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PERTURBED ANGULAR CORRELATION MEAStffiEMENTS ON Ce140 AND Pr143 

Richard M. :..ev:.r 
Department of Chemistry and La"-T <::r: ce Radiation Laboratory 

University of ~~iifornia 
Berkeley) Ca~i fornia 

September 18 , 196h 

ABSTRACT 

The interaction strength between the nuclear magnetic moment 

and the effective magnetic field at the nucleus has been measured for 

the 2084 keV level in Ce
140 

and the 57 keV level in Pr
14

3 by perturbed 

angular correlation of gamma radiation techniques. 

For tetravalent Ce with a 4r
0 

configuration) the magnetic field 

at the nucleus is identical to the external field. This allows evalu

ation of the g-factor of the 2084 keV level -as g = 1.020 ± 0.039. The 

paramagnetic enhancement ~ due to one 4f electron for cerium in lantha

num metal gives ·c = (114.3 ± 16.1)° KJ where ~ = l + (C/T). 

The level structure of Pr143 has been confirmed as 7/2(0 keV)J 

5/2(57 keV)J 3/2(350 keY) by nuclear alignment and angular correlation. 

The perturbed ang~lar correlation gives for the 57 keV level) g = 1.73 

± 0.09. Comparison with data on metall.ic sources :establishes the oxida

tion state of praseodynium in solution as 4+ during the nuclear lifetime . 

/ 
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I. INTRODUCTION 

r .A good deal of interest pervades the region of the lower rare 

earths. From a nuclear standpoint, the elucidation of the structures. 

of spherical nuclei has been bolstered by the development of the quasi

particle theory of super-conducti¥ity. While the exact prediction of 

nuclear energy level characteristics.remains an elusive problem, the

jump from purely empirical to semi-theoretical approaches emphasizes 

the importance of dependable and precise data . 

. Although measurements of excited state nuclear properties can be 

extremely difficult, and one to two such measurements have questionable 

-~ influence on the overall theory, one must start with a single step to 

climb the highest mountain. We feel that this philosophy, in some sense,· . 

justifies the work described here. 

From an atomic physics standpoint, the lower rare earths may 

provide the key to the·e~adt form of the radial wave function of the 

4f electrons. The uncertainty in this eigenfunction increases to a 

maximum for triply-ionized cerium with one 4f electron. This wave 

function is neces~ary for the tabulation of (r-3) 4f, the inverse mean 

· cubed radius, a quantity which appears in all hyperfine interactions and 

is, thus, essential for the evaluation .of nuclear:and atomic magnetic 

moments. 

Using the method of perturbed angular correlation of gamma 

radiation, we have measured nuclear excited state magnetic moments in 
1~ 1~ . 

Ce and Pr , and determined the internal field due to one 4f elec-

tron in Ce+3. The measurements are discussed with regard to the existing 

theories, and correlated with other data. 

. ' 

. i 
' 
I 
j 
I 
I 
I. 
I 

/ 



r 

·- -----

-2-

II. THEORETICAL BACKGROUND 
·,, 

A. Introduction 

For approximately twenty years the angular dependepce of coin

cidence counting rates in gamma cascades has been utilized in the eluci

dation of nuclear energy level schemes. More recently, perturbations 

of these angular correlations have yielded information on magnetic 

dipole and electric quadrupole moments of excited nuclear states. 

Hamilton first predicted an angular anisotropy of nuclear 

radiation in 1940. 1 Since that time many comprehens~ve review articles 

have summarized additional refinements and condensed the theory to a· 

simple and practicable state. 

The most elementary explanation.for anisotropy in nuclear radia

tion is conservation of angular moment~.. Thus, the initial angUlar 

momentum of the unstable nuclear state equais the vector sum of the 

angular momenta of the final state and of the emitted radiation. As 

vectors have direction as well as magnitude, a spatial dependence is 

defined. Or, mathematically, since any angular momentum eigenfunction 

can be expressed as a linear combination of spherical harmonics, the 

superposition of specific eigenstates defines a spatial dependence on the 

Euler angles, e and ¢ . 
For a randomly-oriented set of initial angular momentum eigen

states, isotropic radiation is given off, Nuclear alignment experiment,s 

achieve anisotropy by preferentially populating specific nuclear levels 
\ 

using large ratios of magnetic field to temperature. Angular correla-

tion, on the other hand, looks at a·non-random array of nuclear states 

by choosing only those nuclei in which the first radiative transition 

in a coincident cascade propagates into a specific detector in a given 

direction. The functional dependence of co.incidence rate on angle can 

now be derived, as the nuclei which are observed "know" which is' the 

the propagil.tion direction, or the z-axis in the laboratory system. 

• 

/ 

.. 
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B. Non-Perturbed Angular Correlation 

The quantum mechanical derivation of the angular dependence of 

coincidence rate proceeds in a straight-forward way, starting with the 

interaction Hamiltonian, the gamma emission operator,. between two states~ 

For the case of a typical gamma cascade, a(')'
1

)b(')'
2

)c, the probability 

of the initial transition can be described by 

J (l) 

·-···----· where a and b encompass the quantum numbers which::.describe the 

states and H* indicates the complex co~jugate of· ~he interaction Ham

iltonian.2 Thus, for the cascade, the total transition probability can 

be expressed, 

... 

. ' 
\ 

w =. 
o.c. 

(2) 

We may now write the matrix elements of the interaction Hamiltonian in 

the unique form: 

~ (Ia.m 4 \Hfibrnt.JL) (3) 
I 

. "'o. "' " 
where I and m are the nuclear spin and magnetic projection eigen-

. values and n = e ,·,·<P the observed angular parameter.s in the laboratory. 

system. 

As the interaction Hamiltonian acts on nuclear,coordinate system 
parameters; ~.more appropriate form for Eq. (3) wouid be 

I . . 

·H: ·.:: <"' <"" ·(r m J H li m L M ·)~L M )ll) . ;~~ ' ' L L- . . &. ' . .. . " ., I I . \! I . , ) { 4) . ' 
· . L,M, "'o."'~a 

/ 
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with L1 and Ml the angular momentum carried off by the radiation and 

it projection upon the nuclear symmetry axis. The matrix for this trans

formation relates .angular Jropagation to angular momentum and is just 

the spherical·harmonic3 

(L,M, \ n) (5)__ 

In the Biedenharn and Rose notation, t_he interaction Hamiltonian 

in the summation is expressed 

(6) 

to emphasize the fact that: this is a tensor operator which transforms 
·• 

as an angular momentum eigenfunction with the same eigenvalues. Because 

of this transformational property the Hamiltonian is proportional to all 
4 

tensor operators of the same rank and, using the Wigner-Eckart theorem, 

may be written as the product of spatiaily dependent vector coupling 

(Clebsch-Gordan) coefficients, and a':<t>hysical constant, the reduced 

matrix element.5 

H .. ~... ~ ( L,l. M,m\ l'I .. tw~o.) Y"'L,' (1l)<I .. IITLUT1.). 

L,M1 l'l'l 4~'~~~~a· · 
(7) r 

:'1 
~l., To fUrther simplify the derivation, we must transform all involved 

\ 

quantization axes to a single laboratory system representation. . This is 

accomplished by a rotation of the nuclear coordinate systems so that 

the symmetry axes are in the direction of the gamma ray propagation 
.vector, cor 

(8) 

/ 

• i .. 
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The matri:x elements ni:1t. 1-.1. ( -n) form a ,linear combination of 6pherical 

harmonics and are _derivable from straightforward group.theory. The 

parameter · 1-.1., the projection of the angular mome~tum upon the labora

tory system axis, can have only the. values IJ..= ±1 since a photon 
.. 

traveling in a .given direction can carry only ± l'i. · units of ang1J.lar 

momentum in that direction. The Hamiltonian thus becomes 

To find 
2 

IHabl we use the fact that the product of tw ro-' 

tation matrix elements can be expressed ~s a linear combination of 

matrix elements from a third rotation operator 

Additionally it can be shown that the sunnnation over a product'.of three 

Clebsch-Gordan coefficients can be written as a product of a Clebsch

Gordan coefficient and a Racah coefficient. 

The functibnai' form and tabulations of Racah 'coefficie~ts is given in 
\ 

reference 7 ~ 
~ . 2 ' 

Su~stituting Eqs. (10) and (11) into the expression for 1Hab1 ; 

with thel·.f'iirther.;)$ini.pli;Sying assumption that tbe radiation is pure 

( L1 = L]_ ),/ we find 

"l 

.\ 
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/ 

The simpl;Lfying feature c = 0, allows this index to be dropped 

from the summation, 'and wi~h proper normalization reduces the rotation 

matrix to a spherical harmonic 

. k 
jjk, (-Jl.) = '!' (~.n.) 

od · d ) (14) 

so that 

(15) 

Now forming the product 
2 2 IH I jH. I for no reorientation of ab -DC ' 

the Mb s~ates during the intermediate nuclear lifetime, we obtain a· 
. l ! l 
term · · 

./ . \ -

'i. 
1 
(I~Ib ~\t·M~ \k.d)(J:~,J:~, tr)bMb I k,.~~'> ~ ~,ka cftl,cl.,. 

t'W\~, mb , . . , . . · . (16) .- .. 
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This allows a further simplification 

(17) 

where B = n2 - n1 and Pk (cos B) is a Legendre polynomial of_ degree 

k. The resultant equation for unperturbed angular correlation is thus 

w(e) = (18) 

·· ··· ..... - where · 

. ~ 

Fk:. <:•t .. •'-· (2I~~.+o'/"(~t..tO<'-,_,_dko) w(!,l._kL;LI~)<:r:b\\L,Jiril9). 
. '· . 

· The constants Fk and Fk . are functions of only angular mo

mentum properties of a nuclear decay. Their values in this normalized 

form are conveniently tabulated by Ferentz and Rosenzweig. 8 

Frequently, one or both of the coincident transitions have ad-

_!llixtures of higher multipolarity radiation. As the Clebsch-Gordan 

and Racah coefficients carry only spatial information, the '_'physics" .of 

the-transition, the transision probability, mu~t be contained in the 

reduced matrix element. We define the mixing ratio 

<:r(l n TL'n r~) 
(IcJ\ T .. /1 I._) 

where L' = L + 1. The Fk for the mixed transitio~ now takes the 

form. 

I 

(20) 

~ .. i±-1• .'F~ (r.r~ LL) ~ ,/r: F" (I.,I b L' L') + &f· F,. (l: • .'I bL L'). < 
21 

l 

The first two terms account for pure L-pole and L'-pole transitions, 

and the final term the interference. 

. / 
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In cases where one or.more transitions intervene between those 

of interest,. a correction term: must be irl'serted to a_ccount for possible 

reorientation of the intermediate nuclear states. The angular correla• 

tion is then expressed by 

W(S) ) (.~2) 

L ., 
where Uk fo~ each unobserved transition I 1 -----~ I 2 is given by 

(23) ' 

Several important conclusions emerge from the summation over. 

orthogonalized Clebsch-Gor?-an coefficients and the triangle·conditions 
r 

· of the Racah coefficients: 

1. The 

minimum angular 

2. For 
10 tion. 

index, k, is even and less than or equal to twice the 
' 2 

momentum encountered in the coincident cascade. · 

an intermediate stste spin of l/2, there is ·no ,correlEJ.-

). The functional dependence is symmetricaround the inter

mediate state. For example, a 4( Q) ,2 ( Q) 0 cascade would have the 

same angular correlation as 0 (Q) 2(Q) 4. 

·C. .Perturbed Angular Correlation 

1. Introduction 

/ 

;.·. 

When the intermediate nuclear state in the cascade is substantially . 

perturbed before emission of the second gamma ·ray,: the ,perturbation will 

materialize. experimentally in the angular correlation pattern. ':Che 

criteria fofr. this are sufficiently long nuclear lifetime, typically of 

the order Jf 10-5 :- 10-ll seconds, and ~.:strong interaction between 

nuclear el~ctric or-magnetic moments and fields at the nucleus. 
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The perturbation can cause both a rotation of the ang11:lar cor

relation and an attenuation of the anisotropy. Classically, an.inter

mediate state nucleus precesses around the internal field with a fre

quency ro, dependent upon the interaction strength, for a time interval 

-r, the nuclear lifetime, giving a net rotation of its angular behavior 

of b8 = ro-r. Quantum-mechanic'ally the perturbation corresponds to a 

diagonalization of eig~nstates in the intermediate state.· The attenua- / 

tion of the anisotropy results from the uncertainty·in -r over an 

ensemble of nuclei, imposing an unequal time of perturbation upon dif-

·ferent nuclei. 

For a static perturbation, the anisotropy can be attenuated no 

1 ( II II ) . 
11 1 1' • t ower than a certain minimum or hard core value. The ower 1m1 

stems from the fact that nuclei in magnet.ic environments whose symmetry 

axes lie parallel to the axis of one of the cylindrical detectors exhibit 

no perturbation in the pla~e of the 'two detectors. In a polycrystalline, 

liquid, or gaseous sample such nuclei are statistically always present. 

For time-dependent perturbations, such as randomly fluctuating electric 

field gradients in a liquid, the anisotropy can be completely quenched. 

The time-dependent attenuation increases exponentially with a character

istic relaxation constant ~· The relative magnitude~of !1.2 and :A.4, 

moreover, indicates whether the time-dependent perturbation is of elec

trostatic. or magnetic nature. 

2. Functional Dependence 

a. General case 

The perturbation results in an angula~ correlation function de

pendent upon time, 

(24) 

I' 

U(t) is a ~itary matrix which describes the 'time evolution of the interL 

mediate state. 
i 

\ 
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For a static perturbation K, the unitary ·operator satisfies 

the SchrBdinger equation 

.! U(t) = at 
-1: I<· U(t) , 

1\·.• . 
(25). 

where both sides of. the equation operate ~n·an eigenstate 1~). Wfien 
1~), a nuclear coordinate system eigenstate, is an eigenfunction of K, 

.· (26) 

Substituting in Eq. (24), 

(27) 

In general, I~) may not be an eigenfunction of K. For ex-. 

· ample, in the presence of a hyperfine interaction coupling nuclear spin 

r with electronic angular momentum ;t to give an eigenvalue F, we must 

form a linear combination of nuclear states to diagonalize K. Denoting 

m as the generalized good quantum number; we have 

(28); 

The perturbation term in the Hamiltonian' then becomes 

lu (t) "· b~ \" ~ L < ""~. I "')("' ~·, M >"' e.-.i (e .. • E"') t I~ M' I"' b?(~>~'l ,l: > ~ 
i L ~ ~~ I 1 ' . · ( 29) 
/ v, a 'Da . . . 

Remembering that for reorientation of the intermediate nuclear state, 

Eqs. (16) ~nd-(17) no longer hold, we have for the angular correlation 

function 
.I 

/ 
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with suitable normalization, is referred to 

(t). Eq. (30) is a completely general 

equation for the perturbed angular correlation function. Specific 

functional forms of G~i~~ for liquid and polycrystalline sources in 

..... -- the presence of electric and magnetic perturbations are tabulated by 
. 12 . 

. Abragam and Pound. In addition, Alder, Matthias, et al. have devel-

oped a computer program which accounts for mixed perturbations. 13 Two 

examples of simple perturbations wilL be discussed here. 
i 

b. Axial internal field 

In instances where an internal symmetry axis is defined by either 

. a magnetic field or an axially symmetric electrostatic field, the pro-· 

jection eigenvalue ~ becomes a good quantum number considerable sim-
0 . b b 

·plifying Eq. (30). The terms (~jm) become unity, and m 1 = m 2, 

mbl' = mb2 '. This implie~ _ d1 ;, d~. Now for polycrystalline or liquid 

sources the product of ~-d (n) matrix elements must be averaged over all 

n. This integral, through the orthogonality of sph~rical harmonics 

gives . ~ = k2 , so that 

(31) 

(32) 

A typical. ;case of this.sort occurs for a static electric interaction, 
' 

where it can be shown,; 

\ . 

/ 
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. -:· . ,· .·. 
E oa .... .. (33) .· 

where . Q is the nuclear quadrupole .~ent and (??v/oZ2 ) ·the axially 

· synunetric elecitr14 field gradi~nt. 

c •. · Axiai external field 

When an externally applied ~eld determines the synunetry axis, : 

qnly a _single rotation of the coordinate system is ·necessary to bring , 

the z-axis ·into the direction of propagation.-· In the case investigated 

. ... 

.. 
: •.: ' • f . ' 

/ . -<·/ 

... /' 

in this work, a magnetic field is applied pe~ndicular to the plane of- . -'. : · . . 

··-the oounters •. The.rotatton of the nuclear z-axis to the propagation 

direction thus requires ··n .= (cp; f) = 7T/2). 

harmonics in ~q.· (30) gi~~s 

The product of spherical. 

-~, · .. /' ..... 
~ ' . . . . . 

.· ' 
i 

.I···. 

. , .. _~·: ;~ .... ' 

{34.) . -.· .- ' ·, .:--

. :• 

. . 
. i .. 

. ., 

•• J. 

