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ABSTRACT
160

Nuclear orientation of Tb in a single crystal
of neodymium ethylsulphate has been observed by the
anisotropic intensity distribution of the y-rays. The
alignment arises from the coupling of the nuclear-magnetic
and quadrupole moments with the crystal field. The spin

60 is shown to be 3, and the spin of the 1360-kev

level in Dyl6o is 2. The nuclear moments of Tbl6o are

of Tot

~|u] = 1.60 £ 0.25 om and @ = + 1.9 = 0.5 barns.
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NUCLEAR ORIENTATION OF Tb

C. E. Johnson, J. F. Schooley, and D. A. Shirley
 Lawrence Radiation Laboratory and DEépartmént of Chemistry

University of California, Berkeley, California

June 15, 1960

I. INTRODUCTION
Nuclear orientation has become a well-established technique for
measuring nuclear moments and for studying the changes in angular momentum
during radioactive decay. It is usually produced by the coupling between
the nuclei and the local internal fields (hfs) in crystals, which may arise
from one or more of the following mechanisms:

(a) +the interaction between the nuclear magnetic moment and an
externally applied magnetic field, via the intermediary of an electronmic
momentl |

(b) the Iinteraction between the nuclear magnetic moment and the
crystalline electric field, via an electronic moment

(c) the interaction between the nuclear electric-quadrupole
moment and the electric=field gradient at the nucleus.,3

In order to obtain enough orientation for the anisotropic emission
from radioactive nuclel to be measured, it is usually necessary to cool the
crystal to temperatures such that the thermal energy kT is comparable with
the energy separations AE of the nuclear magnetic levels. These spiittings
are most often measured by paramagnetic or nuclear-resonance spectroscopy on

a stable isotope. From such determinations the choice of a suitable crystal

may be made.

*
This work was done under the auspices of the U. S. Atomic Energy Commission.

TPresent address: AERE, Harwell, England.
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Mechanism (a) produces a pblarization (E:E;J an-orientatioh in'sense
as well as direction) with respeét to the applied field. Meéhanisms (b) cand
(¢) produce an aligmnment (orientation where paréllel and antiparsllel senses
are equally populated) with respect to the crystal axes.

In the region of the rare earths and the actinides are found large 
nuclear quadrupole moments which are associated with the deformed nuclear'
core, as well as large electronic magnetic moments&\ Hence nuclear brientatidnv
may arise from a combination of magnetic anrd electric hfs interactions which .
may act together to increase or reduce the net nuclear orientation‘acéording
to their relative signs. |

In this paper, experiments on the nuclear alignment and polafiiaﬁion
of Tbl6o in a mixed crystal of terbium and neodymium ethyl.su;phates are des-
cribed. " It was found that the magnetic_interaction,ténded to alignvthe nucleaf
spins along the c-axis of the crystai, and the quadrupole interaction tended to
align  them perpendicular to the axis. The net effect was & smgller degree of
alignment than would be expected from either interaction alone. An analyéis
of the data obtained is used in conjunction with the results of othef workers

to give values for the magnetic and quadrupole moments of Tbl6o and to assign

160
angular momenta to some of the levels in the daughter nucléus, Dy o

- II. EXPERIMENTAL
Terbium-160 was produced by irradistion of natural terbium (100% Tb159)
for 100 hr at a neutron flux of 2 x _'I.Olh cmiﬁ2 sec”l in the MIR reactor, Arco,

Idaho. The terbium in the +3 state was incorporated into a 5-gm single crystal

+ -
of neodymium ethylsulphate in a molar ratio (Tb+3/Nd 3) < 10 60 The crystal

contained 10 uC of Tbl6oo The high .specific activity ensured that the sus-
3

' +
ceptibility measurements_on_the crystal were not affected by the Th ions.
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The crystal was mounted in a demagnetization cryostat consisting of a
glass chamberlinside~a glass dewsr vessel containing ligquid helium surrounded
by another dewar containing liquid nitrogen. The crystal could be kept in
thermal contact with or isolated from the liquid-helium bath by controlling
the pressure of helium exchange gas in the chamber. By pumping away the vapor
with 2 Kinney KMB-230 mechanical booster pump, the temperature of the liquid
helium could be reduced to about l.loKe Magnetic fields up to lBj@gausgm could
be applied to the crystal by placing the cryostat between the pole-pieces of an
iron=cored electromagnet energized by a 100%&w motor-generator set. The crystal
was supported on a glass framework attached by a 2-mm=diam glass rod to the
top of the chamber, and a pill of éompressed.manganous ammonium sulphate was
attéched.halfway along the rod to act as a thermal guard, Radiation from parts
of the apparatus at temperatures above that of the liquid helium was prevented
from falling on the specimen by painting the chamber with Aquadag (colloidal
graphite) .

