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Energy-level analysis of Pm :LaCl ~ 
----------------------------------3 

W. T. Carnall 

Chemistry Division, Argonne National Laboratory, 

Argonne, Illinois 60439 

* * Hannah Crosswhite and H. M. Crosswhite 

The Johns Hopkins University, Baltimore, Maryland 

John G. Conway 
--------------
Lawrenae Berkeley Laboratory, Berkeley, California 

A ~iagonalization of the matrices representing the combined 

atomic and crystal-field interactions for the 4f
4
-configuration 

has provided the basis for interpreting the spectrum of 

3+ Pm :LaC1 3 . Experimental data were drawn from the literature 

and were augmented by unpublished absorption and fluorescence 

results. A method of ~ru~cating the large matrices involved 

is discussed and shown to yield results in excellent agreement 

with complete calculations. Use of fluorescence branching ratio 

dalculations based on the Judd-Ofelt intensity theory to 

monitor the interpretation of fluorescence spectra is discussed; 
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INTRODUCTION 

In their investigation of the absorption spectrum of 

3+ 1 Pm :LaC1
3

, Baer, Conway and Davis (BCD) reported extensive new 

experimental measurements. They deduced crystal field parameters 

based on splittings of four low groups but were not able to deter-

mine the atomic parameters sufficiently well to extend the analysis 

-1 to states above 15,000 ern • Previously published values derived 

f 3+ 1 . b . 2 , 3 , 4 . . 1 1 . d rom Pm so ut1.on a sorpt1.on.spectra were s1.m1. ar y 1.na e-

quate. To this body of experimental data we have added unpublished 

fluorescence and absorption measurements made at Lawrence Berkeley 

Laboratory. In this communication we show that an expanded para-

metrization of the atomic Hamiltonian provides the basis for obtain-

3+ ing results consistent with all available data on Pm spectra. 

In a recent paper5 on the analysis of Nd 3+:Lacl
3 

it 

was found that all observed energy levels may be accounted for to 

within a mean error of lesa than 10 cm-l if effective Hamiltonian 

operators are included which correct for two-body6 and three-body 

electrostatic7 and two-body magnetic8 configuration-mixing effects; 

and also providing that the atomic and crystal-field parts of the 

Hamiltonian are diagonalized simultaneously. The simultaneous 

diagonalization insures that the sometimes considerable shifts of 

magnetic sub-states belonging to different atomic terms are properly 

taken into account. 

the same Hamiltonian 

The analysis reported here for Prn 3+:LaC1
3 

used 

3+ as was used for Nd :LaC1
3

; however, constraints 

were placed on certain poorly-defined parameters in order to make 

the results more consistent with other ions of the period [Pr 3+ 

, . , 
! 
; 
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(4f 2 ) , 9 Nd 3+(4f3 ) , 5 sm3+(4f 5) , 10 Ho3+(4f10 ) , 11 and Er 3+(4f11) , 12 

all in the LaC1
3 

host]. 

HAMILTONIAN STRUCTURE 
---·--~-~------------

~ The most extensive previou~ atomic parameter analysis of 
f-. 

Pm3+, by Carnall, Fields and Rajnak (CFR) , 4 made use o~ intensity 

correlations including the identification of hypersensitive tran-

sitions in solution spectra as a basis for spectroscopic term 

assignments. -1 Below 15,000 em there is good agreement between 

-1 
the conclusions of BCD and CFR, and between 15,000 and 19,000 em 

discrepancies can be resolved in favor of one or the other by 

calling on the greater detail of the single-crystal spectra (BCD) 

or the correlation of hypersensitive transitions in solution spectra 

with theoretical predictions (CFR). Above thi~ point the principle 

difficulty in both appears to lie in approximations made in the 

theoretical model: (1) inadequate sets of atomic parameters were 

used, and (2) no account was taken of crystal-induced shifts between 

different atomic levels (J-mixing) . 

In principle, f 4 configurations require additional, higher-

order effective operators for configuration-mixing effects beyond 

those used for f 3 . Fortunately, the additional operators do not 

appear to be needed at the present level of approximation. Only 

the six operators which are associated with second-order perturba-

. h 7 d t~on t eory were use • The remaining eight which occur in higher~ 

13 order theory were ignored. Some correction is also needed to 

accomodate the variation of the spin-orbit parameter with the 
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spectroscopic term, but again only the part of the general set 

of operators which arises from second-order perturbation theory 

k 8 
(the parameters, P ) was used. Spi~-spin and spin-other-orbit 

~ 
effects are significant but were accounted for by a slightly-

scaled-down Hartree-Fock calculation. Their inclusion did not, 

therefore, increase the number of variable parameters in the 

initial diagonalizations. 

The crystal-field interactions themselves were treated by 

conventional theory which uses only single-particle operators. 

There is a fairly clear indication in the Pr
3+ and Nd 3+ cases that 

higher-order corrections are needed. However, they appear to involve 

energy level shifts of less than 15 cm- 1 , which is the level of 

residual error which we have found for all lanthanide cases studied 

in this detail. 5 ' 9 'lO,ll 

Comparison of the Nd 3+, Ho 3+, and Er 3+ results cited previously 

indicated that the configuration-mixing corrections are nearly con

stant across the series. We could consequently begin the Pm3+ 

analysis by fixing these ~orrections at the Nd 3+ values. In 

k addition, it has been found that the Slater parameters,F ,as well 

as the spin-orbit parameter, ~,can be related to ~priori calcula

tions by a nearly constant correction. 14 Our initial interpretation 

of 'the energy level scheme of Pm3+ was therefore based on good 

estimates of the magnitudes of all of the important interactions. 

