UCRL-9788

UNIVERSITY OF
CALIFORNIA

Ernest Of awrence
Radiation
Laborator

a . R
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



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-9788

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No.‘W—YhOS—eng—hS

56

NUCLEAR ORTENTATION OF Tb'

C.A. Lovejoy and D.A. Shirley

July 1961



cifiie : UCRL-9788

NUCLEAR ORIENTATION OF Tb156

C. A. Lovejoy and D. A. Shirley

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

July 1961

ABSTRACT

Terbium-156 nuclei were oriented at low temperatures in an ethylsul-

156

fate lattice, and the anisotropiesfof several y-rays in Gd were studied as

functions of temperature, external magnetic field, and magﬁetic environment.
The results were explained using a five-term spin~-Hamiltonian with two adjust-
able parameters, the magnetic dipole and electric quadrupole moments, which

156
were thereby determined. The spin of Tb > was shown to be 3, with “156 =

1.45 £ 0.18 nm and Q156 = 1.4 £ 0.5 barns. The spin assignments of several
- 156

. were confirmed, and a new 3- state at 2091 kev in

high—energy states in Gd

1 : : ' :
Gd 56 was indicated. The electron-capture transitions to states at 1943 and

56

2091 -kev in_Gdl are predominantly Gamow-Teller.
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! o I. INTRODUCTION .

» 156 | | | -
The decay of Tb ? had been studied by conventional techniques, in-

' ' 1 2
cluding electron spectroscopy and angular correlation. A rather detailed

level scheme had been constructed which incorporated most of the known itrangi-

156

tions. Very llttle was known, however, about the ground state of Tb or of

- the multlpolarluj of the @BCLIOH capture decay. In thls,experlment we have

. 15
observed the directional anisotropies of several y-rays in Gd 56 following

the decay of Tbl56 nuclei oriented at low temperatures in a crystal of neo-
dymium ethylsulfate. -Analysis of -these data yields information about the

156

ground state moments of Tb as well as elucidating certain features of its

decay.
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II." RESULTS

3

The experimental procedures have beenrdescribed elsewhere.” Heat

leaks to the demagnetized neodymium ethylsulfate érystal were kept low enough
to allow warm-up times of several hours, and.cquhting was dqne only for a
short time immediately'following demagﬁetization; to minimize effects of tem-
perature ihhomogeneity, Data were takén both with and without a polarizing
magnetic field along thevc axis of the crystal. The temperature range cover-
ed vas 0.02°< 7% 1%

Seventeen photopeaks were resolved, of which fifteen were definitely
anisotropic. Two of the photopeéks; at 106 and 165 ke&, arose from the de-

» 1
cay of ‘I'b155 which was produced as an impurity when the Tb 56

156

a (p, n) reaction on enriched Gd

was prepared by
Both peaks were anisotropic, but were

not analyzed further,'because of the preponderance of Gdl56
25 155

or for the levelsvin Gd

v-rays, . The fin-
ite anisotropies rule out a spin of 1/2 for Tt
from which these y-rays proceed.

Within the limits of statistical error of our meésurements all the
y-rays studied had angular distributions which could be described by the ex-

pression

w(e) =1+ X.pP, (cosB) . o (1)

2

where X2 is temperature - dependent and is different for each y-ray. The
o v
angular distribution of the 1417-kev y-ray at 0,017 K is shown in Fig. 1.
The paraﬁeters X2 for several y-rays at O.Ol?OK are tabulated in Table I. 1In

Figure 2 is shown the temperature dependence of X2 for the 535-kev y-ray under

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

y-ray spectrum is shown in Fig. 4, to illustrate the anisotropies.
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Fig. 1. Augular distribution of the 1lh4l7-kev y-ray in Gdl following

1 ' @
~the decay of oriented Tb 56 in neodymium ethylsulfate at 0.01l7 K.

The angle 6 is measured from the. crystalline c¢ axis.
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Fig. 2. Temperature dependence of X2 for the 535-kev y-ray in Gd156

1
following the decay of Tb 56 oriented in the ethylsulfate lattice,
under several experimental conditions (explained in text). The

theoretical curves were calculated by‘us:'Lng Egs. (2), (%), and (6).
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Fig. 3. Level ‘scheme of Gd with transitions relevant to this work.

