a jj basis. All the transitions being to the 
ground state 3d (<J*0), these upper levels are all J=l. C5/2,3/2) 
is an obvious abbreviated notation for 3d Q=5/2)4p-. 2 J=l, etc... 
The coefficients are the squares of eigenvectors, the sign in paren
theses indicating a relative phase. Only the dominant component is 
shown, except when the difference with the next one is less than or 
equal to 0,1, 

It can be seen that the agreement between measured and computed 
wavelengths is very good, the difference ranging between 0.3 X CforYXII) 
to 0.03 8 (for AgXXl. 

In Table II,we compare cur results with other measurements and 
calculations for MoXV. He give both the LS and jj labels. The 
agreement between the different measurements is satisfactory, taking 
into account that these lines have been detected in vacuum spark (b) [7] 
in laser produced plasmas- (gl&Ojand in Tokaraaks ©.[9J. Computations 
of Kansfield et al.(g). [lOjand of Cowan © [ZJhave been performed with 
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the sace method HXR of Cowan [26] which is only approximately relativistic, 

and that of KLapisch. et al (iîMby the REIAC method. The difference 

between ref. 27 ami this work, is that configuration interaction 

9 9 9 9 
of the kind 3d 4p+3d Sp+3d 4f+3d 5f was then taken into account, 

instead of interactions within the complex in the present work. 
9 

We show in figure 1 the behaviour of 3d 4p transition energies 

for the whole isoelectronic sequence, from GalV to PtLI. Following 

V 
chosen constant. The origin of this expression is to be found in 

the Z expansion for the transition energies [28] 

AE. = o H C * , a . C + b. • ! i + . . . + r j ^ » + ... 

where a„ is the hydrogenic contribution to the energy. The following 

terms express the effect of the Coulomb interaction, and the r. c11 

terms represent relativistic effects. Except a „ , all the coefficients 

a. etc,, vary from level to level (as symbolized by the subscript j). 

Thus; 

AE.-o H ç Z a.ï+o, c. r ç n 

The first term can be made equal to the constant a. for one level j 

by the choice d=b./a.. For this level, the function Ceq. 1} tends to 

a-+Q(£~2l with increasing ç, as long as relativistic effects are 

negligible, For other levels, e.g., k, the same choice of d will 

cause the first terms • and hence the functions • to behave as 
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i+OCï" ). These considerations explain the strong curvatures of the 

graphs for low ç. The fact that ncne of the curves tend to a constant 

for large ç, let alone the strong curvature of the lower ones, is 

a relativistic effect (mainly spin-orbit interaction), which begins to 

appear for elements heavier than Ag, and is very well reproduced by 

the REIAC method. The origin of the larger discrepancy forYHI 

than for AgXX can then be attributed to second order correlation 

effects that are neglected in our computations. 

Let us now go back to table I and consider the level composition 

and the oscillator strengths. This isoelectronic sequence clearly 

exhibits the transition from "strongly mixed" to "near jj" coupling. 

Notice the very small value of gf for the longest wavelength, 

from ZrXIII to RuXVII. This can be explained as a "destructive 

interference effect" as is shown by comparing the relative phases of 

eigenvectors for the two longest wavelengths of MoXV. This is made 

even clearer on figure Zwhere we show the three squared eigenvectors 

9 
of the lowest J=l level of Sd 4p for atoms vp to Te. The gf value, 

related to the logarithmic scale at right, passes through a minimum 

for the ç (between Kb and Mo) where the eigenvectors cross. 

Alexander et al. (71 give the composition of the levels on a LS 

3 1 

basis. The D contains 15% of P., explaining the strong line, while 

the Pj is: 88% P,+12% Th. The absence of « 7 component explains 

the very small oscillator strengths, that these authors did not compute. 