'·'·,' 'lr,.·.' • 

·where 8 -= ~2 . ~ .. 4>1 and_ . t (k,d) is a normalization term; 
: .. ' .. 

...... '' '• 

. ·No~. to_r. interaction w1 th a magnetic: field, . the nuclear states . ·· . 

· • · tak~ on the eigenvalues . . . 

: . .. ·.·· ... 

: ' . . . ~~ . . . -~· ·. 
• 'I, 

where . t4 is the nuclear magrieti:c moment, : H the field at. the. nucleus,_·. 

an~ ~ ·,. :5.05 -~ '10~~4 ergs/gauss, the nuciear magneton~ From the mag• .- ..... . n ... · . ., '···-· .. ·-·. 
."t ·; •• 

. (•'. 
. . netic . selection 'rule .t.:·m = t 1 we define. the Larmor precession fre-

... ·' 
·, ··' ... · 

quency 
·' . 

·.f . '. < . ' . '• '1 :· .. . _:~_, · •.. · E .... ~• -
' '..,_,. .. ·. 

' ' -~ , 
. L .. 

. · .. . : : i 
....... ' 

. • . . . ".>'·:.:.~· ,. 
', ... 'l .:-.: • 

...... 
i ' ; ~· . J •. 

.. ' ... · ..• 
' .. .... ·,. 

• o 'I 

. . J •. · . . ~ ,' 

. . ' •, ,· .. ' 

. ,, . ~.' .. · 
:· . . :.'. -. r: . . -

•· _ .. 1 .. ·;_;,, 

j"· .· . 
• 1,· ..•. 

.... •• :. ~ 'I' 
· .... .· 

'\' .. 
' . . ... · ...... ' . ~- . ' -~ -

" ' . ,, 

·-
. '·,< 

' ..... .. ~ 

':· 
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The exponential term in Eq. (32) can now be removed from·the 

SUillii18.tion, as for Zeeman splitting ~he energy levels are equally spaced 

an~ e-idmtt is independent of m. The Clebsch-Gordan coefficients drop 

out due to orthogonality conditions and we have 

L:'::.Jll~ . From this it can be shown that 

w (9, f) c 
l + ~ .. It 'S cl c.os cl ( 9 - G.)j.i.) : .. 

d.-= 'l-

where d. takes on only even values and · B 
\ d 

encompasses 

f(k,d). For k = 4 we have 
max 

B = 3/'f F.,_ F .. ' ... o/, t. F., F,/ 
:a. l+ 1lYF~,F1.' + Y,, F"F,/ 

35~" F,. ~/ -
,.:; V., Fl. Ft.'+ ',1,, Ft~F11 ' 

d. Time dependence of perturbed angular correlation ·~ 

(37) 

F' and 
k 

(39) 

.. . 
I 

From the general Eq. (30) it is apparent that the time dependence· 

of the angular correlation in the presence of a static interaction is · 

entirely contained in the exponential e-i(Em-Emr)t/~. This term effec-

tively produces a sinusoidal variation of anisotropy with time. It 

thus forms the basis for differential perturbed angular correlation 

measurements where the resolving time of the apparatus is sufficiently 

small to allow investigation of time independence. 
! 

For' many decays it proves more convenient to study the total 

time integrated angular correlation. For a resolving time substantially 

'/ 
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larger than the nuclear lifetime, the integrated time dependence can 

be approximated by 

5(10. -t/T G. (t) dt e k . 
0 (4o) J"' e -tf.,. J.t 

0 

1 (eo _t/1 - .. u1Et/1\ 
,. ) e. .• e.. : d.t 

0 I = -, +~(A_E_'T_/7:1\) 1. 

Here T is the mean lifetime of.the nuclear state, and the ~nclusion 
-t/T of the · e term statistically averages the effect of the perturba-

tion over a decaying ensemble of nuclei. The result is a constant 

attenuation term which depends upon ~~~ = m, the frequency of the . 
----- rotation cause<?- by the perturbation. This effect can readily be 

seen in polycrystalline solids where randomly oriented electrostatic 

fields may partially smear out the anisotropy. 

In this work we ar~ c,oncerned primarily with the effect of per-
\ 

pendicular magnetic fields upon angular correlations where k = 2. max. 
From Eq. (38) we have the integrated angular correlation 

(41) 

For small rotations, where. tan-~T ~ ~T, this equation describes 

the classical phenomenon of.a nucleus precessing about an applied field 

at a frequency -~. 

·D. Applications of Perturhed Angular Correlation 

1 .. Introduction 

The form of Eqs. (4o, 41) indicates that. ill_L = ~t/~ can be 

experimentally measured by the perturbed differential method through 

I'·' 

• 

/ 
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the sinusoidal·variation of anisotropy, or by the integral method 

through attenuation of anisotropy and, in 'the case of perp~ndicular 

magnetic fields, from the rotation of the angular correlation pattern. 

As depends upon a product of fields at the nucleus and excited 

state nuclear moments, perturbed angular correlation has important 

applications in both nuclear level systematics and solid state phys:j_~s. 

2. Nuclear Magnetic Moments 

a. Introduction 

While the preceding deri vations:.;hold for both electric and 

magnetic interactions, the majority of perturbed angular correlation 
( ' 

measurements deal with magnetic phenomena. This in part stems from 

·the difficulty in theoretically predicting electric field gradients and 

from the existence of detailed predictions for both magnetic moments 

and internal magnetic fields.' Our attention will accordingly be focussed 

on magnetic interactions .. 

The theoretical prediction of nuclear magnetic moments is a 

problem not completely solved despite the.great bulk of experimental 

values for both ground and excited states. An exact solution would 

require a precise knowledge of nuclear eigenfunctions. As these are 

not known, one must resort to successively more complicated approxima

tions of nuclear models in order to approach the experimental data. 

·.A brief review of the effect of the more important approximations upon _., 

nuclear moments will be given here. 

b. Single particle in a central potential 

The first nuclear model to achieve considerable success in 

predicting magic numbers, transition probabilities, and nuclear moments 
: 14 

was the single particle shell model proposed by Mayer and Jensen . 

Protons are pictured as pairing off, as are neutrons, while any remain

ing odd particle moves in ·a central potential set up by the paired core;· 

· All angular momentum properties come from the unpaired nucleon. 

I 
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One can therefore predict the gyromagnetic ratio _ g by adding 

vectorially the magnetic moments associated with the spin and orbital 

angular momenta ofthe particle or particles. ·This vector sum gives 

for the scalar quantity gj 

~(1' ... \)-+ ~(R·tJ)- s (s+ Y + 'j & ,.! 2~(~+1) 

\. 

. (42) 

··-- -- where the total single-particle angular momentum satisfies the vector 

sum j = £ ± s •. 

From measurements on free protons and neutrons, we have 

g = + 5.586} \ s . for 
g£ = + 1.00 protons 

gs = - ).826} for 

g£ = 0.00 neutrons 

With the approximation tha~ the free proton and neutron· g values re

main unchanged in heavy nuclei, the expected gj values for spin and 

orbital moments parallel and antiparallel, the Schmidt limits, can be 

calculated. 15 These values, shown in Table I, constitute the best 

· single rough estimate of experimental values. The grouping of ~

values for unpaired particles from the same nuclear shell attests to 

~he validity of the theory, although perturbations must be proposed to 

account for the deviations inward from .. the Schmidt values. 

If more -than one unpaired particle exHts, formulae similar. to 

Eq. (42) vectorially couple the angular momenta to give the resultant 
~· One interesting consequence of this equation is that unpaired 

'h:ucleons with identical j couple .to give the same · g-i as the single 
,J 

nucleon. .. 

" 

I 

.. 



Table I. Schmidt limit 

r 

·."1 £ = 0 .,. •.1.' 

1 + s +5.59 
~ Protons 

£ - s .. :. 

£ + s -3.82 
Neutrons 

J.- s 

. -~----·~ 
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gl: 
~ 

values for:· single pwticle 

1 

+2.52 

~0.530 

-1.27 

+1.276 

'\. 
\ 

2 

+1.92 

+0.83 

·-o. 76 

+0. 77 

3 4 

+1.66 .. +1.51 

+0.345 +0.492 

·-0.546. -0.424 

+0. 548 . +0.426 

states. 

5 

+1.419 

+0. 581 ---
/ 

-0.348 

+0.386 

~· ' 

. ~ .·. ,. .. : 
I 

!. 
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c. Collectilre model 

Despite the success of the single-particle ·model, many nuclear 

phenomena remained unexplained, namely anomalously high transition 

probabilities for certain low lying states and unexpectedly large quad~. 

rupole moments. These effects appear predominantly in areas far from 

closed shells and can be attributed to a permanently deformed nucleu$ 

vdth collective as well as single particle .degrees of freedom. 

The first quantum mechanical treatment of collective motion was 

presented in 1952 by Bohr
16 

and extended the following year .by Bohr and 

Mottelson. 17 The method involves the coupling of intrinsic single-parti

cle motion with an~ular .momentum ;T to rotational angular momentum :ff. 
Empirical evidence supports the contention that for nuclei sufficiently 

far from a closed-shell configuration the coupling is "strong"j that is 

the precession frequencies of the two angular momenta are sufficiently 

different that the rotatio;nal motion follows the singte particle motion 

adiabatically. Quantum-mechanically states, the Hamiltonian is separable-

into an intrinsic and a collective p·art, and the wave function is an 

antisymmetrized product of intrinsic and collective eigenfunctions. This 

coupling scheme is indicated in Fig. l. · \ . 

A further refinement of the scheme was _offered by Nilsson, who 

, proposed that the single particle moves not in a spherical central 

potential, but in a deformed .harmonic oscillator potential.
18 . Thus the 

intrinsic angular momentum ·j is no longer a good quantum number at 

· large deformations. However,. l , s , and j , the projectione upon the z . z z 
nuclear symmetry axis, now become ~onstants of the motion, and with the 

oscillator quantum number N, provide a new complete representation f'or~.

the nuclear states.· 

The nuclear magnetic moment may be simply described as a vector 

sum of the intrinsic and collective COmPonents. 

_, 
~ R • .. ( 43) 
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MU-34769 

Fig. 1. Coupling scheme for strong interaction between collective 
and intrinsic angular momenta. 
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Performing the necessary rotations from the;.:nuclear to the laboratory 

system, it can be shown that for K·> 1, ( 

( 44) 

Equating j z with . K for an axially synnnetric nucleus, one obtains 

'·· 
(45) 

·-·--

• I 

For an even-even nucleus K = 0 in the ground. state and the nuclear 

g-factor is just Br· The value of gr is conventionally. estimated as 

,Z/A for a rigid rotator, althrough experimenta~ values fall somewhat 
' . 

below this. The probable :!ieasonfor the discrepancy is the pairing 

force, which will be discussed below. 

d. Pairing force and quasi particles 

One feature of nuclear systematics not amenable to the above 

treatments is the existence of surprisingly large energy gaps to the 

first excited state for even-even-nuclei in the region of mass number 

150-190. The inclusion of a residual force, a short-range pairing 

force between two like nucleons, ,has produced semi-quantita:t;ive agree- ; 

ment between theory and experiment. 

To formally describe the pairing interaction, we add to the 

customary Hamiltonian the residual interaction, 

'J( = .J<. + v 
0 

Y s. ( 1"" 1 -M \ Vrai• \ f ,,,' { -,;' ) · 
' 

(46) 

·Now in order to account for the fact that V is diagonalized in only a 
r' • l 

two-particle paired system, we transform from single particle eigen

functions·to a function in which two particles are paired to give J o • 

/ .. 

1#, 
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\, 

A mathematically convenient eigenfunction is the one proposed by Ba.rdeen, 

Cooper,. and Schrieffer
19 to descrihe large energy gaps and supercon-

ductivity in solids, or 
20 

f = .lf [.u.ct + VOl. e.: c.~ J I 0 > (47}. 
oc. 

Here lo) 
operator 

is·the 
+ 

single particle vacuum operated on by the creation 
. + 

its complex conjugate ca to give a pair which oc-c0 and 

cupies a given level 
2 

probability ·l!a· 

. 2 '··· with probabil~ty v
0

. or leaves it vacant with 

This eigenfunction is analogous to a diffuse·Fermi surfa~e in 

solids. · That is, in regions away from closed shells, where the level 

density is relatively high, each level will have a finite probability 

of occupation and of vacaricy, or ·Of containing a particle or a hole .. 
. \ 

Thus, the quasi-particle defined by this eigenfunction, has poth·parti-

cle and hole characteristics and is sometimes considered as a coupling . · 

b t ti 1 d hole. 21 
e ween a par c e an a 

Operating on the quasi-particle eigenfunction with 'the'total 

Hamiltonian produces a depression from the energies of the unfilled 

single particle shells~ resulting in the characteristic energy gap to 

the first excited state. The details of this formulation are quite 

sensitive to the density of unfilled levels in the single parti<;!le scheme· 

and consequently to the proton and neutron configurations. 

As unfilled shells contr:i.. bute alni.ost exclusively to collec.ti ve. 

deformation properties of the nucleus, Nilsson and Prior f;ind a sig- · 

nificant dependence between quasi-particle gap energies and moments of 
21 

inertia and rotational g-factors gr. These authors,accordingly pre-

dict the latter two quantities on the basis of rigorous quasi-particle 

expectations and find quite good agreement with experiment. In par;, 

ticular, the gr values fall, with the experimental values, consistently 

below the estimate ~· = Z/A. 

Kisslinger and Sorensen first investigated the same problem in 

aJregion of small deformation, that of single closed shell nuclei. 23 

/ 
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These nuclei have the advantageous feature .that interactions between ... 

neutrons and protons can be neglected, and the excited state quasi-
·"' 

particle behavior evolves solely from· the unfilled shell. The calcu:... ,·

lated predictions for. trans,i tion probabilities are found to be in good 

agreement with experiment, justifying the quasi~particle designation in 

this region. In a later work these authors have extended the quasi

particle treatment to a wider range of the periodic table. 84 

·Because the g-.factors of a particle and a hole in the same shell 

are identical, the g-factor for an excited state composed of. a broken 

particle pair.is no different from that for a single particle pair from 

the same nuclear shells .. Thus, the simple vector coupling treatment of 

·---particles from Nilsson levels remains valid for quasi-particle magnetic c... 

moments. .-

e. Summary 

A number of mode is '·~ave been proposed to account for· the devia

tion of single particle magnetic moments from the Schmidt limits, al

though no single picture has given a completely satisfactory fit. Two 

of the later formulations will be mentioned here for completeness. 

Noya, Arima, and Horie have proposed a a-force which enables 

configuration mixing of ground and higher excited states. 24 This force 

is justified as being compatible with the absence of high nuclear :spin 

levels. For a small admixture of excited states, the wave function 
.. _ 

becomes , 

(48). 

whe~e the excited states In) are·mixed into the ~ound state lo) With 

probability I a ) 2 . This .. gives an expectation value for the operator F 
. n 

( 49) 

• 

/ 
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It becomes apparent f:rom Eq. ( 49) that a one percent admixture of an · 

excited state (lanl 2 = .01) results in ~··twenty percent a~ixture to 

the operator F. Thus, ex;tremely small admixtures can perhaps partially 

explain the observed deviations from the Schmidt limits. 

A comparable approach has been suggested by Bodenstedt and 

Rogers where excited configurations of the core are admixed instead of 
21 . . .' ... 

·single particle states~ As the magnetic moment operator is a tensor· 

of rank one and the ground state has angular momentum zero (in an even

even nucleus), the states admixed by this operator must be of rank one. 

This simplified core polar~zation model reproduces with reasonable ac

curacy the experimental single particle magnetic moments. 

It is unfortunate that e~perimental precision generally gives 

inconclusive quantitative choice·between different models.and different 

magnetic moment corrections due to residual forces. .The primary goal of 

magnetic moment measurements has been the ·elucidation of energy level 

schemes using simple Schmidt limits. A compilation of these measure-
. . 25 . 

ments has been prepared by Bodenstedt. These attest significantly to 

the value and broad scope of the method. 

3. Internal Fields 

a. Introduct±'6n 

From the perturbed angular correlation function, it is apparent 

that nuclear magnetic moments can [?e determined only when the magnetic .. 

field at the·nucleus is kno"Wn, The converse of this statement is also 

true and has stimulated a broad study of internal fields complementary 

to MBssbauer, nuclear magnetic and e·lec:tron spin resonance, and low 

temperature nuclear polarization data. 

The following discussion of internal fields wi·ll deal wi th·.:only 
rare earth ions and atoms. This region, characterized by an electron 

configuration 4fn, 5d
0

, 6s2 upon a xenon core, is the focal point of 
. . 

the experimental work discussed below. The relative depth of the un-

. filled 4f shell within the electron cloud insures. effective immunity 

from outside chemical disturbances. Thus, any external fields or crystal 

/ 
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fields can be. dealt with as .perturbe,tions to the electron configuration, . . ~ . 

and in the limit of.pure Russell-Saunders ·coupling, the quantum numbers 

s, L, J,·and M, label the states. Throughout the derivation, we will 

. assume Russell-Saunders behavior. 

b. Generalized treatment 

We wish to find the: expectation value of the internal field--

Hint due to unpaired 4f electrons, or 

. . ·.- Ect"/kT - e(l(l/k.'T' 
~ ( O(J.l H.i} oc. ;) e.. . · · / 2.. e. . 
i . . ... ~i . 

