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HYPLRFINT STRUCTURE IN THE 2084-keV STATE OF Ce _
R. M, Levy and D. A. Shirley
Lawrence Radiation Laboratory and Department of Chemistry
University of California ‘

Berkeley, California.:

January 1965

ABSTRACT

Differential perturbed angular correlation measurements were made on
the 2084-keV state of CelLLO in aqueous solution at room temperature and in
lanthanum metal both at room temperature and at 770 X. The derived g factor

of #1.014% * 0.038 is compared with Rho's theory and with other experimental

‘values. The advantages of working with metals and at low temperatures are

discussed. An upper limit of approximately 200° K is set on the guantity

: +
&, where AE/k is the energy spacing between I and F8 for Ce5 in La metal.

7

An approximate value of 4.1 * 0.4 a.u. is derived for (r_j>'of the cerium 4f

electron, using the -above upper limit for AE.
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1. INTRODUCTION
- 8tudies of the hypérfiﬁe interactions in the>2084—kev state of Celuo
can yield impoftant iﬂformation about nuclear and atomic structure in this
region of the Periodic Table. This state's mean life of_.5’nsecl makés it in-
accessible to all methods except perturbed angular correlations. In.£his
paper we report-the'resulﬁs of studies to date'using'fhis technique.

The nuclear properties of §§Celho are especiall& interésting beéause
they are accessible to theoretical treatment. ThHe 82-neutron and 50-proton
coré cah be»neglécted in calculating"the_properties_of the low-lying states,
aﬁd BCS‘theory can be applied to the remaining 8 probons, whiéh would'just
£111 the g7/2 subshell in a single-particle model. Rho hés éarried out‘such
a BCS calculation.2 Furthermore tﬁé calculated g factor of the 208k4-keV state"
is quite different on the BQS theory from any of the siﬁgle—particle possibil-
ities. The BCS wave function for this state involves a rich mixture of shell-
model (qgasiparticle) basig functions, and a.determination of the g factor
constitutes a severe test of this theory.

The atomic properties,of'Ce are interesting because it has stable 3+
and U4+ oxidation states, with the configurations hfl'and"hfg.- Comparison;:
of the effective fields for these two states affords.the pqssibility of.de-
termining the crucial_(r-5> hyperfine—strucfure?parametér for the b electron.
We have obtaiped an apﬁroximate Value for this pérameter,as Well_as an ﬁpper
limit forvthe crystal-field splitting AE(F7‘; T8) for Ce5% in metallic
lanthanum. | |

Sample preparation aﬁd déscriptions of the measurements are givén in
Sec. II.. In Sec. IiI the g faéfor is compared with thebry..'nystal-fiéld

parameters are discussed in Sec. IV.



II. EXPERIMENTAL

Both the integral and the différential‘angular correlation methods

140

were uséd to study the g factor of the 2084 keV. state in Ce These methods

2

are described thoroughly in the literature.’

We give below only the particulars
of our apparatus and the important details of our data-gathering procedures.

: u -
For all the work reported here the radioactive parent was Lal O} and the 329-

L87 keV cascade (Fig. 1) was used throughout.

A. Sample Preparation
Lo

Measurémentsvwere madefon Celuo in solution and in;La metal. The Lal

was prepared by the reaction Lal59(n,y), using naturally-abundant La (99{911%

La159). Since only the trivalent state of La is stable in aQuedus'solutibn
the liquid sources were prepared by simply dissolving irradiated Lago5 in M
HNO,. TFor the metallié sources, 20-30 mg pileces of La metal were irradiéted

3

: ' 2 e .
in an argon atmosphere for 8 min. at a flux of lOl neutrons/cm” -sec.

