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NUCLEAR STUDIES USING SEMICONDUCTOR DETECTORS 

Richard Barry Frankel 

Department of Chemistry and Lawrence Radiation Laboratory 
University of California, Berkeley, California 

January 5, 1965 

ABSTRACT 

Germanium surface barrier detectors were used to measure the,. 

angular distribution of conversion electrons from the 255 keV isomeric 

transition in Cel37m for Cel37m nuclei aligned in the neodymium ethyl

sulfate lattice. Direct comparison with the. ~-ray angular distributions 

gave the particle parameters (b2)k = 1.061(18), (b2 )L = 1.059(20). From 

the variation of the ~-ray anisotropy with temperature, the hyperfine 

coupling constant for Ce137m was determined to be A = 0.0147(7) cm-l 

using the 1957 temperature scale for this salt. 

Cel37m was also aligned in cerium magnesium nitrate and the vari

ation of the 255 keV ~-ray anisotropy was studied as a ftmction of tern• 

perature. Anomalies were shown to exist in the cerium magnesium nitrate 

temperature scale derived by Daniels and Robinson. A new temperature 

scale is proposed which goes down to 0.00l9°K. To test the new scale, 

Pm144 l' d · · · . t t Th . t . f th was a lgne ln cerlum magneslum nl ra e. e anlso roples o e 

615 and 695 keV ~-rays were fotmd to be attenuated, but confirmed the 

Ce137m results. 

The decay of ce13 7m+g to Lal37 was investigated with Ge(Li) ~-ray 
detectors, Si(Li) electron detectors, and nuclear alignment. Levels .were 

fotmd at 10, 446, 492, 708, 762, 781, .835, 925, 1004, and 1170 keV. 

Definite spin and parity assignments were 762 keV (ll/2+), 835 keV (9/2+), 

and 1004 keV (ll/2-). A spin of 5/2+ was tentatively assigned to the 
' 

446 keV level. The 11/2- state corresponds to a ~uasi-particle state 

predicted by Rho. 

The distribution of alpha particles from E253 oriented in 

neodymium ethylsulfate was measured using germanium surface barrier 

detectors. The L=4 wave in the grotmd state transition was fotmd to be 

out of phase with the L=O and L=2 waves. The L=4 wave was fotmd to have 
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a larger amplitude and the L=2 wave a. smaller amplitude thart predictions 

based on the Bohr, Froman and Mottles on coupling relations. • The. relative 

amplitudes for the ground state transitions are ~o= 1, a2= O.ll, and 

a 4= 0.016. 
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I. INTRODUCTION 

The introduction of semiconductor crystals. as detectors for 

particles and photons has allowed the investigat:}.on of several interest

ing problems in ?uclear physics. With germanium surface barrier detectors, 

the first reported measurement .of the angular distribution of conversion 

electrons from oriented nuclei was made. The nuclei were Ce137m in 

neodymium ethylsulfate. This is described in Sec. III. With the same 

detectors, the relative phase of the L=O, L=4 waves in the alpha decay 

of E253 to the ground state of Bk249 was determine~ by measuring the 

angular distribution of alpha particles from E253 oriented in neodymlum 

ethylsulfate (Sec.· VI). High-resolution lithium-drifted germanium and 

silicon crystals have been used to investigate the decay of Cel37 to 

Lal37 (Sec. V). 

During the course of these experiments, anomalies in the tempera

ture scales for neodymium ethylsulfate and cerium magnesium nitrate were 

found. The temperature scale for cerium magnesium nitrate was investi

gated by nuclear alignment (Sec. VI). 

The first section contains an introduction to nuclear orientation 

and des:cJ?·ibes:. the experimental apparatus. 

II. THEORETICAL AND EXPERIMENTAL BACKGROUND 

A. Theory of Nuclear Orientation 

Nuclear orientation .is a very powerful technique for the study 

of the angular momentum properties of nuclear states and of the radiation 

emitted in transitions between nuclear states. 1 Since all methods of 

nuclear orientation involve an interaction between the nucleus and its 

environment, these interactions and 'the nuclear electric or magnetic 

moments involved may also be studied. 

Nuclear orientation results when the (2I+l)-f.old spatial degen- . 

· eracy of. a nucleus with total angular momentum (spin) I is resolved and 

certain of the nuclear magnetic substates are preferentially populated. 

The substates may be characterized by the projections I of the spin I z 
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If +I z on an axis, called the orientation axis. and -I have eq_ual 
z 

population, the system is referred to as aligned. If +I and -I have 
z z 

uneq_ual populations, the system .is referred to as. polarized. The methods 

of nuclear orientation may be classified as eq_uilibrium.or static, and. 

noneq_uilibrium or dynamic. In addition, angular correlations of radia~ 

tions may be said to involve a nuclear orientation in the intermediate 

stat·e. 2 The dynamic methods. involve resonance techniq_~es3 and will not 

be considered here, as the static methods are more generally used for 

the study of nuclear properties. 

Since the eq_uilibrium populations of the nuclear magnetic sub

states depend on the ratio of their energies to kT as exp[-E(I )/kT], and z 
since these energy .differences are usually small (< 1°k), the staic 

methods req_uire low temperature techniq_ues. The static methods may be 

summarized as follows: 

a) "Brute Force" polarization. The nuclei being oriented are 

cooled by contact with an adiabatically demagnetized paramagnetic. salt. 

A large field is applied, which couples directly to the nuclear magnetic 

moment.. For reasonable polar.izations (rv200/o) fields of the order of 
0 50,000 gauss at 0.01 K are needed. This is difficult experimentally, as 

application of the field would tend· to warm up the salt. The techniq_ue 

has been applied to Inll5 in In metal. 4 

b) Polarization in ferromagnets (anti-ferro magnets). The nuclei 

are dissolved or diffused into a ferromagnetic material, as iron, which 

is placed in contact with a paramagnetic salt, usually through copper 

fins or wires. The salt is demagnetized and a small magnetic field is 

applied to magnetize .the sample. Core polarization or conduction electron 

polarization results in large fields at the impurity nucleus, which at 

O.Ol°K results in large' polarizaions. An example is the polarization of 

Au197 in ±ron. 5 

--

,, 

c) Magnetic hyperfine structure polarization. This techniq_ue can • ~ 

be applied to nuclei in atoms with unpaired d or f· electrons. In 

certain ionic salts, the unpaired electrons give rise to large ("'10
6 

gauss) 

fields at the nucleus. In most cases, the nuclei are embedded in the 

.• -

~· 
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paramagnetic salt used for cooling. _Upon demagnetization, a small field 

· (200-800 gauss) is applied to polarize the electron spins. This results 

immediately in nuclear polarization. For example,_ Tb
160 

nuclei were 

polarized i~ neodymium ethylsulfate. 6 

d) Magnetic hyp~rfine structure alignments. For some ions in 

certain paramagnetic salts, the hyperfine structure interaction is 

anisotropic with respect to the crystalline axis. Merely cooling_the 

ions leads automatically to alignment. This is true for many rare 

earth ions in crystals of neodymium ethylsulfate and cerium magnesium 

nitrate. These salts can be demagnetized to low temperattrres--the 

former to 0.02°K and the latt~r to ~0.002°K. This is the major method 

used in this work. 

e) Electric hfs alignment. Large electric field gradients with 

a definite orientation with respect to the crystalline axis exist at the 
+2 

nuclei in certain salts, such as at U as uo2· in uranyl rubidium 

nitrate. These field gradients can couple to the nuclear quadrupole 

moment to produce alignment. ~33 and Il3l were aligned_by this techni
que.7,8 

f) Polarization of closed shells. The polarization of closed 

shells by crystal fields can give rise to large field gradients in rare 

earth nuclei. Lu177m has been aligned irt neodymium ethylsulfate by 

this method.9 

The Spin Hamiltonian 

The various static methods of alignment may be conveniently 

summarized by the introduction of a spin Hamiltonian. 10 This formulation 

may be applied to ions in paramagnetic crystals with axial symmetry and 

to nuclei in external fields. Neglecting collective effects, the elec: 

tronic and nuclear interactions may be represented by: 

gllf)HzSz + g 1f3(H S. + H·S ) + D(S 
2

- -=:u
3
1 

(S+l)) + E(S 
2

- S 
2

) 
_ XX yy Z X y 

(II .1) 

+AS I + B(S I+ S I ) + P(I 2- ~(I+l)) - (~) H·I. zz XX yy z 3 I 
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S is a ficticious spin, obtained by setting themultiplicity.of the 

levels populated at low temperature .to 28+1. 

with an odd number of unpaired electrons) 

the rare earths (not for the iron group). 

For Kramer's ions (ions 

generally equals 1/2 for 

In the first two terms, f3 . is 

the Bohr magneton and gil and gJ.. are the. ionic g factors measured 

along and perpendicular to the z axis. The D and E terms represent 

the splitting of the '2S + 1 electronic levels by an axial distortion 

(the D term) and a nonaxial distortion (the E term). For s = l/2, 

these terms vanish. The A and B terms represent the magnetic hyper-

fine interaction between the electronic spin and the nucleus; the P 

term represents the electric hyperfine interaction between a field gradi

ent at the nucleus and the nuclear quadrupole moment. The last term 

represents the direct coupling of the nuclear spin with an externally 

applied magnetic field. For individual cases, certain terms in the 

Hamiltonian dominate and the others can be neglected. The term in H·I 

corresponds to orientation in external fields or ferro- and anti-ferro

magnets, with H the external field or the internal field, respectively .. 

Magnetic hfs polarization results. from combinations of the first _six 

terms and a small (500 gauss) external field; magnetic hfs alignment 

occurs if the D, E, A, and B terms predominate, with AfB. The . P term 

leads to electric hfs alignment. It is often possible to predict which 

terms will apply to a given experiment, but one includes as many terms 

as are necessary to fit the data. 

Having selected the proper Hamiltonian for a given case, one 

solves the equation 

= 

for the energy eigenvalues ·E, where the ?j;n are states of the form 

Jsz,Iz). The populations are obtained by applying Boltzmann statistics. 

In certain cases, resonance experiments)g:Lve values of g11 , gJ.' A, B, etc. 

Since the -nuclear orientation depends on these constants and on 1/T, by 

varying 1/T, and observing the degree of orientation, one can determine 

·• 

" ,. 
-. 

~ 

;. 

~-
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. St ll, 12, 13 . their values. Using the crystal field theory· of. Elliott and evens, . 

it is possible to obtain values for the nuclear moments from the hyperfine 

interaction constants. There is some uncertainty in the derived moments 

since the eXJJressions .include a fact~r of ( l/r3) which must be calculated. 

The Orientation Parameters 

For systems with axial symmetry, specification of the occupation 

probabilities of the.nuclear magnetic. substates completelydefines the 

nuclear orientation. In discussing the geometrical aspects of oriented 

nuclei (such as the angular distribution of radiation) it is more con

venient to introduce. parameters which can be derived from a "multipole" 

eXJJansion 6f the density matrix. These are. defined as }
4 

where I is· the nuclear spin, I 
z 

( ) is a Clebsch Gordan coefficient 

(II. 2) 

is projection of I on the z axis, 

and W(I ) is the occupation probability 
z 

for the substate with .Iz:·. If B1 (I)fO, there is nuclear polarizationj 

if B1 (I)=O but B2 (I)f0, there is nuclear alignment. 

Radiation from Oriented Nuclei 

If radioactive nuclei are oriented, their decay products may show 

a spatial anisotropy. The angular distribution of the radiation depends 

on the degree of initial orientation and on the angular momenta involved 

in the decay. For electromagnetic radiation, the angular distribution 
l may be eX}landed as: 

w(e) (II.3) 

·where the Bk are the. orientation parameters described above, Pk are 

Legendre polynomials of order k, 8 is the angle between the direction 

of emission 'and the axis of. ori~ntation, Uk are coefficients which account 

for realignment due to any (unobserved) preceeding transitions, and :\t 
are coefficients related to the multipolarity of the observed transition 
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and to the spins of the states it connects .. If.detectors are used which 

subtend :a. finite solid angle at the source, solid angle correction coef-

ficients gk must be included in E~. (II·3). These have been calculated 

for Nai detectors .15 The upper limit on k is the smaller of .2I (initial) 
I 

or 2L. Terms in the expansion for k > 4 are generally omitt·ed because 

B6 is usually small with re~pect to B2 and B4. The odd Legendre poly

nomials do not appear for the angular distribution of ~~radiation because 

parity conservation requires that the distribution be symmetric about 

e = n/~. The .same condition applies to all radiation from parity conserv

ing interactions, for example, alpha and conversion-electron emission. 

As one might expect, the circular polarization of emitted ~-rays·depends 

on the polarization of the parent nuclei_; therefore, observation.of 

circular polarization requires retention of the odd polynomiais. The 

odd terms are also in<;!luded for beta particles as the beta decay inter-

action violates conservation of parity.· L L 
If the sequence of transitions i:!l I ~ I ~ I where the A B ---, C' 

parent nuclei with spin 

L2 is observed, 

IA are aligned and radiation of multipolarity 

IC-I~-1 . l/2 . . 
(-1) (2IB+l) (2L2+DxL2L2l-lJk O)W(IBIBL2L2 ,kL2), 

(II. 4) 

and 

(II. 5) 

If_ there are several unobserved transitions, Uk = ~· Uk(i), where Uk(i) 

refers to the ith unobserved transltion. Radiation of multipolarity L+l 

. of.ten competes with radiation of multipolarity L. For 

F' 
k 

= 

. L2,L2 
IB . ) IC' 

Fk(L2ICIB) + o~k(L2Ic IB) +2oFk(L2L2IciB) 

l + o2 . 

(II. 6') 

--

.-, 
' 

• < 

"' -
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where o2 is the intensity of t?e L2 component.. 5. can be pqsiti ve or 

negative. The corresponding expression for_ Uk does not contain the 

interference term (term in ~.) and 

U' 
k 

(II.7) 

Note that Fk and Uk vanish for k > 2L. ·Radiation from states with 

spin 0 of 1/2 or of multipolarity L=O will be isotrop~c. 

In addition to reorientation effects due to unobserved transi

tions between. the original state in which the nuclei are oriented and 

the state from which. the observed radiations are emitted, reorientation 

may occur in the intermediate states. These. effects are due to inter

actions of the. nuclear states with extranuclear fields. They may be 

included in the theory by introducing the coefficients '\.' which multiply 

the kth term in the expansion. of w(e). For . n intermediate states, 

'\. ·= D ~(i), where ~(i) is ~he coefficient for the ith state. 

Althoug~ a theory is available; it is not in practice possible to cal

culate ~(i) exactly. Tn .general, ~=1 for lifetimes much shorter than 

1 nsec. Substantial attenuations have been observed for lifetimes of the 

order of a few nsec .1 7' 18 ' l9 . 

The Angular Distribution of Particles 

The Fk's have been tabulated by Ferentz and Rosenzweig .. 20 It is 

therefore convenient to cons:i,der the expression for the gamma ray angular 

distribution as a reference and to define coefficients which allow the 

calculation of the angular distribution for particles in term~ of the 

tabulated coefficients for the angular distribution for gamma rays. This 
21 ' 

has been done by Biedenharn and Rose, who intr.oduce ·particle parameters 

bk so that 

(II. 8) 

The particle parameters for alpha decay and conversion electron 

emission are discussed in further detail in Sees. (TII) and (VI) respectively. 
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Angular Correlation. · 

Angular correlation can also be used to determine nuclear S:Pins 
t 

and multi:Polarities of radiations in nuclear transitions. Consider two 
! . 

successive gamma rays of mul~i:Polarity L~~t and L~,L2 emitted in a 

nuclear cascade, 
· )'J.:(LlLl) )'2(L2 2)' \ . 

IA ) IB tIC. If coinCidences 

between )'l and )'
2 

are measured in tw.o detectors, the coincidence 

rate may be -found to be a function of the angle. G between the detectors. 

The theoretical correlation function is similar to that for the distri- . 

bution of radiation from· oriented nuclei, and.angular correlation,may be 

:thought of as a S:Pecial case of nuclear alignment. In this case, a:n 

alignment of IB is obtained by choosing as the axis. of orientation 

the direction of emission of )'
1

. ·Then )'2 may show S:Patial anisotropy
2 with res:Pect to the axis. The theory has been reviewed by Frauenfelder 

22 . 
and others, and the theoretical expression is: 

w(e) (II. 9) 

where is a product of F coefficients (Eq. lt.4), one of which 

involves only and the o~her of which involves )'2 . only. Thus, 

Note' that the coefficients are defined as if both )'-r~ys originated at 

IB. If )'1 is observed from oriented nuclei, the coefficient 

Fk (LiLliBIA) is used, whiJ.e for 'Y{ correlated to )'2 , Fk (L1L}_IAIB) is 

used, because IB is the aligned state in angular correlation. In 

addition, th~ sign of 5 changes. If 6 is measured positive :for 

nuclear alignment, it will be negative for angular correlation. This 

does not apply to )'2_, because the same· Fk is used for both nuclear 

alignment and angular correlation. 

., 

. . 

. ·" 
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B. Experimental 

1. Germanium Surface-Barrier.Detectors 

Measurements of the angular distribution of particles from 

·oriented nuclei were made using germanium surface-barrier detectors) 
' . . . 23 24 . 25 . 
similar to those used by Roberts and Dabbs ' and Navarro for alpha 

26 . 
particle detection· and by Westenbarger .for electron detection. Their 

. 23 24 
characteristics were first investigated in detail by Walter et al. ) 

The detectors1 most important advantages are their ability to count at 
0 1 K, and that they may be placed inside the cryostat. 

Preparation. Several methods of fabrication were tried. The most sue-. 

cessful is given in detail' below. 

1. Germanium wafers were cut from a bar of lO ohm-em n-type Ge. 

The wafers were lapped with.No. 1900 silicon carbide lap compound and 

etched in a CP-4 bath (2 parts HN03' 1 .part 'liT, 1 part acetic acid). 

2. A thick coating of gold was eVaporated onto one (back) side . 

of the wafer and. was alloyed with the Ge by heating to above 325°C. 
. 0 . . 

3. A thin sheet of gold (500-1000 A) was evaporated onto the 

other (front) side of the wafer. In both eva.poratiC?ns·, care was taken 

to keep the gold away from the sides .of the wafer. A thin gold wire was 

attached to the gold sheet on.'the front surface by thermal-compression 

bonding. 

4. The wafer was attached to a molybdenum tab using thermal-set~ 

ting epoxy resin, made conducting with gold (from E. I. DuPont and Co.). 

The thin gold lead was attached to a B.S. No. 30 manganin wire with the 

same epoxy resin. The assembled detector was placed in a furnace at 

160°C for a few.hours to cure the resin. 

5. Before use) the detector was washed with deionized water, 

methyl alcohol, and trichloroethylene, and dried in dry N2 gas. 

The detectors made in this way were·. good diodes at. temperatures 
0 . 

below 77 K and capacitance measurements showed a linear dependence on the' 

square root of the applied bias. This is consist~nt with surface-barrier 

behavior, in which increasing bias results in an increased depletion 

region. These relationships are shown in Figs .. II.l and II~2. An alpha-
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• Capacitance (left scale) 

6. Pulse height (right scale) 

10 

(-)Volts 

15 

... 
"' E 
<[ 

2 
"' 
:E 
"" ·a; 
.c 
Q) 

.'!! 
:J 
0. 

Q) 

> :g 
Q) 

a: 

MU-35142 

Fig. II.l. Dependence of capacitance and pulse height on bias 
for a germanium surface-barrier detector at 4.20[. 
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MU-35143 

Fig. II.2. Current as a function of applied bias for a germanium 
surface-barrier detector at 77DK and 4.20oK. 
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particle spectrum taken atl°K is shown in·Fig. ·.11.3. The source was 

Arn241 d c 244 241' an m . The variation of the pulse height due to Am alphas 

as a function of applied bias is shown in Fig. II.l. The detector res

ponse to electrons at 1 °K is illustrated by the spectrum shown in Fig. II. 4 . 
. T . D~ .. 

he source was Ce on neodymium ethylsulfate, and was one of the 

sources used in the conversion electron experiment described in Sec. III.A. 

In addition, a detector made 1-cm thick was found to detect the 123 and 

137· keV -y-rays from co57 (in a source placed outside .the cryogenic system) 

with 1!2 keV resoiution at 77°K. The peaks did not appear at 1°K. 

