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ABSTRACT

 The absorppioa spectrum of thio films of.U(HCOb)3_was meaeured at é98,
77 and 4°K in the range L,000-2k4,000 em™ L. ElectrOstatio,‘spineorbif and
configuration'iﬁtefacfioo parameters were obtained by least—squares fitting
to 12 observed levels for U(HCOO)3. The obtained parameter values (in cm™1)
are: EY = 27179, EZ = 1k.1, ES = 271.6, T, = 1656.h, a = 17.5, B = 479,
Y = 1000. A good agreement with expErimeht is observed for all calculated .
levels and & number of new assignments of excited levels of. U(+3) is proposed.
’Intens1ty calculations were carrled out and con31dered in the problem of level

ass1gnment.
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~ INTRODUCTION
The absorption spectra of the U 3 ion have been reported in aqueous

8,9

svolutions,l'-6 organic solirents;7 molten eutectics and also have been studied at

+3, CaFelQ}l2 +3, .L301313‘1h

spectra the low lying bands occur with approximately the same energy.

_low temperatures in the Ri and U

s?stems. In,all.these
Significant differences in energy and intensity are observed in the range above
13,000 cm l. The U *+3 dopped CaF single crystals obtained from Optovac Inc.
apparently have more than one site stmetry arnd hence tne validity of the
_analys1s of that spectrum12 seems-to be uncertain

In the present study e thin film of the Uranium(+3) Formate and
'Halowax* mixture has been used for a spectroscopic investigation at room;
?llquid nitrogen and liquid helium temperatures. Single crystals of Uranium(+3)
Formate ‘could not be prepared Uranium(+3) Formate is a stable cémpound with
15

e known, Cg .

The data obtained from this technique:are sufficiently precise for a

field symmetry.

theoretical analysis of the "free ion" energy levels of U(HCOO)3, in the

range 4,000-22,000:cm l. The first.theoretical treatment of the U +3

spectrum
‘uas reported}by Jérgensen.3 ‘An attempt to identify the energy levels of the
U+3 ion was given'by'Carnall and Wybourne.§ These authors have diagonalized -
vthe energy matrices for a 5f3.configuration, keeping the Fk ratios fixed as
determined.by'Juddl6 forva.Sf-hydrogen.like eiéenfunction. The values of
CSf = 1666 et and F, =.l96cm—l were found to give the bestvfit for the
identified lowest observed levels. In this paper the problem'of the’lerelr
as51gnment and theoretical fit to the datsa in the recorded region, including

configuration. interaction and intensity correlation, is discussed

Chlorinated napthalene, index of refraction = 1.635.
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EX‘PERIMEN‘I‘AL o
, Uranium(+3) Formate was prepared according to the procedure given in '
‘Ref. 15 “An Uranium(+3) Formate/Halowax mixture was placed between two quartz

w1ndows, approximately l cm in diameter, and pressed to get a clear and uniform

f11m Absorption spectra of such Uranium(+3) Formate films were taken at room

temperature, at liquid nitrogen and 1iquid helium temperatures on a Cary lh

Spectrophotometer, in the!range i,000~23,000 em™L, (Fig. 1.) A‘thin layer of

Halowak'oil was used in the reference cell. For low temperature runs, the cell.

was directly cooled with liquid nitrogen or liquid helium, inside a double all-.

glass Dewar.' The obtained data are presented in Table I. It is interesting
to note that in a commercial metal Dewar in which the cell was indirectly
T cooled with liquid helium by thermal contact w1th a copper block, we were not
able to reach even llquid nitrogen temperature. We also recorded the optical
'spectrum‘of an U 3; CaFe,crystal obtained from Optowac Inc.,vat liquid |

nitrogen'temperature, in the.range 5,000;23,000'cm"l, :The spectroscopic data

1correspondiclosely to those given(in Ref. 12, butiindicate more than one site ;'

symmetry;
ENERGY-LEVEL» CALCULATIONS
17-20

v it will not ber

presented in this paper. TheAnotation uged by W’ybourne17

‘discussed in detail in numerous, articles and books
is followedf Thei
‘energy matrices for the f3 configuration‘contained‘the electrostatic,'spine;
orbit and configuration interaction elements. In -the first step of the U 37

energy level 1dentification, only the terms of the electrostatic energy.

