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CONFIGURATION INTERACTION IN THE hf)(CONFIGURATION OF PrIII*
K. Rajnak
Lawrence Radiation Laboratory

University of California
Berkeley, California

ABSTRACT

The energies of the 38 oﬁserved levelslof the th configuration
of PrIII have been caiculated with an rms deviation of #66 cm ™ by use
of 12 adjustabie parameters, including Y4 parameters which account for
non-linear configuration interaction effects. The physical significance -
of the non-liﬁear pgrameters is discussed in ferms of the relative roles

of various mechanisms of configuration interaction.
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CONFIGURATTION INTERACTION IN THE Lhf” CONFIGURATION OF PrIII*
K. Rajnak
Lawrence Radiation Laboratory

University of California
Berkeley, California

INTRODUCTION

The analysis of the complex spectra of the rare earth elemeﬁtsvhas
usually been carried out by determininé the values of the Slater integfals
2, and E° of Racah,a.and the spin-
orbit coupling constant VC which best reproduce the experimeqtal spectrum.
Inherent in the method is the assumption that the energy levels mayvbe
described in terms of a puré“fN configuration. Attempts ha&e been made to
improve on this approximation by including ﬁhe‘additional parameters O, B,
and’ %y arising from the linear theory of configuration intéraction.B-lO
This has lead to considerable improvement, but, in many cases, the differences
between calculated and experimental épectra are still several hundred cm‘l.

Tt has recéntly been shownll (in a paper hergafter referred to as I) that

the "non-linear"

effects, arising from interaction with configurations

. N _ -
differing from [  in the guantum numbers of only one electron, may be
accounted for by adding several new parameters to those discussed above.

10,12yt until

Such effects have been considered in d-electron systems,
the recent work of Sugar13 on the spectrum of doubly ionized Pr (hfa),
sufficient data has not been available to allow determination of thé many
parameters of the non-linear theory for systems of f-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 intersction parameters in the particular case of PrIII; second to
B
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gain a qualitative ﬁnderstanding of the relativg importance bfivarious
mechanisms of configuration interaction in PrIII, in particular of the
L2 —ahfgnf, b —>Mf2np and n'p6hf5 —an'pslnf‘LF interactions; third, to -
provide a starting point for determination of these non;lineér effect;
in other rare earths where an a priori estimate of the p&rameters may aid
in the analysis of the experimental datg. When a similar investigation

is éarried out for another ion at the heavy end of the rare earth sefies,
it 1s hoped that estimates of the parameters for the other rare earths

may be made by interpolation between them.

Choice of the parametéfs of configurati;n interacfion

Since there are several different wayé in which the hon—linear
parameters may be chosen, it is important that the particular choice be -
carefully defined. From Eq. (L47a) of I the correction to the electro-
static matrix element‘between the states ¢ and ' of lN may be
written as ”

C(WP') = Zkk'k" @(kk')ﬂ') (2k" + 1) {1; ‘1;' 1;','}'

even
X{S}p”z‘hij( (M(k>&j(-k',) } (k ! )&gk ! ) ) (O) ”wv ) ,A (l)
where | |
Plex',2') = Prxx',0') - P(kk',2") . (2)

P(kk',2'), given by Eq. (5) of I, is a function of the radial integrels

' "
Rk(lﬂ,ll'), " (£2,22') end the energy separation between the configurations

ZN and gN-1,0 P'(kx',2') is a similar function represeﬁting interaction

‘ ' g+l W+l -
between the configuration £N and £' g £, .
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‘ Mény of the terms in the triple-tensor matrix elements of Eq..(l)
can be.shoﬁn to be proportional to the coefficients of the Slater inte-
grals, Fk, or of the "linear" parameters 0O, ﬁ; and yv.‘.If these terms are
includéd‘in the computation of the triple-tensor‘mafrix elements,-effects

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

ess by the Slater integrals and o, B, and v, will be redistributed among all

of the parameters. The values of the parameters GD(kk',Z') will then not
necessarily be a true indicationAof the importance of ihcluding one-electrqn
ﬁerms. If, however, we remove from the triple-tensor matrix elements all
vterms which have the same angular dependence as the effective two-electron
interactions which give rise to the 1inear thgory,-the resulting parameters
will give a mu?h better indication of the impértanée of including the
one-electron interactions.