The detectors showed anomalous behavior at certain times. The 

optimum bias setting (for the best.resolution) was from-5 to-30 V and 

would change from day to day for the same detector. Often, particles 

wou;t.d be detected with no ·bias at all, indicating a polarization phenomenon. 

Under experimental conditions, they sometimes exhibited infuriating. 

vagaries. The pulse height was sometimes affected by introducing He gas 

into the cryostat. Or, the pulse rate might effect the pulse height. 

The most insidious change, however, was a change in resolution at con-

stant pulse height as was sometimes observed in the conversion-electron 

eXperiments. This made analysis very difficult and subject to errors. 

Experimental· runs showing changes in pulse height of resolution were gen

erally discarded. 

Other types of detectors were·also made and tested. Germanium 

detectors with aluminum front and back surfaces or detectors with one gold 

and one aluminum surface were tried but were unsuccessful. Pulses were. 

observed, but resolt1tion was poor. Silicon detectors were also tried. 27 

A commercially available lithimn-drifted detector28 showed good resolution 

at 1°K, but the· pulse height drifted with time, indicating trapping of 

change in the depletion region, and thus lowering the electric field. 

This effect is illustrated in Fig. II.5. Detectors made of 10,000 ohm-em 

.· 

silicon according to the germanium detector recipe also showed good resolu- , • 

tion at 1°K, but had poor stability. They are, however, very promising 

because they can withstand much higher applied bias than Ge (up to 900 V) 

at l°K. 

• c 
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MU-35144 

Fig. II.3. Alpha particle spectrum of a mixed Am
241-em244 

source 
taken with a germanium surface-barrier detector at lC1<:. 



-14-

12 Ke- (215 keV) . 

10 

(/) -c: 
::::1 
0 
u 

v 8 
0 
X -
>--(/) 6 c: 
Q) -c: 

c: 
0 

4 (L+M)9 - (249keV) '--u 
Q) -w 

2 

Energy ( keV) 

MUB-3000 
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1- min. count at time= 0 min. 

"' ·c: 
::> 

I min·. count at time= 40 min. 

Channel number 

MU-3.514.5 

Fig. II.5. cs137 conversion electron spectra taken with a TMC 
lithium-drifted silicon detector at 1 ~' _showing polarization 
phenomenon. 
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The pulses from the detectors were amplified with special 

UCRL 5Vl012 charge-sensitivepreamplifiers and UCRL 5Vl034 (model V 

modified) linear amplifiers with R-C pulse shaping. The amplified 

pulses were then fed into a TMC model 213-multi-channel pulse height 

analyzer or into a RIDL 400-channel analyzer. These analyzers automati

cally correct for analyzer dead time. In later experiments, Goulding

Landis 11 X 2950 P-1 pre-amplifiers and 11 X 198 OP-1- linear amplifiers 

·were used. 

Gamma Ray Detectors 

Measurements of the angular distributions of ~~rays trom oriented 

nuclei and spectroscopy measurements were made wi.th Nai(Tl) crystals and 

with the newly developed lithium-drifted· germanium crystals. 

The .Nai (Tl) scintillation c~ystals were cylindrical 3. X 3-in. 

or 2 X 2-in. and were mounted on photomultiplier tubes. They were obtained 

from the Harshaw Chemical Company. The voltage pulse from the photo

multipliers went' into cathode .followers and then into linear amplifiers 

with double delay line pulse shaping. The amplifier output went to a 

puls.e height-analyzer. The best crystal and photomultiplier had 7.8% 

resolution at 600 keV. For angular correlations and conversion electron 

studies, the Goulding-Landis amplifier was used. 
30 . ' 

The introduction of lithium-drifted germanium as a detector 

for gamma rays has constituted a major step forward in gamma-ray spec

troscopy. They were first made ·at Atomic Energy of Canada,Ltd. labora

tories at Chalk River, Ontario, but .a considerable development effort 

has been made by the Lawrence Radiation Laboratory.3l,32,33 

Lithium is evaporated onto the surface of 30 ohm-em j;i-tyrie 

germanium and is diffused into a depth of several microns. The lithium. 

is a interstitial· donor ·is germanium. Under the influence of an applied 

electric field; and ~t temperatures c:if the order of l20°C, the.Li drifts 

into they-type material and compensates the acceptors in theregion. 

This results in an intrinsic zone where the acceptors equal the donors. 

The depth of the zone can be controlled by the drifting field and the 

ambient temperature. At the present state of the art, depletion zones 

of one centimeter depth are obta-inable. These require 10 days of drift

ing at 1000 volts and l00°C. 

• . 
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The zone will support potentials of 156 to 900 volts. Ga!l1'Tla 

rays produce photo- or Compton-electrons in this region which in turn 

create electron-hole pairs. These pairs are swept out of the depleted 

region by the electric field, giving a voltage pulse proportional to the 

original energy of the ~-ray. Because the average energy needed to 

create an electron-hole pair is only 2.8 keV, the statistical uncertainty 

in a 100 keV ~-ray is 

This may be compared with Nai(Tl) for which the average excitation energy 

'for electrons into the conduction band.is 10 eV. The statistical fluc

tuation in pairs created. for a 100 keV ~-ray is now Jl05/10
1
;flo?/10 ~ 1%. 

In a scintillation counter however,. this is not the. only statistical con

sideration. The signal is broadened by statistical fluctuations in 

photon production, photon collection at·the photo-cathode, electron . . ' 

emission by the vhoto-cathode and electron emission at each dynode. 

Non-uniformity of the photo-cathode also limits resolution. 

Since the primary electr-on-hole pairs are collected directly in 

the semiconductor detector, .the resolution limiting· statistical fluctua

tions found in Nai +photo-multiplier are absent. The present limit to 

resolution is primarily noise in the preamplifier. 

The detector resolution varies inversely with the detector capa

city because for a given charge collected Q., V = ~' and this limits the 

surface areas . .Aff.unf:ar±gnate ::aspect of the Li-Ge system is the tendency 

for the Li to precipitate out of solid solution. To avoid this, it is 

necessary to keep the detectors at reduced tem~eratures (generally of 

the order of 77°K for operation). In addition, the detectors are very 

sensitive to surface ·c~:mtamlnation, presumably because of surface leakage 
0 current. ·Holders which keep the detectors at 77 K and in vacumn have 

been devised. They are also designed to minimize stray capacitance 

between the preamplifier input and ground. A schematic diagram of the 

holder is shown in Fig. II.6. 



-18-

NITROGEN RESERVOIR 

MOLECULAR/ 

/ 

PRE-AMP 

FIG.4 

MU B-3664 

Fig. II.6. Holder for Ge(Li) detectors. 
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The preamplifier used with these detectors is an 11 X 2950 ;t?-1 

with an Amperex EC 1000 tube as the first stage. A schematic diagram 

is shown in Fig. II. 7. The linear amplifier is a 11 x 198 OP-1. It 
.. · 

can be used with.positive or negative input pulses, has provisions fo~ 

delay line, double delay line arid RC clipping, and.has a biased ampli

fier in the same chasis. A single channel analyzer·and.a slow and fast 

coincidence system with a variable 'delay can als.o be added to the chasis. 

The best resolution obtained with a germanium detector and these elec

tronics is 2 .keV at 100 keV FWHM. This is also the FWHM of a pulser 

signal passed into the preamp through a ~nown capacitance and·of a size 

to give the charge equivalent of a 100 keV·pulse in germanium. Numerous 

spectra are shown in Sec. v: The resolution decreases to 4 keV at l MeV. 

Because of the small volumes the efficiencies of these. detectors 

are fairly low. The relative efficiency as a function of energy has 

been measured by Easterday, Haverfield and Hollander, 34 and their curve 

is shown in Fig. II.8. The efficiency follows the photoelectric cross 

section in Ge to a minimum at about l MeV. At higher energies, the pair-· 

production cross section increases and the efficiency increases as '.Vell. 

An illustration ol' pair production with single and double escape is 

shown in the spectrum in Fig. 11.9.· Calculations Of the efficiency have 
.. 32 

been made by Goulding. Because of the reduced efficiency at high 

energy and the low ·intensity of some of the transitions studied, counting 

runs· of up to 30 hour's were required. These were possible due to the 

remarkable stability of the electronics. 

The Li-drifted Si DeteCtors 

Measurements of re-lative conversion electron intensities were 

made using lithium-drifted silicon detectors at 77°K. The saine elec,.. 

tronics as.used for the lithium-drifted germanium detectors were used 

here. Conyersion coeffic-ient measurements were made using a lithium-· 

drifted germanium ~-ray detector and a lithium-drifted silicon electron 

detect?r placed in an evacuated chamber to simultaneously measure the 

~-rays and conversion electrons for a given transition. The system was 

calibrated· using so~ces with transitions ;for which the conversion coef

ficients were known. ·This 'is described in detail in a report by Easterday, . 

Have~field, and Holland~r.35 
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Fig. II.8. Relative efficiency curve for Ge(Li). 
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Fig. II.9. Na24 2754 keV ~-ray showing single and double escape 
from a Ge(Li) detector. 
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2. The Nuclear Orientation Apparatus· 
> 

The apparatus used for the nuclearalignment experiments is 

similar to those described elf?ewhere; 36 but was modified to allow particle 

detection inside the cryostat. The.~xperi~ental chamber was an adiabatic 

demagnetization cryostat of Pyrex glass attached to a copper-Pyrex seal. 

The copper seal was soft-soldered to a brass skirt at the end of a 1.5-in. 

stainless steel tube with a 0.020-in. wall. This seal was broken when 

access to the experimental chamber was.desired. The stainless steel tube 

was suspended from the t0p: of a brass support and was connected by a 

welded side arm at the .top to an MGE 60. oil.;.diffusion pump and forepump 

capable of pum~ing the c.ryostat to 10-6 riuri ·. Hg. A valve in the line 

allowed the introduction of.He exchange g~s into the cryostat. The top 

of the stainless steel tube was capped with a plate containing kovar 

steel to glass seals, to which were attached the B .. S. 36 magnum wire 

signal leads from the detectors in the cryostat. The wires rail up the 

center of the tube, which was an wide and as short· as possible to mini

mize stray capacitance. The brass skirt at the bottom of the tuqe . . .· 

included a radiation shield with feed-thr·o).lghs for the signal leads and 

a half-inch bypass pumping tube.. ':['he c;ryostat was inserted into a double 

glass walled helium dewar which in turn was inside a double glass-walled 

liquid nitrogen dewar. The dewars were silvered except for half-inch 
. . 

windows and were tailed down to fit into the electromagnet. The helium 

dewar was connectedto an 8-in. diameter pumping line, which terminated 

at a KMBV 1250 Kinney vacuum pump, capable· of pumping the helium bath to 
0 0.97 K .. The gas. pressure above the bath was monitored with a mercury 

I ' . • 

.manometer, dibli.tyl pthlate manometer, and a McLeod gauge. 'Pictures of 

. the apparatus are shown in Figs. II •10 and II .11. 

The adiabatic demagnetizations ~ere carried out using an iron 

core electromagnet capable of 22 kilogauss across a 2.626-in. gap. The 

magnet was mounted on wheels which fitted tracks in the floor, and had 

a yoke which permitted horizontal access to the gap. It was rolled up 

around the dewars for magnetization and rolled back upon demagnetization. 
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Fig. II.lO. Schematic of Nuclear Alignment apparatus, used for 
particle anisotropy studies. 
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Fig. II.ll. Picture of Nuclear Alignment apparatus} showing 
Ge(Li) detector holder and assoc i ated electronics . 
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3. The Cryostat 

A schematic representation of the experimental chamber used for . 

particle angular distribution studies is shown in Fig. II.l2. A picture 

·is shown in Fig. II.l3. A brass cage inside the cryostat was used to 

support the detectors. It was attached by screws to.the radiation 

shield inside the stainless steel pumping tube. The paramagnetic ,crys

tal was suspended by a glass rod from the top of the cage. The glass· 

rod was anchored at the top by a tungsten-glass joint and was tied to 

the cage half-way down with nylon threads to damp ?Ut vibrations. yuard · 

saits of chrome •alum-glycerin slurry and manganous ammonium sulfate were 

placed about the ·crystal to minimize heat flow dowri the rod and to trap 

any gas that might come down from the pumping tube. The detectors and 

collimators were mounted at 0° and 90° to c axis of the crystal, with 

axes normal to the center of their counting areas intersecting at the 

position of the radioactive spot (see Sec. III.A £or details of the 

sample preparations). The cage provided a grounding point for the 

detectors. To eliminate ground loops, the .brass head of the apparatus 

was isolated electrically from the main pumping line. After ~he experi

ment was assembled, the cryostat was soldered.to the pumping tube. ·It 

was then painted with colloidal graphite (Aqua-dag) to reduc~ the· thermal 

radiation falling on the crystal. The magnetic susceptibility coils 

were then put on and placed·so that one primary-secondary pair ·was around 

.. the crystal and the other pai:b was around an. empty. (of paramagnetic salt) 

portion of the cryostat. Care was taken to center the guard salts. 

between the ·two pai_rs of coils. 

For experiments in whi.ch the angular distribution of -y-radiation 

only was measured, a similar arrangement was used, only the detectors:.and 

their leads were omitted. 

' . 
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Fig. II.l2. Cryostat arrangement for conversion electron and 
alpha particle anisotropy studies.· Nai counters are mounted 
outside the dewar system at 0° and 90° to·the crystalline 
c axis . 
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ZN -4665 

Fig . II.l3 . Cage assembl y , cryostat , and mut ual i nductance coils 
used i n part icle ani sotropy studi es . Detector s are shown a t 
right . 
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4. Temperature Measurements 

The temperature of the paramagnetic crystals used in the:nuclear. 

alignment experiments was determined by measuring the magnetic suscepti

bility X and using Curie's 1aw, 

X C/T (ILlO) 

where C is the Curie constant. This relation is valid only for tempera

tures such that kT > Uco' where Uco is the energy due to cooperative 

effects such as magnetic dipole or exchange interactions between the 

ions in the crystal. U · also determines the. lowest temperature to which co· 
a paramagnetic crystal may be demagnetized,· and therefore Curie's Law may 

be expected to be approximately valid over most of the.temperature range 
0 . 

from l to the lowest obtainable temperature. Because of the low tempera-

ture deviations of Curie's Law, it is necessary to correlate the temperature 

,derived from susceptibility measurements, designated T*, with. the absolute 

temperature, T. Thus we define: 

T* cjx (II;ll) 

Applying magnetic field H ;to a paramagnetic substance results in a net 

magnetization M, where 

X lim 
H -.i'O M/H 

M may be calculated from the partition function Z, 

M 

with H defined as the field acting on the ions in the sample. ·rt is 
' 

necessary to consider the relation between the externally applied field, 

Hext' and the field at the ions, H. 
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H t may be defined as the field that results -when a current is 
. ex 

:passed. through an em:pty solenoid. If. a :paramagnetic substance is :placed 

in the solenoid,. the field in the substance, H. t' -wi.ll be homogeneous 
7 ln . 

only if the sample shape is ellipsoidal. 3 For an ellipsoidal sample, 

H. t . ln H t - NM/V ex 
(II .12) 

-where M/V is the magnetic moment :per unit volume and N is the demag

netization factor. N, ~s a function of the ellipsoidal shape, is giyen 

by Kurti and Simon. 38 For a sphere, N = 4TI/3• The field at a given ion 

w'ill also depend on the magnetic, interaction with neighboring ions. 

Lo;entz39 calculated the field due to the interaction to be proportional 

to the magnetization, 

H 
. 4 

Hint + }TI M/V (II .13) 

and using Eq. (II.l2), 

H = 
4 

Hext + (3TI -N)M/V . (II.-14) 

40 Onsager tried to include the-effect of the ion :polarizing the surround-
41 

· ing medium. Van Vleck used the actnal magnetic interactions between· 

ions and developed a series expansion -which converged slo-wly at low 

temperature. These ca-lculations are all unsatisfactory at low values of 

T. At higher values ofT, all three treatm~nts converge to the same 

result. Thus, Hint can berelated exactly to Hext' but there is an uncer

tainty. in going to H (at the ions). In defining T* then, we use H t' 
1 . . ex 

so that T* =. C/Xext -where Xext is defined as Hex:: 0.M/Hext. This 

.choice means that T* (at a given T) will depend on the sample shape. To 

facilitate the nse of the T*-T correlations for a given substance; Knrti 

and Simon38 introduced 'I®, the T* for a spherical sample. The relation 

bet-ween T® and T* may be derived· as follows: . 

·~· . 
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-· 
T* -

·c 
X .. 

is the susceptibility using the field at the ions 

H = H.rit + H J.. m 

the field due to the other dipoles. ·Then 

H ·- H ext - NMIV + H 
m 

X I M . . 
M H (H ·. -NM/V+H ) . 

ext· m 

X ext 
N I . 1--X +H H [ V ext m ext] 

I 

(:ti.l5) J 

.Q c - !! X 
H 

T* [1 +-m-= 
.:'>. X ext V ext H ext 

T* + [ Q H - NCIVJ M ·tn . 

· (II.l5). 

H: 

(II.l6) 

] . (rr:17) 

If there are two samples of different shape, they will have a di;fferent 
-N, but T* would be the same for each ('by definition) . Then we find 

T* 2 (II.l8) 

The effect of dipoles· far away from a given dipole is included in N. 

H may be considered as arising from nearby dipoles, and H jM will be m m 
independent of sample ·.shape. Therefore, 

T* 
2 (II.l9) 
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If sample 2 is a sphere, T~ ' == ~ and T® == Tj: + (4n /3 -N) C /V. To 

extimate the magnitude o:t:.the effect of shape, let g==2, J==l/2, and 

V ~ 250 c. c .. (volume per mole). The C/V ~ 0:002. ·.For a flat,· thin, 

disk-shaped sample with the measuring field along the plane of the disk, 

N=O. 

. .. T* + (4n/3-0)(0.002) T* + 0.008 

The susceptibility i.n these experiments was,measured using mutual 

inductance coils and a Hartshorn bridge. Two primary-secondary pairs 

were used, connected in opposition. One pair was located around the 

paramagnetic crystal and the other was placed where the cryostat contained. 

no paramagnetic material. If ¢ is the flux in the secondary, the 

voltage induce(i is d¢/dt. For the coil around the crystalj, 

¢ == (H .+ 4nM)nA 

where A is the area·of the secondary and n is the number of turns. 

For the other coil, 

¢ = RnA 

The difference is (4nM)nA. The primary vol~age is modulated with a 20 c/s 

audio oscillator. Changes in the difference voltage are .directly propor

tional to changes in the susceptibility. 

The difference voltage is ·amplified and measured using a variable 

inductance. bridge, 42 with an oscilloscope as a null point indicator. The 

bridge also balances the voltage induced in phase with the primary voltage 

due to the imaginary part of the susceptibility. A circuit is shown in 

Fig. II.14. ~ • 

The bridge and coils were calibrated for each sample .in the 
0 Q_ . 4 

temperature region 4 K to l K,using the vapor pressure of He gas as a 

measure of the absolute temperatlire. ·An example of such .a calibration 
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Fig. II.l4. Circuit for mutual inductance meaeurements . 
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curve is shown in Fig. II.l5. Upon demagnetization, the bridge was· 

balanced and periodically rebalan~ed as the crystal warmed up (due to 

stray heat input). Extrapolation of the calibration,allowed T* to be 

calculated from the bridge reading. 

T® - T correlations are based on ·the second law of thermodynamics. 

From 

cQ/cT® may be measured by using a constant/ heat input (~.g., -y-ray heat

ing) and measuring the change ·in T®. cs/cT® may be measured by a series · 
0 

of isentropic demagnetizations of·a spherical sample from l Kanda knol¥n 

field, H (initial). S(H/T) may be calculated or measured fro~ the heat 

output of the crystal upon magnetization. If t.he magneti·c properties of· 

the crystal are anisotropic, the correlation: will depend on the direction 

of the magnetizing field and of the measuring field. The most -difficult .· 

problem . is obtaining a reliable correlation at the lowest values of T 

obtainable by demagnetizing the sample. The largest deviations from 

Curie's Law occur at these temperatures. For. collective transitions in 

paramagnets, .the susceptibility shows a maximum in the collective region. · 

Thus, cs/cT® becomes very large, and large uncertainties result in T. 

The techniques and methods of these determinations are further explic~ted 
. 4 . . 44 . . 

in the reviews by DeKlerk 3 and by Ambler and Hudson. 

