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NUCLEAR ORIENTATION OF Th15  

C. A. Lovejoy and D. A. Shirley 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California 

Berkeley, California 

July 1961 

ABSTRACT 

:;Terb.ium-156 nuclei were oriented at low temperatures in an ethylsul-

fate lattice, and the anisotropies of several y-rays in Gd156  were studied as 

functions of temperature, external magnetic field, and magnetic environment. 

The results were explained using a .fii.e-terni spin-Haniiltonian with two adjust-

atle parameters, the magnetic dipole and electric quadrupole moments,, which 

were thereby determined. The spin of Tb 16  was shown to be 3, with 

1J45 ± 0.18 nm and Q156= l.-t- ± 0.5 barns. The spin assignments of several 

high-energy states in Gd15 were confirmed, and a new 3- state at 2091 key in 

Gd156 was indicated. The electron-capture transitions to states at 193 and 

2091-key in Gd155 are predomiant1y GamowTel1er. 
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MJCLEAR ORIENTATION OF Yb156  * 

C.A. Lovejoy and D. A. Shirley 

University of California 
Lawrence Radiation Laboratory and Department of Chemistry 

Berkeley, California 

July 1961 

I INTRODUCTION 

The decay of Tb 17  had been studied by conventional techniques, in-

cluding electron spectroscopy1  and angular correlation 2  A rather detailed 

evel scheme had been constructed which incorporated .most of 

156 ions. Very little was hno 	however, about the ground stateof Th 	or of 

the nitipolarity of the 	ron capture decay. In this experiment we have 

obsered the directional anisotropies of several y-rays in Gd 16  following 

the.decay of m156 nuclei oiented at low temperaturs in a crystal of no-

dymium ethylsulfate.. Analysis of these data yields information •  about the 

ground state moments of m156  as will as elucidating certain features of its 

decay.. 	 . 
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II. RESULTS 

The experimental procedures have been described elsewhere 3 .  Heat 

leaks to the demagnetized neodymium ethylsulfate crystal were kept low enough 

to allow warm-up times of several hours, and counting was done only for a 

short time immediately following demagnetization, to minimize effects of tern- 

pera -bure inhomogeneity. Data were taken both with and without a polarizing 	 -• 

magnetic field along the c axis of the crystal. The temperature range cover- 

ed was 002< 

Seventeen photopeaks were resOlved, of whiCh fifteen were defintely 

anisotropic. Two of the photopeaks, at 106 and 165 key, arose from the de-

cay of Th155  which was produced as an impurity when the Tb156  was prepared by 

a (p, n) reaction on enriched Gd 15  . Both peaks were anisotropic, but were 

not analyzed further, because of the preponderance of Gd 
156

1--rays. The fin -

ite anisotropies rule out a spin of 1/2 for Tb155 or for the levels in Gd155  

from which these y-rays proceed. 

Within the limits of statistical error of our measurements all the 

y-rays studied had angular distributions which could be described by the ex-

pression 

W(e) = 1 + X 
2  P  2 

 (cos6). 	 (1) 

where X is temperature - dependent and is different for each r-ray. The 

angular distribution of the 117-kev y-ray at 0017
0
K is shoii in Fig, 1. 

The parameters X2  for several y-ráys at 0,017
0
K are tabulated in Table I. In 

Figure 2 is shown the temperature dependence of X 2  for the 535-key y-ray under 

several experimental conditions. The decay scheme is shOwn in Fig. 3. A 

y-ray spectrum is shown in Fig. It-, to illustrate the anisotropies. 
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Fig. 1. Aular distribution of the 117-kev y-ray in Gd156  following 

•the decar of oriented in neodymium ethylsulfate at O.017 °K. 

The angle 0 is measured from the crystalline c axis. 
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Fig. 2. Temperature dependence of X for the 535 -key r-ray in Gd
156  

following the decay of Tb 	oriented in the ethylsulfate lattice,156  

under several experimental conditions (explained in text). The 

theoretical curves were calculated by using Eqs. (2), (ii-),  and (6). 
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• 	 Fig. 3. Level scheme of Gd'6  with transitions relevant to this work. 

