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THE NUCLEAR ORIENTATION.OF 253Es IN NEODYMIUM ETHYLSULFATE
A. J. Soinski, R, B. FrankelT, Q. O.‘Navarro++, ahd D. A. Shirley .
Lawrence RédiationﬂLﬁboratory |
University of California

Berkeley, California 9720

April 1970

ABSTRACT

‘ Einsteiﬁiﬁm-253 nuclei were oriented at ioﬁ tempefatﬁres in a neodymium
efhylsulfaté‘iaﬁﬁice; Frbm thé temperafure-depehdent"alpha particie angﬁlar
distribution'a ﬁu§lear magnetic moment W = 2.7 % 1.3 nm was deduced.  Froﬁ.thé
values for the angularvdistributioh function at the 1¢ﬁest temperaturesvit-was
poséible to_tést.the predictiohs of the Mang shgllvmodel_theory.for the relative
Vphases and émpiitudes of the alpha partiai waves, As pfedicted, the_wéves of
angular momeﬁtUm’L = 0 and 2 are in phase and the L = 0 and 4 Wéves are out of
phase. The ?rédicted wave amplitudes are in error, eépééially that qf the L=
wave. The prédicted relative intensities (which are proportional to the ampli-
tudes square&);fpr the S, D and G waves are 1.000/0;175/6}0058 wheféas the

experimental relative intensities are 1.000/0.216/0.008k.
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 INTRODUCTION
“An élpha particle emitted by the ground state ofian éven—even nucléus

haé‘é unique ahgular moméntuﬁ, L. ‘Thé parent nucleus_héslli = O; and angulaf'
mbmentum'conservation requires that the daughter energy lével populated_by the
élpha particle}éhéuld have If = L. ‘For odd—odd‘or odd mass nuclei, Ii'# 0 and
variogs values of L are geherally permitted. On thé basis of angﬁlar momentum
conservation, Spiersl predictedvthat‘anisotroPic alpha'éarticle emission wouldv
take place frbm'oiiented nuclei. ‘Subsequent nuclear ériéntation experiments
confirmed'thi$ prediction and alsd yieldéd inforﬁatioﬁ;about the relafivé ampli-
tudes and pha$§é_bf_thé:observed alphs partial waves. | |

. Hill‘and'Wheelere made the first quantative ésfihate of enhanced alpha
:particle emiséion from the poies of prolaﬁely deformed spheroidal nuclei..vTheir
reasoningvcap bé‘understéod Witﬁ<the aid.dvaig.'l. ‘They assumed a.ﬁniformv
probabiiiﬁy of alpha pérticle formation within the nﬁciéét volume. If the,bérrier
"set upvby the femaining nucleons is simply coulombic 5eand a given radiﬁs, then
’ this barriér is Both thinner and lower at the pdles than it is at the eqﬁator,"
énd tﬁhneling‘is;greatly‘enhanced atrthé poles.r For moderate nuclear defor- '
mation-they.predicted.a‘sixteen—fold increase of alpha particle intensity‘frqm>
the poles ovér.that from the equator. EOWever, the anguiar distribution of_ 
nuclearvradiéﬁions is determined primarily.by the reduirément that angular momen-
tum bejconséf;éd in the nuclear decay. The greatly éﬁhanced polar emission pfe-
- dicted by Hill:énd Wheeler could occur only from a nucleus with a large Component
-'df angular moméﬁtum perpendicular tg the nuclear symmetry axis. -

3-5

Robérts, Dabbs  and co-workers "7 were the first to test the predictions

of Hill and Wheeler experimentally. They oriented 233U and 235U in single
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crystals of UOeRb(N03)3 and 237Np in singlefcryStalsyof Nposz(NO3)3. For all
three nuclei they_observed'preferéntiaiwemission perpehdiéﬁlar to the crystaliine

c-axis. In the ?37Np case they were sble to establiéh that the nuclear spins

also tend to orieﬁt perpendicular to the c-axis. TheSe:fwb'facts-taken together o
imply preferential emission along the nuclear spin vecﬁofv(i.e., from the poles),

thus confirming the predictions of Hill and Wheeler. - The data for the uranium .
| | o 237

. isbtopéé are ¢onsiStent with this interpretation of the- Np results, aithoughv

for uranium fﬁe'&irection'of orientation wasvnot established directly. Chésman.
ahdiRasmuséen6fhé§e discuésed the difficulties.in,inferprétiné thé.233U déta;

‘ ;Navarré'éﬁ_§;.7 aligned friValent 2h9Cf ih a single crystal of hébaymiﬁm
evthylsu‘.lfa.te.. _ﬁd(béHssoh) 3" 9H,0, vhich we shall -abbrévija;te:v_b‘.eldw as NES; Navarro
et al. and aiso frankel8 aligned 253Es in NES. For bqth isotopes the prediction
Qf Hill and Wh;élér was confirmed: préférentiai,alpﬁa.particle emissidh from
‘the nﬁqiear §§iés was obsefved..,Preféréhtial.polar emiééionzin these cases
reflects thevfaéf'that the S and D alpha waves (éopfe;ponding to ofﬁital
angular momen.ta."L:'= 0 aﬁd "2) are in phase; wﬁile préféréhtial equatorial emis-
sion-wauld iﬁplyrthat the S .and .D waves.were out'6f éhase. In this paper: 
253

we report an extension of the Es nuclear orientation studies to determine

the relative phase of the S and G (L = L) waves. In a future pépér nuclear

orienfation7studies of 2hlAm and 2%°Fn in NES are reported.
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THEORY

