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CONFIGURATION INTERACTION IN THE 4f3 CONFIGURATION OF Priii* 

K. Rajnak 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

The energies of the 38 observed levels of the 4f3 configuration 

of Prill have been calculated with an rms deviation of ±66 cm-l by use 

of 12 adjustable parameters, including 4 parameters which account for 

non-linear configuration interaction effects. The physical significance 

of the non-linear parameters is discussed in terms of the relative roles 

of various mechanisms of configuration interaction. 

. ....... 
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CONFIGURATION INTER~CTION IN THE l..;.f3 CONFIGURATION OF Priii* 

K. Rajnak 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

INTRODUCTION 

The analysis of the complex spectra of the rare earth elements has 

usually been carried out by determining the values of the Slater integrals 

1 1 2 3 . 2 F
2

, F4, and F6, or the equivalent E , E , and E of Racah, and the spin-

orbit coupling constant s which best reproduce the experimental spectrum. 

Inherent in the method is the assumption that the energy levels may be 

described in terms of a pure··~ configuration. Attempts have been made to 

improve on this approxiffiation by including the additional parameters a, ~' 

and· ~ arising from the linear theory of configuration interaction.3-lO 

This has lead ~o considerable improvement, but, in many cases, the differences 

-1 between calculated and experimental spectra are still several hundred em . 

It has recently been shown11 (in a paper hereafter referred to as I) that 

the "non-linear" effects, arising from interaction with configurations 

differing from £N in the quantum numbers of only one electron, may be 

accounted for by adding several new parameters to those discussed above. 

10 12 Such effects have been considered in d-electron systems, ' but until 

the recent work of Sugar13 on the spectrum of doubly ionized Pr (4f3), 

sufficient data has not been available to allow determination of the many 

parameters of the non-linear theory for systems off-electrons. 

This detailed. investigation was undertaken with three goals in mind: 

first, to determine the values of a selected set of non-linear configura-

tion interaction parameters in the particular case of Priii; second to 
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gain a qualitative understanding of the relative importance of various 

mechanisms of configuration interaction in Priii, in particular of the 

4f3 ~ 4f2nf, 4f3 -4 l~.f2np and n 'p 6 4f3 -4 n 'p5 4f 4 interact ions; third, to 

provide a starting point for determination of these non-linear effects 

in other rare earths where an a priori estimate of the parameters may aid 

in the analys:is of the experimental data. When a similar investigation 

is carried out for another ion at the heavy end of the rare earth series, 

it is hoped that estimates of the parameters for the other rare earths 

may be made by interpolation between them. 

Choice of the parameters of configuration interaction 

Since there are several different ways in which the non-linear 

parameters may be chosen, it is important that the particular ch_oice be 

carefully defined. From Eq. (47a) of I the correction to. the electro­

static matrix element between the states * and *' of £N may be 

written as 

(1) 

where 

(j)(kk',£') = P'(kk',£')- P(kk',£') (2) 

P(kk',£'), given by Eq. (5) of I, is a function of the radial integrals 

Rk(££,££'), Rk
1

(££,££') and the energy separation between the configurations 

£Nand £N-l£'. P'(kk',t') is a similar function representing interaction 

N 4£ '+1 N+l · 
between the configuration £ and £' £ · : ~ . 

."\ 
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Many of the terms in the triple-tensor matrix elements of Eq. (1) 

can be shown to be proportional to the coefficients of the Slater inte­

grals, Fk, or of the "linear" parameters a, 13, and 'Y • If these terms are 

included in the computation of the triple-tensor matrix elements, effects 

of one-electron excitations,which are normally absorbed in the fitting proc-

ess by the Slater integrais and a, 13, and "/,will be redistributed among all 

of the parameters. The values of the parameters ~(kk',£') will then not 

necessarily be a true indication of the importance of including one-electron 

terms. If, however, we remove from the triple-tensor matrix elements all 

terms which have the same angular dependence as the effective two-electron 

interactions whic~ give rise to the linear theory, the resulting parameters 

will give a much better indication of the importance of including the 

one-electron interactions. 

Thus, we rewrite Eq. (1) as 

C(</J,</!') = ~,X(kk',£') Y(kk',£'), (3) 

where the coefficients X(kk',£') are given by 

X(kk',£') = ~~~ > 0(2k" + 1) r~ ~: ~~~ 
·even l '/ 

( 4) 

Y(kk.' ,.£ ') is a new parameter whose form is still given by Eq. (5) of I; 

i.e., it is still the difference of core and non-core terms, but whose 
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numerical value will be different from that Of 6/(kk I J £ I) • All terms in 

Eq. (1) where h = i, i: = j' or h = j can be shown to have the same angular 

dependence as the Slater integrals or a:, ~' and "'· Since, when h t i :f j, 

the triple tensor is antisymmetric ink", the terms with k" odd cancel 

term by term. k and k 1 are always even. 