Thus, we rewrite Eq. (1) as
Cl,¥) = S X(kk',2') Y(kK',00) , (3)

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

x(kk?,z') = Zk,,even S of2x" + 1) 1;1; 1;,}
' Xz, g, 1y (0l N Oy oy

Y(kk',s') 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 @%kkf,z'). A1l terms in
Eq. (1) where h = i, 1= J, or h = j can be shown to have the same anguiar
dependence as the Slater integrals or a, B, and vy. Since, when h £1i#3,
the triple tensor is antisymmetric inak", the terms with k" odd cancel
term by term. k and k; are alwajs even.

The matrix elements in Eq. (4) are now symmetrlc in k, k' and k"

(211 even) and we could write a new parameter

all permutations 21 1
of k, k', and k"

1.1t A | t ' "‘ "kk' k"
2k k") = % 2 ¥k, 27) (2 +1>{ } (5)

For fN there are 10 such tenns; and‘e total‘of 17 parameters could then
include, to second order, all configuration-ieteraction in such a system.ll
But for f5, the number of parameters then equale.the number of electro-
static terms in the configuration and such a fit could not be meaningful.
Even for other configurations, these,paremeters have the'disedvantage of
being a sum over all types of interactiﬁg eonfigurations,’and of many terms
which may er may not have the same sign. Thus it.ie_muéh more'difficult to
deduce from the valuesiof the'parameterS'any physical picture of the dominant
interactions or even to make an educated guess as to Vhich perameters |
‘should be large and vhich small. The paremeters Y(xk',2') of Eq. (3),
however, are associated with par#icular types of interacting configurafions
and, on the basis of a smooth decrease in ihe integrals Rk(zz,zz;) with
increasing k, one can predict, for exemple, that Y(66,3) should be consid- _ .
erably smaller'than 1(22,3)u If 1ack of ‘data forces one to restriet the |
A»number of perameters used, it shdﬁld be possible to c@oose-thermost importanﬁ
ones to include. If the Z(kk'k") parameters are used: however, this

is impossible.
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On the basis of these considerations, the paraﬁeferva(kk';z') of
Eq. (3) were chosen for this calculation. Oniy 7' values of 1 and 3
were used since these are expected to represent the lowest lying configu-
rations differing from fN in the guantum numbers of oniy one electr@n.

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

positive. Similarly P'(kk',2') ié given by Eq. (5) and is always positive.

: The only difference between these two functions is that P(kkf,£') repre-
sents an excitation from the ZN shell to the unfilled £' shell while:
P’(kk’,l')-represents the corrésponding core excitation, i.e., interaction

: H
between ZN and Z,hl +1£Nfl

. Where both mechanisms of configuration
interaction are possible, the sign of the parameter Y(kk',2') indicates
which mechanism is the mést important. If thé core.excitation is the |
dominant mechanism, Y(kk',£') is positive. If the exc¢itation froﬁ the zN ,
shell is the more important one, Y(kk',4') is negative. When £' =1 both
core and non-core interactions afe possible and it cannot be decidéd_g
priori which effect should dominate, i.e., we do not khow what sign to
expect for Y(kk',1). In the lanthénides, however, there are no core
f-electrons, the first term in Eq. (2) is zero, and Y(kk',B) is expected
to bé négative. |

If we conéider only the contribution from two-electron excitations,
it is readily seen from Eq. (1), (5), (6) and (19) of I that o is expected
to be positive, B, negative and -y, positive.. Orﬁit-orbit interactions
within the ZN configuration meke contributions to Qa, B, and <y 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 prbduct of the 6-j symbols

k k' k¥ (k k' k"
IR B VAN

where k" is odd. Consideration of these 6-j symbols for various values
of k, k' and k" when £ = 3 and £' = 1 or 3 leads to the following
conclusions:

1. The contribution to & is positive;

1t

2. The contributién to B dis positive when £' = 1 and negative
when £' = 3; |
3. The contribution to <y 1is negative whenvﬂ' = 1 and posltive
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 dominan£ interaction.
The above considerations are based on the assumption that the
radial integrals R¥(46,40') and R™ (44,44') have the same sign. On ‘the
basis of calculations with approximate excited eigenfunctions for PrIVl

this is alweys the case. However, one cannot rule out}the‘pOSSibility

of sbme functions for which this is not true.

