
Lawrence Berkeley National Laboratory
Recent Work

Title
NUCLEAR ORIENTATION OF SCME RARE-EARTH ISOTOPES

Permalink
https://escholarship.org/uc/item/39g3p9z1

Author
Lovejoy, Carolyn Ann.

Publication Date
1961-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/39g3p9z1
https://escholarship.org
http://www.cdlib.org/


UCRL -9747 

UNIVERSITY OF 
CALIFORNIA 

tl?r, nesrq,aurrence 

adicLüan 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
whIch may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 

BERKELEY, CALIFORNIA 

'4 

Ff 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UCRL-97 147 

13 

tw 

UNIVERSITY OF CALIFORNIA 

' Lawrence Radiation Laboratory 
Berkeley, California 

Contract No. 

NUCLEAR ORIENTATION OF SOME RARE -EARTH ISOTOPES 

Carolyn Ann Lovejoy 
(Ph.D. Thesis) 

June 1961r 

Printed for the U. S. Atomic Energy Commission 



Printed in USA. Price $1.25. Available from the 
Office of Technical Services 
U. S. Department of Commerce 
Washington 25. D.C. 



-2- 

NUCLEAR ORIENTATION OF SOME RARE-EARTH ISOTOPES 

Contents 

Abstract . ........... 	... 	....................... 
 Introduction 

 Theoretical Background ................................. 

 Experimental Method 

Chemical 	Procedure ........................ 
. 	 6 

Apparatus 	................................... 7 
IV Corrections 

Counting 	Corrections ....... 	.... 	..... 	... 	........ 1)-i. 

Temperature 	Scale 	....................... i6 
V. Isotopes Showing no Gamma-Ray Anisotropies at Low Temperatures 

A. 	Introduction............................. 18 
B. 	Terbium-161 	........................... 18 
C. 	Holmium-16O 	........................... 19 

D . 	 Samarium-13 ............................ 20 
VIZ Promethium-143 

A. 	Introduction............................. 21 
Results 	................................. 21 
Discussion................. 	... 	........ 27 

VII. Terbium-156 

Introduction........................... 33 
Results 	............................... 33 
Discussion . 	

. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 36 

1. 	The Spin of the 2042-kev Level ............... 56 
2. 	The Spin of the.162O-kev Level. 	. 	.... 	.......... 38 

3. 	Existence of the 1935-key Transition ........... 59 

4 4 	The Other Unknown Quantities 	............... 39 
5 . 	 Nuclear Moments 	........................ 43 

Acknowledgements 	............................. 50 

References" ................................... 71 



-3- 

JUCLEAR ORIEIffATION OF SOME RAFE-EATH ISOTOPES 

Carolyn Ann Lovejoy 

(Ph D Thesis) 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California. 

June 1961 

ABSTRACT 

Nuclear orientation experiments were performed on five isotopes, 

Pml ,  Tb156 ,  Tb161 ,  Ho160, and Sm153 , in crystals of Nd(C 2H. SO) 3 .' 9H20. 

The angular distribution of the 70 -kev ray of Nd1 3 was found 

to be w(Q)= 1 -  (0.060 ± 0.006) P (cos Q) at 0.02 0K. Values for the mixing 

ratio, 5 , of the 740-kevy ray of Nd 	were obtained, as a function of the 
lL3 

magnetic moment of the ground state of Pin 	for ground state spins of 5/2 

and 7/2. The spin of the excited state of Nd 	was assigned as 9/2-. 

An absolute lower limit of 	> 1.0 was set on the magnetic moment of 

PM 143 The mixing ratio of the 740-kev y ray was found to lie in the 

range 0.23 . (E2/M1) - 
0.35 if the ground state. spin is' 7/2 and in the 

range 0.255 2~ (E2/Ml) 2 0.217 if the ground state spin is 5/2. 

The spin of the 202-kev level in Gd 156  populated by the decay 
156 	 . 

of Tb 	was assigned as 4 and the spin of the 1620-kev level was assigned 

as 5+. The electron capture decay to both the 2042-kev level and the 

1931-key level was found to be mainly L=1. If the ground-state spin of 

Tb156 is 3 the nuclear magnetic moment was found to be i= 1.45 ± 0.06 and 

the nuclear quadrupole moment, q= 1.40 ± 0.16. Mixing ratios of the 

y rays were determined. The angular distribution of the 1417-kev.y ray 

was found to be w(Q) = 1 -  (0.206 ± 0.016) ,P 2 (cos ) at l/t=  
 . 	 161 	160 

Explanations are advanced for the failure of Th , Ho 	and 

Sm153  to show a noticeable anisotropy at temperatures of around 0.02
0
K. 

64 
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I. INTRODUCTION 

A knowledge of nuälear moments and spins is essentiaL in order to 

understand nuclear: structure. One method of obtaining these is-by nuclear 

orientation. The theoretical expression for the amount of orientation 

involves the nuclear moments and ground-state spin of the parent nucleus 

as well as the spins of bne.or. more levels of the daughter nucleus. 

• The nuclear orientation 11thod :haS b'.apliedhe'e In the .ttidy.of 

several isotopes of the rare earths. - Both Pm 	and Tb 
156 were success- 

fuilyoriented, and some conclusions have been drawn about the. spins and 

angular momenta of the transitions involved in these decay schemes. 

AttemptS. 	
161 	160 

were made to orient Tb , Ho 	, and Sm 	but without notice- 

able effects. Some possible explanations are advanced for the lack of 

positive results. 

II. THEORETICAL BACKGROU1\JD 

A nucleus is said to be oriented if its spin has a preferred 

direction with respect to some axis in space. If the populations w(I) 

of the magnetic substates I of the nuclear spin are such that > I w(I) 
Iz. 

0, 1 then the nucleus is said to be polarized. If they are such that 

> (3i_ I(I+l)W(I) \ 0, then the nucleus is said to be aligned. 
Iz 	Although nuclear orientation may be achieved by dynamic methods, 

studies of nuclear structure have generally..utilized static ones. These 

latter methods depend on making' the energy separation between nuclear-

magnetic substates of the order of. kT. 

Five ways of getting static oriefltation have been proposed.l)la 

In the first inethod.the nuclei are polarized by applying a large external 

magnetic field that acts directly on the nuclear -magnetic moment. In 

the second method an external magnetic field is used to line up the atomic 

'magnetic fields caused by the unpaired electrons of a paramagnetic ion; 

these atomic fields.then act.on the 'magnetic moment of,their nuclei to 

produce a.polariza-tion. The third nthod proposes the use of crystalline 

electric fields 'to orient the. atomic magnetic fields... Since electric 

fields do not split the ± in. levels of the electrofls, only an alignment 

is produced. In the fourth method the strong electric field gradients 
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set up by covalent bonds are used to line up the nuclear quadrupole moments. 

In the fifth method, an alloy of ironwith a.diamagnetic. element is mag-

netizeU to •satation•by '. a small external magne tic fi,eld;' the strong 

internal niagneticfield set up in the alloy then polarizes the nuclei 

of the diamagnetic element. 

• 	Although the., first. method is applicable to the most nuclei, 

experimentally it is very difficult to get.it to work.. The "second and 

• third methOds are particularly useful when working with the rare earths. 

The Hamiltonian for paramagnetic  rare-earth ions in a rare-earth ethyl-

suifate.with the applied field along the z axis is 

g11SAS.I+S'S'+ P[1 2- 1/5 1 (i+l)J+ c s(s1 ~ 

The c 'term refers to the interaction between the ion and its nearest 
N 

'neighbor rare-earth ions.. It is applicable in neodymium etkylsulfate but 

not'. in yttrium ethylsulfate. The P term is negligible for Pin but not for 

Tb.''The S is the effective electronic spin of'the'lowest doublet. 

Although the spatial distribution of radiation from a single 

magnetic substate of a'radioa'ctive nucleus may be anisotrop'ic, if the 

'populations of all the substates are equal, the total distribution of 

radiation will'be isotropic. If the populations are unequal,the 

distribution may be anisotropic. 