. i 

f ; 
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DIAGONALIZATION METHODS 

In the Nd3+(4f 3) case for a relatively high (C 3h) symmetry 

in the neighborhood of the rare earth ion, the Hamiltonian may 

be separated into three submatrices, the largest of which is of 

rank 62. This is of a size which is conveniently handled by 

modern computers and for that case least-squares parameter cal-

culations of the Hamiltonian could be obtained without approxima

tion. In the present case, as for Ho 3+(4f10 ), the matrices are 

somewhat larger (ranks up to 171), which although not too large in 

principle, in practice·are cumbersome. We therefore devised an 

approximation method which is more than adequate for the 4f
4 

problem and which also has prqven useful for the larger matrices 

of the middle-period ions. We carry out the following series of 

operations: 

(1) The field-independent part of the Hamiltonian is diagona-

lized separately for ~ach appropriate J-value using estimated param-
. . 

eters. Reduced matrix elements (SLJI jc(k) I jsL'J') -are computed 

and stored for appropriate values of the crystal t"ield operator 

rank (2, 4, or 6). 

(2) The eigenvectors derived from this diagonalization are 

then used to transform all Hamiltonian matrices (including the 

reduced C(k) ones) to this new intermediate-coupling basis. At 

this point we now reject all states above a certain selected energy 

-1 
which was 35,000 em for the present case. In general we have 

found it convenient to limit the truncated matrix to about rank 
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80. Comparison with diagonalizations in which the full matrices 

were used showed errors of 2 cm-l or less, which is small enough 

compared to the residual errors that for intermediate investiga

tions they were quite adequate, at about one quarter the computer 

time requirements. In the present case, the complete matrices 

were used for the final calculations. 

EXPERIMENTAL 

Energy levels derived from absorption spectra were from Bco1 

· except for one set of data not 

in the ultraviolet range using 

previously reported which was taken 

3+ a 0.1% Pm :Lac1
3 

crystal at liquid 

nitrogen temperature. The fluorescence spectra reported here were 

obtained at 25°C in two different experiments using different 

crystals. 
3+ 

The doping in each case was of the order of 0.1% Pm : 

LaC1
3

• 

REASSIGNMENT OF QUANTUM NUMBERS 
--~----------------------------

In the course of a recent study of the spectra of Np 3+ in 

Lac1
3 

and LaBr
3

, 15 it was pointed out that all available data 

indicate an identical crystal-field quantum number ordering for 

equivalent pairs of trivalent actinide 

Lac1
3

• Since the ordering reported in 

species) differed, and the assignments 

and lanthanide 

3+ Np and Pm 3+ 

for Np3+ were 

ions in 

(both f4 

based on more 

t . . 1 1 16 . . f h . ex ens1ve exper1menta resu ts, a re-exam1nat1on o t e 1nterpre-

3+ tation of the Pm :Lac1 3 data was suggested. The results of the 

new analysis are shown in Table I which also gives all basis states 

that contributed >0.1% to the eigenvectors. The assignments are 

compared below: 

.. 
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3+ 1 Pm :LaC1 3 
3+ ·pm :Lac1

3 
3+ 16 Np :LaBr3 

[BCD analysis] [present 
analysis] 

51 E (cm- 1 ) -1 -1 
4 ~ ~ E(cm ) ll E(cm ) 

2 0 2 0 2 0 

1 63 1 66.6 1 121.5 

2 82.5 3 84.5 3 150.7 

3 101 2 100.1 2 155.9 

0 127 0 196 

3 240 3 401 

The energy of even the highest component of the ground state 

could be established from the absorption measurements reported by 
3+ BCD, but the interpretation of the fluorescence spectrum of Pm 

LaC13 for those transitions terminating in the ground state, as 

shown in Table II, was also fully consistent with the present 

analysis. The energies and assignments in Table I together with 

the electric dipole selection rules for the c 3h<o3h) symmetry, 

provided the basis for an essentially complete analysis of the 

absorption data of BCD as shown in Table III. A few weak levels 

could not be interpreted. Several impurity lines were identified. 

In the latter case, the energies artd polarization were consistent 

with very strong lines previously identified in the spectra of 

the impurity in Lac1 3. 17 A number of strong lines at >27,000 cm-l 

could not be /classified using the present interpretation of the 
Pm3+ spectrum. 

In agreement with BCD, we found that it was difficult to 

develop a consistent analysis solely on the basis of previously 

existing experimental data . 
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As was noted earlier, there is good agreement between the 

assignments of free-ion states made by BCD and those made 

earlier on the basis of intensity correlations in the spectrum 

3+ . -1 
of Pm (aquo) at energies <15,000 em It is now apparent 

that several incorre·ct assignments were made to the solution 

spect~um at >15,000 cm-l beginning with the assignment of both 

the 5F5 and 3K6 states to a weak band near 16,000 cm-1 . The 

5 
results of BCD provide clear evidence that only the F5 state 

occurs at this energy. However, the solution spectrum also 

provided the insight for-reassigning some of the levels in the 

crystal. For example, the two strong lines at 17512.6 and 17537.5 

-1 . 3+ 
em ~n Pm :LaC1

3 
correlate well with the structure expected for 

5 
the G2 state which had previously been assigned near this energy 

based on arguments which identify it with hypersensitive transitions 

found in solution. 4 ' 18 In addition, the intensity calculations 

identified strong somewhat isolated absorption bands observed in 

solution near 30,000 cm-l with transitions to the 5o
0

, 1 , 2 states.
4

' 19 

Previously unpublished absorption spectra of Pm3+:LaC1
3 

taken at 

-1 liquid nitrogen temperature in the range 28,000-32,000 em (Table 

III) exhibit features that are consistent with the solution spectrum. 

There is a constant ~400 cm-l shift between the groups of levels 

identified in the·crystal as belonging to the 5o 2 states and 0,1, 

those assigned in solution. 

Most of the transitions observed in fluorescence could be 

interpreted as having their origin in levels that had also been 

. observed in absorption. In addition, transitions to the 

5r 5 , 6 , 7 , 8 groups were identified. The energies associated with 
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the latter two groups in Pm3+:Lacl
3 

were essentially- the same 

th b d . b t' . 1 . lS Th lt as ose o serve ~n a sorp ~on ~n so ut~on. e resu s 

reported in Table II include all the line groups previously cited 

as characteristic of the luminescence spectrum of PmC1 3 . 20 

Figure 1 shows a schematic energy level diagram for Pm3+:Lacl 3 
including all classified fluorescence transitions, according to the 

detailed account -given in Table II. 

