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ABSTRACT

The polarized absorption spectrum and some effect studies were con-
ducted on crystals of lanthanum trichloride and lanthanum ethylsulfate containing

3+
0.1 and 5 mol % of Pu

at various low temperatures. The ground-state levels
as well as several excited states are well characterized. Attempts at fitting

the positions of levels to 5f hydrogenic field-ion states give good agreement

for F, = 25 em T and L = 2290 em L.
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I. INTRODUCTION

The absorption spectrum of trivalent plutonium in single crystals
has not yet been analyzed. Only Freed and Leitzl reported on the spectra of
some actinides, inoluding plutonium in anhydrous triohlorides. They observed
groups of sharp linés, as in the spectra of the rare earths, and concluded that
the actinides form a series similér to the rare earths, as had been suggested
earlier. This would mean that in the actinides series the 57T electronic shell
is filled suocessively—nwith the 6s and 6p sheils complefely filled. 1In the
meantime the spectra of séverol actinides have been investigated in detail,
and the position of the actinides in the periodic table proposed earlier is
now considered to be correct.

Therefore, it seemed worth while to try an analysis of the plutonium
spectrum. This way one should be able to tell something about the Coulomb
and spin-orbit interactions of the 5f electrons. Furthermore, it is intefesting
to investigate thebinfluence of externél perturbing fields on these electrons
and to compare it with the effects alréady known for‘thé rare earths.

We have studied the absorption and fluorescence spectra of Pu3+ in
two hexagonai crystals in the'viéiblé and ipfrared spectral regions at low
temperatures, between %02 and 770K° The Zeeman'effect was also examined.

Below 21 000 cm—l, 14 groups of absorption lines and eight groups of emissions
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lines were observed. They are discussed in detail in Sec. IV and analyzed
as far as possible. Above 21 000 cm-l the numerous absorption lines do not
appear in distinct groups. Therefore they will not be treated in this paper.

Section IT describes the experimental procedures, and in III the theoretical

background is.réﬁieQed 6riefiy.

II. EXPERIMENTAL PROCEDURE

A. Preparation of Crystals

L+
(NO3)u

The plutonium, which was available as a concentrated Pu

3’ was reduced by NHZOH : HCl3.2 Single crystals of

' +
lanthanum trichloride containing 0.1 to 5 mol % of Pu3 were grown from the

solution in HNO

melt foilowing the methéd of Gruen et al.3

Thé lanthanum (plutonium) ethylsulfates with the same Pu concentration
as the tricﬁlorides were preparéd in the-same manner as raré—earth ethylsulfatesi
The crystals Qereigrown by evaporation from the hydroﬁs solution. In order to
avoid éxidatibn, an excéss of NHZOH : HCl3 was added.to the solution, and
the crystals‘were-grown in a nitrogenvatmosphere. Fractionated crystallization
took place, so‘that fhe crystals alwa&s contained more plutonium thén the
solution. A |

We also tried to prepare thé double nitrates LaZ(PuZ)Mg3(NO3)lZ

2&H20, but got only the pure_lanthanum crystals. |

_The frithoride and ethylsulfate crystais were stable'duringbthe

whole period of the experiments, and were not deétroyed by “the & radiation

of the decaying plutonium.
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B. Equigmént

The absorption and fluorescence spectra were photographed on a
Jarrel-Ash (Ebert mount) grating spectrograph with a reciprocal linear.
dispersion of .about 5 X/mm° Also, a Cary Model-1l4 and a Beckman .IR-5
infrared recording spectrophotometer were used. Light-sources were a
mercury lamp (BH6) and a tungsten lamp.

The crystals were oriented by means of a polarizing microscope and
put into a small brass holder, with glass windows, which was uncontaminated
on the outside.  The cooling liquid -helium, hydrogen, or nitrogen was
cqntainea in 'a double dewar system of. pyrex or quartz. Tiny slits in the
crystal holder allowed the cpoling agent to penetrate and wet the crystal.

Homogerieous magnetic fields up to 28 000 Oe were produced by a

Varian magnet.

III. THEORETICAL BACKGROUND

A. The Free Ion

The Pu3+ ion has five 5f electrons and, like sémarium (Sm3+), 198
levels characterized by.the’total angular momentum.J.» The levels of the free
ion can be calculated with the procedure first developed byrRacah.4 In such
calculations one encounters the matrix elements of the Coulomb interaction
and the spin-orbit interaction,'which are evaluated for-the-f5 configuration

5"and by Wybourne.6 “Using a program developed by Wybourne,

by Elliot et al.
we have calculated the levels for"‘Sf5 as a function of the Slater parameters
FZ,'FA;'ahd F6 "and the spin-orbit parameter £. This program also computes

the g values and the éigehfunctionS'of the levels as linear combinations of

Russell-Saundeérs functions.
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B. The Levels in Perturbating Fields

The characteristic behavior of a level in the electrostatic crystal
field and an external magnefic field has been described extensively in. .
connection with the analysis of the rare earths. Fortunately the effects -of
these’fields oﬁ Pu,éré obéer&ed to be of the same order of-magnitude as in
the salts of the rare earths, so we can use the same methods.