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

The spins of the tcop five levels were studied in the present work.
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Fig. 4. High-energy portion of the Y-ray spectrum of Tb156 taken aloxig
the crystalline c axis. ‘The solid line represents intensities at

o
0.0z K, and the dashed line represents intensities at 1.1K.
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III; DIéCUSSION
A, The Spin Hamiltonian
| In order:to inferpret a nuclear orientation experiment reliably,‘it.
is necessary to know the form of the spin Hamiltoniap governiﬁg the hypeffine—'
-structure energy_levelso Both paramagnetic‘resonenceLL and.nuclearteyienta%ieu
355

tionz experiments have been performed on Tb3+ in the ethyisulfate lattice.

In the latter work, the angular dlstrlbutlon of y-radistdon had a unique tem—
' 3

perature dependence which was, however, explalned u51ng the Hamlltonlan

= S +AS +AS + I I°- T(I+1. T (2
g BH S + AS A& y AS . P [IZ 1/3 T(I+1)] + c8 T Sz)

Heregﬁé_and;Ay'describes a Vg-crystal_field splitting in the ground stetev
doublet, the term in c deecribes nearest-neighbor spin-spin.interactions, and
the other terms have their usual meanings. All of theé terms in Eq. (2) are
given except A and P (and sometimes I), Which vary from. isotope toAisotope,
being proportional to the nuclear magnetic and quadrupole moments, respect-
- ively. Thue A and P may be-varied in Eq. (2) until values‘are found whieh
fiﬁ?the.anisotropy data best, and-these values may be used to calculate the

‘nucléar moments; using the rela’t;ionshifps3

It

o = 0018 fuf

P/k

5 (3)
+ 0.0032 QK

. B. . The Decay Scheme

‘For this experiment the theoretical. angular distribution of y-radia-
tion may beﬁdescribed by an expression of the form

W(g) = 1+ BUF, 2(coae) | | o (%)

where the orientation parameter B2 alone is temperature dependent and also

contains thée entire dependence on theé spin Hamiltenian. Each y-ray has a

-distinct U-2 andHEE, but BZ is common to all. Only X2 in Eq. (1) is measured,
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and in order to obtain BZ(T) and thus fhe nuclear moments it is necessary to
know,U2 and F2 fqr at least one y-ray. We shall use the 535-kev y-ray, on
which we have the most aécufate data, for this purpose.v

The multipolarity of the 535-kev y-ray must be accurately known in
order to obtain a.reliable value for Fz; Hansen et al.l repoft a K:conver—-
sion qoeff;ciént, o%(535); of 0.0030i0.000S. Comparison with the theoretical
values of 0.0038 for aﬁ El transition and 0.0632 for an M2 transition,ccal-
culated from the tables of éliv and Band: indicateé thatthis y-ray is pﬁre,
El. An M2 admixture of up to 6% would be consistent with most of Ofer's
dat32; which were considerably less accurate. We shall use El multipolarity
in our interpretation. | |

Next we wish to establish the spin of the 2042 kev energy level of
Gd156; from which the 535-kev y-ray proceeds. Both Hansen et.ai.; and Ofer
have tentativély assigned spin h to this level. This assignment is_confirmed
in this experimenf by the sign of the.anisotropy of the 535—kev»r—réy alone.
The quantity‘UZKmust be positive_unless the multipolarity, L, of the preced--
ing unseen (electron capture) transition is comparable to the spins of the
initi%l and final states in the unseen transition.  In this case the smallest
possible nuclear spin involvedvis 3, and L is O 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 Bz, only a positive 32 will increase in magni-
tude with the isothermal applicatién of an axial magnetic field, as is tﬁé
case here., The product B2U2(535) is thus positive. But X2 is negativé (Table
I); therefore F2 is negative. The 535 kev y-ray accompanies de-excitation to

“the L+ level at 1507 kev, and its multipolarity restricts the possible spin

and parity assignments for the 2042-kev level to L-, 3-, or 5-, of which the
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III; DISCUSSION

A. The Spin Hamiltonian -

In orderiito interpret a nuclear ofientationtexperiméﬁf réliébly, it
is necessary to know the forﬁ of the spin Hamiltonian'govefning thé.hyperfiné-
structure energy levels. Both paramagnetic reséhanceh and ﬁuclear,é?ienta%j;ﬁ
tionafS experiments héve been performed on.Tb3+ in the ethylsulfaterlattiée.
in the latter wofk, the angular distribution of y-radiatdon had a uniqpe tem-
peratﬁre dependence which.was; however, explained using the Hamiltbhian3

H=g sHZSZ_ + AXSX + AySy + AS:zI-‘:'z, + P [12-1/3 1‘»’(1}1)] + éSZTZ (z)
Hereg@é and.Ay describes a Vg crystal field splitting in the groupd state
doublet, the term in c deséribes nearest-neighbor spin-spin interactions, and
the-other terms have their usual meanings. All of the termé in Bq. (2) are
given except A and P (and sometimes I), which vary from isotope to isotope,
being proportional to the nuclear magnetic and quadrubole moments, respect-
.. ively. Thus A and P may be-varied in Eq. (2) until values are found which