CRYSTAL-FIELD ANALYSIS 
-~--------------------

The details of the complete diagonalization procedure were 

discussed earlier and are also given in reference 5. In the present 

case, a preliminary crystal-field calculation using approximate 

parameters correlated well with most of the observed crystal 

field level energies. Assignments were then made and a number of 

diagonalizations carried out in which increasing numbers of param-

eters were freely varied. Several additional assignments were 

made based on correlations between calculated and observed energies 

and correct polarization. In the final diagonalization, most of 

the atomic and all of the crystal field parameters were freely 

varied. The results are given in Table IV. 

The.crystal-field parameters established here were in 

relatively good agreement with those determined by BCD.· It is now 

apparent that the parameters they reported actually give the same 

crystal-field quantum number ordering of the ground state as was 

3+ 16 deduced for Np :LaBr3 , not the orderin9 reported in reference 1. 
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For purposes of comparison with free-ion level calculations 

and the identification of free-ion states, the results shown in 

Table V were calculated with the atomic parameters of Table IV 

but with the crystal-field parameters set equal to zero. These 

levels represent the unperturbed centers of the crystal groups. 

Deviations from the numerical centers of the computed Stark com-

ponents are a measure of the so-called J-mixing shifts. (In 

making this average, one must remember to give the doubly-degenerate 

v = 1 and 2 levels double weight.) 

FLUORESCENCE LIFE-TIME CALCULATIONS AND THE INTERPRETATION OF 
------------------------------------------~------------------
FLUORESCENCE DATA 

Recently, Krupke 21 calculated the radiative transition prob-

abilities·from 
5 5 . -1 . 3+ 

the F2 and F1 states (~12,500 em ) 1n Pm :YAG, 

and pointed out that such a system would in principal make an 

excellent 0.92 v laser. The theory used in making that prediction 

is of interest to the present investigation. In the absence of 

selective excitation results, the assignment of the room temperature 

fluorescence data (Table II) was based on fitting energy differences 

that were consistent with the calculated energy level scheme and 

with the applicable selection rules. It is of interest to deter-

mine whether the assignments are also consistent with the branching 

ratios that can be calculated for transitions arising from a given 

fluorescing level. 

The calculation of the life-times of fluorescing levels in 

rare earth doped crystals using the Judd-Ofelt intensity theory22 , 23 
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has been discussed in detail in several publications. 24 , 25 

The spontaneous electric dipole.emission probability ~fan excited 

state (1/JJ) with respect to a particular lower-lying state (1/J'J') 

can be written: 

A ('1/JJ, 1/J I J I ) 
_.64n 4e 2 

3h {2J+l) 

2 2 
n(n +2) 

9 

where a is the energy' difference between the states, n is the 

26 refractive index of the host crystal, the QA are Judd-Ofelt param-

eters evaluated from absorption spectra data, and the u(A) a.re 

unit tensor operators connecting the initial and final states. 

The total spontaneous electric dipole emission rate from an 

initial state is the sum over the rates to each of the free-ion 

states into which decay can occur, 

A.;r(I/JJ) = L A('I/JJ ,1/J 'J') 
i 

The radiative lifetime of the initial state is then T = [AT(I/JJ)]-l 

and the branching ratio, Ri' to any given final state is Ri = 
A('I/JJ,I/J'J') £A.r(I/JJ)]-1 .. In addition to the radiative mode, an 

. t d t t l b lt. h . . 27 exc1 e s a e may re ax y mu 1p onon em1ss1on. In the present 

case, interest centers for the most part on levels where spontaneous 

emission is the primary relaxation process. 

Selected results of the branching ratio calculations from 

levels assigned .in Table II as the principal fluorescing states 

are given in Table VI •. In addition to identifying the final states 

consistent with the largest branching ratios, the computed radia

tive lifetimes of the initial states are given. The correlation 

between average group intensities and predicted branching ratios 
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is of course expected to be only approximate. Nevertheless, 

much of the data in Table II appears to be consistent with the 

predicted trends. Ther~ is a greater average intensity associa-

ted with larger branching ratios. In some instances-the inter

pretation was strongly influenced by the calculations. For 

example, the original assignment of lines extending from-17256.5 

to 17478.3 cm-l to the transition 0 ~- V was consistent in energy 

and polarization, but there are no ~(A) matrix elements connecting 

these states. An acceptible alternative. was found. 
3+ Comparison of the data given in Table VII for Pm :LaC1

3 

with that for Pm3+:YAG, 21 illustrates the much-longer radiative 

life-times associated with the Lac1 3 host. While the matrix 

elements of U (A) computed here in intermediate coupling are -·· 
somewhat different from those used in reference 21, the smaller 

nA parameter values are clearly the main source of the different 

life-times. We assume that values determined for Nd 3+:Lac13
28 

are a reasonable approximation of those for Pm3+:LaC1 3• As in 

3+ 5 5 Pm :YAG, the F1 ~ I 5 transition remains the principal channel 

5 3+ for radiative relaxation of the F1 state, so Pm :LaC13 should 

also provide coherent laser action at "'0.92 JJ at room temperature. 

Branching ratio calculations based on the Judd-Ofelt theory 

appear to be a potentially useful supportive basis for the inter

pretation of fluorescence spectra of £-electron systems. This is 

the complement of the use of intensity relationships observed in 

absorption spectra as one basis for making energy level assign

ments.4 
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Table I. Ground State of~m:LaC1 3 (S~4 ) 

Symbol z, z2 z3 z4 .. zs z. 
6· 

ll +2 +1 3- +2 o+ 3+ 

Eobs 0.0 66.6 84.S 100.1 .. 127.0 240. 