Nuclear orlentatlon has been treated in a number of review etr’ucles,?-':.L3
and we,shall diseuss only those aspects of the methOd‘that are especially
pertinent to”elfhe‘pafticle angular distributions. The angular distribution
function 1s essentlally a consequence of the law of c0nservat10n of angular

momentum applied;to nuclear radiations. .For alpha particles the angular

distributibn_funefion’can be written as

Ww(e) ;4 1 + Z z La.L, cos((bL ¢L.) b, (LL'I I, )
S k>0 L,L'

: F, (LL'I I, ) B, (I ,T) P (cos 9)/Z o ) (1) 

Where'7aL ‘is the relative amplitude and ¢; the relative phase of the

.L-alpha wave;.TThe perameter 'Fk is familiar from Y-ray angular correlation

theory, and " bk(LL'IfIi) 'is a particle parameter which reflects the fact that

~alpha particles are spin-zero bosons. Only even-k terms ere_nonzero for parity-

' conserving processes.

k
the pbpulations'of the nuclear magnetic substates. They contain all the solid

The Qrientation parameters B are statistical tensors which describe

state physics information, and the entire temperature dependence, in W(6).

The ka's afeﬂthe Legendre pOlynomi&lsfuith the angle 0 measured between

-,thevcrystalline.c—axis and the direction of alpha particle emission.

Because the product of the partlcle parameter and an F coefficient:

'vls proportlonal to the product of a 3j symbol and a 6j symbol
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) 17 : t =
b, (LL I:Ii) Fk(LL I.I)

(2).

I _ ./t wrk\ (L L k)
(-1) & T f(awea)(antea)(ar a1 (2xe1) | | ,

o R . : 6 0 0 I, I, I

. S v 1T f
the angular distribution cen be'written as

w(e) 1 + A, (LL'I I,) B,(I.,T) P (cos 8)

| + Ah(LL IfIi) Bh(Ii,T) Ph(ccs 8) | . - (3)

which shows that each angular distributlon coefficlent can be factored 1nto

two terms. The‘summatlon over k is restrlcted to k = 2 4 for thls case
because A6(LL I, I ) is 1ess than 0.02 Ah(LL'I I, ) and hence can be neglected.
Higher order terms are zero because of the properties of the 63 symbcl. The
Ak term depends spec1f1cally,on the decaying nucleus,pwhile the Bk 1term
depends on both the (hyperfine) interaction of the.nuCleus with its enrironment
and the temperature. We will treaththesevtuo terms.in:crder first considering.
the alpha decaylng nucleus and then con31der the SOlld state aspects.

The conServation of angular momentum restricts 'L to

I, -1 | <§L I + I where I, a.nd'...If bare_the spins of the parent and
daughter nucleus respectively. The‘censervation'ofhparity further'restricts
L to even (oddi values if the parent and daughter have the same (opposite)
parity. The,relative amplitudes of the alpha’waves.can be obtained from the‘

reduced transition probabilities calculated according to the prescription of

Bohr, Framan'and Mottelson,lh which we will abbreviate below as BFM. The
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projection K of total angular momentum along the nuclear symmetry axis is

nearly a constantfof motion for most spheroidal nuclei.‘ For odd-mass nuclei,

- ‘transitions for which AK = 0 are favored: these tranSiinns do not involve

the last_odd:nueleon and do not'require.fhe breaking of pairs. Mang gﬁ_al:lsv_

- have shown thatvpairing correlations have a decisive ihfluence on alpha decay

transition rates.
As afc0nsequence of the Wigner-Eckart theorem ﬁhe transition matrix

elements for a glven alpha partlal wave populatlng varlous rotational states

of the daughter w1ll vary, according to the BFM model, as the ratio of Clebsch—

Gordan coefficients. The reduced‘transition probability or decay constant

2n?2

A = = willtthen be proportional to the product ofi(the.Square of a

t1/2
Clebsch-Gordan coeff1c1ent) times (the reciprocal of a hlndrance factor: averaged

from neighboring even—even nuclei) times (a barrier penétration factor). The

predicted parfial wave intensities for the favored ﬁfanSitions of'253Es are

given in Table I. A partial decay scheme, as adapted from Ref. 16, is given

in Fig. 2.

‘The BFM prediction is exact only in the limit of infinite nuclear

" moment of inertia and vanishing nuclear quadrupole moment. Because the

actinides typiéally have large quadrupole moments, deviat‘ions from the

_BFM'predictions;are-expected._'More accurate values for the decay constants »

-and hence for the partial wave amplitudes can be obtaiﬁed by solving either a

threeedimensional non-separable Schrodinger equation or a set of coupled

differential'eqUations for the radial wave functions. Mang's shell.model

17-19

theory of alpha decay has been used most extensively for the calculation _

of decay constants, and therefore we will not con31der other
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Bk (BFM).
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‘ions to the favored

o

Final state

energy (keV)

.Final state
- spin
and parity

band in

L0(4) 1e2(8) I=M(B) ) (F) Expt.(%)

0 .
41.7
93.8

155.8

229.3 -

  *,7/2+
: 11/2+
fﬁ;i3/2+

: ﬂ'15/2+

79.6

10.0
- 5,92
0.88

0.127

0.267

'0.083

89.T 90

6.2k 6.6
115 0.85

0,083 0.08

0.0083 © 0.0083 0.01k -




v

differential equations that have been performed.