(50) 

where Ia.) represents an electronic state with energy· Ea .. ·Our pro-
l 1 

cedure "will be to explain a quantum mechanically u,sing first-order 

perturbation theory and to 1,substitute for Hi the clas;:;ical internal· 

field set up .by a rotating 'electron. 

To determine Ia) one must take. into account the fact that the 

unfilled 4f sh~ll will have a ·permanent magnetic moment. This will : .. . ::· 

interact with the external field to give an additional term in the 

Hamiltonian, 

( .: ... :_) (51) 

.is the g-factor of the electronic shell, or 
·' ~ 

(52) 

... 

/ 
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Additionally,' the magnetic moment operator will mix ~he ground . . . 
state with excited states as·long as the conditions 6L = 6S = 6M = o, 
D.J = 0, ± 1 are satisfied. Thus, the pertinent wave function Ia) -in 

the presence of a perturbing external field has a zero-order component 

_which is a product of the isotropic Hamiltonian eigenfunction and the 

contribution due to the magnetic moment operator; and a first order ad-

mixture due to states with M = ± 1. . 1 . . > H f(J""' II A II J") [{v+ 1)2.- M1-JV1 I Sl J+l M' le(.) =- 1 S LJ M -t foe ~t E - E · y 
. J ~I . 

. \. ( ~ ")'''1. +" <J II J\ II J-1/ J - M ) 
E - E J :T-1. 

(53) 

A detailed derivation of Eq. (53) is worked out by Gunther and Lindgren. 26 

Now inserting the eigenfunction Ia ) into. Eq. (50) we find 
_ . .. : - E /k'T' 

ti\_(JIIAUJ')<LSJMlH;,ILSJM) e.. J 

'"f. (2-J' .. \) e. -e:slkT · 
"l=\1..- s \ 

L+S 

~L 
;r= 11--.sl 

where J' = J + 1 and the other quantities have the usual significance. 

Neglecting a ~ermi contact term, the internal field matrix 

element can be computed starting with the classical expression, 

H. = 
I. 

(55) 

where the first te~m on: the right expresses the field due to the orbital 

motion of the electrons with velocity Vk and dist.ance rk from the 
. ~ 
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nucleus; and the second and third terms .evolve from the :dipo;Le-dipole 

int'eraction between nuclear and electron:ic spins. 

Using the.Wigner-Eckart theorem and the ·pr,inCiple of operator 

equivalence, Elliot and Stevens have derived the simplified form, 

and have. tabulated the values for the reduced matrix elements. 27 Sub

stituting these values in Eq. (54) one can calculate from a completely 

general expression the internal field due to unpaired 4f"electrons. 

c. Simplified treatment 

In the specific rare earth ions inVestigated here, as in most · 
' 

rare earths, the electronic· fine structure splitting is so large that 

a pure, zero order ground state configuration very closely approximates 

the true situation •.. Thus, in the general equation, the summation over 

J values and the admixture of J ± 1 can be disregarded. 

An equally valid and more intuitive approach is to consider the 

unpaired spin density as polarized by the external. field, so that an 

· effective field at the nucleus occurs with 

H t :. . ~~ .. vt 
'" r -

In the presence of an axial hyperfine interaction, the constant ~ 

arises from two terms in the spin Hamiltonian 

(57) ' 

(58) 

where Jz is the ~;~.verage projection of electronic angular momentum cal-
~ . ' 

culated over the thermal range, A.~is the hyper fine coupling constant, 

·,, 

/ 

·' 
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and gnl-lnlz :the maximwn projection of the nuclear magnetic moment~ 

Substituting the Van Vleck expression for temperature dependent para

magnetic susceptivility, into Eq. (57);28 
one finds 

(59) 

where . geff is the effective n~ber of Bohr magnetons, 

in the overall paramagnetic suscepti vili ty, and glt:L is the axial 

susceptibility. 29 · 

The pyperfine term in A is just the attraction of the nuclear 

magnetic mcimept to the internal field due to the eiectrons. This field: 

is given by Eq. (55). The term can therefore be expressed 

(60) 

where in a manifold of cons.tant J with ·a maximwn magnetic projection 
• 

M 

(61) 
. ' ] 

Substituting into Eq. (59) the analytical expression for· A ~1\.d. the 

fact th~t grlli-LBJz i~ equivalent to (JI!AI!J)I-LBJ in an isotropic 

mediwn, 9 the. paramagnetic correction factor becomes 

(62) 

(r -3) The quantities geff ~nd add some uncertainty to the calculation 

of t3 . and/ will be discussed below. 

I 
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d. Corrections. 

(1) geff' The calculation· of geff depends upon a precise 

knowledge of the Lande g-factor. This"is slightly complicated by the 

spin-orbit coupling term in the Hamiltonian which produces small devia

tions from pure Russell-Saunders coupling by mixing states of the same 

J but different L and S . values.. 

The spin-orbit coupling takes the form, 

-·x'~ ·rs('i)Ji. 
. . 

/. 

.... 
·S 

l. ( 63) 

which, by the Wigner-Eckart theorem is proportional to 17 · S. The 

'tngular portion of the mixing matrix elements ·can thus be-represented 

by vector coupling coefficients. 

As the correction to~the Lande-g-factor takes.the form of a 

second order perturbation, the precise energies of excited J states are 

required. Thus, the radial dependence appears. both in the radial inte

grals used to evaluate the zero order eigenfunctions and the spin-orbit 

coupling constant, ;(ri). Good experimental data for bot~ these 

quantities exist for the triply ionized rare earths and empirical formulae 

have been derived. 3° For neutral atoms, enough experimental evidence 

is available to allow a reasonable estimate of an empirical formula by 

induction. 31 __ 

The resultant theoretical. values of geff and the ol~ Van Vleck 

· values for the ground state of the rare earth ions are compared in Table 

II. 

(2) (r-1). The second and more important va·~iable in the deter-

(:::. -3)' mination of the paramagnetic correction constant is . the reciprocal 

cube of the mean 4f electron radius.. Several divergent theol;'etical pre

dictions. exist for this quantity. 

Bleaney in 1955 proposed evaluation of (i-:..3) from hydrogenic. 

radial vmve functions ·modified by electronic screening of the nuclear 

charge)2 The wave function gives a fine structire constant 

·• 

i 

/ 
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Table II. Summary of quantities relevant to internal_fields 

in triply-ionized rare earths. 

Element ( +3) 58Ce 59Pr 6oNd 61Pm 62Sm. 63Eu 69-Gd 

--
gJ ..t(J+l)' 2.54 3-58 . 3.62 2.68 0.84. 0 7-94 

geff 2.54 3.60 3.64 2.81 :87 0 7-92 
____ ,_ ·-~ 

(l/r3) a0 -
3 (Lind.) 3.66 4.26. 4.86 5.46 6.07 6. 70 7-35 

(ljr3) a0 -
3 (F. W.) 4.72 5-37 6.03 7-36 8.84 

(A +A )/A 1.020 1.024 1.034 1.048 I 

4f core 4f ro 
'-0 

T (° K) -50° -21° -30 310° 
I 

c 
(l/r3) ao-3 (Bleaney) 4.44 5.06 5.64 6.18 6.72 . 7.28 7.89 . 

.; Element ( +3) 65Tb 66Dy 67Ho 68Er .. 69Tm 7oYh 

gJ. J(J+l) 9.72 10.6 10.6 9-58. 7.56 4.54 

geff· 9-70 10.5. 10.42 9-50 7-52. 4.53 

(l/r3) a0-3 (Lind.) 8.03 8.74 9-50 10.32 11.20 12.18 
. 3 3 

_ (1/r) a0- (F.W~) 10:34 12.01 13.83 

(A4f + Acore)/A4f 0.932 0.970 0.979 0.984 0.988 0.990 

T (° K) 
c 

237° 154° 87° 47° 20° -50 

(l/r3) - -3 
ao (Bleaney) 8.53 9.20 9-91 10.60 ll.6i 12.50 . 
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where e1 is the screening constant and varies from 34.6 to 35.9.for the 

rare earths, a0 is the first Bohr radi.us, · n and .1 are electronic 

quantum numbers~ and Z is the nuclear charge. Now,· since the fine 

structure constant s(ri) is proportional to (1/r) dV/dr and since 

V in a hydrogen-like a}om varies as ljr, a simple relationship exists 

between (r-3) and ~(r. ). From experimental splittings, therefore, 
~ ' . 32 

Bleaney derived the empirical formula, 

(65) 

Ridley later performed Hartree self-consistent-field (SCF} cal-

culation~ ·for Pr+3 and Tffi+3.33 These gave good agreement with the 

hydrogenic spin-orbit splitting constant, but quite poor agreeme~t on 

Slater integrals and (r -3). 

Cabezas and Lindgren subsequently refined the approach by using 

a modified hydrogenic radial eigenfunction, 

' (66) 

with N a normalization term and a and · K empirical const~ts. 34 
The constant K was varied to give the best fit with the Ridley SCF 

radial wave func_tion,. which is substantially wider (more diffuse) than 

the hydrogenic _orbital. Although the constant. ~. cou~d be similarly · 

evaluated, it was thought wiser to determine tJ;lis from the fine structure 
constant. ' 

(r·-3). Soon after, Judd and Lindgren gave values of for rare 

earth atoms and ions using a constant value of K = 0.42 in the radial 

function. 30 Lindgren slightly improved this procedure by allowing K 

to vary from 0.420 to 0.396 in order to best fit the known and interpolafed 

SCF funtions.35 

. ' 
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More recent work has been done bi Freeman.and Watson using 
. 36 

Hartree-Fock eigen.functions. However, these results may be incon-

sistent in that exchange terms were included in the calculation of 

the wave functions but neglected irr the calculation of the fine structure 

constant. The latter may be in error by as much as 30%. 

The Lindgren and Freeman and Watson values for <r -3.) in triply 

ionized .rare earths are summarized in rows 4 and 5 of Table II. 

Several experimental results for absolute values of nuclear 

magnetic moments in rare earths have been cited by Bleaney. 31 Com~ 
bining these with hyperfine interaction data and Judd-Lindgren atom

ion radi1.::.:: ratios, and correcting for core polarization, Bleaney de-
. 7. 

duced (r- .. :.-) for Nd, Er, Tm, and Yb. Interpolation through the •:.~:" c~ ,.:~· 

experimental points gives a preliminary es~imate of (r-3) 9ver the rare 

earth series. Bleaney's interpolated values for the ions are given in 

column 8, Table II. Fig. 2 illustrates_that the interpolated curve starts 

quite near the Freeman-Watson values for the lower rare earths, but de

creases toward the Lindgren results at the upper end of the series. 

(3) Core polarization. A further alteration in the paramagnetic 

correction term, ~' is due to the spin'polarization of electrons in 

closed shells. In the atoms this is negligible, but in the rare earth 

ions the electronic charge would be expected to exert a slight polariza

tion upon the core electron spin density. An unpaired s-electron spin 

contribution would impose a particularly strong field at the nucleun 

through the Fermi contact term. A 1\;2 electron may also contribute 

.a smaller amount. 

To estimate this effect one may compare atomic and ionic hyper

fine interactio~s in Eu and Eu+
2 

both of which exhibit an electronic 
. 7 
4f 8s

7
; 2 configuration. Two measurements of nuclear and electronic 

moments and hyperfine interaction· constants in atoms and ions make this 
8 ' 

study feasible. Sandars and Woodgate3 with a triple resonance atomic 

beam (6MJ = O, 6MI·= ± 1), determine these ·quantities for Eul5l and Eul53. 

Baker and Williams deduce the same quantities for Eu+2 in a CaF2 lattice · 

by e.p.r. and endor measurements.39 

/ 
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Fig. 2. Variation of (r-J) in the rare earth series. The dashed 
line represents Bleaney's interpolated values. 
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Both determinations yield a finite hyperfine interaction term 

and an anomaly between the ratio of·nuclear magnetic moments and hyper-
151 . i53 fine interaction constants for Eu and Eu . The finite hyperfine 

term indicates, in part, a slight bTeakdown of Russell-Saunders coupling. 

The anomaly in ratios is explained by Bohr and Weisskopf as due to the 

effect of minutely different nuclear charge distributions upon the un-
40 

paired s or p
1

/ 2 spin density ~ithin the nucleus. T~us, there are / 

clearly internal fields due to both unfilled f shells and the cores. 

From the data Bleaney deduced an empirical expression for the 

hyperfine interaction constant due to only the core,3l 

(67) 

Utilizing this correction upon experimental hyperfine interaction_re

sults, Bleaney ·calculated :r:atios of (r-?)'for atoms and ions. These give 

qualitative agreement with the Judd-Lindgren theoretical results. 

To incorporate the core:.'correction into f3, .one may substitute 

·an effective (r-3) due to all the electrons, 

(68) 

where A is the hyperfine interaction constant. These correction terms~ 

where experimental evidence is available, have been calculated by· 

Bleaney and are ·indicated in row 6, .Table II. 

(4) Cooperative effects in metals. An important consideration 

for the paramagnetic correction in metals is the existence of a Weiss 

field which contributes to the paramagnetic.susceptibility and thus to 
the internal field. 

Classically the paramagnetic susceptibility is just the total 

magnetization M =. N~\t (cos: e) divided by the composite field Htot. = 

= Hext + He' where J-1..1 is the atomic magnetic moment, . N the number of · 

atoms, (cos e) the expectation value of the inclination of J-1. from H t' ex v 
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and He the Weiss field. 

(cos e) is approximated by 

tibility is
41 

-34-

At high temperatures where ~H << kT, 

~Htot./3kT. Thus the resultant suscep-

·c. -T ( 69) 

Making use of the fact that the Weiss field is a cooper~tive effect and 

proportional to the magnetization, 

to the external field 

X= M c -- T-Tc. 

H = AM, we find the susceptibility 
c 

(70) 

where T '= A.C 
c 

is the paramagnetic Curie temperature. This form must 

now be substituted into·Eq. (62) to tabulate ·~ for the rare earth 

metals. 

The paramagnetic Curie temperat\,l.re has been determined .. experi

mentally from susceptibility measurements for most of the rare earth 
. 42 

metals. These values are given in row 7, Table II .. 

e. Summary 

It :i,s apparent that the paramagnetic correction entails a good ·· 

deal of uncertainty. It does at the same time, however, present an 

experimental handle for investigating these uncertainties when the 

nuclear magnetic moment is known. 

In the application of the paramagnetic correction to perturbed 

angular correlation, we find the additional complication of possible 

electronic reorientation during the lifetime of the nuclear state. As 

the entire formalism of paramagnetic corrections rests upon the assump

tion of a rapid attainment of equilibrium by the electrons, some mention 

should be made of theoretical and experimental data on this phenomenon. 

Two independent mechanisms may cause perturbations. In K

capture or internal.conversion, a hole is created in an inner shell. 

/' 

... 



,. 

\ 

·. 
-35-

For the rare earths, this hole moves through inner shells mainly by 

radiative procef:!Ses a:nd through outer shells by emission of Auger elec

trons. The latter creates more holes which likewise move outward from 
;..14. 

the nucleus. The time durat.ion of this has been estimated as 10 -

10-l5 sec. 11 The line-width of the x-rays alone indicates a lifetime of 
-16 26 . of 1-2 X 10 sec. Thls mechanism, therefore, probably has no effect 

upon angular correlation. 

The excitation of the outer shell, from the accumulation of holes 

. described above, or from the sudden change in Z through the emission 

of a ~- particle, decays in a metal by pick-up of readily available elec

trons from the conduction band, or in s·olution by random collisions with 

surrounding atoms. In the metal, equilibrium is attained rapidly. For 

the case in solution,, Abragam and Pound define a correlation time, or 

e~ectronic relaxation time, which contributes a time-dependent pe~turba

tion to the angular correlation by disturbing ~uclear orientations. 12 

For a very short relaxation time, the nucleus cannot follow the rapid 

electronic motion, and sees an average field (d~scribed by the paramag-

·.netic correction). TyPically small time-dependent perturbations in the 
-12 -14 rare earths, show a relaxation time of the order of 10 - 10 sec 

. 1 t: 43 at room temperature ln so u lOn. 

Thus, throughout this work, where time-dependent perturbations 

in solution are negligible, we will assume that the electronic shells 

take up the configuration of the daughter element in nuclear decay in 

a time::short compared to the nuclear lifetime; and that electronic re_, 

laxation is fast enough to permit thermal averaging. 

A summary of expected values at room temperature for Lindgren, 

(r -3) Freeman and Watson, and Bleaney values of is presented in Table III. 

