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ABSTRACT

Nuclei of Cet3 ™ cet3T, o139, Celhl, and cett3

were aligned at low
temperatures by the magnetic hyperfine-structure method. The angular dis-
tributions and the plane polarization of the emitted gamma radlation were
measured as functions of temperature. For the spin sequence (Cel37m) 11/2
(M4, E5, 255 keV) 3/2 (Ce’3'), the mixing ratio, |6(ES/Mk)|is less than 0.7.
For the sequence (Cel37) 3/2 (iB = 0,1) 3/2 (M1, E2, 4&5 kév)'s/z, the
magnetic moment of cet3T s ]pNI =0.90 £ 0.15 nm and -2.6 <3 (E2/Ml)

37

< -0.17. The spin of the 455 keV level of Lal is shown to be 3/2. For the

-

sequence (Cel39) 3/2 (i5 1) 5/2 (ML, E2, 166 keV) 7/2 (Lal39), the magnetic

39

moment of CeTS” is [le = 0.95 * .20 nm and 5(E2/M1) = + 0.034 % .03k. The

| 139 . . 141 .
166 keV level of La has spin 5/2. For the sequence (Ce " ~) 7/2 (15 = 0) 7/2
(ML, E2, 142 keV) 5/2 (Prlul), the magnetic moment of Celul is pyg = 1.30 £ .20

nm and 6(E2/M1) =+ 0.066 * .022. The spin of the 142-keV level of Prlul

is established as 7/2. The beta transition is predominantly i, = 0. For

B
143y (14 = 0, 1) 5/2 (1/2) (M1, B2, 29% kev) 5/2 (7/2),

143

the sequence 7/2 (ce

the magnetic momenﬁ of Ce is [pNI = 1.0 £ 0.3 nm, and 6(E2/Ml) = -0.80 % .

The magnetic moments were found to be in agreement with configuration-mixing

calculations. Evidence was found‘for two kinds of orientation attenuation in

cerium magnesium nitrate.
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1. INTRODUCTION

The magnetic dipole moments of near-spherical nuclei deviate from

the theoretical shell-model values.l In order to obtain additional systematic

137 139 141

data on this phenomenon, the magnetic moments of Ce - ', Ce , Ce” 7, and

143 37

Ce were measured. The determination of the magnetic moment of Cel m‘has

already been reported.2

The atomic-beam technique of determining megnetic moments has to date

3

proven unsuccessful for cerium.>” Paramagnetic resonance methods have been

L1

used to determine the'magnetic momentu only of Cel However, by use of

the low-température magnetic hyperfine-structure method of nuclearvalignmenf,
magnetic moments were determined for the four isotOpes above. In addition,

information was obtainéd on the angular momenta and the mixing ratios in the

: . U o 137m

decay of these four isotopes and in the decay of Ce .
1

of the validity of the nuclear alignment results for cerium was obtained by

Finally, a measure

comparing the alighment result for the magnetié'moment of Celhl with the

result determined from paramagnetic resonance.

2.  EXPERIMENTAL PROCEDURE

The nuclear reactions used to produce the+warious cerium . réadioisotopes

studied are given in Table I.
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Isotope o o S “Rea¢$ion_. oo . }::v-MI Target .
Cel37m o BRI Lal39 (p;‘3h) Cel37m» S La metal
Ce139 ' Lal39J(§, hjj Ce139 La metal
Cel)1Ll | ‘ | .Celkp (n?‘f) CelLLl Ce203 powder h
Celu3 .Celu? (n, r) C¢1u3 Ce0, powder ¥
| (90% o)

In each case cerium was separated from_the target material by oxidation
to the #h state, followed by solvent e-xtraction.'f5 The cggium was then re-
duced to the +3 state and é;owp either ipto a single crystal of neodymium
ethylsulfate.nonahydrate»N@(CZHSSOA)3 * 9H,0, (NESj'so that it replaced some
of the Nd%3 ions or into a cerium magnesium nitrate, Ce2M53 (NQ3)12_' BhHZQ;
(CMN) crystal. The crystal was mounted in a demagnetiiaﬁion cryostat.
Previous_experiment§6’7 had shown‘that:nucleafvalignment of cerium nuclei
can be producedkby qooling such a crystal tg very low temperatures,

. The crystal was cooled by qdiabatic_demagnetizatipn‘from l.ZOK and
fields Qf‘pp,to 18,000 gauss. Thq magnetic tgmperature T* of the crystal
aftervdemagnetization was determined by measuying the mutual inductance of
é pair of coils surrounding the qrystal, using a ZO-qycle/sec ac mutual- \J
inductance bridge. The coils were calibrated in the liquid helium range
from 4.2- to 1.2°K against a Héliﬁm'&épbf-pféééﬁre'thermometer. From the

9

data of Meyer,8'and of Paniels. and -Robinson”:the absolutevtemperatures T

reached immediately after an adiabatic demagnetization from an initial
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temperatu?e Ti = l.ZOK,kand various initial fields Hi B wére known; A‘
correlation Between T .and T* WAS determinedvby_extrapqlaﬁing our meésufed
value of T to the time‘of demagnetization.

'The time taken for the temperature of thé'éryStai'£o rise from the
lowest temperature reachea (0.029K) to that of the helium bath (1.2°K) was
was over five hours for NES and one_hqur"for CMN.‘ Nevertheless,ain ofder
to avoid errors from inhomogeneous heafing of the crystal, the gamma-ray
intensity measurements were continued for not more than six minutes and the
gamma-ray bolarizationvmeasurements were continued for not more than 20
minutes. The crystal was then warmed to l.ZOK by the introduction of helium
exchange gas;. Another gamma-ray measurement 6f‘appr0priate duration was
then taken for normalization. The intensify énd plane polarizaﬁion of the
gamma radiation were'isotropic within experimental error at this temperature.

The intensity of the gamha radiation was ﬁeasured,at several tem-
peratures bétween 0.02; and l.ZOK for a series of angles 8, defiﬁed by the
direction of propagation of the'gamma'radiation with respect to the trigonal
axis-of the crystal. The gamma rays were counted using  3¥ X 3-in. NaI(T1)
crystals and 100-channel pulse-height analyzers. .Each intensity measurement
was corrected for background and the finite counter size effect,lo as well
as éain shift, block time, énd aééay. Thevtotal correction was always a
small.fraction of the observed anisotroéy,

| The plane pélarization of the gamma radiation was measured for several

temperatures between 0.02- and 1.2%K at 6 = 90 deg., where the polarization
had its maximum value. The gammé-ray polarimeter, utilizing Compton-scattering
as the analyzing process, was similar to those described in the literature.ll’lz
The gamma radiation emitted at 6 = 90 deg. was Cémpton-scattered from a

1.5- X 1.5-in. cylindrical anthracene crystal into one of two mutually
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perpendlcular 1- X 1. 5 in. NaI(Tl) crystals The mean angle of scatterlng,
S,Was‘BO . A "fast slow" 001nc1dence c1rcu1t with a resolv1ng tlme of
2 ><..lO_9 second was utilized to measure coincidence events between‘the

anthracene crystal and'either of the two Nal crystals. v

,Because tpe three crystals were finite,:a O.5—cu?iebsource of Co6q
was used to measure tﬁe(geometyy correction:factor‘R of this polarlmeter.
This factor,‘the count ratio:corresponding to complete‘polariaation, ls a
functionvboth of the energy of the éuanta implnging on fﬁe anthracene crystal
and of‘thebgeometry of the polarimeter. U31ng both the l l?— and 1. 33 MeV

. 4 ‘ : ol

gamma rays of 00692 a value of R = 2. 8 0.3 was found ‘Uﬁilizing this value
and tce‘integral Klein‘Niehina Comptonfscattering Cross eection formula,13
a geometric epread co?respondiug to A§ = AR = 70 £ 7 deg. was obfained°

Here 1n 1is the augle betweeuvﬁhebdifection of polarization (elecfric field
vector dlrectlon) of the 1nc1dent quantum and the plane of scatterlné This
result compared favorably Wlth the geometrlcally calculated one of AdD = An=
66 deg. This calculation assumed that all quanta were scattered at the |
geometric center ofkfue anthracene crystal.- wlth.ﬁhe experiméﬁtal value

N = AN ="7O degf; the three curves in Fig. 1 were calculated.