The crystal was coocled to temperatures between O.OZOK and loloK by
adiabatic demagnetization from fields applied along the c-axis., The heat influx
to the crystal after cooling was of the order of 10 ergs min"l, so that the
temperature reﬁained essentially constant for several minutes after demagnet-
ization. Measurements of the intensities of the y-radiation from the Tbl6o
were taken at a series of angles, &, with the crystal axis. The susceptibility
of the neodymium ethylsulphate was alsc measured in'order to determine the
temperature of the crystal. The effects of imhomogeneous heating of the crystal
were studied and were found to be appreciable after a large change in temper-
ature, even though the warming rate was slow. In order to minimize these
effects, the cbservations were usually made for periods of not more than 5 min

after demagnetization. The crystal was then warmed to loloK by admitting
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helium exchange gas to the chamber, and a further 5-min count of thé ana&s

was taken for normalization. By demagnetizing from aifferent initial fields,
the whole range of températures between 0.02°K and l«loK was covered, Measure-
ments were made in zero magnetic field and with external magnetic fields‘of

200 gauss and 400 gauss applied along the crystal axis.

Gamus~ray detection was done with two Na(Tl) I scintillation counters
with 3-in. by 3=in. crystals and PENCO PA-4 100-channel pulse-~height analysers.
The intensities of all the y-rays could thus be mgasured simultanebusly. Cor-
rections were applied for background, smsll changéb in the gain of the ﬁhotdé
multiplier tubes and amplifiers, snd for the block time of the pﬁlstheight
analysers. In the experiments with a magnétic field, the photomultipliers
were kept at a sufficient distance to be unaffeéted‘by the magnetic field.

| The susceptibility measurements were made in a direction perpendicular
to the c axis of the crystal. Neodymium ethylsulphate has g“': 3.5 and
gl = 2.0 which allows enough sensitivity even in the perpendigular directiori,h
A pair of mutual-inductance coils surrocunded the specimen. Both ballistic
and AC (20 cps) methods were used and agreed well with each other. The coils
were calibrated between MQZOK and laloK against the helium vapor-pressure
scale, The magnetic temperature Ti* obtained by extrapolating Curie's law
to below l.lOK was corrected for the demagnetizing factor of the crystal, and

p)

the absolute temperature T was deduced from the data of Meyer. In the

experiments using an applied magnetic field H, the effects of saturation of the
susceptibllity were corrected by using the approximate formula
tanh g, BH/2kT

v \ * = ey _”___._

where Tg has been corrected for the demagnetizing factor, and g” refers to the

neodymium ions.
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ITT. RESULTS

The y-ray peaks of Dy’l6O at 298, 880, 960, 1180, and 1270 kev were

analyzed and found to be anisotropic, showing that the nuclei had been oriented.

Peaks of energy lower than 298 kev were not studied, because of their large
background, nor were peaks of low intensity. In alignment experiments, data
were compiled for the angular distribution with respect to the crystalline
¢ axis of all the y-rays at the lowest temperature, O.OZOK, and for the temp-

erature dependence of all y-ray anisotropies ¢ defined by

_Ix/2) - 1(0)
I(x/2)

in the range.O,OZOK <T < lclOK, In polarization experiments, data were come

piled for the temperature dependence of the anisotropy of the 298=-kev y-ray
in the range O,OSOK <T <.l,loK with magnetic fields of 200 and 400 gauss
applied slong the crystalline c axis. Several different crystals were used
in the course of this investigation and the results were always consistent
within experimental error.

The angular distributions of all y-rays could be fitted to functions
of the form

I(0) =1 + XP, (cos® ),

where X2 for each y-ray is given’in Table T.