/ 
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Table III. Values of the paramagnetic correction term ~ 
_for different evaluations,o:f (l/r3). 

r· 

Element (+3) Bleaney (interpolated) Lindgren Freeman-Wa ts.on 
·, 

58ce 1.42 1.34 1.43 
f 

59Pr '2.00 L84 2.06 
/ 

6oNd 2.25 2.08 2.06 

61Pm 1.92 1.81 . ' 

62Sm 1.16 1.14 1.18 

... ··----
63Eu 0.52 0.56 

' -

64Ga 1.23 1.21 1.26 

65Tb' 3-57 3.42 .. 
·. 

66Dy 6.02' 5-77 6.60 

-· 6-(Io 7.24 6.98 ·. 

68Er 6.82 6.67 7.60 

69Tm Q. 5.08 4.94 

70Yb 2.58 2.54 2.75 

. ' 
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III. APPARATUS. 

A. Introduction 

The angular correlation function points. out-the possibility for 

. measuring the Larmor frequency by two different experimental meth_ods: 

the differential. method, in which the resolving time of the apparatus is 

small compared to the mean life of the intermediate state; and the inte-
'' 

gral method in which it is quite large. The applicability of either ; ·~: 

method depends to a great extend upon the specific isotope to be investi

gated . 

In the integral method, the ent~re angular dependence pattern 

is determined with and without a magnetic field perpendicular to the 

plane of the counters. The perturbed correlation is attenuated and ro

tated through an angle ~e. Minimizing the error by solving 

- (1) 

one finds the optimum rotation is ~e = 22.5° corresponding to ~T = 0.5. 

Even if'this condition can be met, an experimental accuracy of 1% in 

·~ leads to an error of 8% in ~T· For a typical unperturbed aniso

'tropy of 15%, this requires a total of 4oo,ooo coincidences. A further.:

inadequacy of the integral method stems from the presence of electric 

field gradient perturbations and·background anisotropies. The former 

can cause attenuati.on of the correlation pattern beyond that from Larmer 

precession. An·axially symmetrical electric field gradient, for.example, 

rotates magnetic substates clockwise and counter-clockwise with equal 
2 ' 

probability. Background anisotropy, from Compton edges and overlapping 

peaks, usually will not be rotated by a magnetic field, and, unless cor

rected for, .will give an unsymmetric correlation pattern. In addition, 

for very large ~ T, the anisotropy is smeared out; cenough to inake this 

method useless. 

/ 
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In spite of the difficulties, however, the integral method has 

been used extensively, especially where. (·~ -r is quite small. 

When ~-r :::_ n/4, that is when one. precession of the nucleus 

occurs within four nuclear lifetimes, the differential method become-s 

valuable .. This method has been conceived and developed since 1961, and 

has already been used to measure at least nine excited-state moments. 

Experimentally this involves a measurement of coincidence rate, / 

in a magnetic field, as a function of time. For a pure P2 (cos e) dis-. 

tribution, one observes superimposed on the intermediate state· decay 

curve, a sine wave of frequency 2roL and ampl:ttude equal to the aniso

tropy. The effect can be doubled by performing a field up-field down 

experim~nt With the counters.at 45° or 135° to one another. In this 

case division by the decay curve gives the normalized function_ 

l w ( 9, t >+ ~ w ( & • t)- = 

·. w(e_,t)+ + w (eJ t) _ 
(2) 

where the plus and minus subscripts denote the direction of the magnetic 

. field. 

In practi.ce, Eq. (2) must be integrated over the resolving time 

of the apparatus. Hrynldewicz has shown that this correction lowers 
. . 44 

the amplitude and changes the phase, but does not affect the frequency .. ,. 

The great advantage of the differential method lies in the pos

sibility of measuring large ~-r values by fitting a sine curve over :~: .. ; 

many cycles. Background corrections are usually unnecessary, and suf

ficient statistics can be collected in a fraction of the time required. 

for the integral method. 

The experimental apparatus for both the integral and differential 
methods has been constructed. Two distinct experimental arrangements have 

been employed: an earlier model using vacuum-tube electronics and a 

later transistorized version. 

. . ' 

... . ~ .. 
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The recent upswing in the use of transistorized electronics and 

the availability of 12 V and 24 V power ~upplies at this laboratory have 

prompted this change. The advantages of transistor' circuitry-in9ensitivity 

to thermal gradients, gain stability, low powe;r req~irements, and compact 
' . 

size-justify the effort in constructing the ,apparatus. 

The preliminary designs for much of the transistor circuitry have ... 
been modelled.after those of.the Bodenstedt angul~.r correlation group 1 

at the University of Hamburg. Semi-empirical methods employed here have 

optimized the circuitry for the particular experimental requirements. 

Coupling schemes for the circuits with the best pulse shape and time 
I 

resolution characteristics .will be given in the .text . 

While this circuitry has proved more dependable and given better 

data, the time spent on the older system and the use of some data from 

it, require also a brief description of the vacuum tube electronics. 

B. Integral Method 

1. Introduction 

The system used for integral angular correlation is the ".fast

slow" coincidence circuit. This consists of an energy dependent phase, 

which selects the desired transitions in the decay scheme, and a time 

· sensitive portion, which accurately defines the resolving time. The 

two distinct divisions are coordinated to give the total experimental 

coincidence spectrum. Figure 3 illustrates a block diagram. 

2. Detectors 

The detectors are positioned on the periphery of a circular 

aluminum table, ·facing toward the exact center where the sample is 

mounted. Specially made aluminum mountings allow the angular position 
of the counters and their distance from the source to be adjusted. 

Cylinarical Nai(Tl) scintillation crystals are used in all 

experiments. At first two in. and three in. Harshaw.crystals integrally 

mounted on ten-stage photomultiplier tubes (Dumont 6292) were used. 

These had energy resolutions (full width at half maximum) of better than 9%. 
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In later experiments, strong magnetic fields necessitated the 

use of 12 in. light pipes between the crystal and the photomultiplier. 

For high energy transitions. lucite light guides have proven satisfactory. 

For low energy radiation, where Nai(Tl) crystal time resolutiqn char

acteristics are already unfavorable 1 quartz light pipes have been neces

sary in order to avoid further time uncertainties. Relatively bubble

free,.qua:ttz, purchased from the Harshaw Co. of Cleveland, 0., has been 

shaped into 12 in. cylinders of 1-1/2 in. di~eter and carefully .pol

ished at this laboratory. These contribute negligible time uncertainty. 

The crystals and light pipes are optically sealed onto RCA 68lOA 

or Amperex 56AVP tubes using Dow-Corning C-2-0057 silicone grease com-

pound and black electrical ·tape. The tubes are further magnetically 

shielded with a mu-metal cylinder and two cold-rolled iron pipes con

centrically placed. With this shielding, the gain shift of the photo

multipliers in the. maximum·,magnetic field attainable in this system 

amounts to less than -0.5%. 

Operational high voltages on the tubes range around 1~6-1.9 kV 

for the 68lOA tubes and 2.2-2.6 kV for the 56AVP tubes. 

3. Fast Coincidence Components 

a. Vacuum tube version 

Th~ fast, time-sensitive pulses are taken off the fourteenth 

dynode, routed through a standard pre-amplifier available atthis labora

tory, and fed into Hewlett Packard wide band amplifiers. .The latter 

have time uncertainties measured at less than 0.5 n~ec. The intervening 

125 n cable is kept as short as.possible (< 10 ft) and plugged directly 

into the photomultiplier tube base with no unnecessary connectors or 

joints. This effectively eliminates spurious bursts of pulses. 
' 

Two wide band amplifiers at maximum gain are generally enough to 

increase the fast 'pulse beyond .the 4 v threshold of the coincidence unit. 

Delays into the fast coincidence unit are matched using suitable lengths 

of 200 n cable (RG 63/U) which introduce one nsec del~y per foot of cable. 

/ 
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The coincidence selection is performed by a two pentode 6BN6 

circuit. To reduce slight threshold and,. baseline shifts, a ground copper 

shield has been inserted between the pentodes,·and all leads are carefully 

shielded fro:pt one another. Time resolution is. achieved by clipping. the 

pulses with a variable length 125 n cable .. For all experiments per

formed usi~g this. apparatus, a resolving time ~f 2T0 = 18 nsec has given 

·' 

sufficiently_h~gh coincidence rate and true-to-chance ratio. / 

b. ·· Transistori~ed version 

Although the tran9istor circuitry was designed primarily for 

differential angular correlation, it has been readily adaptable to the 

.... ---- integral method by simply using the time-to-height converter as a fast 

coincidence unit. The input requirements of the latter, a square 6 V 

negative pulse, therefore dictate the pulse criteria o~ the fast out

put pre-amplifier. 

This pre-amplifier'-essentially performs two functions: the low

level limiting of. the fourteenth dynode output pulse to approximately 

equalize the rise·time of the high and low energy pulses; and the ampli

fication of the limited-pulse. The circuit for this is laid out on a 

circular card which, along with the voltage divider and slow-output pre

amplifier, fits into a cylindrical aluminum can directly behind the 

photomultipli~r tube·. 

The circuit diagrams for the voltage divider used with the 

56AVP tube and the fast output lfmiter are given in Figs. 4 and 5. 
The time-to~height converter will be described below . 

. 4. · Energy Selection Components 

a. Vacuwm~tube version 

The energy sensitive pulse from one detector is taken off the. 

tenth dynode of the photomultiplier tube. After being inverted and 

suitably shaped, it passes through five feet of 52 n (RG·J8/U) cable ·] .. 

into the ~:!,ngle channel analyzer of a Victoreen DD2_ linear amplifier. 
. . , 

Pulse height ~nd the width of the gate are set by examining the self 

,f 

coincidence spectrum orr the display of a pulse. height analyzer. Counting 
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rate is monitored by a three cycle decade scaler in order to insure 

suitable geometry corrections for the moveable counte~. 

The single channel analyzer gates and.the standard 20 V fast 

coincidence unit output pulses are fed into a transistorized slow 

coincidence unit. A variable delay and gate matches the fast coinci-

dence output to the 15. ~sec delay of the pulse height selector. 

widths are adjusted to be approximately equal. 

Gate 

From the non-moveable counter, a slow output pulse is routed 

through a separate DD2 line.ar amplifier. and into a 100-~hannel· (Pence) 

.or 400-Channe~ (RIDL) pulse height analyzer triggered by the slow coin

cidence output. Because of the delay introduced by the single channel 

analyzer,.l.2 ).lsec delay is inserted inthe display pulse using 14ft 

of 200.0 n (RG 176/U) cable. The resultant pulse is driven by a cathode 

follower through 15 ft of 52 n cable and into the pulse height analyzer. 

The coincidence ra~e is determined by integrating the number of 

counts contained under the desired peak in the sp~ctrum. The performance 

of the apparatus is periodically checked by investigating the knovm 

Ni
60 

angular correlation. The decay scheme and e~erimental angular 

correlation spectrum is shown in Fig. 6. Our corrected value of 

A2 = 0.097 ± 0.010, A4 = 0.000 ± 0.01 agrees within experimental error 

with other experimenters. 

b. Transistorized version 

In the transistorized apparatus amplification of slow pulses and 

the matching of the fast coincidence pulses with the energy sensitive 

pulses are performed by a Cosmic multipie coincidence unit, model SOL 

This tmit accomplishes the energy selection, and in its most sensitive 

setting can give a coincidence resolving time of about 4o nsec. Variable 

delays of up do 700 nsec can be switched in, and as marly as four different 
coincidence conditions may be met simultaneously. 

The circuitry of the amplifier associated with this unit, a Qosmic 

double-delay-line clipped linear amplifier, model 901, requires an input 

pulse of rise time less than 0.5 ).lsec and a decay time of approximately 

I 
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100 IJ.Sec. To satisfy this condition, we,achieve best results taking 

the slow pulse from the.fifth dynode of a 56AVP tube and amplifying 

with the coupling scheme s~own in Fig. 7, a standard LRL (llX 26708-1)' 

pre-amplifier. 

C. Differential Method 

The differential method involves converting the time delay be

tween two pulses to a voltage and displaying it on a pulse height 

analyzer. A time-to-height converter with inherent resolution of 0.5 
. 45 

nsec has .been designed and built by Donald Wieber at this laboratory, 

and has proved adequate for angular correlation experiments using the 

vacuum electronics. 

The "fast" circuitry is essentially the same as in the integral 

method, with the time-to-height converter substituting for the fast 

coincidence unit. At this.,point the output pulses from the wide-band 

amplifiers pass through discriminators and shapers: and into the time

to-height converter~ The pulse from the first transition in the gamma 

cascade, or the "start" pulse, triggers a constant current onto a fixed 

integrating capacitor. After time t the "stop" pulse opens the 

capacitor circuit. The charge build-up on the capacitor represents a 

voltage, V = (I/C)t, directly proportional to the time delay; This is 

then amplified and passed into a RIDL 400-channel analyzer. Figure 8 

shows a diagram of the system. 

At the extremely high singles rates necessary for good coinci

~ence statistics (> 500~000 cpm), base line shift in this time-to-height 

converter causes appreciable time jitter .. · The input has therefore been 

modified to include a fast coincidence circuit on the start side. The 

original start pulse is delayed 80 nsec to guarantee tnat it will be 

the one to trigger the fast coinci.dence output and accordingly the 

~~start" circuit of the time-to-height converter. A plock diagram of 

the modifie'd system is shown in Fig. 9. 

j 

I 
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All delays are inserted with variable delay boxes and 125 n 
(10 in./1 nsec) cable. Prompt stop pulses are delayed at least 4 nsec 

from start pulses to insure a properly shaped decay curve. 

Both 68lOA and 56AVP photomultipliers give a resolution of 

·about 3.8 nsec for 22 "t the Na pos~ ron annihilation radiation, the limiting 

factor in the resolution bei~g the scintillation crystal and the 12 in. 

.{ 

light guides.. 1 

On the energy-sensitive side of the sy.stem, the only difference 

from the integral method is that now both start and stop pulses are 

single channel analyzed and passed through a transistorized coincidence ... 
unit. The output of the latter triggers the pulse height analyzer. 

The apparatus is calibrated by delaying the stop pulses in Na22 

with various lengths of time-calibrated 125 n cable. The linearity 

remains well within experimental error at delays as great as 48 nsec. 

A double check on the perf6rmance of the apparatus has been made by 

differentially measuring the known g-factor of the 482 keV level in 

Ta181 .. Applying a magnetic field of 30,000 ± 300 G, and observing the 

time-dependent anisotropy of the 133 keV-482 keV ~oincident cascade, 

we obtain a value of g = 1.15 ± 0, 20, within experimental error· of 

previously determined values. 

The time-to-height converter associated with the transistorized.

pre-amplifiers operates on the overlap principle. The 6 V negative 

square pulses from the limiter are clipped to the desired length by a 

125 n cable shorted.to ground at one end. These pulses are then added 

algebraically, and a sensitively biased transistor passes current only 

during the period of overlap. An integrating capacitor then discharges 

a pulse of height proportional to the width of the overlap. This pulse 

is amplified and fed directly into a multi-channel analyzer gatedby 
energy sensitive coincidences. 

Necessary delays in the input pulses are supplied by 125 n cables. 

If the second transition in the cascade is delayed with respect to the 

first, the spectrum on the pulse height analyzer will exhibit time delay 

increasing from high energy to low energy. 
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The only advantage of this time-to-height converter over the 

Wieber model is that higher counting rates are possible. Resolution 

and dependability are about the same. The circuit diagram is shown in 

Fig. 10. 

D. Magnet 

The magnet used in all experiments is a water~cooled 2/3 ohm 

iron-core "C" magnet, designed at this laboratory, and built by Pacific 

Electric Motor Co. (and dubbed "Caesar"). Elipsoidal pole pieces (7% 

cobalt, 93% iron) with an air gap of 3/4 in. give a maximum magnetic 

field of 30.0 ± 0.3 kG. An additional set of pole tips vnth flat faces 

l/2 in~ in diameter and an air gap of l/2 in. allows a maximum field of 

42 . 0 ± 0. 2 kG. 

A hole parallel to the magnetic field through the exact center 

of the solenoid and the upper pole tip permits insertion of dewars for 

low temperature experiments. The hole measures 3/4 in. diameter in 

the pole piece and 2 in. to the top of the magnet. A slight indenta

tion in the lower pole piece gives a smaller field gradient along the 

axis. This gradient, at maximum field, is approximately 1.5 kG from 

the magnet axis to the edge of the hole (3/8 in.), with a minimum along 

the axis. 

For improved magnetic shielding of the photomultipliers, a solid 

iron block 4 in. thick has. been secured to the open side of the "err 

magnet. This attenuates the stray field by a factor of about,20 at 

the photomultiplier tube .faces. 

A photograph of the apparatus, with low temperature dewars in 

place, is included. 
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Fig. 10. Circuit diagram of overlap time-to-height converter. 
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IV. EXPERIMENTAL PROCEDURES 

A. Optimization of Coincidence Rate 

In any coincidence experiment:,. a compromise must be reached 

between a desirably fast accumulation of data and a small ratio of 

chano.e, or accidental, coincidences to true events. Optimization .is · 

customarily achieved by an empirical variati6n of source strengthand 

resolving time of the apparatus. 