It is remarkable that these theoretical considerations reoroduce 
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qualitatively the observed intensities (column 4), This is even more 
striking on figure 3, which reproduces the spectra of several elements. 
These are shifted and enlarged in such a way that the lines of the Ni 
isoelectronic sequence are aligned. The other connected lines 
pertain to the Cu isoelectronic sequence. The enhancement of the 
longest wavelength from. Kb. and up is conspicuous. Thus, although the 
actual coupling for atoms YXII to RuXVII is far from jj, the jj 
denomination explains the variations of intensities in a transparent 
way by "interference effects". The theoretical oscillator strengths 
of the stronger lines are shown on figure 4, as a function of 1/Z. 
One sees that for the ator studied here, the results for the unper
turbed (3/2,3/2) line agree with, the z exnansion model [28]., f-f +Z" 1f 1+2" 2f + 
Relativistic effects appear only for higher Z and will be discussed in 
more details elsewhere. The flatness of the upper curve (corresponding 
to the intense line), is due to the additive interference effect 
complementary to the substractive one described above. 

10 9 
S. The transitions 3d -3d4f 

We used the data of AEL to extrapolate along the isoelectronic 
sequence and identify the lines of these transitions in all the inves
tigated atoms. The average deviation was ±0.015 A. Wavelengths of 
these transitions, computed for Sn by the same extrapolation method 
are in good agreement with the experimental results of Burkhalter et al.[Il] 

Table redisplays: the same items- as table I; previous measurements 
except for Molybdenum, reported in table n , present experimental 
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wavelengths, intensities, theoretical wavelengths, oscillator strengths 

and upper level composition, Tte entries have the same meaning as 

in table I. The agreement between measured and calculated wavelengths 
10 9 is, on the whole, comparable to that of 3d -3d 4p, In table XI, 

we compare again our results with those of other authors. Notice 

the P line of Mansfield et al, [10] which is quoted by the authors 

as "uncertain identification". On the other hand, note that these 

authors assign to the longer wavelength the label D- W e used the 

notation P of Edlen [S], AEL [6] and Alexander [7] of the l,ower ion

ization stages. 
10 9 Figure 5 displays an Edlen plot of the same kind as for 3d -3d 4p. 

Clearly, relativistic effects on the energies are here smaller than 

for 3d -3d 4p, as demonstrated by the P constant line. In other 

words, for this configuration, electrostatic interaction between 3d 

and 4f electrons is much larger than the spin-orbit interaction of 

either one, even for heavy atoms. Here again, the agreement for 

higherZ &gXX} is better than for lighter atoms, due to correlation 

effects decreasing as Oft" 2). It is apparent from figure 5 that the 

relatively better agreement for D of lighter atoms in the vicinity 

of yXII is fortuitous. Another sign of the relative smallness of 

relativistic effects is that the level compositions Ctable UI last 

column}, are stable for all the elements listed. By a manner of contrast, 

the oscillator strengths of the strong lines, grow by nearly a factor 

of 2 fromy XII to AgXX. Figure 6 shows that the gf of the stTong and 
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the weak lines are in the "linear domain" of the Z expansion model, 

while the slight curvature of the gf curve for Ç5f2,7/Zl is 

probably due to correlation effects. 

10 9 
6. The transition 3d -3d Sp 

We used, for the identification of these lines, the same method 

of extrapolation as mentioned above. However, we did not succeed 

in identifying these transitions for all the atoms, since they fall 

in the neighbourhood of much more intense and dense transitions of 

3dn-3dn" 4f for higher ionization stages. For instance, for MoXV, 

o 9 8 

there is near 33.S X the intense group of lines of MoXVI 3d -3d 4f. 

Our results are summarized in table IV. Note that the coupling 

is nearer to jj than for the previous transitions. The dominant 

interaction here is not the electrostatic one but the spin orbit 

of the 3d. 
1Û 9 

9. The transition 3d -3d 5f 

The identification of this transition was difficult for the same 

10 9 
reasons as for 3d -3d Sp. Nevertheless, we succeeded in identifying the 

two stronger lines in all cases, by varying the parameters of the 

discharges to obtain separation of ionization stages. This was 

10 9 
possible - in contrast with 3d -3d Sp - because the lines are stronger, 

and because they coincide with, 3dn-3dn 4f of a higher ionization stage 
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than. in the previous case. For instance 3d -3d 5f in MoXV fall near 
8 7 3d -3d 4f of MoXVII, which is easier to separate experimentally from 

MoXV than MoXVI. The results are presented in table V. The agreement 

between computed and measured wavelengths is as good as for the 

previous transitions. 