Since the theoretical treatment of lanthanide and actinide spectra is

©
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interaction (Ek).and the spin-orbit interaction constant (Cs ) were treated

as free parameters in a least—squares fit to the experimental centers of the
low-lylng absorption line groups. Approximate values for these parameters
were taken from Carnall and Wybourne's data.6 ‘In;thiS'step of the calculatioﬁ
we were able tc ﬁake an approximate assigament of il levels. th order to
assign more 1evels'and obtain better agreement tetweea calculated and cbserved
"freedion"'levels, the inclusion of the effects of configuration interaction
‘was essentisl. The parameters d and § have been previously determined for some
actinide ions. Hence the expected’values for a 5f3 configuration are; |
o~ 20 cm"l, R ;.;h09 m"".l.21 The Y term has not been well determined, however,
a value of +1000 1s expected to be correct o |

More than 100 least—squares fit of gseven parameters (E E2, E3; Csf,w
va,'B and Y) to different combinations of the experimental energy levels were
carried cut."in the.fitting'process, firet o, B and Y were kept constant. In
the final.fittingvprocess, only Yy was kept constant at‘l,OOO cm','l vhile the:,
remaining 6 parameters were'freely ?ariedr

A.satisfactory agreement_between all calculated and observed
experimental levels is reached in a £it of 6 parameters (Y was keptvconstant_

at 1 OOO.cmFl) to the following 8 levels: (300 cmnl), (4, 610 cm—l)
b -1y b -1y b, -1y by
F3/2 )s 'T15/5(8,280 en ), 7/2 )s Fosa

2 , - S
D3/z K15/2(18,375vcm ). The mean energy difference remain |

within the possibleadeviations from the experimental centers of gravity. The
' ' h
b

]

N
1112
(lh,770 em );

I9/2

(7, 160 cm (13, 320 em

(16, 280 em l), and

2 , - _2 -1
Hll/2(15,350 em ), 13/2(15 640 cm™1), 5/2(17 640 em ),

(21,370 cm_l);were_included in the final calculation. Since the

following levels:

2
and 111/2

choice of the experimental centers of gravity for the remaining 1evels is



arbltrary, the results obtained in the fit to l2 experimental levels are Lo
preferred.: (Table II ) The inclusion of more than 12 levels do not influence
the values of the parameters or the position of the levels. It is 1nterest1ng
~vto note, that we could flnd only one: order of the calculated levels which _ -
3Tremained in good agreement with experiment.. In some cases, small changes 1n
order were possible and are discussed in the following sections.i" | |
The inclusion of Y into the calculation does not have an influence of
the results (rms) but may have an influence on the F ratios since Yy and El

are related by a common term S(S + l) in their coefficients. Hence a change

i 1n Y causes a change in E (or F2) and consequently in the Fk ratios.. It is -
interesting to note, that the calculated ratlos of the Slater integrals F

are very close to ‘that of the hydrogenic approximation. The ratios of the 5f

4 hydrogen—like Slater radial integrals are: Fh/F = 0, lh2l8 and F6/F = 0. 0161.:

The corresponding ratios of the. obtained F parameters are 0 1h2 and 0. 0159

+3:

We found a close dependence between some -of the U 7 levels. A change

vin‘energy of_one of these levels, cause a proportional change in the corresponding

levelxin‘spite of varying the electrostatic and spin~orhit parameters over a

wide range (E* & 2,500 t6 4,200 cn™, E¥ 213.0 o 28.0 en™, B> = 240 to 310 en™?,

'-.1_)‘

=1, h80 to 1 7&0 cm ). In these calculations, the configuration

interaction parameters were. held constant or were not included in the ‘fitting

4procedure. ‘A close dependence was found between the following levels',.hF3/2“
' L L b L L . o Lo '
d .
' an 83/2, S /2 and D3/2, G5/2 and G7/2, F7/2 and F9/2,
2, 2 '
.K13/2 ‘and K

