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ABSTRACT 

LBL-218 

The absorption spectrum of thin films OfU(HCOO)3 was measured at 298, 

77 and 4°K in the range 4,000-24,000 cm-l . Electrostatic, spin-orbit and 

configuration interaction parameters were obtained by least-squares fitting 

to 12 observed levels for U(HCOO)3. The obtained parameter values (in cm-l ) 

1 23 
are: E = 2779, E = 14.1, E = 271.6, l';5f = 1656.4, Ct. :: 17.5, a = -479, 

y = 1060. A good agreement with experiment is observed for all calculated 

levels and a number of new assignments of excited levels ofU(+3) is proposed. 

Intensity calculations were carried out and considered in the problem of level 

assignment. 
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INTRODUCTION 
. +3 .... 

The absorption spectra of the U ion have been reported in aqueous 

SOlutions,1-6 organic solvents;7 molten eutectics8,9 and also have been studied at 

'. . +3 . ·10~12·· . . +3 13 14· .... 
low temperatures ~n the U;: .Ca.F:2 . . and U ; LaC1

3
' systems. In all. these 

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

Significant differences in energy arid intensity are observed in the range above 

-1 +3 13,000 cm • The U dopped CaF2 single crystals obtained from Optovac Inc. 

apparently have more than one site symmetry and hence the validity of the 

12 
analysis of that spectrum seems to be uncertain. 

In'the present study a thin film of the Uranium ( +3) Formate and 

* Halowaxmixture has been used for a spectroscopic investigation at room, 

. liquid nitrogen and liquid helium temperatures. Single crystals of Uranium(+3) 

Formatecoul4 not be prepared. Uranium(+3) Formate is a stable compound with 

5 "15 a known, C3v ,field symmetry. 

The data obtained from this technique are sufficiently precise for a 

theoretical analysis of the "free ion" energy levels of u(Iicoo) 3' in the 

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

was reported by J~rgensen.3 An attempt to identify the energy levels of the 

U+3 ion was given by Carnall and WYbourne. 6 These authors have diagonalized 

the energy matrices for a 5f3 configuration, keeping the Fk ratios fixed as 

16 . 
determined by Judd for a 5f-hydrogenlike eigenfunction. The values of 

~5f = 1666 cm~1 and F2 = 196 cm-l were found to give the best fit for the 

,. identified, lowest observed levels. In this paper the problem of the level 

assignment and theoretical fit to the data in the recorded region, including 

configuration interaction and intensity correlation, is discussed. 

* Chlorinated napthalene, index of refraction = 1.635. 
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EXPERIMENTAL 

, Uranium< +3) Formate was prepa:ted acc.ording to the procedur~ given in 

'Ref. 15. 'AnUranium(+3) FormateiHalowax mixt~e was placed between two quartz 

windows, approximately'l cm in diameter, and pre~sed to get a clear B:Ild uniform 

film. AbsorPtion:sp~ctraof ~~ch Uranium:(+3) 'Fo~tefi1nlS were, taken at room 

temperature, ~t,liquid nitrogen and l:tquid helium tempe~atur~s on~" C~ 14 

-1 SpectrophotoIIieter, in the,r~nge 4,0'00 .. 23,000 em (Fig. i.) A th1nlayer of 

Halowax 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 

cooled with liquid helium by thermal contact with a ,copper block, we were not 

able to reach even liquid,nitrogen temperature. We also ,recorded the optical 

spectrum 'of' '~n' ,U +3; CaF 2 crystal 'obtained from Optovac Inc., at liquid 

,., . '" . ...1 
nitrogen temperature, in the range 4,000-23,000 cinThe spectroscopic data 

c,orrespondciosely to those given in Ref. 12, but indicate more than one site 

symmetry. 

ENERGY-LEVEL CALCULATIONS 

,Since the theoretical treatment of lanthanide and actinide spectra is . 

discussed in detail 'i'n numerous a;ticles andb6~ks17:"'20 it' will not be 

presented in this paper. 
. 17 

The notation u;3ed by Wybourne is followed. The 
3 ' . . 

energy matrices for the f configuration contained theelectro~tatic, spin-

orbit and configuration interaction elements'. In the first step of 'the U+3 

energy level identification, only the term's of the electrostatic, energy 

'-'. 