The distribution of radiation can be written as: 

W(G) = Z B (T) U F P (cos ). 

V 	 V V 

Here Q is the angle between the z axis and the direction of observation; 

the B are orientation parameters; U is a function of,, the multipolarities 
V 	 '. 14-  

of the radiations :  and the spins involved in the unobserved preceding 

transitions. F depends on the multipolarities of the observed radiation 
V 	 , 

and the initial and final spins' of the observed transition. P is the 

Legendre polynomial of degree v. Odd-v terms drop out for -y  radiation. 

Since we have v- the smaller of 21ini.. . 	 or 2L 	,.it is usuafly 
tial 	observed 

limited to 2 or -t- . 	. 



1. 	

-6- 

III. EXPERIMENTAL METHOD 

A. Chemical Procedure 

The radioactive rare earths used in these exriinents were produced 

by bombardment of stable rare-earth oxides. After the bombardment the rare-

earth oxides were dissolved in a small amount of aqua regia. Aniinonium 

hydroxide was added till the rare-earth hydroxides formed 2  These were 

centrifuged and washed several times, then dissolved in HC1. The acidity 

of the solution was adjusted to pH- 1 and it was placed on a hated Dowex-50 

100-200 mesh ion-exchange column. The rare earths were eluted from the 

column by using OM a-hydroxy-isobutic acid buffered to about pH 4. 3  

The a-hydroxy solution containing the activity was acidified to pH 1 and 

was run through a small unheated Dowex-50 ion-exchange column. The rare 

earth remained on the column. After thorough washing with 0.1 M HC1, the 

activity was stripped off with 8 M HC1. This solution was evaporated to 

dryness.. The residue was then dissolved in a drop or two of rare-earth 

ethylsulfate solution. A seed crystal of the appropriate rare-earth ethyl-

sulfate was added, and more solution was added whenever needed to keep the 

crystal covered. 

Two types of crysta1sre used in the experiments, neodymium 

ethylsulfate and yttrium ethylsulfate. The rare-earth ethylsulfates were 

obtained by adding the desired rare-earth sulfate to barium ethylsulfate. 

After barium sulfate was filtered off the solution was allowed to evaporate. 

The rareearth ethylsulfate was purified by several recrystallizatiOns. 

Since the rare-earth ethylsulfates form an isoniorphous series of crystals, 

it is possible to grow small amounts of any rare earth into the ethyl-

sulfate of any other rare earth. 

Yttrium ethylsulfate was used in these experiments because yttrium 

is not paramagnetic. In neodymium ethylsulfate the radioactive rare-

earth ion experiences a magnetic field due to the magnetic moments of its 

two nearest neighbor neodymium ions. This field may be opposed or parallel 

to its own magnetic moment 7  In yttrium ethylsulfate this splitting of 

the ground state in the absence of an external field does not occur. Since 

yttrium éthylsulfate does not cool by adiabatic demagnetization, it has to 

be cooled by contact with neodymium ethylsulfate, grown on the outside of 

an yttrium ethylsulfate crystal. The activity was grown into a small 
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yttrium ethylsulfate crystal; then an inactive layer of the ytrium ethyl-. 

sulfate was grown on the outside, so that nOne of the activity could get 

into t1 neodymium ethylsuifate . The ciystal was afterward placed in a 

mixed solutiori of neodymium and yttriu.nI ethylsulfate, and the percentage 

of neodymium ethyisuifate in the solution covering it was gradually 

increased. Finally, the brystal was placed in pure neodymium ethylsulfate 

and a layer of this was grownon the crystal. The gradual transition from 

yttrium ethylsulfate to neodymium ethylsulfate was necessary for good 

thennal contact between the inner yttrium ethylsulfate crystal and the ou.ter 

shell of neodymium ethyIsulfate 

B. Apparatus 

Two demagnetization cryostats were used in these experiments. 

They are quite similar, and the following description applies to both. 

A large outer Dear vessel (Fig. 1) contains liquid nitrogen at 772K, open 
to the air.. inside this is a Dewar containing liquid, helium. By pumping 

on the helium its temperature is lowered tq about i °.K.. Inside this Dewar 

is the vacuum jacket containing the crystal(Fig. 2). The vacuum jacket 

is soft-soldered to a brass cap. This cap is attached to and supported 
by the tubing through which helium gas is pumped. The gas is used for a 

thermal contact between the crystal and the liquid helium. The crystal 

is mounted in a glass holder (Fig. ) sealed to a tungsten wire that is 

hard-soldered to the brass cap. 

The magnet (Fig. 4) used for the adiabatic demagnetizations rolls 

along tracks in the floor. It can be raised and lowered and its pole gap 

can be changed. The iron-free polarization magnet (Fig. 5) is on a wheeled 

table that can be rolled into position after demagnetization and locked 

there. 

The magnetic temperature of the crystal was measuPed by an ac 

mutual-inductance bridge (Fig. 6). Meyer's data were used to convert 

magnetic temperature to absolute temperature. 5  

In order to get the temperature dependence of the anisotropy, 

demagnetizations were :made from fields of different initial strengths. 

This method ensured that all parts of the crystal were at the saim tern- 

perature. 
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Fig. 1. Cryostat with counters and polarization magnet around it. In the 

foreground is a vacuum jacket with mutual-inductance coils on it. 
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ZN-.Z800 

Fig.2. Vacuum jacket with coils for measuring mutual inductance on it. 
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Fig. 3. Nd(C2H5S0) 3 9H20 incorporating a radioactive rare-earth isotope, 

mounted in a glass holder with a manganous ammonium sulfate pill 

mounted above it. 
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ZN-Z803 

Fig. 4•  The 18-kg magnet in place about the cryostat. 



-12_ 

1!!! 
.5- 

,,S 	 /f, 	 •- 	- 	- 

	

- 	•--g 	L 	SrS/S, 

-- 	

. 

I 	 I. 
- 	 1i I 	 r 

r L._ 

ZN-2802 

Fig. 5. Air-core po1ariation magnet and NaI(T1) scintillation crystals 

in place around the cryostat. The crystals have magnetic shielding 

around them. 
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Fig. 6. The ac mutual-inductance bridge. 



Counting (Fig. 7) was done by 3x-in. cylindrical NaI(T1) crystals. 

The signals from these were fed into 100-channel differential pulse-height 

analyzers. The crystals, with their photomultipliers and preamplifiers, 

were mounted in soft-iron jackets with mu-metal shields. These assemblies 

were placed on the wheeled table and rolled into position after each 

demagnetization. 

IV. C0flECTI0NS 

A. Counting Corrections 

In order to get E2U2F2  for ay ray in a particular experiment, 

several correti.ons must be made to the observed ratio of cold counting 

rate to warm counting rate (c/w). 

In some cases, the counterst gains drift between the cold and 

warm counts. The total area under the peaks is still the same as it would 

have been if the drift had not occurred, but the number of counts within 

a given number of channels is different. Since the c/w ratio is obtained 

by using the same few channels near the peak in both spectra, this effect 

gives a false c/w. Even if a peak were really isotropic, it would appear 

to have more counts in the spectrum in which it was centered in a lower 

channel because the spectrum would be compressed along the abcissa. To 

correct for this effect, one takes the product of two factors. The first 

is the ratio of the apparent shift of the peak to the energy of the peak. 

Usually the shift is no more than one-quarter channel. The second factor 

is the ratio of the number of counts in the channel inmiediately above 

or below the channels included in the peak to the average number of counts 

per channel in these peak channels. Since one tries to choose the peak 

channels so that the first and the last ones have approximately equal 

numbers of counts, the two adjacent channels--one above, the other below 

the peak channels--should also have approximately equal numbers of counts 

in them. Therefore, either could be used in the correction. This product 

of the two factors is added to unity to give the correction factor. The 

correction factor multiplies the counting rate in the spectrum in which 

the peak appears in a higher channel: 

('AE 	counts (adj) + 
\.EJ counts (av)) 
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Fig. 7. Electronic racks for counters, pumps and magnets. 