F and - G

9/2 7/2’

15/2
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INTENSITY CONSIDERATION
' Intensity calculsation based upon the derived values of . E and C5f, werev
'carrled out in order to get the approximate relatlve 1ntensit1es of the allowed
transitions and to conflrm the agsumed "free ion" energy level a551gnment | We
have followed the theory offintenslties of f transitions in the form derived

by Judd22 and applied by Carnall et al. for vafious lanthenides and actinides

20,23-25

spectra, The intensity of a particular induced electric dipole

‘trensition between the levels Y -+ P'J' within the fN configuratioh may be

expressed by the equation:

D moluteMieyr)?

A=2,4,6

where P is the oscilletor strength of & trEnsition between the levels W and
Y'J', or the measured band are for different exclted levels with the same J

value, assigned to a particular "free jon" level. O(cmil) is the frequency

(A)

of the baricenter of the transition, ‘U are the matrix elements of a tensor

ey

of rank 2, TA are quantities usually treated as parameters to'be

determined from experimental ‘oscillator strengths or the above mentioned

{2)

absorption bands area's. The matrix elements U were calculated for us by

W. T. Carnall for'two different sets of Ek and Csf values.

The values of the free ion parameters used are given below:

1 g 3
ET 'E E | Lop o ] Y

Set I  2747.5 14,7 278.7 1600.1 (23.4 -210.5  933.0)
~ Set II 3188.8 141 2749 16257 (20,0  ~ko0.  -1000.°)
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The valuesfof'thesmAtrix elementswU(A) for both sets were found to be very

, close and insen51tive to small changes of Ek and CSf
' (1)

Using the values of U s One can-determine quantities proportional to

T

the experimentally observed components of these levels, ‘may be overlapped

Since some free ion levels are very close to’ each other . (see Table I),

‘For these levels we were not able to separate the. band area's or accurately
' determine the energy of its baricenters In such cases, one'baricenter was-
"chosen and the area of all bands were measured and compared to the corresponding
sum of thevmatrierlements of U(A). 4The intensity calculation was made for the
) spectrum recorded.at room temperature. The first six .or eight area of
fabsorption band groups were used in 2 least-squares calculation. The results

‘are presented in Table III. In this fitting process, we obtained the following

values, proportional to the TA parameter:

t

t2.=.0596868,*'. rth5= 0.00QlT, ',_té,é o.ooho?, | I(forv7 band*areasl, and»
42?=:o;6055ﬁ;1l; thms 0:00662, - tg = 0.00363, '”(for_aptand aieAé),?
n. Errors;may arise'from5A |
,(i)A‘J some degree of arbitrariness in the ch01ce of the basev (sero -

;absorption) line of the spectrum as well as the centers of the
o absorption line groups; | |
'.';H(ii)4,:“ the: impossibility of separating, in ‘some cases, the areas of
| 'rijabsorption line groups, assigned to the corresponding free 1on.v

~energy,level. This is due to the p0351ble-overlapp1ng.of the
- components of close centered-energy.levels,

vvConsidering these remarks, one should not overestimate the results presented'

- in Table III, however, they are given as evidence supporting the assignment

+3

of the U~ free ion energy levels in U(HCOO)
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RESULTS |
vin\the investigated spécthal range it is possible to separate 10 liﬁe
-grbups,':We arbitfary.designate them by the caﬁital letters ABC.... . -In the
folloﬁing diséussion, a detailed review of thew&aridus line groups isbpreSented.

Group A ( ™~ 300 cm*l)'

Since the‘Uranium(+3) Formate does not exhibit fluorescence, little is

known about its ground level.structure. By‘comparisoh with the determined

26 2

centers of gravity of the hI and U+3/CaF2 1

level for the Np*/Pb N0,
3 ’ .

9/2
1.

. : + . -
systems, we assumed for U ~ a value of 300 cm .