For completeness we give a brief outline of the theoretical back-
ground: ."In both salts the Pu3T ion is in a field of the symmetry C3h'

In such a.field the levels split into J+l/2 Kramer's aoublets, which are

characterized by the crystal quantum numbers p = *1/2, *3/2; 5/2 first

8 A
introduced by Hellwege.7’ If we write the corresponding eigenfunctions
Uiu as linear combinations of the wave functions WYJM of the free ion,
only the V¥ with M= (p * 3) mod p are present.

TIM

For the electrical dipole radiation we have the selection rules

T
<;[Px + iPy | u! ? #0 only, for Au =%+, L.

(uIPZl p') # 0 only, for AE =% 3,

Here Px’ Py , and PZ are the electric dipole operat@rs in the x, y,
and z ,directiqns,'respectively.

The splitting of the levels by the external magnetic field is not-
isotropic, but is a complex algebraic function of the field strength. In
former papers, for small . J values, explicit expressions for the splittings
are given as a function of the g value of the free ion and the crystal field
matrix elements . KMM' , together with equations for the calculationrof g

9,10,11

and the. K __,  from .the observed Zeeman splitting. For the larger

J values explicit formulas are not available. Therefore we diagonalized
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the matrix of the combined perturbation of the crystal field and the

magnetic field.

Iv. RESULTS

1. General Remarks

a. Absorption.

As already mentibned above, at low temperatures the spectra of the
plutoniumvare very similar‘tg those of the rare earths. That means that
below 21 000 cm_l well-separated groups of polarized sharp lines are observed.
Each group in the chloride corresponds to a group of the ethylsulfate; Their
centers of gravity are shifted by about 100 cm-l. In the ethylsulfate we
found only three groups of sharp lines. All other groups are so broad that
the Zeeman effect could not be investigated. In the chloride, however, we
Observed more sharp lines. As in the rare earths, the high-ehergy lines of
a group are broader than the low-energy ones.

The plutontum spectrum is much more intense than the samarium
spectrum. With the concentrations used, only transitions of electrical
dipole radiation, which are forbidden for the free ion, are observed. 1In
the samarium,lo however, we found magnetic and electric dipole radiation
of comparable intensity. Presumably, stronger admixtures of other configura-

3+ 3+

tions to 5f are present in the Pu than in Sm

In order to give a survey of the plutonium spectrum, we show in

Fig. 1 a photometer curve of the PuCl taken with the Cary spectrophotometer

3}
at 77°K with unpolarized light. To the right of Fig. 2 are the absorptibns

or the centers of gravity of the groups for both salts.
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First we treat the four levels with sharp components that allow the
determination of J, g, and KMM" By use of these results theitotal energy
level scheme 1s calculated. Then the remaining levels with broader components

are discussed and compared with theory.

b. Fluorescence.

2
Plutonium fluorescence has been reported by Cunningham et al.l We

found eight groups of emission lines, which represent transitions from the
three excited levels H, I, O to the fwo first excited levels and the ground
level. We discuss them together with the absorption in the far infrared

~ spectral .region,

2. The Ground Level

In the following discussibn we denote the three ground-level crystal
field components by I, II, III and the components of the excited levels by
a, bs ¢; ... with-increasing energy.

In an earlier paperl3 we have reported the crystal field splitting
and the paramagnetic resenance spectrum of the ground level 6H5/2- In
order to give a complete.description here we include values of the components
and the splitting factors, in Tables I and II.

'Since the earlier paper we have determined the splitting factors s“

of the § = £3/2° components. In the ethylsulfate I has the U value t3/2.
Because there i1s no magnetic dinle radiation, all transitions arising from
I are completely &> or' n-polarized, and are split therefore only intq two
Zeeman components in an external magnetic field parallel to the crystal axis.
Thgrefqre{_ s“ (1) §apﬁot be détermined diregfly. If we make the assumption
that the spiittings of the crystal fieldvcomponents of the "0" 1level with
J = 3/2 éré relétéd as three to one, we can determine SH (I) from the

observed Zeeman splittings of the two lines of group O at 4.2°K.  The value

obtained under this assumption is given in Table II. We believe that this
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assumption is justified because the g factor of the excited level calculated
in this way 1s in good agreement with g determined in the perpendicular

field.

3. Group H

In the trichloride, four absorption lines and two emission lines are
observed at 4.2° K. Also, a further absorption line appears in the perpendi-
cular magnetic field. At ZOOK, and higher, temperatures three more lines
are observed. Figure 3 shows the complete energy-level scheme as it was
found. The observed transitions are included. The values of @ and the
M values of the eigenfunctions WYJM of the free ion, which are predominant
in the crystal eigenfunctions Uiﬁ , are also given.‘ The selection‘rules are
- well followed. We find the center of gravity at 14 858 cm-l. The angular
momentum of the level is clearly J = 11/2, as it is split into six Kramers'
doublets. The matrix elements KMM; and the splitting factors s” and g
were first determined by using the linear parallel Zeeman effectw With these
values, the perturbation matrix for the perpendicular magﬁetic field was
numerically diagonalized as a function of the magnetic field H. The calcu-
lated curves E(HL) were in rather good agreement with the experimental
curves. The agreement could be improved by slight variation of the‘ KMM'
and g values.: We consider these new KMM' as more preciée, since in the
case in which twé crystal field components with the same u are well separated,
fhe perpendicular Zeeman effect is more sensitive to variations ofa KMM'
than is the parallel effect. Therefore, these values are given in Table III.
Besides the position of the components, Table I contains also s” 5 SL 5
apd the vaiues of g calcuLaied from them. The obtained mean value is
g = 1.40. Thé departures of the‘single values ffom the mean are small; how-