The change in dead time between cold and warm counts makes the 

difference in counting rate appear less than it is. To obtain a first-

order correctiOn for this effect, one finds the change in dead time with 

counting rate,  and then multiplies this by the change in counting rate 

between the entire cold and warm spectra. The correction factor for this 

effect is the resultant number plus one: 

C L 
D  T) I CR -  CR C 11~ 	w 

The finite-detector-size correction depends on the d etector t s  

size and its diètance from the source. Graphs of these corrections have 

been made. This correction acts to increase the size of the effect. 

The most important correction is that for background. In a com-

plex spectrum it cannot be assumed that the Compton background from other 

peaks is isotropic, so this background must be subtracted separately for 

cold and warm counts. This complete resolution of the spectra needs to 

be done only once because, under the same experimental conditions and 

when only the B2  teinn is important in the orientation, the anisotropy 

of the background is related to the anisotropy of the peak by a constant 

factor. 

B. Temperature Scale 

The magnetic temperature of the paramagnetic salt, neodymium 

ethylsulfate, was determined by magnetic-susceptibility measurements 

using an ac mutual inductance bridge. The susceptibility X is related 

to the magneti.c temperature T* by the equation X= C/(T* + K). The term 

K is small and may be ignored at temperatures above l°K. The C is deter-

mined by taking readings of the susceptibility while cooling the sample 

from 10K to l°K by pumping on the helium bath. The K is determined by 

setting T*(H./T.) + K = T*(H./T.). T*(H./T.) is the magnetic, tempera-

ture reached experimentally when demagnetizing from the initial value, 

(i-i./T.), of magnetic field over absolute temperature. T*(H./T.) is 

the magnetic temperature which Meyer7  showed a single spherical crystal 

of neodymium ethylsulfate would reach when demagnetizing from (HJT.). 

To get highest accuracy, the data from the lowest temperature were used 

to determine K. 
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The average value of. X dti.ring the counting period was used to 

compute l/T*. Then l/T* was calculated by using K. Meyer's. data were
BM  

used to convert 1/T 	to l/T (here T is the absolute tempetatu.e).HIM  
If the measurement of susceptibility is made in afield, as is 

done in polarization eeriments., it is necessary to convert 1/T(H) to 

l/T*(H=O) before making the correction for K. The correction is derived 

as follow"s: where H is the polarizing field, h is the measuring field ;  

9
11  is the atomic g factor parallel to the polarizing field along the 

z axis, 	is the atomic g factor perpendicular to the polarizing field 

and parallel to the measuring field alOng thx axis, is the Bohr 

magneton, S and S are the components of the effective electron spin 

along the z and x axes respectively, W is the energy of the atomic levels, 

and N is the total number of atoms; then the Hamiltonian is 

= g 11 HS + g1 hS . 

•Then we have 

W = ± (1/2)gH) 2  + 	
) 

21/2 

, 

the partitIon function is 

z =e -w/T 2oh(W/kT), 

and the free energy is : F = -]JkT In Z. The perpendicular magnetization 

is expressed by 

M1= -(F/h)T = (IT/z) (z/h)T 

x NkT sinh (IWI/kT)/coh (IwI/kT)= [(Ng2h)/(kT)J 

x (tanh(W=kT))/(W=I). 

The susCeptibility X is expressed as 

X = lim M 1  /h (tanh x)/x (Ng122/kT) 

where x = g11H/2kT. 
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If. there is no applied field, we take H= ghS; so w = ±( 1/2) g  Ph, 

and Z = 2 cosh (h/2kT). Then we have 

M1  = (NkTg1 /2kT) tanh (g, h/2kT),' 

and if we obtain g1 h/2kT << 1, then M z (Ng122h)/kT, so XHO= g122kT) 

Then  

= (tanh x)/x = (l/ *H )/(l/T*HO ) = (T*HO )/(T*H ). 

IV. . ISOTOPBS SHOWING NO GA1vA-RAYANISOTR0PIES AT LOW TEMPERATURES 

A. Introduction 

Nuclear orientation experiments were performed on several isotopes 

that proved not to have statistically significant 'y-.ray anisotropies. 

That is, any anisotropies seen were small enough to fall within the statis-

tical limits of error. At least two experiments were done with each iso-

tope, and during each experiment several demagnetizations were made. 

These experiments were all done in neodymium ethylsulfate at temperatures 

down to 0.02
0K. Although the anisotropies cannot definitely be said to 

be zero, some upper limit can be placed on them. 

B. Terbium-161 

161 160 
Tb 	was produced by irradiating Gd 	with thermal neutrons. 

The -min Gd161  decays to 7-day Tb161. Neither the 7.5-kev transition 

nor the 106-key transition showed any anisotropy. An upper limit of 2% 

may be set on both B2U2F2 1 s. The 74L5-kev transition goes from a 

state to a 5/2- state. The 106-key transition goes to a 5/2- state from 

a state that is probably 5/2- The ground state spin of Tb161  is /2+ 

by ana1or ith Tb159 . 	 .. 	 - 	- 

Nuclear systematics indicate that the magnetic moment pf 16l 

shouId13e about eua1 to that ofTb '59 . A magnetic momeHt of this size 

would give a B2  of about 0.42, at a temperature of 0.02
0
K. Therefore 

U2F2  would have to be less than 0.048. 
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The U 
2  F  2 

 of the 106-kév,y ray would be less. than this value if 

the ' decay to this level carried off one unit of angular momentum, and 

if the 106-key transition were between 9% and i% quadrupole or between 

95% and  99% civadrupole'. 
Conversion coefficient data indicate that the 84.5-kev ray 

is primrily dipole. If no angular momentum were carried away in the 

decay, the U2F2  of a pure dipole transition would be 0.10. If one unit 

of angular momentum were carried away in the P decay, then U2F2  of a pure 

dipole transition would be 0.02. In the first case, there would have to 

be less than i.% of quadrupole admixture if U 
2 
 F 2 were to be less than 

0.048. In the second case, there would have to be less than 11% of quad-

rupole admixture. 

The half life of the 75Lkev state. is 2.3x10 sec This is 

long enough for an appreciable fraction of the nuclei to reorient, causing 

an attenuation of the expected anisotropy. The half life of the 132-key 

state., the initial state for the:.106-kev transition, is not known. 

C. Holmium-160 

93 16 " 	. . 	 159 	' 	160 
The 7Ho 	was produced by the reaction Tb 	(a,3n)Ho 	. There 

166 
is a 5-hr isomer of Ho 	that makes a 60-key transition to the 28-mm 

ground state. Both states decay to excited states, of ]Jy1 
0 
 by EC and + 

emission. No anisotropy was found in the y  rays from the excited states. 

An' upper limit of i% may be set on B 2 
 U 2  F 2 

 for all the -y  rays investigated. 

Since a large' effect has been seen in some of these y  rays in the decay 

of Tb1 
0, 
 the U2 's and the F2 "s cannot all be small, so either B2  must be 

'small or there mut"be attenuation effects., 

• •' 	For'at .least'.two reasons,, the B 2  could be small or zero: •first, 

the spin 	the parent nucleus could be zero; secondly;. the nuclear moments 

are small.  

- 	 " 

 

It appears that. the spin is not zero, The decays ,popia'te states 

with spins of 3 and' . The neutron is probably in a /2- state. The spins 

of 93Gd157, 
95161 

and 91Gd155  are 3/2-. The proton i,s probably in a 

7/2- state, since the spin of Ho 	is 7/2-'. The proton and neutron can 

couple to resultant spins of 5 Or 2. The former seems more likely because 

the decay is to high 'spin states.  
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Using the wave functions for a deformed nucleus and the formula 

for magneticmoments given by Nilsson, 7  one obtains i = 	-i.in. This 

moment is large enough to produce a noticeable alignment. 

After electron capture and Auger processes the resultant atom may 

be multiply charged, and the electric and magnetic fields at the nucleus 

may be changing rapidly. If most of the decays went through a high-energy 

long-lived (1,0_8  sec) state, a large percentage of the nuclei would lose 

their orientation. Recent work 8 indicates ttmt a large enough percentage 

of the decays go directly to the 966 Ji--kev and the 108-kev states (which 

are knom to be fast) to invalidate this hypothesis. That is, an effect 

should be seen just from direct decays to these levels. 