10. Discussion 

It can be noticed that the computed wavelengths are nearly always 

longer than the experimental ones, This is related to the fact that 

we did not include configuration interactions in the ground state 

3d , which is then higher than it should. This effect goes on decreasing 

along the isoelectronic sequence, giving a better agreement with experiment 

for higher Z, 

A point which we wish to stress here is what we mean by "small 
9 relativistic effects" - e,g. in the 3d 4f case. flfe simply refer to 

a situation where the largest contribution to term splitting is the 

electrostatic interactions, by contrast to other cases [heavier atoms 
9 

or 3d 4p easel where the spin-orbit interaction is dominant. 

Actually, looking at figures 1 and 5, one sees clearly that the 

ionization stages can be grouped into three "zones". In Zone 1 CNil to 

YbXII approximately) the correlation effect predominates. Zone 2— 
Q q 

NbXIII to AgXX for 3d 4p and to c*40 for 3d 4f-*.is intermediate, 

and in Zone 3, for still higher Z elements, the relativistic effects 

dominate. 
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This does not mean that the relativistic effects, which do not 
show off on the curves for the atoms we study here Qf XII to AgXXl 
are negligible at the accuracy level of the wavelengths measurements; 
rather, they compete with residual correlation effects. Thus the fact 
that our radial wavefunctions are solution of Dirac equation contributes 
to the excellent agreement between our ab initio computed wavelengths 
and the measured values. A detailed analysis of this contribution is 

out of the scope of this paper and will be reported in the theoretical 
work mentioned earlier. 

In the preceding paragraphs, the comparison of experimental 
intensities with theoretical oscillator strengths was only qualitative. 
Indeed, the present experiment was designed more specifically 
to measure wavelengths than intensities. It is difficult to estimate 
our uncertainty on the latter, which arises, among other factors, 
from the unknown spectral response functions of the spectrometer 
and of the photographic plate. Horeovever, each anode element 
behaved differently in the spark. Thus, it would be meaningless to 
try to compare quantitatively intensities of a given transition along 
the isoelectronic sequence. Furthermore, the emitting plasma point 
is far from being in Local Thermodynamic Equilibrium [IS], Actually, 
we have developed a collisional radiative model for MoXV in Tokamak 
plasma [27], but ve don't report here toe results, because the 
steady state hypothesis is not Justified for the transient vacuum 
spark plasma. This model also supposes the plasma to be optically 
thin,, which, may not be true in the spark for the strong resonance line 
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lu 9 of 3d -3d 4f. Nevertheless, an interesting result obtained with. 

this model is that cascade processes and collisional excitations from 
g 

the metastable 3d 4s configuration, tend to equalize the intensities 
9 9 

of the transitions from 3d 4p and from 3d 4f at medium electron 

densities n , despite the large difference in transition probabilities. 

It may even happen at seme values of electron temperature T and 
9 9 

n that transitions from 3d 4p are stronger than those from 3d 4f, 

as we apparently obtain on our spectra. CCompare tables I and IHl_,For 

Molybdenum, for instance, these values would be in Tokamak conditions 
18 19 -3 10 sne*10 CP" 1. and TSîT.jilSO eV, For the reasons mentioned above, 

however, we do not infer that these are precisely the plasma parameter 
ranges prevailing in the Ho spark. It is worth mentioning that these 

10 9 cascade processes do not influence the ratio of 3d -3d 5p to 
10 9_ 3d -3d"^f transitions. This is probably one of the reasons why we 

could detect the latter but not the former, for elements beyond Nb. 