" 

• 

.' 
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/ 

interactio~ (~) and the spin-orbit intera.ction constant U;5fJ were treated 

as free parameters ina leaet .. squares fit to the experimental centers of the 

low-lying absorption line groups. Approximate values for these parameters 

6 were taken from Carnall and Wybourne's data. In this step of the calculation 

we were able to make an approximate assignment of 11 levels. In order to 

assign more levels and obtain better agreement between calculated and observed 

"free ion" levels, the inclusion of the effects of configuration interaction 

was essential. The parameters a and .~ have been previously determined for some 

actinide ions. Hence the expected values for a 5f3 configuration are; 

-1 -1 21 a ~ 20 cm ,a = ..,409 cm The y term has not been well determined, however, 

a value of +1000 is expected to be correct. 

( 1 E2 3 More than 100 least-squares fit of seven parameters E, ,E, '5f' 

a, a and y) to different combinations of the experimental energy levels were 

carried out. In the fitting process, first a, a and y were kept constant. In 
.... -1 

the final fitting process, only y was kept constant at 1,000 cm while the 

remaining 6 parameters were freely varied. 

A satisfactory agreement between all calculated and observed 

experimental levels is reached in a fit of 6 parameters (ywas kept constant 

-1) 8 4 (. -1) 4 (4 6· -1) at 1,000 em to the following levels: I9/2 300 cm , Ill/2 ' 10 cm , 

4 ( 6 -1) 4 (8 8 -1) 4 ( . -1) 4 (4· .... 1) F3/2 7,1 ° cm ., I 13/ 2 ,2 0 cm ,G7/ 2 13,320 cm ., F9/21 ,770 cm , 

4D3/ 2(16,280cm-l ), and 2K15 /2(18,375 em-I). The mean energy difference remain 

within the possible deviations from the ~xperi~ental centers of gravity. The 

; following levels: 2Hll/2(15,350 em-I), 2K13/2(15,640 em-I), 4D5/ 2 (17,640 em-I), 

and 2Il1/ 2(21,370 em-I) were included in the final calculation. Since the 

choice of the experimental centers of gravity for the remaining levels is 
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",', . 

a.rbi trary., the . results obtaln'ed' in the fi t to 12 experimental levels are 

preferred. ," (T~ble II.) ':rhe inclusion of more' than 12 levels do not influence 

the vaiues '6f 'the parameters or the position of the 'levels. It' is interesting 

to note, that w~.could"find onlY. one order of .the caiculat.edlevels which 

"remained in good agreement wi th exPerim~nt. In some eases, small changes in 
" '. . ... 

order were' possible'a:nd' aredisct,{ssed in' the following s·ect.ions .. 

The inc·lu~ion. of y into the. c~icuiation doe~hot' ha.~~ an' influence ,of" 

the results~ ('rms), but maY-have. ~n influence on the 'Fk ratios since y and r. 
are reiated.;bY. ~. 'common te~ s(s +' 1)' ~~ their c~erf"i~ients. Hence a change 

,.' ' ... " . 1 ." .' .. , . "., 
in y causes.achange "in E (or!2) and consequently in't.he Fk ratios. It is 

. o. '. 

i"nteresting to 'note, that the calculated ratios of the Slater inteSl:'als Fk 

are ve~ close to 'that of the hy~ogenic approximation. The ratios of the 5f . 

hydrogen-like Slater radial integrals are: F4~F2'= 0.14218 and F6/F2~ 0.016l~· 

The corresponding ratios of the obtained Fk parameters are ().142 and' 0.0159'-. 
. . 

