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Lawrence Radiation Laboratory and Department of Chemistry 
University of California 

~~rkeley, C~lifornia 

January 1965 

ABSTRACT 

Differential perturbed angular correlation measurements were made on 

the 2084-keV state of Ce
140 

in aqueous solution at room temperature and in 

l th t l b th t t t and at 77o K. an anum me a o a room empera ure 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 quantity 

LE, where 6E/k is the energy spacing between r
7 

and r8 for ce3+ in La metal. 

4 + 4 (r -3.) 4 An approximate value of .1 - 0. a.u. is derived for of the cerium f 

electron, using the above upper limit for 6E. 

..~· 'i. 
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I. INTRODUCTION 

. Studies of the h;y:per'fine interactions in the 2084-keV state of Ce
140 

can yield important information about nuclear and atomic structure in this 

region of the Periodic Table. 
l This state's mean .life of 5 nsec makes it in-

accessible. to all methods except perturbed angular.correlations. In this 

paper we report·the·results of studies to date' using this technique. 

T ". f 820 140 . ll . t t' b he nuclear propercles o 
58

ve are especla y ln eres lng ecause 

they are accessible to theoretical treatment. The 82-neutron and 50-proton 

core can be neglected in calculating the.properties of the low-lying states) 

and BCS theory can be applied to the remaining 8 protons) whi~h vould just 

fill the g
7
/ 2 subshell in a single-particle model. Rho has carried out such 

. 2 
a BCS calculatlon. Furthermore the calculated g factor of the 2084-keV state· 

is quite different on the BCS theory from any of the single-particle possibil'- · 

ities. The BCS vave function for this state involves a rich mixture of shell-

model (quasiparticle) basis 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 4+ oxidation states) with the configurations 4f1. and' L~f0 . Comparison> .. 

of the effective fields for these two states affords the possibility of de

termining the crucial (r-3) hyperfine-structure parameter for the 4f electron. 

We have obtained an approximate value for this parameter as well as an upper 
. . 3+ 

limit for the crystal-f'ield splitting L>E(f 
7 

- r 8 ) for Ce . in metallic 

lanthanum. 

Sample preparation and descriptions of the measurements are given in 

Sec. II.: In Sec. III the g factor is compared -vri th theory. Crystal-field 

parameters are discussed in Sec. IV. 
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II. EXPERIMENTAL 

Both the int.egral and the differential angular correlation methods 

were used to study the g factor of the 2084 keV. state ih Ce
140

. These methods 

are described thoroughly in the literature. 3 We give below only the particulars 

of our apparatus and the important details of our data-gathering procedures. 

th d t . t L. 140 d h 329 For all the work reported here e ra ioac lVe paren . was a : an t e -

487 keV cascade (Fig. l) was used throughout. 

A. Sample Preparation 

Measurements were made on ce
140 in solution and in La metal. The La

140 

was prepared by the reaction La139(n,~): using naturally-abundant La '(99;9il% 

Since only the tr'i valent s.tate of La is stable in aqueous solution 
~ 

the liquid sources were prepared by simply dissolving irradiated ta2o
3 

in 3M 

HN0
3

. For the metallic sources: 20-30 mg pieces of La metal were irradiated 

12 2 .. 
in an argon atmosphere for 8 min. at a flux of 10 neutrons/em -sec. 

B. Integral Angular Correlations 

In this method a magnetic field is applied to the source perpendicular 

to the correlation phase and Larmor premium in ~he intermediate state is mani-

fest as a phase shift in the correlation pattern. We used this method in 

early experiments: employing a fast-slow coinc'idence circuit with a resolving 

t . f 18 U f t t l th t f L 140 · . ·t 1· lme o nsec. n or una e y e ~-ray spec rum o a lS qul e camp l-

cated and there is a considerable amount of coincident radiation at the energies .; 

of the two peaks in question. 'rhese "background" coincidences, vhich arise 

largely from Compton-scattered 1597-keV photons, give an angular correlation 
.f 

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

+ 1. 08 ± 0.10 :i:'oJ.· the ~08~-keV state.!.~ Less than halt of' tl'lie probable error 
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interval arose directly from counting statistics; the rest arose from uncer-

~~ tainties in the background correction. In a recent independent re-evaluation 

of the background correction we obtained a value of. +0.99 for the g factor. 