(more exact but less. extensive) direct numerical integrations of the coupled
20,21

Mang's approach is esséhtially a'nucleon overlap model in that the
decay constant is. proportlonal to the probability that the wave functions

of the daughter nucleus and alpha partlcle are cOntalned in the wave function

of the parent nucleus. The shell.model theory of alpha-decay gives the‘decay

constant as the product of a reduced width YI 1L Wthh contains all information
T
about the alpha formatlon process times a penetrablllty factor P (e) which

_accounts for the penetratlon of the predominantly coulomblc barrler by the alpha

particle. Thus

YR jz: P (€) YI L | W
11, : f ‘ ;
f L

where € is the alpha partlcle kinetic energy.

The penetrablllty factor is usually calculated u31ng the WKB approx1~

.mation. The reduced width is glven by

oo hT ' ) 2 ' - : y
Vi1 o Rola(T;TebsR) o -

fL;RO) is & time?dependent prbbahility amplitude measuring the

where g(IiI
prOb&hility‘thatvthe wave function'cf fhe parent contains an'alpha pafticle-

. and s daughtef_of the specified gquantum numbers at a relative distance RO; it

is related fo.ﬁhe magnitude of the single particle wave functions at the nuclear

surface.
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-Détailg_ébéﬁt the calculation Qf transition prdbébilities are given by
'Poggenburgzz andfby Poggehburg, Mang and Rashussen23 (PMRSL-.An ebbreviated table
for the main aléﬁa transitions of ?53Es is given sas Table II. The intensities
‘were derived fréﬁifhé normalized transition probabilities given in Ref. 22. e
The shéli modéivtheory predicté relativevphases of the partial‘waves in addition
to wave amplifﬁdésvwhich are proporfionél to the équéfé:;oot of ﬁorm&lized )
transition pfdb55;11ties;

The féigtive phases of'the L?waves deéérve éomé éomment. As shown byj_'
Preston,e)+ tﬁé féiative phases can be obtainéd by the inwérd numerical
integration of‘fhé cdupled differential eqﬁaﬁions because of the requiremeﬁt
that the imagiﬁéry part of the wa&e function vanish at the nuclear surfaée
for a Quasiestééiongry state. This cdnditidn permitsktwo valueé for ¢L’
one near zerblénd'one near T. Brussard and Tolhéek?? §bhcluded that the . -

.phase shift éue;ﬁo penetratidn through the coulomb bérrier would shift the
S and D Waveskby less than l%,l Rasmussen and Hansépzl estimated-thét'_
beéauée'of the quadrubole coupling between the‘outgqipg.glpha‘particle and'the.
rotational stéféé of fhé deughter nucleus the D wévébiags the 8 waﬁe by
T° at infinity for the odd mass heighbors of 2h2Cm.

‘ The'éﬁédrupple phase shift is largest for a-ﬁeak wave coupled to a
strong wave, bgt-fortunateiy in that case thé,interference term ié small, Also
thélphaée éhift caﬁ be in eifher'direction so the shifts may tend to caﬁcel,

We will assume'that the waves are either exactly in phase or exactly out of

phase and hence cos(¢L - ¢L') =t 1,
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Table ITA. Intensities and phases for partial waves in alpha transitions to

the‘favored band in 2h9Bk (Mang ShelluModei”Theory).

I.m 5 D G I -f §£:(%)' Expt. (%)

T/o+  =83.47 - -8.9k 0.079 0.0002  .92.49 90

9/2+ ' -5.259 0.197 0.001 . f: 5.457 6.6
11/2+ -0.782 0.158 0.00b - - 0.9%%  0.85
13/2+ -0.050 -0.00k - 0.054 . 0.08
15/2+ -0.0050 -0.0017  0.0067 0.014
Table IIB. Intens1t1es and phases for partial waves in alpha trans1tlons to

' - the first exc1ted rotational band in 2h9Bk '

I ¥ H Z(%)- . Expt(8)
3/2- -0.39  -0.006 o.ko . . 0.8
5/2- - -0.57 -0.008 0.58 0.7
/2= ~0.33 ~0.0k 0.37 N ¢
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We noﬁ censider sbme solid-state aspects.of this research. The
similarity befweenvthe cheﬁical propertiee of the actiﬁides and lanthanides
implieé a sigiierity between the electronic structure_qf the acfinides and the
extensiie;y sfﬁdied lenthanidee; This‘similaritj was:ueed to facilitate data o -
int erpretatiori_, | | -

For a.free actihide ion J _remains a good qﬁepfum number althbﬁgh
L and S defhei'becauee the spin-orbit interaction eaﬁses a breakdown of
ﬁﬁseell—Saundere:eoupling. An intermediate COupiing'ceieulatior using extra-
polatedvvaluee;rer the electrostatic and spih-orbit ipteraction constants gave

3+ free.ien wa.vevfunction.26 It is 79% _5 8' ’In the lanthanides and

the Es
vactlnldes the spln—orblt 1nteract10n is stronger than the crystal fleld (cF)
interaction Which is in turn stronger than the'hyperfine (hf) interaction. A
CF of lower than cublc symmetry will partlally or completely remove the
(2J+1)- fold electronlc degeneracy of the free ion g1v1ng a serles of CF levels

which are in tUrn spllt by the hf interaction. .