We found a close. dependence betwee~' some of the U+3 : levels. . A change' 

'in energy of. one of these levels, cause a proportional change in the corresponding 

level in' spi~e of varying the electrostatic and spin-orbit parameters over a 

wide. rang' e . (El .e: 2,50.0 to" 4,.2'00'- cm.-l 2· 8 . -1 3 '4 . -1 E e: 13.0 to 2 .0 cm ,E e: 20 to 310 cm, 
'. .' . -.1" 

l;5f = 1,480 .to 1,740 cm) .. Intbese calculations, the configuration 

interaction parameters were·held donstant' or were not included in the. fittIng 
, '. ,. 4 

. procedure .• 'A ciose dependence was found between the following levels: F3/2 

. 4 4' , .4·· "4 4 4., . 4 4 . . 2 . 
and S3/2' S3/2 and D3/ 2 , G5/ 2 and G7/ 2 , F7/2 and F9/2' F9/2 and' .G7/ 2 , 
2', 2 .. ' 

K13/ 2 and K15/ 2 , 

., I 
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INTENSITY CONSIDERATION 

k Intensity calculation based upon the derived values ofE and ~5f' were 

carried out in order to get the approxima.te relative -intensities of the allowed 

transitions and to confirm the assumed "free ion" energy level assignment. We 

have . followed the theory of intensities of fN transitions in the form derived 
22 . 

by Judd . and, ap:plied by Carpal], 2.;t al. for various lant~anidea a:qd actinides 

spectra. 20 ,23-25 :The intensity of a particular induced electric dipole 

transition between the levels lPJ -+ 1/J'J' within the? configuration may be 
. 

expressed by the equation: 

p = 
A=2,4,6· 

where P is the oscillator strength of a trans! tion between the levels 1W and 

1/J'J', or the measured band are for different excited levels with the same J 

value; assigned to a particular "free ion" level. O'(cm ... 1) is the frequency 

of the baricenter of the transition. U(A) are the matrix elements of a tensor 

U(A) of rank 2. TA are quantities usually treated as parameters to be 

determined from experimental oscillator strengths or the above mentioned 

absorption bands area's. The matrix elements U(A) were calculated for ua by 

W. T. Carnall for two different sets of Ek and ~5f values. 

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

El 2 3 
~5f a E E Ci. Y 

Set I 2747.5 14.7 278.7 1600.1 (23.4 -210.5 933.0) 

Set II 3188.8 14.1 274.9 1625.7 (20.0 -400. ...;1000 •. ) 
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," .. 
, " " 'U{A) The values' of the'mat:rtx elements " for both sets were 'found to be very 

close and' insEmsitfve to small changes of-ik and l;5f' 

Using the values 'of :U(A), one' cani'c.'etermine' qua.ntitiesproportional to, 
, , , 

TA, Since s'ome free ion levels a.re very close to each other, (see Table I), 
-'., .. 
the experimenta.lly observed cOlliponents, Of' these levels, :may be overlapped. 

For ,these :l:eveis we wel'e' notable ,to sepa;rate ,the band,area' Ei:or accurately 

determin,e the energy of i t~ baric enters . In ,such cases, onebaricenter was, 
,\' 

'chosen and :thea-rea of al;L bandS were measured and compared to the corresponding 
" ~~ , 

sum of the matrix elements of U(A), The intensity calculation was made for the 

spectrum recorded at room temperature. The first six or e~ght area of 

absorption, ba.n.d groups were used in So le,ast-squares c,alculation. The resUlts 
, , 

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

values, proportional to the TA par~eter: 

t = 0.0,08,68, , 2' " 

:t2': 0.00554, 

"t4 = 0.00017, "t6 = 0.00407, , (for 7 band.· areas), and 

t6 = 0.00363, (for 8' band areas).: 

(i) some' degree of arbitrarlnessin the choice of the base, '( zero 

,absorption),; line' of the spectrum as well as the centers of the 

absorption line groups. 

the impossibility of separat1ng,in some cases, the area's 'of, 

,absorption line, groups, assigned to the corr,espond!ng free ion , 

,energy level. This is due to the possible' overlapping ,of the 

components of close centered energy levels. 

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

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

+3' o'f the U fr'ee ion energy levels in U(HCOO)3' 

• 

• 
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RESULTS 

In.the investigated spectral range'it 1s possible to separate 10 line 

groups. We arbitrary designate them by the capital letters ABC·· .•• In the 

following discussion~ a detailed review of the various line groups is presented. 