Ecalg 4.2 66.3 91.9 103.1 l2S.4 243 

0-C -4.2 0.3 -7.4 -3.0 1.6 -3 

vectors b 5 . 5 .690j 5I4 ,3> Is - -.985ISI4,0> 5 .8411 I4.~2> ~. 983j I4.~1> .840 I4,+4> -.6961 14,+3> 
' 5 - . 

- . Sl2j I 4 , +4> 
3 . 

.124j H44 ,~1> 5 -.6901 I4,-3> 5 
.S09j 14'~> 

3 . 125j H4 4 ,0>. -.696jST4,-3> 
3 -. 1 06j H4 4 , ~2> -. 083j 3H3 4 , ~ 1 > 5 . 0991 Is ,3> 

3 . 
- . 1 06j H4 4 ,+4> 3 -. 084! H34 ,0> . 

3' 
.0881 H44,3> 

3 . 0711 H34 .~2> -.074j 3H1 4 ,~1> 
s . 

.0991 Is ,-3> 
'. 5 

.0781 I5,+4> 3 -.0741 Hl 4,0> 
3 . 

. 088! H4 4 , - 3> 

13 . -.064 H44,+4> .os3lsis.~l> -.087j 3H44,3> 13 -.071 H34,+4> -.OS9! 3H3
4

.,3> 

3 .063j H1 4 ,~2> 15 --.045 I5,+5> 3 .0871 H44,-3> -.064I 3H44 ,~2>. 3 -.0591 H33,-3> 

13 - . -.043 H34 ,+4>~ 
3 .058j H34 ,3> 

13 --.039 H1 4,+4> 3 ' -.0581 H34 ,-~> . 063I 3H1 4 ,+4> 

.052j 3H1 4,3> +.043I 3H34 ,~2> 
3 +.038I 3H1 4 ,~2> -.0521 H1 4,-3> ..... 

I.V 

g calc 0.605 0.606 0.610 0.607 0.605 0.605 
s1=2g<M> 0.453 1.193 0.000 1.452 0.000 0;000 

--
~The parameters used to compute these values are given in Table IV. 
Components comprising >0.1% of the eigenvectors are included. 



14 

TABLE II. 3+ Fluorescence Spectrum of Pm :LaC13 at 25°C. 

Wavenumber I a Lowerb Upperb 0-6.Ec 

. -1 ,, 
(em ) Level Level 

12084.2 8 z
6 

(3) A
1

(1) -9 

099.5 10 z6 A
2 

(0} -10 

222.5 7 z
4 

(2) A 
1 

-11 

237.3 10 z4 A2 -12 

258.4 10 z
3 

(3) A2 -6 

319.8 9 z1 A1 -14 

338.2 8 z1 A 
2 

-11 

12516.4 6 z 6 c 3) a
1 

(1) 1 

645.8 3 z
5

(0) B2 (2) 2 

663.9 6 z
4 

(2) B2 -7 

682.0 2 z 3 (3) B2 -4 

706.2 5 z4 a3 (0) -5 

721.5 5 z3 B3 -5 

751.9 5 z
1 

(2) B1 -6 

782.6 1 .Z1 B2 -12 

807.1 2 z1 B3 -4 

13577.7 3 z
1

(2) c
2 

(2) -11 

602.3 3 z1 c3 (O) -4 

• 
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TABLE II (Continued) 

14269.9 4 Y4 (1) · _ F1 (1) 0 

' 285. 4 1 Y3 (2) - F1 0 
~-

304.9 8 y3 F 
2

(0) 0 

316.5 8 Y
2

(1) F1 2 

343.9 3 y2 F 
3 

(1) -1 
... ; 

359.5 1 y 
2 

F4 (2) -1 
... 

371.3 1 y 1 (0) F4 1 

14625'. 9 1 

667.3 1 

14793.0 10 w5 c2> K1J2) -1 

826.8 10 w2 (1) . , K1_,·· -1 

8.56.5 ;10 w· 5 · K
3 

( 0) +3 

.886. 4 4b w5 K
5

{2) -3 

903.7 4b w3 (3) K
4 

(:1) -2 

916.4 4b w3 K5 +1 

.. 
14937.8 6 v

5
(2) M

1
(1) +1 

15037.5 10 v 4 (1) M1 0 

081.3 8 v
3

(2) M1 -1 

121.0 8 V2 (2) M1 -4 

151.9 10 v 1 (3) M
2 

(0) -3 

15326.6 8 y1 (1) G
1 

(2) -6 
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TABLE II (Continued) 

15789.4 6 z 4 (2) F 2 (0) -1 

808.9 6 z4 F 3 (1) 0 

853.3 6 z 2 (1) F 6 (3) 0 
·'-

15892.6 6 y 5 ( 2, 3) . H1 (1) 0 ·• 

917.4 6b y5 H3 (0) 0 

952.4 6b Y
3

(2) H3 +2 

977.4 6b y1 (0) H
2

(2) +1 

16149.0 1 

184.9 1 v 6 (1) 01 (1,2) -1 

231.9 2 v6 02(0) 0 

262.3 2 v5 02 0 

330.0 1 

356.2 1 v 3 (2) 01 0 

16408.8 2 v
1

(3) 01(1,2) +2 

440.7 4 V2 (2) 02(0) 0 

16745.5 4 w5 (2) M2 (0) -4 

767.7 7bd w1 (2) M1 (1) -1 

. 801.2 7bd z 3 (3) G2 (0) 1 

851.4 7bd 

941.9 6 

987.6 3 
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TABLE II (Continued) 