The T®- T correlation for cerium magnesium nitrate has been made 

by Daniels and Robinson45 and is discussed in Sec. IV.A. Meyer has made 

the correlation for neodymium ethylsulf_ate ~ 46 
which is. the subject. of 

Sec: III.B. 

In general,. the crystals used in this work were single crystals 

and were not shaped into ellipsoids or spheres forwhich N· could be 

calculated. The measured T*' s were related to T® empirically by defining 

correction 5:; such that, T® = T* + S. For neodymium ethylsulfate S was 

. ~ .• 

.,_ .. 
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Fig. II.l5. Typical calibration curve (neodymium ethylsulfate) 
for magnetic temnerature (T~) measurements . 
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determined by comparing T* 1 s obtained for demagnetiz_ations from various 

(H/T) (initial) with the T®'s obtained by Meyer for the same (H/T) 

(initial). For cerium magnesium nitrate, Daniels and R"obinson found 

rJ!F) = 312 for .(H/T) (initial) > 18kG/ok. T*'s for demagnetizations from 

18 to 22kG/ok were set equal to 312, giving 5 for this salt. 

5. Experimental Procedure 

In the most general nucl~ar alignment experiment, the angular 

distributions of ~-radiation and particles were measured and the tempera

.ture was monitored with the magnetic susceptibility coils at the same 

time. The ~ray detectors (Na:I or Ge(Li), see Sec. II.B.l) were mounted 

on a counting table which rolled on tracks i~ the floor. (See Fig. II.ll) 

The detectors were placed at 0° and 90° with respect to the direction of 

the crystalline. c· ·axis of the cooling crystal. The crystal was mag

netized at 1 °K and in fields up to 23 :k.rii.::ogaus:s with 0. 08mm Hg of He 
. -6 . 

exchange gas in the cryostat.' The cryostat was tnen pumped out to 10. mm 

Hg. The crys4al was demagnetized over a peri"od ·of about one minute and 

the magnet was rolled away. The counting table was rolled up and centered 

with respect to the position of the crystal .. Multichannel analysis was 

started for all four detectors and the magnetic susceptibility was measured 

using mutual inductance coils. These counts constituted. the "cold" 

counts. After counting for a measured length of time, the counts were · 

recorded and 0. 08 mm Hg of He gas was: introduced into the cryostat. This· 

allowed thermal contact with the bath and the crystal warmed to ·1°K where 
. . . 

the radiation was isotropic. Normalizing "warm" counts were.then taken 
I . 

with all. :four detectors. The counts were corrected for source decay and · 

background and the ratios (counts cold/counts ·warm) (=c/w) were taken. 

The temperature measUrements-were corrected from T* toT (Sec. ILB.4). 

This gave c/w = w(e) as a function of temperature for 8=0°, 90°. These 

data were then fitted with theoretical curves (Sec~ II.A). 

.. .... 

\. 



" ·- .... ·-· .... . , .. :.~. ~ . . . ..... , I ' \ ~"' • I ':, ·,~ .~ : I '' : 

-37-. 

6. Coincidence Studies and Angular Correlations 

·Germanium-germanium; germanium-Nal(Tl),and Nal(Tl)-Nal(Tl) 

coincidence studies were pe+formed using the. fast-slow coincidence cir

cuitry in the Goulding-Landis amplifiers. The fast system had a variable 

delay of up to 450 · nsec and a variable resolving time of 10-110 nsec. 

The pulses used for the fast coincidence were taken off the crossover in 

the first amplifying stage. This was done by a circuit. in the amplifier. 

A block diagram of the coincid\Once circuit is shown in Fig. 11.16. In· · 

the angular correlations experiments involving Nal(Tl) detectors, Cosmic 

Radiation Company 1 s 11Spectrostats" were used as high voltage supplies. 

These device.s adjusted the high voltage to keep a constant pulse height 

and this tended to eliminate drifting. 



--- -.., 
I 
I 
I 
I 
I 
I 
I 
I 

-38-

Linear gate 
'-----+----, 

slow coinc. 
' 

PHA 

I 
I 
I ___ _J 

MU-35150 

Fig. 11.16. Block diagram of coincidence circuit. s, source; 
D, detector; H.V., high voltage; PA, preamp; LA, linear amp; 
F.c., fast coincidence; SCA, single channel analyzer; BA, 
biased amplifie.r; PHA, pulse height analyzer. 

.. 
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III. THE ANGULAR DISTRIBUTIO:N OF CONVERSION- ELECTRONS 

FROM Ce 137m ORIENTED IN NES :· 

A. Conversion Electron Experiments 

Introduction 

The .angular distribution of b_eta part:Lcles from oriented nuclei 

is of interest in the study of both nuclear and solid state phenomena. 

Parity non-conservation in beta decay yas first proved using nuclear 

orientation. 47 Studies of the matrix elements in first forbidden beta 

decay have also used this.techniqU:e.
48 

Recently, determinations of the 

signs of magnetic fields at impurities in ferromagnets have been made 
. . t d l . 26 

using beta asymmetries from orlen e nuc el. 

Previous detection techniques involved plastic scintillators and 

light pipes. These are unsatisfactory because of poor energy resolution 

and poor cryogenic characteristics. Development of the·Ge surface 

barrier detectors (Sec. II .B .1) to allow electron. counting at· l °K with 

good resolution increases the feasibility of these experiments. 

In order to establish. the quantitative accuracy of measurements 

made with the germanium electron detectors it is advantageous'~ to study 

a case in which the electron energy spectrum is discrete, rather than 

continuous, and for which a quantitative theoretical prediction exists. 

The experiment chosen was the-measurement of the angular distribution. 

of conversion electrons from the 25:5 keV isomerid transition in Cel37m .. 

This exper~ment, the first of its kind~· was free from ambiguity in inter

pretation and allowed a direct determination of a particle parameter for 

conversion electrons. When aligned in NES, for .which the temperature

susceptibility correlation is known, 46 ce137m had been shown to give 

large ~-ray anisotropies,
49 and the 255-keV isomeric transition is highly 

converted (ek/~ ~ 6).5° The existing decay scheme is shown in Fig. II.1. 51 

Many new transitions and several errors have been discovered in this decay 

scheme. The results are presented and discussed in Sec. v. It should be 

noted that the changes have no effect on this experiment. 
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137m 
Ce (34 hr) 

11/~EC I 0.255 LT. 
R~Q.I% eK .... 

Ce137 (9hr) (-y .... G) 

3/2+ EC 0 

5 I 2 + -------,r---L-

112 + __ ___,....____ 0 
La137 

Cel37m 

decay scheme 

MU-32906 

Fig. III.l. Existing decay scheme for Cel37m. 
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2. · Experimental 

A schematic representation of the demagnetization cryostat was . 

shown in Fig. II.l2. Electron detectors and collimators ~re mo\.Ulted at 

0° and at 90° to the crystalline c axis of a neodymium ethylsulfate (NES) 

crystal containing ce137m activity. The c axis is the axis of orienta

tion. Nai(Tl) counters were mounted at 0° and 90° outside.the cryostat 

and dewars. The conversion electron spectrum taken at i°K.with an el~c
tron detector was shown in Fig. II. 4 J with the K and . (L+M) peaks .clearly 

resolved. 
137m · Thirty-four hour Ce was made from natural La2o

3 
by the 

reacti6n La139(pJ3n)J using 30 MeV protons in the Berkeley 88-in- cyclotron. 

This energy was below the threshold of the pal39(pJ5n)Ce135 reaction .. 

Ce139 was produced) but had no interferring radiations. A Ce-La chemical 

separation was made by' solvent extr~ction of Ce+4J following GlendeninJ 52 

giving reasonably mass-free. Ce +3. The procedure is: 

1. The target was dissolved in a minimli:n .amount of cone. HN0
3

. 

A few+4c of 1M KBro
3 

in 10M HN0
3 

(oxidant) was added to oxidize the ce*3 · 

to Ce . · · 

2. The solution was placed in a separatory f\.Ulnel with methyl

isobutyl ketone (MlBK)J pre-e~uilibrated with the oxidant. The funnel 

was agitated vigorously for a few minutes •. The phases were allowed to 

separate. 

3. Th~ aqueous (lo{ver) phase was ·drawn out of the funnel. A few 

cc of 8M HN0
3 

containing 2 drops of the oxidant were added and the f\.Ulnel 

agitated. After the phases had separated) the organic (upper phase) was 

drawn off with a pipet. 

4. It was placed in another separatory funnel containing an equal 

volume. of 1.5M H2o2 in 8M Hlif0
3 

(reductant). The f\.Ulnel was agitated) the 

aqueous phase drawn o~f the bottom. ~he organic·phase was discarded. 

5. The aqueous solution was evaporated to dryness (slowly!). The 

residue was taken up in a few drops of cone HCl and evaporated to dryness 

several times. It was then taken up in 0 .1M HCl and transferred to a 

small bowex 50 anion exchange columnJ where it was washed with 30 column 
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volumes of O.lM HCl, 2 cc of 2M HCl. The Ce+3 was stripped off the column 

with 6M HCl, and evaporated to dryness.· 

For particle measurements, a source with minimum scattering and 

absorption is required. A large NES crystal .was selected and sanded to 
0 ' 

produce a face at 45 to the axis. 

away with water to remove damage caused 

The surface of this face was dissolved 

by the sanding. The Cel37mactivity 

water with a micro p±pet and was was. taken up in small drop ( ·-4 ) 10 cc of 

. deposited on an area l mm
2 on this face . The drop' was . removed and re

placed several times without being allowed to evaporate. In this way 

Ce+3 replaced some Nd+3 in the lattice. The crystal was then mounted in 

the cryostat (see Fig. II.l3) with the active area on the line of inter-

section of the detector axes. The surface deposition of the cerium . 

activity provides a 11thin" source in which absorption and scattering are 
• 

small. The energy resolution of the detectors also reduces the detection 

of scattered electrons. 

3. Measurements and Results 

Upon demagnetization of the ·NES crystal from magnetic fields up 

to 23 kgauss at 0.97°K, the -y-ray and conversion-electron intensities· 

were measured at both 0° arid 90° to the alignment axi~ as the crystal 

warmed for about l. 5 hours. (w·e note 'that small temperature inhomogeneities 

in the source are of little consequence ):}ere as we were measuring the . 

relative anisotr·opies of· electrons and -y-rays. In the steady state the 

average temperature of the radioactive spot was about O.Ol°K higher than 

that of the bulk cry~tal.) Heat'-exchange gas was then admitted, war~ing 
. 0 ' 

the crystal to 0.97 K, and the -y-ray and electron intensities from the 

·i:warm 11 unaligned nuc'lei were measured for normalization. 11 Cold 11 and· 

"warm" electron and -y-ray spectra from the 0° counters are shown in 

Fig. III.2. After small corrections were .made for source decay and back

ground, the normalized intensities, w(e), were calculated for the 255 keV 
) 

-y-ray peak, the 215 keV K-electron peak, and the (L+M)-electron peak at 

249 keV. Th~ results obtained from the 90° data were in good agreement 

with those from the 0° data. However, the 90° counter gave poorer 
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(a) 

200 250 255 
Energy ( keV) 

MUB-3001 

Fig. III.2. Simultaneous counts of equal duration at 0.020[ 
(cold) and lo:K (warm) of (a) the conversion electrons and 
(b) the ~-rays, from the 255 keV transition, at 0° to the 
c axis. For comparison the warm counts have been scaled 
to give the same ~eak count. 
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resolution and results of lower statistical accuracy. The poorer resolu

tion required larger :background corrections, entailing possible systematic 

errors. For this reason the 0° results alone were used to derive particle 

parameters. The 0° data are shown in Table I. 

In Figs. ~~~ .3 and III.~ 

plotted against 1-W(O) . Figures 

1-W(O), for each electron peak, is 

III.5 and III.6. show the ratios 
. . 'Y . 

[1-W(O)KJ/[1-W(O)'Y] and [1-:-·W(O) (L+M) J/[1-W(O)'YJ as functions of 1-W(O) . . . - 'Y . 

Note that the determination of the ratios is in no way dependent on 

knowledge of.the temperature scale for NES. It is necessary for the 

interw·etation, however, tbB.t i:(here sh.ould be no gross temperature inhomo-· 

genieties over the 1 mm2 active area. The long "warm-up" times of hours 

and large -y-ray anisotropies are excellent evidence that this criterion 

.is satisfied. 

4. Discussion 

The general eA~ression for the observed angular distribution of 

conversion electrons following the decay· of oriented nuclei was introduced 

in Sec. II.A, 

w(e) =L 
k even 

(III.l) 

The bk are "particle parameters" introduced in Sec. II.A which 

modify .Fk for the observed transition. For -y-rays, and for all radia

tions (of pure or mixed multipolarity) in the high energy limit, 

.b = 1. 53 The particle parameters for conversion electrons may be sub-
v . . . . . . 

stantially different from unity;. especially for low energies and/or · 

multipolari ties .·54 In contrast to -y-rays, the electrons are spin-1/2 

particles and are ejected from discrete atomic {or molecular). orbitals. 

They undergo a phase shift on leaving the electromagnetic potential of 

the atom. Biedenharn and Rose have tabulated particle parameters for 

k conversion electrons ejected from relativistic atomic orbitals, using 

the point-nucleus approximation. 21 . For a 255 keV M4 transition in cerium 

(el~ment 58) their theoretical b2 is 1.055. Church et a~. 55 have pointed 

out a sign error in the theory. This error does not affect the results 

reported here. 

·• 

- .. 
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~ Table I. ·Anisotropy of conversio~: electrons from ce137m iri NES. 

,_ Experimental Data 

· [1-W(O)'YJ [1-W(o)k] [1-W(O)L+MJ [l~W(O) ] 
'Y 

[1-W(O)k] [1-~(0)L+MJ 

1 0.500 0-514. 0.531 22 0.530 0~599 0.594 
2 0.412 0.465 0.474 ' 23 0.562 0.546 0.~60 

3 0.398 0.437 0~443 24 0.535 0.535 0.543 
4 0.377 0.420 o.4i4 25 0.496 0.500 0~490 

5 0.360 0.415 o.4oo 26 0.455 0.484 0.485 
6 0.332 0.381 0.372 27 0.~·33 0.452 0.449 

-7 0.296' 0.338 0.332 28 0.429 0.437 0.438 
8 0.270 0.301 0.300 29 0.365 o.-4o7 0.405 
9 0.267 0.296 ' 0.)08 30 0.363 0.385 0.394 
10 0.275 0.305 0.298 31 0.349 0.376 0.370 
11 0.244 0.309 0.298 32 0.348 0.384 0.378 
12 0.489 0.521 0.564' 33 0.315 0.349 0.340-
13. 0.439 0.472' 0.496 34 0.335 0.357 0.340 
14 0.430 0.467 0 .. 505 35 0.330 0.351 0.345' 
15 0.375 0.435 0.471 36 0.250 0.250 0.220 
16 0.354 0.385< 0.400 37 0.220 0.250 0.256 
17 0.325 0.350 0.385 38 o.i98 0.230 0.241 
18 0.310 0:327 0.334 39 0.202 0.222 0.212 
19 0.278 0.324 O.p25 46 0.210 0-,215 0.188 
20 0.295 0.345 0.344 
21 0.277 . 0.280 0.273 

Solid Angle Corrections:· 
g2 g4 

')' detector o .. 903C±~o:.oo5 0. 700'(d:CO. 010 
electron detector 0.934 ± 0.015 o. 797 ± o.o44 . 

.• 

'• 
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0.6 

0.4 

0.2 

o~--~----~--~--~----~--_.--~ 
0 0.2 0.4 0.6 

(1-W(O)y] 

MUB-3002 

Fig. III.3. Plot of [1-W(O)] forK electrons vs [1-W(O)] for 
-y-rays. The solid curve is calculated using the experi
mentally determined value of b2=l.061. The dotted line 
has a slope of unity corresponding to b2=l.O. 
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0.6 
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• 
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0 0.2 0.4 0.6 
( 1-W(O)y] . 

MUB-3003 

Fig. III.4. [1-W(O)] for L+M electrons plotted against [1-W(O)] 
for ~-rays. The solid curve is calculated using the experi
mentally determined value of b2=1.059. The dotted line 
corresponds to b2=1.0. 
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1.20 

b2 = 1.00 

0.20 

MUB-3004 

Fig. III.5. Blocked experimental values of [1-W(O)k]/[l-W(O) ] 
plotted against [l-W(O) ]. The curves are calculated usirlg 
selected values of b2 , 'Yand are adjusted for the different 
solid angles subtended by the electron and ~-ray detectors. 
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Fig. III.6. Blocked experimental values of [1-W(~)(L+M)]/[l-W(O) ] 
plotted against [1-W(O) ]. The curves are calculated using ~ 
selected values of b2 . ~ 
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Some b are sensiti've to certain subtle features of nuclear st~uc..: 
v . . .. 

ture. · Of particular importance is .the ·"penetration matri~ el,einent 11 for 
~· 

hindered Ml transitions .55· Thus it is ·desirable to check the theory of 

particle parameters by measuring several· b . _with .. high accuracy. That· . . v . . ... 
the theory has not been· very· critically tested is evident from the fact ·-· 

... 

that, until the recent work of Geiger, 56 ·all the theoretical mi~ed-transi- ~· 
tion particle parameters in the literature had the wrong sign . 

. . · For pure multipolarities several particle-parameter measurements of 
. . . 57 58 . 

5-lo% accuracy have been reported. ' They are set out in Table II. 

These measurements were made by·observing the angular correations of· 

successive radiations and are thus less direct than nuclear orientation 

experiments, in which only one transition-is studied. Angular correla

tion experiments, and those nuclear orientation experiments that involve 

intermediate states, are always supject to whatever uncertainty the per-.~. 

turb~tion factors ~ entail. The effects of these two features (obser-

vation of two radiations and intermediate-state perturbation) can be. 

eliminated by direct comparison of conversion-electron ?-nd photon 

intensities for the transiti~n of interest.57 

A serious difficulty encountered in a precise experimental test pf . 

the particle parameter ·theory is the extreme s·ensitivity···of both F2 and 

b2 to small admixtures of higher multipolarity in the transition. Except 

for transitions to spin-zero states, for which angular.;.momentum conserva-. 

tion requires a· unique multipo1arity, it is <?nly for very rare cases that 

higher multipolarity admixtures of less th~n a few tenths percent ca~ be 

ruled out. It would, of course, be inappropriate to test the theory b~ 

observations on a transition .of mixed multipolarity because two more 

particle parameters (unknowns) would be introduced: 

Th C l3 7 · . · t · t · h ld b M4 E . d e e 1somer1c rans1 1on s ou e very pure . V1 ence was 

obtained from the ~-ray anisotropy (Sec. III.B). The lifetime is only a 

factor of three below the single particle estimates,59 and even if the 

E5 strength were enhanced by as muc~ as a factor.of 50 over single·pr.otori 

estimates, which is extremely unlikely, the E5/M4 inte~si ty·. mixing ratio· 
-4 .. 

would be only 2 x 10 and would change the theoretical b2 by less than 

the eiperim~ntal'error. 
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Table II. Conversion-electron particle parameters for .tran$itions'of 
"pure'' mul tipolari ty~ 

Cdlll 

181 .Ta 

Cel37m 

.. E-. 
' ."1 'keV 

·c 
133 

255 

Multipolari.ty . 

E2 1.93 

E2 1.84 

M4 1.055 

Reference 

1.9 ± 0.1. 23 

1.8 ± 0.2 24, 

1:.061:±: 0.018 this 
work 
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There were no intermediate states in this exj;>eriemnt, ··so the 
. ' .. 

Uk~ factors in Eq._ (III_-Jl) can be repla~.ed by unity. The . Bk are 

identical for conversion electrons and -y-rayc:emission. The _gk correc

tions are accUrately known, and Pk(l)_ = 1 for all k. The Bk are all 

·interrelated through the spin Hamiltonian for. ce3+ in NEs4
9 (Sec. III.B), 

and all Bk. for-~ 2:6 are negl~gible (in fact B6 = +0.0016 at T=0.02°K). 

· The relationship between B
2 

and· B4 was. accurately known from independent ... 

e.xPeriments 'on the -y-ray angU:lar distrib,utions at e =· 0 and e = rr/2 

_(Sec. III.B). Therefore we know B2 and B4 . for any W(O)'Y; and 

· Eq. (III.l) may be simplified to 

For this experiment F
2 

g4(e) ; 0.800. ± 0.040, 

Thus 

(III.2a) . 