11. Conclusion 

In this work, we report the identification of lines of the iso-

electronic sequence of Ni in 8 elements g XII to AgXX) obtained from 

a vacuum spark, by a high resolution grazing incidence spectrometer. 

We also report ab initio fully relativistic computations of wavelengths 

and oscillator strengths by the relativistic parametric potential 

method (RELAC). The agreement between theoretical and measured 

wavelengths is good for the lighter elements and excellent for the 

heavier. By relating these results to the broader framework of the 

whole isoelectronic sequence - figures 1 and S - we show that these 
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atoms pertain to the intermediate zone of ionization stages, where 
neither correlation nor relativity effects clearly dominate, It is 
therefore very encouraging that even for these atoms, the relativistic 
parametric potential method, which neglects second order correlation 
effects, is able to yield results of a good predictive character. 
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Figure Captions 

Figure 1: "Edlen plot" of the 3d 1 0-3d 4p transition energies for the 
isoelectronic sequence of Ni; ç is the degree of ionization 
plus one. 
—theory. Experimental:0 this work, nZigler et al. Il,2j 
àBurkhalter [ U ] , ̂ jBurkhalter [3], ^Edlen [4] «AEL 

q 
Figure 2: Composition of the lowest energy level of 3d 4p J=l in the 

Ni isoelectronic sequence on a jj basis, vs. ç. Hie 
quantity plotted here are the squares of the eigenvectors, 
gf values refer to the logarithmic scale at right. 

Figure 3: Details of the spectra of elements Y, Zr, Nb, Ru, Rh, Pd, Ag 
from a vacuum spark. The spectra have been shifted and 
enlarged in such a way that the three lines of 3d 1 0-3d 94p 
are aligned. The other lines pertain to the Cu isoeldctronic 
sequence. 

Figure 4: Theoretical oscillator strengths gf for the 3d 1 0-3d 94p 
transition for part of the isoelectronic sequence, vs. 1/Z. 

10 O Figure 5: "Edlen plot" of the 3d -3d 4'f transition energies for the isoelectronic sequence of Ni. 
Experimental points: 0 this work; OZjgler et al. [1,2]j 
•Burkhalter et al,, [3].j ̂ Edlen [4jj »AEL [6]j ABurkhalter [11]. 

Figure 6: Theoretical oscillator strengths gf for the 3d 1 ( l-3d 94f 
transition vs. 1/Z. 



Table I 

3d-4p transitions in Ni isoelectronic sequence 

Elenent 
A(X) 

Other Authors 

Experiment 
A(X) 

Present work I n t e n s i t y *(X> 

Theory 

gf Upper l e v e l s composition* 

Y XII 73 .627 b 

7 2 . 7 2 4 e 

7 2 . 0 9 2 e 

73.643 
72.744 
72.113 

6 
16 .5 
15.5 

73.936 
72.856 
72.280 

O.008 
0.396 
0.119 

0 , 4 3 ( 5 / 2 . 3 / 2 ) , ( - ) 0 . 3 5 ( 3 / 2 , 1 / 2 ) 
0 . 6 2 ( 3 / 2 , 1 / 2 ) 
0 . 7 5 ( 3 / 2 , 3 / 2 ) 

ZrXIII 64.530° 
63.820'» 
63.231'» 

64.552 
63.842 
63.247 

2 .5 
16. 
15 

64.746 
63.889 
63.341 

0.33X10" 3 

0.396 
0.110 

0 . 4 2 ( 5 / 2 . 3 / 2 ) , ( - ) 0 . 3 8 ( 3 / 2 , 1 / 2 ) 
0 . 5 9 ( 3 / 2 , 1 / 2 ) 
0 .77 (3 /2 ,3 /2 ) 

NbXIV 57.15lJ> 
56.561° 
55.983° 

57.136 
56,537 
55.974 

3 
19 
18 .5 

57.304 
56.612 
56.087 

0.59x10-"' 
0.396 
0.101 

0 . 4 1 2 ( 5 / 2 , 3 / 2 ) , ( - ) 0 . 4 1 0 ( 3 / 2 , 1 / 2 ) 
0 . 56 (3 /2 ,1 /2 ) 
0 . 8 0 ( 3 / 2 , 3 / 2 ) 