To appreciate the importance of these qualities, consider the . 

simplified decay a(~1 ) b(~2 ) c, where all nuclear disintegrations fol

low the same cascading route. In an approximately isotropic case, the 

true coincidence rate will be,the rate of disintegrations N, times the 

efficiency of the counters for the gamma energies of interest E, times 

the fractional solid angle n. 

(l) 

For'purely random coincidences, the counting rate is approximated 

by the product of the average fraction of the time during which the gate 

is open due to ~l' and the experimental counting rate of ~2 , or 

r~\'\aom c.o in c.i de.. VI c.e. l"'at e. = [l\1 €:., J)_, 'l"o·J E: ,_ 11.). N (2) 

where TO is the resolving time. 

The true.;to-chance ratio, therefore, is proportional to l/NT0 , 

and independent of counter efficiencies and geometry. 

When many comp~ting transitions exist in a nuclear decay, the 

value of N becomes effectively larger, and a weaker source must be 

used. For this reason, each isotope investigated by coincidence method~ 

has a characteristic optimum strength. A very rough rule-of-thumb em

ployed in this work states that for a resolving time of the order of 

20 nsec and a total sample decay of the order of l MeV, a sample strength 

of 15 mR/1 in. gives a true-to-chance ratio of about 10:1. 
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B. Corrections to Data 

1. Peak Shifts. 

In the integral method, the total coincidence spectrumis dis

played on a suitably gated pulse height analyzer. Peak shifts of up t'o 

one channel or about 0. 5 keV have been obse.rved and corrected for. 

Since,· for a: given time resolution, higher peak position would 

give a wider peak, the correction factor used is 

(3) 

where D.E/E is the fractional energy shift and C d ./C the ratio of 
a.J p 

average number of counts in channels adjacent to the peak and channels 

in the peak. 

2. Solid Angle 

Solid angle corrections are made following the treatment of 

Rose, such that a correction term ~ is inserted in the angular 
. 46 

correlation functlon: 

2: Ale Ok" pk (eos e). 
k 

( 4) 

2 a~~ 
~ is a function of geometrical solidAand absorption coefficients. In 

a typical case of 2 in. diameter scintillators at a distance of 7: em 

f N · 
60 . o~ o 905 T bl f 1· d 1 ti · rom a l source, ""'2 = • • a es .o so l ang e correc ons as 

a function of crystal thickness, distanc·e from source, and gamma energies 

have been tabulated by Yates. 47 

3. Singles Rate 

A constant monitoring of the singles rate in the mbveable counter 

allows correction for both decay of short-lived samples and geometrical 

differences in counter placement. In all integral experiments, results 

are expressed as coincidences/singles .. 

/ 
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4. Background 

Probably the largest single correction in the integral method 

results from background. Incorrect treatment of background can lead 

to mistaken anisotropies and·drastically wrong angles of rotation of a 

correlation pattern. 

Since· the anisotropy of the background can give misleading re

sults for rotation measurements, its sign and magnitude must be care

fully analyzed by studying the three or more channels on either side 

of the peak. Weighing the background in accordance wi-th peak-to-hack

ground ratio, one may subtract a correction te~m for each point in the 

.. --- experimental angular correlation curve. 

To minimize the effect of background, only those peak channels 

above half maximum are counted in the true coin.cidence rate. Purely 

chance events in the peak may be estimated by observing coincidence rates 
l 

at very large delays. 

In the differential method, background can be estimated from the 

flat portion of the decay curve at large delays. Its ef~ect is a damping 

of the apparent anisotropy. S~btraction of the flat background from the 

experimental curve gives the true decay curve. 

5. · Prompt Coincidences and Resolution 

In all experiments performed using the differential time-to

height .conversion, the finite resolving time of the apparatus- at ten"'·'' .. 

uates and smears out fine structure, and more important, distorts the 

very early portions of the decay curve. The cause of the distortion is 

the fact that an ideal decay curvej with no-counts before time zero on 

the time delay scale must be integrated over a resolution which includes 

both positive and pegative time uncertainties. At small delays, there~ 
fore, unsymmetric corrections for resolution give sharp distortion. 

To give quantitative basis to this effect, we can fairly closely 

approximate the resolution of the apparatus for a typical case by an 

exponential curve symmetric with respect to both 'negative and positive 

delay. Integrating the ideal curve over the resolution, we find for 

the experimentally expected result: 
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(5). 

In both equations 
-A.t' 

e ~s the true decay curve for infinitely good 

resolution, with A., the decay constant of the in~ermediate state, and 

A.
0 

is the decay constant representing the prompt resolution curve. 

Performing the integrations and adding the terms, we find 

-A.t 
ol. c e. 

I ( 6) 

where c1 and c2 are both positive constants .. From this it is 

apparent that for good resolution (large A.0 ) the. decay curve. approaches 
. . ' -A.t 

the true time dependence, c1 e , and that at lower delays, the second 

term depresses the observed decay by a relatively. lar.ger amount. 

The sinusoidal variation of perturbed angular correlation is 

amenable to similar treatment, as 

R(t.) oc' ft. A $lV1 t.Ut' e -~o(t-t') dt' tor t' < t. 
lJ 

R (t) ~ S~ A 
t 

I - A ( t.'- t) I 

s1n ,~t e .. ·J.t tor 1:. 
1 

> t .J (7) 

where R(t) is the experimentally observed depend~nce of the normalized 

difference in field up and field down measurements, and A sin mt is the 

sine wave expected for angular correlations with no terms higher. than 

p2 (cos e). 

Performing the integration we find: 

R(t) ~ 
- f:/T 

s i Vl t..Jt -+ e. (8) 

/ 
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where T and T0 
are the period of nuclear precession and the full 

width at half maximum of the prompt decay cur~e respectively. Thus the 

effect of the. finite resolution is to give an anomalously high amplitude 

at lower time delays (in addition to overall attenuation of the aniso

tropy). The .effect of the distortion for T/ 1:0 = lJ 2) and oo is 

shown in Fig. 11. 

Typically) in these experiments TO is of the order of 4-6 
nsec and T/T

0 
~ 4) so that the distortion is appreciable only at very 

small time delays. Thus) ignoring the points taken over the· first.2-3 

nsec enables a satisfactory fit of experimental data vdth a constant

amplitude sine wave. 

' '· 

/ 
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prompt resolution of time-to-height converter. 



r 

.. 

-61-

v. Ce:)..40 

A. Introduction 

The first requisite for performing a.:perturbed angular correla

tion measurement is a suitably long lifetime for the intermediate nuclear 

state in a cascade: It is doubly fortunate that such a lifetime exi~ts 
. 140 

for the 2084 keV level of Ce , a nucleus with significant properties / 

both in nuclear decay systematics and internal field considerations. 

ce140 occurs in a region of small nuclear deformatio~ •nth a 

closed shell of 82 neutrons and a partially filled shell of 58 protons. 

Although the general ·systematics of this .region have been reported in 

detail, only recently; with the adoption of the quasi-particle formalism, 

has quantitative theoretical treatment become possible. 

Scharff-Goldhaber and Weneser showed in 1955 that in even-even 

nuclei with neutron number\36 < N < 88, the ratio of ~nergies of the 
- - . 48 

second and first excited states is about 2:1. As these energies 

.usually appear too low to be considered single particle excitations, 

and as rotational levels would give a ratio of.about 10:3,. the excita

tions were attributed to vibrational phonons. 

This conclusion is substantiated empirically by the spin assign

ments of 2+ for the first excited states·, and 0+, 2+, or 4+, for the 

two~phonon level. In addition, E2 transitions from the first 2+ state 

occur from ten to fifty times faster than the single particle estimate,,· 

cross-over decays are rare, and Ml admixtur~s appear only negligibly for 

2+ ----~ 2+ transitions. All these characteristics fit the quadrupole 
4 . 

vibrational model. 9 

Later work with residual forces in the nucleus gave a slightly 

different description and readied the way for quasi-par·ticle mathe

matics. Lutsenko showed in 1963 that two nucleons with j > l will. 
. . ~ -

couple to I= 0+, 2+, 4+, ... (2J+l). In the limit of a short range 

pairing force, I= 0+ occurs most'favorably, correspondingly lowering 

the ground state with respect to the degenerate [2+, 4+, ... (2j+l)] 

j.'. 
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level. This accounts for the large energy gap in spherical nuclei. As· 

the de~iation from spherical symmetry in~reases; a long-range quadrupole 

force becomes important. This force acts primari~y on the 2+ level, 

which it lowers into·the energy gap. It can ~e seen qualitatively that 

the energy of the 2+ excited state decreases with deformation in this 

region to the point at N = 88 where pure rotational bands appear~ 

Kisslinger and Sorensen adopted quasi-parttcle eigenfunctions 

to diagonalize the short-range pairing Hamiltonian and included the long-
. 23 

range force as a perturbation. The resultant mathematics allow a 

quantitative prediction of the energy of the primarily collective 2+ first 

excited state and,.from the single particle eigenfunctions, the first 

few quasi-particle levels. 
140 . 

The decay scheme of Ce may ~llustrate many of the character- · 

istics mentioned here. In view of the present importance of accurate 

energy designations in thi6 region, and the availabil~ty of high reso

lution lithium-drifted germanium counters Ge(Li) at this laboratory, 

a preliminary study of the decay scheme has been made. The peaks ob

served in this work are compared in Table IV with the work of earlier 

experimenters using electron spectroscopy and pair spectrometry tech

niques. A tentative decay scheme, based in part upon relative intensi

ties and coincidence work,.is proposed in Fig. 12. The spin assignments 

are deduced from previous unperturbed angular correlation work. 

Several features deserve mention: 

(1) The level at 1597.keV is the 2+ collective vibration pre-

dieted by Kisslinger and Sorensen. Its lifetime has been measured as 

( + ) -13 6 1.10 .... 0.15 . X 10 sec, about 1 times shorter than the single 
. - 51 particle estimate. . 

(2) The 0+ level 

Conversion electrons for 

(3) The state at 

at 1902 keV decays through an,EO mechanism. 
the tra~sition to ground have been observed.52 

2084 keV has energy of the order of single 

particle excitations, and in the Kisslinger an~ Sorensen notation is a 

two quasi-particle state. Its decay to the 2+ state shows a nuclear mean 

life of (4.97 ± 0.09) X 10-9 sec, a retardation by-a factor of 17 from 

the single particle estimate.53 

.... J. 
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Table IV. Peaks observed in Ce140 in this experiment (Ge(Li)) ·and by previous work. 
Energies are in keV. Errors in the Ge(Li) experiment are ± 1.0 keV. 

Ge(Li) Ref. 54 Ref. ·55 Ref. 52 Ref. 56 Ref. 57 Ref. 58 Ref. 59 Ref. 6o Ref . 61 
... 

... 

109 110.4 110 
121 130.7 130 
172 ~ 173.0 

241.4 240 
268 265.4 270. 
329 328.6 328 :323 .328 
432.8 431.3 

.. 434 435 
487 486.4 lf85 491 
573 I 

643 635 &' 
751 751.8 748 753 I 

815 815.8 815. 815 818 
868 868 868 874 
924 926 923 927 

1496 
1596 1597- ··l6oO 1600 1597 1598 

1904 1902 1909 1900 
2350 2350 2343 2373 2355 
2522 2525 2550 2500 2515 2530 -- 2535 2530 

2910 2900 3000 2890 . 2915 2890. . 2900 
3110 3100 3100 

,3250 
3380. 
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MU-34780 

140 
Fig. 12. Proposed decay scheme of La Parentheses and dashed 

lines indicate features which are strongly indicated but have 
not been conclusively proved. ~-decay branching amplitudes 
are taken from Simons. 0 l 

"' 



r 

-65-

(4) The states around 3300 keV appear at approximately twice 

~h~ ~nergy of the 2+ first excited state,, and may. be ·two-phonon quadru

pole-vibration levels. We have looked carefully for the high energy 

transitions with a 3 in. X 3 in. Nai(Tl) crystal detector and found 

strong indic~tion of two of the peaks.· The high energy spectrum is 

shown in Fig. 12a. We have measured the magnetic moment of the 2084 

keV level by observation of the perturbation of a perpendicular magnetic 

field upon the 329 keV-487 keV angular correlation. Internal field am-
. . . . ~ 

biguities are fortunately negated by the fact that Ce is stable and 

not paramagnetic. Thus, the effective field equals the applied field. 

Further information has come from this work in performing the 

same measurement upon Ce+3 in lanthanum metal. The enhancement of the 

internal field allows the evaluation of the paramagnetic· correction ~. 

As indicated_above, the uncertainty in the theoretical basis for pre

dicting ~ is greatest for .the lower rare· earthp. This is, therefore, 

a particularly important case. 

B. Experimental Procedure and Results 

1. Sample Preparation 

Throughout this work sample preparation has been handled in an 

unchanging fashion. 

About 20 mg of powdered La2o
3 

is seal~~~ in a quartz capsule 

1 in. long and 4 mm in diameter, and irradiated for 6-10 h in a flux of: 
12 I 2 / . . 

1 X 10 neutrons em /sec at'the Livermore pool.type.reactor. The 

capsule, containing an activity of ~bout lR/in. of La
140 

is o~ened in a. 

dry box, and the powder dissolved in 3N HN0
3 

by gentle heating. Samples . 

for counting are made up by drawing two or three drops of solution into 

a spitzer and flame sealing the ends of the spitzer. The sample is shaken 

into the closed tip to approximate as ·closely as possible a point source. 

In preparing-metallic lanthanum samples, care must be taken to 

prevent surface oxidation. The metal is stored under toluene which has 

been dried,through contact with elemental sodium. Prior to irradiation, 

a 5-10 chunk is shaved off with a razor blade and sealed under argon in 

/ 
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Fig. l2a. High energy spectrum of La (3 in. x 3 in. Nai(Tl) 

detector). 
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a quartz capsule. Irradiation times are typically less than 10 min 
. ·~. 2. . 
at 1 X 10 neutrons/em /sec. The source. for counting is sealed under 

. . .. 

argon"in a gl~ss spitzer. 

· 2. Integral Angular Correlation Measurements 

a. Determination of anisotropy 

Integral measurements were performed using the vacuum tube ~P-
• I 

paratus with a resolving time of .18 nsec. ·The 487 keV radiation was 

gated in the moveable counter and the properly triggered coincidence 

spectrum displayed on a pulse height analyzer. The position of the 

gate and the desired peak channels is shown in Fig. 13 . 

... ·--__., The experimental anisotropy of about 6% between the 90° and 180° 

counts gives an uncorrected angular correlation function, 

w(e) = 1 ·- . (p. o"\ 1 :!: o. oo3) 1;_ ( c.Os e) . 1 (1)- ' 

the P4 coefficient being negligible. 

An analysis of the three channels on either side of the 329 keV 

peak shows an approximate anisotropy as large as in the peak and of 

opposite sign. As background comprises about 25% of the total counts 

· under the peak, the correction multiplies the experimental anisotropy 
2 2 2 

by a factor of (4/3) . Including the'solid angle correction·~= (0.94), 

we find 

A '= 
·~ 

o.o9s :t o. o3o. 

b. Magnetic moment measurement· 

(2) 

Perturbed integral measurements have been· carried out in fields 
I 

of 10.425 ± 0.075 kG and 27.970 ± 0.200 kG, with magnetic field calibra-, 
tions bein~ performed regu~arly. Preliminary counts on the liquid source 

were takenl with the detectors at succes$ive 40 deg intervals to one 
·~ 

another, for both magnetic field directions. Normalization for singles 
•I 

' 
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10 6 r--------------.---~----------,------------------,-~ 

329 keV ! 48~ keV 

I03L----------L----------~----------~--~ 
0 300 600 900 

Energy (keV) 

MU-34782 

Fig. 13. Singles spectrum of La
140 

(l in. x l-l/2 in. Nai(Tl) 
detector). Shaded portion indicates gate settings for 
angular correlation. 
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and comparison with the unperturbed angular correlation now gives a 
"· 

qualitative estimate of the rotation. From t~e field direction the sign 

of the magnetic moment can be deduced as positive, and we find the value 

g = l. These results for magnetic field up and down are shown in Fig. 14. 

It should be noticed that larger rotations give a smaller anisotropy.· 

Because an unrotated anisotropic background distorts these--·-

curves from a perfect Legendre polynomial shape, they cannot be directly 

used for an exact g-factor evaluation. Instead we utilize additive 

functional dependences of the perturbed and unperturbed anisotropies. 

The total correlation function becomes 

W. (e) 
!,kg 

Assuming that the backgro~nd comprises 25% of the peak for the. unperturbed 

case and has an equal magnitude and the opposite sign of anisotropy, we 

have for the integrated function 

-1 ) 'Where ·DE = (l/2) tan (~ '! • 

Coincidence rates for the two angles on the maximum slope portion 

of the curve rotated b,y a field of 10.425 kG have been measured with good 

statistical accuracy, giving 

Now, 

w<( us~ H) == tsl{ 101 

W (~ro: H) = IS'- 0'"/G, 

eliminating the term B
2 

by forming the ratio 

"W(~10°) _: W(115"j 
W (:;voo) + W (ItS") 

/ 
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Fig. 14. Unperturbed and perturbed angular cor4elation results 
for the 329 keV--487 keV coincidence in eel 0 . 
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· the. evaluation of 2m_r_, 'T becomes a problem of straightforward algebra. 