The values of X2 for the 298-kev y-ray as a function of field and

temperature is shown in Fig. 1.
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Fig. 1. The coefficient X2 of the 298-kev y-ray of Dylbo vs reciprocal
absolute temperature. Here O ,E.], and @ denote data taken in external

magnetic fields of O, 200, and 400 gauss, respectively.



Table T
X, = (BZUZFZ) of several gamma-rays at 0.02°K.
Gamma~-ray energy (kev) BZU ﬂz at 0.02°K
300 =0.200 £ ,005
880 40,105 015
960 =0.152 + .010
1180 =-0,133 £ 040
1280 -0.124k = ,010

The limits of error on the data are the r.m.s. statistical errors.
Corrections hawve been applied as explained in Section II. The maximum error
introduced by the change in temperature during the counting period was only
0.1%.

. . : 160 | . .

Alignment experiments were also performed on Tb in cerium magnesium

nitrate, but no anisotropy greater than 1% was observed at the lowest temper-

3

ature, O.OO3OK° We conclude that the lowest electronic state of Tb+ in this
crystal is a singlet.
] - 160
IV. THE DECAY SCHEME OF Tb
Several investigations of the decay of T2-day Tbléo have been carried

6-12 .
out. Studies of the P spectrum agree on branches with end points at 1.71

Mev (log ft = 11.8), 0.86 Mev (log ft = 8.8), and 0.56 Mev {log ft = 8.1).
However, the lower-energy branches were difficult to measure and led to
uncertainties in the higher-energy leVels in Dyl6ou Recent conversion-electron
spectroscopy by‘Bgckstrgm et alelo has shown the existence of new Yy transitions

previously unobserved and has enabled accurate measurements of the convérsion



-10- _ . UCRL=9267

]
v

coefficients to be madeolo The results have considerably helped our ﬁnderé~'
standing'of the higher-energy levels in‘Dyl6O° The data show that the most
energetic peak in the y-ray spectrum is composed of two ELl y-rays of@aééigﬁléWZKw
dnd 1312%y end vith & relative sbundance of 7.7:2.3. The results of Rven ot al.
confifm this,9 givirng a slightly different relative abundance of 1024° The
gnergy=level scheme shown in Fig. 2 fits all the available data best, and has
been used in the interpretation of this experiment. The lower five levels |

are identical to those proposed by Nathan, who assigned the spins:on the basis

of internaleconversion measuréments‘and explained the leﬁels as members of
K=0andiK=2 bands°6 The spins of the upper levels have been assigned from

7

1 ang of Arns, Sund, and Wiedenbeck,

9-12

the angular=correlation data of Ofer
from the recent conversion-electron data, and from this‘nuclearéorientation
experiment.- _
Only spin and‘parity assignment of 3= for the ground state of Tbl6o
is in agreement with the experimental evidence. A spin of 4 has also been
suggested,ll but this is inconsistent with the log-ft value of 8.1 for the
0.56-Mev B branch and the assignment of‘spin and parity of 2- to the 1260-kev
level of Dyi6o to which this branch leads. It will be shown that the present

experiment confirms this latter spin assigrment.

V. ENERGY LEVELS OF Tb' -

IN Tb(CZI{5SOu)3a9HZO° |

Terbium'eﬁhylsulphate was chosen in this experiment because it is the
only salt of terbium that (a) has shown paramagnetic resonance and (v) can be
grown into a mixed crystal with a salt that may be cocled td the required low
temperatures by adilabatic demagnetization5 The coolant used was the isomoru
phous salt néodymium ethylsulphate, which had previously been used.successfully.
13

in similar experiments on other rare earth isotopes.

1)
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E(Mev)

399
-359
-260
200

.049
0.964

1076
1178
1272
1312
1200
962
880
964

0.285

0 .o87

Dy!60

MU-20730

Fig. 2. Portion of the decay scheme of Tbl6o which is relevant to this work.
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The free Tb+3 ion has eight Uf electrons and the configuration 7F6.
In a crystalline electric field with trigonalvsymmetry this £erm is split into
six doublets characterized by | * J, yand a singlef ]JZ = 6.). Paramagnetic
resonance data on terbium ethylsuiphate magnetically diluted with yttrium
ethylsulphate showed that at 20°K only the lovest level, | + 6, was appre-
ciably populaﬁ:ed.l}1L This state was further split (Tb+3 being a non-Kramers
ion) by the sixth-order crystal field potential Vg,.which.has nonvanishiﬁg
matrix elements with the singlet IJZ =0 ) The.magﬂetiC'and électric hfs
interactions further split the level, so that the systeg may be des?ribed by
the following spin-Hamiltoniaﬂ