MoXV1 50.943 
50.444 
49.912 

3 
15 
13 

51.035 
50.468 
49.967 

0.24X10-"* 
0.397 
0.094 

( - ) 0 . 4 4 ( 3 / 2 , l / 2 ) , 0 . 4 0 ( 5 / 2 , 3 / 2 ) 
0 . 5 3 ( 3 / 2 , 1 / 2 ) , (+ )0 .44(S /2 ,3 /2 ) 
0 .82 (3 /2 ,3 /2 ) 

i 
IO 
1 

RuXVII 41.345 
40.980 
40.495 

2 
17 
15 

41.397 
40.999 
40.535 

0.001 
0.393 
0.081 

0 .53 (3 /2 .1 /2 ) 
0 . 5 2 ( 5 / 2 , 3 / 2 ) , ( + ) 0 . 4 5 ( 3 / 2 , 1 / 2 ) 
0 . 85 (3 /2 ,3 /2 ) 

RhXVIII 37.556 
37.258 
36.792 

13 
19 
18 

37.604 
37.262 
36.814 

0.003 
0.391 
0.076 

0 . 5 6 ( 3 / 2 , 1 / 2 ) 
0 . 5 5 ( 5 / 2 . 3 / 2 ) 
0 . 8 7 ( 3 / 2 . 3 / 2 ) 

PdXIX 34.278 
34.013 
33.565 

8 
13 
12 

34.328 
34.030 
33.580 

0.006 
0.388 
0.071 

0 .61 (3 /2 .1 /2 ) 
0 . 6 0 ( 5 / 2 , 3 / 2 ) 
0 ,89 (3 /2 ,3 /2 ) 

AgXX 3 1 . 3 6 0 e 

3 1 . 1 2 1 e 

3 0 . 6 8 6 e 

31.427 
31.189 
30.757 

14 
20 
18 

31.474 
31.210 
30.792 

0.009 
0.386 
0.067 

0 . 6 5 ( 3 / 2 , 1 / 2 ) 
0 , 6 4 ( 5 / 2 . 3 / 2 ) 
0 , 9 0 ( 3 / 2 . 3 / 2 ) 

a All transitions to the ground state 3 d 1 0 . Abbreviated notation:(5/2,3/2) means 3d 9 (j=5/2)4p 3 , 2 e tc . 
The coefficients are the squares of the eigenvectors, the sign indicating the relative phase. 

b Alexander et a l . J7J. "-Edlen I4.6J d - see table 2. e-Even Zofcar [8J. 
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Table H 

Comparison of Different Results for MoXV 3d 1 0-3d 94p and 3d 1 0 -3d 9 4f 

Transition Upper Level 

Experiment 

ACS) 

Theoiy 

xcfo gf 

3 P 
C3/2.1/2) 

50.920^ 
50.943 : l 

S 1 - 0 4 h S0.97 . 
SI.OSS3 

0.00 h 

a,24xia-1' 

g 3d 4p 
C5/2.3/2) 

5Q .437$ 
50.435 1 

50.435? 
50 .U4J 

SO.56? 
SO.S3, 
S0.43 1 , 
SO. 468-' 

0.428 h 

0.397' 

3D 
C3/2.3/2) 

49.904^ 
49.911; 
49.899? 
49.912 3 

SO.02? 
50.01? 
49.94 1 . 
49.967* 

0.092 h 

0.094* 

g 
3d 4f 

3 P 
CS/2,7/2) 

36.212?'* 
36.OoO3 

36.12 s -
36.129J 

C3/2.5/2) 

3S.362 f 

35.377? 
35.368J 

3S.31 8 . 
S S ^ Ô S 3 

b-Alexander et a l . [ 7 ] , f-Schwob et al . [9] g-Mansfield et a l . [10] . 
-Cowan [25] I-Klapisch et al . C27] '-This work. 
-According to the authors: identification uncertain. 