17209.0 10 w
2

(1) N
1

(1) 0 

238.6 8 w2 .N
3 

(1) -3 
w3 (1) +3 

256.5 7' ,w1 (2) N
4

(2) 0 

292.1 4 z
5

(3) H
3

(0) 5 

478.3 8 w4 (3) N
5 

(1) 0 

520.9 1 z
1 

(2) H.
1 

(1) +8 

.18123.7 3 y4 (1) _K
1 

( 2) +4 

175.8 9 y1 (1) ... K2 (1,2) +5 

202~3 1 

228.5 2 . y3 (2) K
4 

(1) -5 

248.1 0 

268.1 4 y1 ~ (2) +4 

307.6 1 

374.2 8 

414.1 9 x
4 

(3) Ml (1) (0) 

447.8 2 , x
2 

(1) M1 +2 

488.4 10 . x 1 (1) Ml +2 

.536. 0 9 Y
3

(2) L
4 

(0) -3 

563.2 8 

590.5 7 Y
5 

(2,3) L
6

(2) -2 

611.3 
.. 8 ' y4 (1) L. -1 

. . 6 
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TABLE II (Continued) 

18868.4 10 x
3

(2) N1 (1) +1 

8.89. 8 7 x3 N
2

(2) 0 
"'· I 

918.0 10 x2 (1) N2 -1 
' . 

974.7 7 x
1 

(1) N
3

(1) -5 

19089.6 6w ws (2) 01 (O,.:t_l) ... 4 

.·125. 7 5 w
1 

(2) Ql 0 

162.0 3 x
3

(2) N5 Cl> -3 

198.5 2 

227.6 2 x
1 

(1) Ns -1 

19559.8 2 

660.2 2 z 1 Cl> K
1

(2) -1 

706.7 5 z
3 

(3) K3 (0) -1 

19911.6 4 

20056.2 lOw Y5 C2> Ml (l) -6 

105.0 9w Y
2

(1) Ml +5 

161.8 lOw y 1 (0) (M4 (3)) (0) ' -I 

<· 
' 

20485.7 8 Y5 (3,2) N1 (1) +1 :--.. : 

536.6 8 Y4 (1) N
2

(2) -7 
~~ 

578.9 8w y2 (1) N2 -1 

621.7 7 



0 0 0 0 ~ 5 u ~ l 0 2 
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TABLE II (Continued) 

21430 ~-2 10 z 6 ( 3) M (l·) 
1 

-10 
. · .. : . ~ .. .. ;:· 

573.6 8 z (3f. -M;_ +3' 
'3 

597.8 8 
. ' .... · .. z

2 
(1) M1 -3 

653.9 10vw z
1 

(2) M' 
1' 

-6 

21844.2 2 

' 
21998.9 4 z

4 
(2) N

1
(1) +8 

22057.2 4 z
2

(1) ~2 (2) +4 

086.9 4 z
2

(1) N
4 

(2) -4 

25533.6 4 Y
3

(2) u
2 

(2) -3 

27138.2 2 z
1 

(2) u
3

(0) -B.. .. 

184.6 2 

aRelative intensity. 

bThe ·p-values associated with the indicated levels are shown in 

parentheses. For definition of the letter symbols and for their 

numerical correspondence, see .Table III. 
c . . 
Difference between the energy of the transition observed in 

fluorescence (col. 1) and that deduced from the levels observed 

in absorption (col. 4-co1. 3). 
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. : 

TABLE III. Energy levels and absorption spectra of Pm3+:laCl
3

. a 

Major Wavenumber Relative Designation o-cb 
Free Ion 

(cm-1) Component Intensitz: lower Upper 
SLJ a 11' 

Level level 

51 
5 1537c z l yl 0 -4 

1550c zl y2 1 -6 

1583c zl y3 2 9 

l598c z, y4 1 -3 

· 1620c z1 vs 2 9 

1620c 3 -1 

3 (1627.9) 

51 
6 0 (3164.2) 

317ff z1 x, 1 -5 

2 {3205.5) 

3211c z, x2 1 -3 

0 {3216. 7) 

0 {3222.2) 

3 (3225.3) 

323Ef zl x3 2 -5 

3 (3252.5) 

51 . 
7 489f zl wl 2 -3 

3 (4897.6) 

4897c z1 w2 1 -2 

4905c z1 w3 1 5 
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TABLE III (Continued) 

SF 
2 12643.5 3 Zs 82 

658.1 5 z4 81 ' i 
~ ' 

671.0 3 zJ Bl 
I 

691.2 8 2 z2 81 

704.3 8 z2 82 

726.9 4 z3 83 

]57.4 4 z1 81 1 0.0 

770.6 4 1 z1 82 2 0.5 

811.0 8 3 z1 83 0 1.1 

5 
F3 1339.6.6 1 

457.7 4 6 Zs c1 
.. 

484.8 4 z4 c2 

. 506.8 6 2 z4 cJ 

517.7 .6 z2 cl 
-

. 522.1 . 1 z2 c2 

551.5 7 z4 c4 

565.1 4 z3 c4 

584. 2d c1 3 -1.0 

585.2 6 1 z2 c4 
., 

588.6 7 2 zl c2 2 0. 1 

606.8 7 2 z1 cJ 0 -4.3 

650.6 8 z1 c4 -.8 

(13654.4) 



0 0 (J 0 ~~ ~; 5 0 .~ ') 
.:... 0 4 

TABLE III (Continued) 23 

5s 14100.7 2 2 z o, 
2 4 ... _·;·~ . .. . ·'"' .,; 

117.8 7 7 - z3 o, 
135.3 8 8 z2 01 

200.0 10 ' 10 z1 01 0,1~2 0.6,1.4,0.3 

SF 
. 4 14404.1 .4 Zs E1 

430.4 3 z4 E1 

455.9 4 Zs E3 

464.1 5 z2 El 

478.7 8 z4 E2 

493.8 
I 

E2 4 z -3 . 

508 .. 9 3 z4 ::- E4 ,. 

512.3 4 z2 .. . ;,[2 

516.2 :8 z2 .. :· .E3 -· .. 

529.9 8 .. 2 z1 El 2 1.0 

560.9 4 z2 .·- E5 

3 ( 14571 .8) 

578.3 1 7 z E2 1 
.. 