H= gHB S, + AS, + Aysy +AS T+ PV[IZ'2 - %I(I +1)1,
with S = 1/2 (effective), and where g” is the compoﬁent of the specﬁrosgopic
splitting factor along the crystalline axis. The ﬁérms in Ay gnd AY represent
the Vg crystal-field.splitting;_A represents the magnetic hfs coupling between
thé nuclear‘magneﬁic moment, u, and the electronic magnetic moment afising

from the unpaired 4f electrons, and is given by

A = hpp w/1 (r"3 ;g{_:gr -i]Nz| +) .
Here P represents the electric hfs coupling between the nuclear quadrupole ‘
moment, Q, and the gradient of the crystalline electric field. It is given bylS

1

P = -ge® q/br(zr-1) (=73 @l s y(+ 13,2 - T a5+ 1) | 4y

for diagonal elements, where (r—3 ) is the mean value of r-3 averaged over the
, - 1
£ wave function and may be obtained from the calculations of Judd and Lindgren.
: 2
The reduced matrix element ( JmaHJ') and the matrix element (+ ]JZ - % J(J+l)|+>

are calculated from a knowledge of the electronic ground state.
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For stable Tb159

A= (A; . Ay2)1/2

the value of P was obtained from their measurement.

; Baker and Bleaney give g” = 17,72 + 0.02,

= 0.387 + 0.001 cm™F, and T = 3/2. No information about

160
For Tb" ~, assuming the spin I = 3, we have | +) = |7, = +6 ),

A/k = 0.078 u OK, and P/k = 0.0032 Q °K. The splitting A depends on the

crystal-field.parameters V2’ Vi, Vg, andAvg, and is not due (as in other

+3. : . . o
non-Kramers ions, e.g. Pr 3) to random distortions of the crystal lattice.

Hence it is expected that its value does not vary strongly with temperature

or with the surroundihg trivalent ions. Thus we shall assume that the value

3

measured at ZOOK in a lattice of Y+

3

is the same as the value 1n our experi=
ment at O.OZOK in a Ndf lattiecesawA furthér splitting which must be considered
in our TmedAethylSulphate crystal is due to magnetic dipole-dipole interaction
| 3

between the lons. To a good approximation -only the two nearest Nd% neighbors
affect the levels of the Tb o ion, and they add a term cSZ(S1Z + SZZ) to the
spin Hamiltonian. Here we have c = =2g”%%.gnﬁg 52/d3, vhere d denotes the
distance:to thernearest neighbor, SlZ and SZZ are the effective spin opérators
of the two nearest Nd%3 ions, and ¢ is readily evaluated from parémagnetic

b,17 3

. , + o F -
resonance and X-ray data. Since the g values of both Tb andsNﬁ£§geln%%1$ﬁm
term becomes important at the low temperatures used in our experiment.

The significance of the positive sign of P is that the quadrupole

coupiing tends to align the nuclei so that the |Iz = 0) state lies lowest,

P

i.e. so that the nuclei precess in the plane perpendicular to the crystal axis.
This is in contrast to the magnetic hfs couplingvdescribed.by A which tends

to align the nuclei parallel and antiparallel to the crystal axis. Our results
show that the magnetic effect predominates and that the lowest sfate is

IIZ =+ 3) for 'I’b'L6O in terbium ethylsulphate.
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The energy levels are rather complicated and are given by

231/2 2

E=2=1/2 [af + (g“ BH + Tc, + AL ) + PlI, -,% I(I + 1)] A &
where Tz,the projection of the resultant spin of the two nearesf neodymium
neighbors on. the z axis, takes the &alues <1l, 0, and +1. In zero field, thé
levels consist of doublets | i_IZ )»ana singlets [IZ = 0) . The effect of the
A term is to split the zero-field levels into two groups and to alter the
spacing of the levels within the groups, compressing them closer together in
the lower-energy group and spacing them further apart in the higher-energy
‘group. This reduces nuclear alignment. When a magnetic field ié applied along
the direction bf the z axis, the effect of the A term is partially overcome,
and the separation of the lower levels increases. Hence the degree of nuclear
orientatidn is increased, and because the degeneraéy’of'the doublets is removed,
a nuclear pclarization is produced.