ever,they are higher than the experimental error. These deviations must be
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ascribed to admixtures of levels with different J values by the crystal P
field.
The ethylsulfate spectrum resembles the trichloride spectrum. Data
are given in Fig. 4 and Tables II and III. The center 6f gravity is found r
100 em * higher than in the trichloride at 14 957 cin Y. The overall splitting
is only about half as wide, 39 cm-l; compared with 77 cm_’l for the chloride.
The order of the crystal field components does not agree for the two saits.
If however, one coﬁyares the two abproximately valid M values corresponding
to one W value, one finds that in‘both‘salts the higher values are‘at lower
energiesf The meanAvaluevof g 1is 1;39 which i1s in good agreement with the
value ﬁqr the trichloride. This value is close to thé Russell-Saunders g

value (1.455) of the level. PFrom this we assume that the level H

, 6
1sva Fll/Z .

The crystal field matrix elements KMM' can be calculated explicitly

Fr1/2

by foliowing the‘procedure ofVStevenslu if the crystal is éonsidered as a
point-charge ,latice; However, in‘many cases the constantsvof the crystal
fiela Agm (rﬂ ) have been determined by using the KMM' bbtained from the
expefiment. Tﬁe parameters A£m<rﬁ ) should not vary appfeciably inside a
series& of homologous saits of the actinides. To correlate the Azm (rz) with
the métrix elemenfs KMM} one has to know the factors for the operator
equivélénces a, B, v of thé eigenfunctioﬁs of the free ion.lu In sevéral
>caseé, where-the Azm (r 2) were adjusted by using the groﬁnd multiplet oﬁly,
it was Sufficien£ to work with the Russell—Sauqéers valﬁes of o, B, v. If
we épply this proaedur¢ to‘ther 6Fll/2 level, we obtain for Azmv<r£> ﬁhe v
values in Table IV. Fof comparison we have added the results from the

15

’ P . .
samarium 6Fll/2 level. The four values for Azm (r ) given in Table IV

were obtained by applying the method of least-squares fit to the nine



-9- UCRL-10257

experimental KMM' in Table IIIL. We see from Table IV that AJ+ (r ) -and

A6O (r6> become positive in the case of plutonium, whereas they are negative
16 : .

for the samarium. Gruber, who measured the americium spectrum, found

’ 0 Lk 0,6
negative wvalues for AH (r ) and A6 (r ) in the case of the ground
multiplet. By performing the same.calculations for the plutonium ground
L . O _.
level, we can fix AZO <r2> and A)1L <ru>. But Auo (rh) again comes
out positive. 8o this rough approximation is not sufficient in the case of

plutonium.

L. Group 0

In both salts at 4.2 and 209K, group O consists of very sharp lines
whicb start at I aee II. Hence it was possible to determine sH (E=i3/2) of
the ground level from these lines (as was already mentioned in connection
with the ethylsulfate). The data of level O are given in Tables Iiend 1T
The angular momentum is J = 3/2. The difference between the centers of
gravity of the chloride, 19 380 cm;l, and the‘ethylsulfate, 19 637 cm—l, is
rather large. The position of this level seems to depend sensitively on the
crystal field. The values of g obtained from the different spllttlng factors
agree very well.’ The mean value for g is 2.00, which lies between the
Ruseell-Saunders g valuee of 6P3/2 (g = thOO) and AP3/2 (g= 1.733). There-

and ‘?3/2

fore, level O 1is probably essentially a mixture of the\ P

3/2

levels.

5.. Group I

A second level with J = 3/2 is found at 16 000 em T (see Tables
I and II). -But the components of this level are broader, and the results
of the Zeeman-effect measurements do not agree as well with each other.

Four values obtained for g are close together and give a mean value of



=10~ UCRL-10257

0.96, but the. fifth one, of g = 1.5, does not fit at all.

6. Grgup N

Besides the thrée>groups ﬁreated above, the ethylsulfate épectrum
contains only broad lines. But for the trichloride one more :j value can
be measufed. The level N at 18 250 cm—; has J = 7/2; ﬁbwever, the |
l%nes a?e not éharp enough, ;9 only one splitting factor s“ (r = 13/2)
could be determinedJ giving g = 0.97. This value is very close to the
Russell- Saunders g value of 4G7/2 (g = 6.984); Hence we assume that

this level is predominant in . N.

T. Comparison with theory
Using the four levels identified in the last chapter, we can determine

the parameters F

k and § and give a first comparison between theory and

experiment. In the course of the analysis of the rareFearth spectra we found
that the 4f one-electron wave functions can be very well approximated by
hydrogenic wave functions. We have tried to calculate the plutonium levels