‘The CF Hamiltonian can be written as

j{: j{: (k)) - | | v’».. o | (6)-

i k,q

where TBE 1s ‘a. CF parameter which is proportlonal to the more famlllar

AE (rk-} parameter. Cék) is a tensor operator; the summatlon 1nvolv1ng i | .
is taken overiall electrons of interest. For the rare-earth ethylsulfates the
. S : - ' ‘ e
only CF parameters that affect the electronic states are .Bg, Bg, Bg and Bg.'_ .

For N-electrons the non-relativistic’megnetic hyperfine Hamiltonian for

27

a free ion is
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. 1\1 8 . S
J.thf § 3 PICERCI SN o

with N, = 1, - /10 (sC(z))i(l); The last term in Eq.b(Y) arises only if unpaired
s-electrons are present or if core polarization effects are important.
For an ion at a site of axial symmetfy the hf inferaction can be described

by'a Spin Hamiltonian
o= AT S +B(IS +15)+pP(I2-21(1+1) : (8)
hf zz X X Yy STz 3 _ 2

where A and B.'are magnetic hf infefaction parameté;s énd .P is ‘the quadruf
pole édupling cdnstant. - The hyperfine interaction can bé adequately treated as
‘a perturbatlon on the CF energy levels which were obtalned by dlagonallzlng thev
'combined electrostatlc, spin-orbit and crystal fleld 1nteract10n matrices.

| Again forian ion at a lattlce site of axial symmetry the magnetlc hyperfine
intéraétion ténscr has two éomponénfs,‘one albng the'axig'and one perpendiculaf

to it. Then

by = = BB .<r—3)5f<+|Jz|+) (g ) /1 o “,<9a)

A.L =B

U8By | (=3 5¢ (+|'Jx]_ ) (JllN-IJ Y/T . (9p)

i[+ ) 'énd I- ) represent the twd componenfs of the doubly degenerate'CF state
under cbonsideration and

N N ‘
{ e

fsL JHENiﬂf S'L'J)

(stxL.JH J ”fNS'L'J ) :

M) =

The,disgussion of the electric hyperfine interaction and the‘quadrupole

253

coupling constant will be deferred until & future paper'because'the Es data

can be interpreted in terms of the magnetic hf interaction constants alone.



12~ T UCRL—19576

EXPERIMENTAL TECHNIQUES ,
The expérimental wbrk was performed'indépendéntiy'by Navarro,28
_Frankela and S6id§ki over a ten year period. Variousvmodifications of téqhnique-
and apparatuQVOCéﬁrredg we report only those techniquéé used most recently..

The ﬁES:crystals were grown from saturated sqiufipns at both room
temperaturevaﬁd‘277 K; growth_at the lower temperature:p%bduced more perfect
crystals. Thé éfystéls used weighed épﬁroximately 3 g;';bne face of the crystal
was sanded fléf;at,a 45° angle with respect to the crystalline c-axis. The -
radioactive tfivgleﬁt ion in the form of either the nitrate or chloride salt
was dissolved in several lambda (1x = 10‘62) of saturated NES solutign{_ Two
~ lambda of'thiéfgbiution were.applied.to the center of the sanded face aﬁd allowed
to remain fofTEQ sec. before removal. 'The process ﬁag.fepeated unfil approxi--

mately 2 X 105

dpm of activity remained on thevcrYStéi:_ Those crystals 
éxhibiting the higheét saturation anisotropy-wefe prépared.with the fewest
applicationéu(ideally only one) of rédioactive solutiﬁn}

A NEéjéfystal was mounted in'avglaSSvcryost;f éhambef shown in Fig. 3{
The compresseé;manganous ammonium sulfate (MAS) pill_séfves és a "getter'" for
residual hHe.eXChaﬁge gaé. The chromium potassiumvélﬁm'(CA)eglycerine slurry
cools upon‘adiagatic demagnetizaticn to.apprOXimately the same temperéture'as
_ ﬁES and deéreaéeé the heat leak down the~2_mm diameter‘pyrex‘glgss suppdrt_ro@;
The nylon fiiamént prevents the NES crystal from‘hitﬁing the cryostat walls
vdué'to vibrationé. The detectors are along and'perpendicular to the NES
c~axis. The error in positioning is estiﬁatéd to be & ?°. Because the second-

“and fourth-order Legendre polynomials are relatively flat at 0° and 90°, the -

errors introdﬁced by misalignment are small.
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'Siliéén:;émicOnductor deféctors Wefe uééd to détect the alPha.parficies.

Gold was evaprated on the front and back faces of l'cm'* lbcm *'O.h<mm
siliéon‘waferé,k An‘eléctfically conducting epoxy waé used to fasten the detectors
to molybdénﬁm.ﬁduhting striﬁs and to secure a fine gqld wire to thevffont eleétrdde.
Approximately_l25 V réVerse bias was agpplied to colléét fhe charge carriers at
the gold eiectroaés. |

|  The final_tempefaturé reached after adiaﬁatid demagnetization was
determiﬁed from the initial vaiueé‘ofv H/T using‘thé temperature scaie of
Blok et al.29 The ratio of the initial magnetic field (measured with a
rdtating'coil:gaﬁsémeter3o) fo the pumped helium bath temperature (measured ﬁith

a dibutylphthalate filled ménometer) determines the magnitude of the entropy

- of the_eléétronic spin system and also the final temperature reached upon adiabatic

demaghetizatién'#o.zero.appliéd magnetic‘field{ Final‘temperatures measured in
this manner are éccurate to t 6%. | |

Followiné_adiabatic demagnetization several ‘full speétrum "e01d" counts
were taken. ’ThetNES crystallwaé then warmed to thé hH'e‘ba;th temperature
(aﬁproximateiy%izK) and a series of "earm" counts weré.taken for ﬁormalizéfion.
Because there‘is_an anisotropic angular distribution at 1 K, these WarmICOunts
were.renormaii?éé to 4 K where the angular distributionvis iébtropic.