Group B ( ~ 4,600 cm"l)
' This bénd_was,first observed by Carnall and Wybourne6 in DCth and

3. Studies of the crystal sbsorption

3

moiﬁen LiC1-KC1 eutectic solutions‘of u*

speétralofl3'cdnfirméd fhé éssignmentvof that_band to the first U+ .eXCited,

level with J = 11/2 and more than 83% of hI character. This»assignment

- _ ' . L b
determines at‘the_same.time the approximate positions of the 113/2, 115/2

and L‘LF levels'at ~ 8,200, 11,300 and T,150 cm"l, respectively, since large

3/2
deviations from this energy gilve unreasonableIValues of C5f and Ek. Some of

the 10 components found mey be vibronic, but without further invéstigations
they can not be easily ldentified since they do not show an apparent pattern.
The band observed at room temperature, at k4,345 cm-l; is an example'of

temperature dependent satellite line since the peak disappears on cboling.

: ! ' _ : :
Similar satellite lines appear at 7,960, 9,124, 10,600-and 13,077 cm—l, all
centered at ~ 300 cu - from one of the electronic lines.

Group C ( ~ 7,160 cmﬂl)

This group, assigned tb the hF level, COnsistsvas expected for the

3/2

C3v symmetry of two components at 7,139 and 7,184 cm"l; Since this 1s one of
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‘the 5 ﬁell—separated bands, & nearly exact agreement between the observed and
~ calculated energy 1s indispensable in a correct energy scheme.

Group D (7,878-8, 700 em™t)

There are observed all T camponents, expected for the hIl3/2 level,
however, it can not be excluded that some of them may be vibronic.

Group E (9,&19-10,27& cm’l)

Five bands were recorded for this group, which correspond to the

'_transitions to the °H and hF3/2 levels. The positions of its centers of

9/2

gravity can not be well estimated, since‘the_band centered at 9,734 can be

associated with either the 2H or the hFS/Q ;evel, _Depending on the assign-

o | 9/2
ment, baricenters will shift.
Group F (10,911411,958 Cm”l) _
\. The 9 recorded bands corresnonds to transitions to the hS3/2, 4 5/2,
'!ﬁiyé

and'hF7/2 levels. According to the intensity calculation, the band
centered at 10,911 cm 1 should be a. component of the hG5/ level. We noticed

that in the results of the various fitting processes, the distance between the

T
Gs/2
experimental center of gravity of the hGT/2 level can not be placed below

and the next hG7/2 levels was always kept nearly constant. Since the

13,320 cm-l, the calculated energy of the hGS/z level can not occur below

ll,lOO cm—l. The energy of the hF level is found to be proportional to that

T/2
of the H9/2 level, whose center of gravity is assumed to be above 1L,600 emL,
Consequently, the energy of the hF7/2 level occur above 11,500 cm—l. The
poSitions of the hS and hi levels depends upon the earlier assignments,

3/2 15/2.
. . , 1
hence they may vary slightly around 11,100 and 11,400 cm ~, respectively.



 Group H (1&,637;17,077 cm

-9~ . o LBL-218

Since it is apparent that the components of these levéls are overlapped and

~ the centers of gravity can not be determined, they could not be included in

the fitting calculations.
. -1
Group G ( ~ 13,320 cm )

'The observed components of the band at"l3,27l, l3,37h,'and'13,623 emfl

-1

" are well 1solated from other gbsorption bands by more than 1,000 cm ~, We

found this can only be the hG7/2 level.
-1,
)

Since nost'of the components of the "free ion"ilevels, centered in that

-range mey be overlapped an exact a551gnment of the various observed lines to

the calculated levels, has 1ittle phy51cal meaning In the following group G,

the theory predicts the most intense transition to the 2 15/2 level, which must

therefore be centerea at 18,375 cmql. This ass1gnment, in additlon to those

1 b

at 4,600 co™t, *F -1

: h v
111/2 3/2 atv7,160 cm 13/2

at 13,320 cm—l, immediately,determined the final order and approximate

-1

rade earlier: at’ 8 200 em

L
and G7/2

energy:of the "free ion" levels as well in the H group for the whole observed

spectrum, however, some changes in energy and order are still possible. The
calculated order of ievels in this group is as foliows, F9/2,- Hll/2’ Kl3/2’*