B. Integral Angular‘Correlations‘

In this method a maghetic field is applied to the sourée perpendicular
to the correlation phase and Lafmor premium in the intermediaté state is mani-
fes£ as a phase shift in the correlation pattern. We used this method in |
early experiments, employing é fast-sloﬁ coincidence circuif with a'resoiving
time of 18 nsec. vUnfortunétély,thé Y-ray spectfumlof Léluo is quite compli-
cated and there is a considerableiamount of coincident radiation at the energies
of the twd peaks in qﬁestion. These “background” coiﬁcidencgs, which arise
largely from’Compton—scattefed }597-keV'photons, give an angular correlation

pattern that is not rotated. In a preliminary report we gave a g factor of

+ 1.08 ¥ 0.10 for the 2084-kKeV state.” tess than half of this probable errox
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interval arose directly from counting statistics; the rest arose from uncer-
t;inties in the background correction.‘ In a recent independent re-evaluation
§f thelbackground correction we obtained a value of . +0.99 for the g facfor.
We are thus led to the conclusion ﬁhat, eﬁen after a substantlial experimental

5

effort had been made (over 3 x 10° coincidences were collected), we still had

measured thé g factor to only about 10%. Longer counting ?eriods would not

materially help the situation, because the largest source of error was our

inability to correct accurately for background. The apparatus was therefore

modified.to'permit differential measurements.

i

C. Differential Angular Correlations

In these«experimenﬁs the apparatus was similar to a_conVentional fast-~

vsldw coincidence circuit, except that a time-to-height converter operating on

the overlap principle was substituted for the fast coincidence unit. . The
1 X l-l/é inch‘NaI(Tl) ganma-ray detectors were mouhted on BO;gm.Quartz 1light
guides‘which were in turn secured to Ampérek 56 AVP photomultipliér tubes.
Energy-sensitive pulses were taken ffom the fifth d&node and:passed through'a_
traﬁsistoriied shaper aﬁé into avcosmié multiple coincidence uﬁit which per-
formed a slow coincidence. Time-sensitivé pulses from the aﬁode'were,limitéd
and passed into the'timefto—height converter. The pulses from this unit were
sent into a ﬁulse-height analyzer that-was‘gated by the slow_coinci@ence unit.
The resultant diép1ay Was.an exponenti@l decay curve with the half life of the
intermediate state. Sﬁch'a curve 1s showﬁ in Fig. 2; This curve‘géve a half
life bf 3.52 % O;lO nsec.for the 2084 kevrstété, in good agreement with the
values in the literature (Tabie.I)ql’5 - | |

An iron cofe oA typé electrdmagnét with a 1/2" pole gap proVided£ab
maximum field of MQtO kG on the sample. For low temperéture work pole %i?s

with axial holes were uséd;_allowing a dewérlﬁghbe inserted without destroying
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the axial symmetry. The maximum field with these pole tips was only 30 kG.
The photomultlpllers were shlelded from the stray field by two concentric mu
metal cylinders and a cold-rolled iron tube. The gain shifted less than 1%
for maximum field. A time resolution of 5 nsec for the 329 keV-487 keV settings
was measured using annihilation‘radiation from Na

For differenﬁial g-factor measureménts the cogntérs ﬁere set at 1550
to one another and'coincidenée time spectra were taken with the magnetic field
directed alterhately up and down relative to the corrélatiOn plane. .The result-
ant time spectra, denoted by W+(t) and w_(t), are exponential curves moaulated
slightly by the Larmor precession of the intermediate stéte. These speétré
were éombined to form thé ratio R,

w,(t) - w (%) | ,
R 2w RIS = 3/2 A, sin 2t oo (1)

where. A2 is the coefficient of P2 (cos @) in the unpérturbed éngular cor-
relation,6 and - is the Larmor‘precession fréquency. Equation 1 is applicable
to cascades for which the angular correlation is given by W(@) = 1+ A2P2(cos 8).
Three independent runs wefe made on liéuid sources, yielding the re-
sults given in Table II. For oﬁe‘of the better runs R 1s shown in Fig. 3.

The final value for the g factor of the 2084 keV state from these data is
g = + 1.01k % 0.038

In deriving this value we have assumed that the paramagnetic correction for

these experiments on'liquid samples is zero. This point 1s discussed below.