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

“nuclear moments, using the relationships

I3

0,078 1g#pK A o )

]AI /x

P/k

(3)

+0.0032 QK

- B. w The Decay Schemé
" -For this experiment the,theoretical,anguiar distribution of y-radia-
tion may be described by an expression of the form
w(agfi 1% BZU2F2P2<cos@) : , . » - (L)
- where the orientation parameter B2 alone_is‘temperatuje dependent and.also
coritadins the entire dependence’On'thé.spin Hémiltonian,‘ Each y-ray has a
 is common to.all. Only X2 iﬁ Eq, (1) is measuﬁed;

‘distinct U_ end F., but
is 1notvU2 ﬁd,Fz, ut B2
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and ih order to obtain BZ(T) énd thus the nuclear moments it ié necessary to
know UZ and F2 for aﬁ least one y-ray. We shall use‘the 535-kev y-ray, on
which we have the most accurate data, for this purpose. ‘

_The multipolarity of the 535-kev y-ray must be accurately known iﬁ

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

o°
.sion coefficient, Qk(535), of 0.0030%£0.0008. Comparispn with the theoretical
values of 0.0038 for an El tranéition and 0.0632 for an M2 trénsition,acal-
culated from the tables of Sliv and Band? indicates thatthis y-ray is pure
El. An M2 admixture of up to 6% would be consistent with most of Ofer's
dataz, which were considerably léss»accurate. We shall use El1 multipoiarity
in our intefpretation. |

| v Next we wish to establish the spin'of thevZOﬁZ kev energy level of
Gdls6

, from which the 535-kev y-ray proceedsf Both Hansen et al. and Ofer

have tentatively assigned spin 4 to this level. This assignmenﬁ ié confirmed
in this experiment‘by the sign of the anisotropy of the 535-kev y-ray alone.
The quaﬁtity U2 must be positive unless the multipolarity, L, of the precedeml
ing unseen (electfon capture) transition is comparable to the spins of the
initial and finél states in the unseen transition. In this case the smallest
possible nuclear spin involved is 3, and L is O or 1. While it is possible:
for a nucleus whoée hyperfine structure is given by a Hamiltonian of the form
of Eq. (2) to have a negatiVe Bz, only a'positi§e B2 will increase in magni-

" tude with the,iéothérmal application of an axial magnetic field, as is tﬁé
case here. The product B2U2(535) is thus positive. But X, is negative (Table
I); therefore F2 is negative. The 535 kev y-ray accompanies de-excitation to
the b+ level at 1507 kev, and its multipolafity restricts the possible spin

and parity assignments for the 204k2-kev level to L4-, 3-, or 5-, of which the
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latter two would require F2 >0, Hence the k- assignment is definitely est-

ablished.

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

56 156

‘ 1 '
ulates the 2+ level at 1152 Kev in Gd Thus the spin of Tb must be 3,

/

which alone allows strong electron capture bfanches to states of spins 4 and
2. An examination of Table .II shows that spin .3 also fits our data»Eest;
Here we have tabulated the ratios U2(535)/U2(l8hl) for all the possible "pure"

multipolarities in the electron capture branches to the 4- level at 2042 kev

156

and the 3- level at 1931 kev in G4~ ., The experimental range of 1.30:% 0.16

lies just outside the spin 4 range and thus excludes this possibility. We
can also set limits of O XA é 0.23 on the Fermi fraction, A, of the electron

capture branch to the 1931l-kev level.

A ground state spin and parity of 3- for’Tb;56 might be expected on

the colléctive 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-
MosszWSKi rulesv7 ‘A L- state cannot be formed, usihg theéevrules, from

’;'wcLosealying-Nilsson orbitals:8 Terbium—159'ha5qé'measured spin of '3/241L and