D. Saniariuin-153 

An upper limit of i% may be set on the B 2U2F2  of the 103-key 

153 y ray of Sm . The level scheme.has been worked out by Sund and 

Wiedenbeck. 9  The spin of Sm153  is 3/2_9a Of the deays, 26%. go to the 

112-key level in Eu 153  and 53% go to the 103-key level. The 172-key level 

(spin 5/2) decays to the 103-key level (spin 3/2) by a mixed Ml and E2 

transition. Several measurements have been made of the conversion coef-

ficients of the 70-key and the 103-key transitions. Sund and Wiedenbeck 

did an angular correlation measurement on the 70-key--- 103-key cascade. 

Their results were in agreement with the cdnversion coefficient data. 

The multipolarities of 98.2% Ml and 1.8% E2 for the 70-kevy ray and 

98.4% Ml and 1.6% E2 for the 103-key y ray were used. Th F 2  for the 

103-kevy ray on the basis of this multipolarity is 0.0. About a third 

of the population of the 103-key level comes through the 172-key level. 

The U2  for this third. is 0.559 if one unit of angular momentum is carried 

off in the P decay to the 172-key level, and the U 2  for the 2/3 coining 

directly from Sin173  is 0.20 if the angular momentum carried off in the 

decay is one, and is 1.0 if no angular momentuinis carried off. The total 

U2  is then 0.320 in the first case and 0.853 in the second. This gives 

U2F2 (103) as 0.014 in the first case and 0.0375 in the second. To be 

consistenit withthe present results, in the first case 1B2 (l/T=50)j 
would have to be less than 0.82, and in the second case less than 0.26. 

The ratio of the B trm to the .A term in the Hamiltonian has been measured 
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in lanthanum ethylsulfate and fOirnd to:be 4.16. At l/T= 70 this would 
give B2  Although this is an approximate. calculation, it would 

seemtoexplain theabsence of an effect in both cases. 

VI. PFOMETHIUM-143 

A. Introduction 

Several authors have descri1ed the decay of  143  Pm 	The most 
10 	

i detailed work was done by Ofer,. 	This nvestigation included 'y-ray 

spectra, 'y-ray— x-ray coincidence spectra, and internal-conversion 

coefficients. Ofer observed only oney ray, which had an energy of 

740 key, and he determined that 115% of electron capture went to the 
143 excited level, and 57% directly to the spin-7/2- groud state of Nd 

Recent experiments have shown that promethium nuclei can be 
11 

oriented in the èthylsulfate lattice. 	Lotemperature nuclear orien- 

tation experiments to study the decay of 
143 
 have been harried out. 

B. Results 

The angular distribution of the 740.-kev y  ray, was found to obey 

the equation w(e) = 1- (0.060± 0.006)P 2 (cos e) at 0.020K (Fig. 8), where 

0 is the angle between the direction of propagation and the crystalline 

c axis. The ratio of cold to warm counting rate at 6=0 deg as. a function 

of reciprocal temperature is shown in Fig. 9 and Table I. 
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Fig. 8. Dependence of 1 - (I(0.020 °K)/I(1.20K)) for the 7I0-kev y ray 

of 
143 
 on angle e between detector and crystalline axis. The 

curve is 0.06 P2 (cos e). 
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Table I 

Temperature and magnetic-field dependence of the anisotropy 

H l/T I(0deg,.1) 
(gauss) - 1(0 deg,l°K) 

0 lli- 0008 

0 11.9 O.001  

0 12.3 0.003 

0 19.1 0.017 

0 24 .7 0.019 

0 27.0 0.028 

0 29.6 0.026 

0 31.8 0.O42 

0 34 . 4  0.031 

0 35.6 o.oLo 

0 38.6 0049 

0 42.6 0.051 

0 1.8 0.055 

0 47.6 0.061 

0 	- 50.0 0.068 

0 51.0 - 	 0.072 

0 
511 0.071 
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Table I (continued) 

Tmperature and magnetic-field dependence of the anisotropy 

H.  l/T - 1(0 deg, T) 
(gauss) 1(0 deg, l°K) 

103 20.0 O.Oi 

103 26.4 0.02 

103 29.2 0.033 

103 326 oo16 

103 32.6 o.o47  

200 20.5 0.018 

200 23.3 0.015 

200 24.6 0.021 

200 24.6 0.028 

200 25.4 0.029 

360 18.9 0,028 

370 18.0 0.027 

390 19.0 0.020 
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C. Discussion 

The interpretation of nuclear orientation experixnnts is greatly 

facilitated by paramagnetic resonance data on atomic energy levels and 

hyperfine structure. In the absence of such work for promethium, inter-

polation of crystal-field parameters from neighboring rare-earth elements 

was used. 
143 

The energy levels of the tripositive Pm 	in neodymium ethyl- 

sulfate may be calculated by using the Hamiltonian:' 

= g'HSz 	z L z 
+ AS 	+ x x — S + A

y 
 S y + P[Iz 2_ 

1 	
I(i±i)] + 	( s + S ). 

z 	 3 	 z lz 	2z 

The last term represents dipole-dipole interactions with the two nearest-
12 

neighbor Nd
4-3  ions, and the other terms have their usual significance. 

The term in P can be shown to be negligible in this case for purposes 

of nuclear alignment. A value of 0.0039 cm was used for c, and a 

value of 0.01i- cm was used for L, where L = 	+ i x y 
Tripositive promethium is a non-Kramer's ion with the configura-

tion 4f 
4 .By Hund's rule, the ground term of the free ion is 	and 

calculations indicate that in the ethylsulfate lattice the lowest level 

is a doublet composed of admixtures of the states ji = ± 4 > and IJ= 2>! 

The magnetic hyperfine-structure constant A was calculated to be (0.019 
-1 ± 0.002)(i/I)cm by use of crystal-field theory. 

Experimentally, Ofer found the 740-kev -y ray to be predominantly 

Mi, 1  but experimental uncertainty precludes an accurate determination of 

how much E2 admixture may be present. The K-conversion coefficient 

reported is (6.7±1) x 	The theoretical value interpolated from the 

tables of Sliv and Band13  is 55 x 	for an Ml transition and 3.4 x 10 

for an E2 transition. Thus, the spin and parity of the excited state of 
143  may be 7/2-, 7/2-, or 9/2-. 	 - 

The spins of Pm 
1115 and of the excited state may be inferred from 

the following evidence: James and Bingham have found Mi-i- isomerism in 

81-neutron Sin , which strongly suggests that the ground state of
13 

is d 	like its isotones, Ndl, Ce 139 , Ba 7 , Xe135 , and Te133 . 
3/2 	 143143 

The log ft 5 for positron decay of Sm 	to Pm 	indicates allowed 

decay and precludes a spin change of greater than one. Ofer gives an 
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estimate of log ft = 88 for the decay of 	to the 7/2- ground state 

of 	and log ft = 8.7 for decay to the excited state, indicating 

first-forbidden decay. 
143 No nucleary rays have been observed in the decay of Pr 	and 

Starflt and Cederlund set an upper limit of 10 	on y rays in the 

inner bremsstrahlung spectrum (E < 600 kev) 7  A similar limit may be 
Y. 	16 

set on the 740-kevy ray in this decay, and a lower limit of log ft ). 

10.5 may thus be obtained for P braflching to the 740-kev state of Nd1  . 

This P decay therefore probably involves a spin change of at least 2. 

The most likely ground-state assignment of the odd proton in Pr
143 
 is 

5/2+... Then only spin and parity 9/2- seem admissible for the excited 

state of 143 involving the odd neutron in an h972  orbit. 

Way et al. have suggested that there is a low-lying 7/2+ level 
143 in Pm 	

l7 
This would account very well for the fast P decay from 

Sni, with subsequent Wy-ray de-excitation to a 7/2+ ground state. 