2D3/é; 2Pl/2’.2G7/2 and hG9/2. According to the intensity'calculations the
5 .

most intense transitions in this group, should be to the K13/2 and D3/2

- levels. In the course of the various fittings procedures we found that the

energy-ofvthe 2K level is proportional to that of 2K15/2, but can vary.from'

13/2
~ 15,100 to “'15'700 cm -1 causing proportional shifts on the F and 2K13/2
levels, while the assigned levels are kept constant. However the hF9/2 level.

should oceur with 8 relatively weak‘intensity, its center of gravity msy not
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Be<e1pected.béloﬁ 14,700 cn™l. Hence, the first 8 bands, centered betweeﬁ_
e 5 y o2 2 .
14,637 334_16’95“ cm .shou;d.belong.to the F9/2, Hl1/2 and K13/2 levels, -
f_wiﬁh the cen£efs of gravity'gfllh,770, 15,350 and 15,670-cm'l; The next 2
intense bands,.récqrded at 16,263 and 16,295 cm'lbhave_to be assigned to the
” - ~ . -
D
3/2 \ y
influence on the energy of the F3/2 and S3/2 levels. In the fitting process,

levél. This level can not change i1ts posgition without & significant

it:ﬁés found thatAthe_éngrgy of the-2P1/2 level remain nearly constant around
16,650>cm-;. Thé.last bénds.obsgrvedvin thaﬁ group, ceﬁtered beﬁweén 16,883 and
17,077 cmfi, should then be aséigned to the 2('},‘,/2 and hG9/2 levels. Their.
énérgy depén@s on those of the assigned levelé;.hG7/2 and AFQ/Q, régpectively{

In the least-squares fit, only the experimenta’. centers of gravity of the LF9/2’
2. 2. ‘ ’

Hll/2f_ Kl3/2 an@ D may be cqnsidgred.

3/2

Group I (17,508-20,450 cmu;)
'In thgt group, the transitions.with the highest intensity occur to the

2 2 _ . o | |
&15/2 and D3/2 levels, and are therefore centered at 18,375 and around

19,200 cm—l,'respectivély. The. first 3, relamiveiy weak bands, obsefved'
beﬁween'lh;670 and 15,006 em™! should be assigned to transitions to the hD5/2

level, while the bands recorded between 19,344 and 20,432 are assigned to the

2 o 2 .
111/2 and D levels.

5/2

-Group J.(21,082—21,500 cm-l)

N

The 3 bands, recorded at 21,082, 21,371 and ~ 21,500 cm™~, belong tq

4 D,
th da G
° and "G5

I11/2 levels. o _ | ' : B G
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CONCLUDING COMMENTS

' The present analysis includes more levels and gives a much better fit

" to the data in the whole investigated region as compared to earlier work. This
| wae accompliehed.by inclusion of the configuration interacfion parameters into

‘the calculation. The free ion energy level parameters obtained in a fit where

all except Y were freely varied are close to those expected. Since we were

- able to determine only 12 centers of gravity of the experimental line groups,

‘the evaluation of Y in this £1t ‘would have little physical meaning

We would like to polint out that, according to our calculation, the
given level assignment appears &as the'cnly one which giﬁes'e good agreement

with experiment. It should be emphasized, however, that the celculated energy

for most of the levels may easily be changed up to 300 cm-l with only a slight

change of the‘fiee ion parameters.’
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Table I. Energy-level assignments.