A more complete decay scheme, with intensities, is given in ref. 1. 

The spins of the top five levels were studied in the present work. 
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Fig. 4. High-energr portion of the r-ray spectrum of Tb156 
 taken along 

the cristafline c axis. The solid line represents intensities at 

0.02°K, and the dashed line represents intensities at l.l°K. 
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III DISCUSSION 

A, The Spin Hamiltonian 

In orderuto interpret a nuclear orientation experiment reliably, it 

is necessary to know the form of the spin Hamiltonian governing the hyperfine-

structure energy.leveis Both paramagnetic resonance and nuclear orienta';:'. 

3,5 	 3+ i tion, 	experiments have been performed on Tb 	n the ethylsulfate lattice. 

In the latter work,, the angular distribution of i-radiation had a unique tem-

perature dependence which was, however, explained using the Hamiltonian 3  

H g HS ± S + S + ASI + P [12-1/3 (i+i)] + cST 	(2 

Here 	and L describes a V crystal field splitting in the ground state 

doublet, the term in c describes nearest-neighbor spin-spin interactions, and 

the other terms have their usual-meanings. All of the terms in Eq. (2) are 

given -except A and P (and sometimes i,), which vary from.isotope to isotope, 

being proportional to the nuclear magnetic and quadrupolemoments 1  respect-

ively. Thus A and P may be-varied in, Eq. (2) until velues are found which 

fit the. aiisOtropy data best, and--these values may be used to calculate the 

nuclear moment using the relatonships 3  

oo8 H°' 	. 
- =+ 0.0032 Q° 	 -  

-B.--TheD'aySch'erne  

- For this experiment the theoretical angular distribution of 1-radia-

tion may be 'described by an expression of the form 

1 	B2U2F2P2 (cos) 	- 	- 	' 	: 	.. 	 () 

where the orientation paranete.r B 2  alone is temperature dependent and also 

cOt'ains the entir.e dependence. On the spin 'Hamiltonian-. Each y-ray has. a 

distinct U Ond, F.. , bul B2 is borpnion t -all-. Only X 2  in Eq-. (i) is measured, 
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and in order to obtain B 2 (T) and thus the nuclear moments it is necessary to 

know U2  and F2  for at least one 1-ray. We shall use the 535-key 1-ray, on 

which we have the most accurate data, for this purpose. 

The multipolarity of the 535-key y-ray must be accurately known in 

order to obtain a. reliable value for F 2 . Hansen et al. 1  report a K conver-

sion coefficient, a(535), of 0.0030±0.0008. Comparison with the theoretical 

values of 0.0038 for an El transition and 0.0632 for an M2 transition,Ccàl-

culated from the tables of Shy and Band indicates that this 1-ray is pure 

El. An M2 admixture of up to 6% would be consistent with most of Ofer's 

2 
data , whiäh were considerably less accurate. We shall use El multipolarity 

in our interpretation. 

Next we wish to establish the spin of the 2042 key energy level of 

Gd156, from which the 535-key i-ray proceeds. Both Hansen et al. ' and Ofer 

have 'tentatively assigned spin 4 to this level. This assignment is confirmed 

in this experiment by the sign of the anisotropy of the 535-key y-ray alone. 