Group A ( ...... 300 cm"'l) 

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

known about its ground level structure. By comparison with the determined 

4 ' , " +4 ' 26 + 3 12 
centers of gravity of the I9/2 level for the Np /Pb N604 and U /CaF2 

+3 -1 systems, we assumed for U a value of 300 cm . 

Group B ( -4,600 cm~l) 

This band was first observed by Carnall and WYbourne6 in DCI04 and 

molten LiCl .. KCl eutectic solutions of U+3 • Studies of the crystal absorption 

10-13 '+3 spectra, confirmed the assignment of that band to the first U excited 

level with J =11/2 and more than 83% of 41 character. This assignment 

4 4 
determines at the same time the approximate positions of the 113/ 2 , I15/2 

and 4F3/2 levels at ,...., 8,200, 11,300 and 7,150 cm-l , respectively, since large 

deviations from this energy give unreasonable values of ~5f and Ek. Someof 

the 10 components found may be vibronic, but without further investigations 

they can not be easily identified since they do not show an apparent pattern. 

-1 The band observed at room temperature, at 4,345 cm , is an example of 

• temperature dependent satellite line since the peak disappears on cooling. 

Simi.;Lar satellite lines appear at 7,960, 9,124, 10,600 and 13,077 cm-l , all 

• -1 centered at '" 300 cm from one of , the electronic lines. 

Group C ( - 7,160 cm~l) 
4 ' 

This group, assigned to the F3/2 level, consists as expected for the 

C
3v 

symmetry of two components at 7,139 and 7,184 cm-l • Since this is one of 
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the 5 well-separated bands, a nearly exact agr~ement between the observed and 

calculated energy is indispensable in a correct energy scheme. 

Group D (7,878 ... 8,700 cm""l) 

4 
There are observed ~11 7 components, expected for the I13/2 level, 

however, it can not be excluded that some of them may be vibronic. 

Group E (9,419-10,274 cm~l) 

Fi ve bands were recorded for thi s grout>, which correspond to the 

. 2 4 
transitions to the H9/2 and 13/2 levels. ThE! positions of its centers of 

gravity can not be well estimated, since the band centered at 9,734 can be 

associated with either th~ ~9/2 or the 4F 5/2 =.evel. Depending on the assign

ment, baricenters will shift. 

GroupF (10,911-11,958 cm~l) 
. 44· 

The 9 recorded bands corresponds to transitions to the S3/2' G5/ 2 , 
4 4 . . \ 
I15/2 and F7/2 levels. According to the intensity calculation, the band 

-1 . 4 
centered at 10,911 cm should be a component of the G

5
/ 2 level. We noticed 

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

4 4 
G5/ 2 and the next G

7
/ 2 levels was always kept nearly constant. Since the 

4 experimental center of gravity of the G
7

/ 2 levei can not be placed below 

13,320 cm-1 , the calculated energy of the 4G
5
/ 2 level can not occur below 

-1 4 11,100 cm The energy of the F7/2 level is found to be proportional to that 

of ~he 2R.9/2 l~ve,l~ whose center of gravity i~ assumed to be above 14,600 cm-
l 

C . 4 00 ~ Th onsequently, the energy of the F7/2 level occur above 11,5 cm. e 

positions of the 4S3/2 and 4I15/ 2 levels depena:s upon the earlier assignments, 

4 -, 
hence they may vary slightly around 11,100 and 11, 00 cm -, respectively. 

• 

• 

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

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

the fitting calculations • 

Group G( '" 13,320 cm ... l ) 

The observed components of the ba.nd at 13,271, 13,374, and 13,623 cm-l 

are well isolated from other absorption bands 

4 
found this can only be the ~7/2 level. 