The matrix elements in Eq. (4) are now symmetric ink, ki and k" 

(all even) and we could write a new paramete.r 

Z(kk 1k") = Z Zn 1Y(kk 1 ,£ 1 )(2k" + 1) all permutations x. 

of k, k 1
, and k" 

{k k 1 k 1~ 
£ £ £I] • 

For fN there are 10 such terms, and a total of 17 parameters could then 

(5) 

11 include, to s.econd order, all configuration interaction in such a system. 

But for the number of parameters then equals the number of electro-

static terms in the configuration and such a fit could not be meaningful. 

Even for other configurations, these.parameters have the disadvantage of 

being a sum· over all types of interacting configurations, and of many terms 

which may or may not have the same sign. Thus it is.much more difficult to 

deduce from the values· of the parameters any physical picture of the dominant 

interactions or even to make .an educated guess as to which parameters 

should be large and which small. The parameters Y(kk 1 ,£ 1
) of Eq. (3), 

however, are associated with particular types of interacting con~igurations 
. . k . 

and, ~n the basis of a smooth decrease in the integrals R (££,££ 1
) with 

increasing k, one can predict, for example, that Y(66,3) should be consid­

erably smaller than Y(22,3).. If lack of data forces one to restrict the 

number of parameters used, it should be possible to c~oose ·the most important 
! 
i 

.ones to include. If the Z(kk 1k") parameters are used, however, this 

is impossible. 
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On the basis of these cons.iderations, the parameters Y(kk 1 , £1
) of 

Eq. (3) were chosen for this calculation. Only 2 1 values of 1 and 3 

were used since these are expected to represent the lowest lying configu­

rations diffe~ing from fN in the quantum numbers of only one electron. 

From Eq. (5) of I it is readily seen that P(kk 1 ,£ 1
) is always 

positive. Similarly P 1 (kk 1 ,£ 1
) is given by Eq. (5) and. is al~ays positive .. 

The only difference between these two functions is that P(kk 1 ,£ 1
) repre­

sents an excitation from the fN shel~ to the unfilled £ 1 shell while 

P 1 (kk 1 ,£ 1
) represents the corresponding core excitation, i.e., interaction 

between £N and £ ~ 42 
1

+l£N~l. Where both mechanisms of configuration 

interaction are possible, the sign of the parameter Y(kk 1 ,£ 1
) indicates 

which mechanism is the most important. If the core excitation is the 

dominant mechanism, Y(kk 1 ,£ 1
) is positive. If the excitation from the £N 

shell is the more important one, Y(kk 1 ,£ 1
) is negative. When £ 1 = 1 both 

core and non-core interactions are possible and it cannot be decided~ 

priori which effect should dominate, i.e., we do not know what sign to 

expect for Y(kk 1 ,l). In the lanthanides, however, there are no core 

f-electrons, the first term in Eq. (2) is zero, and Y(kk',3) is expected 

to be negative. 

If we consider only the contribution from two-electron excitations, 

it is readily seen from Eq. (4); (5), (6) and (19) of I that o: is expected 

to be positive, ~' negative and ~' positive. Orbit-orbit interactions 

within the £N configuration make contributions to o:,, ~' and ~which are 

of opposite phase to the terms arising from the linear theory of configura­

tion interaction.15 These parameters also contain contributions from the 
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matrix elements of the triple tensor when k" is odd and h = j. The sign 

of these contributions is determined by the product of the 6-j symbols 

{~~· ~·.} r..kk' k"} 
)J)J )J ~£ f, ' 

where k" is odd. Consideration of these 6-j symbols for various values 

of k, k' and k" when f, = 3 and £' = 1 or 3 leads to the follow:ing 

conclusions: 

1. The contribution to a is positive; 

2. The contribution to t3 is positive when £ '. = 1 and negative 

when £' = 3; 

3. The contribution to 

"' 
is negative when £' = 1 and positive 

when£' = 3· 

Thus, even though these parameters represent the sum of many different 

interactions, it may be possible, by consideration of their signs, ·to 

draw some conclusions as to the nature of the dominant interaction. 

The above considerations are based on the assumption that the 

radial integrals Rk(££,££') and Rk
1

(££,££') have the same sign. On the 

basis of calculations with approximate excited eigenfunctions for Prrv16 

this is always the case. However, one cannot rule out the.possibility 

of some functions for which this is not true . 