(III.2b) 

-0.889, F
4
· = _+o.443, g2 (e) = o:935 ± 0.015; 

g
2

(-y) = 0.903 ± 0.005~ an<f. g4 (-y) = 0.700 ± 6.o1o·. 

o.831(13)~2b2 + 0.354(18)B4b 4 
0 .. 802(4)B2 + 0.310(4)B4 

. ' (III.3) 

where b2 and b4 are related (see Eq. 98 ·of Ref. 2l); for this case by . 

14 
3 

(III. 4) 

Substituting Eq. (III.4) into Eq. (III.3} w~ obtain, for any specific: .. 

value of 1::-W(O)'Y, _an equation with only one imknown, b
2 
•. ·we have cal-. 

culated [1-W(O)e]/(l ... W(O)~] as a function of ~-W(O)'Yfor several values 

of b2 ._ . These curves are compared with the data .in Figs. III.5 _and III..6. 

Fro~ all the 0° data we obtain the values (standard deviations) 

b2 (K) ; 1.061(6),. b
2

(L+M) ; 1.059(8). The largest known systematic 

errors arise from uncerta~nties in the background and solid angle correc

.tions. These uncertainties add up to about two standard deviations. Thus. 

we quote the final values 

..... 
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b2 (K) = 1.061(18), 

1.059(20). 

. The theoretical value21 of 1.055 for .b2 (K) is in excellent agreement 

with our result. No theoretical values are available for the L and 

M . shells. 

The results indicate that the theory is accurate to about 2% ~or 

this case. Of course, this single result does not establish the theory 

for cases in which the b .are sensitive to details of nuclear and 
v 

. electronic structure (i.e., low energies and/or multipolarities), but 

it may serve as a point of reference for the study of such cases. 

B. The Angular Distribution of y-rays from Cel37m 

. Oriented in NES and the NES Temperature Scale 

1. Introduction 

The determination of·the particle parameter is independent of 

temperature, being a direct comparison of simultaneously measured elec

tron and ~-ray anisotropies. In the analysis, however, the relative 

sizes of the P2 and P4 terms must be known. This ratio is determined 

by the form of the spin Hamiltonian (which gives B2 and B4) and is 

independent of temperature measurement. 

However, the temperature variation of the 255 keV ~-ray aniso

tropy was redetermined in order to examine certain systematic discrepan

cies betw~en theory_and experime~t noted.in the work of Haag·et al. 49 

These discrepancies were attributed to a possible error in the tempera

ture scale for NES. 

2. Experimental 

ce137m was obtained as described in Sec. III.A.2 and activity 

was incorporated into the bulk of a single NES crystal by growing a 

seed crystal in a saturated solution of neodymium ethylsulfate containing 
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· Cel37m_ the activity. This was done toavoid local heatingdue.to the 

conversion electrons. The -y-ray anisotropy was measured as a"i~unction 

of the magnetic temperature TJ<- of the· crystal., which was corrected to · 

absolute ·temper;:ttures using the (1/T-1/'1®) correlation of Meyer (Sec .~II.B. 4) 

· and an empirically determined demagnetization correction. For this 

experiment, 

= 

The effect of the manganous ammonium sulfate and (chrome alum)-:-glycerin 

slurry guard salts on the; T*· measurements was determined by removing 

the NES crystal .from the cryostat ~nd re~alibrating the coils from 4°K 

to 1 °K. The result was a 14% adjustment in the slope of the calibration· 

curve. 

3. Results and Discussion 

The resulting anisotropies (corrected for background and source 

decay), as a function of 1/T, are tabulated in Table III. They are shown 

ip Fig. III.7. A plot of W(O).ag:t.:i:nst W(TI/2)·is shown in Fig. III'.8. This 

. plot is sensitive to the relative mae;~itude and sig;ns of the . P 
2 

. and P4 
terms but does not depend on the. magnitude of J..lrt·' the nuclear moment. 

This quantity only determines the te~perature to which a given point on 

the line corresponds. The solid curve is the.theoretical 'relationship : 

for a pure M4 transition and using the effective spin Hamiltonian, adopted. 

by Haag,_ 

where 

~ = AS I + B(S I + S I ) 
Z Z X X y y (III. 5) 

A = 0~074 
I 

-1 . 
J..LN c~ and B 0.002 

11
N -1 

= I ....,.. em , , (III.6) 

11 
taking I = 2· . The curve is corrected for· solid angle (g2 = 0.918, 

· ·g4 = 0. 744) . . . The theory and experiment are in good agreement, providing 

eivdence that the radiation is indeed pure M4 with an upper-limit of 

.o = ±o.OlO for the amplitude of a 'possible E5 .admixture in the transition. 

(Fig . III. 9) 

·-~ 
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Table· II!. w(e) l ' · · · 137m 
V9 T for 255 keV ~-rays from Ce . in NES. 

.. . ._ l ~ (Meyer) .. 1® w(o). W(7T/2) 

l 36 56 0.370 1.360 
2 35 53 0.391 L353 
3 34 48.5 0.428. 1.316 
4 31.8 41.4. 0.486' 1.281 

5 33 44.1 0.435 1.325 
6 32 41.8 0.514 1.274 

7 29.8 36.5 0.601 1.217 
8 .... ··; 30.7 39.0 0.540 1.272 I 

9 30 37.7 0.568· 1.237 
10 29.5 35.4 0.621 1.215 
ll 26.6 31.2 0.707 1.180 
12 ·26 30.0 0. 724 . 1.148 

13 24 . 27.9 0.770 1.134 
14 16.3 18.1 0.927 1.030 
15 15.3 17.1 0.916 1.0211 
16 24.7 I 28.6 0~751 l.lll 
17 23. 26.3 0.783 1.080 
18 30.0 37.1 0.597 1.247 
19 29.7 36.3 0.618 1.190 
20 28.7 34.0 0.651 1.194 
21 26.4 30.8 0.709 1.169 
22 24.3 28.0 0.759 1.143 
23 19.2 22.1 0.851 1.041 
24 18 20.5 0.869 1.058 
25 .. 16.5 18.3 0.888 1.046 -. . 
26 14.4 16.1 . 0.911 1.031 . . 
27 38 64.0 0.247 1~417 



1 
1@" 

28 37 
29 36.3 

. -30. 35.6 
31 34 
32 . 32.7 

33 31.8 

Corrections: 

Temperature 

TID = T* + o.oo7o 

Solid Angle 

g2 = 0.918 

g4 = o:744 

Table III. (Cont). 

1 ' T (Meyer.) 

63 .. 0 

58.3 
53.4 
47.8 
44.0 
41.2 

w(o) 

0.277 
\.Q ~386 

0.418 
0.446 
0.480 
0.500 

····-· __________ ._..... ,._ ......... ·. -. 

W(rr/2) 
-· . 

1-379 
1·.365 

1.349 
.1.327 
1.300 
-1.291 
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Fig. III.7. w(e) fore= 0 and n/2, as a function of 1/T for 
the 255 keV ~-ray in cel37m. The solid curve is theoretical 
for a hyperfine structure constant !AI = 0.0147 cm-1. 
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MUB-3007 

Fig. III.8. W(O) plotted against simultaneously measured values 
of W(rr/2) for the 255 keV ~-ray in cel37m. The dotted line 
shows the calculated result for a pure P2 distribution. The 
solid curve is calculated assuming a pure M4 transition. 
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Fig. III.9. F2 as a function of o for small values of o. The 
shaded area corresponds to the eXperimental value • 
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.. wTfrlho· . 
In Fig• ~II.~O is plotted the anisotropy € = 1.- ·w( 2 .as a 

l" .. . TI 
function· of .T"· At all temperatures the ani~otrb:pies·measured were larger 

than those of· Haag et al.; .requiring that the hfs constant be somewhat 

larger than their derived value of A= 0.0129(12) cm-l The theoretiGal 

curve shown in Fig. III.lO is for A= 0.0141 cm-1 ... The detailed agree-

ment of theory with experiment is still poor. The theoretica~ curve 

shows definite discrepancies, being too high in the ;egion 10 _::: ~ _::: 25 
1 . 

and too low for 40 _::: T _::: 50. Similar deviations were found previous~y .• 

In general the form of. the . € vs ! plot d~pends upon the F , 
T · v 

'the ra·tio of the hyperfine structure constants A and B, and the tempera-. . 

ture. measurement. The small. admi.ssible E5 admixture a·llows very little 

change in F
2 

and F
4

, and we have found it impossible to obtain a 

better fit by altering the A to .B ratio .. Thus the measurement 

indicates systematic erroX:s in the temperature scale, giving temperatures 

too low by about O.Ol°K in the ~egion _of 0.05°K, and too high by about 

0.001°K'at 0.02°K. Further evidence for such errors has been foun~ in 
60 

studies of electric quadrupole hyperfine coupl.ing in rare earth ions. 

However, taking the theoretical curve shown as the pest fit to 
. -1 

our data a new value of A = 0.0147(7) em may ?e derived for the hfs · 
· 137m· · 

~onstant of Ce . in NES. This error is statistical and no contribution 

from the .temperat~e scale errors in incl.uded. · 'This new value of A may 

be preferred over the earlier result on the internal evidence of a larg~r. 

anisotropy at each magnetic temperature. Note, however, that both values 

depend on the 1957 temperature scale of Meyer; an improved temperature 

scale will alter this.yalue somewhat. 

To derive a nuclear moment from this hfs constant a·value of. 
-3 . . 61 . . 3+ 

(r ) 4f is requires. Recently the value of 3.64 a.u; for Ce '·which . , 
. . . ~~ 

was used to derive Eq. (III. 6 ) , has been seriously challenged by Blean~ay . 

and by Freeman and Watson. 63 In Table IV are listed the various proposed 

values of (r-3) and the magnetic moment values which each would imply . 

,;. 

.- ... : ~ . 
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Fig. III.lO. Anisotropy E = l - W(O)jw(n/2) plated as a function 
of 1/T, showing the deviations from the "best" calculated 
fiv~which are attributed to systematic deviations in the 
T-T · 1 correlation for NES. 
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Table IV. Magnetic. moment for Cel37m impli~d qy various values. of 
(r-3)4f for ce3+. . 

-3 (r ), a.u. 

3.64 

4.74 

4.44 

· !J.l37m' n.m. 

1.09(6) 

0 .84(5)' 

0.89(5) 

Reference 

27 

29 

28 

·i .. 

··. 

;. . 

. _._ 

·.: 
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IV. NUCLEAR ALIGNMENT OF Ce l3 7m AND THE 

CMN TEMPERATURE SCALE 

A. Nuclear Alignment of Cel37m 

l. Introduction 

The variation of the 255 keV ~-ray anisotropy as a function of 

temperature for .ce137m in cerium magnesi~m nitrate ( CMN) was determined 
'· 

to check the temperature scale for this salt. CMN is of great importance 

in low temperature work because it can be demagnetized to very low tempera

tures (-:'-:.0.003°K) and because the susceptibility deviates only slightly 

from 

using 

Using 

shows 

. . . 0 

.Curie 1 s Law down to 0.005 K. 

The (~-¥).correlation for CMN was made by Danieis and Robinson, 
45 

methods derived from .the second law of thermodynamics (see Sec. II.B.6). 

their data DeKlerk recalculated the correlation·; ~3 Figure IV .1 

1/TiJ vs 1/T according to Daniels and Robinson and according to 

DeKlerk. Hudson et al. have performed entropy experiments which apparently 

do not agree with .DanieH :and .. Robinson 1 s results. 64 

ce137m is a singularly good choice for the elucidation of· the 

temperature scale by nuclear alignment. As shown in Sec. III.B, the 

255 keV ~-rays from the isomeric transition exhibit a large anisotropy at 

low temperatures and the multipolarity of the transition is well esta

blished as pure M4. An earlier experiment by Haag, Shirley, and Templeton 
. ' 4 

showed that the anisotropy was not saturated in CMN even at 1/T = 300. 9 
The Hamiltonian for Cel37m in CMN may be inferred-from the para

magnetic resonance experiments of Ked;z;ie et al. 65 on ce141 in'lanthanum 
+3 . . l 

. magnesium nitrate. Ce has the configuration 4f and the lowest level · 

is ~5;2 . In the double nitrate, the crystalline field _has c
3

V symmetry 

.which splits the ground level into doublets which may be characterized · 

approximately by J ±J z). Kedzie et al. foun.d that only th·e lowest .doublet 

was appreciably populated at 4°K and that it was mainly j±l/2) with a 

small admixture of' 1+'
5

; 2 ). They also saw hyperfine structure due to the 

Ce
141 

and interpreted their spectra with the Hamiltonian: 

H giii3H S + g1f3(H S + H S ) 
Z Z X X y y (IV .1) 

+ AS I + B(S I + S I ) 
Z Z X X y y 
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200 300 400 

MU-35152 

Fig. IV.l. (1/T®-ljT) correlations for cerium magnesium nitrate. 
For l ;S 1/T~ ;S 100, 1/T if= 1/T. 

Curve A: 
Curve B: 
Curve C: 
Curve D: 

Daniels and Robinson 
DeKlerk (using Daniels and Robinson's data) 
derived in this work 
l/Tif-1/T (shown for reference) 

.. 
• 
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141 l where S = l/2) B(Ce ) = 0.0126 em-) and B/A>> l. Theg-factor measure.-

ments gave g 1 = 1.84) .gil = 0.023. The same values .were obtained by 
.... 66 

Cooke et al. for CMN. Hudson et al. report gU 
. +3 

that Ce .has the same electronic structure in CMN 

we expect the Hamiltonian adopted by Kedzie et al. 

CMN. 

2. ·Experimental 

::= 0 

as 

to 

in CMN. This implies 

LMN") and therefore 

apply to C 137m . e · ln 

The anisotropy of the 255 keV gamma was measured as a function 

of temperature in three series of demagnetizations) using three separate 

samples. The first two samples were prepared by growing a CMN seed 

crystal. in a saturated solution of .CMN containing Ce137m activity. The 

crystal used in the first experiment was thicker than that used in the 

second experiment. The third sample consisted. of three CMN crystals) 

shaped and glued together with Duco ·cement to make a rough sphere. The 

samples were demagnetized from fields up· to 22kG at l °K: Counting nms 

of one minute were started upon demagnetization) as we,re T* 
I . 

measure-

ments. T* was measured as a function of time and an average T* was 

determined for each counting run. The ·counts were normalized at l°K. 

Ohly the first count after demagnetization was used in the temperatUre 

analysis. For all three samples) th~ time required to warm the crystal 

from the lowest temperatures to the bath temperature (from stray heat 

influx and radioactive heating) was about 1.5 h. 

The counts were corrected for background and decay. The average 

T*'s were corrected toT® 's as described in Sec. II.B.6. The anisotropy 

at 0° as a function of (1/T')DR (where (1/T)DR was obtained from ljT® using 

the curve given by Daniels and Robinson) is shown in.Fig. IV.2 for the 

spherical crystal and in Fig. IV.3 for all three runs. The data are 

tabulated in Table V.· Using the (ljT€LljT) relation given by DeKlerk) 

the anisotropy as a function of 1/T is shown.in Fig. IV.4 for the spheri

cal crystal. The solid curve is theoretical 
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0 

MU-3S1S3 

Fig. IV.2. W(8) for e = 0 for the 255 keV -y-ray in cel37mJlotted 
as a function of 1/T, using Daniels and Robinson's (1/T -1/T) 
correlation (for spherical crystal). 

,•' 
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Fig. IV.). W(B) for 8 = 0 for the 255 keV ~-ray in Ce137m aligned 
in three different samples of CMI.\f. 1/T was derived from 1/T(.g, 
using Daniels and Robinson's correlation . 
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Table Va. Cel37m in aMN 255 keV ~-ray anisotropy vs 1/T. 
Experimental data 4/15/64 

~ 

_ ... ' 
Run w(e) W(?T/2) 1/rr® (1/T)D.R. (l/T\his work 

l l. 773 0.726 ;287 324 377 
2 1,811 . o. 7730 307 325 480 

3 1.476. 0.7824 . 157 159 157 
.4 1.295 0.8726 90 90 90 
5 1.578 0.8084 190. 195 - 196 
6 1.391 0.8230 124 124 124 

7 1.662 0.7714 210 232 . 222 
8 1.612 0.7415 221 250 236 

' 9 1.166 0.8928 61 61 62 
10 1.649 0.7498 251 296 288 
ll 1.308 0.8562 103 103 103 
12 1.458 0.8382 139: 139 139 
13 1.518 0.7906 172 175 172 
14 1.713 o. 7353 261: 312 310 
15 1.595 0.7717 239 280 266 
16 1.601 0.7772 203 218 213 
17 1.022 0.9924 10 10 10 
18 1.104 0.9543 4o 40 40 
19 1.692 o. 7381· 270 320 330 
20 1.830 0.7095 308 325 490 

- . 
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Table Vb. Cel37m in Civ'ili. Experimental data 9/l0/64. 

'• , . . ~- w(o) 1/T* (1/T)D.R. (l/T\his Run work 

l 1.857 312 325 " 520 
'' 

2 l-752 286 324 370 

3 1.633 247 293 280 

4 l. 717' 258 308 . 302 

5 1.583 208 230 219 
6 1.423 140 140 136'. 

7 1.143 54 54 54 

8 
I 
\ 1.587 ·' 205 . 224 216 

9 •1.828 .292 
. ', 

392 325 
10 1.621 . ,217 240 •,' .. 231 

. ··'· ·:,' '\· ·:. .. 
11 1.437 1L~8 . 148 . ~· . ' - 146 ' . ' 

I 
··r .. 

12 1.887 ·. 312 . 325' 520 

13 1.863. 309 325 
.. ·...,' . '494 

14 ·1.870; 302 i. 325 •. 44o· 

15 1.647 218 
•··. 244 

•, 
., 232 

., 

16 . 1.432 142 142 .•., ·•. 140 

17 . 1.863 304 325 •'' 
.. 

450 

18 1.142 52 52 52 

19. 1.818 300 325 428 

20 .. 1.621 215 240 . 228 

l.76i. 
~ .. . 

21· 268 316 .. ."328 

22 1..824 292 324 392 ... ; 

23 258. 308 . 302 
-·,! 

1.735 .···> , . .. 
:, . 

24 1.800 ·. 
.. 

... 388 291 323 ,: ' 

· ... : ·~· 
25 1.348 106 106 106" 

26 1.317 106 106 ... 106 
~ .. 

. . 

1&= @ T ·. + 0.00194 .,. 

• I ' ' 
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.. Table Vc. Cel37m in CMN. Experimental datS: 11/17/64 ... 

Run vl(o) . ·1/T@ (l/~)D.R. (l/T)DeK (1/T\his work 

1 1.875 '312 325 380 .. 520. 

2 1.783 295 325 310 4oo 

3 1.695 269 319 278 330 
4 i.614 219 247 .. 223 233 
5 1.458 151 152 152 151·· 
6 1.203 66 66 66 66 

/ 

' 
7 1. 742. 269 .318 276 330 
8 ·'1.881 3),2 325 380 520 

9 1.·161 . 60 60 ' 6o 6o 

1.635 
• J 

' 10 221'. 252 .. 225 236 
11 1 .. 785 '300 325 328 428 

. 12 1.618 222 254 . 226 . 237 
1.446 150:. 

·• 
13 . 150 152 . 150 
14 l. 7)3·· 267 317 ·274 324 

' 
: 

15 .. 1.210 : 58 58 58 - 58' .. 

16 1.442 .154 155 155 ,. 154 

17 1.851. 305 325 345 ~ · 46o · 
. ,, 

18 1.789 289 :325 .. 300 381 

1.807' 
'• · 44o l9 302 . 325 . 330 

20 1. 785 . 278 322 297 352 
21 1-756 304' 325 .. .. 342· 450 
22 1.880 312 325 380 .. 520 

23 1.851 '300. '325 /. ·328 ' ' .. 430 . . 
. ; r{IJ = rfD ~ (). 00022 

. ' ..... 