Calculations

The coefficlents X(kk', £') were computed on an IBM TO9L and are

given in Table I. The equations for this calculation are given in the
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Appendix. These coefficients range in magnitude from zero to +,06, most.

b

of.them being of the order of 1077, Thus, iﬁ most cases, the parameters
Y(kk',2") must‘be quite large before the chreétion C(w,¢’)bbecomes
appreciable. Because of the émali céefficients, rather'iarge.variafions ‘;
in the parameters are possible without signifidanﬁ changes in the energy
levels. If the parameters determined ffom a least squareé fit are Smail,
their signs may notnhave any physical significance.

The coefficients of the Slater integrals and ﬁére kindly
supplied on magnetic tape by C. W,‘Nielsqn.17 The coefficients of «,

B, and <y are easily,computed from the L, W and U quantum numbers of
the states.ll |

These ‘were combined with the coefficfents in Table T 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 és input data.fof-
each calculation. Any paramefers not used in a particular,calculation
were giyen an initial value of zero and not allowed to vary.

G-Zero, the sum of thevéquaées of the deviations between experi-
mental and calculated energy levels, was minimized directly using a variable
metric minimization.routineml8 This is an iterative procedure in which
the completé'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 té 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;diagonaiization, it will increase rapidly for more complex

3

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

Results and discussion

Calculations on the th configuration of PriII have been carried
out by Trees,lg using only the linear theory of configuration interaction. .
Using his final parameters, it is possible to reproduce his eigenvalues
but not the rﬁs deviations which he quotes. From the numbers in columns

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

whére Aﬁ is the difference between the calculated and observed energies
" of the iEE level, N 1is the number of levels (38) end K 1is the number of
parameters. The results are i528 cm-l for five parameters, #U452 cm_l when

'@  is included &and %369 cn™ Y

when two polarization parameters are ﬁsed.l
Thus, thé‘improvement in the fi£ with the'inclusioh of two configuration
“interaction paramefers is not nearly so great as indicated by the.ih8h,
+292 and *168 em™t quoted by Trees. |

Using the parameters given by Trees as initial Qalﬁés in the present
lprogram.it is possible to improve each of these deviations by about 30 cm-l.
These results are given in Table II (cale. 1-3). It should be noted that .
< in severa; casés the changes in the parameters are outside the rms errors
quoted by Trees?

'iﬁ the pfesent calcﬁlgtions EO has been‘determined so that Eiéi= 0.

Since it affects only the center of gravity of the configuration and not



UCRL-11523

“its structure,lit‘is not a free parameter in quite the same sense as the
vothers. It hes been eounted és one in the.calculation of g, hovever.
The_velidity of the'additien of the parameter -« is epen to some
gquestion. This correction is eéuivalentll to the Q correction preﬁieusly
used by Trees20 and Rac:ath.el In this form it is obvioﬁs that the.effect
of vy is to shift groups of levels of different eeniority with fespect to

each other. But all the terms of f5

have the same seniority, with the
exception.of the (lOO)(lO)eF which has not been observed experimentally.
-Alfheugh LS coupling is, in general, a good approximation for this system,
several levels are appreciably mixed. The 20% (100)(10) character of the
'(210)(21)-2F'probab1y accounts for the fact that the calculated position
of the lower 2F5/2 in cach 3 is 1460 em™! to0 low when O is only

338 cm_l. Trees19 used the deviation of the 2F to. estimate a value for

5/2
the @ correction parameter,22 but found its sign to be opp051te that -
predicted by the llnear theory He, therefore, questioned the reallty of
the experimental 2F5/2‘1evel. Ir, hewever, we coneider that there can

be contributions to <y from onee‘- as well as two-electron substitutions,
‘ sﬁch a change in sign is possible.

The 2F5/2

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

level is the least well established of the experimental

observed. If further experlmental work should prove the 2F5/ level to
be wrong, the values of <y, "and probablyﬁEl, would change, but the effect
on other energy levels would be very small. Thus, sinceAthe present
theory cannot exclude the possiblllty of & negative value for y, it

seems justlfled to include this parameter.
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When < 1is included (calc.h), ¢ is reduced to 149 em™t ahd_the-

| 2F5/2

small contributions to other levels, the value of -y is being determined

level fits to within a few em™>. Since (100)(10)2F makes only very

primarily by the position of the 2F level. 'Therefore,‘the,good.fit'of ,

5/2

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

is correct, there may be consid-

5/2

erable changes in * when the upper 2F levels are included in the fit.