For arbitrary coupling parameters, A and P, a series of curves for the
variation of nuclear orientation with temperature may be calculated. The

parameters may be determined by fitting the experimental data to these. From

the above relations the nuclear magnetic and quadrupole moments ‘may be deduced.

VI. THE NUCLEAR MOMENTS OF Tbi0®

The theoretically expected angular distribution of y-~radiation from

riented nuclei may be written;
) = 1 )
I(e) =1 + quzePz (cos 9),

where U2 is a function of the spins of the initial and final states in the

preceding B transition and of the angular momentum carried away by the

electron-neutrino system, F_ depends on the initial and final spins in the

2

Y transition and on the multipolarity, and B_,, the degree of orientation of

2)

the nuclei, may be calculated from the Boltzmann population distribution,
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vhich depends on the energy levels and the temperature. Conversely, a measure-
ment of the temperature dependence of B2 enables one to determine the spin=
Hamiltonian parameters and hence the nuclear magnetic and quadrupocle moments.

The nuclear moments of Tbl6o were determined from a study of the
anisotropy of the 298«kev y=ray. This is the best understood and most intense
of the peaks studied. In all previous investigations, there is agreement that
it is a pure El radiation, and in most, that it has the spin sequence 2-—-:£-£>2°
This experiment confirms this spin sequeﬁce and eliminates the alternative of
}4L->2, which has also been suggested.,ll because the latter would giye a

“

positive value of’BéUze, whereas a negative value was oObserved. Hence the
spin of the 1260-kev level in Dyl6o must be 2, ahd, as remarked in Section IT,
it immediately follows that the spin of Tbl60 must be 3. The alternative,
4, would require the B transition to the 1260-kev level to be at least second-
forbidden, which is inconsistent with its observed log=ft value of 8.1.

Thus the 298-kev y-ray is emitted after the spin sequence 3£f£>2§}——>249
and from this U, and F_ may be calculated. From the data of Fig. 1, the tem-

2 2

perature variation of B_ in different fields was deduced and was fitted to the

2
‘gpin Hamiltonian to determine the parameters A and P. The alignment data alone
do not uniquely determire these quantities but give the following relation

between them:

P/k = 0.112 |A]/k = 0.00784°K.
This reiation is more acaqurate than the separate values of A and P which are
derived from it. Because of the relative inseﬁsitivity of the anisotropies
in zero field.to the value of A, these data allow acceptable fits for
0.105 < [A[/k‘K 0025OOK° The polarization experiments were performed in order
to enhance the sensitivity of the anisotropy to A, and can be fitted to theore-

tical curves for 0.095 <A < OollLSOK° Thus we have ]A]/k-r 0.125 £ OOOZOOK
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and P/k.= + 0.0061 * O,OOZZOK° The curves in Fig. 2 have been derived using
60 '

these values. For the moments of Tbl we find-[ul60] = 1.60 i.O¢25'nm-and-

= - + ] °
Q16O 1.9 0.5 barns.

VII. THE GAMMA-RAYS OF Dy~o°

The temperature dependence of the anisotropies of all the Y<rays from
the aligned nuclei was found to be the same. This anisotropy is proportional
to BéUéFZ} and since B2 may be determined from the data on the 298~kev=?sray

(for which U may

and Fz are known) at the same teinperature , the product UZFZ

2

be determined for each y-ray and may be used to obtain information about the

angular-momentum changes in the decay scheme. In each cascadé, U, may be

2
calculated from the spins given in Fig. 2, using L = 1 in all the Budecays;
which folloWs from the log-=ft values.