by using the 5f hydrogenic functions. In this case, for the Fk the

relations FM/FZ = Q.lhzz, F6/F2 = 0.0161 hold and only the parameters F2

and { are to be determined. The values of § and R = C_/F2 should in-

crease slightly along the series of the actinides. It is reasonable to try

. . o 1
values for X close to K = 11.55, which was found by Gruber and Conway 7

for americium, by using Russell-Saunders coupling. They fitted this atom

with § = 2600 and F2 = 225 cm_l. Hence for X = 9,10, and 11, the energies

were calculated in units of “Fz. .For each % the F2 was adjusted so that

6Hil/2 was situated at 14 800 cm ~. The results are given

on the left side of'Figﬂ-Z. If we compare the four analyzed levels H, I, N,

the level H =

0 with the calculated-levels scheme, we find levels with the same J values
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ciose.to the meésured levels. Table V gives.thé predominant eigenfunétions
and.thé caléﬁlatéd g values féf'vx;% 9.35. For group‘O the caiéulatedAand the
expérimenﬁal g. value which wa.s répoftedvin Sﬁbsec. 4 coincide, and P3/2 are
realiy the main levels. In N, MG ié predominant as proposed and the caiéﬁlated
g is only vefy little higher than‘the one found experimentallj. In the:case
of level I, ohly 5 agrees. The computed g vélue is much smaller than the
Observed one. Sinée this value is smaller than those of all neighbouring
levels; the deviation can easily be explained by admixturés of other levels
by the crystal. If one considers all the levels below 6Fil/2 in Fig. 2;
everywhere that the theory predicts a level, one ié found experimentallyQ
Since, however, the groups mostly contain broad lines, J and g cannot be de-
termined uniquely. Nevertheless; the experimental findings do not‘cbntradict
the theory. In the following discussion these groups and the femaining
groups in the visible region will be treated in detail.

Comparing the whole calculated-level scheme with the one found experi-
mentally, we see that most of the caleulated and measured levels coincide best
= 2k5 em T and £ = 2290 em L.

with ® = 9.35, F In the frame of this

2
approach we feel that the agreement is surprisingly good. In order to

determine the parameters more precisely, better one-electron eigenfunctions

should be used. Also, admixtures of different configurations should be

considered. -

8. Group C
Group C liés at the limit of the photographic infrared spéctral

1 The hypersensitized fresh Kodak I-Z plates were

region up to 11 650 cm
sufficiently exposed in 14 h. In both salts the excited level is split

relatively wide, about 300 cm—l° One sharp component is situated 100 cm-l
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below the rest of the group The other components are up to 15 cm_l broad.
Hence the Zeeman effect could not be investigated and the W values cannot
be given uniquely. Figure 2 shows that it is very likely that this level

corresponds to the level. This is confirmed by the observation of

.Hll/z o
six intense lines in the “ethylsulfate.- Four -are o-polarized and represent
transitions Ie tovId with‘ p(a-d) = #1/2 and %5/2. Twe lines are 7~
polarized and go'from i to e and f with p(e,f) = 23/2. Then the twovﬁery
weak lines.at higher energies must be considered as superpositions of
vibrations. In the chloride the analysis 1s more complicated because of
em1581oﬁ llnes, which partly 001nc1de with the absorptions so that it is
dlfflcult to decide whether there are two absorption lines present‘or only

one. But on the other hand, there is no indication that the level C

should not be Hll/Z'

9. Group D

In the trichloride crystal group D (9600 cm_l) consists of three
kinds of lines: very close together, very sharp lines of mean intensity;
near-together broad intense lines; and very weak sharp lines between the
first two kinds. If we consider the first two kinds only, we obtain for the
excited level four components a, b, ¢, d and,; therefore, for J = 7/2 and
g# 1l.2. The theory predicts a 6F7/é level at this energy with g = 1.31k4
(for %X = 10). This agreement is satisfactory. Then the weak lines have to
be attributed to crystal field hyperfine structure.18 Otherwise we have to
assume three more components a', b', c' (see Table I), and J would heve
a higher value. The ethyleulfate séectrum consists of‘a ZO-cm-l—broad band

only and does not help to clear up the situation.
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10. Group E

Group’E, situated at 10 850 cm_l, haé‘four sharp lines at the low-
energy side, which are the transitions Ia, IJa, Ib, and IIb-—a and b having
T o= %l/2. The splitting factors are found as s”(a) = 1.0, sH(b) = 2.0,
giving g = 1.0. Besides these lines some more weak, shérp,5and some broad,
lines exist, but J  cannot be determined. .The situation is similar in the
ethylsulfate. So it is very well possible that level E is the 6Hl3/2
postulated by the theory. ' '

11. Group F. \

Group F 1is spread out from 12 100 em T to 12 900 em !, In tﬁe
ethylsulfate it consists of at least eight broad.polarized lines; In the
chloride one observes on the low-energy end se&eral sharp liﬁes of different
intensity. Some.of the uw values and splitting factors could be determined
(Table I). The rest of the lines afe broad. It is very probable that we
are dealing with two excited levels. Otherwise it wouldAnot be possible to
observe as many lines in the chloride. This is consistent with.theory,
level in the energy region under

which gives a and a 6F

6
H5/2 9/2

discussion.

12. Group G

At 14 000 cm T theory predicts a by level. Actually we observe

_ 5/2
three very weak lines in both salts at 13 500 cm_l. So we believe that this
level 1s identical to the l+GS/2 level. The splitting factors could not be

determined.
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13. Greoups K, L, and M

If we compare the calculated and the observed positions ofbthe levels
in the visible spectral region which were not discussed in the preceding
sections, no absorptions are observed between»lh 900 and 16 000 cm_l and
oetweeh 18 300 and 19 400 om-l, where two levels with J = 15/2- and
Jd = 17/2 should be found. 1In both cases the most contributing level belongs
to the lFM multiplet. One simple explanation is that the transition proba-
bilities are so small that no absorption can be observed with the small
plutonium concentrations used. Another possible explanation will be given
below."