These two states are energetically. close.in  other odd promethium ... 

isotopes. 17  The only level scheme compatible with all the data is shown 

in Fig. 10, and one analysis of the results will be based on this 

scheme. An analysis will also be, based on the theoretical work of 

Kisslinger and. Sorensen, which predicts that the. ground state of 

is 5/2+, with the 7/2+ level an excited state. 18 

On shell-model grounds it seems unlikely that the 740-kev state 

in 8-neutron Nd 
143  would be other than 9/2-, corresponding to the 

h 
9,

,
2 
 orbital. It is not po.sible to be quite so c.onfident of the 

. 

p-decay ft-value arguments that the ground state of Pm 	is 7/2+ 

and not 7/2±. The log ft of 8.5 for decay. of Pm
143   to the excited 

state is high enough that AI= 2,yes character is not precluded. 

The analysis to follow is based on the assumption that the 

spin is 7/2+. 

The anisotropy of the radiation as a fiinctionoftemperature 

was fitted to the theoretical function w(e) = 1 + B2 (T)1J2F2P2 (cos e). 
At this point the interpretation of this work becomes some-

what tentative, because the anisotropy of the.7 11-O-kevy ray depends on 

the mixing ratio 5(E2/Ml) and on the magnetic moment of the ground 

state of Pm? . In Fig. 11 is shown the functional relationship between 

and kI as derIved from the aniotropy data (Table ii). Lower limits 
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Fig. 10. Proposed level schemes for several nuclei with A=143. Numbers 

on arrows denote log-ft values. Only indirect evidence is available 

for the excited state of 
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Fig. 11. Functional relationship between the magnetic moment of Pm 1J43  

and E2/Ml mixing ratio of the 740-kev r. ray of Nd 143 , as determined 
by this experiment. Width of line includes experimental error. It 

is assumed that I = 7/2+. 
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Table II 

Theoretical.and experimental B2 (T)U2F2 , assuming 

a spin of 7/2 

Exptl A .01350 .0111.00 .01500 .01700 .01900 .02100 .02 1 00 

1.72 1.79 1.91 2.16 2.11.2 2:68 3.06 

U 
2  F 

 2 .31160 .29270  .26040 .21205 .17813 .153 113 .12728 

F2  .337 -.316 -282 -.229 -.193 -.166 -.138 

8 .364 .350 .328 .294 .272 .256 .241 

l/T 
(11=0) 

5 0.0005 .00081 .00082 .00084 .00087 .00092 .00096 .00lO4 

10 0.0031 .00322 .003?5  .00332 .00346 .00362 .00380 .001109 

15 0,0070 .00715 .00722. .00735 .00765 .00798 .00834 .00893 

20 0.0140 .01249 .01260 .01281 .01327 .01378 .0111-34 .01524 

25 0.0214 .01910 .01923 .01951 .02012, .02079 .02150 .02265 

30 0.0295 .02680 .:O295 .02728 .02798 .02873 .02952  .03078 

35 0.0385 .035 11.1 .03557 03590  .03660 .0373 .03812 .03933 

40 0.0475 .04476 .0 11.489 .04517 .04577 .04639 .04703 .0 11.801 

45 0.0567 .05467 .05476 .05493 .05529 .05566 .05604 .05661 

50 0.0650 .06500 .06500 .06500 .06500 .06500 .06500  .06500 

1/T 
(11=200) 

5 0.003 .00081 .00082 .000811. .00087 .00092 .00096 .00ioii- 

10 0.007 .00322 .00325 .00332 .00346 .00362 .00380 .00409 

15 0.012 .00715 .00722 .00735 .00765 .09798 .00834 .00893 

20 0.019 .01249 .01260 .01281 .01327 .01378 .0111.34 .01524 

25 0.027 .01910 .01923 .01952 .02013 .02079 .02:150 .02265 

1/T 
(11=11-00) 

5 o.00' .00081 .00082 ,00084 .00087 .00092 .00096 .00io 1  

10 0.011 .00322 .00325 .00332 .00346 .00362 .00380 .00409 

15 0.018 .00715 .00722. .00735 .00765 .00798 .00834 .00893 

20 0.026 .012 11-9 .01260 .01281 .01327 .01378 .011134 .01524 

25 0.036 .01910 .01924 .01952 .02013 .02079 .02151 .02265 
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of 6> 0.23 and I i> 1.0 may be set from this work a1one According to 
the conversion-coefficient data, thistransition is essentially pure Ml, 

with the limits of error just including this multipolarity. The results 

presented here necessitate an E2 admixture of at least 5%. Indeed, a 

pure Ml transition would require the anisotropy to have a sign opposite 

to that observed. Assuming the magnetic moment of Pm1  to lie between 

the Schmidt and Dirac limits of 1.72 and 3.11, respectively, we find 

0.23 < 6(E2/Ml) < 0 .37. Thus the transition is 8 ± 3% quadrupole. 

If the spin of pm13  were 5/2+, the relationship between t and 

6 (Table iii) would be that shown in Fig. 12. Assuming that the magnetic 

moment of pm 	falls between the Schmidt and Dirac limits of 4.79 and
143  

3 respectively, these results give 0.255 >6 0.217. This means that 

the amount of quadrupole admixed would be less than 6.2%; Unlike the spin 

7/2+ case, wherein the theoretical curves of B2  vs l/T for large 

fit the data best, for a spin of 5/2+ the curves for the smaller p. were 

better. 

When a 400-gauss polarizing field was applied, tne anisotropy 

was enhanced. None of the theoretical curves predicted a noticeable 

enhancement. 

11 
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Fig, 12. Fuctiona1 relationship between the magnetic moment of Pm 13 

and E2/M1 mixing. .at,io of the 740-kev y ray of,Nd143 , as determined 

by this experiment. . Width of line includes experimental.error. It 

is assumed that 1 = 5/2+. 	. 
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VII. TERBIUN-156. 

A. Introduction 

Terbium-176 was considered a suitable isotope for a nuclear-

orientation experiment for several 'eaons. First, stable Th 	 had been 

studied in an ethylsulfate lattice by paramagnetic resonance, so the atomic 

parameters were known. 	Second, an orientation experiment had been done 
i6o 

on Tb 	in which a large effect was observed. Third, the decay scheme 

of Tb15  had been thoroughly investigated by 0fer 19  and by Hansen, Nielsen, 

and Sheline. 
20

From their work enough was known about the decay scheme 

to make it possible to interpret the orientation results. It also showed 

that the ground-state spin of Tb156  was not zero. 

The Tb ion has eight 4f electros and the configuration 7F6 . 

In the ethylsulfate lattice a doublet J= ± 6 lies lowest. Paramagnetic.-

resonance experiments 21  give g 11 = 17.72 ± 0.02, = 0.387 ± 0.001 cm, 

or 0.5769 ±, 0.001 O.K. It has been calculated that A/k = 0.234 /i °K, 

P/k = 0.192 /4I(2I_1) °K and c = 0.211 °K. '2  

B. Results 

Fifteen photopeaks of Tb156  were resolved in the spectrum and all 

appeared to be anisotropic. It was not possible to find values of the 

anisotropy for any -y of energy less than 534  key, because the correction 

for Compton background was too large to allow any sort of accuracy. 

Anisotropies were calculated (Table Iv) for the 1841-key, the 1643-key, 

the 1417kev, the 1220-key, and the 5314-kevy  rays. The .534-kevy ray 

was the most prominant peak in the spectrum and was used for determining 

B2 . 

It maybe noted from the decay scheme (Fig.13) that both the 

1841-kev and 1643-kev transitions originate in the 1931-key level, whereas 

the 1417-kev  and the 1220-key transitions originate in the 1507-key level. 