P 



Table III 

3d*4f transitions in Ni isoelectronic sequence 

Element 
At» 

Other Authors 

Experiment 

Present work Intensity 

Theory 

A(R) gf Upper level composition3 

YXIï 50.457b* 
50.130C 
49.330c 

50.524 
50.136 
48.341 

1.5 
4 
6.5 

50.743 
50.325 
49.309 

0.009 
0.129 
3.08 

0.74(5/2,5/2) 
0.41(5/2,7/2),(-)0.35(3/2,5/2) 
0.60(3/2,5/2) 

ZrXIII 
44.527b 

43.759b 

44.929 
44.566 
43.805 

1 
7 
8.5 

45.088 
44.703 
43.738 

0.009 
0.133 
3.44 

0.74(S/2,:5/21 
0.41(5/2,7/2),(-)0.35(3/2,5/2) 
0.59(3/2,5/2) 

NbXIV 40.287 
39.953 
39.232 

3.5 
7.5 

12 

40.423 
40.067 
39.151 

0.009 
0.141 
3.78 

0.75(5/2,5/2) 
0.41(5/2,7/2), (00.36(3/2,5/2) 
0.59(3/2,5/2) 

MoXVd 36.376 
36.060 
35.368 

2.5 
6.5 

12 

36.460 
36.129 
35.265 

0.009 
0.150 
4.10 

0.75(5/2,5/2) 
0.41(5/2,7/2),(-)0.36(3/2,5/2) 
0.59(3/2,5/2) 

RuXVII 30.168 
29.897 
29.278 

2.5 
6.5 

10 

30.229 
29.942 
29.179 

0.010 
0.175 
4.67 

0.76(5/2,5/2) 
0.42(5/2,7/2) ,C-)0.36(3/2,5/2) 
0.59(3/2,5/2) 

to 
1 

HhXVIII 27.655 
27.402 
26.817 

3.5 
7.5 
8.5 

27.728 
27.460 
26.744 

0.010 
0.192 
4.94 

0.77(5/2,5/2) 
0.42(5/2,7/2), (-)0.36(3/2,5/2) 
0.59(3/2,5/2) 

PdXIX 25.488 
25.255 
24.702 

2.5 
6 
7 

25.543 
25.291 
24.620 

0.010 
0.211 
5.20 

0.77(5/2,5/2) 
0.43(5/2,7/2),(-)0.36(3/2,5/2) 
0.59(3/2,5/2) 

AgXX 23.571 
23.343 

. 22.821 

2 
7 

. 1 0 

23.616 
23.380 
22.753 

0.010 
0.234 
5.46 

0.78(5/2,5/2) 
0.44 (5/2,7/2),(-)0.36(3/2,5/2) 
0.59(3/2,5/2) 

a See tab le 1. Alexander et al. I7J. c Edlen[4]. d S< se table 2 . 
probably incorrect identification. 



Table IV 
10 9 3d -3d 5p t rans i t i ons i n Ni i s o e l e c t r o n i c sequence' [ 

Elenent 
A(X) 

Other Authors 

Experiment 

Present work I n t e n s i t y A(&) 

Theory 

Upper l e v e l composit ion 3 

Y XII 4 7 . 8 7 9 e 

47.630C 
47.889 
47.636 

2 
3 .5 

48:073 
47.815 
47.654 

0.025 
0.057 
0.002 

0 .89 (5 /2 ,3 /2 ) 
0 .84 (3 /2 ,1 /2 ) 
0 . 8 7 ( 3 / 2 , 3 / 2 ) 

ZrXIII 42.088 
41.869 

1.5 
1.5 

42.210 
41.990 
41.839 

0.025 
0.055 
0.003 

0 .91 (5 /2 ,3 /2 ) 
0 . 8 7 ( 3 / 2 , 1 / 2 ) 
0 . 8 9 ( 3 / 2 , 3 / 2 ) 