The quantity j must be positive, unless the multipolarity, L, of the preced-

ing unseen (electron capture) transition is comparable to the spins of the 

initial and final states in the unseen transition. . In this case the smallest 

possible nuclear spin involved is 3, and L is 0 or 1. Maile it is possible 

for a nucleus whose hyperfine structure is given by a Hamiltonian of the form. 

of 'Eq. (2)' to have a negative B2 , only a positive B2  will increase in magni-

tude with the isothermal application of an axial magnetic field, as is the 

case here. The product B 2U2(535) is thus positive. But X is negative (Table 

I); therefore F 2  is negative. The 535 key 1-ray. accompanies de-excitation' to 

the 4+ level at 1507 key, and its multipolarity restricts the possible spin 

and parity assignments for the 2042-kev level to 4-, 3-, or  5-, of iihich the 
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IIIj. DISCUSSION 

A. The Spin Hamiltonian 

In order:.1to interpret a nulear orientation experiment reliably, it 

is necessary to know .the form of the spin Hamiltonian goverulng the hyperfine-

structure energy levels Both paramagnetic resonance and .nuclear orienta:. 

3,5 	 . 	3+ tion 	 i . 	experiments have been performed on Tb 	n the ethylsulfate lattice. 

In the latter work, the anguler distribution of y-radiation had a unique tem-

perature dependence which was however, explained using the Hamiltonian 

H = g PH S + A S + A S + AS...I,. + P [12_1/3 (I+1)1 + cS T 	(2) 

Here A and Ay  describes a V cryscal field splitting in the 

doublet, the term in c desribe nearest-neighbor spin-spin interactions, and 

the other terms have their usual meanings. All of the terms in Eq. (2) are 

given except A and P (and sometimes I), which vary from isotope to isotope, 

being proportional to the nuclear magnetic and quadrupole moments, respect-

ivel:y, Thus A and P may. bevär.ied. in Eq. (2) until values are found which 

fit the. arlisotropy data. best., and.these values may be used to calculate the 

nuciar moments, usig the reIathonshis 3 	 . 

IA) /k 0078 14K 	: 
+ 0.0032 Q°!K 

'B........The Decay Scheme  

For this experiment the theoretical angular distribution of i-radia-

t.ion. may be described by an. expression of the form 

W(6) : 1 	B2U2P2P2 ('cos')  

where the orientation paraieter B 2  aione . is.t'ernperat'ure dependent and.alsO 

cohtadns the entire dependence On the spin Hamiltonian. Each y-ray has a 

distthct U 2  and, , but B2  is Common to,all.  Only X2  in.Eq.(l) is measured., 
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and in order to obtain B 2 (T) and thus the nuclear moments it is necessary to 

know U2  and F2  for at least one 1-ray. We shall use the 535-key 1-ray, on 

which we have the most accurate data, for this purpose. 

The multipolarity of the 535-key y-ray must be accurately known in 

order to obtain •a reliable value for F 2 . Hansen et al. 1  report a K conver-

sion coefficient, ak(535), of 0.0030±0.0008. Comparison with the theoretical 

values of 0.0038 for an El transition and 0.0632 for an M2 transition,cal-

culated. from the tables of Shy and Band indicates thattbi.s y-ray is pure 

El. An M2 admixture of up to 6% would be consistent with most of Ofer's 

2 
dàtà , which were considerably less accurate. We shall use El multipolarity 

in our interpretation. 

Next we wish to establish the spin of the 2042 key energy level of 

Gdl56, from which the 535-key y-ray proceeds. Both Hansen et al. and Ofer 

have tentatively assigned spin li -to this level. This assignment is confirmed 

in this experiment by the sign of the anisotropy of the 535-key 1-ray alone. 

The quantity U2  must be positive unless the multipolarity, L, of the preced--

ing unseen (electron capture) transition is comparable to the spins of the 

initial and final states in the unseen transition. In this case the smallest 

possible nuclear spin involved is 3, and L is 0 or 1. While it is possible 

for a nucleus whose hyperfine structure is given by a Hamiltonian of the form. 

of Eq. (2) to have a negative B 2 , only a positive B2  will increase in magni-

tude with the isothermal application of an axial magnetic field, as is the 

case here. The product B2U2(535) is thus positive. But X is negative (Table 

I); therefore F2  is negative. The 535 key 1-ray accompanies de-excitation to 

the.li-+ level at 1507 key, and its mültipolarity restricts the possible spin 

and parity assignments for the 2042-kev level to Li--, 3-, or  5-, of ihich the 
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latter two would require F2  >0. Hence the 4- assignment is definitely est-

ablished. 