61

the 3/2.- [521] neutron state is fQund,in[Dy; at 75 kev.9 The spin of

1 1
w158, 12

and spin '3 is consistent with the available data on iy

Previous work had left the spin of the positive parity 1620-kev state
56 '

in doubt. In.this experiment a positive XZ»was found for the L22-Kev

transition. This is consistent with the sequence L-(EL) L+, Thus the spin

. 1
1n:Gd

of the. 1620 kev state is established as 5+,
. Ofer inéluded a 1935 kev transition 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 Qf
Hansen et al., which“we have accepted as correct. In particular, these lattér
workers found evidence for conversion electrons in the range 1990-2030 kev.
Unfortunately the electron intensity was so low that they couldn't determine
whéther there was one transition or several. We found a high enérgy photo-
peak, apparently due to a single y-ray, at 2002110 kev, using the lower energy
photapeaks for energy calibration. Another peak of comparable intensity at a
lower energy would have beenobscured by the 1841 kev peak, but any other peak
in the range 2000—2030 kev is present in extremely low abundancé. In the ab-
sence of any'conﬁincing evidence to the contrary, we shall'assume that this
2002 kev peak is due to a single y-ray. It must decay to the 89-kev level.in

56

1 . -
Gda , as it has been observed in coincidence with.only the 89-kev y-ray.

We infer,, then, that this r—fay depopulates a level at ~20901 kev which_is

156

populated directly in the electron capture decay of Tb If the 2002 kev

Y-ray is E1 in character as suggested by Hansen et al., the 2091 kev stateAcan
have only spins 1, 2, or 3 with negative parity. These spins would require
Fz's.of (+.071); (-0.418), and (+.340), respectively, for the 2002 kev y-ray.
F_ of 0.195+0.045 is consistent with only the last

_ 22
value of F2. Thus the state at 2091 kev must be 3-. Comparison with theoret-

The experimental U

ical UZFZ‘S of 0.340 and 0.254 for pure Fermi and pure Gamow;Teller elecﬁron-
capture transitions to the‘209h kev level shows that this decay is probably
mostly Gamow-Teller. '’ “

Care must always be taken in intefpreting experiments involving the
anisotropies of y-rays following the electron caégﬁre decay of oriénted nuclei,\

because pfithe possibility of attenuation in intermediate states caused éiéctro—

magnetic fields in the vicinity of the nucleus. This problem is expected
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Table;I.
The parameter X2 for several y-rays in Gd following the decay of Tb:

oriented in neodymium ethylsulfate at 0,0l?oK.

Gamma-ray energy . : | »lxz
(kev)
535 ‘ . -0.31T7£0.011
1220 o 0.134%0.005
. I U | ~0.206£0.016
| 1643 | | 0.095%0. 005
1841 - o | © 0.2050.025
2002 _ . 0.15L4%0.040

L A A S A A T L T S S S T A O T O T O e A e Tl Ber e

o bé expecially serious in the case of electron capturé decay, becéuse of

the disfuptionvof the eléctronic orbitals following the creation of a’ vacancy
in the K—sl;lell.13 On the other hand there is no conclusive evidence for this
effect in intéimediaté states with iifetmms shorter than about one nanosecond,
and y-ray anisotropies'have been observed in‘nuclei in which the intermediate
statés have lifetimes of severél nanoseconds.lu in,order té minimize the im-
portancevof'attenUation effects we have restricted our interpretation to in-
clude only the anisotropiés of high energy, primary El y-rays (by"primary" we
© mean proceeding from levelsbwhich‘are populated oﬁly by direct electron capture
transitions). This procedure also has the advantége of eiiminating the effects
of unresolved features of the decay scheme, such as the exact intensities of
intermediate transitions, which affect the reorientation parameter Uz. The

l6h3'kev y-ray also proceeds from a primary El transition,
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from the 3- l935-kév state to the U+ 288-kev state. Since it has the same
parentage as the 184l-kev y-ray, the factors B2 and_U2 for these two y-rays
will be the same, and F,(1643)/F,(1815) = X,(1643)/X,(1815). This ratio is
0.46£0.08 experimentally and Ouhl6,ICal¢ulated from the broposea decay scheme.
Thus the E1 multipolarity aésignments and the 3- spin and parify assignment
for the 1931-kev state are borne out by this expériment.
C. Magnetic Interactions and The Nuclear Moments

| The technique of nuclear orientation is a highly sensitive method for
the determination of nucléar moments. Unfortunétely it is not a method which
is capable of high accuracy, and few moments have been'determined,to better
than about ten perceht in this way. The main advagtage;of the method is its
high sensitivity, which allows it to be used to determine nuclear momenté
which COuid not be measured in any other way.