3. THEORY OF THE MEASUREMENTS

The angular distribution of gamma radiation from-aligned nuclei is.

v

.12 o
given by . ... . .o 0 - C el _ W

I‘<é) =:Z‘Bk U, F' Pkl(cosve) _’. v - , | ) | (l)’_. ¥

Kk k

the factors Bk are a measure of the degree of Orientation of the parent

nucleus. The factors Uk deecribe the amount ofﬁucIearureoriehﬁation that
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takes pléce during any preceediﬁg.unobserved beta or gamma transition. The
factors »Fk are functions.détérminéd by, for purétrénsitions, the multi-
polarity and the inifial:and final spins of the dbserved gamma‘tfansition;
for mixed transitions involving multipolarities L and L', the functions are
also determined by the amplitude mixing ratio.. 8(L'L). The functionska(cos 6)
are Legendre polynomials of order k, where k 1is an even interger.

If the plane ﬁolarization of gamma radiétion is'observed,vK. (1)

becomeslz’lh

1(6,8) = & B, U, [Fk'Pk (coée) + cos (2 @) Fk" P#(z) (cos 6)] (é)
X . ;

The factqrs Fk" are functions of the electric or magnetic character of the

observed gamma transition and of the same quantities which detgrmine the ‘Fk'f
The guantity g 1is the angle.betweeh the electric field vectoraof_the pélarized
quantum aﬁd the plane containing thé axis of orientation and'thg iniﬁial
.direction of propagation of the observed quantum. The functions -Pk(z)(cos g)
are associated Legendre polynomials. In our work the k >4 terms are
negligible. Therefore Eq. (l) can be written as

1(6) = 1.+ BJU,F,'P, + BUF,'P . B (3)

Substituting 6 = 90 deg. (the angle at which the polarimeter was placéd
because the polarization effect is largest there) and @ = O deg. and
g = 90 deg. (the angles at which the two NaI'crystals were located in the

polarimeter), Eq. (2) may: be.used to define the polarization p:
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1(90%0%) 1'+“B U (-1/2F "+ 3F, ") + B4U4(3/8 F4 - 15/2 Fu"

1(90%,90%) 1+ B2U2 ;/2F ' 3F ") + BAUM(3/8 Fu"+ 15/2 Fu" -

.
=

|

E

The geometry correction faétor R is_the ratiovof two»incremental Klein-

13

Nishina Compton-scattering cross sections. For "ideal" geometry, R 1is - v

O)/dc (0°), where
do(n) = (ro?/é)hdﬁu?/obz (Giob *vab/d - é éin2 ) coézn).

Here ry = ez/mcz) is the classical radius of fhe‘électron of mass m and

charge e, ¢ ié the velocity of lighﬂ, ag is the element of solid angle,.
Qb is the energy of the incident quantum in units of mcz, and the energy

of the Scattered-quantum.iﬁ units of mc2 is
a = ao/[l + oy (1 - cos 8) 1.

The ratio N = NH/NL was measured experimentally. Here N” is the intensity
of quanta scattered by the anthracene crystal into the detector in the plane
containing the axis of orientation and the initial direction of propagation

of the quanta (6 =90°), and N, is the intensity of quanta scattered into W

. L
the other détector. “

"li.” THE SPIN-HAMILTONIAN ~

*+3

The crystal-field theory of Ce in the, ethylsulfate nonahydrate

15,16

lattice has been worked out in detaii by Elliotf and Stevens, and only
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- : +.
a brief account will be given here. The free ion Ce 3 has the configuration

4fl and the ground level 2F In a trigonal crystalline field this term

_ /e |
is split into doublets which may bé characterized in.the first approximation
by ]iJZ ). In the ethylsulfate lattice, however, the lowest Kramers'
doublet, which is made mostly of the state |%5/2), contains in addition

admixtures of other states from the -2F5/2 ground level as well as from the

next level 2F It is, of coufse,'essentiall%hat these admixfures be

/2" | - '
taken into account in calculating the nuclear magnetic moment from hyperfihe-

a !
structure constants.

The effective spin-Hamiltoniah for the lowest Kramers' doublet of _.

cerium in the ethylsulfate lattice is

H = AS,I + B(S,I _+ sny) + P [12«—-1/3 I (1+41)] (5)

By use of the theory of Elliott and Stevens for the ground doublet, together

with the value of (r-3), where r 1is the radius of the %fielectron ofbital.
3

+
of Ce -, obtained by Judd and Lindgren,17 we calculate

A =0.07k4 pN/_I cm'_l, B/A = 1/&3_.5,‘ P/Aj’ %3:—1” (—S;)

where is the nuclear magnetic dipole moment, I is the angular momentum

Hy

of the aligned cerium nucleus, énd.vQ is iks nucleaf electric quadrupole
momeht. The parametér ‘B altérs the energy levels of the_hypepfine—
structure multiplet\slightlyf However, our calculations showed that the .
small effect of this_altératién was well within the statistical error of the
experimental measurements, and the . B. term was neglected. Calculations

based on the nuclear shell modell8 indicated that [Q[ should be of the order .
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of 0.5 barns or less for all these cerlum nuclel, yleldlng a P always less
than 4% of A Thus the term in P should have negllglble effect on allgnment
of the cerium nuclel, in fact these experlments showed no effects due to
this P term N ‘ _ N .’".‘ 1 i’ » .‘ | ‘.., -:;; v
Thus the Hamlltonlan.whlch.was actually usea 1n 1hterphetlng the ﬁ
ethylsulfate experlments was li SZIZ' In the CMN lattlce the zero fleld
spln-Hamlltonlan 154. 3i = BKSXIx,fvS I ), and the allgnment is planar rather

Yy
than axial Kedzie, et al. have found for Ce 1h1 B O 0126 cm l, from w

17

which, using the new values for <r 3), we obtaln ‘uN 1. l7 n.m. For

any cerium isotope in this lattice, then,

Wy = 26.5 IB, ' o HEETI . (6)

with. “N in n.m. and B in:cm-l.
Nuclear alignment experiments give only the magnitude, and not the

‘sign, of the hyperfine structure constant; and thus of the nuclear moment.

5." COMPUTATIONAL PROCEDURE

In the NES experiments we measured both the directional and the
polarizaﬁion ahisotrooies. -Eiﬁlicit‘pfocedufesvfor fhe redﬁctioh of this
type of data have not_been given before in the literature. Because of
the cdmple#ity‘whidh arises from v-rays of mixed multipOlarity we describe
briefly a‘systematic data-reduction scheme. First we fitted a curve to the v
data which reproduced the teﬁperature dependence: Then we ‘eliminated the
temperature variable in the following-ahalysis by using only ‘the values of
I () and P (obﬁalned~from the curve) at:a givenvtemperature, f = 0.02°K.