A typiéal pulse héight épectrum‘is shown in Fig. h. The alpha detecﬁors
used had an energy resolution (full width at half maximum) of 100 keV or Betﬁer

for 5.5’Mev'glpha particles. The broadening of the peak shown in Fig. L is

‘due to energy losses within the NES crystal. The effect of (Rutherford) scattering

on the measurédvanisotrdpy was determined empirically by dividing typical speétra

into several segments and by calculating the anisotropy of each segment. The
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léwést energ&iéeéments should show the sméllesf anisofréﬁ& if 1drge—angle gscattering

is importanfj‘?ﬁ;, within,statistics:the'anisotropy ﬁaéiéonstaﬁtxécroS$ each

. spectrum. quéﬁe? as a safeguard; the lowest.25%‘of:ﬁhé spectra were nof ﬁsed 

 in calculatihé:énisotropies. The Zthk daughter .8— '§ctivity contributed

'coﬁnts to the léwest part of the eﬁérg&'specfrﬁm'buﬁ n§ corrections were

necessary béééuéé that part of each_spéctrum was éxélﬁdéd;frbm anaiysis.
Solid éﬁéle correction factofs wefé.calculatédtﬂytexpliéit numerical

 integration‘d£.£He Legendre pdlyﬁomials over both the finite soﬁrce and.

detectors usihé:é7computer program written by Dr. William D. Brewer.
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'RESULTS
253

‘The experlmental work on Es was carried'outtin _three sets of

28 IIB,‘and IIT. Data from a good run

measurements> whlch we shall denote I
in III are plotted in Flg 5 and tabulated in Table III  The statlstlcal accura-
cies are given 1n parentheses;u:In dlscus31ng these»deta, ‘there are two rather.
distinctfﬁfigdres of merit“,'which are best treated seéparately: the saturation
values of W(Q),_and ‘W(m/2) and their temperature depeﬁdences;

The'obserVed saturation values of. W(0) and ;W(W/E) are affected by

the degree to-which 253Es3+ 3+

grows into Nd lattice. s1tes substltutlonally,

by scatterlng 1n the source crystal, and by the performance of the detectors.‘
Values of w(o) “and w(-n/e) from I, II, and IIT are set out in Table IV. In
I the "effect" as measured by the /2 detector, lTe" (1 - W(W/2)) is
re'la.tlvely small: the same is true for the effect at‘t}ie 0° detector, (w(o) - 1),
in II.V In III, ‘on the other hand, large effects are observed with both detectors
‘We 1nterpret ‘this to mean that IIT gave the most accurate saturation valuesl-
for w(o) and w(mn/2), beceuse almost any error in e ouclear orientation
experiment ﬁIlltact to reduce the effect observed. vInspectioh of the discrepahcies
‘iﬁ Table IVrsuggests that two kinds of errors were ﬁresent in Ivand II. First,
'Ithe smaller_effect on even the 'better' detector in each case sdggests a .I
source—preperetion troblem: perhaps the activity was too deep (leading.to
eﬁceSsiVe.scettering)'or incompletely substituted into lattice sites. Secondly,
‘the_relativel&riarge attenuation of the effect in the "poorer" detector in each.
}case indicates’something nore grosslvarong either with that'detector or_with
alﬁha emission-ih that directioﬁ (e.g., more scattering in the source in one

253

direction). In ITII extreme care was taken to grow Es only near the surface
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53Es angular dlstrlbutlon as a functlon of the :

Table III;'VEXperimental
o : .inverse temperature.

1/T (K 1y ff _7fv w(o) | W(n/2) "i;'“  3 -w(0) - éw(n/g)'

8.6(1) ?}fi{: ‘1.566(27) . ‘ ' 0.698(5) ; {7 3 o.038(28)
11.5(10) vlfffﬂ Lme(e) 0.613(14) . 0.062(30)
15.0 - 'j 3]{' 1.808(18) 0.578(26) 0.036(29)
19.2(5) ;;' 5 r1.835(15) ‘ 10.5uk(1k) f _  0.077(25)
25.5(10) ;.Zf. 1.881(10) © 0.543(5) %i ' ! 0.032(12)
31.2(2)  T  ' 1.872(9) o) B 0.062(13)
%0.8(13) . 1.864(8) 0.524(6) © 0.088(12)
49.1 o Leewe 0.526(6) | 0.08k(12)
56.1 | f?; 1.872(8) © 0.518(8) { o 0.092(14)
o . 1.880(8) - o.su(T) 0.092(13)
90.5 1.896(18) 0.520¢}) O 0.064(29)
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- Teble IV..i$aturation values for W(e) ,aftér solid angle corrections.