Calculations 

The coefficients X(kk', £')were computed on an IBM 7094 and are 

given in Table I. The e~uations for this calculation are given in the 
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Appendix. These coefficients range in magnitude from zero to ±.06, most 

of them being of the order of 10-3 .. Thus, in most cases, the parameters 

Y(kk',£') must be quite large before the correction C('if;,'if;') becomes 

appreciable. Because of the small coefficients, rather large variations 

in the parameters are possible without significant changes_ in the energy 

levels. If the parameters determined from a least squares fit are small, 

their signs may not have any physical significance .. 

The coefficients of the Slater integrals and ~ were kindly 

supplied on magnetic tape by C. W .. Nielson. l7 The coefficients of o:, 

~' .and ~ are easily, computed from the L, W and U quantum numbers of 

the states. 11 

These ·were combined with the coefficients in Table I to give 

fifteen coefficient matrices which were put on one magnetic tape in the 

same format as that of Nielson. This tape was then used as input data.for 

each calculation. Any parameters not used in a particular calculation 

were given an initial value of zero and not allowed to vary. 

G-zero, the sum of the squares of the deviations between experi-

mental and calculated energy levels, was minimized directly using a variable 

metric minimization routine.18 This is an iterative procedure in which 

the complete ·energy matrices are rediagonalized after each change in the 

parameters. If the eigenvalues are linear fUnctions of n parameters, 

n iterations are necessary to minimize G-zero. 

For ten to twelve parameters, the 38 levels of Priii can be fit in 

about 10 minutes on the IBM 7094. The time depends somewhat on how close 

the initial parameters are to the final ones. Since most of the time is 
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spent in d:i.agona lization, it will: increase rapidly for more complex 

systems where the ranks of the matrices are larger than those of f 3 . 

Results and discussion 

Calculations on the 4f3 configuration of Priii have been carried 

out by Trees,~9 using only the linear theory of cpnfiguration interaction. 

Usirig his final parameters, it is possible to reproduce his eigenvalues 

but not the rms deviations which he quotes. From the numbers in columns 

3, 4, and 5 of his Table I, one can compute the rms deviation 

where b. 
~ 

is the difference between the calculated and observed energies 

f th . th 1 1 o e ~-- eve , N is the number of levels (38) and K is the number of 

-1 4 -1 parameters. The results are ±528 em for five parameters, ± 52 em when 

·a is included and ±369 cm-l when two polarization parameters are used. 

Thus, the improvement in the fit with the. inclusion of two cqnfiguration 

interaction parameters is not nearly so great as indicated by the ±484, 

-1 ±292 and ±168 em quoted by Trees. 

Using the parameters given by Trees as. initial values in the present 

-1 program it is possible to improve each of these deviations by about 30 em • 

These results are given in Table II (calc. 1-3). It should be noted that 

in several cases the changes in the parameters are outside the rms errors 

quoted by Trees~ 

In the present calculations E0 has been deterinined so that Z.r b.= 0. 
J.. ~ • 

Since it affects only the center of gravity of the configuration and not 
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its structure, it is not a free parameter in quite the same sense as the 

others. It has been counted as one in the calculation of a, however. 

The validity of the addition of the parameter ~ is open to some 

question. 
. 11 

This correction is equivalent to the Q corr~ction pr~viously 

20 21 used by Trees and Racah. In this form·it is obvious that the effect 

of ~ is to shift groups of levels of different seniority with respect to 

each other. But all the terms of f3 have the same seniority, with the 

exception.of the (100)(10)~ which has not been observed experimentally. 

Although LS coupling is, in general, a good approximation for this system, 

several levels are apprec~ably mixed. The 2o% (100)(10) character of the 

(210) (21)
2
F prob.ably accounts for the fact that the calculated position 

of the lower ~5i2 in calc. 3 is 1460 cm-l too low when a is only 

8 
-1 . . 19 2_ 

33 em Trees used the deviation of the -:F
5

/ 2 to. estimate a value for 

the Q correction parameter, 22 but found its sign to be opposite that · 

predicted by the linear theory. He, therefore, questioned the reality of 

the experimental ~5/2 .level. If, however, we consider that there can 

be contributions to ~ from one- · as well as two-electron substitutions, 

such a change in sign is possible. 

The ~5/2 level is the l~ast well established of the experimental 

levels, although all the transitions which are expected to be strong were 

observed. If further experimental work should prove the ~5/2 level to 

1 . 
be wrong, the values of ~' ·and probably E.: .. , would change, but the effect 

·on other energy levels would be very small. Thus, since the present 

theory cannot exclude the possibility of a negative value for ~' it 

seems justified to include this parameter. 

...-·· 



~ 

.t 

... 