. Lanthanum metal sources were studied by differential angular correlation at

295K and at 77°K. Derived quantities are included in Table II.
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.IIXT. THE g FACTOR

Three other time-differential measurements of the g factor of the

2084 keV state of Celuo have been reported.5’7’8

These are summarized. in
Table III. The agreément among these four values is fairly good, considering

the difficulty of the measuremeht, although none of the error limits overlap‘

. the average value of 1.06.

" Cerium-140 has 58 protoné and 82 neutrons. Thus it is natural to
attribute most of its low-lying excited states tb the protons albne, assuming

that the neutrons form a cleosed shell. 1In fact the\prpton configuration may

“be regardés>as a closed shell at 50, plus 8 protons. These would be expected,

in a single-particle model, to fill the g7/2 subshell in the ground state, with

2

: S o
the next-lowest 4 shell empty. On this model the configurations g7/2’ d5/2,

5/2
and g7/2d5/2 (each coupled to J = 4) might be candidates for the 208L-keV
state. The calculated gFfactors for these configurations, taken from .the ex-

? and + h.26,9 respectively, for the magnetic

139 1k

and Pr (to account empirically for configuration mixing)

are, respeétively, +0.80, +1.71, and + 1.092. - Evidently 1f this model were

-valid the 208L-keV state would have to be regarded as primarily of d%/g g%/g
character. This simple shell-model picture does not predict other propefties

- correctly, however, and we must look elsewhere for wave functions that describe

this state.

In %he light of the success of the BCS model in accounting for nuclear.

structure in recent years'it séems much more realistic to regard the 208h-keV

level as a quasi-particle state. Rho has done so and has made a detailed cal-
N . N 1ho L2

culation, using Gaussian forces, for nuclei.in the Ce region. His calcula-

tions give g = + 0.92,10 slightly below the experiment values, for the quasi-

particle state-[?)u+ that‘he considers best, given by
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- 2 2 N
¥ = 0.30|d + 0.91 - 0.26|4a .
¥, = 0.30];55) + 0-91{e75) - lds/2 87/2) -
Rho's g factor was also calculated using the experimental moments of La159
and Prlul. Although Rho's calculation was guite involved it nevertheless in-

cluded several a roxiﬁations that are necessary o make such calculatiohs
PP N

Ztractable. Thus we -feel that the theoretical vélue of 0.92 represents fairly

good agreement with experiment, and that the model is therefore essentially’
correct. At the same time a discrepancy of about lO% remains. It would take
us too far afield to discuss the possibilities for adjusting pérameters in

the theory. in order to produce a g factor larger than +0.92.° Rho has dis-

 cussed this complex problem. It seems doubtful that exact agreement can be

obtained without improving the theory somewhat, as opposed to simply adjusting

parameters.

IV. HYPERFINE INTERACTIONS

One object of these ekperiments_was to study the "paramagnetic correc-

tion" that must often be invoked in angular correlation measurements to account

¢

for magnetic hyﬁerfine structure effects arising from interaction of the nucleus

being studied with orbital electrons. These effects are usually treated by

defining an effective maghetic'field ﬁ;
E =% +® .
e o] i

Here ﬁ; is the external field and ﬁ; is a hyperfine field induéed by E;.
For the general case one cannot define a time-independent vector ﬁ; ~having
the properties of a magnetic field, because magnetic hfs can be regarded as

the interaction of a nuclear moment with a magnetic field only for cases in
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which certain symmetry conditions are fulfilled. If we regard Ce5 essentially

as a free ion, we may take the quantization (z) axis along .Hz and write

Bo- iy (3,0/9, e

~ where HN is the maximum possible hyperfine field, given by

YN<3?>V . - ()

Here (r—3>'is the famoﬁs radial integral for the Lr electron, HB 1s the Bohr’
o o . - N
magneton, and N i1s a standard factor in hyperfine-structure theory. The

parameter (Jé) is given by.

g J(T +1) L i
J B :
~ . I
<Jz> n AT Ho_ , (4)
. . K ' i L '.. . ... 12
in high-temperature approximation. Finally then we may write H_ = BH , with
EuBg 3 o -
=1+ (=) wgp 3(s +1) . )

' bt : ' .
For Ce , which has the electron configuration of the xenon core, f = 1. For :

most nonmagnetic metals B would. be approximately .1, because the electrons

that participate in hyperfine interactions are also in the conduction band,
where their properties as fermions lead to an attehuation-bf their suscepti-

is the Fermi energy.

bility by a factor of approximately kT/EF, where EF

This phenomenon, termed "Pauli paramagnetism," is familiar in metal physics.