Group H (14,637-17,077 cm-l ) 

-1 by more than 1,000 cm • We 

Since most of the components of the "free ion" levels, centered in that 

range may be overlapped, an exact assignment of the various observed lines to 

the calculated levels, has little physical meaning. In the following group G, 

the theory predicts the most intense transition to the 2K15/2 level, which must 

therefore be centered at 
, -1 

18,375 cm' • This assignment, in addition to those 

lrade earlier: 4Ill/ 2 at 4,600 cm-l , 4 
F3/2 6 

-1 4 " ' ~l 
at 7,1 0 cm , I13/ 2 at 8,200 cm 

4 -1 and G
7

/ 2 at 13,320 cm , immediately determined the final order and approximate 

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 

422 qalculated order ,of levels in this group is as follows; F9/ 2 , Hll/ 2 , K13/ 2 , 

2n3/ 2 , 2Pl/ 2 , 2G
7

/ 2 and 4G
9

/ 2 , According to the intensity calculations, the 
, , 2 2 

most intense transitions in this group, should be to the IS.3/2 and D3/2 

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

'2 
energy of the K13/2 level is proportional to that of 2 K15/ 2 , but can vary from 

-1 '" 15,100 to ,..., 15;700 cm causing proportional shifts on the 4F9/2and ~3/2 
levelS, while the assigned levels are kept constant. 4 

However, the F9/2 level 

should occur with a relatively weak intensity, its center of gravity may not 
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. -1 
be expected below 14,700 cm Hence, the first 8 bands, centered between 

. .' " '-1 ' . ' 4 2 ' 2 
14,637 and 16,054 cm should belong to the F

9
/ 2 , Hll/ 2 and Kl3/2 levels, 

with the~enters of gravity at '14,770, 15,350 and 15,670 cm-l • The next 2 

intense ~ands" recorded at 16,263 and 16,295 cm-l have to be assigned to the 
2 ' 
D3/2 level. This level can not change its po,sition without a. significant 

4 4 
influence on the energyof the F3/2 and 8

3
/ 2 levels. In the fitting process, 

it was found that the energy of the ~1/2 .l,.evel remain nearly constant around 

16,650 cm-l Th,e last bands observed in that group, centered between 16,883 'and 

~l 2 4 
17,077 cm should then be assigned to the G.( /2 and G

9
/ 2 levels. Their 

4 4 
energy depe'nds on those of the assigned levels; G

7
/ 2 and 'IY9/2' respectively. 

4 
In the least-squares fit, only tp.e experiment a:'. centers of gravity of the F 9/2' 

2 2 . 2 
Hll/ 2 , K13/2' and D3/2 may be considered. 

Group I (17,508-20,450 em-I) 

In that group, the transitions with the highest intenl;li ty occur to the 

2K15/2 and 2D3/2 levels, and are therefore centered at 18,375 and around 

19,200 cm-l , respectively. The first 3, relatively weak bands, observed 

1 4 between 14,670 and 15,006 cm- should be assigned to transitions to the D5/2 

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

22 
Ill/ 2 and D5/2 levels. 

Group J (21,082 .. 21,500 cm-l ) 

The 3 bands, recorq,ed at 21,082, 2+,371 and"'" 2l,50Q ~ ... l, belong to 

the 4 2 
Ill12 apd G9/ 2 levels. 

• 
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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 

was accomplished by inclusion of the configuration interaction 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 ofy in this fit would have little physical meaning. 

We would like to point out that, according to our calculation, the 

given level assignment appears as the only one which gives· a good agreement 

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

-1 for most of the levels may easily be changed up to 300 Cm with only a slight 

change of thE;l free ion parameters •. 
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Level Observed Center 
Line. assign- at liquid. of 
group menta helium gravity 

temperature 
.. 1 -1 mlJ ·em cm 

4 * A 19/2 300 

2350.7 4254 
2231.4 4479 
2204.6 4534 
2190.8 4561 
2183.0 4579 

4 
4595 4610 • B 111/2 2175.7 

2151. 5 4646 
2148.0 4654 
2121.3 4712 
2064.5 4842 

c 4 1400.3 7139 • 
F3/2 7184 

7160 
1301. 5 

1269.0 7878 
1231.9 8115 

4 .. 
D 113/2 1207.2 8281 8280 

1197.2 8350 
'1172.4 8527 
1161.3 8608 
1149.1' . 8700 

• 

Table I. Energy-level assignments. 