Eotween 16 000 and 18 000 cm © three groups are observed: in the
ethylsulfate they contain only broad bands. In the trichloride c?yStal group
X (at 16 500 cm-l) consists of sharp intense lines with lattice vibrations
suferposed on the high-energy side, Group L, situated at 17 150 cm_l, has
also éhar? lioes. .Between 17 300 and 17 900 cm_l many broad bands are
obser&ed which we call group M. There are two possibilities to explain these
Observations, if we consider that probably not all components are observed.

The first possibility is that X is the J = 15/2 level, which was
missed at lower energies. This interpretation is supported by the fact that
three components with u = i3/2 are observed corresponding to the M values

- *#3/2, *9/2, and *15/2. 1In that case two components with { = #5/2 which
are not observed had to be searched among the vibrational lines. The
difficulty with this interpretation is that the J = 3/2 and J = 15/2
levels have "crossed". By varying X within reasonable limits of the
theoretical values these levels should not cross. Thus one had to consider

that the one-electron wave functions are not represented by 5f hydrogenic

wave functions, and that there are other effects, for instance, configuration
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mixing.> In this case level L is the J = 9/2‘ level and group M contains
all transitions to the  J = 11/2, 13/2, and 5/2 1levels. This interpretation
is somewhat supported by the observations in the ethylsulfate. Among - the -
broad bands between 17 100 and 18 000 cm_l at 4.29K, seven are w<polarized,
which means that there are seven components with [ = 13/2 in that' region.

9/2, 11/2, 13/2, and 5/2 -all

I

This 1is the number occurring in the levels J-

together.

)

The second possibility is that the J 15/2 level ‘is really not
observed, K’ 1is identical with the J = 9/2 level, and L and M contain
the J = 11/2, 13/2, and 5/2 levels. 1In this case the "crossing” of the
J = 3/2 and 15/2 levels is not necessary. In order to find out whether

the last interpretation is correct more calculations should be done.

14. Groups A and B, and fluorescence
Two more groups are observed in thé far infrared at wave-
lengths of 3u and 1.5 u.
a. Group A. .

Using the Beckman spectrometer one finds two absorption—lines at
room temperature: one o line at 3.19 u, and one unpolarized line at 3.08 ..
They correspond to two crystal field components: at 3136 cm_l with ; = 13/2,
and at 3245 cm_l with ; = % 1/2. The only level in this enefgy region is

6

the H ~and it should be SPlit into four components in this crystal. By

7/2
analyzing the fluorescence, we tried to find the two components which are
missed in the absorption spectrum.

The fluorescence spectrum was taken at 77OK with unpolarized light.

Between 11 000 and 20 000 cm_l seven groups of emission lines are observed,

-1 . -
and an eighth at 8 700 cm ~. No exposures were made in the region in between.
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Each .of these}group§ porresponds to.g transition between one of the levels H,
I, and O and the _6H5/2 ) 6H7/2 , or the levels containeq in B. The observed
lines are given in Table VIII. The resonance groups were omitted, since they
do not:furnish.new results. 1In the second row the transitions are listed, as
far as an identification was possible. The low-energy 1§nes are mostly broad.
‘Probably they correspond to transitions to vibrational levels of the lower
levels. Three of the observed groups go from H, I, and O to the 7H7/2 level.
Many transitions to the two components at 3136 and 3245 cm—l are found. But
no other additional components can be identified. It may be that one or both
missing components lie very close to 3245 em (say at 3240 or 3250 cm—l).

The lines in brackets in, Table VIII are very near to the intense neighboring
lines. But it may be possible that the 3245 cm_l component is broad and has
a structure or satellites, and that the two remaining components are to be
found at higher energies. ~ Some emission lines appeaf in the absorption
spectrum élréady.' These served for determination of the Zeeman effect of the
T = * 3/2 component at L. 2°K: Sn =1.32 * 0.05 = 3/2 g, which.gives g = 0.88

and s, = 0. The theory predicts g = 0.87 for X. = 10, which is in good

-~

agreemént with the.éxperimental value.
b. Group B
At about 3000 crn-l higher than the 6H level the theory predicts

6

. p 7/2
the four levels ‘H9/2’, F

1/2 , 3/2 ; 5/2 which lie very close together.
The absorppionlspectrum taken with the Cary spectrometer at 779K shows a
broad band in that region containing several maxima (see Fig. 1). However,
the'crystal field components could not be rgéolved. On tﬁe other haﬁd, it
would bg very useful to know the qenters of gravity of the lévels. As can
be seen.in“Fig. 2 the relative position of the four levels varies much with

X. 1In particular, for the small X the H level lies far below the

9/2
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F levels, whereas all levels come together at higher % values. -So—knowing
the H9/2 position—one is able to determine X*. How fér this rglationship
will be influenced by the crystal field, especially the KOO' part, - should
vbe investigated separately. The fluorescence spectrum does not answer the
question totally, but somewhat indicates that the smaller % values are
preferred, as we shall discuss now.