' . . 1bo
In the mgtalllc sources of Ce

in La we expéctvthat thé_above argu-
ments will not apply because the Lf electron is éxpecﬁed.to be associated with

the Ce ion core rather than in a conduction band. There 1s abundant evidence
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from susceptibility measurements that this is the case for pure rare-earth metals.
A | L ) A B
Thus if we may neglect crystal field effects, the Ce 0 atom in La metal may
. . T ) =3 v
be treated as a. free trivalent ion. -Substituting N = 18/35, g5 = 6/7 (r~7)

13,14,15,16 for cedt (ufl 2

= 3.6k to 4.72 a.u. f5/2) into Eq. 5, we find‘at

7 =298° K 1.35 <'B < 1.46. The experimental value (Table II) is 1.35 * 0.06.
Thié quangitative agreement provides veryvgood confirmation of the model (Ceu+
ion in solution, Cej+ in La). Of course this is hardly surprising, because
the cerium atom is expected to be highly ionized after B~ decay éf Léluo, and
Cel%+ is the highest stable oxidation state of Ce. 1In a@ueous solution it would
certainiy not be reduced'inAa few nsec. Lanthanum metal, on the other'hand,
with its conduétion.électrons, is about as "fast" a reducing agent as one can
imagine. 'Nevertheless.thg_agréement is very eﬁéouraéihg, because a thorough
understand;ng of fhevrele?ant chemistr& must precéde the determination of a
magnetic moment, by angular correlation. Coﬁen, Kaplan, and Ofer7-have‘méde-
4 similar measurements bn Celuog'their_resultS'for B are in good’agreement with
.ours; |
‘Taking the view now that our expectatioqs aboﬁt the chemistry of our
.sampies ére cbnfirﬁed,,we'may proceed to.apﬁl& the data in Table II to the
evaluation of parameters desgribing Ce5+ in La. The methods of angular cor-
relation fotationvis,especially applicable in this case, for which optical
spectroscopic methods are not-applicablef 'Our measurements3lead to.only
rather approximéte values of these parameters, but theyvdo demonstfate thé
'applicability of_this teéhniqué to crystal-field’studies. | |
Lanthaﬁum metal_has a structure in which the atoms are stratified
alternately in sites of cubic and hexagonal symmetry. The hexagonal sites can
be simulated by the elongation of a cube along the 111 axis. ~Bleaney has ;howﬂl6

that for praseodymium metal, with the same structure, the contributions of the

. hexogonal terme to Starl; splitting ie small coupared with that of the cuble
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terms. We adopt the approximation that all the cerium ions in the La lattice

17

experience a crystalline field of cublc symmetry. Under a cubic field the

2

f level breaks up into a guartet and a doublet. ' The effective hyperfine

5/2
field ~H, ~is related to the free-ion field by He.z f(x) Hy, Where, for the

doublet lower in energy f(x) is given by~

)

5+ 26 e + (32/x)(1 - e
21 + b2 7¥

f(x) = , (6)
_where X = Aﬁ/kT. Here AE 1is the energy spacing between the two Stark etatee;