·.~ 0.0 
1 ' 

582.2 6 '1 z, E3 2 ., '( 4.7 

609.9 3 8 z1 E4 0 2.6 

£5 3 (14624.8) 

SF 15801.9 1 z2 F 
5 1 

809.;0 1 z3 F3 

868.2 .5 z1 F 1 1. 4.5 

888.0 5 z1 F2 .. ~ o·· -3.6 
" 

894.8 6 z1 F3 i: ( ,. ··' 1. -~·. . i -4.4 
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TABLE III (Continued) 

SF 
5 900.0 1 

908.8 6 zl F4 2 -1.3 
. ~ 

,; ! 

910.0 1 

912.8 1 z1 F5 2 -4.2 

919.9 F6 3 2.3 

3 (15921.9) 

3K 
6 16809.8 1 z3 G3 

820.8 1 z4 G5 

827.3 1 z2 G3 

836.4 1 (2) z3 G5 

836.4 { 1) 2 . z2 G4 

883.0 3 zl G1 2 -9.0 

887.5 4 z1 G2 0 -12.4 

893.8 5 4 z1 GJ 1 -7.7 

3 (15928. 7) 

903.1 4 z1 G4 0,2 -2.3,-13.7 

3 (16909.6) 

920.6 4 z1 G5 1 7.2 

926.9 l zl G6 0 14.6 ... '-· 

5G 
2 ' 17388.1 1 z5 H. 

2 

415.5 6 2 z4 H2 

428.0 6 z3 H -
1 

437.8 5 z4 H3 



5 u J ~ 0 5 
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TABLE III (Continued) 

5 . 
G2 446.3 4 z, H2 

449• 1 5 z3 H3 

512.6 .9 9 z1 H1 -4.8 

.515.6 2 2 (17535.0) 

537.5 9 3 z1 H3 . 0 ·-6.6 

3H 
4 17703.7 1 

708.0 1 z . 
3 Il 

723.0 

729.5 1 z4 12 
I . " 

763.8 3 3 .z2 'I2 
__ ., 

I, ·. 0 ( 17797.90) 

829.8 7 7 . ·z . 
1 I2 1 ,2 }.9,6.9 

3 {17857.6) 

5G 903.0 4 z5 I . 
4 4 

3 (17911.9) 

5 
• G3 17923.0 6 z1 I4 2 5.7 

+ 3K7 963.0 4 z2 15 ... 

999.9 4 z4 16 

18029.0 10 9 z ' Is ' 0,3 11. 3 '-2 
. 1 . 1·' \ 

043.0 l z4. I7 , 

·057 .4 3 z3 17 

077.0 3 z2 17 
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0 0 u 0 ~ 5 0 J 2 0 6 
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TABLE I U (Continued) 

3G 674.0 4 z1 M2 0 -0.2 
3 

680.0 8 2 zl M3 2,3 -17.3,2.6 

691.0 3 9 

M4 3 (21719.8) 

727.5 3 

56 
5 

22081.3 2 z2 N4 

106.9 8 z, N1 1 -4.8 

0 (22115.2) 

127.9 6 z1 N2 2 -4.6 

140.5 6 z1 N3 1 -2.3 

3 (22144.1) 

149.3 4 z, N4 2 -3.9 

3 {22177.0) 

SG 
6 

226.2 2 

247.5 2 

3 (22262.8) 

2 (22298.8) - : 

3 (22326. 4) 

0 (22353.5) 

2 (22357.6) 

1 (22357.9) 

0 (22360.8) 

396.0 2 z1 Ns 1 -2.7 

0 (22404. 1) 



0 0 0 4 s 0 J 2 0 7 
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TABLE III (Continued) ·.·· •.. , ' ' ~ .·' . 

30 
2 22836.0 1 2 z4 01 

852.2 3 z3 01 

936.5 6 6 z1 a, 1 ,2 -4.1,-7.3 

983.0 5 z, 02 0 -3.8 

3L 23535.3 2 ·z2 :: p2 : '·~--" 

7 
1 

'· 
(23581. 9) 

Q (23587.3) 

592.8 6 z1 pl 0 2.0 

602.5 4 z, p2 2 3.4 

3 (23622.9) 

3 (23637. 2) 

'1 (23644.3) 
' .. ~ . -.·. 

657.3 3 z .. p3 2 6.0 
1 

1 
.\ . 1 .~1--:' (23667.6) 

0 (23672. 7) 

23775.5 1 Sm Impurity 

803.0 4 Sm· Impurity 
.~: ·· .. 

4 
··r 

841.7 2 

3 3 
p1 '. 01 24018.0 3 3 z1 o, 0,1 10.0,7.3 

:-

3H 24401.5 3 . ,·~. z ;:· R1 .6 -6.9 
6 1 

415.5 1 

3 (24438.1) 

446.0 4 z1 R2 2 -1.7 

0 (24454.7) 
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TABLE II I (Continued) 

3H 1 (24464. 9) 
6 

3 (24475.5) 

0 (24497.3) 

525.0 2 z1 R3 2 13.0 

535. 1 . 2 z2 R4 

547.2 2 z3 R3 

551.4 3 z2 R5 

559 .. 7 1 

1 {24572. 0) 

3G 3 (24599. 7) 
4 

602.0 9 z R4 2 22.9 
1 

617.5 . 5 z1 R5 1 -18.4 

631.0 5 z1 R6 0 4.9 

5 
G4 24643.0 5 zl R7 2 15.6 

3 (24660.1) 

3L 24730.2 4 z1 R 1 -17.7 
8 8 

760.3 4 z1 R9 2 7.0 

l (24776.0) 

0 (24776. 9) 

792.4 5 z1 RlO 2 2.2 

3 (24793.6) 

798.2 5 z1 Rll l -3.4 

0 (24799.4) 

2 (24800.5) 

3 (24812.4) 

0 (24812.6) 



0 0 0 4 5 0 ~ 2 0 8 

31 
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TABLE III (Continued} 

3G 3 (27152.6) 
5 

2 (27188. 9) 