Calcu-

- Le#ei " Observed Cgptér .
. Line assign- -at liquid of lated - S ~ Composition of |
group ot helium = . gravity energy _elgenvectors of the. free ion levels
- . temperature levels . : S '
S my ot ¢m'l et ,
A ";9/2- 300" | 324 | -0.0282"F|-0.0479"|-0.9095"1 | 0.0837%1 ~0.0788°G2 -0.1208°k1 | 0.3767°H2 -
.2350.7 | hash
22314 | Lu79
'220k.6 L53k
_ 2190.8 | Ls561 .
2183.0 | UsT9| o -
B bIll/Z 2175.7 | us9s| uéro” | u603 | 0.0373%]| 0.9733%| 0.0829%1| -0.2082%h2] -0.0333% )
2151.5 | bL6k6 : - o
2148.0 | L6Sk »
2121.3 | b2
: 2064.5 | L8z
¢ |ug 100.3 | 39 60 | 1kt | o0.260%] 0.0981%|0.7967%F | 0.2669% —0.4m15%p1|  0.1832%p2. |
3/2 | 1301.5 | 184 . - . _ , 0.2 , 1
1269.0 | 7878
1231.9 | 8115 _ _ -
D hxl3/2 1207.2 | 8281 8280" | 8267 | o.g6os“1f-o.098h21 0f26032K
: 1197.2 8350
= 11172.4 | 8527 _ )
| 1161.3 | 8608 i
1 1149.1° ] 8700 ) |
i (conminued)



Table I (continued)

Observed

Level Center Calcu- _ )
Line assign~ at liquid of lated. . , vCompositiqn_of' N
group o ent8 helium_ gravity energy . eigenvectors of the free ion levels
temperature levels -
my » em . emt em ™t
' 1061.3 | 9b19 v - o , Ny : v
| Py, | 20543 | use 951k | 0.3u36"r| 0.2660%|-0.3558"1 | -0.437%01/ 0.3798%2 | 0.2089%m | -0.55m%2
E 1027.0 | 9734 : ' o . o . S
_"FS/2 991.3 | 1008k 9869 | -0.obok"p |-0.7868"F| 0.46k7"c | 0.29u2%01[-0.0621%2 | 0.1964%R1 0.1u3°F2
973.0 | 10274 - _ v - » -
1916.2 | 10911
91k.5 | 10931 o : - o co
'“33/2 - 898.2 | 11130 11118 | 0.7861"| 0.0960'D| 0.3811°F | 0.4712%P |-0.0759°D1 .-o.0012202 |
. :GS/Z  886.8 | 11273 | 11275 -o,o69otn o,sosh:F 0.8125% 0.15522p1.fo,09052D2 0.1598%F1 | 0.1k43%F2
u115/2 880.2 | 11360 11hh1 -o.8977h1 -o.klgshx o.;351iL ' . ) -2
Fo/2 -867.6 | 11522 11501 10.0166 D| 0.7152°F| 0.2909 G ~0.0590%F1| -0.0833%F2 -0.47h3%G1 |- 0.h1k2"G2
: 860.2 | 11624 - ' ' '
849.0 | 11775
836.0 | 11958
753.3 | 13271 _ : . : . - _
G h67/2 707.5 | 13374 | 13320"| 13318 | o0.0k05"p| 0.u702"F|-0.8414" | ~0.1220%F1f -0.1434%F2 | o0.10k9%a1 | -0.1504%G2
733.8 | 13623 1 S | B B

(continued)
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Table I (continued)