It is not pessible to calculate AE accurately, bgt we may estimate
it by analogy with values obtained for other lattices. Whiteland co-workers
- found a susceptibility anqmaly for Ce in the LaAl2 latticel8 that indicated
_an energy gap AE/R = 200° K. Measurements on Ce metal yield é'sPlitting of
QOOO K.l9 The limiting value of f(w) indicates that the doublet is the lower
state. Because La has a larger lattice constant than Ce we mlght expect that
Aﬁ/k would be sllghtly lower than 200 K. In Fig. 4 we have plotted B deter-
mlned for Ce in La metal at 298 K and at 77 K from the data in Table 1T,
against l/T. Thevtvo curvee A and B correspond respectively to AE/k =
and EQOO K. The “best fit" to the data ie provided by curve A, but tﬁe limits
of error ere such that we can iny set en upper limit of ~ 200O K on AE/k. It
would be interesting to determine AE/k accurately by extending these measure-
ments to'iower tempefatures. |

. Even with out vefy iimifed knowledge of the crystal-field splitting we
can use the data of Table II, togetner with BEq. 2-6, to make a tentatwve de-~
'Lermlnatlon of <r 5) for the Mﬁ electron ot Ce 1n La metal. Assumlng AE 200

,

we obtain (r~ 5) - 4.1 0.4 a.u. TFor finite values of AE the value of'(r— )

would be somewhat higher.-
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Theoretical estimates of (r_5) for the rare earths have been made by

: ) 1k . o .
Judd and Lindgren15 and by Lindgren from spin-orbit coupling constants and

15

Bleaney
14,16

by Freeman and Watson from unrestricted Hartree-Fock calculations.
has compared these with experimental determinations for several rare earths
and suggested an empirical curve for (r_a) vs. atomic number. All of this

3+

infofmation is presénted graphically,'along.with our result for Ce” , in Fig. 5.
Our result is not sufficiently accgrate to be definitive in extendiné the em-
pirical curve, but, like the other experimental results, it lies betwgen the
two theoreticql curves. It is thus a reasonable value, .and this lends support
to our interpretation of the measuréﬁents.on Celho réported héfe, as well

as demonstrating the applicability of angular correlation rotation methods to

‘the determination of such parameters.



vTable I. Half life of the 208L4-keV state of Ce
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Cascade studies £y /ps moce Reference
329 - L87 kev 3. LL(6) 1

329 - 487 keV 3,02 () 5
‘529 - 487 keV . 5.52(10) _this work
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Welghted average'

Table II. Summary of results for 208L-keV state of Celuo.
Source Field (kG) Temperature gB B
(deg K)
3+ | . PN

La” sol'n 29.7 208 1.115(95) (1.00)

1"t 29'7 131 0.991‘_(59) H3

" he.l " 0.998(Lk2) "

Weighted average .01L4(38) (1.00)

La metal 30.0 - 298 1.325(113) 1.31

" 33.95 ; 1.376(75) 1.36
wéighted average (;ee text) | .361(62) 1.35(6)

o metal 30.0 7 2.07(37) - 2.0k

e 29.8 2.53(23) 2.49
2.40(19) 2.37(20)




Table III. Measured g factors for the 208L-kKeV state of Cel
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Lo

Method Result Reference
Differential
+ integral +1.11 £ 0.0k 5
Differential, .
"less than 1 +1.15 £ 0.08 7
cycle ' B
Differential + 0.95 % 0.10 8
Differential + 1.014% 0.038 this work

+ integral
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FIGURE CAPTIONS

Partial level scheme of Celuo. The 329-487 keV cascade was used in

this work to study the 208L-keV: state. | N

Proﬁpt resolution curve and decay curve for the 329 keV-L87 keV

i
cascade in Cel Ot

, ' ' L
Plot of R(t) vs. delay time for the 2084-keV state of cet™0 1n

aqueous solution, in an external field of h2.1 kG.

. " +
Paramagnetic correction factor, B, vs. l/T for Ce5 in La. Theoretical

~curve A is for free ion; curve' B corresponds to AE/k = QOOOK,

where AE is the crystal-field splitting between F7_and F8,'with T7

lowest.

~Plot of (r_5> vS. atomic number for fare earths, after Bleaney.

Three experimental points are shown and an empirical curve is drawn

'through them.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness
or usefulness of the information contained 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates,

or provides access

to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