it should be noted that even if the 2F

Assuming that the 2F level is correct, there are two possible

15

5/2

Aexplanations for the negative sign of ~+y. Wyboﬁrﬁe's-estimate of an

_ orbit-orbit contribution to -y of §89.9 en} for PrIv mekes it highly
unlikely that the change of sign is primarily due to this tybe of inter-
~action. The other negative contributions té 0 erise from one-electron
excitations of the type hed —>hf2np or n~'p6hf5 —>np5hfu. Iﬁ order for
Y to have e large neéative value these contributions (plus.the orbit-

.orbit interactions) must dominate over gll two-electron excitatione and
‘one-electron contributions to. v fram bed - P t&pe interactions.

The addition of Y(22,1) and Y(lk,1) to take into account inter-

ection with hfenp'and n'p5ufLL reduced the standerd deviation to about

' ill5 mn_l. However, the two paremeters 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 vk.' In all subseqﬁent
calculations, regardless of the combinetion of peremeters, Y(Lh,1)

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

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

- this calculation was not included in Table II. However, it does point
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ﬁp_the fact that avsingle caiculaﬁion ﬁay not be'sufficient te establish
values of those parameters ﬁhich'have only very small effects on most of
the eigenvalues. Y(22,1) alone does ﬁoiAappreciably reduce the rms
deviation. -

The parameters v(22,3) and Y(Lk,3), however, which account for the
maJor part of the interaction with hf n'f reduce the dev1at10n to +95 cm -1
(calc. 5). Thus it seems that interactions of the type L —ahf n'f are
somewhat more important than the corresponding p‘ exc1tat10ns Since the.
parameters Y(kk' ,1) represent the difference of the two possible types of

P interactions it is not surprising that the net effect is smaller than

the f interactions. The sign of < dindicates that where both of the

-p interactions enter with the same sign their tbtal effect is greater

' than that of the fA interactions. Thus the relative 1mportance of the

f and p interactions may be gquite different in “the case of the actlnldes
where there is the possibility of a core excitation from the Lf shell.
Inclusion of four non-linear parameters simultaneously leads to
a g of #66 cm” (calc 7). The sign of the parsmeter Y(22,1) is still
posifive,’indicating that the core »p excitation ddminates over inter-
actions of the type th —ahfenp But, since Y(22 1) is only 3780, the
difference between the two 1nteractlons must be quite small and it does
not followvthat the core 1nteraction will necessarily domlnate in other

rare earth lons. 'I‘rees12 found a’'simllar core interaction necessary to

- fit the spectrum of the 33° configuration in FeITI.

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

- resulting value of Y(L42,3) is very large end positive whereas the theoryv
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predicts that it éhould_be negative and'between i(ee,a) and Y(hhga) in
absolute magnitude. . This beha#ior seems‘to.be associated with the facﬁ
that the (lOO)(lO)zF'levels are'noélyet known. Whenever the parameter
‘Y(u2,5) is included these levels lie at least 5OOrcm_1 above4theirtu' p
position yhen this parameter is exciuded. Thﬁé, it appears thgt.without
knowing the positiqn pf these levels it is impossible to dete?mine'even
the sign of Y(h2;5). Since the improvement gained by including it cannot
be deemed physically significant, this parameter has generally been
excluded. | » -

As soon as the parameter Y(22,5) in included, the uéper 2D5/2 '

level at 27597.13% cm—; beginsAto exhibit a deviation well outside the
- expected limits of +20. Until .that time, hSwever, this level gave no
cause for suspicion. Examination of the angular matrix elements of
Y(22,3) sho&s that the (210)(21)2D, is one of severalfleveis having
coefficients of the order of #.01. Thus a Y(22,3) value of th meaﬁs - ;
changes in the energy of these stafes of the order of 100 cm_l but has I
relatively little effect on other levels. lThe subsequent, calculations
have been carried out both with and without the (210)(21)2135/2 level.
No ﬁatter how meny parameters are used, it ne&er fits much better than
200 ?m'l when it iélincluded in the éalculation and'is'élways in the same
position 355*10 cm'l above‘the experimeﬁtal position when it is excludéd.

The (210)(21)2D level, on the other hand, always fits very well.

3/2

Excluding one of 38 1levels from a least squares fit should not make an

appreciable difference in its calculated position. Indeed, excluding the

b ™D when only the p parameters are used has very little effect.