- If the measured I (OO) was greater than 1,-Eq. (3) gave
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1 + !
BZUZFZ BHUMFA >0

: B, U
Ly
F.!'> =« | =—/——} FB' =A'

Similarly, for I(90°) smaller than 1,

therefore

B, U
_ L=y
1 o t o m!
Fp' >34\ 535, ) B =3
272
and for p > 1, Eq. (%) gave
B U '
" Lo n = At
F, >5/2 ————BZUZ F" =c'

-Extending this technique to all possible combinations.of I(OO),
1(90°), and p gives Table II.

In Table II, the subscript ?min" or "maxﬁ indicates that A', B',
and C' are to be evaluated at their algebraic minima or maxima. The limits
calculated for ® Dby this technique are those that insure the correct sign
for the qpantities I(90o), I(do), and p. The technique has been found in
#his work to excell "trial—and-error" methods, as it reveals all possible
® that may satisfy the experimental results and considerably restricts the
allowable ranges of 0.

The directly measurable experimental quantities I(6) and p are
expressed explicitly in terms of & and u through functional relations-
ships which cannot readily be inverted.v.The next step in reducing the data

was thus to limit the a priori acceptable values of [“N' to a certain range.
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Table II. Boundary conditions on d

1(0°)>1,1(90%)<1  1(0°)<1,1(90°)>1 1(0°)>1,1(90%)51" 1(0°)<1,1(90%)<1

»

F-2' >.A'min FZ' <FA':max EZ' r>'_A'min FZ' < A".max
p>1 'FZ" >B' i F,' <‘B'm;x I»Fé:' < B?max COF, >B L
sz; >8 in F" > Chin F' > Clhin Fa' > C'hin .
FZ' > A'.min' ’FZ' < A'max ) FZI > A"min FE?Y < A‘max
p\< 1 FZ' >'B'iﬁ_'in ' Fp' < B'ﬁ%x "EZI < B.'Fmax FZ’ >'Blmin
FZ" < C'max FZ" < C'max F2" < C‘:!ma.x‘ FB"" < C'max B

(%4
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For thése odd-neutron nuclei Fhisbrange may conveniently be taken as betwéen
O and the magnitude of the Schmidt limit (it can subsequently be shown
separately in each case that no value of |pN| outside the Schﬁidt limit
would reproduce the experimental temperature dependence of anisotropy). A
nonzero lower liﬁit on ]le is 6btained by comparing the méximum élloWable

with the data at T = .02%

F, |
The acceptable ranges of pN and ® allowed by the above criteria
may be further restricted, next, by requiring that © and ,IHNI fit the
0.02°K data simultaneously (i.e., solving for pN(S)), and finally, by making
a detailed quantitative compafison of the curves calculated from pN (3) with
th¢ experimental data, as a function of temperature. Thus one obtains, in
vgeneral, sets of allowable ranges of ]“ﬁ] and 6.‘ There is no guarantee

a priori that these ranges will be unique or narrow, but often other decay-

scheme data can be invoked to further restrict O.

6. EXPERIMENTAL RESULTS AND DERIVED QUANTITIES

For convenience each nuclide is discussed separately below, from the
presentation of the data to a statemépt, where possiblé, of the derived HN
and O. .For brevity we do not give a complete discussion of the decay scheme
in each case, but rather cite references in which such information may be

found.

Cel37m

The decay scheme of this 34-hour isomer and the 9-hour isomer is

. ] . . 1 . . .
given, for reference, in Figure 2. 2 In earlier nuclear alignment experiments

137Tm

the magnetic moment of Ce was found to be ]0.9610w09[nm .and the spin
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was shown to be 11/2. In the present work the linear polarization of the
255-keV y-ray froﬁ Cel37m oriented‘in ﬁEé‘was measuréd as éﬁfﬁnétisg of
temperature; wi£h the:resul£é shdwn in Figurg 3.. Thé fheoreticai éﬁr&es are
based oﬁ é pufé Mh tfénsitiop.and fhe ubpe; énd lowef.iiﬁifé,wéﬁéve; féf o
l“N[°,.The géed agreement of gkpgriﬁént égd'fheory cénfi#mé this :'us]' &alﬁé.
Confergely, oﬁe can compare thé value for 'l“ﬁl deri&éd indepeAdéntly (bélowi'
with thg polarization data to confirm the M4 muiﬁiﬁolariﬁy aséighéeﬁt; It is
readilj established thét ]é (ﬁ%)l < 0;7. Of cburs; bﬁe exﬁécts thezﬁé
trgnsition probability to be se&eral ordefé of mééﬁitude:below fhe Mi. We
méntion this result becausé it represéhfs direct exﬁe?iﬂentai‘éﬁidénéév. |
obtained by an unusual techniqué° | |

The crystal laftiqe.cérium‘magnesigm nitéate (CMN).has béenbﬁsed.fér
nuclear orieﬁtation with vérying succesé in the péét...ih particula£ &ery
small.magnetic moments couldnﬁe Aeriveé froﬁvdéta bn égﬁé iédgopesﬂbriented

7 This type of result can arise because of a (possibly temperature-

in CMN.
dependent) attenuatipn of the.nuclea? origptation. Such attenuvation can be
caused by spin-spin interactioﬁs or B;vp;rtufﬁation in ag intermediate state
foilowing decay of the paréntf A ldw:appéreﬁf mdgnetic moment carn also arise
from an iﬁcbmplefe knowledge of the absdiﬁfe temperature, brought about by

a large heat leak into the crystal and Eonséquént rapid "warm up"” rate. The
main effect of this is to "wash out” the structure ii the’I(Q)‘vé 1/T curve,
thus eliminating evidence of saturation of the nuclear orientation and making
the nuclear moment appear to be smaller than it really is. vThis effect is
especially important in the case of CMN because this salt has an extremely
small magnetic heat capacity and is thus very difficult:.to keep cold. We

‘have accumulated abundant (unpublished) experimental evidence for this effect

in this laboratory in experiments which:didn't work. » We believe: that it would

W
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be very difficult to obtain reliable quantitative informatiqn from experi-
ments with CMN in which the total "warm-up time" to the bath temperature
was much less than 1 hour.

137m

" . For Ce + in CMN there is ﬁo changce for pertufbatioﬁ in an inter-
mediate state to affect the anisotropy, and this experimént should therefore
provide some test of the hypothesiszo that spig;spin interactions involving the
cerium parent attenuate the orientation. All th¢ odd cerium isotopes have
magnetic moments in the neighborhoed of 1.0 nm. It follows that the attenuation
éffect, which is closely related to the nuclear moment (rather than the spin),
should'be about the same for all these isotopes.