Calcu-
lated Composition of 
energy eigenvectors of the free ion levels 
levels 

-1 em 

324 . 8 4 -0.02 2 F 
. 4 

-0.0479 G 
4 -0.9095 I 

., 

. 2 
0.0837 Gl 

. 2 
-0.0788 Ga 2 -0.1208 Hl 0.37672 H2 

4603 0.03734
G 0.973341 0.0829~ . 2 

-0.2082 H2 2 -0.0333 I 

7147 0.16914
8 0.09814D 4 -0.7967 F 0.2669~ -o.4715~1 2 0.1832 D2· 

I 

8267 . 0.960541 
. 2 

-0.0984 I 0.26032K 

i 

.c.~ ~ 

(continued) 
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• 

Level Observed Center Ca1cu-
Line assign- at liquid ot 1ated 
group menta helium gravity energy 

temperatUre levels 

mlJ -1 -1 -1 
em cm cm' 

1061.3 9419 
2 
H9/2 1054.3 9482 9514 

E 1027.0 9734 
4 
F5/2 991.3 10084 9869 

973.0 10274 

916.2 10911 

914.5 10931 
4 898.2 11130 11118 63/ 2 4 886.8 F G5/ 2 11273 11215 
4 880.2 11360 11441 
4115/ 2 

867.6 F7/2 11522 11501 

860.2 11624 

849.0 11775 
836.0 11958 

753.3 13271 
4 747.5 13374 • G G1/ 2 13320 13318 

733.8 13623 

Table I (continued) 

. 

0.34364, 0.26604G 

-o.04044D -0.18684, 

0.18614
6 0.09604D 

. 4 
0.50644F -0.0690 D . 4 2 -0.8977 I -0.4195 K 

0.01664D 0.71524F 

0.04054D 0.41024F 

Composition of 
eigenvectors of the free ion levels 

'. 
. 4 

-0.3558 I ·2 -0.4317 Gl 0.37982G2 0.20892m 

0~46474G -o.2942~1 -o.0621~2 0.19642F1 

0.38114F 0.47112p -0.0159~1 -0.0012~2 
0.81254G 0.1552~1 -0.09052z>2 0.15982F1 

O.1351~ 
0.29094G -0.0590~1 -0.083:3~2 2 -0.4743 G1 

4 -0.8414 G -0.1229~1 -0.1434~2 0.10492G1 

-0.5571 

0.1443 

0.1443 

0.4i42 

-0.1504 

{continued) 
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\.11 
I 



Level Observed Center Calcu-
Line asaign- at liquid of lated 
Group menta helium gravity energy 

temperature levels 

mlJ -1 -1 -1 cm cm cm 

683.0 14637 
4 
F9/2 676.8 14771 14770 * 14716 

665.5 15022 

~1l/2 
652.1 15331 * 
650.5 i5368 

15350 15355 

2 640.5 15608 * 15634 IS.3/2 638.0 15670 
15640 

H 622.7 16054 

4 614.7 16263 * D3/2 613.5 16295 
16280 16280 

2 605.5 16510 16683 Pl/2 
2 16833 16877 G7/ 2 593.9 
4 592.0 16877 16990 G9/ 2 

585.4 17077 

571.0 17508 
4D . * 17635 5/2 567.3 17622 17640 

562.5 17772 
554.5 18029 

'5/2 
545.5 18326 .* 18367 
542.6 18424 18375 

" • 

Table 1 (continued) 

0.79034F 4 -0.2104 G 

0.52404G 
. 4 

-0.1918 1 

4 -0.2760 I 6 2 -0.21 5 I 

0.470848 
. . 4 

-0.4984 D 

0.67134D O. 7411~ 
0.03744D 4 -0.5042 F 
0.01864F 0.90164G 

4 ... 0.6508 D . O.16294F 

0.401341 -0. 65142x 

Composition of 
eigenvectors of the free ion levels 

0.169541 2 -0.2266 Gl 0.08732G2 2 -0.0665 Hl 

0.15202Hl -0.7802~2 0.238221 

0.93652x 

4 
-0.3793 F -0.3167~ 0.3809~1 -0.3752~2 

4 -0.4143 G -0.0746~1 -0.0744~2 
2 . 