5/2
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The calcﬁlaéed posi?ions of the upper 2F ievels ere about 300 cm;l
higher when the b2D5/2 level is included in the calculation ﬁhanvﬁhen‘it is
excluded. This‘apparant correlation between these levels mey result in
considerable changes in the calculafed positieh of the b2D5/2 1eveimwhen the
b2F 1e§els are known. Fﬁrther consideration of the’large deviation of the
b2D5/2 level must ewait the outcome of additional expefiﬁenfal work, however.

The remaining perameters, Y(Li,1), Y(6L,3) ehd Y(66,3), are never
greater than 200 cm-l and eonsequently have no'appfeciaEle effect on the
energy levels. Thus,‘of the sixteen possible parameters; only ﬁwelve afe
necessary for.the present, calculation.. If further reduétioﬁ in the number
of parameters were necessary; ¥(62,3) could also be eliminated without |
appreciable ehange in 0. Y(22,1), hoﬁever; while only slightly larger
than Y(62,3), has some very large coefficients (see Table I). Thus 1t
has an appfeciable effect .on.many energy levels. | |

The final deviation of L0 em;l'is as good as can be expected,A
since interactions with configurations containing an electron ofbaﬁgulér
momentum greater than three, spin-spin and spin-other-orbit effects have.
been neglected. Spin-spin effects have been estimated by Jué.lde5 ﬁo be of
4the.order of 10 cm-l in Pr3+. The other effeets are more}difficult to
,estimate, 5ut are probably of the saﬁe order of magnitude;

The experimental and calculated eigenvelues, eigenvectofs and '
g ve;ues derived from calculation 8 afevgiven in Table III. Except
~for the b2D5/2 end b2H9/2,.all'levels fit within #2g. The b2H9/2 level

seems to fit quite well when the b2D5/2 level is included in the fit but

1

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

uG and 2G levels are badly

LS 'coupling is a good‘approximationf‘ The
mixed as are the 2P and the lower 2D of J = 3/2. In these cases LS
llabels for the states are meahingleés? The major component sometiﬁéé
changés from one célculation to another. -

The T, value associated with caleulation’ 8 is 289.cm-l which

is less than the 298 cm":L givén by Judd and Lindgrenah for the neutral

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

Conclusions

It has been shown fhat by including both the 1inear.and non-
linear éffects of configuration interaction, it.is.possible to obtain
a very éood fit to the spectrum of the .hf5 configurétion of PrIII—
with the exception of thg upper 2D5/2 leve;. The vélues‘of these

parameters should provide aﬁ least a first estimate'to be used as

guide in the analysis of other rare earth spectra. It is somewhat
disconcerfing, however, to find that even in fhis most.favo;aﬁle case
where all but three levels have been observéd, the data is insufficient
to completely determine all of the'parameters.' This may be a special
case,.bﬁt the possibllity ofva similar situation should be kept in
mind when anal&zing.other spectra‘on the basis of incomplete data.

It is possible to draw some conclusions regarding the relative
magnitudes of various mechanisms of configuratlon interaction. It
- seems that the two éompeting types of p Hinteractions come close to
~cancelling in PrIIi while interactions of the type b2 —hePn'e are

quite large. The parameters Y(Ll,1), Y(64,3) and Y(66,3) are negligible.
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Whilelthése concluéiqns will not necéssarily hold for all
rare earth ions, they do provide a starting point for other'analyses,
particularly if the data is not complete ehoﬁgﬁ to allow oné to £it
‘ all of the possible parameters. Before conclusions dfawn frbm thé”
study of PrIII can really be generalized_to_other rare earths, howéver,
a similar analysis'of'an ion at the other end of the series shouldvbe
carried out. Unfortunatgly, fhe necessary data is not available at

the present time.
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Appendix
3

Calculation of Triple Tensor Matrix Elements for the Configuration f

The triple tensor matrix elements of Eq. (%) can be computed in
~ several different ways. The most straight forward one is siﬁply to

subtract from the matrix elements

s (e ")}(k) )01 V1)

those terms in which h =1, i = Jor h = j. Eq. (h) then becomes

X(kk',00) = B oo(2K + 1) {f;ﬁ; i}/(wnzmj((u(k) (k")}‘k a1y Oy
even
- {5 i ) [(wm 92l + 1) + (1)
o0,9') ﬂ . (6)
22+l L j

where
Ea e e 2 2o {%H} Wl

< @) @ ™ e T

and

i

G2 = Lr 2t man®ry . @
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Appendix (continued)