In this case, an = 0.245~· giving g = o·.·99. The assignment of an ·error 

depends predominantly on';the:·.uncertainty in the background correction 

and is of the order of 10%. It is interesting to note that the neglect 

of the anisotropic background would give a g-factor of approximately 

twice the proper magnitude. 

3· Differential Angular Correlation Measurements 

a. Calibration 

In view of the uncertainty inherent in the integral method, 
1~ d detailed measurements on Ce have be~n performed using the ifferential 

angular correlation apparatus. Linearity checks were periodically per

formed using the Na
22 

511 keV-511 keV annihilation radiation coincidence 

with varying delays. Typical time calibration settings suitable for 

frequencies of rotation ob~erved in this experiment range around 0.70~ 

0.90 nsec/channel on the p~lse height analyzer. 

Th t 1 t . bt · d · the La140 cascade e promp reso u lOn curve, o alne us1ng 

gate settings on Na
22

, is fairly symmetric, with a fUll width at half 

maximum of,2-r0 = 4.8 nsec. The half-life of the 2084 keV stat~ in ce
140 

has been measured and gives a limiting slope corresponding to a lifetime 

of 3.52 ± 0.10 nsec, in excellent agreement with other determinations.53, 62 ' 

The prompt resolution'curve and lifetime data are illustrated in Fig. 15. 

In this particular run, . -y1 , in the cascade has been delayed rel_- ·. · 

ative to · -y2 . For all determinations, complementary data has been ob-

tained with large-~elays in -y2 to provide a check on the performance of 

the time-to-height converter. 

In addition, a careful study of the variation of anisotropy with 

time-has been carried out by 
0 8 0 at 90 and 1 0 . Counts are 

(20 min) to eliminate effects 
+4 

ratios. The behavior of Ce 

.. 
comparing the time dependence of coincidences 

taken alternately over short intervals of time 
·' 

of drifting gates or varying true-to-chance 
+3 . solution and of Ce in lanthanum metal 

indicate no fine structure or attenuation of anisotropy_with time. A 

representative run is shown in Fig.' 16;_ For purposes of th:l.s experiment 

we may accordingly assume that time-dependent and static quadrupole 

perturbations are negligible, or A2(t) = constant. 
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Fig. 15. Prompt resolutio4 curve and decay curve for the 329 keV--
487 keV cascade in eel o. 
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Fig. 16. Variation of anisotropy with
4
time delay in the 329 keV--

487 keV angular correlation in eel 0. 
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b. Magnetic moment measurements 

Three separate magnetic moment determinations have been per

formed. Runs with magnetic field up and field down were alternated 

over 70~80 hours ori liquid samples periodically adjusted to give a sample 

strength of 30 mR/2 in. A total of about 350,000 coincidences has been 

collected. Magnetic field and t~me calibration measurements were taken

at the beginning and at ~he end of each run. 

After s.ubtracting the flat background from. the decay curve, the 

sinusoidal variation was determined from the ratio R =(W+- W~/(W+ + W~, 

with + and denoting field directions. A resultant curve for field 

strength 42.l"kG is shown in Fig~ 17. The first three channels have been 

disregarded due to the distortion caused by the promptJresoluti6n~~curve. 

The three curves determined in this way have been.fitted by a least 

squares method to pure sine waves. The resultant frequencies and gt) 

values are summarized in the first three columns of Table V. 

The weighted average for the g-factor of the 2084 keV level is 

thus 

g = 1.020 ± 0.039 (5) 

(;. c. Paramagnetic corrections 

Measurements similar to those above have been performed on 

samples made by neutron bombardment of lanthanum metal.- The ra~iating 

atoms are thus cerium impurities in lanthanum metal.. The magnetic field 

in this case is enhanced by a contribution from the paramagnetic cerium 
+4 4f electron, and the rotational frequency, compared to that of Ce in 

solution, gives ·the paramagnetic correction. 

Point sources of lanthanum metal are used." ·Two" successful runs 
. . 0 

have been made at both room temperature and 77 K. The latter tempera-· 

ture is attained by suspending a large dewar flask through the axial 

hole in the/magnet:,. so that its tip reaches the exact center of the 
{ 

magnet pol~ gap. The metal sample, sealed under helium in a small capil

lary tube, • is placed in the dewar and cooled with liquid nitrogen .. 

/ 
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Fig. 17. Differential rotation of the 2084 keV level in ce140 

in an external magnetic field of 42.1 kG. 
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Table V. Summary of perturbed differential angular correlation results in ce140. 

Source Field (kG) Temp. Time Amplitude cycles gf3· f3 
VL channel 

·-
OK calibration 

nsec/channel . L ·.: ;";; ~.-: . ~. ~---... -. :.· -:~ .:: . 

La +3 .sol'n. 29.7 ± 0.4 298 0.79 ± 0.02 7.23 ± 0.89 0.0399 ± 0.0032 1.115 ± 0._095 1.00 

La+3 sol'n. 29.7 ± 0.4 298 0.79 ± 0.02 8.02 ± o. 73 0.0356 ± 0.0021 0.994 ± 0.059 1.00 
+3-La sol'n. 42.1 ± 0.1 298 0.63 ± 0.03 4.99 ± 0.49 o.o4o4 ± 0.0017 0.998 ± 0.042 1.00 

La metal 30.0 ± 0.2 298 0.94 ± 0.02 4. 77 •£ 0.80 . 0.0570 ±' 0.0050 1.325 ± 0.133 1.30 

La metal 33. 95±:o·::1o ' 298 0.79 ± 0.02 6.67 ± 0.60 0.0562 ± 0.0030 1.376 ± 0.075 1.35 

La metal 30.0. ± 0.2 77.4 0 .. 94 ± 0.02 3·33 ± o.4o 0.0890 ± 0.~0150 2.069 ± 0.372 2.03 
I 
-J 
0\ 

29.8 ± 0.2 77.4 0.63 ± 0.03 3.91 ± 1.22 0.0724 ± o.oo66 2.528 ± 0.230 2.48 
I 

La metal 

.. ,. 
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Two repultant curves for room temperature and liquid nitrogen 

temperature are shown in Fig. 18. The CUrV.es are normalized in time 

calibration and external field strength to illustrate the .effect of 

temperature. ·Each curve represents a tptal of about 700,.000 coinci

ce~ces taken over about 80-100 hours. A summary of the four metal runs 

is given in Table V. 

The we.ighted average of the results for the room temperature 

measurements give g~ = 1.359 ± 0.068 .. Dividing by tne g valu~ obtained 
. +4 . 

from the measurements on Ce , we obtain ~ = L33 ± 0.08. In the same 

~y, the weight-ed determinations at 77° K give ~ = 2.33 ± 0.20. 

C. Discussion of Results 

l. Preliminary Material 

In angular correlation work, there 'is a dangerous tendency to.. 

ascribe precise quantitati~e ~ignificance to experimental measurements 

of ~nisotropies and of attenuation factors (Gk). The presence of so 

many variables in this work-background anisotropies, solid angle cor

rections, unresolved photopeaks, scattering from nearby objects, elec-
•. 

tronic gain d.i-ifts, sample impurities, etc.-make an exact analysis of 

integral angular correlation data extremely tenuous. For this reason, 

. the approach in part9 of this discus-sion will be OJ:?.e·' of_ "indications" 

rather than flat conclusions. 

At least. five measurements of A2 have previously been reported, 63-67 

ranging in value from -0.092 to -0.197, while A4 in all cases is close 

to zero. A weighted average of these results ~ives A2 = -0.097 ± 0.003. 

Out measur.ement of A2 = -0.095 ± 0.030 shows-good agreement. 

The proposed cascade which fits this data is 3+ (D,Q)4 + (D)2+. 

Several justifications for this assignment can be .suggested. 

(l) Previous angular correlation work on the 8l6keV-l597 keV, 

487 keV-1597 keV, and 329 keV-1597 keV cascades give anisotropies con-
. . ! . . 64 ; .... 
sistent with this spin assignment~ This evidence is not wholly con-

clusive, a~ Bishop et al. have measured.the 8l61 keV-l597J·keV co;lncidence 

spectrum ahd found no .quadrupole component in the first transition. 63 
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Fig. 18. Differential measurements of R(t) for Ce140 in lanthanum 
metal. The curves are normalized in time calibration and ap
plied field to show the effect of temperature upon the para
magnetic correction. 
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140 
. (2) Since the spin of the mother isotope La has been confirmed 

. 68 
as 3-, and the ~ branch to the 2413 keV level accounts for 45% of the 

total ~ decays with a log-ft = 7.7, one would expect from ~ system

attcs that this level has a spin of 2+, 3+, 4+, 2-, 3-, or 4-. The 

angular correlati'on data admits a quadrupole radiation component of up 

to 0.5%. (A pure dipole transition would give A2 = -0.14.) As an El-M2 

mixed transition is much less likely·than Ml-E2, negative parity is im- · .~ 

probable. 

(3) Quasi-particle theory predicts t~at the ehergy levels in 

this region evolve from broken pairs in the d
5
/ 2 and g7/ 2 single parti

cle subshells. These protons would have positive parity .. Moreover, 

Rho has predicted a quasi-particle level very near this energy and 

. composed by (d5/ 2 g7; 2 )
3

. 

2. Magnetic Moment Measurement 

Three magnetic·moment measurements b~sides ours have been per-
14o 

formed upon the 2084 keV.level of Ce . These are summarized in Table VI. 

A possible interpretation of the determined g-factor may be in

ferred from the work of Kisslinger and Sorenson on single closed sheli 

nuclei. Assuming a quasi-particle eigenfunction and inserting a long

range quadrupole force to explain 'the recurring 2+ first excited state 

in SCS nuclei, these authors predict the composition of experimental 

levels on the basis of single particle shells. A diagram of shell energy 

behavisr is shown in Fig. 19.
2

3 It can be seen that the few ~xisting 
experimental levels at these energies C:luster reas.onably close to the 

shell model predictions. 

A perhaps more utilitarian form of the quasi-particle inter-
70 action has been comprehensively treated by Rho. Unlike the Kisslinger 

and Sorensen scheme, Rho's model employs a single set of forces to ex
plain both:the collective-like 2+ first excited state ~nd the higher, 

quasi-parti;cle states. It has the addi tiona.l complication, however, 

that the pairing force ,matrix elements are now not constant. but are 
i 

computed from a gaussian force. 
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Table VI. Resume of experimental
4
data on. the 2084 keV 4+ level 

in ce1 0
. '· 

Reference Method g Comments 

(69) Diff. + Int.. l.ll ± 0.04 Performed on several sample. 

(66) Diff. 

( 67) Diff. 

This w6rk Diff. + Int. 

media 

l. 15 ± 0. 08 Follow rotation. through < 1· :_. 
cycle 

0.95 ± O.l Fit using G2 = 0.90 

1.02 ± 0.04 

.. 
\ 

'. 

..... 
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Fig. 19. Kisslinger and Sorensen quasi-particle levels for single 
closed shell nuclei. Hollow circles represent experimental 
points. 
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Varying force parameters to obtain the best ·fit with experimental 

levels, Rho predicts the level scheme shown in Fig. 20 for ce
140

, and 

achieves a good fit with experiment. This procedure allows exact wave 

functions to be tabulated. For_the 2084 keV level, Rho finds 

Due to the proximity of the (d
5

/ 2 )
2 

and (g
7
/ 2 )

2 
energies in Ce

140 
in both 

the Kisslinger and Sorensen and Rho derivations, it is probably most 

appropriate to consider excited state properties, particularly magnetic .. 
moments, as arising from admixed sipgle particle states. 

As has be~n state~ before, quasi-particle levels exhibit the 

same magnetic moments as the single particles composing them. Estimates 

of magnetic moments accordingly s'tem from vector coupling of expe~ted 

single particle moments, which can be deduced from experimentally deter

mined values· for odd prQtons in the region Z ~ 57-61. The Scr .. Inidt_ 

limits and the experimental values of g-factors are compared in, Table VII. 

Only· orie of the experimental values is for an excited nuclear 

.state,, the 91 k~V 5/2+ state in Pm147 .. This was determined by perturbed 
. 4 73 angular correlation and originally reported as g = l. 2. The para-

magnetic correction used in evaluating this term was ~ = 2.16, mid-way 

between the hydrogenic predictions for Pm+3 and its parent Nd+3. Cor~ 
recting this to ~ = 1.90, slightly below the Bleaney interpolated-esti

mate for Pm+3, we obtain g = 1.61. -Although this involves the assumption 
. . +4 
of the rapid reduction of the Pm , the overwhelming majority of angular 

correlation experiments indicate that this is much more likely than a 

compromise para~qgnetic enhancement. 

! 

Using the experimental estimates of g and the Rho wave function ; 

for the 2084 keV state gives g = 0.90, slightly lower than our value. 

Whereas th1:s wave function predicts an 82% predominance of (g
7
/ 2 )

2 
con

figuration; our result indicates a maximum probability for this state of 

73%· The conclusion that can be drawn from our data, therefore, :-_is that~ 
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140 Fig. 20. Level scheme predicted by Rho for Ce . Experimental 
levels are shown for comparison. 
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Table VII. Experimental and Schmidt g-values for odd protons where 
57 S Z S 61. The last row gives the coupled value fo! I·= 4+. ·-

' 
Spin · . Isotope E(keV) 

f 139 0 5 a 
7/2+ 

Pml47 
61 0 

141 0 59Pr 
5/2+ 

Pml47 91•, 
61 

·- _.-·- (d5/2 g7/2)4 

Method Value 

NMR(l5) 0.794 

ESR(7l) 0.771 

ESR( 72 ) 1. 70 

PAC( 73) 1.61 

Experimental 
estimate 

o. 78 

l. 65 

1.14 

Schmidt 
value 

0.49 

1.92 

.96 

-' 

/ 
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while the 2084 keV level may have a strong 

the confie;uiations ( d5; 2 )
2 

and. ( d5; 2 g7j~) 
amplitudes and cannot be neglected. 

. 2 
.contribution· from (g

7
/ 2 ) , 

appear with comparable 

The justification for using empirical rather than· Schmidt: limit 

values in calculating the theoretical g-factor comes in part from the 

calculated Schmidt limit value of g = 0.66, well outside of experimental 

error. The inference one draws is that the force, or mixing, which 

_quenches the intrinsic magnetic moments below the Schmidt values is of 

a different nature than the straightfonmrd configuration interactions 

discussed by Rho. This is compatible with the treatment of Kisslinger 

and Sorensen in calculating magnetic moments from quasi-particle plus 
. . 84 

a-force models. 

3. Internal Fields 

a. In solution 
\ 

There is little doubt that the assumption of a paramagnetic 

correction of unity in aqueous solution is a valid one. The triply

ionized lanthanum decays to Ce+
4

, an ion stabilized by the spherically 

symmetric 4f0 configuration. In dilute HN0
3

, the Ce-3- Ce+
4 

pair has 

an oxidation potential 

Ce+ 3 __ _, C +"i 
e + e f; -1.~1 V. (74) 

+4 
The reduction of Ce by water is thermodynamically expected·. , This re-

action has been found, however, to proceed slowly at room temperature, 
. . 75 

with a half life of the order of hours. Thus, one would not expect 

appreciable red~ction in the first thirty or fQrt~ nsec. 

Further verification has been provided by K8rner who found that 
. +2 . 

even in a reducing solution of Fe , the reaction did not proceed rapidly 
. 140 . 69 

enough to p~ramagnetically perturb the Ce angular correlation. 

l 

., . 
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b. In the.metal 

While much "data exists on the.internal fields in-paramagnetic 

rare earth salts, very little is known of this property in metals. The 

problem of evaluating the .field in the metal and of deducing (r-3), ) 

therefore, involves a number of assumptions. In this treatment, although 

an exact value for (r -3.) can be derived, necessarily large errors_.:'1ill 

have to be attached to account for crystal field approximations. 

Two crystal structures of lanthanum metal are stable, although 

the predominant form at the temperaturef:l of this experiment is the .. i.' .... 

lanthamilll. (A3.') structure, a close-packed modification in .which layers 
76 . 

are stacked ABACABAC. In pure hexagonal· close packing, the layer 

alternation is· ABAB, while in eubic close packing ABCABC prevails. It 

consequently can be seen that lanthanum metal layers see alternately a 

crystal field of cubic and of hexagonal symmetry. • 

One can show, moreover, that cubic close packing results.in a 

face-centered cubic space lattice with close-pack~d layers corresponding 

to the lll pla"e of the unit cube. An elongation of the unit cube along 

the body diagonal converts the symmetry seen by each site from .. cubic to 

trigonal. Elliot and Stevens have demonstrated that trigonal symmetry 

(c
3

h) and ~he symmetry associated with hexagonal close packing (D
3
h) 

impose ex~ctly the same crystal field (Stark) splittings upon the.rare 

earth 4f shel1. 77 Thus, a perturbation of the cubic cell gives sites 

of hexagonal symmetry. 