-0.5720 Gl 
0.10644

1 0.04882Gl 0.08802G2 -0.2862~ 

4 -0.2224 G -0.3422~1 -0. 56292n2 0.1907~1 

0.6440~ 

0.4889 

0.4842 
0.2889 

0.1735 

(continued) 
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Level Observed Center Calcu-
Line assign- at liquid of 1ated 
group menta helium gravity energy 

temperature. levels 

-mlJ 
-1 -1 -1 cm em em 

I 536.0 - 18650 

4 523.2 19108 
19248 D3/2 515.5 19393 

2 . 
Hll/ 2 510.0 19602 19569 

505.1 . 19792 

2n5/2 
495.4 20180 

488.8 20450 
20221 

474.2 21082 
2 467.8 • J 2I11/2 21371 21370 21391 

468.4 21622 21618 G9/ 2 

4 21946 D1/2 
4 
D7/2 22921 

2n3/2 23447 
2 24074 
/13/2 

24487 2L15/2 
24731 H9/2 

2 
25~31 ~~7/2 25833 

5/2 

( 

Table I (continued) 

.. 4 
. -0.2669 s 4 -0.6204 D 

0.506340 0.11514I 

4 -0.4243 D 4 -0.2909 F 

0.61164G 4 -0.0151 I 
44 -0. 826 F 

. 4 
-0.0508 G 

0.74114D -0.6713~ 
0.96234D 4 -0.0360 F 

4 ... 0.1999 S 0: 41614D 

0.03584I 0.97132I 
0~18224I 2 -0.6322 K 

0.13814F 0.25514G 

1.00002L 
4 -0.5454 D 4 -0.0348 F 

Composition-of 
eigenvectors of the free ion levels 

O.15434F 0.37482
p 

2 . -0.4407 D1 -0. 43052n2 

-0.7168~ 0.28452H2 0.36842I 

4 -0.0445 G 0.8506~1 -0.0570~2 0.0463~1 

0.12602Hl 0.2093~2 2 -0.7524 I 

0.07554I 
. 2 

-0.5608 G1 0.38802G2 0.30952Hl 

0.08314G 2 -0.2227 F1 2 -0.0952 F2 0.08342G1 
·4 -0.2118 F ·0.4877~ 0.4288~1 -0.5660~2 

0.23512K 

-0.7531~ 
-0.-02104I 0.11432G1 2 -0.4450 G2 0.82772Hl 

0.23304G -0.1825~1 0.3148~2 2 -0.4491 F1 

0.0665 

0.4450 

0.0095 

0.1389 

-0.5593 

(continued) 
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L'i Level' ne. .' . assign-
group" ineilt a 

~3/2 2 
~11/2 

7/2 . 
~5/2 2 . 
Gf;j/2 

2 
G7/ 2 

RMgb 

Observed. 
at liquid 

helium . 
temperature . 

mlJ .' em-I 

.' 

Center Calcu-
of lated 

grad t;y energy . 
. levels 

-1' -I 
em ' cm 

27014 
28536 
30610 

30978 
32929 
33365 

19.7 

~JorcomPonetit of eigerivector 

Table I (continued) 

0.144048 . 0.41~94D 
O.3~604G 0.049541 

4 ·0.2185 D 0.10074F 
4 -0.2984 D 0.10984F 

0.0·6514F 4 -0.0467 G 
·4 -0.0588 D 0.03674F 

.. 

.. 

Composition of 
eigenvectors. of ~hefree ionleve1s : 

.. ~ 

. '4 . " . 