• i-ti" . I 

-· ......... .j 

-· 

J 

I 
• i 

i 

. . 
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-~---------- ----~ 
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Fig. IV.4. w(e) for e 0 for the 255 keV ~-ray in ce137m plotted 
as a function of 1/T, using DeKlerk's (1/T~-1/T) correlation. 
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where g2 = 0.915, g4 =.0.735 (the solid angle was the same i~ all tnree. · 

experiments) and F 2 and F4 . were given in. Sec. III. B2 and B4 were 

calculatedas functions of 1/T using the Hamiitonian given in Eq. (IV.l), 

with B = 0.006.0' cm:1 .· This gives the best fit for 1 < ~·<.200. · Inde

pendent evidence for the validity of this Hamiltonian is shown i.n 

. Fig. IV.5, where W(O) is .plotte_d agains W(rr/2) for data taken in the 

first exper.iment. The solid curve is theoretical· and depends on the 

relative. sizes of B2 and B4, whic~ depend· on the form of the Hamil

tonian. (For·H ·=AS I , see Fig. III.8 in Sec. III.B .. ) Figure IV;6 
z z -

.shows (H/T). ·. ;t·::; .. 
1
·. against (J/r~f: 

1
. . · w1~ . rna 

' 3. Discussion 

Apparently, ne~ther (1/rfiP-1/T). correlation is .sui table below 

T = 0.005, although the correl~tion .given by DeKlerk gives smoother 

results than that given byDaniels and Robinson. 

The regions ~f. deviation of- ·the ·experimental points corrected 

with.Daniels'and Robinson 1 s (1/T®-1/T) c~rrelation from the theoretical 

curve is also the region where collective electronic effects become. 

important and where a· ferro- or antiferromagnetic transition probably 

occurs~ This may be expected to change the Hamiltonian and lead toa 

change in B
2 

and B4. 
·'For t.he purposes of calculation;. the .collective transition was 

simulated by a ·ficticious magnetic field applied in the x direction. · 

·The Hamiltonian·· 

H = g ~H S + B(S I ~ S I ) 
X X· 'X X ·y Y . . (IV.2) 

. , wa·s then used to c~lculate the energy levels. and B
2 

_and .B4. B was 

taken as constant and· ~ was varied. · Since the transition does ·.not 

set in until about 1/T = 300, 

.. u kT. 
~""'·x 

implies Hx ~ 25 gauss. For the sake of comparison, B2 and·, B4 were 

·. 

. :· 
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MU-35156 

Fig. IV.5. w(e) for ~ = 0 plotted against simultaneously measured 
values of w(e) for e = n/2. The solid curve is theoretical for 
an M4 transition and planar alignment. The dotted curve is 
theoretical for a pure P2 distribution. 
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Fig. IV.6. Magnetic temperatures (1/T*f) obtained by demagnetizing 
from given initial conditions [(H/T)initial]. The solid curve 
was drawn from data given by Daniels and Robinson. 
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calculated for H = 0 to H = 10000 G. The calculations showed that 
X X 

I B
2

1 and I B4 1 were maximum for H:X =·.o and decreased monotomically as 

H 
X 

increased. At 1/T = 300, B2 went from -0.751 to -0.705 over this 

range w·hile B4 went from +0.297 to +0.245. Since F2 is negative and 

F4 is positive, this means that a collective transition may be expected 

to decrease the anisotropy slightly. This does not ex}llain the observed. 

effect, which is an increase in anisotropy. 

A (1/T® -1/T) correlation can be derived from the nuclear align

ment experiment. Only the spherical crystal data were used because the 

demagnetization correction was the smallest for this sample. A smooth 

curve was fitted to the data plotted as anisotropy vs 1/rf!!i'. The calculated 

curve shown in Figs. IV.2 and IV.( gave the 1/T corresponding to.a given 

anisotropy. The resulting anisotropy correlation is shown in Fig. IV.l 

and is given in Table VI. Using this correlation, .the data from all 

three experiments are plotted in Fig. ·Iv.7 •. 

The results suggest that CMN can be demagnetized to T = 0.0019°K, 

confirming the observations of Hudson, Kaeser and Radford. 64 Thi~·fs of. 

· great. importance to experiments using CMN as a coolant and as a tempera

ture scale in the inilli-degree range. Nuclear alignment experiments will . 

be influenced,and nuclear moments determined by alignment in CMN will 

have to be reexamined .. In addition, the proposed temperatlire scale is 

particularly crucial to the search for superfluidity in liquid He3, pre

dicted by Breuckner et a1. 67 Anderson, Salinger, Steyert, and Wheatley68 

report no evidence for such a transition down to 0.008°K,. based on speci

fic heat measurements with.CMN as a coolant and thermometer, but in a 

recent experiment of the same kind, v. ,P. Peshkov69 reports a superfluid 

transition at 0.0055°K. These .data will have to be reexamined in the 

light of the new temperature scale before any conclusions can be reached . 
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Fig. IV. 7. w(e) for 8 = 0 for the 255 k~V -y-ray in Ce137m plotted 
as a function of 1/T, using the (1/T* -1/T) correlation derived 
from the spherical crystal data. 
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Table VI. (1/T®-1/'r) correlations for CMN. 

. 
45 (H/T) ini tia'J. ,.· . - 1/T® (1/T)DR (l/T)this ~work .. 

(kG axe-l) 

20 20 20 1.0 
4o 40 4o 1·9 
60 6o 6o 2:9 
80 So 80 3.8 

100 100 100. 4.6 
120 120 120 5.4 
140 140 140 6.2 

160 160 160 6.9 
180 182 .181 7.8 
200· 223 210 8.75 
210 ,231 221 9.2 
220 2.-49 232 9·7 
230 266' 249 10.2 
240 284 266 10.8 

250 300 287 11.4 
260 312.5 305 12.1 

•.
1 2 0 319 322 12.8 
280 322.7 358 13.5 

' 290 324 383· 14.2'. 

300 324 430 15.5 
310 324 500 18.0 

312 324 520 18.8 

-. 
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B .. Nuclear Alignment of Pm144 in 'CMN: 

·A Test of the Proposed Temperature· Scale 

1. Introduction 

I1;1 order to test .the validity of the (1/TiJ-ljT) . correlation 

derived from the Ce137m nuclear orientation data, th~ alignment-of 450 

day Pm
144 

in CMN was determi~ed as a function of temperature. Pm
144 

was 

chosen because the ground state electronic level for ·Pm3+ in CMN is a 

singlet and this level .only. is a~preciably populated at l°K.-70 Thus, 
. . 

it will not participatein any possible collective effects between the 

Ce3+ ions in ctv1N at_ the. lowest t~~peratures (0.002°K). Furter.more, 

Pm isotopes have been aligned in CMN7°J 71 and the form of the Hamiltonian 

is known, viz., 

H ·(IV .3) 

This Hamiltonian has ·the form of qua_qrupolar. interaction, but crystal . 

field calc~lations by Grant and Shirley70 show_ tha~.the major ~ontr~bution 
to P is a magnetic interaction:, termed the 11pseudo-quadrupoleu inter-
. t . F. 11 Pm144 . . . 1' . d . CMN. b. , G t . d Sh _. 1 70 h . ac ~on. ~na y, ·was a ~gne ~n .. y ran. an ~r ey w o 

concluded from 'their measurement that the (1/T~LljT) correlation of .. 

Daniels and Robinson was correct.· 

2 .. Experimental 
' . 144 ' . . 144 . . . ' . 72 . 

The electron capture. decay of Pm · ·. to Nd was studied by Ofer · · 

and by Funk et al. 73 The decay. scheme is shown in Fig_. IV.S. The .SJ>i:n 

and multipolarity assignments were confirmed by nuclear alignment experi-

t Pml44 . 11;.,;,8 74 Th. '=-'144 ·d .. d b. b b d. . P 141 men s on . ~n J.UJ • · e .nu was pro uce _ y om ar ~ng r as 

praseodymium oxide with alpha particies in. the Berkeley 88-in.· cycl~trG>n. . . . . . 4 . - . 
The beam energy w~s Kept below 20 MeV to minimize Pr1 3 production. The 

Pm+3 was separated from the Pr+3 using a Dowex-50 cation exchange column 

with 0.4 M alpha hydroxy butyric acid as the eluant. The ·separated Pm144 

was grown into a single crystal of CMN. The anisotropes of_the 615 and 

695 keV -y-rays were measured u~ing Nai(Tl) crystals .at OOand 90° to the 

.. 
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.· cr.ystalline c. axis. Grant and Shirley showed that these two -y-rays have 

the same anisotropy. This was checked by measuring the anisotropies·~.with 
. . • I. . ·• 

a Ge(LJ..)":detector, which clearly res~lved the tw.o -y-rays (Fig. IV.9)". 

The Ge(Li). determinations confirmed the observation by Shirley et al. 74 

that the anisotropy of the 474 keV transition is attenuated by 20%, from 

the theoretical pr~dictions based on the decay scheme.. The results of 

the Ge(Li) runs are present· in Table VII. These.runs also showed that 

the 740 keV -y-ray from the Pm143 co~tamination· .. 'was ver~ .small. and h~d 
vanishingly .small effect on the 615-695 ke V -y-ray' s anisotropies. 

The .anisotropy as a function of temperature for the combined 615 
\ 

695 
,·, 0 

and keV peaks, at 0° and ·90 to the crystal c axis,·is given i~ 

Table VIII. Only the first count after demagnetization was·used in the 

temperature scale analysis. ·Additional data were taken for use in the· 

determination of-the relative sizes of B2 . and B4 . The temperature 

was measured as described in Sec. II.B.6. The· validity _of these measure-· 

ments is indicated by the fact .tha.t H(initial)/T(initial_) vs 1/T® (final) 

points were in good agreement with the measurements of Daniels and 

Robinson. 45 

3. Results and Discussion 

In Fig. ·rv.lo,. the 
0 . . 

0 data are plotted against 1/T, -using 

-(1/T® ~1/T)DR. These data are in fairly good agreement with Grant and. 

Shirley's measurements. Figure IV.ll shows W(O) vs W(7T/2). This figure 

shows evidence for a large P
4 

· contributiont~ the anisotropy.· This 

does not agree with Grant and Shirley, who found a very small or zero P4._ 

contribution. ·Curve A- in Fig. IV:ll is theoretical for a pure P
2 

di~

tribution. 

The W(O) vs W(7T/2) curve is independent of ~emperature, but does 

depend on the ratio of B2 and B4 . This i;:; determined by the· form of .. 

the-Hamiltonian and the spin. Each point on the curve corr~sponds to some. 

·temperature determined by the size of the coupling constant, P. Assuming 

the decay sequence 

I. 
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Pm144 (615 keV} 

Pm144(695 keV} 

Pm143 (740 keV} 

\_ 
xiO ? (776keV} 

I _./\ j • A?(SI? AkeV) 
I I '-

500 600 700 800 
Energy (keV) 

MU-35160 

Fig. IV.9. Gamma-ray spectrum of Pm144 in a Ge(Li) detector. 
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·Table VII. Relative Anisotropi~~·1 for Prn
144 

in CMN 
( 1/T) = 380 ( °K ) . . 

E (keV) 

"' ' 

w(o). 

474 1.096 ± 0.007 

615 1.122 ±. 0.003 

695 1.124 ± o.oo4 

740 (Prn143y 1.080 ± 0.013 

'' .... 

.. ~ 

. ... 



< 'J \,•; :I~·' .. '.:• ~ :~ ;!: ·l, .~ \ :.",. '\' i :.~.'~.·~:·.' '', I' :.'1.·.1 ~ !~.';:,i:':l:·~ .. ~·~~~·.::·ll·~·~;· "' .'/,: ' 
. 

\:') I' /•,[''.' \ 

I' .. '/' .•... 1•.::.·1 .• ' •' ': .• 

'" 

-83-. 

Table VIIIa. Pml44 . CMN Anisotropies' of the 615 and 695 keV ~-rays ln . 
vs 1/T. ~xperimental data. 

Run w(o) W(rr/2) 1jrf3 (1/T)DR (1/T)this work 

1 1.144 0.906 311 324 510 
2 1.123 0.929 285 323. 370 
3 1.083 0.952 196 206 204 
4 1.054 0.977 128 128 128 
5 1.029 0.985 60 60 60 
6 1.089. 0.948 200 213 210 
7 1.030 0.991 67 67 67 
8 1.061 0.967 135 135 135 
9 1.142 0.909 312 324 515··. 
10. 1.134 0.923 293 324 394 
11 1.087 0.949 205 323 216 
12 1.051 0.971 137 137 137 
13 1.023 0.988 60 60 60 
14 1.130 0.919 296 324 402 
15 1.100 0.944 257 309 300 

... 

16 1.107 . 0.930 257 309 300 
17 1.123 0 . .924 273 320 314 
18 1.133 0.912 .306 324 46o 
19 1.113 0.938 302 324 440 
20 1.128 0.924 277 322 . 350. 
21 1.141 0.918 312 324 520 
22 1.119 0.938 255 307 296 

.. 23 1.100 0.943 232 269 256 
24 1.139 0.91:).- 312 324 . 520 

T® = T® + 0.00116 
. 

g2 = 0.944 . 
g4 = 0.820 
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Table VIIIb. Pm
144 

in CMN. Additional W(O) vs W(n/2) data. 

R(Ql W(n/2) 

1.055 0.964 

1.113 0.912. 
1.125 · o·.921 

1.082 0.952 
1.020 0.995 
•1.123 0.916 
1.122 0.923 
1.131 . 0.919 
1.109 0.938 
1.118 0.924' 
1.122. 0.919 
1.110 0.934 
1.096 0 .. 940 
1.146 0.915 
1.135 0.923 

. ' 

.. • 

,-· - ..• 

. 
. . 
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MU-35161 

Fig. IV.lO. W(8) for e = 0 for the 615 and 695 keV ~-rays in 
Pml44 plotted as a function of 1/T, using Daniels and Robinson's 
(1/T -lt-1/T) correlation. 
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Fig. IV.ll. W(8) for 8 = 0 for the 615 and 695 keV ~-rays in Pml44 
plotted against simultaneously measured w(e) for e = n/2. 
Cur~e A is theoretical for a pure P2 distribution. Curve B 
is theoretical assuming no attenuation. CWve C is a repre
sentative fit assuming attenuation of the anisotropy. 
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the angular distributions for the 615 and 695 keV ~-rays are 

Using the Hamiltonian in Eq. (IV.3), B2 and B4 . were calculated 

as a function of 1/T, allowing a theoretical prediction for W(O} vs W(rr/2). 

This is shown in Fig. IV.ll as curve B (including solid angle corrections 

g
2 

= 0.944, g4 = 0.820). The deviation of the experimental points from 

this· curve suggests an attenuation of the anisotropy. Precedence for · 

attenuation is found in the work .of Grant and Shirley 70 on the 740 l-ceV 

-y-ray from the decay of Pm143 in CMN'. They found a saturation anisotropy 

of 1.09 [W(O)]. The multipolarity of the 740 keV transition has recently 

been remeasured as E2. 75 This makes the probable decay sequency for Pm
143 

5/2+ jb?=l ) 

for which W(O) = 1.112. Since 

is the attenuation factor. 
144 For Pm then, 

E2 I 3/ 2+ 740 keV) 7 2+ 

B4 (I=3/2) = 0, this gives. ~ 

(Section II.A) 

0.6, where 

These two equations have two explicit Lmknowns, ~ and Q4, and 

one implicit: ~nknown,· P. P will determine the 'temperature to which 

a given ratio B2/B4. will correspond. Substituting the values of g, U and 

F and solving, 

for W(O) ·. 

~B2 -0.412 ± 0.011 

Q4B4 - +0.148 ± 0.011 

0.905. 
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A B2/B4 ratio implies a unique ~/Q4 rat'io. In addition, .each B2/B4 
rat::i-o corresponds to a unique value of B

2
. · For a given val~·e of 1/T, · 

thi's B2 is related to a value of P. Thus, by· assigning the value of 1/T 

at which W(O) = 1.144, ·the ratio ~/Q4 may be related directly to values 

of P. This relationship i.s shown in Fig. IV.l2 for 1/Tf. 1= 520. · ~na . 
Figure IV.l3 sh~ws the .experimental w(o'), data VS 1/T, using the (1/T~l_l/T) 

cqrrelai:;ion derived from the Ce137m data (Sec. IV.A). · The solid ·curve is 

theoretical for Q2 = Q4 = 0.63 and is shown as a representative fit to 

the data .. In Fig. IV.ll, curve C is the theoretical fit to W(O) vs 

W(rr/2°) data for the same parameters. The same W(O ). vs 1/T curve is 

shown in Fig. IV.lO. 

An upper limit to P may be set from the limiting ratio o~ B2/B4·, . 

but a better limit on P may be found by demanding that the calculated 

curve for W(O) vs 1/T fit .the experimental data over·the entire range of 

1/T from 1 to 520. With this condition, the uppe~ limit to ~/Q4 is 1.18. 

and' hence 

If Q4 is allowed to be bigger than ~' b.ut both ~ and Q4 are 

required to·be less than one, 

p ~ (0.15 ± 0 .003). X 10-3 (OK) 

.At this lower :)..imi t to P, ~ = o. 76, in agreement with the ~ derived 

above for Pm143 in CMN. 

Several conclusions may be drawn from this experiment: 
I 

1. The experimental data show an anomalous behavior at low tempera-

tures, using the (ljT®-1/T) correlation ofDaniels andRobinson. 

2. A rrbetterrr fit is obtained using the (1/T~l/T) correlation 

derived from the Ce1) 7m data, qualitatively confirming the validity of 

that correlation. 

3. The angular distributions of' -y-rays from Pm isotopes aligned 

in CMN show a considerable attenuation of anisotropy. If this attenuation 

exists for Pm ~sotopes in NES as well, some measurements of Pm'nuclear 

moments by nuclear alignment may require revision in the direction of 

larger moments. 

·• ,. . 
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MU-35163 

Fig. IV.l2. Values of the coupling constant implied by different 
values of Q2/Q4. The shaded area includes values allowed by 
demanding a good theoretical fit to the data, and by restricting 
Q2 and Q4 to values less than one. 
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Fig. IV.l3. W(8) for 8 = 0 for the 615 and 695 keV 1-rays in Pml44 
:plotted as a functio!J. of 1/T, using the (1/T~-1/T) correlation 
derived from the cel~7m data. 
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v. THE DECAY OF Ce137g AND Ce137m AND THE LEVEL STRUCTURE OF La137 

1. Introduction 

As techniques become more sophisticated, nuclear decay schemes 

become more complex. This is abundantly illustrated by the decay of 

Cel37 to Lal37. · The decay scheme based on previous studies was shown 

·in Fig. III.l. A revised version based on the work reported here is 
137m+g · · 

shown in Fig. v.16. Gamma-ray spectroscopy of Ce using Nai and 

Ge(Li) detectors is· reviewed in Sec. V.2, and energy levels in Lal37 

arepresented. Conversion electron measurements with Si(Li) detectors 

and multipolarity determinations are discussed in Sec. V.4. Section V.5 

describes coincidence studies using Nai and Ge(Li) detectors. Spin 

determinations for several levels ,.,rere made by studying the anisotropy 

of -y-rays emitted from ce137 in NES and CMN, using Ge(Li) detectors. 

These measurements and spin assignmehts are discussed in Sec. V.6. 

Kisslinger and Sorenson have calculated energy levels in spheri

cal nuclei. Their calculations for Lal37_are compared with the experi

mental results in Sec. v.7. 

2. Gamma-ray Spectroscopy 

The photon spectrum in Nai from the decay of ce137m+g is shown 

in Fig. V.l. The analyzer was biased so that the Ce and La x-rays.from 

conversion of .the 255-keV isomeric transition in Ce and the electr.on 

capture to La are not shown. The spectrum shows several prominent featti.res. 

The photopeak at 166 keV was assigned ·to Ce139 on the basis of the half

life of its decay. 76 The photopeak at 255 keV and 440 keV, and the com

plex peaks at ~Boo keV are all due to Ce137m+g -decay. :An additional 
' . 77 

trans.ition at 10 keV was reported by Brosi .and Ketelle, who detected 

the -y•ray: and L and· M conversion electrons with a krypton-filled 

proportional counter. From its conversion coefficient, they concluded 

the.transition was almost pure Ml. These observations have been confirmed 

by other workers 78 , 79 and a lifetime measurement is consistent with an Ml 

t 't' 78 rans 1. 1.on. · 
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Fig. V.L cel37m+g photon spectrum, with a Nai spectrometer. 
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' 
The Cel37m+g photonspectrum was also taken <lith a Ge(Li) detec-

tor ... Figure V .2 shows the· spectrum from 20·d050 keV. There are several 

surprises. The 445-keV transition is a doublet, 10 keV apart. The com-
.. 

plex peak at "'800 keV is seen to be 11 transitions, four of them doublets 

spaced by 10 keV. Not shown iB a weak singlet at 1160 keV. Using well

known standard gamma-ray sources, the energies of the peaks were determined 

to within one keV. The energies are tabulated in Table IX, with the 10 

keV transition reported by other investigators. Using the efficiency 

curve for Ge shown in Fig. II.8, the relative photon intensities were 

calculated and are given in Table X. 