We are thus led to the conclusion that) even after a substantial experimental 

effort had been made (over 3 X 105 coincidences were collected)) we still had 

measured the g factor to only about 10%. Longer counting periods 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 differ.ential measurements. 

C. Differential Angular Correlations 

In these.experiments the apparatus was similar to a conventional fast-

slow 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/2 inch Nai(Tl) gamma-ray detectors were mounted on 30-cm quartz light 

guides which were in turn secured to Amperex 56 AVP photomultiplier tubes. 

Energy-sensitive pulses were taken from the fifth dynode and passed through a 

transistorized shaper and into a cosmic multiple coincidence unit which per-

formed a slow coincidence. Time-sensitive pulses from the ar1;ode were limited 

and passed into the time-to-height converter. ·The pulses from this unit were 

sent into a pulse-height analyzer that was gated by the slow coincidence unit. 

The resultant ·display was an exponential decay curve with the half life of the 

intermediate state. Such a curve is shown in Fig. 2. This curve gave a half 

life of 3.52 ± 0.10 nsec for the 2084 keV state) in good agreement with the 

\r values in the literature (Table I),. l, 5 

An iron core "C" type electromagnet with a l/2" pole gap provided,a 

maximum field of 42.0 kG on the sample. For low temperature work pole tips 
. :-

with axial holes were used) allowing a dewar to~ .. be inserted without destroying 
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the axial symmetry. The maximum field with these pole tips was only 30 kG. 

The photomultipliers were shielded 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 

d . . h. l ..._ . d. . . f N 22 was measure uslng annl l avlon ra la~lon rom a . 

For differential g-factor measurements the counters were set at 135° 

to one another and· coincidence time spectra were taken with the magnetic field 

directed alternately up and down relative to the correlation plane. The result-

ant time spectra, denoted by W+(t) and w_(t): are exponential curves modulated 

slightly by the Larmor precession of the intermediate state. These spectra 

were combined to form the ratio R, 

w+(t) - w_(t) 

R = 2w+(t) + w (t) 3/2 A2 sin ant (l) 

where A2 is the coefficient of P2 (cos e) in the unperturbed angular cor

relation,6 and m. is the Larmor precession frequency. Equation lis applicable 

to cascades for which the angular correlation is given by w(e) = l + A2P2 (cos e). 

Three independent runs were made on liquid sources: yielding the re-

sults given in Table II. For one of the better runs R is shown in Fig. 3. 

The final value for the g factor of the 2084 keV state from these data is 

g = + 1.014 ± 0.038 

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

these experiments on liquid samples is zero. This poi~t is discussed below . 

. Lanthanum metal sources were studied by differential angular correlation at 

0 0 
295 K and at 77 K. Derived quantities are included .in Table II. 
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_III. THE g FACTOR 

Three other time-differ~ntial measurements of the g factor of the 

. 140 5 7 8 2084 keV state of Ce have been reported. ; ; These are summarized in 

Table ;LJ;:;L The agreement fu'llOng these four values is fairly good; considering 

the difficulty of the measurement; although none of the error limits overlap 

the average value of 1.06. 