213.3 9 

254.0 4 7 

296'.5 4 

380.3 6 

419.9 4 

. 435.6 6 

. 452.5 4 

3 3 
p1' 01 

1 {27836. 1) 

0 (27848.3} 

. 3p . 0 (28613.5) 
2 

28632.8e 3 z
1

(2) AA1 2 -2.6 

1 (28656.7) 

31 0 (28749.1) 
5 

1 (28754.2) 

758.0 3 

1 (28762.0) 

2 (29882. 7) 

2 (28796.1) 

. 3 (28797.6) 

3 (28808.0) 

835.1 3 

894.3 2 

979.9 1 





0 0 ,, ,\ 0 &~ 5 0 J 2 I 0 
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TABLE III (Continued) 

31 0 (29848.6) 
6 

1 (29860.6) 

0 (29877.4) 

0 {29844.3) 

2 (29893~9) 

(29895.0) 

3 {29908. 7) 

3 
MlO 

3 {29928.8) 

2 {29933.3) 

3 {29983.2) 

3 (29995.8) 

2 (29996. 7) 

1 (30033.6) 

50 30034.0e 3w z, 001 1 -13.6 
1 J 

3 
N10 

0 {30036.3) 

3 {30047.3) 

2 (30050.8) 

1 (30085.3) 
.,, 

• 50 0 {30095.4} 
1 

3 ' 
M10 

2 ( 30110. 3) 

0 (30141. 2) 

0 ( 30·192. 3) 
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. TABLE III (Continued) 

3 
. MlO 3 (30200.2) 

2 (20208.0) 

1 (30210.5) 

31 1 {30381.5) 
7 

0 (30400.4) 

1 (30409. 1) 

0 (30424.8) 

0 {30425.8) 

2 (30428.9) 

3 (30445. 7) 

1 { 30448. 7) 

3 (30449.4) 

2 (30456.9) 

30620.9e 4 z6 EE1 

732.9 3 zs EE1 
: 

ll 1 (30732.8) 
8 

0 (30738 .7) 

798.3e 3 z2 EE1 
1 (30831.6) 

~ 

0 (30832.3) 

50 862.0e 5 z, n, 1 ,2 8.2,-15.8 
2 
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TABLE III (Continued) 

\ 8 2 {30878.5) 

50 
2 0 (30883.0) 

\ 8 3 (30909. 7) 

0 (30937.8) 

2 (30984.4) 

1 (31019.3) 

2 (31 093. 7) 

3 (31113.4) 

31386. le 1 

511. Be 1 

549.6e 1 z4 FF1 
606.4e 3w z2 FF1 

5 
03 660.5e 2 z, FF1 -18.9 

3 (31665.7) 

0 (31669.0) 
( 

3 (31687. 7) 

2 ( 31733. 7) 

aData from Ref. 1 except as noted. 
bThe difference between the observed and calculated levels, the latter based 
on the paramete~s recorded in Table IV, is given .. Wh~n no corresponding level 

,was observed, the calculated level is shown in parentheses. 
Level obtained from fluorescence data. 

:Level obtained fh absorption from higher levels. 
Unpublished absorption at 77°C, unpolarized. 
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TABLE IV. 3+ Parameters for Pm :Lac1
3 

energy levels. 

E . average. 36805(16) 

F2 75808(117) 

F4 54348(177) 

F6 38824(129) 

ALPHA 21 (. 2) 

BETA -645(6) 

GAMMA 1425(50) 

ZETA 1022(1) 

T2 302 (11) 

T3 45(2) 

T4 34(4) 

T6 -315(7) 
·. 7 
T 554(7) 

T8 [400.0]a 

Mo 2.1(.2) 

M2 [1.2]b 

M4 [0.79] 

p2 319(30) '•' 

p4 [239.2]c 

p6 (159.5] 

c2 
0 143(18) 

c4 
0 ~395(29) 

c6 
0 -666(30) 

c6. 
6 448(21) 



--------~ 
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TABLE IV (Continued) 

aThis P._arameter value was based on analys~s of other lan

thanide chloride spectra and was not varied. 

bOnly. M0 was freely varied, M2 and M4 were constrained to vary in 

the ratios M2/M0 = 0.56 ahdM4;M0 = 0.38. 

COnly P2 was freely varied, P4 and P6 were constrained to vary 

. h t' 4; 2' 0 75' d 6; 2 0 5 1n t e ra 10s P P = . an P P = . . 
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TABLE V. 3+ . 
Field ... free levels of Pm :Lacl3 . 

I 

Group 
a Eb J Dominant g 

-1 Eigenvector 
Symbol (em ) Components 

~ 

z 102 4 -.986 5I+.l24 3H4 0.6049 

y 1591 5 .992 5I-.0913H4 0.9018 

X 3215 6 -.994 5I-.064 3K2 l. 0709 

w . 4924 7 .990 5I+.ll7 3K2 1.1760 

v 6684 8 5 3 .980 I+.l75 K2 1.2455 

A 12332 1 .976 5F~.l89 3Dl 0. 0221 

B 12774 2 -.967 5F+.l77 3Dl 1.0069 

c 13621 3 -.977 5F+.ll3 3F3 1.2428 

D 14197 2 .968 5S-.221 3P2 1.9666 

E 14574 4 .954 5F+.l72 3G2 1.3257 

F 15903 5 .961 5F+.l95 3G2 1.3844 

G 16916 6 -.866 3K2+.480 3Kl ·o.8602 

H 17535 2 .963 5G-.206 3J;4 0.3594 

17878 4 -.494 5G-.481 3H4 0.9765 

I 18083 3 -.9035G+.296 3G2 0.8989 

18214 7 .796 3K2-.441 3K1 1.0008 

K 19803 8 .756 3K2-.386 3K1 1.0978 

20006 5 -.698 5G-.428 3H4 1.1818 
L 

.810 5G-.399 4H4 20155 4 1.0340 

M 21694 3 -.724 3G2+.470 3G3 0.7871 

22145 5 .676 5G-.498 3H4 1.1415 
N 

.912 5G+.315 3H4 22343 6 1~3052 



0. 0~' . i; 
"-,l.f: 
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TABLE V (Continued) 