Recently, discrepancies in the efficiency _curve for Ge(Li) 

detectors have been found. Count rate, source position and collimation 

may all affect relative efficiencies. The relative intensities within 

doublets determined here should be valid, but relative efficiencies for 

different parts of the spectrum may be in doubt. 

Certain regions of the spectrum were investigated with higher 

resolution. The peak at 166 keV formerly assigned to Cel39 was found to 

be a d<?ublet, with a peak at 166 keV and one at 168 keV. The 168 keV 

peak was found to decay with a 34-hour half-life. The ·peaks are shown 

in Fig. V.3 for a source 7 days old and 8 days old. Evidence for peaks 

at 433 keV and 479 keV was obtained from investigations of the 400 keV 

·region. These spectra are shown in Fig. V.4. 

On the basis of these spectra, a tentative decay scheme was con

structed. Brosi and Ketelle showed that the 10-keV transition they 

observed was from a level 10 keV above the ground state. They ass-igned 

the spins of these states-as 7/2 (ground) and 5/2 (10 keV). The ground 

· state spin was assigned on the basis of the half-life for decay to the 

spin 3/2 state in Ba137. The doublets observed in Ge(Li) spectra spaced 

by 10 keV may be taken as decays to the ground and first excited states. 

This would suggest levels at 446, l.~o92, 781, 836, 925, and 1004 keV. 

TakiD;g energy differences, it was seen that two prominent transitions, 

those at 698 and 762 keV, were not accounted for by these levels. The 

762 is definitely not a doublet. Evidence discussed below shows that the 
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Fig. V.2. cel3 7m+g photon spectrum, -with a Ge (Li) spectrometer. 
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Table IX. Energies of transitions following the electron capture and posi-
. tron decay of cel3 7. 

Transition Following Ce137 ground decay, g From 

' . 

energy (keV) 

1160.3 

1004.0 

994.1. 

925.8 

915 .. 8 

835.8 

825.0 

781.5 

771.1 

762.1 

698.0 
511.0 

492.5 

481.5 

479-0 

446.5 

436.1 

433.0 

255.8 

168 

10.0 

Following Ce 137m decay, 

g 

m 

m 

g 

g 

m 

m 

g 

g 

m 

g 

g 

g 

g 

g 
' . 

g 

g 

m 

m 

g 

m energy level 
(keV) 

1170.3 

1004.0 

1004.0 

925.8 

925.8 

835.8 

835.8 

781.5 

781:5 

762.1 

708.0 
[3+ 

492.5 

492.5 

925.8 

446.5 

446.5 

925.8 

255.8 ( c:137m) 

1004.0 

10.0 77' 
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Table X. 
. . 137 137 

Photon and conversion electron intensities in .Ce and La. . 

Energy ·Relative photon 
.intensity (Ge)a 

168. 4.1 

255 100.0 

436.1 8.0 

446.5 49.5 

481.5 1.6 

492.5 0.3 

511.0 0.6 

698.o· 1.2 

762.i 6 •. 7 

771.1 0.4 
781.5. 0.16 

825.0 16.6 

835.8 3.6 . ' 

915.8 2.7 

925.8 1.6 

994.1 o.o6 · 

1004.0 0.84 

1160.3 0.08 

. . o·-
. 5. 4xlO 

. -2 
1.5xlO 

-2 l.}xlO 

MultipolaritY 

El 

M4 
l. 6x10:_2·:' :1. 2xl07~·:, > . Ml, +E2 

-2 -2. 
1.6x10 1.2xlO . Ml,+E2 

4.6xlo-3 5xlo-3 3 .6xlo._3 . Ml,+E2 

Ml,+E2 1.9><10-3 . 4.4xlo-3 3xlo-3 

2.-2xlo-3 · 3.8x10-3 2.5~10~3 
1. 75xlo-3 : J .8x16 ... 3 ::2. 5x16:-3 

2.oxJ.,.o-3 2.8x1o-3 i.9x10-3 

·2.4xlo-3 2~8xlo-3 · 1.9x10-:-3 · 

. ·.Ml,+E2 

Ml,+E2 

Ml,+E2 

Ml,+.E2 

4.7xlo-3 
- b 

2.6x1o-3 1.6x1o-3 M2+E3 

aUsing effici~ncy curve for Ge shown in Fig. II.8. 

bE3: 3.4 X 10-3 
M2: 5.8 X lo-3 

.. 

... ,:i, 

.' 
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MU-35140 

Fig. V.3. Photon spectrum showing 166 keV ~-ray in ce139 and 
168 keV ~-ray in ce137m, taken with a Ge(Li) detector. 
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Fig. v.4a. Photon spectrum of ce137m+g showing 433 keV shoulder 
on 436 keV ~-ray. The 433 keV transition is a stopover from 
the 925 keV level to the 492 keV level. 

Fig. V.4b. Photon spectrum of Cel37m+g showing 479 keV ~-ray. 
The 479 keV transition is a stopover from the 925 keV level 
to the 446 keV level. 

• 

·~ . 
.. 

.. 



••.•.. l .\!. • '· 

•·· 
~ 

. } ; ~, i ', . , · • , . I 

-99-

762 keV transition follows the decay" of ce137rn to La137. This may mean 

. that the 762 represents the ·decay of a high-spin level, at 762 keV, to 

the 7/2 ground state, .but not the 5/2 first excited state. The 6g8·and 

1160. keV -y-rays follow the decay of Ce137g to La137. They may be due to 

the decay of low-spin levels at 708 keV and 1170 keV. to the f.irst excited 

state. Unfortunately, a weak transition at 708 keV might hot be seen 

because it would be obscured by the Compton edges from the higher -y-rays. 

In order to determine which levels were fed by the Ce137g decay, 

25% enriched 'ce136 as Ce0
2 

(from Oak Ridge Isotopes Division) was irradia

ted with neutrons for six hours at a flux of 1013neutrons cm-2 sec-l in 

the Livermore Pool-Type Reactor. This sample was purified by the pro

cedure in Sec. III.A, with 10 mg of La carrier. The ratio of cross 

sections for thermal neutron capture leading to the grmmd state and to 
. . 80 
the 255 keV state has been measured as 6.0 ± 0.6. This was qualitatively 

confirmedby the ratio of the 436-446 doublet to the 255 keV peak. A 

spectrum taken 18 hours after the end of the irradiation is shown in Fig. 
. . ~9 ~l V.5. ,The complexity of the spectrum lS due to-y-rays from Ce , Ce , 

143 and especially Ce , .also formed in the neutron irradiation. The activity 

was followed for 10 days. The peaks assigned to Ce137 dec~yed with a 

nine-hour half-life. The peaks assigned to ce143 decayed with a 33-hour 

half-life. The assignments in Ce143 were checked by irradiating enriched 
142 . ' 143 

Ce as Ce02 with neutrons. The peaks due to Ce are indicated in > 
Fig. V.5. 

The -y-rays following the decay of Ce137g and Ce137m (by fnferen<:e) 

are given in Table IX. Since the spin of Ce137m is 11/2- and the spin 

of Ce137g is 3/2+, the levels in La137 may be expected to divide into two 

groupsj a) levels with spins l/2, 3/2, and5/2, fed by the ce137g decay 

and b) levels with spins 9/2, ll/2, 13/2, fed by the Cel37m decay. A 

level with spin 7/2 c'ould be very weakly fed by either parent, but the 

decay would involve 2 units of angtl.lar momentum and wollld be first forbidden 

(unique) in one case and second forbidden in the other. The low-spin 
. . 

levels (above ground and 10 keV first excited state) are at 446,· 492, 

(708),and 925 and (1170) keV. The high spin levels are at (762), 781, 

835, and 1004 keV. 
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Fig. v.5. Photon spectrum follo~ing neutron irradiation of 
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3. Positron Branching 

A weak 511-keV 'gaumia ray was observed, :presumably 'due to a weak 
137· ' 

(3+ branching in the decay of the ground and isomeric states in Ce · . 

The energy difference between the ground states ofLa137 and ce137 has 

been estimated by systematics to be 1.2 Mev.
81 

The (3+ branch must occur 

. in the decay of the Ce137 ground state to the La137 10-keV state. Since 

the ground state is observed to decay to an 1170-keV state in Lal37, 

there is a lower limit of 1170 keV between the ground states. An u:p:per 

limit on the decay energy may be set using Zweifel 1 s
82 

calculations for 

relative electron capture and :positron emission as a function of Z .and 

w
0

, the maximum :positron energy . For 300 keV and Z=58, 

2000. 

Since the observed ratio is less than 2000, the :positron branch has an 

energy less than 300 keV .(~C/t...f3+ increases as w0 decreases), and an 

u:p:per limit of 1.332 may be set on the ground state energy differences. 

Using .the u:p:per limit, log ft values for the various levels 

:populated in Lal37 were calculated (Table TI). The total number of 

transitions was taken as the 255-keV Jlhotonintensity x 8.2 (to correct 

for internal conversion) :plus the :photon .intensities for the 1004-,835.8:.. 
' . . 

and 762.1-keV levels, corrected for internal conversion. 

4. Conversion Electron Spectroscopy 

The conversion electrons from Cel37 were studied using a lithium

drifted silicon·detector. The detector and electron source were cooled 
0 ' ' . ' . . 

to 77 K to improve the resolution of the detector .. · The source consisted 

of mass-free ce137 ·a.s the chloride, dried onto a Mylar ta:pe backing from 

a drop of solution. 

The conversion electron spectrum from the 255 keV transition in 

Ce137 is shown in Fig. v.6. The K/L+M ratio was measured as 2.0. The 

higher energy spectra are shown in Figs. V.7 and V.8. These measurements 

were difficult because of the low intensities of the lines and because of 

the :pile-u:p due to the very intense 255-keV transition. Weak sources. and 

long runs were required. 
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Table XI. Log ft for the de~ay of Cel37m + Cel37g t_o Lal37. 

ojo population Half-life for log (ft) 
decay to level [ Cel37m 1.~ MeV L 137g) :> a 

0.01 39 'Y 7.7 

0.59 240 d 7.3 

0~51 280 d . 7.1 

1.9 75 d 7.1 

0.07 5.5 y 8.2 

0.79 180 d 7.6 

0.14 2. 7 y 8.2. 

0.22 1.8y 8.1 

6.8 21 d 6.8 

89.0 1.6 d 6.2 

I. 

~· ·-

-. 

.. . ~ 

. ' 



• .. 

fC') 

0 

X 

1/) -c:: 
:::l 
0 

(..) 

..:.103-

I I I I 

Sr-
. . 

6 -

4 1-

2 -

I 
,rl ' ... 

I 

~00 
I ········~·········t··· 

220 240 
Energy (keV) 

. 
I ... 
. . 

~. 

. 
' \ .. ., . .. 

~ ... 

-

-

-

-

:·'-..... 
260 

MU -3S166 

Fig. V.6. Conversion electron spectrum of the 255 keV transi-
tion in cel37m, taken with a Si(Li) detector. 
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Fig. V.7. Conversion electron spectrum from transitions in 
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Fig. V.8. Conversion electron spectrum from transitions in 
cel37m+g (600-1000 keV). 
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· · Using the experimental arrangement described in Sec. II, the 

conversion coefficients of the prominent transition were directly measured. 

The results are tabulated and compared with theoretical values83, 84 in •- ~ 
Table X. All the trans~tions measured were Ml or E2 or Ml+E2, with the 

exception of the 1004-keV transition which is apparently E3 or M2. The 

168-keV conversion coefficient was measured using a source in which the 

168 ~-ray intensity was 10 times larger than the 166 ~-ray from Cel39. 

The background from the 255-keV lines c;:>bscured the electron peak, but 

the ~-ray peak was seen clearly. Using the ~-ray intensity, the electron 

intensity for an Ml, E2 transition was calculated from Rose,
83 with the 

255 K line as a standard shape. This was subtracted from the background 

at the position of the expected 168 K line. The resulting background 

shape was very anomalous as shown in Fig. v.9. All multipolarities 

greater than E2 req_uirelarger coefficients and would therefore be 

excluded on the same grounds. This is evidence for the multipolarity of 

the 168-keV transition being El. 

5. Coincidence Studies 

Strong coincidences between the 168 keV ~-ray and the 825, 835 

pair were recorded with Nai-Nai and Ge(Li)-:-Ge(Li) detectors. The Ge 

spectrum is shown in Fig. V.lO. No other coincidences except x-rays 

were observed for either ~-ray. 

The 436, 446 pair were found to be in weak coincidence with.a · 

transition at 479 keV .. Evidence for this transition was seen in the Ge 

singles spectrum. When the gate was set on the 436, 446 (in Ge or Nai) 

a peak at 168 keV was seen_ presumably due to coincidences with the 

Compton-scattered ~-rays from the 825, 835 transitions. The 482,492, 

pair was in coincidence with the 433 keV ~~ray, seen in the Ge singles 

spectrum. As expected, the 255 keV ~-ray was not in coincidence with 

any portion of the spectrum. 

Stopovers in the high energy group were searched for using Nai 

as a gate detector and Ge (Li) as the spec_trum detector. When the gate 

was set mainly on the 915, 925 keV peaks, a ~-ray at 85 keV appeared in 
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Fig. V.9. 168 keV transition conversion electron measurement. 
The points are experimental. The solid curve is theoretical 
for an El transition. The dashed curve is theoretical for 
an Ml or E2 transition . 
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Fig. V.lO. Spectrum in coincidence of 168 keV transition in 
cel37m, showing 825, 825 keV ~-rays (Ge(Li)-Ge(Li) coincid~nce). 
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very weak coinciden.ce, along with the 168 keV -y-ray from the coincidences 

with the forward edge of the 825-835 pair, and x-rays. Shifting the· 

gate higher increased the. 85 relative to 168 in the coincidence spectrum. 

Setting the gate on the J004 decreased the 85 relative to the x-rays. 

Thus, the 85 keV -y-ray is in coincidence witl1 the ·915,925 pair. 

The 168, 835 coincidence is due to a stopover from the 1004 

level to the 835 level. The 436, 446-479 and the 433-482, 492 coincidences 

are due to stopovers from the 925 level at the 492 and 446 keV level.s. 

The 85-915, 925 coincidence is tentatively assigned to a stopover from 

the 1004 level to the 925 level.·. The assignment is tenati ve because the 

energy is not quite right~the 1004-925 = 79 keV.spacing is known to 

within l keV. Also, this transition is not expected on the basis of the 

spin assignments discussed below, especially because of transitions that 

are conspicuously absent, such as stopovers from the 1004 and 835 levels 

to the 762 level. 

6. Spin Measlrrements: Nuclear Orientation and Angular Correlation 

The separation of the La137 energy levels into high-spin levels 

populated by the decay of Ce137m and low-spin levels populated by the 

decay of Ce137g, and the measurement of the multipolarities of the transi

tions from these levels, allows assignments bf spins based on selectio:t;J

rules and systematics. In an attempt to directly measure spins of, some 

of the levels, nuclear alignment experiments were performed using Ge(Li) 

detectors. This allowed anisotropy measurements to be made on the 436, 

446, 698, 762, 835, 825, 915_and 925 keV -y-rays. The 915, 925, 1004, and 

1160 keV -y-rays were studied using Nai. 

Cel3?m was grown into the bulk of a large, single NES crystal. 

The crystal was demagnetized and counts were taken at 0° abd 90° to the 

crystal axis .. No susceptibility readings were taken but .·the anisotropy 

of the 255-keV transition was used to monitor temperature. The cold 

counts were taken for up to 20 minutes. From the anisotropy in the 255 

keV -y-ray, I/T and B2 (11/2) were known. This same B2 applied to all 

transitions populated by the decay of the Cel37 ll/2 level. Given 1/T 

.11J 
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49 and the hyperfine structure. constant measured by Haag et al., B2 (3/2) 

could ·be calculated for all.th~ levels populated by the dec'a.y of. the 

Cel37 3/2 level. In this way, (u2F 2 ) was obtained for all measured 

anisotropies·. These wer.e compared with (U? 2) calculations. 

446 Level 

On the bas .is of the population of this state from the Ce137 3/2 

state and the decay to the 7/2 ground state and 5/2 first excited state 

in Lal37, this state may have spin 3/2 or 5/2. Both the 446 and 436 keV · 

gamma rays show small ;positive anisotropies when aligned in NES. This 

is consistent with either spin assignment as indicated in Table XII and 

Figs. V.ll V.l2, and V.13. The conversion coefficients indicate that 

the transitions are Ml or E2. This is also consistent with either assign

ment. Danby et al. 76 report. the 446 transition is E2i:but they did not see 

the 436 keV transition and this compromised their data. Haag36 , 49 

measured the linear polarization of the combined 436 and 446 keV ~-rays, 

using a Compton polarimeter. He found a polarization'P ~ l. 5 at 1/T = 50, 

although there was quite a bit of scatter in the data. A polarization 

> l.D excludes a pure E2 transition (for a pure E2, 0.80 ~ p ~ 0.94, 

depending on u2). Since the .446 keV ~-ray is 6 times larger than the 

436 keV ~-ray, we may assume that the polarization result excludes E2 for 

the 446 keV ~-ray. This excludes spin 3/2 for the 446 keV level. On the 

basis of Haag's polarization data, then, I(446) = 5/2. 

492 Level 

This level is weakly fed from the decay of Ce137g and it decays 

to both the ground and first excited states in La137. It is also fed 

by stopovers from the 925 keV level. Little more can be said about this 

level. It is too weakly populated for conversion coefficient or nuclear 

alignment measurements. The fact that it decays to a 5/2+ and a 7/2+ 

level, and is fed from a 3/2+ level suggests that its spin is· I 492= 3/2+, 

5/2±, or 7/2+. 

(: 
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Table XII. Nuclear alignment results for the 436, 446 keV -y-rays follow-
in~ decay of cel37g(3/2+)·.· .· 

· ILI446= 3/2, 

(u2)theor 

(F ) 
2 theor 

If r446;, 5/2, 

(u2) the or 

(F 2)theor 

436 keV 

-0.0875 ± 0.02 

-0.120 ± 0.02 

See Fig. V.ll 

for }•i(o) 

0.75 (j ==1) 
[3 

See Fig. V.13 

for F(o) 

446 keV 

-0.054 ± 0.015 

-0.074 ± 0.015 

~0.143 (EZ) 

See Fig. V.l4 

for F(o) 
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f2 (II 5/2 3/2)= + 0.100 

f2 02 512 312) = + 0.592 
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MU-35169 

Fig. V.ll. Calculated F2 vs 5 curves for a 3/2 1 '
2 > 5/2 transi

tion. The shaded region corresponds to the experimental F2 . 
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Fig. V.l2. Calculated F2 vs 5 curves for a 5/2 1 '
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) 7/2 transi
tion. The shaded region corresponds to the experimental F2. 
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Fig. V.13. Calculated F2 vs 5 curves for a 5/2 1 ' 2 ~ 5/2 transi
tion. The shaded region corresponds to the experimental F2 . 
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708 Level 

The 708 keV level is populated by the decay of the 'ce137 ground 

state. It decays by a single transition presumably.to the first excited 

state in La137 . Be~ause ~o 708 keV transition t9 ground_is observed, 

. this level may be tentatively assigned spin l/2+· The -y-ray was observed 

from Cel37, nuclei aligned in NES. Because of low counting rate and large 

background corrections ,.the data were very poor, but .indicated an effect. 

of 0.980 ± o.o4o, consistent with a l/2+ assignment. 

762 Level 

This level is populated by the decay of Ce137m (ll/2-). It 

de~e.xcites by a single transition, presumably to the La137 7/2+ ground 
' 

state. Conversion coefficient measurements show that the transition is 

Ml, E2 or Ml + E2: When aligned in NES, the 762 keV -y-r.ay was found to 

have a large negative U
2
F

2
, consisten~ with a 11/2+ E2 .> 7/2+ transition . 

(Table XII). It is also ~onsistent with 9/2+ Ml,E2 ) 7/2+ transition 

(Fig. V .14), but a 9/2 spin is t1nlikely on the grounds that the 9/2+ ~ 5/2+ 

transition is not observed. Thus the spin of the 762 level is assigned 

I762= ll/2+. 