Cerium-140 has 58 protons and 82 neutrons. Thus it is natural to 

attribute most of it_s low-lying excited states tb the· protons alone; assuming 

that the neutrons form a closed shell. In fact the 'proton configuration may 

be regardes as a closed shell at 50; plus 8 protons. These would be expected; 

in a single-particle model; to fill the g
7

/ 2 subshell in the ground state; with 

2 2 
next-lowest d

5
/ 2 shell empty. On this model the configurations g

712
, d

5
/ 2; the 

and g
7
; 2d

5
/ 2 (each coupled to J = 4) might be candidates for the 2084-keV 

state. The calculated g-factors for these configurations.; taken from .the ex-

perimental values of+ 2.78819 and+ 4.26;9 respectively; for the magnetic 

moments of La139 and Pr
141 

(to account empirically for configuration mixing) 

are; respectively; +0.80; +L71; and+ 1.092. ·Evidently if this model were 

1 l 
valid the 2084-keV state would have to be regarded as primarily of d5; 2 g

7
/ 2 

character. This simple shell-model picture does not predict other properties 

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

this state. 

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

structure in recent years it seems much more realistic to regard the 2084-keV 

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

.. t 11~o . 2 cula ion; using Gaussian forces; for nuclei- in the Ce reg:LOn. His calcula-

tions give g = + 0.92/
0 

slightly below the experiment values; for the quasi

particle state 1~) 4+ that he considers best; given by 
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Rho's g factor was also calculated using the experimental moments of Lal39 

141 and Pr . Although Rho's calculation was quite involved it nevertheless in-
.. 

eluded several approximations that are necessary to make such calculations 

tractable. Thus we -feel that the theoretical value 9f 0.92 represents fairly 

good agreement with experiment, and that the model is therefore essentially· 

correct. At the -s'ame time a discrepancy of about 10% remains. It would take 

us too far afield to discuss the possibilities for adjusting parameters 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 experiments was to study_the "paramagnetic correc-

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

for magnetic hyperfine structure effects arising .from interaction of the nucleus 

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

defining an effective magnetic field If" . . e 

Here If 
0 

If It + It . . 
e o ~ 

is the external field and It 
i 

is a hyperfine field induced by It. 
0 

For the general case one cannot define a time-independent vector ft. . 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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1-1hich certain symmetry conditions are fulfilled. 
3+ If we regard Ce essentially 

as a free ion; we may take the quantization ( z) axis along . K
0 

and write 

H. 
1 

where ~- is the maximQm possible hyperfine field; given by 

(2) 

Here (r:..3) is the famous radial integral_for the 4f electron; fJ.B is the Bohr 

magneton; and N 
- 11 

is a s,tandard factor in hyperfine-structure theory. The 

parameter (J ) 
z 

is given by 

(J ) -z 

in high-temperature approximation. 

4+ 

Finally then we may 1rri te H 
e 

A-H . th12 
f-' ; Wl 

0 

For Ce ; which has the electron configuration of the xenon core; f3 ~ 1. For 

most nonmagnetic'metals f3 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 attenuation of their suscepti.,. 

bility by a factor of approximately kT/EF; where EF is the Fermi energy. 

This phenomenon; termed "Pauli parrunagnetism;" is familiar in inetal physics; 

llJ.O 
In the metallic sources of Ce in La we expect that the above argu-

ments will not apply because the L~f electron is expected to be associated vri th 

the Ce ion core rather than in a. conduction band. There is ubunda1,1t evidence 
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from susceptibility measurements that this is the case for pure rare-earth metals. 
140 - . 

Thus if we may neglect crystal field effects, the Ce atom in La metal may 

be treated as a free trivalent ion. Substituting N = 48/35, gJ = 6/7, (r - 3) 

3+ l 2 ) for Ce (4f f
5

/ 2 into Eq. 5, we find at 

T = 298° K 1.35 ~-~ ~ 1.46. The experimental value (Table II) is 1.35 ± 0.06. 