Set - . w0) . -~ .w(m/2) .. ... . Reference

I o 1.70 o 0.68 - o8
11 if;;;-‘ 1.66 _ ) 0.55 _ ,‘ ‘.:_ L‘“ e

,IIi B 'fj :i: 1.93k - S O.h97 o _‘3 i"' present‘wOrk
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of the crystal.ishlso the:detectors.and associated circuits were far more reliable
" than in I and II;: The large effects observed with both detectors in series III
were obtained.ulth several sources. For these reasons we take the saturation
vValues of W(difkand ‘W(w/2) from series III as belng characterlstlc of #?3gs
in neodymium eth&lsulfate. _ o |

The teﬁperature dependences'of _W(Q)_ and W(ﬁ)?)l.are affected by.dif—
'ferent variablesethan those that affect their Saturation values. Immedlately after
demagnetlzation the small active volume of the NES crystal is warmed at an appre01able‘
rate by radloactlve heatlng..vThlsvcan lead to a spurrous’apparent temperature
dependence,315with the high—temperature points showingdatreduced effect; The
ihyperflne structure constants derlved in such cases are anomalously small. If
gamma-reay dlstrlbutlons are studled the act1v1ty can be dlstrlbuted throughout the
NES crystal, and the temperature can be monitored through the magnetlc susceptl—
blllty. For alpha—partlcle studles, however, the activ1ty must be concentrated
in a small voluﬁe on the surface; and the resultingvintense self-heating can raise
- the local temberature well above that of the bulk cr&Stal. Ironically, thevstronger
the source and the shallower its distribution in from the surface (two condltlons con-
du51ve:to‘reliable_measurementgof‘saturatlon values of W(O) and W(ﬂ/2)) the worse
will be the‘self4heating effect. Thus in our eiperiments, series I and II gave a
‘temperature. dependence in W(O) and W(w/2) characteristic of larger Valueseof
A (0.28 %0 ’03' en™) than those that would be derived from series 11T
t_(A = 0.18 £ 0. 02 cm l). The values of A obtained from several runs are given
in Table V.-'The final adopted value of A = 0;26 * O.O3bcm.-l was decided from

the entries:in‘Table V on the basis of the above discussion.



Table V. Derived A 'valués;'
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Series .

4 .

,A,(cmf;)v

_ ;A_/k ,(K).

I

II

I

1

2

0.

0.

0

28(2)
28

.25
.28(3)
.25(3)
.19(2)
-17(2)

"' b;Lo(3)

0.k

0.36

f.“ofHO(s)_
0.36(4)
0.28(3)

0.25(3)

Adopﬁéd'value: A=

0.03 em .
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DISCUSSION
The cufvé§ shown in Fig;.5~are:theoretical; the.daéhed and solidl
curvéS.diffef Beééuse different relatifé amplifudes wefevuégd fof the partial
_ Qave;. We sillvaiscuss thésélcur?eskand“ﬁhe satui@tioQ;Vglues of W(0) and-
W(gé later;,first:we‘discuSSkthé,vglue9fqrffhé:hf inﬁéréﬁtibn constant A and

o o N o 2 Co e
the derivation .of the.magnetic”mnment-of;‘SSEs from-A.

Baker and'Bleaney3 observed the paramagnetic resonance spectrum of

3+

' 1005 . . + . ‘
Ho” , the 4f ~ analogue of s> » a8 a 1% impurity in a crystal of yttrium

- ethylsulfate.. _'I_'hé grbund CF state was a non-Kramers doublet characterized E

by J = t 7 With small admixtures of Jé =% 1 and ¥ 5. A singlet Characterized
by JZ:= + 6,0, and -6 lay neérby in energy. The hf inﬁeractiqn constants

16 . . o _ - . - _ ’ o
for T9%Ho were A = 0.334(1) cm 1; B=20.02cm l, P ~ 10 3 cm 1 ‘The dominant

term in the,cF“Hgmiltonian is Alzsz,'which results in alignment along the
crystalline cfaXis wifh'thé nuclear magnetic'éubétaté ;Iz =% 1 lying lowest -
in energy.

253

The temperature dependence of W(0) and W(m/2) for “7°Es indicates

that the AI;SZ term is also dominant ‘in the hfs of the lowest electronic CF state

of Es3+ in the ethylsulfate lattice. It should therefore in principle be pos-=

253Es. To do so,

_Sibié to defiye a value for the nuclear magnetic moméht, M, of
ia_descriptidﬁ'of the CF electronic ground state and a value for (13 >5f ére
“required ih‘adaition to the value for A.
:Nava#ro_gg_glf7 used exérapolated values for the Es3+ CF parameters in
the NES lattiée; However, their extrapolation was based oﬁ Gruber's CF para- .
, . 33 SR

2y ' .
metersffor_Am3"in LaCl3. As pointed out by Conway,3h Gruber misinterpreted



£

‘Of,_m%F for Es

:values for Ho

in the isoelectronic lattices LaBr

. B
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his data and théféfore his CF parameters may be in_érror. ' The only reliable

CF parameters fof an actinide ion at a site of trigonal symmetry are those of

Krupke and Grﬁbér'fér Np3+ in LaBr3.35 The CF parameters'for Es3+ in NES were

estimated in two different ways. In the first method, wé;éssﬁmed that the AE
parameters are the same for analogous lanthanides and{aCtinides and that ﬁhe

only_differen¢é‘ié,cqntained in the radial integrals. Using Hifner's CF para-

3+ 36

meters for Ho™ in holmium ethylsulfate™  and ratios of radial integrals obtained .

from Hartree nonrelativistic wave functions without exChange,37 the Es3f CF para-
méfers in‘wavébnumbersmare Bg = 430, Bg = ~1380, Bgv#'—llQO and Bg = 960. Tor