781 Level 

Because it is populated by the decay of the 3/2+ state in Cel37 

and has transitions to both the 7/2+ and.5/2+ ground and first excited 

states in Lal37, .the 781 keV level may be 3/2+, 5/2+, or 7/2+. In the 

conversion electron spectrum~ the 781 and 771 K lines were obscured by 
I 

the 762 L+M lines. The state was too weakly populated for spin determina

tion by nuclear alignme~t. 

835 Level 

On the basis of systematics, the 835 keV level may be expected to 

be 9/2+. It is populated by the decay of the 11/2- state in Cel37 and in 

turn decays to the ground and first excited states in La13 7, with Ml, E2 

or Ml + E2 transitions. Nuclear alignment in NES showed that the u
2
F

2 
for the 835 keV -y-ray was positive, while that for the 825 keV -y-ray ~as 

negative. These observations support the 9/2+ assignment. The 825 keV 
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Table XIIIa, Nuclear alignment results 'for 762)' 825, and 835 keV -y-rays. 

··· .. , 

· .. 

·, .'· 

762 

.-6.41 ± 0.08 

11/2 °'1 > ll/2' 

~ 7/2_· 

-o . 4o ± · b . .0.1 

·,' ,., '.· 
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:j ,. 

§.25 
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~5 
+0.53 ± 0.12 

11/2 ~ 9/2 

~ 7/2 

See Fig. V.l5 
for F(o) 

Gives >' r? ... ·. 
l+.a2 

0.01+0.025 
-0.01 
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Fig. V.l4. 
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Calculated F2 vs o curves for a 9/2 1 ' 2 ) 7/2 transi
The shaded region corresponds to the experimental F2 • 
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Fig. V.15. Coincidence rate for 168-825,835 keV cascade in cel37m 
as a function of P2 (cose). 
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transition is :Pure E2 and the 835 keV 'Y-ray is mixed Ml/ E2, for which 

o < 0. (Fig. V.l4). Further evidence. for the 9/2+ assignment is found 

in an angular co~relatism ex:periment between the 835, 825 keV 'Y-rays and 

the 168 keV 'Y-ray, discussed below. 

925 Level 

Since the 925 keV level is fed from the ground state of Cel37 and 

transitions. from it to the ground, and first ~xcited sta~~s of Lal37 are 

Ml, E2, or Ml + E2, the S:Pin of this .level may be 5/2+ or 3/2+. Nuclear 

alignment ex:periments in NES were inconclusive,. ·for both the 915 and 925 

keV ."/-rays showed anisotr~:Pies very close to zer.o even at l/T=60. 

1004 Level 

After :PO:Pulation by the electron ca:Pture of the Ce137 11/2- state, 

the 1004 keV level is observed to decay to -the La137 ground st~te, with 

a weak sto:Pover at the 10 keV state. The conversion coefficient measure

ments show that the 1004 t~ansition is M2 or E3 or M2 + E3. In addition, 

the 168 transition to the 830 keV level is El (see above). AnisotrO:PY 

measurements were made on the 1004 keV 'Y""rays (the 994 keV 'Y-ray was too 

weak for measurement), following the decay of Cel37m nuclei aligned in 

NES, and on the 168 keV 'Y-ray for Cel37m in CMN. The 1004 keV 'Y-ray data. 

were :POOr statistically, but indicated a u2F2 < 0 and consistent ~ith a 

ll/2 L=
2

) 7/2 transition. The 168 keV 'Y-ray effect was consistent w~th 
L=l · · 

a ll/2 > 9/2 transition. 

The assignments were confirmed by measuring the angular correla

tion between the 168 and 825, 835 keV 'Y-rays. For the cascade 

11/2- El ')9/2+ ·"E2. )5/2+, A
1 

= -0.07 

and €(= i- Cl8o/c90), where C is the coincidence rate at angle e, 
is +0.10. For the cascade 

9/2- El· ) 9/2+ . E2 ) 5/2+, 

€.·,::: -30%. Ex:perimentally, c= +5%, confirming the ll/2- S:PiP assignment 

•,· .• 1-:J 
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to the 1004 keV level. The reduction in anisotropy is due to the effect 

of the weaker 835 keV -y-ray, which has an F
2 

of opposite sign relative 

to the 825 keV -y-ray. (See Table XIIIb.) 

1170 Level 

Cel37g (3/2+) decay weakly populates the level at 1170 keV. Only 

·one transition from the. level is observed, pr'esumably to the first excited 

state.· Conversion lines were not. seen, due to the weakness of the transi

tion. .Anisotropy measurements from oriented nuclei were attempted using 
·" 

a Nai detector. Statistically poor data indicate zero anisotropy. These 

observations are consistent with a spin of 1/2+, but the assignment is 

_tentative only. 

7. Comparison with Theory 

_Lal37 (Z=57, N=80) has two holes in the closed neutron shell at .. 
N=82 and seven protons beyond the closed proton shell at Z=50 .. The pro

tons in ,~his region fill into the lg
7
/ 2 ' 2d512., 2d!>/2 ' 3s1; 2 , and lh11; 2 

single particle states. The Lal37 ground state w~uld be 7/2+, with th~ 
5/2+ state close to it. The next ·state (446 keV)!·may be expected to be 

l/2+ or 3/2+. The higher-lying states may be ascr'ibed to collective 

effects, expected at high energy for spherical nuclei. Clearly, this 

simple model is inade~uate for more than the first two, or possibly three 

levels. 

A more sophisticated approach has been used by Kisslinger and 

Sorenson85 (KS), .who have calculated the energy levels for spherical 

nuclei using a'pairing force between protons and neutrons separately and 
. . 

a ~uadrupole interaction between all ~airs of particles. Using a set of 

single particle energies determined from experiment,(assuming they vary 

with mass as A - 2/3),. and appropriate choices for force constants, they 

have fitted the low-lying energy l~vels over a wide portion.-of the 

peri~d .. ~c table .. Two types of excitations arise from the theory·: ~uasi

particle excitations due to the pairing interaction, and phonon excita-
86 ·- 11 

tions due to the ~uadrupole force:. Rho has calculated the theoretical 
'..... ...;,, 

~uasi-partic;J..e energies for 82 neutron, odd-A riuclei. He finds a 7/2 'r9west,. 
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Table XIIIb. Spin measurements for the 1004 l\:eV level. 

Nuclear alignment: 

168 keV 

+0.245 ± 0.008 
j =2 . 

11/2- 13· ~ 7 /2.:. ~ 9/2+ 

+0.136 
. . j =1 

n/2- L-;> 9/2-~ 9/2+ 

-0.418 

J = 0,1 . 
11/2- l3· . · ~11/2- L=l) 9/2+ 

+0 . 288 ( jl3= q) 

+0.274 (ji3~·J.) 

1004 keV 

-0.30 ± 0.15 

j~'<::;O, l 
11/2- t' ... ) ll/2-

L=2 . } 7/2+ 

-0. 40 ± ci. 01 

Angular correlation for 168 keV - 825,835 keV cascade: 

Theory 

11/2- 1~§> 9/2+ 
E2 1 
825 5/ 2+ 

E2,Ml \ 7/ 2+ 
835 I 

El . E2 ~ 5/2 
9/2- 168 .~ 9/2+ • 825 .. ~ I } 

E~3~1) 7/2+., 

Experiment 

-0.043 

·+0.115 

-0.033 ±,0.10 +5.0 ± 1.5% 
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followed by d
512

, h
1112

, and d
312

, for La139. In the absence of the 

quadrupole force, KS find g
7
/ 2 lowe~t) followed by d

5
/ 2 and s

112
, the 

latter between l and 2 MeV. Introduction of the quadrupole 'force brings 

5/2 lower than 7/2 for La137) in. disagreement with the experiment. The. 

energy levels for La137 according. to KS are shown in Fig. V .17. 

Comparison with the experimental levels shown in Fig. ·v.l7 shows 

qualitative similarities. There is a. gap of about 500 keV between the 

ground and first excited states and the next level .. The level density 

increases above about 700 keV, although this is hardly unexpected. Eleven 

levels are found experimentally) while twelve are predicted. Of parti

cular interest is .the 11/2- state found at 1004 keV.· This is undoubtedly 

the hll/2 single quasi-particle state found at about l I'ieV by Rho for 

Lal39. Comparing the 168 keV El transition rate and the 1004 keV E3 

transition rate wit.h the theoretical rates for single particles,59 we 

see that the El transition is hindered by two· ordersofmagnitude r~lative 

to the E3. This is unusual beca.use the E3 transition would be expected 

to be £-forbidden in the single particle model. 

. .. 
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Fig. V.16. Decay scheme for ce137m+g. 
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Fig. V.17. Level structure of La137 from calculations by 
Kisslinger and Sorensen. Also shown are experimentally 
determined levels and possible correlations. 
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VI. THE ANGULAR DISTRIBUTION OF ALPHA PARTICLES FROM E
253 ALIG1~D 

IN NES .AND THE RELATIVE PHASES OF THE L=O AND L=4 WAVES 

1. Introduction 

E253 was aligned in NESby Navarro, 25: 87 who studied the·tempera

ture dependence of the angular distribution of alpha particles in the 

decay to Bk249. He de~termined that the· L=O and L=2 waves "Were in phase. 

Further experiments were conducted iri order.to determine the relative 

phases of theL=O and L=4 waves. 

Section VI.2 below constitutes a short theoretical and experimental.· 

survey of alpha particle emission by prolately deformed nuclei. Section 

VI.3 treats the angular distribution'of al:pha particles from aligned 

nuclei, and Sec. VI.4 considers previous experiments. The present experi

ments are presented in Sec. VI.5 an_d discussed in Sec. VI.6. 

2. Background 

Alpha particles from a nuclear decay are emitted with characteristic 

energies, corresponding to the energy levels populated in the daughter 

nucleus by the decay. Thus, alpha spectra have provided a: wealth of infor

mation about the 1evel structure of nuclei in the regions where alpha 

emission is a predominant mode of nuclear disintegration. 88 In addition 

to carrying off energy, the alpha particle can also carry off angular 

momentum. Si.nce alpha particles are bosons, "With no spin, they carry only 

orbital angular momentum, L. Consider I.~ If, where I. is the spin 
l l 

of the parent, If is the spin of the level populated in the daughter 

and L is.the angular momentum carried off the the alpha particle. Con

servation of angular momentum requires that: 

(VI .1) 

In -y-ray emission, the interaction is strongly dependent on L, so that 

only lowest allowed multipolarity is found, with vanishingly small pro

babilities for higher multipolarities. For example, where L=l and L=2 

are allowed, they 'Will compete with each other, but L=3,4 etc. will not 
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compete in general. In alpha decay, essentially a barrier penetration 

process,;. the only difference between L and L+2 emission is a centrifugal 

barrier which is small compared to Coulomb barrier. This additional 

barrier·is. large enough to ensure.that the lowest value. of L will have 

the largest probability of emission, but is small enough to allow con

siderable admixture of L+2 and L+4 into the decay (when they are.allowed 

by Eq_. (VI .1). · Furthermore, since alpha decay is. a strong interaction, 

parity is conserved. The parity of the outgoing alpha is given by (-l)L, 

where L is the orbital angular momentum of the wave. Therefore, for 

decays between states of the same parity, only even values of L are 

allowed, while for decays between states of different parity, only odd 

values of L ·are allowed. 

If 7T. (-l)3:J. where 
l 7Tf 7Ti and. 7Tf .are the initial and final state 

parities, respectively, then 

= (VI.2) 

Simple alpha decay theory defines the decay constant A(= £n2/tl/2) as a 

product A = fP, where P is the penetration factor and f is the 

"reduced transition probability." In the simplest theory, the alpha 

particle is regarded as existing preformed in the daughter·and f is a. 

freq_uency ·factor-the number of "collisions" per unit time with the bar

rier. P is the probability that each "collision" will lead to emission. 

The factor P can be calculated and t~e experimental results of 

alpha spectroscopy given in terms of the f's. For the spherical even-even 

isotopes of a given e.lement, A shows a smooth functional dependence on 

E for the ground state transitions, which is due to the factor P only. 

The odd-neutron isotopes of the same element and the excited state transi

tions of the even isotopes may show deviations in the A vs E curve 

obtained from the ground transition in the even-even isotopes. This 

deviation is uniformly in the direction of smaller A and the transitions 

may be said to be hindered. The amount of deviation is described by a· 

"hindrance factor". For odd-Z 'nuclei, "theoretical" A vs E curves can 

be obtained by interpolating between neighboring even-even nuclei, and the 

. ·' - .... 

.. 
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experimental "A.'s·relative to these curves are also described. in terms of· 

hindrance facto:r:s. The transition coming closest to the "theoretical" 

line for a given nucleus is termed the favored transition. 

In the region of nuclei for which N >·138, the systematics of 

nuclear energy levels and nuclear transition have best been described in 

terms of the ''strong coupling" model of Bohr and Mottelson, 89 v1hich con

siders nuclei in this region to have stable, spheroidal deformations. 

For even-even nuclei in this region, the lowest-lying levels are due to 

rotational excitation and have energies which can.be expressed as: 

E a I(I+l) 

In this rotational band, the 0+ ground state is followed by levels with 

spins and parities 2+, 4+, 6+, etc. (in some cases, a l- excitation is 

also observed88 ), and the alpha spectrum. of the decay of the 0+ ground 

state in the parent to this band in the daughter shows the most intense 

( L=O · ) line at highest energy, going to the ground state 0+ ~~~1 0+ ; followed 

in intensity by transitions to the first excited state (0+ L=2 ) 2+), 

second excited state. (0+. L=4 ) 4+) and so forth. 

In the case of odd nuclei in the same region, excitation energies 

of the odd particle can be of the same order of magnitude as the collective 

excitation energies. Rotational spectra are, however, observed, but built 

on various single nucleon states. These single nucleon states have been 

calculated for the case of a spheroidally deformed potential by Nilsson. 90 

Since the potential is no longer spherical, the orbital angular momentum 

of the odd nucleon is no longer conserved, but its proj.ection on the 

nuclear ddformation axis is a constant of the motion and is generally 

denoted by K. K is also the projection of I on the symmetry axis because 

rotational angular momentum, denoted R; is perpendicular to this axis. 

States are labeled as Kin, where the I 

nucleon spin plus rotational spin) and TI 

is the spin of the state (odd 

is the parity (determined by 

the value of 1 the odd nucleon would have in the limit of sphericity)~ 

The rotational bands have energies .E a I(I+l), where I=K, I=K+l, etc. 
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The alpha spectra for these. nuclei are unlike the spectra of even

even alpha emitters in that the most intense transition is not always the 

highest energy transition--that is, the ground level of the daughter is 

not always the most highly :populated.. In view of barrier :penetration 

nature of the decay, this is surprising, but .:the observation has· been 

shown to be compatible with the theory. Here, the f in the relation 

~ = fP may be thought of as a formation factor. It has been suggested 

that the formation of the alpha :particle before transmission through the 

barrier would be most probable if it did not involve the single odd nucleon 

in the parent. 88 The alpha particle would be formed frompaired nucleons 

and would not involve unpairing and recoupling. Thus, the odd .nucleon 

would occupy the same state in the daughter as in the parent and the K 

quantum number would not change. Then the greatest probability for decay 

would be to the rotational band for which 6K=O. Of course, f.or some nuclei 

the intrinsic state for the odd nucleon in the parent might'be the ground 

intrinsic state for the odd nucleon :im the daughter. 

Bohr, Broman, and Mottelson9l have introduced some branching rela

tions for relative intensities of decay to the various members of a rota-
~ ~ --) 

tiohal band in the daughter. In addition to the fact that Ii + L = If' 

the relation Ki + -~ = Kf also holds, where ~~ is the projection of the 

alpha orbital angular momentum on the nuclear symmetry axis. ·The final 

state wave function can be expanded in terms of the initial state wave 

function_and the alpha wave functions as: 

2: < I.LK.Kf-K. I IfKf) I I.K.) IL Kf-K.) L l l l · l l l 

where (IiLKiKf-Kiii~f) is a Clebsch-Gordan coefficient. For a given alpha 

wave of angular momentum L, 

The·. "reduced 11 probability that the transition procede~ to ·a given state 

If by emission of a wave of angular momentum L is just: 

.·,. 
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For favored decay, Ki = Kf and ~~(Ii1KO[I~) 2 . 
For a spheroidal shape, the total probability for formati9n at 

the nuclear surface of 1 1-1aves where 1 > 0 may be estimated by intro

.ducing the reduced transition p;robabili ties CL' for the L · wave measured 

in neighboring even-even nuclei. Thus 

(V:[. 3) 

This relation has.been widely used to analyze the intensities in the 

favored transition of odd-A nucieL92 The results give the relative 1=0, 

1=2, L=4, etc. wave intensities to the various levels in the favored band. 

The alpha wave angular momentum is conserved only in the case of 

a spherically symmetric Coulomb potential barrier. Several authors have 

considered the effects of the nuclear quadrupole moment in mixing states 

of different 1. 92 The calculation leads to coupled differential equations 

which have been solved numerically for some cases. For u233 , Chasman and 

Rasmussen93 find a 2o% enhancement of the 1=2 wave in the ground state 

transition over the BohryFroman and Mottelson prediction. This agrees 

with systematic deviations observed experimentally.92 

Waves of the same energy can interfere constructively or destruc

tively and such interference is expected between the waves of different 

1 contributing to a given transition .. This interference will be reflected 
4 in the distribution of alpha particles at the nuclear surface. Brussard9 

has' shown that the distribution at the surface can be related directly to 

distribution after transmission through the barrier. 

From time reversal invariance, it can be shown that the reduced 

matrix elements for the emission of various alpha 1 waves are real . 

Therefore, the waves c~n have relative phases of 0 or n. Brussard and 

Tolhoek95 have considered the phase shift due to transmission through the 

Coulomb barr.ier and conclude that the effect is small. Thus, the waves · 

may be taken as in or out of phase. 
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Another approach to the decay of prolately deformed nuclei was 

taken by Hill and Wheeler. 96 They calculated that the major effect vJOuld 

be due to the. anisotropy of the Coulomb barrier. If the nuclear center 

of charge coincides with the nuclear center-of-mass, the barrier would be 

lower at the ntipsu of the nucleus and higher at the "waist.u If the 

probability of alpha formation at the nuclear surface is isotropic; then 

preferential. emission occurs at the tips. Steenberg and Sharma97 have, 

however, pointed out that this argument is weak in that it assumes an 
94 . 

isotropic formation probability inside the nucleus. Brussard suggests 

that· the major effect of spheroidal deformation is. an anisotropic pro

bability aistribution at the nuclear surface, before transmission. 

3. Angular Distribution of Alpha Particles from Oriented Nuclei 

The angular distribution of alpha particles from oriented nuclei 

provides a means of determining the relative amplitudes and phases of.the 

different L waves in a given alpha transition. 

As discussed previously (Sec. II) the calculation of the angular 

distribution·of alpha particles from oriented nuclei follows from the 

expression for the distribution of -y-rays with the introduction of particle 

parameters, bk' 

For alpha particles, 2 

b (LL'cx) = 
k 

(VI.4) 

It can be seen that the · b 1 s vanish for interferences involving an 1·=0 
k 

wave. The L=O wave itself is isotropic, and hence contributes only. a 

constant to the angular distribution. It does, however, interfere·with · 

other L waves. To calculate the interference term, it is necessary to 

go back to the definitions of bk and Fk defined for -y-rays [Eq. (II. 4 )'] 

; . 
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F (LL'ab) = (-l)a-b-lJ2b+i' (LL' 1-llko)W(bbL.L. ;ka) 
k l l 

where (LL' 1'-llkO) is a Clebsch-Gordan coefficient and W(bbL.L. ;,ka) is a 
. . . l l c 

Racah coefficient. The Fk was defined for photons) which have spin 1. 

The particle :parameter for the alpha particle.merely reflects its spinless 

nature) and 

b = 
k 

(VI. 5) 

For L'=O) the denominator is zero. Taking thE!,.combined expression 

we can calculate the Qnterference. 