UCRL-11523 

-10-

When 

"' 
is included (calc. 4), (J is reduced to 149 em -1 and the 

~5/2 level fits to within. a few em -1 Since (100)(10)~ makes only very 

sma·ll contributions to other levels, the value of 

"' 
is being determined 

primarily by the position of the ~5/2 level. Therefore, the good fit of , 

this level cannot really be interpreted as verifying its position. But, 

it should be noted that even if the ~5/2 is corr~ct, there may be consid­

erable changes in ry . when the upper ~ levels are included in the fit. 

Assuming that the ~5/2 level is correct, there are two possible 

. . 15 
explanations for the negative sign of ry. Wybourne's estimate of an 

orbit-orbit contribution to of -89.9 
-1 

em for PriV makes it highly 

unlikely that the change of sign is primarily due to this type of inter-

action. The other negative contributions to ry arise from one-electron 

excitations of the type 4f3 -+ 4f2np or n 'p 64f3 -+ np54f4 . In order for 

"' to ha~e a large negative value these contributions (plus the orbit­

. orbit interactions) must dominate over all two-electron excitations and 

one-electron contributions to ry from 4f3-+ 4f2n'f type interactions. 

The additio~ of Y(22,1) and Y(44,1) to take into account inter­

action with 4f2np and n'p54f4 reduced the standard deviation to about 

-1 
±115 em . HOi·rever, the two parameters had opposite signs and nearly 

equal magnitudes which are difficult to explain on the basis of a smooth 

decrease of the integrals Rk(ff,fp) with increasing k. In all subsequent 

calculations, regardless of the ~ombination of parameters, Y(44,l) 

··immediately changed from its large negative value to about +100. Thus 

the negative value of Y(44,1) cannot be deemed physically significant and 

this calculation was not included in Table II. However, it does point 
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up the fact that a single calculation may not be sufficient to establish 

values of those parameters which have only very small effects on most of 

the eigenvalues. Y(22,1) alone does not appreciably reduce the rms 

deviation. 

The parameters Y(22,3) and 'y(44,3), however, which account for the 

2 ·-1 major part of the interaction yith 4f n'f reduce the deviation to ±93 em 

3 . 2 
(calc. 5). Thus it seems that interactions of the.type 4f ~ 4f n'f are 

somewhat more important than the corresponding p excitations. Since the 

parameters Y(kk',l) represent the difference of the two possible type~ of 

p interactions it is not.surprising that the net effect is smaller than 

the f interactions. The sign of ~ indicates that where both of the 

p interactions enter with the same sign, their total effect is greater 

than that of the f. interactions. Thus the relative importance of the 

f ·and p interactions may be quite different in the case of the actinides 

where there is the possibility of a core excitation from the 4f shell. 

Inclusion of four non-linear parameters simultaneously leads to 

a d of ±66 cm-l (calc 7). The sign of the parameter Y(22,1) is still 

positive, indicating that the core p excitation dominates over inter­

act.ions of the type 4f3 ~ 4f2np. But, since Y(22,1) is only 3780, the 

difference between the two interactions must be quite small and it does 

not follow ~hat the core interaction will necessarily dominate in other· 

rare earth ions. Trees12 found a'similar core interaction necessary to 
. 6 

.fit the spectrum of the 3d configuration in Feiii. 

Addition of Y(42,3) reduces the rms deviation slightly but the 

· resulting value of Y( 42,3) is very large and positive whereas the theory 

i 
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predicts that it should be negative and 'bet.;.een Y(22,3) and Y(44,3) in 

absolute magnitude .. This behavior seems to be associated with the fact 

that the (lOO)(lO)~·levels are not. yet known. Whenever the parameter 

Y(42,3) is included these levels lie at least 500 cm-l above their. 

position i-rhen this parameter is excluded. Thus, it appears that. without 

knowing the position of these levels it is impossible to determine even 

the sign of Y(42,3). Since the improvement gained by including it cannot 

be deemed physically significant, this parameter has generally been 

excluded. 

2 As soon as the parameter Y(22,3) in included, the upper n
5

/ 2 

level at 27597.13 cm-l begins to exhibit a deviation well outside the 

expected limits of ±2cr. Until.that time, however, this level gave no 

cause for s~spicion. Examination of the angular matrix elements of 

Y(22,3) sho~s that the (210)(21) 2D, is one of several levels having 

ff d ( ) 04 ' coe icients of the or er of ±.01. Thus a Y 22,3 value of 1 means 

-1 ' 
changes in the energy of these states of the order of 100 em but has 

relatively little effect on other levels. The subsequent, calculations 

have been carried out both with and without the (210)(21) 2n
5

; 2 level. 