The temperature dependence of the intensity, at 0° and 90O from the

¢ axis, of the 255-keV y-ray from Cel37m

oriented in CMN is shown in Figure
4., 1In Figure 5 is plotted the angular distribution at 0.0043°K. A theoretical
curve calculated with the aid of the Hamiltonian H = B(SxIx + Syly), which

+3 . oy , -1 .
in a CMN lattice, with B = 0.0063 cm ~, is shown

is apifopriate for Ce
in Fig. 4. This corresponds to a nuclear moment of 0.92 nm. which is within
the limits of error of the experimental value.2 This value of By gives

the best fit available,.but it is not possible fd fit the data very well with
this Hamiltonian. Wé have some feservations about the quality of these data,
particularly with respect to the temperature scale, which may be in error by‘
a few percent for this particular crystal. Wé feel that the experiment
should be repeated before a quantitative iﬁterpretatién of the apparently
anomalous temperature dependence is worthwhile. We can conclude, howéver,
(1) the thgoretical curve gives a fair fit to the data using the above simple

137m

Hamiltonian and the known magnetic moment of Ce If the moment were
unknown one might derive a moment of [le = 0.92 £ 0.15 nm from the data,

Thus it seems unlikely that interactions in the parent ions could substantially
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affect the derived moments for cerium isotopes in CMN, and (2) even allowing
for a poésible substantial system@tic éxperiﬁéntal eff;rjit'éeeﬁsvuniikely’
that the‘above Haﬁiltonian ié complétely.adéquate, aﬁd tﬁéfé.ié éogsiaérabie
evideﬁce for a temperature-dependent effect (on the nﬁéiéar ofientéfibn) whi;h

is, however, much smaller than was previously indicated.

Cel37

Because the half life ovae137 (9 hr) is long compared with the

(nuclear) spin-lattice relaxation time, the anisétropy of its y radiation

137m

does not depend on the preceding isomeric transition of Ce .- A source

was. prepared with five times the activity of thevsourcevuéed in the Cel37m

¢ 1
experiment. The 166-keV y ray of Lal39 and the 255 keV y ray of Ce 37m

were discriminated off the pulse-height analyzer so that only the 445-keV

137

v ray of La was counted. The experiment was started 200 hr after the

bombardment and decay corrections were based on the transient equilibrium

1
half life of 34 hr, the half life of ce_37m.

37

1 .
The intensity of the 445-keV yray of La °' as a function of 1/T is

shown in Fig. 6 for NES and in Fig. 7 for CMN. The angular distribution in

NES at. 0.02°K was -found to be
I (8) =1 - (0.060 £ .010) P, (cos 8). T

A P4 (cos 6) term was not indicated by the data. This term theqretically

vanishes 1if the ground-state spin.of Ce137 is .3/2.

| For the hhS—keV transition of Lal37, the unobserved preceding B
transition gives, for the sequence 3/2 f_ig____;> 3/2,_U2 = 1.000 for a
pure iB = 0 transition and U2 = 0. 2000 fof a pure iB =_l t?ansition.

Of course any mixture of iB =0 and 1 is allowed, and the range of U2
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is thus 0.2 - 1.0. 1In ordér to detefmine thé multipolafit& accﬁrately, it
wquld be necessarj to determine F2 aécﬁrateiy indepeﬁdently of Uz, using
poiarization measurements. Alphbugh we took some 23 expériménﬁal polarizétion
points using NES, the statistical scatter wés largeuenough fo'preclude usiné
these data to narrow the multipoiarity range on the hﬁs-kev r-réy, and we
can say only that, at O.OZOK, 4pvv+l.5. |

From the sign of the anisotropy we can immediately infef that
-0.08 > 8(4k4s5) > -3.5. From the magnitude of U,F, (established below) we
can reduce the allowable range further to -0.17 > 8{kks) > -2.6.

137

The saturation behavior of the orientation of Ce in CMN allows
us to set a useful lower limit on Ile. Any smaller nuclear moment would
not reproduce the saturation behavior satisfactorily. In fact it is easily

shown that B (= B/2kT in this case) must be greater than 1.6 at 0.01°K.

It follows that B 0. 022 em T or, using Eq. (6), that luyl 20.85 mm.

Similarly it is poss1ble for U2 F2 Lto set limits - O. O9 2 2 0.1z2.
Comparing this range of U2 FZY with the experimental value B2 U2 F2 == 0.060
+ 0.010 from Eq. (7), we obtain BZ(.OZOK)'; 0.57 £ 0.13 for Ce 137 40 NES.

Tt follows that, for this lattice, A = 0.0kl cm *. From Section 3 we find
Ile = 0,8& tg:ii nm. The allowed range overlaps considerably with that
from the CMN daté.‘ Combining all the data, we obtain a weighted average
of luNl = 0.90 * 0.15 nm.
As discussed before2 our data rule out a spin of 1/2 5for the 455 keV

state in'La137

because a nonzero anisotrdpy was observed. " The state is
assigned positive parity because the 445 keV transition is known to have
Mil-gE2 multipolarity.Zl It seems unlikely‘that the spin of this state could

be 5/2 on the basis of the absence of a crossover transition to the 7/2+ ground

2
state. L Thus we conclude that the 455-keV state has character 3/2+ and that
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the 445 keV y-ray is of mixed ML-E2 multipolarity.

-We have-iﬁplicitly aésumed above tcac fherc isvncloveréll atfenﬁaﬁion
in.the 455'keV Y-ray anisotrcfy. This is réasocabie“in view:of.thc.facf théfl
there is no evidence thét the 455-keV leQei ofviéi37 ié‘delayecu .Bééaﬁgérﬁhe

. ; , o -

s o . L 4 220 i
transition probability for an ML y-ray has an E- dependence, 2 one can estimate
- ',. ol : o . N . t _.O . .
from nuclear systematics that this state will have a lifetime 1 < 10 1 ' sec,

and no perturbations should oeccur in this time.

Cel39

The decay schemes Qf Cel39m and Cel39 'have been studied by Ketelle,
Thomas, and Brosigssutilizing;r-ray, coincidence, and conversion-electron
spectroscopic techniques. Their results -indicate the energy-level scheme

shown in Fig. 8.

A g7/2 orbital was assigned to the ground state of 'La%39 on the

basis of its measured spin21+ Qf”7/g. The l66-keV level was assigned a d5/2

orbital from the ML character of its y ray and from its measured lifetime?>

26

of 1.51:1x10f9 sec.. The conversion-electron measurements by Dzhelepov et al.z

1 2
~the Ce 3?@ half-life and energy measurements by Kotajima and Morinaga 7 and

139 39

1 28 :
the Ba -to-La 'B-pransiticn measurcments_by'Kelly, et al., are all . .

consistent with_these assignments. The shell model 1is in.complete agreemént

13Mm o 137

with these assignments, which are analogous to those for Ce 5 y , and

a3,

The source used . for this experiment was the same as that for the

137

Ce experiment. .After the source had decayed for 30 days, neither the

3T gctivity nor the hh5-kev ceS!

255-keV Cel activity was observable. The
resulting y-ray pulse-height spectrum obtained in this experiment is shown

in Fig, 9. Only the 166-keV y.ray 9f'Lal39 qu.presenﬁi:i
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The intensity of the 166-keV y ray of 1a73? as a function of 1/T
is shown in-Fig. 10 for NES and in Fig. 11 for CMN. The intensity I(8)
as a function of Pz(cos 6) in NES at l/T = 50 1s shown in Fig. 12. This

angular distribution was found to be

‘ I1(6) =1 + (0.080 % 0.008) P, (cos 8). (8)

A Ph (cos 6) term was not indicated by the data. This term would vanish if

39 is 3/2;

39

the ground-state spin'of Cel

For the 166-keV transition of La.l , the unobserved'preceding
(allowed) B transition for the sequence 3/2 (i5> 5/2 (M1, EE) 7/2 must
have iB =1 and U, = 0.7486. Thus Eq. (3) becomes

1(6) = 1 + 0.Th86F,' (1,7/2, 5/2) B,P, (cos 6), (9)

and Eg. (4) becomes

1+ 0. 74868, [(-1/2)F2' (1,7/2, 5/2) +‘3F2" (1,7/2, 5/2))
1+ 0.7486B, [(-1/2)F," (1,7/2, 5/2) - 3F," (1,7/2, 5/2)]

(10)

Directional and polarizatien anisotropies were observed using NES. Only
directional anisotropies were determined with CMN.: The NES results are
discussed first.