NbXIV 37.319 
37.126 

3 
4 

37.414 
37.222 
37.080 

0.027 
0.053 
0.003 

0 .92 (5 /2 ,3 /2 ) 
0 .89 (3 /2 ,1 /2 ) 
0 .90 (3 /2 ,3 /2 ) 

MoXV 33.403 
33.235 
33.099 

0.028 
0.051 
0.004 

0 .93 (5 /2 ,3 /2 ) 
0 . 9 0 ( 3 / 2 , 1 / 2 ) 
0 .92 (3 /2 ,3 /2 ) 

RuXVII 27.172 
27.037 
26.912 

0.030 
0.047 
0.004 

0 .95 (5 /2 ,3 /2 ) 
0 .93 (3 /2 ,1 /2 ) 
0 . 9 4 ( 3 / 2 , 3 / 2 ] 

BhXVIII 24.708 
24.585 
24.465 

0.031 
0.046 
0.004 

0 . 9 5 ( 5 / 2 , 3 / 2 ) 
0 .94 (3 /2 ,1 /2 ) 
0 . 9S (3 /2 ,3 /2 ] 

MXIX 22.575 
22.463 
22.346 

0.032 
0.044 

. 0.004 

0 . 9 6 ( 5 / 2 , 3 / 2 ) 
0 .95 (3 /2 ,1 /2 ) 
0 .96 (3 /2 ,3 /2 ) 

AgXX 20.712 
20.609 
20.495 

0.038 
0.043 
0.004 

0 . 9 6 ( 5 / 2 , 3 / 2 ) 
0 . 9 6 ( 3 / 2 , 1 / 2 ) 
0 . 9 6 ( 3 / 2 , 3 / 2 ) 

"See table 1 . F Edlen [41 . 



Table y 

3d -3d 5f transitions in Ni isoelectionic sequence 

Element 
X(8) 

Other Authors 

Experiment 
x(X) 

Present work Intensity 

Theory 

A (8) gf Upper level conposition 

If XII 

41.860 e 
42.283 
41.887 

0 
1.5 

42.639 
42.446 
41.962 

0.004 
0.142 
1.24 

0.82(5/2,5/2) 
0.57(5/2,7/2) 
0.72(3/2,5/2) 

ZrXIII 
37.712 
36.944 

3 
3.5 

37.611 
37.437 
36.996 

0.004 
0.150 
1.32 

0.82(5/2,5/2) 
0.57(5/2,7/2) 
0.72(3/2,5/2) 

NbXIV 
33.22." 
32.879 

3.5 
6 

33.477 
33.319 
32.915 

0.004 
0.159 
1.39 

0.83(5/2,5/2) 
0.57(5/2,7/2) 
0.72(3/2,5/2) 

MoXV 
29.774 
29.458 

1 
2 

30.006 
29.862 
29.494 

0.005 
0.171 
1.44 

0.83(5/2,5/2) 
0.58(5/2,7/2) 
0.72(3/2,5/2) 

RuXVII 
24.410 
24.136 

2 
3 

24.579 
24.458 
24.149 

0.005 
0.200 
1.50 

0.84(5/2,5/2) 
0.60(5/2,7/2) 
0.74(3/2,5/2) 

RhXVIII 
22.268 
22.012 

3 
4 

22.421 
22.309 
22.025 

0.005 
0.218 
1.52 

0.85(5/2,5/2) 
0.62(5/2,7/2) 
0.75(3/2,5/2) 

PdXIX 
20.413 
20.172 

1 
2.5 

20.546 
20.443 
20.180 

0.005 
0.237 
1.53 

0.85(5/2,5/2) 
0.63(5/2,7/2) 
0.76(3/2,5/2) 

AgXX 
18.768 
18.547 

1 
3 

18.902 
18.806 
18.563 

0.005 
0.258 
1.53 

0.85(5/2,5/2) 
0.64(5/2,7/2) 
0.77(3/2,5/2) 

a See table 1 c Edlen [4]. 
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