Since it is a'general expression, applicable to any zN configuration,
Eq. (6) was used to compute the coefficients in Table I. The zg? matrices
were computed from the coefficients of fractional ﬁarentage for f5
. M . 25 N - .
tabulated by Judd.
The computer program was checked using two equations which are

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

: ' . k k' k"{. L+g+T
X(kk' ,@') = 6 2 " :O(Zk" +. 1) . v‘} 2_ ~('l) — ~
’ K even : L Lt vy \/(QL +1)(2L + 1)

S . =~ ) |22k |
x (ll DA 1 W) T,;I,;}j} £ 4x" (9)
o |TTk >
The 9-J symboi can be eliminated by meking use of the xjelation25
. 'ﬁﬁk" " - . ‘
| " L4 "\ T24\)ex' g
Zyemyo(2K" + 1) fééi, {k k' z'}. k22 (\Es T
Tep+8t (= . - :
(-1) R 575 A G | ,
T @ D@D \44 4 (k,k") ' (10)

and noting tha£ the sum on J and '@ will remove all terms in Eq. (lO)
with odd k". When k" is odd and T + T is even,‘interchanging a',and
% changes theisign of‘the -3 éymbol and suéhvtérms drop out; When T
~and T are of oppoéite parity and k" is odd, the 9fj'symbol'doés not'
change sign,‘but the phase factor in Eq;,(9) does. fhus theée.terms drop

out also.
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Using these results, Bq. (9) becomes

o s L+4+L S TTx'
CX(x',27) = 6 Ty (1) Vg 4 1)(oF + Y @ R@ ) s L}
X {k,@ z}{z 2 fa} — (Ee)(een)  \seef) (,ll)

The generalization of Eq. (9) to more than three electrons wbuld

involve calculation of three-particle coefficients of fractional parentage,

- (ﬁN w{lﬂN'5@3 and would not afford any great simplification over Eq. (6).

Equations (9) and (11) do pfbvide convenient methods of checking the present
results, howevef.‘ . . ‘ |

Hand calculations using these eQuations indicatg that the results
are good to tﬁe six decimal places quoted iﬁ Table I. Thus, even with |
parameters values of,lO5, round off efrérs'affect thé elgenvalues by at
most a few tenths of a cm_l. More accurate reéults could be obtained

using the powers of primeS'notatidn, 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)

y, 90' X(22,1) x(4h,1) X(22,3) X( 4k, %) X(k2,3) x(62,3) X(64,3) x(66,3)
Ls 4s 6.530611 3.968253 . 748299 566894 .3L0136 .340136 .340136 .Lho7100
4D LD 680272 .699168 -1,870748 -.120249 . 736961 .510205 654505 1.2213%98
Ly Ly -1.632653 -1.020408 .280613 .505051 .170068 637756 448362 .307728
ha e} .362812 .310360 -1.295351 172723 . 4h8361 1.096k24 .TO69TT .318576
4T 4T - .136054 -.300625 2.11h966 1.004167 1.025562 . .231912 140084 .036220
2P 2P 4.399092 204711 062359 -.6327kL .727513 -.311791 .145159 .353416
2D1 2D1 1.566569 -2.204135 -.05879L 600514 .188695 .313412 -. 766778 .1i2120

D2 .681085 267855 -.281924 -.890459 .036372 CTTT76T -.201084 .168004
D2 2D2 .705539 676100 -1.546646 .992566 .2ho7h5 660615 -.274478 545720
oF1 oF1 .000000 .056689 -.93537h 1.293549 .510204 -1.445578 -1.066T790 .86L01T

oF2 .319076 .390787 -1.874570 -. 465868 LT61431 .235681 .2Lh7218 . 382490
2F2 oF2 -1.360544 -.314368 1.147958 -.287663 .092764 -1.055194 k13023 .140687
2G1 2G1 -3.213475 2.162947 977486 -.141600 202462 -.514253 .292282 276905

262 .721391 .141985 -. 472087 255232 107654 -.l1mas .2h307h .010849
262 262 437965 -. 173667 -.309119 -.192238 .009718 .h82202 -.kou8s7 .14807L
2H1 2H1 -2.585033 -.897581 -.175737 .052316 270563 .01288L -.111739 .009064