Hansen et al. found that a 10% electron capture branch directly pop-

ulates the 2+ level at 1152 kv in Gd156. Thus the spin of Th 156  must be 3, 

which alone allows •strong electron capture branches to states of spins 4 and 

2. An examination .of Table II shows that spin .3 also fIts our data best. 

Here we have tabulated the ratios U2(535)/U2(184l)  for all the possible ' t pure Tt  

multipolarities in the electron capturS branches to the 4.- level at 2042 key 

and the 3- level at 1931 key in Gd15, The experimental rage of 1.30:L± .0.16 

lies just outside the spin .4 range and thus excludes this possibility. We 

•can also set limits of 0 X < 0.23 on the Fermi fraction, 2., of the electron 

capture branch to the 1931-key level. 

A ground state spin and parity of 3- for Tb 156 
 might be expected on 

the collective model. This state can be formed by combining the proton state 

3/2 + [411] with the neutron state 3/2 - [521] according to the Gallagher-

Moszkowski rules. 7  A 4- state cannot be formed,. ,us.ihg these rules, from 

close-lying Nilsson orhitals. 	Terbium159 has. ... measured spin of 3/2. Snd 

the 3/2. - [.521] fleutron state is foundin Dy161  at 75 key, 9  The spin of 
.160 	30,10 11 	 . 	. Tb 	is 13 	' 	and spin 3 is consistent with the available data on J. 

158 	12 	 .. 	,. 	. 	. 	. 

Previous work had left the spin of the positive parity 1620-key state 

in,Gd156 in doubt In this experiment a positive X was found for the 422-ev. 

transition, This is consistent with the sequenc. 4-(El) 4+. Thus the spin 

of the.. 1620 key state is established as 5+, 

Ofer Thcluded .a 1935 kev traisition in the decay scheme which con-

nected.the. levels at 2042 and 89 kev. His gamma ray energies were. consist- 
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ently lower than those found in the electron spectroscopy measurements of 

Hansen et al', whichwe have accepted as correct. In particular, these latter 

workers found evidence for conversion electrons in the range 1990-2030 key. 

Unfortunately the electron intensity was so low that they couldntt determine 

whether there was one transition or several. We found a high energy photo-

peak, apparently due to a single i-ray, at 2002±10 key, using the lower energy 

photopeaks for energy calibration. Another peak of comparable intensity at a 

lower energy would have been obscured by the 1841 key peak, but any other peak 

in the range 2000-2030 key is present in extremely low abundance. In the ab-

sence of any convincing evidence to the contrary, we shall assume that this 

2002 key peak is due to a single r-ray. It must decay to the 89kev level in 

Gd'6 , as it has been observed in coincidence with.only the 89-key y-ray. 12  

We Idfr, ;  then, that this y-ray depopulates a level at 2091 key which is 

populated directly in the electron capture decay of Yb 156 If the 2002 key 

y-ray is El in character as suggested by Hansen et al,, the 2091 key state can 

have only spins 1, 2, or 3 with negative parity. These spins would require 

F2 t s of (+.071); (-0J+18), and (+.340), respectively, for the 2002 key y-ray. 

The experimental U2F2  of 0.195±0045 is consistent with only the last 

value of F2 . Thus the state at 2091 key must be 3-. Comparison with theoret-

ical U2F2 1 s of 0.340 and 0.254 for pure Fermi and pure Gamow-Teller electron-

capture transitions to the 2094 key level shows that this decay is probably 

mostly Gamow-Teller. 

Care must always be taken in interpreting experiments involving the 

anisotropiof 1-rays following the electron capture decay of oriented nuclei, 

because pf:'the possibility of attenuation in intermediate states caused ëlectro-

magnetic fields in the vicinity of the nucleus. This problem is expected 
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Table.I. 