Following the lead of Bleaney, who found that hexagonal splitting 

is much smaller than f!Ubic splitting in praseo'dymium metal (A3'),78 ·we 

will consider the lanthanum structure as pure cubic with~. small:trigonal 

distortion in alternate layers. The predominant Stark splitting will 

therefore be of cubic symmetry, and at the relatively high temperatures 
of these experiments, the small hexagonal perturbations can be disregarded. 

The best ju§tification for this approach comes' from the differential ex~ 

perimental ;results on lanthanum metal which indicate no attenuation of 

anisotropy;due to differing magnetic fields, and exhibit a discrete 

rotation frequency. 

/ 
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The actual Stark splitting in· .cerium, as in most rare earths, is 

simplified by the fact that the inner 4f.shell is well .shielded ~y outer 

filled orbitals, and the splitting is not large enough to mix orbital 

angular momentum quantum states. Typical Stark splittings in rare earth 
. . -l 79 +3 . . 

salts are of the order of 300 em . In Ce '·the unperturbed ground 

state has a 
2

F configuration, with the J = 5/2 ground level lying ap-
. -l . . 42 . 

proximately ·2000 em below J = 7/2. At room temperatur~ and lower, 

· the upper level is negligibly populated and may be disregarded. 

An angular momentum J = 5/2 can be shown by group theoretical 

arguments to be split in cubic symmetry into two levels, a degenerate. 

quartet and doublet. We must, therefore, evaluate the internal field 

field is just the expectation value of the operator H. t with eigen
~n 

functions a . In this simple case, where j is single valued, the 

internal field becomes 

-218 <r- 3> (J II N IIJ_> <J~). (7) 

(JZ). is the expectation value over the thermal range, or '-

(8) 

',·' 

It has been shown, moreover, that for a J y 5/2.state in a field of 

. cubic symmetry (Jz) is reduced from the value for a free ion in an ex

ternal magnetic.field by a factor f(x) < l where80 

..£ + ~ i-x.. + E:. 11- e.-: 1 .f. (X.) ::: ~~ . .:ll :;),( 'X:-~ -!-
1 + u-"' 

Here .0.E is the splitting between the doublet and quartet, and is 

positive for the doublet lowest. 

(9) 

/ 
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As the bulk.magnetic susceptibility of a metal is also proportional 
'· 

to (JZ)' measurements of this sort can give some clue to the sign and 

magnitude of 6E. White and co-workers, for example, find an anomaly in 

the susceptibility of Ce+3 in.the cubic lattice LaAi
2

, 80 which. indicates 
0 . 

·an energy gap corresponding to about 200 K. Determinations by other, 

workers on pure ~erium m~tal give a splitting of 200-250°. K. 81 The 

positive sign of .6E and the limiting value of f(x) as x--;> oo agree 

wit.h the designation of the doublet .as the grol,D1d state. 

It is a somewhat hazardous business to extrapolate from these 

two · qualitative measurements to the expected Lili for cerium in lanthanum · 
"> 

metal. A slightly smaller value of Lili, at least, can be expected due 

to the larger lattice spacing in lanthanum compared to cerium. A low 

value of 6E is also internally consistent with the experimental data . 

for. the two temperatures in the differential measurements. As a crude·· 

estimate we choose, theref6;re, an·:·energy gap corresponding to 160° K. 

Inserting this value into the crystal field correction factor, 

we find 

!+C~) = 0.~3 .at 77.1-l OK 
., 

(10) 
lf(~) ::.. 0.9~5' Jt 300 OK . 

·:( 

'," t. 
Dividing tfi~ paramagnetic corrections by f(x) and taking the weighted 

average for C = ~T, we have 

(11) 

. (r-3) Although both the Bleaney and the Lindgren predicted values for 

are covered by this value, the Freeman-Watson prediction is outside of 

experimental error. The relatively low experimental value indicates that 

Bleaney.' s ihterpolated curve rises perhaps too sharply in this region. 
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' 
The conclusiveness of.this resul~ depends.q~ite sensitively ·upon 

the estimate bE =. 160° K. Figure 21 snows a p~o:t of the value of. (r-3) 

.as a function of bE for our experimental data. For a .6E in the region 

of 160° K,. an error of l deg gives a difference of 0.005 a.u. This ·error 

increases rapidly with increas.ing 6E. It is probably safe to ·assign an 

upper limit of ± 40° K in bE, giving an uncertainty of· 0.20 a.u:·· in .... _ 

(r -3) • I This uncertainty is small compared to the statistical error. 
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Fig. 21. Corrected values of (r-3) as a function of crystal field 
splittings in lanthanum metal. 
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143 
Pr . 

A. Introduction 

Throughout the preceding discussion of ce
140

, it has perhaps be

come apparent that no single unified theory has yet presented an all

inclusive characterization of spherical nuclei. In aesthetic terms; it 
~ 

would be extremely pleasing if such a theory could be worked out ~priori. 

In a pragmatic scientific sense, however, the procedure has been one of 

varying parameters and perturbing simple models to fit the increasing 

supply of experimental data. 
. . 

With this in mind, we have measured, by perturbed angular correla-

tion, the magnetic moment of the 57 keV level in Pr1~3 , and comparing ____ .,.. 
angular correlation and nuclear alignment data, have deduced the spins 

. and parities of the 57 keV and 351 keV states. 

Pr143 is an odd~even nucleus with 59 protons and 8~ neutrons, two 

over the major closed sheli •. The lower excited states may be considered. 

single quasi-particle states, their energies a~d transition probabilities 

. being amenable to the treatment of Kisslinger and Sorensen. 23 The spins 

and parities of these levels take on the values of the single particle ., 
shells in this region, which are, in order of ascending energy: g7;2~ d0/ 2 ' 

d
3

/ 2 ' h11/ 2 • Although there is no large energy gap as in even-even nuclei 

due to the fact that a pair need not be broken, ·.vibrational phonons, or 

.states of a collective 11,ature, are expected between energies of 400 keV 

and 1000 kev. 48 

A tentative decay scheme has been worked out utilizing high resolu

tion Ge(Li) spectroscopy and coincidence counting with both Ge(Li) and 

Nai(Tl) detect~rs. The results are shown in Fig. 22. The experimental 

gamma ener#ies are compared with previous work in Table VIII. 

Se~~ral features applicab.le to this work deserve mention. These 

can 'hest b'; \aiscussed from a nuclear systematics approach~ A resume of 

the propert:hfes of the few known odd proton nuclei in this region is given 
.I 

in ·Table IX.i 

The:; spin sequences give some insight into the trends in this region~· 
~~ 

The crude empirical behavior, which fortunately bears out quasi-particle ~ 
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Table V!III. Energies of gamma transitions in Pr
143. 

Reference 82 Reference 83 This .work 

57.4 56 57.4 
232 230 23_1.6 

279.6 
294 293 293.0 
351 341 .350.6 

436.0. 
493 488 491.8 

··- .~ .... --- 565 565 586.4 
668. 665 664.3 
722 718 721.6 

; 809 
\ 

861 870 880.7. 

937.5 
1004 .. 

I• 1061 
1100 1087 

...... 
ll03 
1325 
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Table IX. Summary of properties of spherical, odd-proton rare-earth nuclei. 

. Isotope Level (keV) · Spin T1; 2(nsec) g-factor85 

~·f,a137 0 (7/2) 
10 (5/2) 8.9 

.. 
8~ 139 0 \ 7/2 . 0. 79 . / 

5 a 165 . 5/2 1.5 

8~R141 0 5/2 1. 70 
59 ' 142. 7/2 1._8 

... ;__ .... 84 143 ,o 7/2 0.78 Pr .. 
57 (5/2) 4.2 . . 59 . 

. 351 (3/2) 

86Pm147· 0 7/2 0.77 
61 . 91 5/2 2.5 1.61 

412 (3/2) 
.. , 

.. 
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predictions, indicates that the addition of neutrons depresses the g7/ 2 
below the d / shell, while addition of protons does the opposite. 

. 5 ~ . 143 
In the case of Pr , the ground state spin has been measured by 

. . 86 147 
atomic beam methods to· be I= 7/2+. On comparison with Pm , which 

differs only by the addition of an alpha particle, one is tempted to pre

dict spins 5/2+ and 3/2+ for the excited states of Pr
14

3. 

This prediction is further strengthened by the combination of'.t3 
82 . 

branching intensities as measured by Martin, and the recently determined 

spin of 3/2- for 33 h ce143.87 More wiil be said ~f this below. 

··-····----·' B. E!Perimental Procedure and Results 

1. E3eerimental conditions 

As in ce149, angular correlations have been performed on both liquid 

and solid sources of ce143 .: The former are produced by bombarding 87% 

enriched ce142 in Ceo
2 

in a·flux of 8 x 1013 thermal neutrons/cm
2
/sec at 

the Vallecitos reactor for 16-24 hours .. The powder is dissolved by gentle 

heating in a solution of 3N HN0
3 

and a few drops of 2o% H202 • The solution 

is boiled to dryness and taken up in distilled water. A small aliquot is 

sucked into a capillary tube which is s~bsequently sealed. Usable sam~le 

strengths range around 30-45 mR/2 in. This gives a counting rate of about 

105 cpm in the 294 keV peak using a 2-in. diameter detector at 7 em dis

tance, and a coincidence true~to-chance ratio of 10:1. 

Solid sources are prepared by 6-10 hour bombardments at a flux of 

1 X 1013 neutrons/cm2/sec' upon 5-10 mg chunk~s of cerium metal sealed in 

quartz under argon. Active samples register about 30-50 mR/in. 

The detector with the optimum high gain, low noise characteristics 

gates on the '57 keV gamma transition. Operational high ,voltages are kept 

at a maximum v(2250-2500 V). A 1/2-in. thick Nai (Tl) crystal and a. 7 mil 
" Pb absorber backed by 2 mil Cu foil (to absorb Pn x-rays) give the best 

resolution characteristics. .·A typical spectrum thus obtained is reproduced 

in Fig. 23. · 

The. high energy detector gives good results for the 294 keV transi

tion with a 1-1/2-in. x 1-1/2 in. Nai(Ti),crystal and a 20 mil Cd absorber. 
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143 
Fig. 23. Low energy portion of Pr spectrum) taken with l-l/2 

in. X l-l/2 in. Nai(Tl) crystal and 7 mil Pb absorber. 
Shaded portion indicates gate used in angular correlation 
measurements. 
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The spectrum observed by this detector, as gated by the 57 keV transition 

is shown by the solid line in Fig. 24. 

2. Anisotropy measurements 

The unperturbed angular correlation for the 294 keV-57 keV cascade 

has .been measured by gating on the 57 keV gamma ray in the moveable counter 

and measuring the number of counts under ·the 294 keV peak. Courits of 20-30 , 

minute duration have been taken at each of three angles, e = 90°, 180°, 135°, 

ower a.total period of about 40 hours. The total number of coincidences 

collected is 

W(180°) = 29475 

W(135°) = 27285 

W(90°) = 25015 

Background is isotrqpic and contributes less than 3% of the total counts. 

The uncorrected angular correlation is shown in Fig. 25. ·Adjusting this 

vaJ,.ue to account for s~lid angle [~Q.' 2 = (0.9345)(0.9483)], :.,e find 

vJ (e) =::; 1 + ( o.l33 ± o.oo7)P,. ~os e)+ o.ooo :t o.oo~ 'P/~-~.s f{) 
i 

This result agrees with previous experimenters who found A2 = 0.132~0.01983 
-f'• 2+ 88 and A

2 
= 0 • ..~.::;3 -0.010 • 

3. Integra~tg~factor measure~ents 
Measurements of the g-factor have been performed upon Ge143 solu

tions using the perturbed integral method. To eliminate the effect of 

geometrical uncertainties inherent in an experiment where counters are 

rotated, a magnetic field up-field down angular correlation with counters 

permanently set at 135° to one another proved desirable., In order to opti-

mize the external field magnitude, it is instructive to consider the count

ing rate difference b.W as a function of 2~ -r. We find for a pure P 2 
anisotropy 

l ( e- A e). 
(2) 
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Fig. 24. Pr
143 

singles spectrum (dashed line) and spectrum in 
coincidence with 57 keV transition. Spectra were taken with 
l-l/2 in. X l in. Nai(Tl) crystal with 20 mil Cd absorber. 
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Fig. 25. Unperturted angular correlation of 294 keV--57 keV 
cascade in Prl 3. 
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For the field up-field down difference this gives 

Blo r 005 l ( e - M}_' C0.5 :l( e"' ae~. 
[1 + (~CJ.)'J')jY~ L 

. (3) 

Substituting the nece~sary trigonometric identities, we find 

X= 

where x = -~~ and a = 6W/B2 • A plot of this functional dependence is 

shown in Fig. 26. It is obvious from er+or considerations_that a small 

2mL'Y' and consequently a small magnetic field, is desirable. 

Using permanent magnetis, we have applied fields of 2.2 kG and 

3.84 kG and obtained 6W/B2 values of about 0.5-0.75. Runs have been made 

at both fields on two different source solutions: Ce+
4 

in an oxidizing 

solution of lN Bro
3 

and lO;N HN0
3

, and Ce+3 in a reducing medium of 3 N 

H2o2 • Successive 20 m:i.nute::counts have been taken for each field direction 

over a period of 6-8 h for each result quoted. The experimental data are 

summarized in Table X~I. 

The value gf3, the product of the g-factor and the paramagnetic .: ,. 
correction can be calculated directly from the functional relationship 6f 

2~~ and 6W/B2 . We find for a reducing solution .(ce+3) the average 

. (5) 

and for the oxidizing medium (Ce+4) 

~L(o5:t. o."s 
' 

(6) 

4 .. Differential measurements 
. I 

a.. Half life 

·Time calibration and general procedure have been the same for Pr143 
140 . . 

Ce ; , with the exception th?-t only the overlap time-to-height con-as for 

verter and:transistorized system have been used. 

/ 
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Fig. 26. FunctioLal dependence of precession frequency upon field 
dependent integral coincidence rate. 



.. • ... ·:·--.!.... 

··-102-

Table x~ .. S~ary of integral angular correlation data on 294 keV-57 keV cas-
cade in Prl 3 .. The plus and minus indicate the direction of the ·field (H) .. 

(' 

Source H(kG) w w Percent 
gl3 

+ change 

+3 Ce +HN0
3

+H202 2.2 9970 9584 4.0±1.9 1.97±1.30 

+3 Ce +HN0
3

+H2o2 
2.2 12478 '11796 5.6±1. 7 2.88±1.90/ 

+3 .. ce +HN0
3

+H2o2 3.84 10102 9484 - 6.3±1.8 2.60±1. 75 

+3 -Ce_ +HN0
3

+Br0
3 

2.2 15094 14391 4.8±1.5 2 .58±1.13 

ci~3 +imo .:t:Srd :. -
. 3 3 

2.2 20244 19345 4.5±1.4 3 .64±1.36 

+3 -Ce +HN0
3

+Br0
3 

3.84 15715 14895 5.4±1.5 1. 74±0.82 
! 

.. 

l . 

.f . I 
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The prompt resoltuion curve for the 294 keV-57 keV coincidence.has 

a resolution of 2-c =.6.0 nsec, and is wider on the 57 keV side due to 
. . . 0 

poore'r. time characteristics for low energy :Pulses. Runs have been made 

with relative delay in both -y
1 

and -y2 to check for unsynnnetrical be

havior of .the electronics, but no appreciable difference in shape could be 

detected·. 

The lifetime measurement of the 57 keV state of Pr143 is sho;~ 
. . 

along with the prompt resolution in Fig. 27 •. The limiting slope, away from 

the small delay portion·distorted by resolution, gives a half-life of 

fY = i.{ • 2 3 + o. I S ~sec. '•h.. (7) 

This agrees satisfactorily with the measurement of Graham (4.17. ± 0.09 

nsec) 89 and Bozek (4.20 ± 0.07 nsec). 88 

b. PertUrbed angular correlation...;.,liquid source 

Four independent determinations of gt3 have been performed by the 

differential method upon Pr143 in.aqueous solution. Fields of 16.1 kG, 
I 

19.1 kG, and 23.45 kG have been used and relative delay has been inserted 

in both -y1 and. -y2 . From 1-1/2 to 2 complete cycles have been observed 

and amplitudes approaching the unperturbed anisotropy have been achieved. 

for very low fields. 

/ 

The R(t) curves for three,separate fields are shown together in Fig. 