Level Observed Center Calcu- :
assign- at ;iﬁ“id of  lated o Composition of
ment® ~ helium gravity energy _ elgenvectors of the free ion levels
. : temperature levels S
my em L cut em t
: 683.0 | 14637 : - : : :
'hpg/é 676.8 | 14771 770" | 14776 | 0.7903"F|-0.2104% | 0.1695"1 | -0.2266%1 | 0.0873%2 | -0.0665%m1 | 0.1889%H2
665.5 | 15022 | . |
%01 /0 ::2:; i:i:; 15350" | 15355 | o0.5240% -o(1918§1 Q.lszo?n; -0.7802%m2| 0.2382°%
2x1372 ggz:z 1:232 15640 | 15634 | -0.2760"1 |-0.2165%1 0f9365?K
622.7 | 16054 _ ‘ '
% 61b.T | 26263 16280" | 16280 | 0.4708% |-0/k98L D ]-0.3793"F | -0.3167% | 0.3809%D1 | -0.3752%D2
3/2 | 613.5 | 16295 ) S ’ IO : '
%p 605.5 | 16510 16683 | 0.67113'p| 0.7811% o
/2 | Df 0.7 . L, \
hG7/2 593.9°| 16833 16877 o.o37th -o.sohahF -o.h1h3hG -9.07h62F1 -o.o7hh:F2 -0.5720°G1 o.u8h2262
G9/2 592.0 | 16877 16990 0.0186 F| 0.9016 ¢} 0.1064°1 | 0.0488%G1| 0.0880°G2 -0.2862%m | 0.2889%m2
585.4 | 17077 ‘
571.0 | 17508 _ . .
hDS/2 | 567.3 | 17622 | 1760" | 17635 | -0.6508"0| 0.1629"F|-0.2224" | -0.3u22%01{-0.5629%p2 | 0.1907%F1 | 0.1735%F2
562.5 | 17772 ’ :
554.5 | 18029
2x15/2 :tz:: _1:iZ§ 18375 | 18367 o.holsh; -0.6514%k| 0.64k0%L
' {continued) -
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Table I (continued)

Calcu-

, Level Observed Center _
Line assign- at liquid of lated " Composition- of :
group t& helium gravity energy eigenvectors of the free ion levels
. . en * temperature. levels L i T ‘
' -1 > AR |
.mp cm cm cm
- 536.0|~ 18650
| 23.2| 19108 : :
l‘D3/2 :1: 5 12393 19248 | -0.2669"s|-0.6204"p| 0.1543"F | 0.3748% |-0.uko7%D1 | -0.4305%D2
2311/5  510.0] 19602 19569 | 0.5063%] 0.1151%1|-0.7268%m | 0.2845%m2| 0.3684°%1
| s05.1] . 19792 o ‘ |
L95.4| 20180 _ : S ]
2D5,2 hzz 8| 20450 20221 | -0.b2k3"p|-0.2909"F ~0.ou45%G | 0.8506%01]-0.0570%2 | o0.0u63%F1 | 0.0665°F2
- | hThi2| 21082 S _
5 | & 467.8] 21371 y 0.6116" b 60° % W2
1172 | 46T 311 | 21370 | 21391 61265/ -0.015L T 0.1260%0 | 0.2093°2) -0.7524 1 N
f209/2 | -468.4| - 21622 21618 | -0..4826 F|~0.0508 G| 0.0755 I {-0.5608°G1{ 0.3880°G2 { 0.3095°H1 |- 0.us0%H2
4 21946 | 0.7411%0|-0.6713% o o
y /2 4 L u, | -3 S 2 o2
D /s 22921 | 0.9623'D|-0.0360°F| 0.0831°¢ |-0.2227°F1| -0.0952°F2 | 0.0834G1 | 0.0095°G2
SN 23Wb7 | -0.1999"s| 0.4161"p|-0.2118"F | 0.4877% | 0.4288%1 | -0.5660°D2
2I1 3/2 ahork | 0.0358"1| 0.9713%1 0.2351% o
’Ls /o 2uu87 | o0.1822'1|-0.6322%l-0.75m% | |
2H9/2. o731 | 0.1381%]| o0.2551%]-0.0210%1 | 0.1143%] -0.4us50%2 0.8277°m | 0.1389°H2
B 25231 | 1.0000°L . | . |
T 25833 | -0.5usu"p|-0.03u8"F| 0.2330% [-0.1825%1| 0.3148%2 | -0.4491%F1 | -0.5593%F2

(continued) -
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(continued)