Ho>* in both holmium ethylsulfate>? and LaCl, (ref. 38) the first excited state

J'= 7 is admixed;into the ground state J = 8 by the CF interaction. Evaluation

. _ _
3_;with the inclusion of both the J = 8 and J = 7 wave functions

39

gave a singlet as the ground state. Becausé alignment would not occur if a
singlet were lowest, Bg'wés.increased in magnitude in-order to bring a doubiet

lowest in energy. Using Bg

= 550cm T, the ground CF state is 0.939[+ 7 ) +
0.305|+ 1) + 0.153]% 5) . | |

A second estimate for the Es3+ Cr parameterslwas obtained from the

3+ 36

in HoES, 3*

Np3+ in LaBr3 (Ref. 35) (the CF parameters for Np

3 and LaCl, should be approximately the sémé),ho’hl

3
3+ Lo ) v
in LaCl3. The CF parameters.obtalned.are

= 650. BZ is the most difficult parameter to obtain

and interpolated values for Pm

y ’ 6
0= -14ko, Boyf -T60 and B o

for Np3+ in LaBr

[ )\Vie)We)N

By this procedure because B is negative as a result of a

3

large ligandé(n = 5 shell) overlep exchange cheav.rge.!’t3 Again it was necessary to

, 2 .. .. ' L . .
vary Bohlnuorder to ‘get ‘a-doublet :lowest. Using B2

0 = 660”cm-l, the grouhd_CF 

state is 0.967|* 7) + 0.225|2 1) + 0.120|F 5) .
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The diffiéulties.in extracting (r'3 ) from experimente;_data have been

kh-kg

diScussedSbyvseveral authors. .
3)

Because of the lack of experimental data for
Es3 , We take a-value of (r = 10.92 au which was obtained using relativistic
self-consistent Dirac—Fock wave functione.50 The nucleer'magnetic moment was

calculated using Eq. (9a) which can be written as

Ne e AT (s 1 gl g ieNsnig)
(3 Vs oy By
M8y (r ) o Cela |+ (£7s Lalmlies g >

(10)

The two velues'fef Iul resultlng from the twe sets of CF paramefers-are
'2.79(32) nm«aﬁd:é.63(30) nm. The errors quoted in parenthe31s reflect the
statistical uncertalnty in the value of A only These*values are subsfantlally
lower than the value of h 9 om prev1ously reported7 because of a change in the
electronic ground CF state obtained with a dlfferent ch01ce of CF parameters. '
Us1ng Nilsson's Eq. (2k) (Ref 51), a deformatlon parameter 8§ = 0.2k,

' _ free
gz = 0.3 and g = 0.6 g,

, we calculate u = h.2.nm. This value should be
acéurate to Vithin a few nuclear maénetons. .The majofreouree of error in our

valuevfor theinﬁCIear magnetic moment is ‘the uncertainty.ef the ground erystai
field’state;'{Bo§h of the predicted ground steteSJhave'a large Jz =7 coﬁ- v
ponehtewhich'giQes a smail U, Ne reasohabie choice of CF parameters ga&e a
;cbefficient fqr ]i 7‘> of approx1mately 0. 75 which would yield a moment of . .
k.2 nm. ,Therefere we report a nuclear magnetic moment W = 2. 7 1.3 nm. The‘
eerror feflecte‘fhe statistieal eccuracy of the‘measured value of A and the

upcertaintieS'ip:the CF parsmeters and the radial integral (r3)



»

.of13.5v(h) nm based on the analysis of the EPR spectrum of divalent ©

W(m/2). The limiting values B
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Additional indirect measurements of the 253Es_nﬁcléar magnetic moment

havé:beeh made‘feCently. Worden gﬁ!g},52 report a vaiué_Of 5.1 (15) nm which

253

was derived from the hfs observed in the Es emission spectrum. 'The momentf'

was calculated using the Goudsmit—Fermi—Segre_formula ﬁo which-lafge and uncer-

tain relativiétiégcorrections had to be made. N. E. Edelstein53 reports a value

253ES in

(3&1F2.51‘L

Now wéftﬁrn to an ihvestigation of the saturation behavior of W(O) and
2(l/T = o) ='+ 1.528.and Bu(l/T = ) =.+‘6{798 are
essentiallyjfégiized in this expériment. Using the relgfive intgnsities and. '
phases giveﬁ by;the Mang tﬁebry (TablevII); the anguiaf distribution function

would be
,W(e) f:;‘+_o.576 Q2B2P2(cos 8) - 0.0248 QhBuPh(cps'e) . - (11)
where Q2 and Qg are solid angle correction faéﬁors. For the run summafized in

Table IIT, Q,(0) = 0.946, Q,(0) = 0.829, q,(m/2) = 0.962 and Q,(m/2) = 0.877,

In calculating the Qkﬁstwe.assumed<th£$ithe;radioactivityfwas uniformiy-distri—

buted throughout the spot. Since the activity would tend to concentrate at the

Cehtef of thg_spot, the corrections may be too largé; that is; the Qk's should

pérhaps be larger in magnitﬁde} The Justification for dropping the P6(cos‘6)

term is that'B6(1/T = ®) = 0.174 and Ag = -0.0025. The 0.4% of the alpha decays

not considerédvin the calculation of ‘W(B) were assumed to give the‘same,éngﬁ—
lar-diStribﬁtion as the decays that were included.
Equation (11) is plotted as the dashed curve in Fig. 5; the fit to the