The value of p as a function of 1/T is shown in Fig. 13. The
boundary conditions on & were found as described before, yielding (since

BLI-ZO)
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TR . . . - "‘ " N
F2 >0 and K F2 >0

Utilizing Fig. 14, four ranges for were found: -4 > 8 > = o,
0>8>-0.1, 0.7>0 >0, and ® > & > 1.

Performing the calculations with Eq. 9 and 10, one could use the
values of & :: in the range -4 to - » with various values fbr ]le to
reproduce the I(OQ)-Vs-%/T curve, However; the!resultiqg_ p-ys—l/T curvye
was consiétently below the experimental curve. -The values:of in the #anée
0 to -0.1 could not be used.to reproduce‘either the-I(Oo)-QSfl/T aof fhe‘ |
p-vs-1/T curves. .Some‘of the values of 8 1in the range 0.7 to O led to

B2 ;-F,' , and F.)" which_reprdduced both the experimental I(OO) curve and;,

2 2

except for one value, the p curve. The results are

l‘“Nl - 0.95 o..'zo , S‘ - 0.034 £ .03k.

The limits of error were obtained as mentioned previously.  Egquation (8), the
experimental angular distribupion, is in agreementiwi§h‘th¢se values.

The loﬁestftempérature'va;ue of p, Fig. 13, does not fall within
the cal;ulatedilimits. This experiment vélue for p, statistically speaking,
canA;ssume a broader range of values than any value for p at a lowgr 1/T.
This is because the_statistical counting error involved in.measuring'rN has
a greater effectvon the total error in p (not shown in Fig. ;3) as N deviates
further from unity. In fact, the total error of this highest-—l/T_experimental
Value‘for pvdaes Jjust include the upper theoretical curve (solid'line) of
Fig. 13. | |

For the range o >8> 1, the results obtained are

IpN[ = 0.60%.10, o > 8> 4O.

»
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Figure 10 shows the resulting I(O?)-vs-l/T curve for IuNI = 0.60 and & = .
Figure 13 shows the corresponding p-VSfl/T curve. We cannot rule out this
combination of My and B fromnpur_data. Both Coulomb exciﬁation»experi-
ments (which.showed no 166-kev r-ray)?9 and recent high-precision conversion
electron data,3o however, indicate that the transition is prédomiﬁantly'Ml,
and thus rule out this latter combination. | _

Spin sequences other than 3/2 (iﬁ) 5/2 (ML, E2) 7/2 may easily be
ruled out. The anisotropy of the 166-keV y ray excludes a spin 1/2 for either

139

the Ce ground state or the 166-keV level of Lal39. The sign of the observed

anisotropy excludes the sequence 3/2 (iB) 3/2 (B2) 7/2 as F,(2,2,7/2,3/2) =
39

-0.1429 and U, > 0. . The log ft value for EC decay of Cel is not consistent

2
with the sequence 3/2(i5) 7/2.(M1,.E2) 7/2.

The results for Ce?L39 in CMN are in fair agreement with these con-
clusions. A theoretical curve may be fitted to these data (Fig. 1l)to give
the hyperfine structure constant'B = 0.0l7iO{OOh_cm_l. Comparisonvwith
Eq. (6) yields [le = .68£.1k nm. The hyperfine structure was large enough
to allow partial saturatioﬁ of the nuclear orientation in th%é‘lattiée. Thus
there is some structure in the curve in Fig. 11, and-it is possible to deriye
the anisotropy coefficient,.G2U2F2i= + O.;O6i0.0ll, independently, from the
directional anisotropy alone. We have written fhe attenuvation factorv G2 s
familiar frbm_angular correlation theory, in anticipation of our interprefation.
It is possible that somerattenuatiqn of the orientation takes place ip the
1.5 nseé 166 kev state in Lal39 in the CMN lattice. .If s0, the effect would
be observable in a lower yalue.of U2F2:derived from this experiment than from
the NES experiment, where no attenuation is expected.l2 This appareﬁt U2F2
can be termed GéUze, which can then be compared with the known UZFZ from

the NES experiment to give G Unfortunately U2F2 was not determined

o
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accurately in the NES experiment, because no appreciable saturation of the

nuclear orientati;n was obtained. In fact thé NES experiments yi‘eld“'a”’UBF2
in the range 0.10 to 0.17 and comparison gives 0.6 ﬂs Gé-‘S "1.0.°

A more precise Valﬁe of G, may be obtained by requiring that the
magnetic moment be the same in the tﬁo.experiments; While this procedure is"
not without pi%félls, it seéms worthwhile, if dnlj’to‘eStablish & most.
= .148,

- probable value for G, . Assuming pg = 0.8 nm we find (UZFZ)NES

— . - ) +0.10. . Lo . .
(G2U2F2)CMM .083, and G, 0.56%0.10. This value is derived from.the
CMN data at 0.01°K. It is likely that the effect is temperature-dependent.
Our data are not accurate enough to permit a detailed discussion”of this
effect, especially considering that it is first necessary to separate the

37m.

effects of spin-spin interactions, discussed under Ce It does seem

possible to conclude that, in the CMN lattice, there is an overéll-attenuation
of the nuclear orientation. This should be'distinéuiéhed fromvCel37m;'in
which thefe was little overall attenuétion in‘the CMN lattice, but - the tem-
peraturé dépendence of the data could not be_fftted b&‘cﬁrves‘derived from
the simplé spin Hamiltonian. The precision available En'these experiments
was not sufficient to study attenuation effecis propérly, and our conclusions.’
must bé considered somewhat tentative. It would be interesting to study ‘these
effects ﬁuch more cafefully, and an experiment is being designed for this
purpose. 7 |

y“In view'éf the (abparently temperafure*depehdenﬁ) attenuation presént

in CMN, we chose to give no weight to the maghetic moment deriVed'therefrbm,

L}

and we therefore adopt the values of My and O obtained from the NES data.

Wé note that our results for Ce139 in CMN are in reasonablé agreement

with the work of Ambler, et al.zo
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’Celhl

The decay scheme of Celul has been extensively studied by many authors.

The results published prior to February, 1958, are summarized in the "Table

of Isotopes".3l More recent results, cited below, are consistent with previous

cnes and lead to the energy-level scheme shown in Fig. 15.

41

An £ orbital was assigned to the ground state of Cel on the

/2
basis of its measured spin of _7/2. The measured spin of 5/2 for the ground

141

state of Pr lead to the assignment of a d orbital to this state. The

5/2
141

ML character of the y ray from the 1h2-keV level of Pr
41

led to the assign-
L1

ment of a g7/2 orbital to this level. The Ndl to Prl f-decay measure-

32

ments by Polak et al. are consistent with these spin assignments. The

K-conversion coefficients of Joshi et al.33 and the 1.9\1_.2 ><'lO-9 -sec
' !