No matter how many parameters are used, it never fits much better than 

200 cm-l when it i~ included in the calculation and. is always in the same 

position 355±10 cm-l above the experimental position when it is excluded • 

The (210)(21) 2n
312 

.level, on the. other hand, always fits very well. 

Excluding one of 38 levels from a least squares fit should not make an 

appreciable difference in its calculated position. Indeed, excluding the 

b
2
D

5
; 2 when only the p parameters are used has very little effect. 

/ 
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-1 levels are about 300 em 

higher when the b~5/2 level is' included in the calculation than when it is 

excluded. This apparant correlation between these levels may result in 

considerable changes in the calculated position of the b~5/2 level when the 

b~ levels are known. Further consideration of the·large deviation of the 

b~5/2 level must await the outcome of additional experimental work, however. 

The remaining parameters, Y(44,1), Y(64,3) and Y(66,3), are never 

greater than 200 cm-l and consequently have no' appreciable effect on the 

energy levels. Thus, of the sixteen possible parameters, only twelve are 

necessary for the present .. calculation.- If further reduction in the number 

of parameters were necessary, Y(62,3) could also be· elil:p.inated without 

appreciable change in ~. Y(22,1), however; while only slightly larger 

tha~ Y(62,3), has some very large coefficients (see Table. I). Thus it 

has an appreciable effect.on.many energy levels. 

The final deviation of ±4o em ..:lis as good as can be expe·cted, 

since interactions with configurations containing an electron of angular 

momentum greater than three, spin-spin and spin-other-orbit 'effects have 

been neglected. Spin-spin effects have been- estimated by Ju~d23 to be of 

the order of 10 cm-l in Pr3+. The other effects are more difficult to 

. estimate, but are probably of the same order of magnitude. 

The experimental and calculated eigenvalues, eigenvectors and 

g values derived from calculation 8 are given in Table III. Except 

for the b~5/2 and b~912 , all levels fit within ±2~. The b~9/2 level 

seems to fit quite well when the b~5/2 level is included in the fit but 

-1 deviates by about 120 em when it is excluded. Most of the changes in 
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eigenvectors from one calculation to another are small and, in general, 

LS coupling is a good ~pproximation. · The 4G and 2G levels are badly 

mixed as are the 2P and the lower ~ of J = 3/2. In these cases LS 

labels for the states are meaningless.,. The major component sometimes 

changes from one calculation to another. 

The F
2 

value associated with calculation ~· is 289-cm-l which 

is less than the 298 cm-l given by Judd and Lindgren24 for the neutral 

atom. The Fk ratios are even larger than 5f hydrogenic ratios. 

Conclusions 

It has been shown that by including both the linear and non-

linear effects of configuration interaction' it is possible to obtain 

a very good fit to the spectrum of the ,4f3 configuration of Priii-­

with the exception of the upper ~5/2 level. The values of these 

parameters should provide at least a first estimate to be used as 

guide in the analysis of other rare earth spectra. It is somewhat 

disconcerting, however, to find that even in this most favorable case 

where all but three levels have been observed, the data is insufficient 

to completely determine all of the parameters. This may be a special 

case, but the possibility of a similar situation should be kept in 

mind when analyzing other spectra on the basis o~ incomplete data. 

It is possible to draw some conclusions regarding the relative 

magnitudes of various mechanisms of configuration interaction. It 

seems that the two competing types of p interactions came close to 

3 . 2 
cancelling in Priii while interactions of the type 4f -+ 4f n 'f are 

quite large. The parameters Y(44,1), Y(64,3) and.y(66,3) are negligible. 
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While these conclusions will not necessarily hold for all 

rare earth ions, they do provide a starting point for other analyses, 

particularly if the data is not complete enough to allow one to fit 

all of the possible parameters. Before conclusions drawn from the 

study of Priii can really be generalized to other rare earths, h.owever, 

a similar analysis of an ion at the other end of ~he series should be 

carried out. Unfortunately, the necessary· data is not available at 

the present time. 

\ I . 
' i 

_r 
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Appendix 

Calculation of Triple Tensor Matrix Elements for the Configuration f3 

The triple tensor matrix elements of Eq. ( 4) ·can be computed .i:n · 

several different ways. The most straight forward one is simply to 

subtract from the matrix elements 

those terms in which h = i, i = j or h.= j. Eq. (4) then becomes 

.. 