This quantitative agreement 
. . . 4~ 

provides very good confirmation of the model (Ce 

ion in solution, ce3:+ in La). Of course this-is hardly surprising, because 

- ·. - 140 
the cerium atom is expected to be highly ioniz'ed after ~- decay of La , and 

. l~+ 
Ce is .the highest stable oxi.dation state of Ce. In aqueous solution it would 

_certainly not be reduced- in a few nsec. Lanthanum metal, on the other hand, 

with its conduction electrons, is about as "fast" a reducing agent as one can 

imagine. Nevertheless. the agreement is very encouraging, because a thorough 

understanding of the relevant chemistry must precede the determination of a 

magnetic moment. by angular correlation. Cohen, Kaplan, and Ofer7 have made 

similar measurements on Ce
140

; their results·for ~are in good agreement with 

ours. 

Taking the view now that our expectatior;s about the chemistry of our 

-samples ·are confirmed, _ ve may proceed to apply the data in Table II to the 

evaluation of parameters describing ce3+ in La. The methods of angular cor-

relation rotation is especially applicable in t_his case, for which optical 

spectroscopic methods are not applicable. Our measurements lead to only 

rather approximate values of these parameters, but they do demonstrate the 

·applicability of this technique to crystal-field studies. 

Lanthanum metal has a structure in which the atoms are stratified 

alternately in sites of cubic and hexagonal symmetry. The hexagor_1al sites can .; 

be simulated by the elongation of a cube along the lll axis .. 16 
Bleaney has shoi-ln 

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

-
n~xl)}..~o.rw.l t®:rm.® to St!U'l~ ru.h)li tting is small compareO. w:Ltll that oi' ti~e cuuic 
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terms. We adopt the. approximation that all the cerium ions in the La lattice 

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

2 f
5
/ 2 level breaks up into a QUartet and a doublet. The effective hyperfine 

field . He is related to the free-ion field by He - f(x) HN) where) for ~he 

doublet lower in energy f(x) is given by
18 

, · f(x) 5 + 26 e-x + (32/x)(l - e-x) 

21 + 42 e-x 
(6) 

where x = DE/kT. Here .6E is the energy spacing bet\.;reen the two Stark states, 

It is not possible to calculate 6E accurately) but we may estimate 

it by analogy with. values obtained for other .lattices. White and co-workers 

found a susceptibility anomaly for Ce in the LaAl2 lattice18 that indicated 

an energy gap DE/k = 200° K. Measurements on Ce metal yield a splitting of 

200° K. l9 The limiting value of f(oo) indicates that the doublet is the lover 

state. Because La has a larger lattice constant than Ce we might expect that 

.6F/k would be slightly lower than 200° K. In Fig. 4 we have plotted ~ deter-

mined for Ce in La metal at 298° K and at 77.3° K) from the data in Table II) 
' 

against 1/T. The two curves A and B correspond respectively to LiE/k = 0 

and 200 0 K. The "best fit" to the data i·s provided by curve A) but the limits 

of error are such that vre can only set an upper: limit of - 200° K on 6Ejk. It 

vould be interesting to determine 6E/k accurately by extending these measure-

ments to lower temperatures . 

. Even with out very limited knovledge of the crystal-field splitting we 

can use the data of Table II) together with Eq. 2-6) to make a tentative de

termination of (r -3 ) for the 4f electron of Ce in La metal. Assuming 6E = 200 

we obtain (r-3) = 4.1 ± 0.4 a.u. For finite values of 6E· the value of (r-3) 

would be some1.;rhat higher. · 
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(r -3) Theoretical estimates of for the rare earths. have been made by 

1 . . 1L~ 
Judd and Lindgren 3·and by L1ndgren from spin-orbit coupling constants and 

by Freeman and Watson from unrestricted Hartree-Fock calculations. 15 Bleaney 

has compared these with experimental determinations for several rare earths
14)16 

and suggested an empirical curve for (r-3) vs. atomic number. All of this 

information is presented graphically) along lvith our result for ce3+) in Fig. 5. 