The parameter X 2  for several r-rays in Gd156 following the decay of Tb156 

oriented in neodymium ethylsulfate at 0.017 0K. 

	

Gamma-ray 	energy 	 x 
• 	 (key) 

	

535 	 -0.317±0.011 

	

1220 	 0.134±0.005 

	

1117 	 -0.206±0.016 

	

1643 	 0.095±0.005 

	

18l 	 0.205±0.025 

	

2902 	 0.154±0.040 

to be expecially serious in the case of electron capture decay, because of 

the disruption of the electronic orbitals following the creation of a' vacancy 

in the K-shell. 13  On the other hand there is no conclusive evidence for this 

effect in intermediate states with lifetimes shorter than about one nanosecond, 

and 1-ray anisotropies have been observed in nuclei in which the intermediate 

states have lifetimes of several nanoseconds. 1  In order to minimize the im-

portance of attenuation effects we have restricted our interpretation to in-

dude only the anisotropies of high energy, primary El 1-rays (by' tprimary" we 

• mean proceeding from levels which are populated only by dttct electron capture 

transitions). This procedure also has the advantage of eliminating the effects 

of unresolved features of the decay scheme, such as the exact intensities of 

intermediate transitions, which affect the reorientation parameter U 2 . The 

1643 key 1-ray also proceeds from a primary El transition, 
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from the 3- 19.5-kev state to the 1H- 288-key state, Since it has the same 

parentage as the 1841-key y-ray, the factors B 2  and .U2  for these two 1-rays 

will be the same, and F 2 (16)-i-3)/F 2 (1815) 	X2 ( 1643)/X2 ( 1815) 	This ratio is 

0,46±0,08 experimentally and 0,416, calculated from the proposed decay scheme. 

Thus the El multipolarity assignments and the 3- spin and parity assignment 

for the 1931-key state are borne out by this experiment. 

C. Magnetic Interactions and The Nuclear Moments 

The technique of nuclear orientation is a highly sensitive method for 

the determination of nuclear moments. Unfortunately it. is not a method which 

is capable of high accuracy, and few moments have been determined to better 

than about ten percent in this way. The main advantage of the method is its 

high sensitivity, which allows it to be used to determine 

which could not be measured in any other way. 

156 In the case of Th 	the y-ray anisotropy depends 

fine-structure parameters, A and P. These parameters are 

nuclear magnetic and quadrupole moments, respectively, an 

by adjusting A and P in Eqs. (2) and (4)  to reproduce the 

distribution and particularly its temperature dependence. 

nuclear moments 

on two unknown hyper-

proportional to the 

i can: .bbdetermined 

experimental angular 

By fitting the zero- 

field temperature dependence of anisotropy (curve B in Fig. 2) in this way we 

obtained the relationship between A and P 

(9.1±0.1) p/k+(0.07l±o,005; 	 (5) 
k 	 - 	- 

as well as reducing the allowable ranges to 0< P/k <.0120K and 0,07< IAj/k 

<0.18. While Eq. (5) represents the most accurate result of this research, 

more information is required to determine the values of the two moments separ- 

ately. Fortunately the temperature dependence of anisotropy becomes much more 
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sensitive to A in the presence of an axial magnetic field. Comparison of our 

data taken in external fields of 200 and 400 gauss (curves D and E in Fig. 2) 

with Eqs (2) and (Lb) allows us to reduce the allowable ranges of ! 
	
and P 

and obtain the best values. 