2H2 2.031498 -1.319154 -.991564 .T706214 065958 -.131070 .0L3818 116523
oH2 2HD .28571k -.3L48725 1.107710 -.06L4029 .435993 -.544732 -.090062 .120510
21 o1 3.129251 .279152 -.697278 - .300626 .028345 -.019623 -.075124 .05237h
2K 2K -.362812 -.043519 .27holl -.564811 .001718 -.006441 -.038838 .009195
2L 2L .000000 .144300 -1.062925 .1k1490 .386518 -.010k406 .000757 .003341

®The notation is that of Nielson and Koster,lu bg = hS, etc. 2D1
2G1 = (210)(20)2G, 262 = (210)(21)2G, oH1 = (210)(11)2H, oH2 = (210)(21)2H.

i}

(210)(20)2D, o2D2 = (210)(21)2D, oF1 = (100)(10)2F, oF2 = (210)(21)2F,

- 22—
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Table IIL. . Parameter values for the lLfB configuration of Pr III (in cm"l)
Calc. No. (R 2 3 b 5 6* 7 8®
10966.  ©10608.  11262. 14976. 1711, 14577 1491k, 14757,

‘ gt 429139 k261.5 4369.3 4906. & Lok, 2 hrri.7 o 4823.8 L8ok.5
e - oery - 2101k 20.60 19.62 -19.97 20.23% 19.71 19.93
B 398.1 406.7 b1k.5 419.2 409.3 - L0T.6 410.2 408. 4

| 6l 9 - 6ka.7 - 657.3 666.9 662.5 66k.8 662,k 66k4.0
' 16.72 26.26 31.69 31.47 29.71 - 32.18 30.54
- 890.1 - 965.1A - 959.6. -861.4 -888.0 -798.6
-3072.  -2765. -2696. -3006. -292k,
¥ (22,1) 3780 ~ 3770
Y (22,3) - -13990 -1k45k0. -13810 -15220
Y (44,3) -10680 -9660. -6320 -3500
Y {52,3) ‘ -3740 -2390
o :' * 500 “t hob + 338 * 1kg "t 93> + 78 - % 66 * oo
aThe b2:D5 / > level _wasi ‘exclu,d_ed. .%‘rom this. calculation. ..