Transitions originating in the same level have the same U 2 ts. Also, it 

may be seen that about 95% of the population of the 1507-key level comes 

through the 534-key transition. The 2042-key and 1931-key levels are 
156 

populated directly by the electron decay of Tb 
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Table IV 

Experimental BU2F2 S at 1/T=56 for m156 in 

neodymium ethylsulfate 

Gamma energy B 
2  U  2  F 

 2 
(key)  

534. -0.317±0.011 

1220 0.1335±0.0045 

1117 	: -0.206±0.016 

1611-3 0.095±0 . 005 

181 	: 0.205±0.025 

2002 0.154±O.O4O 
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Fig. 13. The decay scheme for m156_> Gd16 . The transitions are labelled 

with the energy in key,- the predominant multipole order when known, and 

the percent intensity of all K-capture decays. 
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The angular distrfbution of the 1J417-kev -y ray was found to obey 

the equation w(e) = 1 - X2P2 (cos Er), where 0 is thu angle between the 

direction of propagation and the crystalline c axis (Fig. i). At 

0.017
0
K we find X2 = -0.206 ± o.016. Here X2  is the experimental 

coefficient of the P2 (cos e) term. If, there are,.no effects tending to 

attenuate the orientation, it is equal to B2U2F2 . No evidence for a 

B term could be found, even at this tempratue. 

/C. Discussion 

The decay scheme as. worked out by Hansen, Nielsen, and Sheline 2  

. 	19 	 . and 0± er has several unknown quantities: the spin of. the 2042-kev level, 

thd spin of the 1620-key level, the existence -of the 1953-key transition, 

the ground-state spin of Tb150, the angular momenta carried away in the 

electron-capture decay of Tb 
136 , and the mixing ratios of the -y rays. 

The nuclear-orientation work can determine some but not all of.these, 

since they are not independent of one another; that is, in some cases 

there are just too many unknowns. 

- Both Ofer and Hansen, Nielsen, and Sheline have determined 

multipolarities of some of the transitions by conversion coefficients. 

The resttlts are: 

Energy, 	. 	' Hansen," Niel..en, and Sheline 
	 Ofer 

(key ): 	. 

53 
	

El 
	 El (52 0.032) 

1220 
	 E2 
	 +Mi(5= -2.3) 

l)-l7 
	 E2 

1643 
	

El 

1841 
	 El 

"1953" 
	

El 

1,.. The "Spin-  of the :2042-keV 'Level:  

19 	 ' 	 20.  
Both Ofer and Hansen, Nielsen, and Sheline tentatively assign 

a spin of Ll_ to this level. The 534-key transition, which is primarily 

El, goes from this level to the )-i-+ level at 1507 key. The spin of this 

level co1d also be 3 or  5. If the 534-key transition were pure El, its 
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Fig. lii.. Dependence of -X2P2  (cos e) for the 1417-kev y ray of m156 on 

the angle U between detector and crystalline axis. The curve is 

0.206 P2 (cos e). l/T =58.5. 



F2  would be positive in both these cases. It would require more than 

0.9% M2 admixture in the first case, and more than 2.4% M2 admixture in 

the second case, to make the F2 negative. If the spin of the 2042-kev 

level were 3, the spin of Tb 6  would probably be 3. If the spin of 

the 202-kev level were 5, the spin of Tb156 woifid probably be 4. The 

ratio of the X2  of the 534-kev'y ray to the X2  of the 1841_kev ,  ray is 

(-0.317 ± 0.011)/(0.205 ± 0.027) = (-1.77 ± 0.25). Since the B2 t s are 

the same, this is also the ratio of the U 21 2 (.5 F 	31i) to the U 2 2 F (18)-I-i). 
6 	

. 
The U2 ts depend on the spin of Tb ' , the spin of the level to which 

they are going and the angular momentum which they carry away. There-

fore if the F (1841) is known, the F (534) can be found as a function 

of the ground-state spin of Tb , the spin of the 2042-kev level, and 

the angular momentum which' the two electron-capture, decays carry away. 

If the 1841-kev'y ray is pure El, then F2 (18)-i-1) = 0.346. The following 

extreme cases are possible, as well as those in which the electron-cap-

ture transitionè:axemixed. The L(kev) is the angular momentum carried 

away in the electron capture to the designated level. 

I(2o42) I(Tb176 ) L(2042) L(1931) F2 (53 Li-) % M2 	( Li-) 

3 3 0 0 . 	- 0.536 impossible 

3 3 1 1 - 0.536 impossible 

3 3 0 	' 1 -0. 1i.85 34 
3 , 	

.. 	3 1 0 - 0.593 impossible 

5 4 1 1 o.548 22 

All these possibilities contradict the conversion coefficient 

data, therefore a spin of either 3 or  5 is ruled out for the 2042-kev 

level. 

2. The Spin of the 1620-key Level: 

It is possible to say from the nuclear alignment experiments 

that the B 2 U 
 2 

 F 
2 
 of the 422-kev'y ray is positive, and therefore that 

F2 (422) is positive. This is consistent with an El transition going 

from a -i-- state to a 5+ state— the state at 1620 kev_L and is incon-

sistent with an El transItion going from a )-I-7 state to another spin 4 state. 
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Although also consistent with an.El transition going from a spin )-i-- to 

a spin 3+ state, •a spin of.3 can be ruled out for this level because 

an appreciable fraction of, its decays go to a spin .6 state.. 

Existence of the 1953-key Transition: 

Ofer includes a transition of 1953 key in the decay scheme, 

which goes from the 2042-kev state to the 89-key state. Hansen, Nielsen, 

and Sheline find several transitions with energies between 1990 and 

2030  key which seem to be El in character, but find no transition with 

an energy of 1953 key.. In the experiments reported here, there was a 

peak which appeared to have an energy of about 2002±5 key. Although 

no particular effort was made to determine the energy accurately, it is 

felt that the energy of the apparent peak in the7 spectrumis definitely 

greater than 1953 key. it is not possible for us to say whether this is 

a single or multiple peak. Both Ofer and Hansen, Nielsen, and Sheline 

find the peak in coincidende with the 89-key transition only, so it must 

go to the 2+ state of the ground-state band.. The sign..of the experi-

mentaL F2  is positive, which seems to rule out the possibility that 

the transition is between a i-I-- and 2+ state, since at least 24% octupole 

character would be needed to make F 2  positive. - 

The Other Unknom Quantities: 

The multipolarity of the 534-kev7 ray, the multipolarity of 

the 1417-kev ray, the multipolarity of the 1220-key ray, the angular 

momenta carried away in the electron-capture decay to the 2042-kev and 

the 1931-key levels, and the spin of the ground state of Tb 15  all 

depend on one another. In particular, the assumptions made about the 

multipolarities of the 534-kev and 1417-kev rays determine the values 

of the rest of the quantities. There are at least three ways of looking 

at the data. An assumption common to all three is that the 1841-kev 

7 ray is pure El. 

a. First Method of Interpretation— Assumptions: 

The 1417-kev transition is pure E2. The 734-kev transition 

may have some M2 mixed with the El. There is good reason to believe 

that the 1417-kev transition should be pure E2. The transition is 
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between a IH- and a 2+ state. Hansen, Nielsen, anUSheline 20  found 

a= (9.6 ± ) x 
	The values given. by.Sliv and Band are,ak  (E2)= 

1.0 x 10 and a (M = 5.8 x 10 . 	Ofer s• conversion-coefficient 

data allow as much as 15.1% M2 in the 5154-key transition; it is also 

assumed that there is no reorientation during the lifetime of the 

1507-key level. This level has a meaured half life of 1.9 x 1010  sec. 

Results: 

With these assumptions, the..F 2 (117) would be -o.8. The ratio 

of x2(5) to x(iii) is (-0.517 ± 0.011)/0..206 ± 0.016) = 1.559 ± 

0.187. This ratio theoretically also eua1 F 2 (53)/[U2 'x F2 (i17)]. 

Here U2 ' describes the reorietätion of thenucleusduring the 554_key 

transition. It is a function of the spins of the 2011-2-kev and 1507-key 

levels,, and of the multipolarity of the transition. Both 

and U2?  are functionsi of 8, the ratio of the qüad±upole to the dipole 

matrix elements in this transition. When one solves for 5 it is found 

to be (0.-
152t  16)' which means that the 55-i--kev transition is (9.5 	) 

% M2. With the assumptions that the 1417--kev transition is pure E2, 

and that there is no attenuation in the intermediate state, the angular 

correlation data of Ofer allow between 11 and 7% M2. 