0 22944 2 .686 3D1-.451
3

P2 1.2236 

p 23630 7 
3 3 

-.920 L-.349 K2 0.8971 

0 24022 1 -.658 3P2+.627
3
D1 0.9737 

24504 6 .627 3H4-.563
3

H3 1.1890 

R 24631 4 -.6273G2+.410
3

G3 1. 034 7 

24769 8 -.7973L+.437
3

M 1.0088 

25614 3 .816 301+.389
3

02 1.3033 

s 25650 0 4 3 3 3 0 ~.9 5 P2-.319 P . ' . 

(25752) 9 • 878 3L-.478
3

M 1. 0885 

(26004) 8 .695 3M+.556 1L2 0.9512 

T 26291 2 .5053P2+.450 103 1. 0690 

.589 3F4+.551
3

F2 
' ~- ·, 

27020 4 1.2163 

u 27i35 5 
3 3 1.17 36 .679 G2-.432 G3 

(27839) 1 .684 3P2+.606
3

D1 1.0169 

-I (28645) 2 -.566 3F2-.477
3

F4 1.0509 

AA 
.81S3I1-.4733I2 (28774) 5 0.8591 

. . 

l 29143 3 -. 561 3F2-.; 559
3

F4 1.1319 

BB 
.. 29249 3 3 

2 -.678 F3-.459 F4 0.7050 
. ·' 3 . 3 

I 
(29452) 9 .878 M+.478 L 1.0340 

cc 29586 0 .984 5D+.143 3P1 0 

(29896) 6 .• 836 3I1-. 477 3I2 1.0294 

( 30092) 10 .9933M+.117 1N 1.0989 

DO. 30062 1 .98350+.117 3P1 1. 4859 

(30410) . 7 .8633I1-.4433I2 1.1349 



TABLE V (Continued) 

l 30855 .2 
EE 

(30923) 8 

FF 31690 3 

aFrom Table III. 

bAll calculated states 

r 
-\f . 

. . 

-968 5D-.154 3F2 
·i< 

.7181L2-.546 3M 

. 5 3 ' 
• 882 D-. 333 F3~ 

-1 <32,000 em are recorded. 

42 

1.4631 

0.9.755 

1.4138 

The 

energy given was computed using the atomic parameters 

shown in Table IV. Values put between parentheses are for 

levels for which the~e .were no experimental observations. 

' •I 

! 
' 
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TABLE VI. Fluorescent branching ratios and lHetimes from selected 

states (StJ} in Pm3+:Lac~ 3.a 

Group 0 T a Branching ratio to S'L'J' 
Symbolb (cm-1 )c· 

R 
51 51 51 51 51 SLJ l-!Sec 4 5 6 7 8 

A SF 
1 

. 12332 625 .28 .43 .26 .03 0 

B 5 
. F2 12774 585 .42 . 31 . 16 .09 .01 

c SF 
3 13621 510 .52 . 18. . 13 • 13 .04 

F SF 
5 15903 525 .04 . 12 .27 . . 34 .23 

G 3K 
6 16916 14030 .36· .49 .03 .09 .03 

H "5 
G2 17535 176 .68 .24 .06 . 01 10E-3 

K ·. 3K 
8 19803 7068 .14 .05 .. 12 .43 .22 

M 3G 
3 21694 670 .24 .54 .11 .05 .01 

N SG 
5 22145 305 .06 .12 .28 .37 .09 

N' 5G 
6 22343 181 .002 .02 • 10 .26 .53 

0 30 
2 22944 1192. .10 .42 .38 .002 lOE-3 

Q 30 
1 24022 1611 ~ol .60 .12 .04 0 

u 3F 
4 27020 565 .007 .02 .03 .11 • 35 

aThe intensity parameters used in the calculation were o2 = 0.97, o4 = 
1.63, n6 = 1.66 (all x lo-20 cm).28 

b . 
Group symbol of fluorescing state from Table III. 

cThe energy of the fluorescing state with respect to the ground state 
5I4 calculated from the parameters in Table IV is given. 

dTotal radiative lifetime .of the fluorescing state. 
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TABLE VII. Calculated transition probabilitiesa arid matrix 

elementsb of U(A) ;froin the 5F1 state in Pm3+:LaC1cj·' ·~. 

( 1/JJ) ( 1IJ I J I) 

SF 
1 

SI 
4 

SI 
5 

SI 
6 

SI 
7 

SI 
8 

a 
-1 em 

12228 

10739 

9116 

7·408 

5648 

[U (4) ]2. 

0.1406 

0.1533 

o.o 

0.0 

0.0 

0.0 

0.1545 

0.2989 

0.0680 ' 

o. a· 

A 
-1 

s 

456.5 

683.2 

409.5 

49.99 

0 

T l)J'JI 
ms 

2.19 

1. 4'6 

2.44 

20 
~· . ,, 

00 

Trad 
1-1sec 

625 

a 3+ Based on intensity parameters for Nd :Lac13 , given in Table VI. 

bThe matrix elements of u< 2 > for the indicated transitions are -
zero. 
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FIGURE CAPTION 

Figure·!. Schematic energy level diagram for Pm3+:Lacl3 

including all classified fluorescence transitions . 
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(cm-1) Pm3 +: LoCI~ 
28000 3pl 

~~ 

u 3G5 3F: = u 
3 4 

T P2 3M 

fJ s 3R 3L 8 .. : 
3 0 9 
03 3L 

E'l R 3G4 3 8 Q Q 3 · Hs 
. .., ~ 

p Dl 3L7 -
0 3o 

5 2 N N• N G5 5G -- M 
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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 Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warran.ty, 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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