.(VI. 6) 

If the resolution of the detector is sufficiently high so the 

transi t,ions to the various daughter states are observed independently) the 

expression for w(e) becomes 

w(e) 

. (VI. 7) 
r "l 

x l/LtlaL:I
2 

JBkPk(cose) 

where aL is the amplitude of the Lth wave and ¢LL' is the relative phase 

of the L and the L'th·waves (=1, in phase;= -1) out of phase). For 

example, if in a given case L=O) 2, 4 compete) 



Note that only two phase relations are required--that is, if ¢02 
and ¢

04 
·have been assigned, ¢24 is determined (¢24=¢02x¢04). In addi

tion, we see from the definition of b F that (LL 1 00ik 0) must be non-
k k ' 

zero. This is satisfied onlY if L+L1 =K. Thus the (0,2) term is found 

for K=2 only, with (2,2), (2,4), and (~-,4). The K=lf term has (0,4) .• (2,2), 

(4,4), and (2,4) contributions. The K=6 term would have (4,4) and (2,4) 

contributions but is usually neglected because B6 is generally small. 

If the detectors cannot resolve transitions to close-lying states, 

it is necessary to take a weighted average of the distributions calculated 

for the various states. If' AI indicates the intensity of the transi-
f 

tion to the state If, then 

w(e) (VI. 8) 

The important point here is _that there is no interference between 

waves going to different final states (incoherent mixture). 

4. Previous Experiments 

Roberts and Dabbs et "aL 98-102 aligned u233. as U0
2 
+2 and Np237 as 

Np0
2

+2 in uranyl rubidium nitrate. In this case, the alignment was due 

to coupling between the quadrupole moment o:f the u233 (Np237) and the 

field gradient due to the 0-U-0 (0-Np-0) bonds which lie parallel to the 

crystalline c axis. At low temperatures, enhanced alpha emission was 

observed perpendicular to the c axis. In addition, they measured the 

quadrupole coupling constant P to be positive for Np237 . _By assuming 

P-7T bond:ing in the neptunium ion:, and a prolate deformation (Q > o), they 

calculated that the nuclear alignment axis was perpendicular to the c 

axis and that the alpha particles were preferentially emitted along the-_ 

nuclear symmetry axis. On the other had, by invoking predominantly a 

bonding in the ion, Pryce103_suggested that the positive P implied the 

quadrupole moment was negative) and that the nuclear alignment was along 

the c axis. 

'' 
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· Robert and Dabb 's interpretation suggests confirmation of. the 

Hill-Wheeler the.ory,or_that·the L==Oand L==2 waves.are in :phase at the 

nuclear surface. 
. . 25 87 . . 253 +3 249 +3 

Recently, Navarro et al. ' . · allgned E and Cf in neo-

dymium ethylsulfate. ·Experiments on the 4f homologs of· E+3 and Cf+3, 

Ho+3 and Dy+3·res:pectively, showed that the alignment was axial in each 

case. 25,l04 For (E253t3, this was confirmed experimentally by measure

ment of the temperature dependence of the anisotropy while for Cf+3 , 

Navarro measured the anisotropy of the 340 and 394 keV ~-rays succeeding 

the alpha decay. The. -y-ray anisotro:p:ies were found to be attenuated due 

to reorientation effects during the nuclear recoil, but from the sign 

of the anisotro:pies and their temperature dependence, :plus the knowledge 
i 

that they were poth Ml, Navarro inferred that B2 was :positive, and hence 

the alignment was axial. 

In both cases, ·anisotropic emission of alpha :particles was observed, 

and in each ·case there was :preferential emission along the nuclear symmetJ:-y 

axis, assuming :prol~te deformations. From these results·, Navarro· concluded 

that t?e experiments supported the Hill-Wheeler prediction and that the 

L=0,2 waves were in :phase. 

5. Experiments on E253 

Further nuclear alignment experiments on E253 were conducted as 

an extension of NavaTro' s work in order to determine the relative :phases 

of L==O and L==4 waves. This quantity can be determined by a measurement 

of the sign and magnitude of the coefficient of the P4 term in the angu

lar distribution of the alpha :particles. .This· requires simultaneous 

measurements at.0° and 90°. Most of,Navarro's data were taken at 0° and 

90° independently. From his simultaneous measurements, he tentatively 

concluded that the L==4 wave was ~ut of :phase with the L==O and L=2 waves, 

although the measurement was not conclusive. 
. 105 

Asaro et al. · have made extensive measurements of the relative 

intensities of the alpha groups emitted by E253. The decay scheme is 

shown in Fig. VI.l. With the intensity data for the rotational band 

·~ . 
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Pop. Energy 
(%) (keV) E253 

0.008 tr' 54 7.0 
711+711[6~ 

0.0 15 tr' 483.7 

0.04 tr' 433.2 
0.04 tr' 393 

(13/2) ----- 0.02 tr' 284.8 

0.0 I tr' 230 
(II /2) 0.19 tr' 205.1 

0.08 tr' 155.6 9/2 0.26 tr' 13 7.6 
0.85 tr' 93.4 7/2 0.75 tr' 8 2.4 

6.6 tr' 41.7 5/2 0.79 tr' 3 9. 5 

90 tr' 3/2-312 [521] 0.8 tr' 8.8 

MU-35182 

Fig. VI.l. Decay scheme for E253. 
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populated by the favored decay, 

(BFM) relations and the reduced 
. 252 254 

in neighboring Cf and Fm 

they have used the Bohr-Froman-Mottelson 

L-wave formation probabilities measured 

to calculate the L=O, 2, and 4 wave inten-

sities in the ground transition and the L=2 and 4 wave intensities for 

the higher states in the band. The results are given in Table XIV. 

Using Asaro's calculations) the angular ·distribution of alphas 

for aligned E253 can be calculated from Eqs. (VI. 7 and VI .8 L taking 

¢
0 2 

as +l (determined by Navarro) and ¢0 4 as ±l. 
) ) 

This band accounts for 97-54% of the total decays. The effect 

due to decays populating the bands built on states at 8.8 keV and 393 keV 

can be shown to be negligible and they are.therefore.omitted from the 

calculation. The· results are: 

L=0,4 in phase w(e) (VI.9b) 

The major contribution to the P2 (cos8) term comes from the L=O, 

L=2 interference. In the ·coefficient of the P4 term, the L=2 term and the 

L=O, L=4 interference terms are of about equal magnitude. The sign of the 

L=2 term, ho1-1ever, is unique, while the sign of the L=O, L=4 term depends 

on the choice of phase. If we included a P6 term we would have.to con

sider L=O, L=6 as a possible contribution, with another ambiguity in phase. 

Since B6 is small even· at l/T=60 (B6=0.l27) and since the L=6 wave inten

sity is probably small compared to the L=4 wave intensity, this term in 

the expansion of w(e) has been discarded. 

E253 has spin 7/2 for axial alignment, only I = ±7/2 are populated 
z 

at lowest temperatures. The limiting or saturation values of B
2 

and B4 are 

1.527 B2( 7/ 2 )satn 

B4(7/2)satn - 0.797· 
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Table XIV. 

Final state 
energy 

0 

41.7 

93.4 

i56 

230 

. -1)6-

Intensities for partial waves in alpha transitions to the 
favored band in Bk249 (BFM). 

Final state 
L=O(%) L=2(%) L=4(%) Total Expt. spin 

7/2 79.6 10.0 0.127 89.7· 90 

9/2 5-92 - 0.327 6.24 6.6 

ll/2 0.88 . 0.267 1.15 0.85 

13/2 0.083 0.083 0.08 

15/2 0.0083 0.0083 0.012 

. ~· 
~~ 

:c 

11: 



FromE~. VI;9) we find at saturation) 

L=O)L=4 out of phase) W(8) = l + 0.910 P2 (cos8) - 0.005 P4 (cos8) 

L=O~L=4 irrphase) W(8) l + 1.07 P2 (6os8) + 0.110 P4 (cos8) 

Experimental Procedure 

Twenty-day E253 was produced by prolonged neutron irradiation)·. 

starting with em244 The .californium fraction was separated from the 

other activities by ion-exchange techni~ues. This fraction contained 

considerable amounts of Cf253) which beta decays to E253 with a twenty 

day half-life. After a suitable decay period) the E253 was obtained by 

ion-exchange separation. It was then passed through several .alcohol-HCl 

clean-up columns) and finally collected mass free on glass planchettes. 

This work was done by the Actinide Chemistry group at the Lawrence Radia

tion Laboratory) under the direction of Dr. B. B. Cunningham. I am 

indebted to Dr. Cunningham) Dr. J. Hollander J Mrs. Helen Michel and Mr. 

Martin Holtz for providing the samples used in this experiment. 

The (E253)+3 as the chloride was taken up in a minute amount of 

H
2
o and deposited on a small spot on the surface of a single heodymium 

ethylsulfate crystal with a micro pi:Pet. Both naturally and artifically 

prepared surfaces were used. The procedure was the same as used for the 

Ce137m conversion-electron experiment describe.d in Sec·. III .A. This was 

done until approximately (l-3) x 105 alpha counts per minute were obtained 

in 2n geometry with an alpha survey meter. The crystal was hung in a 

demagnetization cryostat with collimated alpha detectors at 0° and 90° as 

shown abo"ve: (Fig. II.l2). Upon demagnetization) simultaneous cotmts 

were taken with the detectors) while the bulk temperature was monitored 

with mutual inductance coils. Because the temperature of the spot·probably 

rose faster than the bulk temperature of the crystal) only one count was 

taken per demagnetization. The counts were normalized by warming the 
0 entire crystal to l K. No structure was observed in the alpha spectrum) 

which is shown for 0° in Fig. VI.2. Occasionally) small shifts in the 

peak position or in the peak width were observed for the warm count 
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0.5 

Energy (MeV) 

MU-35174 

Fig. VI.2. Alpha particle spectrum from E253 in NES taken with 
a germanium surface-barrier detector at 1~ and at 0° to the 
crystal c axis. Curve A was taken with the nuclei at 0.01~ 
(aligned), curve B with the nuclei at lOK (isotropic). 
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relative to the cold. If the shifts were very large) the countwas dis

carded. For the other counts, most of the :peak ~oms included. During some 

of the series of demagnetizations a few of the runs showed shifts) while 

others did not. By including most of the :peak) the runs :proved to be 

internally consistent. In all) five different samples were used with 

six different counters. One series of demagnetizations was used to measure. 

the temperature dependence, while the others were used to measured the 

saturation anisotro:pes only. Solid angle corrections were made to the 

theory using the formulas given by Rose106 for finite detectors and finite 

source areas. 

The data) corrected for source decay) are given in Table XV .. 

Since there 1-1ere no higher energy radiations) there were no background .cor

rections. Figure VI.3 .shows the anisotropy measured as a function of 

temperature. Using the saturation values measured for this series of 

demagnetizations) and taking the saturation magnitudes of B2 and B4J 

an experimental measure of the size of the P 
2 

( cosG) coeffici-ent was cal

culated relative to that of the P4 (cosG) coefficient. Using these values) 

the "theoretical 11 temperature dependence was calculated) and is shown as 

the solid line. The temperature variation of the B2 and· B4 · parameters 

was calculated assuJning a hyperfine structure constant jA/RJ= 0.40°K 

adopted by Navarro. The temperature variation is in good agreement with 

Navarro's results. Figure VI.4 shows 2[1-W(TI/2)]/[l-W(O)] plotted against 

[ l-W('!l-/2)] for the same serie~ of demagnetizations. The solid line was 

calculated using the same parameters as used in Fig. VI.3. The dashed 

curve corresponds to a pure P2 distribution. ·Figure VI.5 shows 

[ l-W(TI/2)] -[W(O) -1], blocked and plotted against l/T. This quantity is 

equal to ~7/2 B4 (b4F4). The· solid curve is the B4 variation with l/TJ 

normalized to the experimental value at l/T=60. The dashed curve shows 

·the B2 variation with i/TJ normalized to the same value. 

1 
.J 



Run 

l-1 
l-2 

l-3 

2-l 
2-2 

2-3 
2-4 
.2-5 

3-l 
3-2 

3-3 
3-4 

3-5 
3-6 

3-7 
3-8 

3-9 
3-10 
3-ll 
3-12 

3-13 
3-14 

3-15 
3-16 

3-17 
3-18 

3-19 
3-20 

Table XV. E253 in NES . 

AJpha particle anisotropies as a function of temperature. 

1/T 

62.5 
62-5 
62.5 
62.5 
62.5 

62.5 
62.5 

37.5 
18.3 
12.1 

8.3 
6.0 
4.0 
2.0 

62.5 
8.0 
2.0 

5 
62.5 
6.25 

44 

273 
205 

39 
25 

w(o) ·· w(n/2) 

1.650 
1.680 

l. 734 

1.679 
1.665 
1.662 
1.623 
1.666 

0.590 
0.547 
0.542 

0.574 
0.546 
0.528 
0.523 
0.514 

Comments 

.Crystal with sanded face 

Crystal with natural.face 

- - - - - - - - - - - - - - - - - - - - - - -
1.524 
1.520 

1~525 

1.513 
1.504 
1.417 

1.352 
1.315 
1.036 
1.522 
l-.432 
1.075 
1.208 

1.513 
1.526 
1.544 

1.509 
1.522 

1.523 
1.509 

0.682 
0.690 
0.657 
0.714 
o. 726 
0.778 
0.823 
0.819 
0.989 
o:658 
0. 730 
0.940 
0.854 
0.646 
0.641 
0.654 

0.667 

0. 730 
0.645 
0.690 

Crystal with sanded face 

:y 



:·.~ '.J·.!ll. .. ! ..... .... .'.1.,'~-·.t ':."·~.t.'.ll\ ·,·.~i'l .. l 1~ .. .:' .• l.,,l·' .. ' '.' .... ' .. :.!:. '···.1 ..• ~ ...... 1~.~..·~.-~··.:.:.:, .. ::: ..... -.~~l·, ,',..i,J.\;',; '·.:~.J.·: .. ~ . ... . 

-141-

Table Y:Y. (Cont). 

·-t- , ... 
·~ Run . 1/T w(o) W(TI/2). Comments 

~~ .. 4-1 62.5 1.540 . ·0.657 Crystal ~ith sanded face 

4-2 28.5 1.544 0.677 

~ 4-3 34.5 1.520 0.678 
4-4 25.0 1.540 0.692 

4-5 15.5 1.511 o. 710 

4-6 16.5 1.502 0.702 

4-7 11.8 1,504 0.710 

4-8 1'5.3 1.516 0.689 :;-, 

4-9 12.4 1.487 0.708 
l~-10 10 1.491 0.729 
4-11 3 1 .. 111 0.943 

-.- - '- - - - - - - - - - - - - - -'- - - -. - -'-.-
' 5-1 62.5 1.674 0.529 Crystal ~ith natural face 

5-2 62.5 1.564 0·533 

5-3 62.5 1.661 0.534 

5-4 62.5 1.673 0.542 

5-5 62.5 1.693' 0.559 
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1.40 B = 0 

1.20 

B = 1r12 
0.80 

!~ ~··. - . 
~I·• • I--.•-=-·-• -'f 

0.60L---~--~~~~~~----~--~~~~~ 
I 10 100 

I I T ( °K-1 ) 

MU-35175 

Fig. VI.3. w(e) for e = 0 and n/2 for E253 aligned in NES as a 
function of log(l/T). The solid curve is theoretical for 
IA/kl = o.4oOJ<:. 
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I 
Pure P2 distribution _· ___ _/. __ 

0.20 

(1-W(7T/2l] 

0.40 

MU.3.5176 

Fig. VI.4. 2[1-W(n/2)]/[1-W(O)] versus [1-W(n/2)] for E~)j 
aligned in NES, showing the effect of the large, negative 
P4 term. The dashed curve is theoretical for a pure P2 
term. The solid curve is theoretical and includes the P4 
term derived from the data at l/T=62.5. 
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MU-35177 

Fig. VI.5. 2[1-W(n/2)-[W(O)-l] (= - 7/4 B4b4F~) NES, as a function 
of log(l/T). The solid curve is the variat~on of B4 with log(l/T) 
normalized to the l/T=62.5 point. The dashed curve is the 
variation of B2 . 
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6. Discussion 

The sign of the P
4 

term is negative; as may be seen in Figs. VI.4 

and VI. 5; · Thi.s implies tl).at the 1=0 and L=4 waves are out of phase. This 

conclusion is consistent with predictions made by Rasmussen and Mang
107 

based on calculations of favored decay using Nilsson •t~ave functions. They 

find that. 1=4 is in phase belovl a minimum intensity region around mass 

244 and out of phase above mass 2l+JL Theoretical studies by Rasmussen 
92 . 2~-

and Chasman ) indicate that 1=)+ is in phase for U ./) . 

'I'he agreement bet-ween the experimental magnitudes of the coef

ficients of the· P
2 

and P4 terms and the theoretical predictions based 

on the BFM hY1Jothes is is not satisfactory. The P 2 . term is. smaller than 

predicted, while the P1~ term is .almost an order of mac;nitude larger: 

The direction of the effect suggests an enhancement of the 1=4 lvave ampli

tude and a reduction of the 1=2 wave amplitude from the BFM calculations. 

This conclusion is based on the observation of a. smaller anisotropy at 

8=0° than predicted. There are several experimental effects that could 

cause a reduction in anisotropy. One possibility is rapid warmup in the 

source spot. However, 'in view of the saturation behavior of the aniso

tropy, this is unlikely. That is, the temperature may ch~nge from l/T=60 

to l/T=25 without an appreciable change in anisotropy. Another potential 
+3 difficulty might be source preparation. If some of the E ·is not j_n the 

lattice of the large crystal; but is in small,. randomly oriented crystal

lites on the surface; the alpha particles from these crystallites 't~oul.d 

contribute an isotropic background which would reduce the observed ani:;;o

tropy. If .these crystallites are spread uniformly over the source area, 

the effect at 0° and.the effect at 90° will be attenuated by the-same 

fraction. Because of the finite source size; there is the possibility 
0 

that the effective source s~en by the 0 _detector is different from that 

seen by the 90° detector. In this case_. the effect on the anisotropy at 

0° and 90~ would be different; leading perhaps to an anomalously large 

P4 term and an ?-nomously small P 
2 

term. Because of the possible existence 

of these attenuations, the experiment was performed using five indepen

dently prepared sources. All the sources showed an enhancement of the P )_~ 

term and a reduction of the P 
2 

term compared to BFM; and all showed' a 



negative sign for the P4 term. All the samples did not show the same 

saturation anisotropy. The·sources used in the temperature dependence 

study showed a saturation anisotropy at 0° which was 10% less than the 

maximum anisotropy observed with the other sources. The anisotropy at 

90° was also attenuated. 
0 0 the same at 0 and 90 . 

This would indicate that any attenuation is 
25 87 

Similar effects were observed by Navarro. ~· From· 

the temperature dependence run, the variation of the P4 term as a func~ 

tion of tem1;erature was shown in Fig. VI.5. This variation is. fitted 

with a curve having the temperature variation of B4 calculated with 

(A/K) = 0.4°K. Also shown is the B~ variation. The data follow the 

B4 variation more closely than the B2 variation. This confirms that 

the sign of the P4 coefficient is indeed negative. Finally, a misalign

ment of the detectors from 0° and 90° could give an observed anomaly. 

To avoid this the detectors and collimators were carefully aligned in 

each experiment and were at 0~ and 90° to vii thin 2°. Since P 2 and P4 
are relatively flat at 0° and 90°, a small misalignment would have a 

negligible effect. 

Taking an average of the saturation runs and correcting for solid 

angle (g2=0.944, g4=0.812), the following amplitudes for· the L waves 

in the transition t.o the ground .state of Bk
24

9 were calculated: 

ao 0.796 

a2 0.0886 

a4 = 0.0127 

The relative phase for the L~2 and L=4 waves to the higher states in the 

rotational band was taken as negative. The L=2, L=4 amplitudes for these 

transitions were taken·as Asaro's values. In Table XVI these amplitudes 

are compared with the calculations by Asaro from the intensity data and 
108 with a calculation by Poggenbur.g, Mang, and Rasmussen based on overlap 

integrals between the various single-particle wave functions and a super

conductivity-model calculation of occu:pation :probabilities. This latter 

calculationalso findsL=0,2 in phase and L=0,4 out of phase. 
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Table XVI. Relative amplitudes and pha(';es for alpha decay to the ground 
state of Bk249. 

a4 

Asaro et al. l 0.125 0. OOJ_6 

Navarro 

This work l 0.110 0.016 

Poggenburg et a1. 1 0.125 0.00053 

.. \ 

<Po2 

(+) 

(+r 

(+) 

<Po4 

( ~ )' 

(-) 

Reference 

105 

25,87 

108 
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