The ratio x2 (554)/x2 (1841) is (-0.517 	O.011)/(0.205 ± 0.025) 	= 

(-1.55 ± 0.25). The B 's are the same, so if one computes U (554/U (1841) 

using the F 2 (5) of (_o.56890 5) calculated above, this ratio is found 

to be (0.9ii- 221). 

I(Tb156) L(2042) I(1931) U2(554)/U2 (1841) 

1 . 	 l.l0 

Ii- 1 1 0.9159 

5 1 0 0.905 

. 5 I 1 1.208 

The experimental ratio of the U Ts  is seen to be closest to the theo-

retical value for the case in which Tb 	has a spin of Li-, and one unit 

of angular momentum is ca.i dawayfl the c]eay to both the 20)-i-2-kev and 

1951-key levels. 



The experimental value of X (164) is 0.097 ±0.005. From the 

ratio of this qiantity to x2 (i8)4i), it is found that F 2 (l6 )43) = o.16o 

± 0.008. The ratio X2 (l22)/X2 (l)4l7)= (0.1335 ± 0.0045)/(-0.206 ± 0.016) 

giVes F2 (1220) = 0.290 ± .0 .030.. Thih implies that the 1220-key transi- 

:(9. 

 +0.2 
tion is 	9 8 Q : 7) % quadrupole. 

Although most of the data fit this assumption, the conversion-

coefficient data for the 534-key  transition seem contradictory. If 

this transition were(9.3 8) % M2, then 	would be (0-0093+ ? 

The lower limits of this error do fail within the upper limits of 

Ofer's error, but not within the limits Of error of Hansen, Nielsen, 

and Sheline. 	. 	 . 

b. Second Method of Interpretation- Assumptions:. 

The 534-kev  transition is pure El. This is justified on the 

basisof conversion-coefficient data. Hansen,. Nielsen; and Sheline 20 

found a k = 0.0030 ± 0.008 and Ofer 19  found a k = 0.0042 ± 0.0015. Shy 

and Band13  give theoretical values of. ak(El) = 0.0038 and ak(M 2 ) = 

0.0632. The formerresuits indicate that there can be no M2 admixture 

in this transition, whereas the latter results alow as much as 3.2% M2. 

Results: 

With these assumptions, the F2 (53 11-) would be 0.439 and the 

F2 (l8l5) :would be 0.3)46. We find the ratio u2 (53 11- )/u2 (18 )-a)= (-l.r,5± 

0.25)(0.3467hQ )1439) = (1.21 ± 0.19). This experimental value is seen 

to be closest to the theoretical case in which the spin of Tb156  is 

3, and one unit of angular momentum is carried away in the decay to 

both the 2042-key and the 1931-key levels. 

Since it is assumed that the 534-key transition is pure El, 

U 2 ' would be 0.850. Using this figure, we determine F 2 (hLi-17) 

-0.336 ± 0.02)4 and F2 (l22O) -= 0.217 ± 0.005. For the h)-l-l7-kev transi-

tion this would mean 5(M3/E2).= -0.11 ± 0.03 or that the transition is 

1.2 ± 0.5% octupole. For the 1220-key transition it would mean 

- b (E2/Ml) = 14.9 ± 1.6, or that it is 99.5 ± o.% quadrupole. 
Although the amount of octupole admixturein the 1417-key 

transition is small, it seems rather unlikely that there would be any. 



However, Hansen, Nielsen, and Sheline tentatively assign a K quantum 

number of 4to the 1507-key level. The 89-key level has a.K quantum 

number of 0, which means that there would beA K = 4 for this transition. 

This would tend to hinder it and might allow this much octupole admixture. 

The single-particle model predicts that the ratio of the half lives would 

be greater than 107 . 

A spin of 3 for the ground state of Tb seems the more likely 

from decay-scheme considerations. Hansen, Nielsen, and Sheline have 

tried to balance intensities, and they find that 64%of the EC goes to 

the 2042_kev level, which has a spin of i-i-, 6% goes to the spin 3 level 

at 1931-key, and 10% goesto the spin 2 level at 1152 key. TIproton 

state, as found in other Tb isotopes, is probably 3/2+ ()-i-fl). The 

Nilsson diagram shows that there is a 3/2- (521) state available for the 

91st neutron. There is alsoa 5/2- neutron state nearby, but its asymp-

totic quantum numbers are (523), so that it would couple antiparallel, 

leading to a spin of 1-. A 5/2+ [642] neutron state is available which 

would couple to I=4. 

c. Third Method of Interpretation— Assumptions: 

The 534-kev transition is pure El. The 1417-kev transition 

is pure E2. The U2 ' reflects the possibility that some reorientation 

maybe taking place during the lifetime of the 1507-key level. 

Results: 

The ratio between U (534) and U (1841) is derived as in the 
156 

second method above (b), so a spin of 3 is favored for Tb 	. The F2  of 

the 1220-key transition.is  the same as it was in the first method (a).. 

To give these results, U2 ' would have to be 0.637. If the 

intensities are correct, and 95% of the population of the 1507-key level 

coies through the 534_kev transition, the remaining 5% would have to have 

a U2  of ..3.4. No reasonable assemblage of angular momenta could give 

this result. Therefore the only explanation for this apparent U2 ' is 

that some reorientation is taking place during the lifetime of this level. 

The lifetime has been measured as 1.9x10 10  sec. Ofer finds that F2 (1!a7) 

\ is 0.55 of the value for a pure transition. In this work, we find that 

F2 (1 11-17) is 0.75 of the value for a pure transition. Ofer's angular 
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correlation work was done in a dilute aquenus solution of Tb(N05 ) 5 , 

and the nuclear orientation was done.in a crystal of neodymium ethyl-

sulfate. It is possible that the amount of reorientation occurring 

during the.; lifetime of this state would be different in the two 

environments. It is somewhat surprising, that the., attenuation is greater 

in the aqueous solution, since a solution is generally used to. obtain 

an unattenuated correlation. 

5. Nuclear Moments: 

The nuclear moments were obtained.from the temperature and 

magnetic-field dependence of -x2 (554) (Fig. .15; Table v).. The 55LI.kev  

y ray was used because the statistical accuracy of its X2  was better 

than that. of any other resolved -y  ray, and also becauseits.X had been 

studied at a larger number of temperatures than had that of any other 

y ray. 

Since x2 (T) = B2 (T)U2F2  if there, is no attenuation,. it is 

necessary to know 112  and F2  in order to obtain B 2(T). The first method 

of interpreting the data gives one value of U F , 0.1I75, and favors a 
156 

spin of 4 for the ground.state of'.Tb, 	. The second and third methods 

give U2F2= 0.597 and favor a spin of 5 for Tb1.  Thus two different 

'curves of B2 (T) vs l/T are Obtained. Theoretical curves were calculated 

for various values of p., the magnetic moment, and Q, the quadrupole 

moment. The relationships between ji and the A term in the Hamiltonian 

has been calculated+2  to be Z = 0.254 p./I °K. The relation between 

Q and the P term in the Hamiltonian has been calculated to be P = 0.192 

Q/E(2I -i). These curves were fitted to B2 (1/T=40). The alignment 

data did not determine A and P but gave a relationship between them. 

For a ground-state spin of 4 , we find A = (11.5 ±0.1)' P+(0.051 ±O.00L) °K 

(Table VI). For a ground-state spin of 5, we find A = (9.1 ±o.i) P+ 

(:'007±0.005) °K (Table vii). When these sets of values were compared 

with the alignment data for higher temperatures, and with the data for 

polarizing fields of 200 gauss and 400 gauss, the best fit was obtained 

for a spin of L  for A = (0.072 ± 0.010) °K or p. = (1.25 0.17) nru. and 

P =(0.0018 ± .0007)°K or Q =(1.07 ±O14.l)b. The best fit for a spin of 5 

was obtained for(A = 0.1154 ±0.0047 °K or p. =(1.)-i-5 ± 0.06) n.m. and P = 

(O.00L ±o.00i) 
0
K or 'Q = ~ . 46 ± 0.476) b. 