X(kk I ,.e I) = ~~~ >0(2k" + 1) {~ ~I ~~:} [(7/JI!Inij ( (~~)~({") }(k I )~~·k I)) ( 0) 117/1') 
even l . . . J 

where 

(7) 

and 

(8) 
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Appendix (continued) 

N Since it is a general expression, applicable to any t 

UCRL-11523 

configuration, 

Eq. (6) was used to compute the coefficients in Table I. The ,uk matrices 

were computed from the coefficients of fractional parentage for f 3 

tabulated by Judd. 25 

The computer program was checked using two· equations which are 

more amenable to hand calculations. Eq. (4) may be rewritten as 

X(kk',£') = 6 Zk" >0(2k'' +: 1) {~ ~ '. ~','}·z ( -l)L ,_+_.e_+_L ___ _ 
even ):J ):J ):J 7jj ';J; .. './ (2L + 1) (a + 1) 

-· 

{itk} !:.. !; k". ·. 
L L k' 

. 23 
The 9-j symbol can be eliminated by making use of the relation 

~">0(2k" + l) {if r} {~ ~· ~'} = { ~! ~'}~ ~· r} 
"' 

( -l)L + .e + .e I { \ L k r:;. a(k k') 
(2k + 1)(2£ + 1) .e t tj ' . ' 

and noting that the sum on ';ji and "' ~ will remove all terms in Eq. (10) 

with odd k". When k" is odd and L + L is even, interchanging 7f and 

(9) 

(10) 

';f; changes the sign of the 9-j symbol and such terms drop out. When L 

and L are of opposite parity and k" is odd, the 9":"j symbol· does not 

change sign, but the phase factor in Eq. (9) does. Thus these terms drop 

out also. 
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Using these results, E~. (9) becomes 

"' 
~ L+.£+L 

X ( kk ' ' .e ' ) = 6 7jj '?(; ( -l) V.---( 2_L_+_l_)_(_ 2_L_+_l_) ( 7/1 0' 7jj) ('?(; t )7/J I ) 

·(~l)r; + .e + .e' 
( 2k+ 1)( 2.£+ 1) 

UCRL-11523 

(r:; I: k'} 
l_.e .e L 

The generalization of E~. (9) to more than three electrons would 

(11) 

involve calculation of three-particle coefficients of fractional parentage, 

(l 7/J{I £N-31f) and would not afford any great simplification over Eq. (6). 

Equations (9) and (11) do provide convenient methods of checking the present 

results, however. 

Hand calculations using these equations indicate that the results 

are good to the six de.cimal places ~uoted in Table I. Thus, even with 

parameters values of 105, round off errors affect th~ ~igenvalues by at 

most a few tenths of a cm-l More accurate results could be obtained · 

using the powers of primes notation, but this does not seem warranted at 

the present time . 
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Table I. Angular dependence of non - linear configuration interaction parameters (x 102) 

~-a :J/ X(22,1) X(44,1) X(22,3) x(44,3) X(42,3) x(62,3) x(64,3) x(66,3) 

4s 4s 6.530611 3.968253 .748299 .566894 .340136 .340136 .340136 .497122 
4D 4D .680272 .699168 -1,870748 -.120249 -.736961 .510205 .654505 1.221398 
4F 4F -1.632653 -1.020408 .280613 .505051 .170068 .637756 .448362 .307728 
4G 4G .362812 .310360 -1.295351 .172723 -. 448361 1.096424 .706977 -318576 
4I 4I - .136054 -.300625 2.414966 1.004167 1.025562 .231912 .140084 .036220 
2P 2P 4.399092 .204711 .062359 -.632744 .727513 -.3117?1 .145159 -.353416 
2Dl 2Dl 1.566569 -2.204135 -.058794 .600514 .188695 .313412 -.766778 .142120 

2D2 .681085 .267855 -.281924 -.890459 -.036372 ·777767 -.201084 .168004 
2D2 2D2 -705539 .676100 -1.546646 .992566 -.240745 .660615 -.274478 -.545720 
2Fl 2Fl .000000 .056689 -.935374 -1.293549 -.510204 -1.445578 -1.066790 -.864017 

2F2 .319076 .390787 -1.874570 -.465868 -.761431 .235681 .247218 .382490 I 
N 

2F2 2F2 -1.360544 -.314368 1.147958 -.~87663 .092764 -1.055194 .413223 -.140687 N 

2Gl 2Gl -3.213475 2.162947 .977486 -.141600 -.202462 -.514253 .292282 -.276905 
2G2 -721391 .141985 -.472087 .255232 -.107694 -.417115 .243074 -.010849 

2G2 2G2 .437965 -.173667 -.309119 -.192238 .009718 .482202 -.494857 .148074 
2Hl 2Hl -2.585033 -.897581 -.175737 .052316 -.270563 .012884 -.111739 -.009064 