L1 o

lifetime of the 142-keV level of Prl s és determined b&EDeWaard and Gerholm,
indicate an Ml character for this r‘ray. That Heydenberg and Temm¢r29 did
not observe a 1lh2-keV Yy ray in Coulomb excitation work on Prlul strongly in-
dicates that the E2 admixture in this transition is small. The outstanding
exception to all these conclusions on the ML character of thé 142-keV y ray
is the work of Cook.-? He found o = 0.405%.01. This vas inferpreted as

evidence of predominantly an EZ transition on-the basis of his extrapolated

curves for o and 51 , based on the English edition of Sliv and Band's values.36

[}

Cook quoted his extrapolations as giving @, = 0.42 and Bl 0.435. Using

2
extrapolated curves37 based on the same source,IWe found az = 0.425 £ .010
and Bl = 0.405 % fOlO. Comparing'theSe values with Cook's experimental
value for ak‘ gives the expectédvpredominance of Ml, not E2, character

for the 142-keV y ray.

The CelLLl source used for these experiments was allowed to decay for

30 days, so that the Celu3 activity would be absent from the y-ray spectrum.
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The resulting y-ray pulse-height specpgum obtained then showed only the:
| o 8%
142-keV activity. This spectrum is shown in Fig. 16 for I(0°) and in Fig.

LdL
2 Yo pupdas vanah sdT
17 for 1(900), in NES. 1In both flgérestcthe chagée(of 16%%n§§%’2 ith tem-

. - o XT3 ey F e Page [ vl any anT

perature has opposite signs for the‘lwé KEGOSi Q and “for “EhE ‘o %oﬁidls “
’ : I .
LL.”a'cptnaI 20
polarized ¢y ray's beéing

tribution around 100 keV. Thls effect 1s%i&gd€ gfﬁqﬁﬁ SAPY

T wrryye & 1 1
Compton-scattered from the ‘source crystal (lS g?ﬁmsgg?nneodﬁﬁlum ethylsélfate)

and frbm the glass walls of the apparatus. Thlséﬁﬂenomé fon may“ﬁrové‘to be

1 Hevyegsym a5l aad
more accurate means of determlnlng the plane polarlzatlon of Y rays than the

2 J4"" e atsy
conventlonal polarimeter for energles ‘less than about SOOPﬁEV Thﬁs 55 Erue

2

(D{‘?

Y oy i
. because the counting rates are greater by orders of magnltude thans'vglthgl M

"\ ""'rr”’

polarimeter, no coincidence circuit being required. - A quantltatlve expre551on

Im* v

for dealing with this effect is currently under preparation..ﬁr &€ phen nEmENnS 'jﬁ

ool P

holds promlse for both nuclear ‘alignment experlments and angulaq Srfelation”

Yo embiat Ll
. experiments.

TRDIA

The intensity I(0°) of the 142-keV y ray of'Prlh'l as a functich Bf”
1/T is shown in Fig. 18. This angular distribution at 0.02°K was found to 2

be
1(6) = 1 4'(6.1701 {oo6j P, (cos e)i )

A P, (cos 6) term was not indicated by the data.
For the 1lL2-keV transition of Pr;kl, the unobserved preceding f
transition for the. sequence 7/2(iB) 7/2 gives U, = 1.000 and U = 1.000 |

for a pure i, = 0. transifion; for’a pure iB = l transitiqn, ,UZ = 078096 w

B

and U, = 0.365. ©On the assumption for the moment that iﬁ = 0, Eq. (3) .

becomes, for the spin sequence 7/2(0) 7/2 (ML, E2) 5/2.
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=
—~
D
~—
1}

% +F, (1,5/2,7/2)BZP2(cos 9) +‘Fhf (1;5/2,7/2)Buru(cos 6),

(12)

1+ 3,[(-1/2)F," + 35,"] + B, [(3/8)F," - (15/2)F,"]

p'= (13)

1+ B,[(-1/2)F," + 3F2"'] + B, [(3/8)F," + (15/2)F,"]

The value of p as a function of l/T is shown in Fig. 19. ©Six measurements
were made of N and used individually to calcuiéte P Vs l/T.
The boundary conditions on ® were found to be

F,' >0 ‘and F," > - 0.039

for luN|<§ 1.91, the Schmidt limit (it was later found that a larger moment
would require saturation of the nuclear orientation at a véry high femperature,
and wouldn't fit the data). By.using-Fig. 20, two réngeé for .6 was found?
0>8>-0.7 and 0.2 >5> 0. . No solution could be found for the first
range. The small value for IpNI required for. ® 1in this region gave a B2
such that the I(Oo)-vs-l/T curve of Fig. 18 could not be reproduced with
regard to curvature as a function of l/T. In a,dd.ition‘J the corresponding
p-vs-l/T curve always fell below the experimental curve. -

The values of O 1in the second range, using Eq. (12) énd (13), which
satisfied both the experimental I(0°) and4p curves, gave

luyl = 1.30 £ .20, & = + 0.066 t .022.

Equation (11), the experimental angular distribution, agrees well with these

values. No Ph (cos 8) term was seen experimentally, because of the small
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2
)

F' o= F, (2,2,5/2,7/2) = 0.002.

b 1482 b - L _

... The above results are based on the assumption that the beta
transition is pure iB = 0. TFor a pure i5”= 1 trensition, Eq. (12)

becomes

1(6) = 1 + 0.809 F,'B,P, (cos @) + 0.365fEu'B4P4 (cos 6) ,

and‘Eq. (13) undergoes a corresponding change} The solution in this case

is

ugl = 1.60 £ .20 5 = 0.66 % .022.

These values could not be used to reproduce the experimental I(0°) and p
curﬁeé.aélﬁéll as in thevcase of fhé -{é = O‘;dlugion:  A moment‘th;s iargé‘:
ﬁntroduéés a curvatﬁré iﬂ‘ B, és a function~6f yi/T tﬂat iies ou£si&é the
stétistical error'of'the.ﬁeaSﬁreﬁénté. .Thui we boncludé that the beta trans;'
ition'is predominantly .ié ; 0. A mbré concfeté indicatiohvis the.meésure-m
ment by Kea;ie et al.h éf'the magnétiélhypéffiﬂe'éoupliﬁg éqﬁétéﬁf Of Celul
by parémagnéfic reSpnanceffd éiye‘(ﬁhen'cérrééféd té Juad and ﬁiﬁ&gfeﬁ;é

: p‘rq' ¢ ° e

This value is in good agreemeﬁt with the vélue for 4|pN['.foﬁnd in.our'ekpéfi;
ments for i_..= O, and is independent of the beta transition involved in the

141

decay of Ce Theréfore it can be concluded that the 7/2(16)7/2'transition

is predominantly an ’iﬁ = 0 beta transition.

¥



-25- | UCRL-10242

6
Cacho et al. obtained nuclear alignment results for Ce:,L_l"l in a

neodymium ethylsulfate lattice. Their findings (corrected to Judd and
17

Lindgren's values™ ' for (rd3)) were

1,

0.99 * .26 for i

. 5

© = 0.08 £ .02.