I 	 I 

-44- 

0.032 

0.024 

0.016 

.08 

0 
/ 

8 	16 	24 	32 	40 	48 	56 
l/T 

M U — 2 3 9 6 8 

Fig. 15. Observed variation with l/T and H of -x P (cos 0° ) of the 7-kev 
156 

y ray of Th 	H. is the internal crystalline field, which in 

neodymium ethylsuIfate is 180 gauss, in yttrium ethylsulfate 0 gauss. 

H. (gauss) 	Hext (gauss) 

a 	a 
180 	 0 

A 	180 	 200 

x 	180 	 1.QQ 
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Table V 

Experimental B2 (T)U2F2  for the 534-kev y ray• 

Neodymium ethylsulfate Yttrium ethylsulfate 

H l/T -B2U2F2  H l/t -B2U2F2  H l/T -B2U2F2  

o 5.7 0.013 0 57.6 0,295 0 15.5 0.027 

0 9.2 0.009 0 58.6 0.292 0 24.5 0.O4l 

0 9,8 0.016 0 58.8 0,347 0: 48.6 0.065 

0 11.1 O.Olii 0 59.0 0,315 0 49.4 0.059 

0 16,1J. 0.025 . 	 0 59.2 0.342 0 52,1 0.05 1I 

0 16.6 0.033 . 0 58.1 0.065 

0 17.3 0,036 200 18.2 0,082 

0 17,8 0,034 200 2.5 0.i85 

0 20.2 0.053 200 26.5 0.219 

0 20.8 0,050 

0 I 12 3. 6  0.069 330 15.0 0.112 

0 25.4 0.079 330 16.7 0.161 

0 26.6 0.079 340 18.5 0.104 

0 28.4 0,060 350 25)4 0.172 

0'28,7 0.092 

0 29.5 0.095 390 8.3 0.047 

0 33.4 0.150 1!00 14.4 0.115 

0 3 11.4 0.163 390 14.8 0.1])4 

0 35,0 0,157 1!00 18.4 0.172 

0 38.6 0.185 390 20.3 0.163. 

0 38.6 0.200 390 20.3 0,171 

0 43.2 0.213 390 20.3 0,194 

0 11.84 0.258 

• 	 0 50.11 0.255 

0 52.7 0.266 

• 	 0 52.8 .0.28:8 • 

• 	 0 0.. 272 

• 	 0 57.4 0.04 • 

-I 
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Table VI 

Calculated and experimental values of B for I.

) in neodium ethylsulfate 

exptl A 0.0472 0.751 	0.8757 0.0996 0.1228 0.1563 0.i810,25 11.2 

	

0.80 	1.28 	1.50 	1.70 	2.10 	'2.68 	3.24 	4 .35 

	

P 0.000 	0.002 	0.003 	0.0011. 	0.006 0.009 	0.012 0.018 

	

Q 0.00 	1.17 	1.75 	2.311. 	3.50 	5.26: 	7.00 10.5 

l/T 

(H=o) 

5 

10 

15 

20 

25 

30 

35 

li.0 

11.5 

50  

0.005 

0.015 

0.059 

0.095 

0.165 

0.250 

0.340 

0.11.25 

0.500 

0.560  

8.0259 

0 .0629 

0.1053 

0 . 1556  

0.139 

0. 2793 

0.3502 

0.4:250 

0.501T.  

0.578)# 

;Q.0056 -0,0026 -0,0087 

0.0338 0,0246 0,0183 

0.0729 0.0643 0c0594 

0.12621 0.1201, 0.1180 

0.1918 0.1889 0.1895 

02660 0.2655 0.2676 

0.350  0.355 0.373 

0.4252 0.4250 0.4250 

0.5042 0.5017 0.4985 

0.5799 0.5739 0.5668  

-0,0167 -0,0209 -o.oi8i 0.0017 

0.0125 0,0155 0.0279 0,0695 

0.05.78,. o.o688 0.08911. 0,111.56 

0.1219 '0.1395 016 11.8 0.22 11  

0.1971 0.2170 0,2416 0.2939 

0.2758, 0.2930  0.3122 0.3498 

0.3528 0.3629  03734  0.3928 

0.4250 ,0.420 0.4251 0.4250 

Q 11.911 0.11.793 0, li.681 0 . 11.11.89 

0.5508  0.5264 0.5039 0.4665 

0.027 0,007 0,001 -0.005: -0.011 -0,013 T0.008 0.014 

0.076 . 	 0.061 0,059 0.059 0,064 0.079 0,098 0,111.3 

o.15 . 0.151 0. 15 8 0.166 0.183 0,208 0,232 0.275 

0.236 . 	 0.268 .0283 0.296 0.318 0,311.2 0.359 0.383 

0.342 0.397 0.415 0.428 0.11.47 0.11.60 '. 0, 464 0,11.63 

0.029 0.013 0.008 0.004 0,000 0,002 0.010 0.037 

0.096 0.102 0.109 0.116 0,133 0.158 0,182 0,225 

0,196 0.239 0.258 0.275 0.302 0.330 0,311.9 0.375 

0.319 0.393 9.11.17 0. 435 0,49 0, 11.76 0.481 0.11.79 

0,452 	. 0,540 0,563 0.577 0.591 0,592 0.582 0.552 
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156 i These values also provided a satisfactory fit for 1b 	n 

yttrium ethylsulfate. Although the data in this salt are not too good, 

since the temperature is not known very accurately, they do reuire that 

P be within the above limits for the to spins (Table viii). 

Table viii 

Calculated and experimental values of -B 2U2F2  for the 534-kev -y  ray of 

Tb °  in yttrium ethylsulfate, at l/T = 70. 

Exptl. 	i 	3 	3 3 3 3 

A 	0.068 	oo89 0.099 0.118 0127 O.O7 	0.062 0.077 0.088 

P 	0 	0.002 0.003 0.005 0.006 0 	0.001 0.002 0.003 

0.0625 	012 	0.097 0.068 0.049 0037 0.12 	0.091 0.071 0.021 

±0.0270 

it is possible to generalize the formulagiven by Nilsson for 

the magnetic noment produced by one Odd nucleo7 to the case in. which 

there are both an odd proton and an odd neutron. The formula is 

= th•/ (- 
g) 	(a. /2  - a, 	

1/2 	
g1 + 1/2 g5  

	

(b 	1/2b1/2) + gIj  

where g = 5.585, the gyromagnétic ratio due to the intrinsic spin 
sp 

of the p±'otoh, 

g =-3.826, the gyromagnetic ratio due to the intrinsic spin 
sn 

of the neutron, 

	

a ,±1/2 	
are the coefficients of the basis vectors for the 

eigenfunction of a proton moving in a deformed nuclear 

field, 

are the coefficients of the basis vectors for the 

eigenfunction of a neutron moving in a deformed nuclear 

field, 
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z/A is the gyromagnetic ratio of the rotational motion 

of the nuclear core., 

is the total spin of the proton,. 	. . 

. 	 . is the tiuc1ar. spin, 	and. 	. 	. 	 .. 	 . 

is the. gyromagnetic ratio due to theorbital motion 

of the Droton. 

If the ground-state spin of Tb156  is 3, and the deformation is 

= 6, then probably the proton is in a 3/2 .+ +ll) state, and the neutron 

ma 3/a- (521) state. These stategiei =2.0nrn. Ifone uses the 

g factors given by Rasmussen and Chiao, 22  one finds i= 2.1 nm. The 

theoretIcal italue is seen to be in fairly good agreement with the 

experimental value. This àgreethen tends to confm: the hypothesis. that 

the two odd particles are not strongly correlated. It is not possible 

to choose among the several proton and neutron states that could 

combine to give I = L.• . Therefore it is not possible: to say anything 

about the agreement between theory and experiment. . 	. 
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