2H2 2.031498 -1.319154 -.991564 .706214 -.065958 -.131070 .043818 -.116523 
2H2 2H2 .285714 -.348725 1.107710 -.064029 .435993 -.544732 -.090062 -.120510 
2I 2I 3.129251 .279152 -.697278 -.300626 .028345 -.019623 -.075124 .052374 

2K 2K -.362812 -.043519 .274944 -.564811 -.001718 -.oo6441 -.038838 -.009195 
2L 2L .000000 .144300 -1.062925 .141490 -.386518 -.010406 .000757 .003341 

aThe notation is that of Nielson and Koster, 14 4s = 4s, etc. 2Dl = (210)(20)~, 2D2 = (210)(21)~, 2Fl = (100)(10) 2F, 2F2 = (210)(21) 2F, 

2Gl = (210)(20) 2G, 2G2 = (210)(21) 2G, 2Hl = (210)(11)2a, 2H2 = (210)(21)2a. 
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Table II:.: Parameter values for the 4f3 configuration of Pr III (in cm-1) 
. ' 

Calc. No. 1 2 3 4 5 6a 7 sa 

Eo 10966. 10608. 11262. 14976. 14711. ·. 14577. 14914. 14757. 
El 4291.39 4261.5 4369.3 4906.4 4794.2 4771.7 . 4823.8 4804.5 
E2 21.44 21.14 20.60 19.62 19.97 20.23 19.71 19.93 
E3. 398.1 4o6. 7 414.5 419.2 4o9.3 407.6 410.2 408.4 

' 61~t~. 9 642.7 657.3 666.9 662.5 664.8 662.4 664.0 
.. 

. ···:. 

.. -~ 
a 16.72 26.26 31.69 31.47 29.71· 32.18 30.54 

t3 - 890.1 - 9~3.1 - 959.6 -861.4 -888.0 -798.6 

7 -3072. -2765. -2696. -3006. ~2924. 
.I 

y (22,1) 3780 3770 ··-.· 

y (22,3) . -13990 -l454o. -13810 -15220 
y ( 44,3) -10680 -966o. -6320 -3500 

' ,. ) 'J (02,3 -374o -2~90 

(1 '. ± 500 . ± 4o6 ± 338 ± 149 .. ± 93.·, ± 78. ± 66 ± 4o: '. 

2 
~he b n512 

level :was excluded from this calculation. 

·~---

'· 
I . 

. . - ~ 

. -- -.. -- -- - -~-- --------- -- -·· ·- . - ----- - - -- -- - -
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Table III. Calculated energy levels, eigenve\!tors and g factors for the 41'3 configuration. 

Observed energy Calculated 
J (cm-l) minus observed Eigenvector g factor 

energy 

l/2 18693.65 -67.27 .2l99l 4
n) + .9755I 2P) .634 

23465.43 53.67 --9755l
4
n) + .2l991 2P) .034 

3/2 9370.66 -53.06 .o4o8l 4s) + .0101l 4
n) - .9738I 4F) + .05HI2P) - .2l06j2Dl) + .05521~2) .423 

10950.24 46.78 .9743l 4s) + .Ol33l 4
n) + .o6l0j 4F) + .2l28I"P) - .04o3l~l) + .0031j~) 1.964 

17095.63 -10.98 .l837l 4s) - .ll55l 4n) - .18501">-> - .6475I 2P) + .6948I 2Dl) - .1292j~) l-056 
20856.86 -9.48 -.l2281 4s) + .o768l 4n) - .n?OI 4F) + .7168j 2P) + .65l4j 2Dl) - .l648j 2D2) 1.089 
23091.70 -1.00 .0152l

4
s) + .90421

4
n) + .0012l"'> - .nooi 2P) + .n751 2m) + -39531~> l-134 

26921.49 -21. 4o -.00871 4s)- .4o361 4n) + .Olnj 4F) + .0835I 2P) + .182oj 2m) + .8926j~) .869 

5/2 10138.18 39-59 .00291 4
n)- .98951 4F) + .Ol321 4e)- .:.3891~1) + .01771~) + .01931~1) + .0264j~2) l-032 

14187.35 8.28 .0056I
4
D) - .0161I

4
F) - .9961l 4a) + .OOl5I 2Dl) + .on41 2D2) - .05451~1) - .o663l~2) -573 

19046.09 2.07 .0162l 4
n) + .l3861 4F) - .005li 4G) - .98951~1) - .03541~2) + .0127j~1) + .00541~2) l-197 

23245.99 34.12 .9007l 4
n) + .00761 4F) + .Ol761 4a) - .ooo6j~l) + .4244j 2D2) - .05591~1) - .07121~2) l-337 