28. It can.be seen, that the higher the frequency, the larger is the dis

tortion .at small delays. The three curves agree remarkably well in gt3 

determination, giving values within 2% of one another. The results-are sum-. 

marized in Table.XI~. The average value for · gt3 from all the curves is 
I, 

~.s~ t. 0.12> . (8) 

Co~lementary to this measurement a determination of ~(t) has been 
' I · · 0 0 maae by observing the differential spectrum at 180 and 90 • The results 

indicate no appreciable attenuation of the anisotropy over 25 nsec. 
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Fig. 27. Prompt resoluti~n curve and decay curve for 294 keV--
57 keV cascade in Prl 3. 
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Fig. 28. Experimental anisotropy precession frequencies of 294 keV--
57 keV angular correlation in Prl43 in acidic solution. 
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Table XI:~. Summary of differential pert~bed angular correlation measure-
·. · ments on Pr1 3 .• 

r 

Field Time 
f(cycles ) Source Amplitude Calibration gt3 . .. . . ~ .. . .. . (kG)· 

(nsec/chan) 
channel 

Solution 19.1±0.2 5.3±0. 9 0.61±0.02 0.046±0.003 2.60±0.21 

Solution 19.1±0.2 5.0±2.0 0.61±0.02 0. 04-5±0. 005 2.55±0.30 

Solution 16.1±0.1 8.2±1.2 0.61±0.02 0.039±0.003 2.62±0.23 

Solution · 29 ;.45;tO. 05 3. 7±1.3 0.61±0.02 0·','055±0. 006 2.55±0.29 

Metal 12.2±0.3 9.0±3 .0 0.61±0.02 0.039±0.002 3.39±0.51 . 

Metal 12~2±0.3 8.0±3.0 0.61±0.02 0.040±0.005 3•. 53±0 ._46 

Metal . 9.5±0.1 9.0±1.8 1.00±0.03 0. 056±0. Oil. 3.83±0.80 

j. 
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c. Perturbed angular correlation--metal source 

In order to obtain a guide for the assessment of the parainagneti.c 

correction, it has been appropriate to carry out differential measurements 

on sources of Pr143 in cerium metal under fields of 12.2 kG and 9.5 kG. 

The latter measurement employed a small permanent magnet and required n6 

light pipes. 

A pre1iffiinary determination of the variation of anisotropy with 

time has been performed. The results, plotted in Fig. 29, indicated a 

strong time-dependent perturbation. The anisotropy decrease~ exponentially 

with a half-life of (5±1) nsec. This effect has been observed on two 
. ' 

separate metal sources. with consistent results. 

While the decay.of the anisotropy greatly impedes the assessment 

of the g-.factor from R(t), three 9uccessful runs have been performed and 

give reasonable indication of the'product gt3. These are indicated in the 

last three rows of Table XI. Two runs with relative delay in )'1 and 

·respectively are shown in Fig. 30. 
Assigning relatively large errors due to the effect of the attenu

ation, we find for the weighted average of the measurements 

3.SS :t o. 3~ (9) 

C. · Discussion 

1. Spin sequence 

From the angular .correlation anisotropy, A2 = 0.133 ± 0.007, it is 

impossible to label the angular momenta of the nuclear states unambiguously. 

While the spin of the ground state is,known to be. I = 7/2, neither excited 

state. has been determined conclusively •. Moreover, :uncertainties in mixing 

ratios, particularly :for the upper transition, add further confusion. 

i 

To ciar~fy the spin assignments, we have performed a nuclear align

ment experim~nt. The parent Ce143, growri into a neodymium ethyl sulfate 

crystal, is suspended in a system of cryostat and de~ars and adiabatically 
0 demagnetized to about 0.015 K. The apparatus and the experimental procedures 

f • 
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Fig. 29. Attenuation of anisotropy with time for Pr143 angular 
correlation in cerium metal. 
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H=12.2kG Y1 delayed 

~ 
0 H = 12.2 kG Y 2 delayed 
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10 20 
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MU-34799 

Fig. 30. Damped an~sotropy in perturbed angular correlation meas
urements on Prl 3 in cerium metal. 
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. "90 
have been described in detail elsewhere. . At these low temperatures, the 

nuclear substates, split by the hyperfine· field of the lowest electronic ., 

. ';. 

Stark level, are non-randomly populated. The resultant radiation displays 

an anisotropy which can be described by 

w(e) = I 4 2_ Bk U k ~ ~ (cos e) 
k 

(10) 

where k has even values up to twice the maximum multipolarity; 

an alignment parameter describ~ng the interaction of nuclear moments with 

effective fields as. a function of temperature; Uk has the same form as 

that described byE~. (II-23) and accounts for the reorientation between 

the aligned parent state and the gamma transition of interest; and Fk 

is the same constant as that which describes the second transition in an 

angular correlation. 

In these experiments, the count taken over a period of 20 minutes· 

from the aligned sample by a detector parailel to the crystal z-axis, is 

compar.ed with a count of the same period on thenon-aligned "warm" source. 

The difference, or the ratio of cold to warm counts, gives a direct measure 

of the product B2U2F2 . Studies were made of the transitions at-57 keV, 

294 keV, and 351 keV using both Nai(Tl) and Ge(Li) detectors. The enhanced 

peak separation in the Ge(Li) counters is illustrated in Fig. 31. The 
\ 

cold-to-warm ratios are shown in Table XII. 

We may assume, after Blin-Stoyle and Grace,9 that the sign of B
2 

is positive.for NES, a crystal of axial symmetry. It can be seen, in 

addition, that for all the more probable ~ and ~ transitions, u2 is 

also positive. Thus the sign and anisotropy in the nuclear alignment ex

periments is the_ same as the sign of F2 •. 

From the magnitude of the mixing ratio in the 57 keV transition 

(E2 < O.Y'/o),".we infer that F2 (57 keV) must lie between +0.08 and +0.21. 

We have taken the spin of the 57 keV as 5/2. The other possibilities, 7/2 

and 9/2, ar~ improbable in view of the strong ~ decay branch from the 

3/2- level., A stronger argument, based on the signs of F2 ,_ show these spin 

assignments to be-impossible. 

The designation 3/2+ or 5/2+.for the 351 keV state would be con

sistent with angular correlation data and ~ decay behavior. In either 

case, the observed angular correlation anisotropy re~uires o < 0 for the 

294 keV transition. This, however, implies 9 > 0 :for nuclear alignment, 

,·~ .. 
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Fig. 31. Pertinent sections of 20 min spectrum in nuclear alignment 
of cel43) taken with Ge(Li) detector. 
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Table XII.. Nuclear. alignment results on Ce in NES at about 0.015°K. 
Error assignments depend upon the feasibility of background corrections. 

Detector Cold/Warm 

Nai(Tl) 1. 038±0. 007 
57 keV 

Ge(Li) 1.048±0.005 ---:--· 

294 keV Nai(Tl) 1.034 

G.e(Li) 1.027±0.012 

351 keV Ge(Li) 0.987±0.010 
·---
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which for a 5/2 ~ 5/2 transition would give a negative F2 . A spin of 3/2+ 

for the 351 keY state is thus the only one.consistent with the data. 

The measured admixt.ure in the 294 keV transition of (34 ± 16)% 

E289 adds further pro6f to the 3/2 (D,Q) 5/2 (D,Q) 7/2 designation. The 

values of F
2 

con~istent with all the above conclusions are shown graphi

cally by the shaded portions in Figs. 32-34. The applicability is explained 

in the figure captions. 

From the angular correlation values, we see that F~ (57 keV~ must 

lie between·O.l23 and 0.135, while a pure Ml transition has F2 = 0.134. 

This indicates a maximum E2 admixture in the 57 keV transition of about 

0.01% • 
........ . ---- . 

2. Time-dependent perturbation 

Fro~ Eq. (II-24) and.the accompanying section, we have seen that 

all perturbations to an angular correlation may be inserted in a term 

Jublb2(t)j 2 between the interaction Hamiltonians for the two coinciden-B 

transitions. This term encompasses the perturbation operator K which 

connects nuclear eigenfunctions Jm) and Jm) of .the intermediate state. 

For a time-dependent, random interaction, the effect of· K is 

averaged statistically over an ensemble of states. Abragam and Polind have 

shown that for a particular time-dependent perturbation upon the nucleus, 

which increases exponentially with electronic relaxation (i.e., represents 

a coupling between electrons and nucleus), the transition probability for 

nuclear states m ~m 1 ~s given by 

(ll) 

. l2 
where Te is a characteristic electronic relaxation time. This eq~ation 

applies only,· for electronic :tela:ica.tion times very short compared with 
! 

nuclear lifetimes, such that still faster electronic relaxation serves to 

decouple th~ nuclear motion and the electronic motion. 

Inserting Eq. (11) into the expression for the population density 

in the intermediate nuclear state, Abragan and Pound show that for a time

~ependent perturbation through a hyperfine coupling mechanism, the angular 

. correlation function becomes 
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Fig. 32. F2 as a function of mixing amplitude 6. The shaded 
portion represents the value of F2 for the 57 keV.transi
tion as seen by both angular correlation and nuclear 
alignment. 
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Fig. 33. F2 as a function of mixing amplitude 5. The shaded 
portion represents the value of F2 for the 294 keV transi
tion as seen by angular correlation. 
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Fig. 34. F2 as a function of mixing amplitude 5. The shaded 
portion represents the value of F2 for the 294 keV transi
tion as seen by nuclear alignment. 
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The frequency m of the nuclear'rotation accounts for the strength of the 

hyperfine inter~ction. 
. 143 

In the case of·Pr in cerium metal, we have found an anisotropy 

decreasing exponentially with a half-life of 5 nsec. Substitution of 

values in.Eq. ~12) shows ~hat this corresponds to an electronic relaxation 
-11 time of 1.29-X 10 sec. 

It is worth comment that a time-dependent hyperfine effect appears 

/ 

... ..:... .... ~.in Pr14_3 and not in ce140, although it is ·impossible to infer any one de- · 

finite reason from our single measurement. One would expect a somewhat 

stronger attenuation in Pr+3 due to th~ enhanced p~ramagnetic correction, 

hence stronger hyperfine coupling~ However, tms would not be a big enough · 

difference to account for ohr results. It is therefore, possible that the 
+3 . +3 

spin~lattice,relaxation is faster for Ce in l~nthanum metal than for ·Pr 

in cerium metal. 

As a final comment, it may be noted that the order of ~gnitude of 

the .electronic relaxation time is characteristic of a spin-lattice relaxa

tion, in contrast to the otlier possible mechanism in a metal, conduction 

electron spin-spin relaxat:i.on.9l Ov~rhauser has shown that, although the 

latter could explain nuclear relaxation, it would be several orders of mag

nitude slower.92 . 

3. g-factor and paramagnetic correction 

Because of the crucial significanceof the paramagnetic correction 

in the evaluation of the g-factor, a careful analysis of the electronic 

structure of the samples investigated must be made. The critical parameter 
I 143 

in this study is the yalue of gB from the rotational frequency of Pr 
I 

in cerium metal. 

In view of .the powerful chemical reducing capacity of the sea of 

conduction electrons in a metal sample, 

tronic equilibrium (relaxation times on 
., 143 

safely assume that all the Pr exists 

and the rapid attainment of elec-
-14 41 the order of 10 sec), we may"' 

in the triply-ionized state. 
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The problem of crystal field effects may be disregarded here~· 

Bleaney has·found that.Pr+3~in. the cubic 'field of praseodym~um metal has 

an electronic splitting of the 3H4 electronic ground state into a singlet, 

two triplets, and a doublet. 78 The l!laximum splitting, between the grou..'Yld 

singlet ~nd the highest triplet, is 246°~, with the majority of the states 

at energies below 150°K. In·the,cubic lattice of cerium,metal, the inter

atomic distance is approximately the same as in praseodymium, and one can 

approximate the same splitting. Thus, at the temperature of this experi

ment (300°K), the effect of crystal field upon (Jz). should be neg~igible 

and we may consider the internal field as independent of this. This con-
' elusion is borne out by room temperature susceptibility measurements on 

·---praseodymium metal. 42 

One further assumption can be made--that J=4 is a good quantum num

ber. The spin-orbit splitting in Pr+3 is greater than 2900°K. 

W f . d . t 11 f th t . 1 . . d p 143 . . e . ~n exper~en a.. y or e r~p y-~on~ze r ~n cer~um 

metal that gt3 = 3.55 ± 0.36~ Adopting the interpoJ,.ated value for (r-3) and 

hence the paramagnetic correction ~ = 2.00, we find 

1.77 :t 0.·1<6 , (13) 

The importance of this value lies in the fact that we now.have a semi-

quantitative estimate of g and can use this to deduce the ·electronic struc-. . . 4 
ture of the Pr1 3 in solution. 

A second and less quantitative inroad comes from a comparisonof 
. +3 . +4 

the perturbed integral runs on Ce and Ce • In spite of the -large ~rrors, 

the proximity of the experimental values indicates that the praseodymium 

' ion is in the s~e oxidation state for both during the lif~time of the 

57 keV nuclear level. This fact immediately eliminates ,the possibility of 

Pr+5 and allays worries about differing oxidation states due to differing 

procedures in chemical preparation. 
! 

The·; final analysis must come from the accurately measured differen-

tial runs oh Pr
14

3 in solution which give g~ = 2.58 ± 0.13. If we assume 

a Pr+3 configuration, the Bleaney paramagnetic correction is 2.00 and g = 

1.29 ± 0.065. This value does not overlap the value measured in the metal 

runs. 
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+4 . 
The paramagnetic correction expected for Pr ~nvolves some com-

plications, but can be predicted. It may·be remembered from Sec. II that 

the paramagnetic correction term involves the product of a radial term, · 

implicit in (r-3), and an angular term, derived through angular momentum· 
' ' +4 ' 

and symmetry consider.ations·. The latter for Pr is exactly the same as 

for Ce +3, the electron configuration being '4f1 in both cases·. 

'The radial term may be evaluated by.induction. Bleaney has sur-· 

veyed a number of cases of hyperfine interactions in doubly-ionized rare

earth ions and found the interaction constant essentially the same as for 

neutral atoms. Assuming the first two electrons lost in the rare earths 

are from the 6s shell, we may conclude that the angular properties remain 

.-.. ----the same in the · 2+ ions. Consequently ( r-3 ) is unchanged. Th~s is ·not 

surprising, as the 6s electrons .lie almost entirely outside the 4f orbitals. 

The loss of a third electron, from the 4f shell, alters the hyper

fine interaction drasticallY: After correcting for the configt~ational 

differences in the 4f shell; one can calculate the ratio of (r-3) for atoms 

and ions •. Judd and Lindgren have approached this prcqlem from a theoreti

cal side and predicted this ratio. 30 The close agreement.between their 

predictions and the experimental values summarized by Bleaney allowsa con

fident estimate of the ratio. The loss of a 4f electron in Pr+2 (4f3 ~4f2 ) 
increases (r - 3) by a factor of 1.17. The. corresponding loss in Ce +2 

(4f2 ~ 4f1 ) multiplies (r - 3) by 1.20. As (r -3) should change very. slightly 

for a change of one part in 58 in nuclear charge, we shall assume an en-: 

hancement of 1.19 in going from Pr+3 to Pr+4 • 

Thus, using the Bleaney value of (r-3 ) = 5.06 a.u. for Yr+3, and 

the angular parameters 

P 
+4 

r ' 

' +3 
for Ce , we find the paramagnetic correction for 

p= J,'fCf .. 
(14) 

I 

Division into the determined value of ~ gives 

I. 73 :t 0.09 (15) 
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The excellent agreement bet~een this value and that derived from the metal 

allow an unambig~ous designation of the electronic state as Pr+
4 

and a 

confident acceptance of g. 

The value of the g-factor confirms the conclusion of nuclear align

ment that the 57 keV state must have spin of I = 5/2+. While the Schmidt 

limit for a d
5

/
2 

state is 1.92, the other experimental values for d
5

/ 2 
states in this region average to g = L 66, ~hile g

7 
; 2 levels range around / 

g = 0.77. It is interesting to note that the g values predicted from the 

quasi-particle considerations of Kisslinger and Sorensen are 1.38 and 0.61 
84 respectively, both lo~er than empirical values. 

One reservation about the entire· previous argument must be aired: 

the complete interpretation rests upon the differential measurement of the 

rotational frequency in cerium metal. This measurement, due to the rapid 

. time-dependent perturbation, is thelt~t dependable of all the experimental 

work. Les~. than one comple~e cycle has been observed, and systematic errors 

such as drf~ting background could give anomalous results. Ho~ever, in vie~ 
~ 

of the accordance of the nuclear alignment data, and of the internal consis-
H. . 

tency of t~e differential runs in the metal, ~e feel the acseptance of the 

g-factor ~ue is a reasonably good risk. 

Th~~e remains a good deal of interest in the semi-stable Pr+4 oxida

tion stat~;:~ This configuration has never been ·reported in solution although 

· t~e oxide ~~~02 is stable under certain conditions. Pr +4 is a very strong 

oxidizing agent, ~ith a predicted. electromotive" force potential of -3.5 V 

and a free energy of reaction of -56 kcal/mole (compared to -12 kcal/mole 

for Ce+4 ~ce+3).75 The rate-determining step in the oxidation of water 

has been cited as the formation of atomic oxygen. Our data show that the 

reaction requires at least longer than 30 .X 10-9 s~c. This contrasts 
+5 . 

sharply ~ith the reduction of Pr , ~hich must proceed faster than nano-. 

seconds. 

,., 
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