-0.4988~1 -0.5657~2 0·.0871 F -0.4777~ 
O.66362Hl '0~47232H2 2 0.4903.1 

4 -0.1415 G 0.4393~1 0.8225~2 
. 2 

-0.2073 G1 

-0.13274
0 ~0.1l84~1 0~7524~2 . 0.4188~1 

, 0.OO08~1 0.65222G1 0.69692G2 0.2732~ 
~.1654~1 O.3153~2 0~59572G1. -0.0652 G 

, 

.' .. 

. , 

., 

-0.0892 
. 0.3546 

0.0894. 
0.7131 

b .' 2 1/2. . . .... . 
. RMS = f (l1/n) . where l1i is the difference between observed and·calculated el!e~gies. and n is. tlie number "of observed. 

levels used in the fitting procedure •. . . . 

Levels included in the least-squar~s fit. 

I 
~ 

00 
I 
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. 'rableII. ··Free ion pa.rameters obtained fromth~ fitting routine to 12 
experimental levels. 

. ·0 . 1 E2 E3 
l;5f a E E a. y 

'.;0::, 

12,350 2,779 14.1 272 1,656 17.5 -479 1,000 

• 



Levei 
, assignment 

S'L'J' 

4' , 
I9/2' 

4 ' 
111/2 

4 . 
F3/2 

4 
113/~ " 

~/2 I 4 : 
F5/2 

4 " 
S3/2 ' 

4 
G51.2 

41 ' 
, 15/2" 

,4 • 
F7/2 

4. 
G,7/2 

Center 
,of band 
enexgi , 
(cm~l) . 

;269 

4610 

7~60 

8280 

9700 ' 

11400 

13320 

• 

, , 

Table III. Intensity Correlations 

"Matri~Elements of' U(A) 

,U(2) , u(4) " u(6) 
, , 

0~0683 0.1051' '0.3855 

0,.0215 ' 0.1051 1.0724 

0.0000 0.1092' 0.0100 

0.0071 0.0095 0.5006 

0.0567 0 • .0485 0.4368 

0.1971 0.5910, 0.2251 

0.0000 0.0561 0.2676 
' . 

0.710i 0.2032 0.1679 

0.0000 0.C)l88 0.1004 

0.0344 0.0006 0.4816 

0;0891 0.2924 o,.q028 
, 

Observed, 
band 

, area" 

" (Abs.x cm:-1 ) 
", 

,16.5 

2.8 

36.8 

46.8 

121.5 
. 

18 .• 5 
" 

" 

,', 

, . 
, 

'Galc;:ulated band area, 
, , ' 

for six 
groups, 
" , '". '~. ". 

,21.0' 

0.4 

17.4 

48.6 ' 
' , 

121.5 

1l.1 

, ' 

" 

for ei~t " 
, groups,' ," 

21.7 

" 

5.4 

15.9 

78.0 

110.2 

- . 

,,32'.5 

, (continued) 
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(' • 

Level Center 

assignment of band 
energy 

S'L'J' 1 (em- -) 

4 , 
F9/2 

2 
Hll/2 

2 
K13/2 

4 
D3/2 ) 16200 

~1/2 
2 

G
712 

4 
G9/ 2 ) 

4 -
D5/2 

2 
K15/2 18425 

4 
D3/2 

Table III (continued) 

- . (A) 
Matrix Elements of U 

U(2) u(4) u(6) 

0.0021 0.0347 0.0088 

0.0026 0.0283 0.0253 

0.0342 0.0001 0.1237 

0.0000 0.1210 0.01.15 

0.0000 0.0154 0.0233 

0.0044 0.1817 0.0000 

0.0016 0.0727 0.0227 

0.0000 0.0346 0.0360 

0.0000 0.1125 0.0924 

0.0000 0.0967 0.0117 

Observed 
band 
area 

(Abe )< em -1) 

121.7 

87.6 

• ( 

Calculated band area 

for six -
groups 

for eight 
groups 

65.4 

46.3 

I 
I\) 
I-' 
I 
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FIGURE CAPTIoN 
.. , 

.. Fig. 1. Absorption spectrum .. ' of .U( nCOO)3 : 

(a) at 298°K; (b) 77°K; (c) 4°K. 
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r-----__ -----------LEGALNOTICE---------------------, 

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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