Table ITI. Calculated energy levels, eigenvevtors and g factors for the hf5 configuration.
Observed energy Calculated
J (em-1) minus observed Eigenvector g factor
energy
/2 18693.65 -67.27 ‘2199IL‘D) + .9755%p) .63k
23465.43 53.67 -.9755) ') + .21991%p) .05k
3/2 9570.66 -53.06 .ou08]%sy + .01011"D) - .97381"F) + .0511/%8) - .2106[2m) « .0552]%e) RS
10950. 24 1. 78 973 %) + .0133]"D) + .0610|%F) + .2228(%P) - .0k03|%D1) + .00%1|%D2) 1.96k
17095.63 -10.98 .1837|l‘s) - .1155|uD) - .1850]"}*) - .6&75]2P) + .69u8|2D1) - .1292]2132) 1.056
20856.86 -9.18 -.1228|“s) + .o768]l*D) - .1170|L‘F) + .7168(%p) + .6514|%1) - .1618|%pR) 1.089
23091.70 - -1.00 .o152]sy + .ooke] D) + .0012["F) - .1100|%p) + .1175{2D1) + .3953|%2) 1,130
26921.49 _21.10 -.0087]") - .4036|"p) + .on11|"F) + .0835]°P) + .1820{%p1) + .8926|%p2) .869
5/2  10138.18 39.59 .002910) - .98951"F) + .on321%) - .23891%) + .0177(%0e) + .0193(%m) + .026%[%re) 1.0%2
1L187.35 8.28 00561 "0y - .01611%F) - .99611%) + .0015|2p1) + .011k|2p2) - .0515|%F1) - .0663|%F2) 573
19046.09 2.07 .o162]"D) + .1386]"F) - .cos1|¥G) - .9895|201) - .0354(%DR) + .0127)%F1) + .005k|%F2) 1.197
23245.99 34.12 .5007]"D) + .0076]"F) + .01761") - .0006|2p1) + .hokt|Zpe) - .0559]%FL) - .o712|%F2) 1.357
27597.66 359.60 -4376]"D) + .0133]%F) + .0251]%) - .0390|201) + .87501%pe) - .0081|%F1) - .1826|%F2) 1.217
34193.20 1.54 -.0106] D) + .0%37| F) - .0801th) + .0074)%D1) + .2203(%p2) + .4699|%F1) + .8478|%F2) .873
62397.77 (calc.) -.oak7l¥py - .o027!"F) + .ous3l%e) - .c092]?D1) - .0029|202) - .B734|%FL) + 486N [%F2) 857
7/2  10859.06 -19.75 .0029]"p) + .96721"F) + .03051"c) - .0215(%F1) - .0338|%F2) - .19u4|%1) + .15531%62) 1.216
13887.60 -6.10 .00071"Dy + .25111"F) - .49161"a) - .0057I%F1) - .c0621%r2) + .63821%1) - .54561%2) .930
15443,48 -11.47 -.oosoIL‘D) + .0991{'*1‘“) + .8685[1‘5) + .05h9|25'1) + .ouss|2m) + .3795]2(;1) - .297h|2t;2) .965
2L4886.51 ~19.00 .9978]L‘D) - .0058|L‘F) + .OOBOth) - .oshk]am) - .0373|2F2) + .00571261) + .0001|202) 1.428
34977.75 (cale.) .05781%0) - .03u3]%F) + o511y - .ua9n|BF1) - .9026|%F2) + .0u68|%a1) + 008k |2a2) 1.143
59909.06 -33.34 .00341%D) - .oo70"F) + .0289]%) + .037[ZFL) - .0566|%F2) - .6384]%1) - .766k|%c2) 890
62087.75 (calec.) 03350 "D} + .0018]"F) - .0123|%) + .couu|Zr1) - .ue11(%F2) + .0332]%01) + .ob7hl %) 1.103
9/2 0.00 -5.56 -.0026]"F) - .00661"%) - .9862|"1) + .0150|%1) - .0133]%2) - .053b1%M1) + .1550|%2) 752
10032.92 37.33 232550 "F) + .12801%) - .1u75|MT) - .31931%1) + .2678|%2) + .29%8(2H1) - .7720|%HR) .589
11761.69 -11.08 L8819 %) - .ooes) %) + .06u71T) - .14711201) + .1039]%2) - .1396]%H1) + %005 |%ER) 1.248
15705.13 4.68 o380y + 73690 %) « .o33u|'T) - .11581%61) + .3724|%2) - .1138(%m) + .2733|%2) 1.139
16763.98 -8.03 .23291"F) + .6606]"a) - .0a67]"1) + 5418 |2a1) - kzek|e2) - .o130(%m) - .1682(%E2) 1.1k
26979.66 100.87 00281 %F) « .05661%¢) + .0034{"1) - .01651%C1) - .09%0|%62) + .93k0|%H1) + .3399|%E) .911
39225.60 -9.17 .0139|1‘F) - .0203 G) + .000h l‘I) + .6399 2Gl) + 7636 202) + 0769 2&1) + .0318 2132) 1.110
u/e 13983 -5.5h 00631 %) + .99531"1) + .03381%m) - .08991%ke) - .0133/%1) 966
1249%,63 26.38 -.20571%) + o611y - .3623(%m1) + .90%1|%H2) - .omu1)%D) 1.097
17409.58 12.50 -.ore3l%) - .oaskl'T) + a807|%m) - .2u78l%E2) - 00531 1.263
21357.98 5.2 056116y - Lossl'n) + L3020%m) + 1179|%2) - .9196|%D) .99
28101.77 19.06 .0960] ") + .o1011"1) + .83581%E1) + .37501%88) + .3900/%1) 1.067
13/ 2895.14 175 .99831"1) - .o1971°1) + .057)%) 1.079
16089.14 22.85 .05631%1) + .08931%1) - .99uk[2k) .93
25291.75 1.05 .011»7|h1) + .9958|2K) + .0902[21() 1.076
15/2  Li55.76 14,34 .99501%1) + .20011%) - .006 |2 1.199
17642.06 2.66 —o100 ") + .97921%K) - .1768|%L) 1.06k
— a1e -.ouabl"1y + 27651%) + .98u2[%L) 945
17/2  26uk7.88 -51.38 1.000] 2Ly 1.059
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v 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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