A. The 1280-kev Peak

Conversion-electron measurements show that thisvpeak_is composed of
two y-rays of energies 1272-kev and 1312=kev in the ratios iO:h‘or 7;7:2n3,
both of which are pure E1l radiations. The coefficients UZFZ Which.are expected
theoretically for the various possible values of the sPiné of the parent levels
are listed in Table II. .Comparison with the experimental data shows that the
spin of the 1360-kev level must be 2; a spin of‘3 would give an anisotropy of
opposite sign to that measured. The spin of the 1399-kev levél WhiChfbestoﬁits
our: data is 1. | |

The angular correlation work of Arns et al. was interpreted on the
assumption that this peak was due to a single y-ray emitted from a 37 level
and led to a mixing ratio §(M2/E1l) of 0.30. This would require a 300% error
in the K-conversion coefficient measurement. Table IT also shows the theore-
tically expected values for the angular-correlation coefficient Az [i.e. the

coefficient of P, (cos ©) in the angular-correlation funétion]. Here the spins
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- Table IT

Angular-correlation and nuclear-alignment parameters for several spin assign-
ments in Dyl6ou

Spin of ' Spin of A U F_ U_F -
1360-kev _leyel .1399-kev level 2 theor. 2 2 theor. ¢z eXpt;°,
CECE
3w 1- «0.123 +0.201
3= 2= +0.,021 +0.038
3= 3= =0.,072 .+00115 +0, 260 0,232
2= 1= +0.107 +0.002 =0.232 ~ %0.019
2. 2 +0. 250 =0, 346
-0.136

O e : +0.159

of Fig. 2 are assumed. Again the results are consistent only with a spin 2 for
the 1360=kev level, but a spin of 1 or 3 is possible for the 1399=kev level. It
should be noted that in calculating the theoretical angular=correlation functions,
we assumed that the observed peak consisted of the 1272- and 1312-kev gamma rays
in the relative abundances 10:4. This may not have been the case in the experi=-

ments of references 7 and 8.

B. The 1180-kev peak

This peak is also complex, consisting of 1178-kev and 1200-kev y-rays in -
relative intensities 18:3. Correcting for the small effect of the 1200-kev branch

(using the spins of Fig. 2) we have for the 1178-kev r=ray'U2F == 0.247 + .080.

2
This sets an upper limit of 097% on the M2 character ofvthis.transitiona
Arns et al. give a 2.5 % lm5% M2 admixture for this y=ray, in slight disagree-

ment with our result.
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!

C. The 960~kev peak
This peak is due to transitions of 962-kev (29%) and 966-kev (71%)
energies. The latter goes from a 2+.state to a O+ ground state and must be
pure E2. When its effect is'subtracted,from the observed gnisotropy, thevreu
sult indicates that the 962-kev radiation has &3.2 > § (E27M1)> =T.2, g;g:'it

is 9%.7 + 3.5% E2.

D. The 880<kev peak

The experimental value for F, is +0.310 * 0.045 and shows that

2
~ 4.7 >0 (E2/M1) > - 8.4, i.e. the transition is 97.0 + 1.5% E2. This is in _

excellent agreement with the value of 96.0 * 3.5% given by Arns et §£o

VIII. DISCUSSION

160

A spin and.parity assigmment of 3- for Tb follows naturally from the '

proton state 3/2+ [411] and the neutron state 3/2- [521] coupled together so
10,19 59

These states are.found in Tbl .as

that the intrinsic spins are parallel.
the ground state and in Dyl61 at 75 kev° Using the detailed wave functions

due to Nilssonzo (withnn = +6) and neglecting interactions between the Qdd
nucleons, we can calculate a value of +2.0 nm for the magnetic moment. This is
slightly higher than the experimental,w.rajl.ue;llL We note that this is alsoc the case
o9

for T s Where the expe1:‘imenta.l_va].uel)+ after correcting for the‘new_value of

( 3 ),16 becomes |u|= 1.92 * 0.10, whereas the theory predicts u= +2.2 .
Thus the sligﬁ£ discrepancy in the case of Tbl6o may not be due to odd-nucleon
correlation. At any rate, the agreement is quite good, and suggests tﬁat the Nils-
son wave functions mﬁy be used to calculate magnetic moments of strongly deformed
odé~odd nuclei rather accurately. By comparison with neighboringvnuclei, it is
possible to estimate the intrinsic quadrupole moment, QO =6 0b. Then we have

21-1

Qg™ I/I+1 75 % Z 2.5 b, again slightly higher than the experimental value.
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The almost pure E2 character of the 880-kev and 962=kevvradiations is
expected from the assignment of K quantum numbers given by Nathan. These
Y=rays originate from states in a XK = 2 band and decay to the 2+ state in s
K = O band. By the selection rule, AKS L, the y-ray would be expected to
carry away an angular momentum of at least 2, even though the spins of the

levels change by only O and 1, respectively, during the transition.
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