Transitions between the O and B levels should be found from 11 500
to 13 500 cm—l, Three groups of lines are observed in this region. The one
in the middle, at 12 800 cm_l, is not of interest here, since it represents
a transition between the levels I and A. The second, at 13 200 cm_l, yields
the components at 5980/82, 6081, and 6101 cm_l. To all these components;
transitions occur from both components of the Q level. This means that these
components can have u values of 11/2 and i3/2‘only, according to the selection
rules. The third group at 12 500 cm—l presents components about 600 cm_l
higher, between 6700 and 6850 cm_l, whereas nothing is observed in the area
of 600 cm_l. Though the lines of the last groups are sharp, the positions
of the components cannot be evaluated uniquely, because.the_distance between
the two components of level O (34 cm_l) is not observed. Therefore we assume
that several components have @ = %5/2 and cannot be reached from.the o= 25/2
component of O by electric dipole radiation. Thus we conclude that group
B is split into two subgroups. At lower energies the 6H9/2 levél is situated,
which has only one u = i5/2 component, while the upper group exhibits the
three levels 6Fl/2} 3/2, 5/2 with three [ = *5/2 components. Of course
this interpretation should be supported further by additional exposures at
4.2°K with polarized light.

The emission lines at 8700 cm_l were obtained with the. absorption

spectrum. Therefore, it may very well be that Table VIII is incomplete.
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Probably this group can be interpretated as transition between the levels

H = 6Fll/2 ‘and ‘6H Some lines go to the components at 6081 and 6100/01,

oz "

which were found already. -One further component could be situated at 6170 cm—l
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Table I. Data of the groups with sharp lines in La(Pu)Cl

5
Level Com- Wave Energy - lﬁ[' s“ g : sl' g
_Center of pqnent__ number ) ( -l) (SH) (Sl)
gravity = -1y e |
(cm-l) -
Ground T 0 -29.7 5/2 o.29é'» 0.585 o,u3§5" 0.291
level II - 13.0 -16.7 - 3/2 o.kk - 0.29
46.3 II1 76 k63 /2
D a 9 543,14 -4z.2 1/2 +1.8 1.2
9 58.6 b 9 547.6 -39.0 5/2 -1.12  1.12
c 9 625.5 +38.9 1/2 -0.6 1.
a 9 629.9 +43.3 3/2 1.8 1.
a' 9 557.7 .
c' 9 639
F a 12 128.7 3/2  5.13 0
(broad Y ‘
components o 12 150 ' 5/2 0
are listed c 12 202.2 3/2 1.2 0
in Table 2.5
vI) a e 2i0'5 /2 1.7 *0.87
e 12 2ko 5/2 g
H a 14 816.72  -k1.08 5/2 +7.52  1.37
b 14 84k.91 -12.89 1/2 +3.18 1.43 2.83 1.37
c 1L 847.69 -10.11 5/2 +6.12 1.l 0 1.45
1k 857.8 & 14 86k4.15 + 6.35 1/2 -1.85 1.l 2.95 1.37
e 1k 879.92 +22.13 3/2 -1.85 1.L5 0 1.55
f 14 893.4 +35.6 5/2 L.08 1.37
I a 15 988.69 - b 3/2 1.59 1.06 .0 -
15 992.5 b 15 996. L4 + b 1/2 0.k 0.8 1.03 1.03
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Table I (contd.)

UCRL-10257

Level Com- Wave Energy. |ﬁl s” g Sl. g
center of ponent number ( -l) (s”) (sl}
gravity (cm-l) e
(em™)
K a 16 357.8 3/2 L. 7h 0
1.2
b 16 382.3 3/2 10.29
c 16 387 5/2
2.3
a 16 %93 1/2 to.29
e 16 418 3/2
3.2
£ 16 Lz2 1/2 29
g bands
L a 17 122.5 5/2  (0.5) 1.9
b 17 176.8 3/2
c. 17 178.5 1/2 2.88
a 17 205.6 3/2 -75
e ?
N a 18 2Ls -41.8 5/2
' b 18 271.9  -1k.9 3/2  1.46  0.97 0
18 286.8 ¢ 18 296.6 + 9.8 1/2
a 18 333.8 +470 1/2
0 19 363.88  -16.22 3/2  +2.988 1.992 0
19 380.1 b 19 396.27 +16.2 1/2  +0.995 1.995 1.988 1.988
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Table IT. Data of the groups with sharp lines in La(Pu)(CHjS0)), * 9 B 0. -
Level Com: .  Wave 'Energ‘.y ] S| g S_l_ g‘v
‘center of ponent  number ( 'l> , (Sl) (s)
gravity (cmnl) cn . | 1
(cm-l)
“Ground I 0 -18.8 3/2  0.44 0.29% 'o --
level ,
1§Y§ IT 20.1 1.3 s/2
IIT 36. 4 . 17.6 1/2
H a 14 957;48 --19.24  1/2 +3.08 1.45 2.94 1.35
b 1k 949.59 - 7.13  3/2 +5.63 1.6 0 --
¢ 1k 953.87 -2.85 1/2 -1.53 1.37 - 2.9% 1.35
14 956.7 ) v ~
d 1k 957.23 +0.51 5/2 +7.32 1.37 ~ 0 --
e 1k 966.56 S+ 9.8k 3/2 L1.26 1.46 0 1.50
f 14 975.6 +19.88 5/2 3.77 1.30
I 15 98k.1h =30 3/2 2.28 1.52 0 --
16 01k.k 16 ohk.7 +30 1/2 0.97 0.97
0. . 19 628.87 . -8.0 3/2  3.03 2.024 o  --
19 636.8 .+ 8 1/2 . 1.012 - 2.024 1.94% 1.9k

19 64k, 72

*0.02

¥
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Table I1I. Crystal field matrix elements (rJM"?.(ZlTJM') = KMM'
N . -1
divided by Hc in cm for the FlyE level.