Table I .
) . - Caleu- . ’
Line ‘L9Y§‘ lated SR Compositlon of :
group.. gsgtif- ) energy - eigenvectors of the free ion 1evele:
. ?en - temperature levels T T - :
' “em L : ‘ . B N
3 2n3/2 ook | o.1o"s| 0.ba79"n| 0.0872F -o'h7772P -0.4988%p1 | -0.5657°D2
2H11/2 28536 o.3oéb¥c o.oh95h1 0.66362_ 10.4723%H2 o.h993?; _ R
_2F7/2‘ 30610 | -0.2185"p| 0.1007"F|-0.1475% | 0.4393%F1| 0.8225%F2 | -0.2073%1 | -0.0892%2
‘205/2 30978 | -0.208k"p| 0.1098"F|-0.1327% | 0.1184%m1 0.7524%D2 | "0.4188%F1 | . 0. 3546252 )
%6570 32029 | 0.0651"F |-0. oh67”c 0.0008"z | 0.6522%1| 0.6969%2 | o. 27322H1 0. °89h2H2"‘:
%605 33365 | -0.0588"| 0. 0367 F[-0.0652" | -0.2654%r1| 0.3153%2 |- 0.5957%1| o. nst %2
ris” [ 19.7

IB‘Ma.,jor‘com'ponei;"’c of eigenvector

b

levels used in the fitting procedure

RMS = Z (A2/n)

Levels included in the least-squares fit.

, where A is the difference between observed and calculated energiee and n is the number of observed

&
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Table III. Intensity Correlations

Céntér

Level of band '

;(x) A ‘ Observed .

i

fa551gnment

S'L!J'

4..v(c

energy

'MatriX“Elements 6f‘U

u2)

R U(h)'fi ) l”-

u(6)

" area”

- (Abs.xem

1y

 ‘for six
- groups. .

band ... Calculated band area . .
' for e1ght1 Q )
_groups.. ..

. F V

TS N
/-2

;

b %
3/2

h .

2.
~-h39/2
Tsra

S3/2,

Ss/2

#r S

P

o

L

113/2=

15/2 '
T/2

269
k610 -
71260

8280

9700

11400

13320

‘ fo;o683
| 0}0215: .
“7; 0.0000
';o,OOTi-f

0.0567 |
0.1971
0.0000
o.miol
0.0000
 0.03uk

0.0891

A:":p‘iosl:-?::
. ofiosifjf

 0.1092'-:
"'h0.0695 '

0.5910 =

0.0561
0.2032
0.0188

0.0006

0.2924

0.3855

1(072& '

0.0100

16.5006
.O h368
0. 2251 , 
0.2676
0.1679
Hb.;OOh-
o;h816

© 0.0028

6.5

2.8

3.8

6.8

121.5

. 18.5 B

21.0°

oo
- l7;h.r  -'

. 18.6

121.5 -

11.1

217

s

'..15;9

78.0

1110.2

32,5

" (continued)
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Table III (continued)

: o Center o : 7 o Obsefvea .
é.sg(iezrelient of band Matrix Elements of U(A) “band - Celculated band area
ST ene;gy ‘ o | o S ' . area _ - for six ~ for eight
- o (cm-l)l' u(2) ' »U(h) o u(e) (Abs x cm ‘)_ . groups - groups - - -
Fy/n . , 0.0021 | 0.0347 0.0088
,2H11/2 0.0026 |~ 0.0283 |  0.0253
2Kl3/é' . o.o3h2' - 0.0001 0.1237
'“93/2' > | 1600 | o0.0000 | o020 | o.om15 | 1207 | . 65.4
-2Pl/2’ 0.00060 ©0.0154 © 0.0233 B
%6/ 0.00kY 0.1817 | 0.0000 ,
. o ‘ N v >
heg/z ) o 0.0016 0.0727 |  0.022T 0
hy - o
Ds/p ) 0.0000 . [ 0.03L46 0.0360 | |
2K15/2 | 18425 - | 0.0000 0.1125 o.0924 | - 87.6 - 46.3
hD3/2 0.0000 0.0967 0.0117.
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' Fig. 1{i'Aisorﬁfi°h'Sﬁéctruhﬁéffﬁ<ﬂc°°)3:
. (a) 8t 298%K; (b) TT°K; (e) U°K.
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LEGAL NOTICE

This report was prepared as-an account of work sponsored by the
United States Government. Neither the United States nor the United
. States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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