27597.66 359.60 -.4336l
4
n) + .Ol33I

4
F) + .025ll 4a) - .0390fm) + .87501~) - .09811~1) - .1826!~2) 1.217 

34193.20 1.54 -.Olo61
4
n) + .03'071

4
F) - .0801j 4a) + .00741~1) + .22931~2) + .46991~1) + .84781~2) .873 

62397.77 (calc.) -.Ol471 4
n) - .002ii 4F) + .Ol53l 4a) - .00921 2Dl) - .0029j~) - .87341~1) + .4864j~2) .857 

7/2 10859.06 -19.73 .00291
4
n) + .9672I

4
F) + .0305l

4
a) - .oa5l~l) - .0338j~2) - .1944j 2Gl) + .1553j 2a2) l.2l6 

13887.60 -6.10 .00071 4D) + .23111 4F) - .49161 4a) - .00'571~1) - .0062!~2) + .6382! 2G1) - .54561 2G2) -930 
15443.48 -11.47 -.005ol

4
n) + .099li

4
F) + .86851 4G) + .0349j~l) + .o468j 2F2) + -37951 2Gl) - .29741 2G2) -965 

24886.51 -19.00 .99781
4
n) - .00381

4
F) + .oo8oj

4
G) - .05441~1) - .0373!~2) + .00571 2Gl) + .ooolj2G2) 1.428 I 

34977.73 (calc.) .05741 4D) - .03431 4F) + .0514j 4G) - .41941~1) - .9026j 2F2) + .0468j 2Gl) + .0084j 2G2) 1.143 N 

39909.06 -33-34 .0034I 4n) - .OO?oi 4F) + .0189I 4G) + .03741~1) - .o)66j~2) - .6384j 2Gl) - .7664j 2G2) .890 
~ 

62087.75 (calc.) .0335l 4
n) + .oo481 4F) - .Ol231 4G) + .9044j~l)- .4211j 2F2) + .0332j 2G1) + .o4741 2G2) 1.14) 

9/2 0.00 -5.56 -.00261 4F) - .oo66l 4a) - .9862! 41) + .Ol5Qj 2Gl)- .0133j 2a2)- .0534j~l) + .1550j~) -732 
10032-92 37-33 -3253I

4
F) + .128ol

4
a) - .14751 41) - .3193! 2a1) + .26781 2G2) + .2938!~1)- .7720j%2) .989 

11761.69 -11.08 .88!;9j 4F)- .02251 4a) + .o647l 41)- .147li 2Gl) + .1039I 2G2)- .13961%1) + .4oo5I"R2) 1.248 

15705.13 4.68 -.2382!\-) + .7369l 4a) + .03341 41) - .4l58I 2Gl) + -3724j 2G2) - .11381%1) + .2733!~2) 1.139 

16763-98 -8.03 .23291 4F) + .66o6l 4a)- .0167! 41) + .54l8j2Gl)- .4324j 2G2)- .Ol30I"Hl)- .1682j"H2) 1.144 

26979.66 120.87 .00281 4F) + .05661 4a) + .00341 41) - .0165l2a1) - .0930I 2G2) + -934oi"Hl) + .33991%2) .911 

)9225.60 -9-17 .Ol39I 4F) - .0203 4G) + .0004 41) + .6399 2Gl) + .7636 202) + .0769 %1) + .0318 %2) 1.110 

11/2 1398.34 -5-54 .oo63l 4o) + -99531
4
1) + .0338l%1) - .o899I"R2) - .01331 21) .966 

12494.63 26.38 -.2051l 4a> + .o946l 41) - .36231%1) + .90311%2) - .o44liS> 1.097 

17409.58 12.4o --97231 4a> - .01341
4
1) + .1Bo7I"H1) - .14781%2) - .oo53IS> 1.263 

24357.98 -5.22 .o561l 4a> - .ol45l 41) + -37021%1) + .11191%2) - .9196IS> .949 

28101.77 19.06 .o96ol 4a) + .01011 41) + .83541%1) + .3750(2H2) + .3900j 21) 1.067 

13/2 2893.14 1.75 -99831
4
1) - .o197ISJ + .05471~> l-079 

16089.14 22.85 .o563l"r> + .o893IS> - .99441~> -935 

25391.75 1.05 .o1>,7l 41) + .99581~> + .o902l~> 1-076 

15/2 4453·76 14.34 .995ol
4
1> + .1oo1l~> - .oo6 I~> 1.199 

17642.06 2.66 -DlOO 141) + .97921~) - .1768j~) 1.064 

25244.61 -21.42 -.on41 41) + .1765l~> + .98421~> .945 

17/2 26447.88 -51.38 1.0001~) 1.059 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com• 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor • 
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