Matrix .
element Trichloride . Ethylsulfate
X1/2, 1/2 35. bk | 19.39
K3/2, 3/2 20. 8k 8.05
KS/Z, 5/2 2.08 6.63
K7/2) 7/2 - 8.62 -15.47
K9/2) 9/2 - 8.82 - 5.34
K11/2, 11/2 -40.12 1.01
'KyszUZE 3.54 3.1
lK3/2) ~9/2 | 6.32 : 5.21

L | 8.00 6.90




' )
Table IV. Crystal field parameters Azm (r”) of the La(Pu)Cl

3 and La(Pu) (CZHBSOh)s . 9Hzo 
calculated from the experimental crystal matrix elements KMM' given in Table III by :
using the Russell-Saunders operator equivalence factors a, B, y. (For comparison )
the samarium values are listed.) '
Pucl, PuEth. SiEth.
0, 2 . ‘
a XA, (r™) -0.726 -0.149 -0.373
B % AMO (r4> +0.806 x 1073 +2.949 % 1073 1,177 x 1073
y X a0 (%) -4.981 x 107 -3.026 x 107 +2.732 x 1077
¥ X A66 (r6) L.58 X 10"LL 3.8 X 10'4 3.67 X 10'l+
) | ‘ 2
0,2 | ?
- : A, (r®) +179.7 +37.0 +92. k4
11/2 N . .
Ay (r") + 13.1 +48.0 -19.2
A6O (r6> + 66.6 +40.5 -36.5
A66 (x) 612.6 513.1 490.9

¥ i
.

L.GooT-THIN
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. + ) -
Table V. Energy levels for Pu3 calculated for F2 = 245 em™1, § = 2290 cm 1

by using 5f Hhydrogenic wave functions. The SLJ label:states aré'underlined.)

Enef%y . Eigenfunctions . ;’ o g
(cm™) '

0 5/2 67.5% Eg + 12.49 ”G ; | 0.416
3268  7/2 81. 3% Oy ' ' 0.862
6192 9/2 86.6% :?ﬁ : 1.067
69kz  5/2 - 49.5% OF +13.19 “p i | 1.148
6 982 3/2 69. 7% _fg + 11.4% tp } 0.973
7 299 1/2 82.4% _EE -0.531
8 672 11/2 81.9% _ég 1.174
9 W6 7/2 68. 5% _EE + 11.3% hp 1.32k4

10 802 13/2 72.2% _fg + 14,49 LL1 1.228
12 356 15/2 49.8% by + 21.8% e 1.212
12 k57 9/2 75. 2% O 1.377
14 100 5/2 34.1% 6F + 12.8% 6H + 10.4% _ﬁg_ 0.938
14 860 11/2 68. 0% _EE + 10.44% %G 1.371
15 361 15/2 51. 2% EM + 18.9% % 12.19 2L 0. 966
15 980 3/2 52.1% Eg + 18.8% 6F + 11.9% l+F + 11.1% “F 0.555
16 883  9/2 50. 9% by 11.19 b 0.841
17 160 11/2 43. 0% Ty s 15.56 1 0.912
17 253 13/2 Wl 6% by 21.6% E; + 12.0% 6y 0.935
17 965 5/2 26.4% 6P + 26.3% _Ei— 1.422
18‘307 7/2 20. 9% _fg.+ 16.5% uG +15.1% 6F 1.050
19 267 17/2 66. 9% _EM + 16.9% l+L 1.007
20 152 1/2 33.2%_”23 +22.5% Cp+ 11.1% Op + 9.9% _EQ_ 0.432
20 570 3/2 S5h.5% 6P + 30.2% hp | 2.011
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Table VI. Data of the groups with broad lines in La(Pu)CL .

Group Wave number Polari- Trans- Line width
: (cm™t) zation ition ‘H l4 (cm_Y) Remarks -
¢ 8 589.4 x (o)  ITa = 1/2
8 602.L s 1a - 1/2
8 708 x II b 3/2 " Disturbed by
8 112 o II c 1/2 | fluorescence
8 T2k X o Ib,Ic" 3/2, 1/2 6
8 740 7 Very weak
8 756/72 T Four weak lines
8 779 g Very weak
8 859 5 "
8 872 o
8 877 o 10
8 889 o 10
E 10 845.7 o II a 1/2
10 858.7 T o Ia 1/2
10 88.2 o} IIb 1/2
10 888.8 X o Very weak
10 899.4 X o Ib 1/2
10 806 o Very‘weak
10 936 o
10 957 7 II- 3/2 15 \
10 964 o I _ :
10 971~ o I . 3/2
10 981 5 II - 3/2 g Weak
10 99k o I 3/2
10 998 x II l
11 005 n 11 /
11 018 o I 10
11 021 T 11
11 030 o II 10
11 ok2 o Weak
11 056 o 10 :




Table VI. (contd.)
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“polari-

“Group ~ Wave ?umber . ?rgns- "'lﬁ r Line width . = Remarks
(em™1) zation ition (em 1)

F 12 115.8 T Il a
12 128.7 o Ia 3/2
1z 131 o] I Very weak
12 135 o Ib 3/2

12 162 x o III
12 189.2 7 Il ¢
12 202.2 o Ic 3/2 ,
12 218 o II 4 Very weak
12 227 o :II e 5/2 Very weak
12 230.5 T o Id 1/2
12 235 T I
12 2hh o If
12 336 T 8
12 355 e 10
12 367 T .70
12 392 s 6
12 399 w 6
12 355 n “10
12 367 o " 10
12 hak n '

12 537 T g
12 782 T C - 8
12 793 n (o) 8
12 808 o -8

G 13 397
13 583 Tt II a
13 596 o Ia 3/2
13 665 T o
13 698 T o

M ~ 17 300 Many broad

to bands

17 900
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~Table VII. - Data of the grdups,with broad lines in .