In the case of Tb156 the y-ray anisétropy depends on two unknown hypér-
fine-structure parameters, A anva. These parameters are proportional to the
nuclear magnetic and quadrupole moments, respectively, and can be:determined
by.adjusfing A énd P in Egs. (2) and (%) to reproduce the experimental angular
distribution and particularly its temperature dependence. By fitting the zero-
field - -temperature dependence of anisotropy (curve B in Fig. 2) in this way we
obtained the relationship befween A and P

jal < (9.120.1) p/x+(0.071£0.005) (5)

k I '
as well as reducing the allowable ranges to:th P/k,<.OlZOK.and 0.07 < [A’/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 Egs. (2) and (4) allows us to reduce the allowable ranges of |AI and P

" and obtain the best values.

| 4] e = 0.113+0.014°K _
(6)

P/lk = +0.0045%0.0015°K
comparison with Eq. (3) yields

B = 1.4520.18 nm
|4is6 .

Y56

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

+1.420.5 barns

Il

‘taken using a "layered" crystal prepared by growing a crystal of the follow-
ing composition (from the inside): (a) ‘yttirium.. ethylsulfate containing

Irb156

;ﬁ%p) inactive Jybtrium. ethylsulfate; (c) a thin transition layer where-
in tHe dgmpositioglvaried‘from (100% Y1, 0% Na) to (0% Y., 100% Nd) ethylsul-
fate; and (d) a thick layer of neodymium ehhylsulfaté, comprising about 80%

of the mass, The T-T¥* relationship for such a crystal is somewhat unéertain,
but.should not differ greatly from that of neodymium ethylsplfate; The Spin
Hamiitbnian for Tb3+ in this crystal should be given by Eg. (2), but without
the term in ¢; and.curve A was calculated on this,basié, uéing,the values. of
iA( and P given in Eq. (6). Unfortunately, the data were not accurately re-
producible’usiﬁg thié arrangement, and we can only’conciﬁde’that there is sem~
iquantitative agreement. This technique is fraught with cryogenic difficult-
ies; mostly involving the possibility of poor thermai'contact between the

24 ,
Tb3 spins and the Nd3+ spins. We also performed experiments in which a 200
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gauss polarizing fieid was applied along the axis of the layered crystal.
Here the data were fitted with curve ¢, using the appropriate Hamiltonian and
the.paraﬁetérs 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 O, ~100, 200, ~ﬁOO, and ~600"
gauss, respectively. This total average field is given by the sum of the ex-

ternal and internal (dipole-dipble) fields:

- - -
H=H +H,
e 1

In neodymium ethylsulfate IHil takes the values O and 180 with equal
probability, depending ;n *  whether ITZI is O or 1, in the absence of an
externai field. .Whén a field is applied along the ¢ axis the states with
Hi = 180. are muéh more heavily populated. In ﬁhe layered crystal Hi is always-:
zero. Thus as the local field is increased the anisotropy increases monoton-
ically bécause the effect of the off-diagonal élements is leséened. Tn the
high field 1imit only the terms in A and P in the Hamiltonian should affect
nuclear ofientation. Cﬁrve F was calcﬁlated for the infinite-field limit.

Table II.
156 (

Possible U2 ratios.for the spin seqpénces Tb LI)I, where:I is the spin of

156
a state in Gd > populated by electron-capture decay of multipolarity L from

1o,
. 156 _
Spin of Tb Loolo L1931 U2(535)/U2(18u1)
3 0 1 ' 1.10k
3 1 1 ' 0.939
i 1 0 0.905
L 1 1 1.208
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moments of Tb and Tbl6
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Using Nilsson wave functions (with'n.=,+6)'fqr the 3/2 + [411] proton
state and the 3/2 - [521] neutron state,8 and assuming no correlétion between
the odd particles, we obtain a theoretical magnetic momeﬁt of 2.0 ﬁmu, ‘An
alternativé approach, involving the use of "quenched” g:factoré for the in-

15

trinsic spins of the odd proton and neutron, yields a moment of 2.1 nm.:, ,

in no.better agreement with experiment (using "gé"‘= 4.0, g, = -2.4). of

course in odd-odd nuclei with intrinsié 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
156 0 3. . ‘ :
“from the measured magnetic moments of odd nucleons
in the two states involved, in neighboring nuclei. The measured moment of
159 & '
+1.92£0.10 for To1”2 *»3 provides the value for.the 3/2 + [411] proton state,
while the 3/2 - [521] neutron magnetic moment is obtained from the measured

1t 1 15% 1
l6fl7’l8 for Gd 55, and (=) 0.32+0.02 for Dy 7. 8

156

moments of -0.30 Thus we

160
would calculate p = +1.61*0.12 for both Tb and Tb (neglecting slight
differences in nuclear deformation), in ‘good agreement with the experimental

156 and 1.60+0.25 for Tbl6o. From this we may con-

values of 1.45+0,18 for Tb
clude that odd-particle correlations do not significantly affect the magﬁetic

moments of these odd-odd deformed nuclei.
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