0.87 % .21 for i

I
O

iy, 5

These resultskfor luN| are somewhaﬁ different from ours. This can be at
least partially explained by the somewhat smailer anisotrgp%?s which they
observedf _ _
Sbin sequences other than the 7/2(i6)7/2 (ML, EZ)S/Z seq#ence used
in interpreting our data seem highly improbable. The only spin involvéd in
the decay that has not been measured is that of the lﬁZ-keV‘levelugf frlul-v
This cannot, on the basis of the anisotropy of the 142-keV y ray, be spin
1/2. The experimental log ft values indicate a first—forbiddep, I=0o0rl,
yes. transition. Thus the spin is unlikely to be 3/2 or 11/2. The sign

of the measured anisotropy definitely excludes a spin of 9/2, for this gives
. . :

2
The remaining possibility is a spin 5/2 for the 142-keV level. - Evaluating

>0, U, >0 and F2(2,2,5/2,9/2) = - 0.4325, Fh(2,2,5/2,9/2'= - 0.2684.

the resulting boundary cqnditions fo:»ﬂa g;ves  F2’ >0 and'.FZ" > 6. Two
ranges in O result from fhis. Fér thé first range, » >9® > 5.6 (thus
predominantly an E2 transition), there is no solution for [le-s 1.91, the
Schmidt limit, as in Fé' 2;6.2& is requiredlté.rebroduce the experimental

I(OOJ and p curves. However, the theoretical maximum for 'FZ' is 0.19.



-26- UCRL-10242

For the second range -E.E >>6>;-® (predominantly an E2 transition), there
also is no solution for 'HNI £ 1.91. The experimental curve-of I(0°) can
be reproduced, ‘but the-p-vs—l/T curve cannot. The highest possible 'p value
calculated from this range of & is p = l.6l-at[l/T =50 Figurefl9 shows .
that this value is completely outside our experimental values. :Thus, we can
uniquely assign a spin of 7/2 to the th-keV_letel of“Prlul. The shell model .
‘is in agreement with this result.

38

- Sapp and Strohm”  have recently reported a nuclear alignment experi-

ment on.Celhl in CMN in which they found an angular distribution I{8) =

2
G U F,' = 0.174%0.015. Using, forhcbnSistency, the'nagnetic moment of 1.17 nm

1+AP, (cos8), with A, = (+o.169io.015)32. -After correct;ons this yields

272 2
which is obtained from the work of Kedzie et alu,'together with the calculations
described in Sections 3 and L, ve may derive a value of 0.88 for -B, in NES .
at 0.02%K. Comparlson with Eq. (11) ylelds UZFZ = + 0.193*0.010, in rea-
sonable agreement with the above result. Thus G2 is abent:unity in this case,

and there is .no ev1dence for attenuatlon in.the CMN lattice;

-39

Thetdecay scheme of Ce143 wa.s studled by Martln, et al. Pl whesznnd
a promlnent 294 keV r-ray transition between states at 351 and 57 keV (Flg
21). We have studled the dlrectlonal and polarlzatlon anlstropy of this
r-ray following the decay of Ce u3.oriented in a crystal of NES. " The results
are shown in Flgures 22 and 23 - | T o
The data avallable on the level scheme of Pr u3.are far too'in—
complete to allow a unlque 1nterpretat10n of the nuclear allgnment work

Nevertheless certaln conclus1ons can be drawn.
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. The angular distribution of the 294 -keV y-ray at'O,OZOK is
I1(6) = 1+ (0.045 % O.OB@)PZ(cos ), and at the same temperature € 0.6. From
Eq. 4 it can easily be shown that the two results require .Fz' ‘> O,A
Fz" g'2F2'. This combination is possible in a mixed ML-EZ transition gnly
if the spins of the initial and final states are the same. In Fig. 24vthe
range of © which fits these data for the spin sequence Y/Z(Ml,\E2)7/2 is
shown. Thus we may conclude that the 351 and 57-keV states have the same

spin and that the 294-keV transition is mixed Ml and E2 with B g’-0.8.

These data'further'reqpirg that py s 1 for Celu3.

On a more speculative level we might try to assign the spiﬁs of these
excited levels of'Pflu3 as follows: States with spins 7/2+ and 5/é+ (mominally
g7/2 and d5/2) océur in several nuclei in this region asvthe ground statg
an; the first excited state. Because the gfound state of'szlu3 is known to
have spin 7/2(40), it is reasonable to assign 5/2+ character to the 57-keV
sﬁate. From’the alignment data the 351-keV state would then also be 5/2#.
Ehe spin and parity of Cel)-l'3 is expected to be 7/2-‘from nuclear systematics.39

If this assignment is correct the absence of f-decay to the ground state

1
of Pr 43 is very surprising.

DISCUSSION

‘Most of the results and conclusions are-summarized in tbe abstract.
It is interesting, -however, to.compare the magnetic moments of these cerium
N v
nuclei with theory. The apprqpriate theoretical-model .in this case is the
nuclear shell model;‘modified to -include configuration mixing, by Noya,

Arima and Horie.® Using first-order perturbation theory and estimates of

two-body interacfion'strengths.determined'from empirical data on pairing
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energies, these authors have éalculated the departure of magnetic dipole
momeﬁfs from the Schmidf limit due to cOnfiguration'ﬁiiing‘between
3= 4+ 1/2 and 3y = - 1/2 orbitals. On the bagis of this model; they -
have calculated magnetic moments for about 100 near-closed shell nuclei. - - ”
Their calculated results generally agree with experimental magnetic moments
to within 0.3 nm. Table 3 shows a comparison betwen the -luN] (exp) from
the nuclear aligrnment results agd the p (calc) for both the Schmidt limit -
and the configuration-mixing moaél. |
The proton'configurations given in this table: represent those protohs
outside the Z = 50 closed shéll. The zeroth-order neutron configurations

given for Cel37m;'cel37, and Cél39 represent thoseé- néutrons outside the

’Néso‘élosed sheil and the lg7/2 closed subshell. The-neutron configurations ;
39

given for Ce ‘and Ce H1 represent those neutrons in the 1h subshell .

11/2
and those outside the N = 82 closed shell.  The excitation mode of the

neufrdn:given in this table illustrates the configuratibn mixing between

j =4+ 1/2 and jl”=12:4 1/2 ‘orbitals. The protons cannot be excited
within the framework of this model becausé both the lg9/2 and lg7/2 :
43 ’

subshells are filled. With the exception of Cel , only one mode -of

excitation is possible for the neutron configuration of edch isctope. In .

08143

, two excitation modes are simultaneously possible: the lhll/2 _%;>-lh9/2
/2 T = 5z

calculated on the basis of the zeroth-order neutron configurations. .The

3

and 2f modes. The'Séhmidt limits, uN(calc), were
configuration-mixing model magnetic moments, uN(calc)L.were gglculaped on -

the basis of the excitation modes of the neutron for two Valpes of C, the,;_ -
ratio of an experimental neutron pairing energy to the prqduct_bf (J*l/z).._

times Ail/z times a harmonic oscillator radial integral. For nucleil

between- Z = 8 and Z.= 84, C ranges from about 30 to L0 Mev.
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The rather good agreement, within the limited accurﬁcy of both theory
and experiment, furnishes more sui)port for the essential validity of this
calculation. Of course pairing correlations will modify‘ the nuclear wave-
function_s somewhathl. but will prdbe.bly not affect the calculated moments

greé:tly.



Table 3.

Comparison between theoretical and experimental p‘N

Neutron Excitation ' py( ealc ) (am)
Prot figurati d .