Le(Pu) (0559, )5 - 9 0.

Groupv Wave number Polari- Trans- . . |— _\H. Line width L -
(cm™1) zation ition I“! (qm'l) Remarks
C 8;581 o T oa 1/2, 5/2
| 8 728 g IIT c ~ Very weak
8 745 o Ib /2, 5/2 = 10
8 765 o Ic 1/2, 5/2 7
8 782 o Id 1/2, 5/2 8
8 851 ' T o T e Very weak
8 871 X 'Ie 3/2 15
8 927 x If 3/2 15
8 993 | 6 Very weak
9 030 6 Very weak
D 9 T12 n 21
9 725 o 19
E 10 877.0 o (=) Ia
10 906.3 n II c Very weak
10 909.0 n Ib
10 925.5 oxn Ic
10 967 x Very weak
10 982 7 '
11 003 n
11 027 n
11 055 n ,
11021 - o] ' o - Very weak -
11 037 o ‘
11 051 o
11 067 o
11 080 T o
11 091 T o
11 125 11 Very weak
T11 1kh 1t
11 176 . =

11 194 o x
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"~ Table VII. (contd.)

Group - Wave.number Polari- - Trans- Line width :
(cm'l) zation ition \ m ‘ (em™1) Semarks
F 12 184 x I 3/2 10
12 248 n Ib 3/2 Ly .Very inténse
12 290 o Ic 15
12 351 o Ie | 15 Very weak
12'4u7 T . If 5/2,1/2 22 Intense
12 557 o Ig | 20
12 632 o Ih 20
12941 ki I 1 3/2 25 Intense
G 13 635.7 x Ia ‘ 3/2
| 13 74k.8 o 10
13 167 B ) 10
K 16 380 | S | Vany broad

to

16 800 bands

to bands
18 00

L 17 100 o }Many broad




Table VIII. Fluorescence lines and transitibns in La(Pu)Cl..
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3
Wave number .. Transition : ‘Wave number ~Transition -
(em™1) o - (em™d) o
16 261 Ob - 3136 12648 |
16 229 ‘Oa - 3 136 - 12611 -~ 0a - 6 753
(16 158) Ob - 3.240 - 12 569 .
16 152 . Ob - 3 245 12 525 0a - 6 839
(16 125) Oa - 3 240 | ~ 12 Lok
16 120 Oa - 3 245 11 757 HE - 3 136
15 965 ' 11 Thk He - 3 136
15 895 11 712 He - 3 136
~ 15 875 11 681 Ha - 3 136
2~ 15 863 11 648 Hf - 3 245
2 15 848 - (11 639) ‘He - 3 240
:515 832“ 11 636 He 3 245
~15 820 (11 573) Ha 3 245
~15 785 11 567 Ha - 3 250
13 416 Ob - 5 980/2 ~ 11 584
13 382 da 5 980/2' ~ 11 L6k "
13 314 Ob - 6 081 ~ 11 hh7
13 295 Ob - 6 101 A 11 hh2
13 283 0a - 6 08L 8 87
13 263 0a - 6 101 8 79k HE - 6 100/1
13 196 , 8 781 He - 6 100/1
213182 .. 8758
12 859 Ib - 3 136 8 752
12 853 Ia - 3 136 8 736 Ha - 6 081
12 751 Ia - 3 245 8 733
12 Thb Ia - 3 245 8 723 Hf - 6 170
8 710 He - 6 170
8 7102
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intensity

Relative

) ] 1 | I ] )
o4 0.5 0.6 0.7 0.8 02
Wavelength (u)

MU-23664

Fig. 1. Unpolarized absorption specﬁru.tﬁ of a 3-mm La(Pu) Cl3
crystal containing 1% plutonium at 779K, recorded by a
Cary Model 1k spectrophotometer. :
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E
(M) B (cm)
+1/2 +5/2 T 14893
+3/2 +3/2 | 14879.9
+5/2 /2 ! 14864.2
+9/2 +3/2 | 14847.7
+7/2 t1/2 1| 14844.9
t1l/2  15/2 — l4816.7
™ mw m™ 1|T
o o o m (o o o o (e o
t5/2  t1/2 ! 76
+3/2 +3/2 | 13.0
+1/2 +5/2 l 0.0
MUB-668

Fig. 3. Energy-level scheme of the 6Fll/2 level in the

PuCl,, and the observed transitions in electric

dipoie radiation parallel (n) and perpendicular (o)

to the optical axis of the crystal. The dashed line¢:
« ’ indicates a transition observed only in an external

magnetic field perpendicular to the crystal axis

(u =crystal quantum nunber; M= approximately valid
- magnetic quantum number).
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Fig. L. .Enérgy-leﬁelvscheme §fxthe- 6F
.Pu(CZH5804)3>7 9H20, and . the observed transitions.
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