Our result is not sufficiently accurate to be definitive in extending the em-

pirical curve) but) like the other experimental results) it lies between the 

two theoretical curves. It is thus a reasonable value) .and this lends support 

1L~o 
to our interpretation of the measurements on Ce reported here) as well 

·as demonstrating the applicability of angular correlation rotation methods to 

the determination of such parameters. 
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Table I. 
.co 140 

Half. life of the 2084-keV state OJ. Ce . 

Cascade studies "" nsec Reference "l/2) 

329 - 487 keV 3.44(6) l 

329 - 487 keV 3. 41.(4) 5 

329 - 487 keV 3.52(10) . this -vrork 

/ 
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Table II. Summary of results 
140 for 2084-keV state of Ce . 

Source Field (kG) Temperature gf) 
(deg K) 

La3+ sol'n 29.7 298 1.115(95) ( l. 00) 
II 29 .. 7 

II 0.994(59) II 

II 42.1 II o. 998(1-~2) II 

Weighted average l. 014(38) (l. 00) 

La metal 30.0 298 1.325(113) 1.31 
II 33.95 II 

l. 376( 75) 1.36 

Weighted average (see text) l. 361( 62) 1.35(6) 

La metal 30.0 77 2.07(37) 2.04 
II 29·.8 II 2. 53(23) 2.49 

Weighted average 2.40(19) 2.37(20) 
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Table III. 
li+O 

Measured g factors for the 2084-keV state of Ce 

Method 

Differential 
+ integral 

Differential) 
less than l 
cycle 

Differential 

Differential 
+ integral 

Result Reference 

+ 1.11 ± 0.04 5 

+ 1.15 ± 0.08 7 

+ 0.95 ± 0.10 8 

+ 1.014± 0.038 this work 
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FIGURE CAPTIONS 

Fig. l. .Partial level scheme of Ce
140

. The 329-1+87 keV cascade was used in 

this 1-rc:irk ·to study the 2084-keV state. \_ 

Fig. 2. Prompt resolution curve and decay curve for the 329 keV-487 keV 

d . c 140 casca e ln e ~ 

Fig. 3. Plot of R(t) vs. delay time for the 2084-keV state of Ce
140 

in 

aqueous solution) ·in an external field of 42.1 kG. 

Fig. 4. Paramagnetic correction factor) (3) vs. 1/T for Ge3+ in La. Theoretical 

curve A is for free ion; curve B 
0' 

corresponds to 6E/k = 200 K; 

where 6E is 'the crystal-field :splitting between r 7· and r8). l.rith r 7 

lowest. 

· Fig. 5. Plot of ( r-3) vs. atomic number for rare earths) after Bleaney. 

Three experimental points are shown and an empirical curve is drawn 

through them. 



-17-

Lai40 

'"' 3-

2 517 2+ 
2413 3+ I 2348 

329· 

2084 t 

I 4+ 
1902 0+ 

487 

1597 2+ 

1597 

0+ 

E ( keV) 

MUB-5232 

\.) 

Fig. 1 



.!!! 
c: 
::l 
0 

(.) 

-18-

.':-

Delay time (risec) 

Fig. 2 

MU-3.478.4 

(1 



-19-

'• 

0.30 

0.20 

I 0.10 
I I 

3: 3: 0 I + 
-; ; 

N 
-0.10 

II 

a::: -0.20 

-0.30 

10 20 30 
Delay time ( nsec) 

MU-34786 

Fig. 3 

,. 



-20-

2.5 

\ 

o· - . 

. II 

1/298 I /77 

Reciproca I temperature (degrees- 1
) 

MUB-5233 

Fig. 4 



-21-

(/) -c: 10 :::J 

u 

E 
0 -0 -

A 
!() 5 . I 

"- Lindgren v 

o~~._~~~--~~~_.~~._~~~ 

Ce Pr Nd Pm SmEu Gd Tb Dy Ho Er Tm Yb 

Tripositive ion 

MU B-5234 

Fig. 5 



·• 

0 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, 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 in 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 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting fiom 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. 