Nucleus configﬁr:r’;ion E‘Zne‘r;%}\trgrégg) :zuirgg SCl:mn: at C=30 C= co o

137m 8 6 L 11 11 )10 T Limit % MeV uy | (expt) (nm)
Ce (187/5) (28 75)7(2a55) (10 1) (3hyy fp) " —— (1hy, )" (10 ) 19T -TT -1.01 LN'L6_—)_O.9 E 0.09
ce™ (137/2) (2d5/2)6(2d3/2)k(331/2)2(1h11/2)9 (”‘11/2)9 —_— (1&111/2)8(1119/2)l -1.91 -1.29  -1.19
cet?7 (18,,) (2d5/2)6(2d3/2)3(1h11/2)12 (anyy )P (any ) Hang 1)t .05 40.97  40.9%  T0.90 £ 0.15
cel?7 (1e7/5) (2!15/2)6(2d3/2)l(351/2)2(lh11/2)12 (2d5/2)6(2d3/2)1 > (2d5/2)5(2d3/2)2 415 w082 078 i
................... --- - SR e e 3
cel?? (137/2)8 (2&5/2)6(2113/2)5(551/2)2(11:11/2)12 (1hll/2)12___> (lh11/2)11(1h9/2)1 +1.15 40.97  40.9% 0.95 ¢ .20 '
Cell‘l (137/2) (11:11/2)12(21"7/2)l (11111/2)12 > (11111/2)11(1119/2)l -1.91 -1.48 -1.b1 1.30 ¢ .20
ce' (187/,) (any, 1) 822, ) (any ) Bet ) > 191 -2l -1.10 1.0 0.3

11 1 2 1
(ahyy ) (amg pp) 7 (2E, ) )" (285 ) .
cel3 (28, 5) (11111/2)12(1119/2)2(2f7/2)l (11311/2)12(1119/2)2 . (11111/2)3-1(1hg/2)3 -1.91 -1.58  -1.51
»
T % . .
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MU-24855

Fig. 1. The parameter R as a function of incident y-ray energy.
The solid curve (a) is for 8=80°, A®=An=T0°. The upper (lower)
dashed curve is for 5=80°, AB=M=63° (77°). The solid curve (b)
is for 8=80°, AB=An=0°.
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The decay scheme of Cel37m
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Fig. 3. Linear polarization of the 255-keV y-ray from Cel
For clarity the experimental points in each temperature range have
been averaged: the shaded area denotes the temperature range and

the total error in p.
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Fig. 4. Intensity of the 255 keV y-ray from Cel37m
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oriented in CMN,

as a function of reciprocal temperature. The theoretical curves

are for [uy| = 0.92 mm.
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Fig. 5. Angular distribution of the 255 keV y-ray from Cel37m in
CMN, at .OOL3°K. The curve shown was fitted to the data. The
theoretical curve, based on uy=0.92 and the decay scheme in
Fig. 2, is 1+0.63 PZ + 0.07 P),. :
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Fig. 6. I?tensity along the crystallini.%xis of the 4i5 keV y-ray
of La 37 following the decay of Ce 3 oriented in NES, as a
function of temperature.
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Fig. 7. Difference between the intensitiés along and perpendicular
tolgl}e c axis of the L45 keV y-ray of Lal3T following the decay:of
Ce oriented in CMN, plotted against reciprocal temperature.
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Fig. 9. Gamma ray spectrum from Lal39 following the decay of Ce139
in an NES lattice, taken along the crystal axis. The dashed
curve represents the spectrum at 0.029K, the solid curve that
at 1.3°K. Note that the anisotropy on the Compton peak is
opposite to that in the photopeak, due to right-angle Compton
scattering of the plane-polarized radiation at § = 90°.
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Fige lOi Intensity of the 168-keV y-ray of Lal39 following the decay of
Ce 3 oriented in NES, along the crystalline c axis, as a function
of reciprocal temperature. ,
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Fig. 11. Intensity difference, along and perpendicEggr to the axis,
of the 166-keV y-ray following the decay of Ce oriented in
CMN, as a function of reciprocal temperature.
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Fig. 12. Angular dependence o{ éntensity of the 166 keV y-ray
following the decay of Cew>” in NES at 0.02°K, plotted
against P,(cos ). The linear relationship indicates a

pure P2 dependence.
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MU-24851

Fig. 13. Temperature dependence of linear polarization of the
166-keV y-ray following the decay of cet39 oriented in WES.
The solid theoretical curves are for predominantly dipole
radiation and py=1.15 nm (upper) and py=0.75 mm (1ower).
The dashed curve is for a pure quadrupole transition with

p.N=O.6 nm.
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Fig. 16. Gamma ray spectrum from Ce141 oriented in NES, taken
along the crystal axis. The solid curve was obtained with
the source at 1.3°K, the dashed curve with the source at 0.02°%K.
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Fig. 17. Similar to Fig. 16, but at 90 from the crystalline c axis,
Note the opposite anisotropy of the Compton peak, explained in
text.
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Fig. 18. Intensity along the ¢ axis of the 142 keV Y-ray of Pr

following the decay of CellLl oriented in NES, as a function of
temperature. The theoretical curve is for'uN=l.3 nm.
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~Fig. 19. Temperatufe dependenfilof polarization of the 142 eV Y-ray

following the decay of Ce oriﬁnted in NES. The theoretical curves
are for nuclear moments (for Cel*l) of 1.5 mm (upper) and 1.1 mm
(lower). The shaded area represents the extent of the totdl limits -

of error in p (vertical) and the total temperature interval over

which each measurement was taken. The actual experimental uncer-

- tainty in the average l/T for each temperature is only about 3 units _
in l/T, and the data could be represented by shaded areas of that width. .



-54- UCRL~10242

I |
1
-2 — F3 (1 572 7/2)

— Y (1 52 w2) §>0

Fp (11 5/2 7/2):40.3273

o ¢ F2 (12 5/2 7/2 )=~ 0.9449
| F<° Fal22 5/3 7/2)=—o.o779__
10-2 107! 10° 10" 102

MU=-24846

Fig. 20. Plot of the F parameters for the sequence 5/2 (ML,E2)7/2.
The shaded area is allowed by our data for this sequence .in Prlul.
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Fig. 21. Part of the decay scheme of Ce 3. Level sequences and
3 is from Ref. 4O.

energies are from Ref. 39. The spin of Pr
The other spins are tentatively assigned by us from this work and

shell model systematics.
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Fig. 22. Intensity along the c axis of the 294 keV y-ray of Prt
following the decay of Cell*3 oriented in NES. The theoretical
curve is for M= 1l nm.



| y ; .. ' -57- UCRL-10242

0,4 —

006 o

Y

0.8

1/T. (°K™")

MU-24850

Pig. 23. Temperature dependence of linear poﬁarlzatlon of the -
. 29k keV y-ray following the decay of Ce oriented in NES.
< o . The curves are based on &(E2/Ml) # -.8 and py=1.3 (upper)
and 0.7 (lower), with the initial (351 keV) and final
(57 keV) states both ha.v1ng spin 5/2 or 7/2. ‘
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the sequence 7/2(M1,E25772. The shaded areas give the range

of ﬁllowed by these experiments for the 294 keV transition in .
Pri*3, As might be expected classically the sequence 5/2 (M1,E2)5/2 v
gives an "F-plot" almost identical to this one: in fact, this latger

sequence fits the data equally well.
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such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



I

. DT o g