IAI /k 	
0.113000l4°K 	

(6) 
P/k 	= +0. 0d5±000l5°K 

comparison with Eq. (3) yields 

I'1561 
a 1 J45±0 . 18 

 nm 

= +1±0.5 barns 

To demonstrate the effect of spin-spin interaction, data were also 

taken using a "layered' t  crystal prepared by growing a crystal oftbe follow-

ing composition (from the inside): (a) :yttfium:.:,. ethylsulfate containing 

rô156; () inactive :ycti-.wL. ethrlsulfate; (c) a thin transition layer where-

in the composition varied from (iQo% Y, 0% Nd) to (0% Y., 100% Nd) ethylsul-

fate; and (•d) a thick layer of neodymium ethylsulfate, comprising about 80% 

of the mass. The T_T* relationship for such a crystal is somewhat uncertain, 

but should not differ greatly from that of neodymium ethyls,ulfate . The spin 

Hamiltonian for 	in this crystal should be given by Eq. (2), but without 

the term: in .c an ..curre A was caluIated on this baaiè, Using the values, of 

J AI and P given in Eq. (6). Unfortunately, the data were not accurately re-

producible using this aI'angement) and we can only conclude that there is seni-

iquantitative agreement. This technique is fraught with cryogenic difficult-

ies,' mostly involvihng the possibility of poor thermal contact between the 

Th 
3+ 

spins and the Nd3+  spins. We also performed experiments in which .a 200 
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gauss polarizing field was applied along the axis of the layered crystal. 

Here the data were fitted with curve c, using the appropriate Hamiltonian and 

the parameters derived above. 

It is interesting to note that curves A-E represent cases in which the 

total average magnetic field on a Terbium ion is 0, "100, 200, '400, and -60o 

gauss, respectively. This total average field is given by the sum of the .ex-

ternal and internal (dipole-dipole) fields 

H=H+H. 

	

e 	1 

In neodymium ethylsulfate IHI takes the Values 0 and 180 with equal 

probability, depending on 	whether ITZI  is 0 or 1., in the absence of an 

external field, When a field is applied along the c axis the states with 

H. = 180 are much more heavily populated. In the layered crystal H. is always 

zero, Thus as the local field is increased the .anisotropy increases monoton-

ically because the effect of the off-diagonal elements is lessened. In the 

high field limit only the terms in A and P in the Hamiltonian should affect 

nuclear orientation. Curve F was calculated for the infinite-field limit, 

Table II. 

Possible U2  ratios for the spin sequences m156 (L1 )I, wherecI is the spin of 

a state in Gd15  populated by electron-capture decay of multipolarity L from 

ro1 5 6  

Spin of Tb156 	L202 	 L1931 	 U2(535)/U2 ( 181 ) 

3 	 0 1 	 l.l04 

3 	 1 	. 1 	 0.939 

1 0 	 0.905 

1 1 	 .1,208 
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Using Nilsson wave functions (with 7j +6)for the 3/2 + [411] proton 

state and the 3/2 - [521] neutron state, 8  and assuming no correlation between 

the odd particles, we obtain a theoretical magnetic moment of 2.0 rim.. An 

alternative approach, involving the use of ttquenchedu  g-factors for the in-

trinsic spins of the odd proton and neutron 15  , 	yields a mOment of 2.1 

in no better agreement with experiment (using "g' t  = 4.0, g= -2.4). Of 

course in odd-odd nuclei with intrinsic spins parallel, a modest quenching of 

both intrinsic spins has little effect on the moment. 

.A.. useful empirical comparison is obtained by calculating the magnetic 

moments of Th15  and am1 0 3::from the measured magnetic moments of odd nucleons 

in the two states involved, in neighboring nuclei. The measured moment of 

+1.92±0.10 for Th 159 	provides the value for the 3/2 + [ll] proton state, 

while the 3/2 - [521] neutron magnetic moment is obtained from the measured 

moments of -0.30 
16,17,18 fbrGd

155 , and () 0,32±00fOr Dy157 	
18 	

Thus we 

would calculate = +161±0.12 for both ml56 and  Tb160  (neglecting slight 

differences in nuclear deformation), in 'good agreement with the experimental 

values of 1.5±018 for m156 and 160±0.25 for Tb160.  From this we may con-

dude that odd-particle correlations do not significantly affect the magnetic 

moments of these odd-odd deformed nuclei, 
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