saturation’(lowest temperaturé) values ofnthé data is poor. The experimental
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résult is

w(e) 1 + o 630(5) Q,B,P, P_(cos 8) ~ 0.059(7) Q,B)P)(cos 8) . (12) S
An examination of Table II reveals that the theoretical'intensity to the 7/2 + - v
level of 2thk is 2.5% larger than the oObserved 1ntens1ty ‘Therefore the partial

wave 1ntensit1es for the alpha waves populating this level were changed in order

to 1mprove the f1t to the data. Slncg the S wave_contrlbutea most of_th1s 1nten—
sity, the.S waﬁe lntensity ﬁas decreaaedhby 6%. "The D fave-intensity was increased
byh22% (mainly:fp £it the P2(cos 8) term) and the G'ﬁave infensity was'ihcreaSéd
220% (mainly to fit the Ph(cos 8) term). The;resultihg angular distribution.

function would_bel
W(6) = 1+ 0.632 Q232P2(cos_e)_-'p.dsoz QBP,(cos 8) , (13)

which'is plotfed as the solid curve inIFig. 5. The fit ﬁo the loweSt?temperature'
data is greatly 1mproved although it is not perfect rIt is the best that we
253 2kg_

can do by changlng the BEs ground state to Bk ground state alpha partlcle

‘transition prbbabilities only. Changing tran31t;on probablllties for decays

' to‘other levélshin 2M9Bk would not be instfuctive.. The ability to fit the eiperi;
mental data by varylng the alpha partlal wave 1ntens1t1es 1ndlcates that the
angular dlstrlbutlon function is sen31t1ve to the relatlve amplltudes of . the : o
partial waves and that quantitative information ahout the amplitudes can be
obtained. Theahigher ahgular momentum waves are probably enhanced in intensiﬁy -

by the interaétion between the outgoing alpha particle and the daughter nucleus.

The S, D, ana,G—Wave intensities that fitted the data best are giveh in Table VII.
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The.posit-ive coeffi‘ci’ent of B (cos ) 1mp11es tha.t the S a.nd D partlal
waves are in ?haSe. Enhanced alpha partlcle emission along the crystalllne c-ax1s;

confirms the predictlon of Hlll and Wheeler. The negative coefflclent of

vBhPh(cos 6) 1mp11es that the S and G waves are out of phase conflrmlng the pre-

 d1Cthn of Mang_and Rasmu-ssen.18 That the coefficient of BhPh(cos 8) is negatlvev

is-illnstreted'in Fig. 6. If the 901id angle correction factors are unity

(point sourcelanddpoint detectore) 3 - W(0) -~ 2 W(w/2) = =7/4 A)B); however,

‘because they are not un;ty, a small component proportlonal to P (cos 0) enters.

Clearly the coefflclent of . B h(cos 8) is negative. The dashed and solid 11nes

'are theoretical;assumlng the intensities glven by PMR and the modified PMR

intensities, fespectively.‘ Again the[modified intensities give'the better.fit'

to the data.

Using'the intensities predicted by BFM as given in Table I and_taking

the»S‘and D:waves as in phase and the S and G waves‘aStout of phase, as required

by the experimental results, the angular distribution”function would be

'w(e) 1+059hQ

5 2P2(cos 8) - 0. 006 QhBhPL§COS_9) . _. - (lh)

The:saturation anisotropies in this case are W(O,l/T + o) = 1,854 and

W(m/2,1/T + =) = 0.561, giving poor agreement with experiment. For convenience

we have tabulated the experimental and theoretical values of»A2

and A, in Table

| VIII.
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.‘I'able_ VII. Relative a‘lpha partial wave intensities for the decay of'2_53Es.

This work °  Mang theory . . BFM theoty : .

8’ - 1.000 © 1,000 ¢ - ... 1.000
a ; 0.216 _ 10.179 3 0.211

2 - 0.008k ©0.0058 o 0.010

a3




Table VIII. Coefficient

sVA

end A, for the °

53
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Es in-NES.ahgular distribution

2 .
funcpion w(e) =1+ A2Q2B2P2(cos 0) + AhQﬁskPM‘COS 6). 

A, Ay w(o, 1/1 > ®)  wu(m/2, 1/T > ®)
Experiment . 0.630(5) '-0.059(7) ~ 1.872(T) 0.521(k)
BFM(S and G waves | :
out of phase) 0.594 -0.006 1.854 0.561
BFM(S and G waves _ s | _
in phase) o 0.698 +0.138 2.102 0.523
‘Mang theory (S and G waves

- predicted to be'out of o . .

phase) " 0.576 -0.02L48" 1.816 0.570
Mang theory but with |
modified partial wave
intensities 0.632 -0.0502 1.880

0.522
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An alpha—gamma ansular correlatlon experlment55.' ‘233U iﬁ'i N HClOL
solutlon also. lndlcated that the BFM theory underestlmates ‘the G wave 1ntens1ty.
~ Within statlstlcal accuracy the angular correlatlon results are cons1stent with -
the Mang theory 1nten51t1es. Chasman aﬁd Réshussen6 have considered the effect
of quadrupole coupllng between the outgoing alpha wave and the daughter nucleus
on the relative intensities predicted by BFM. 'They concluded that the D wave
1ntens1ty is enhanced by 20% for 233U A similar correction should apply to
' 253Es and would glve better agreement between theory and experlment No estimate

has been made of‘G wave 1nten31ty enhancement,'whlch.wevhave found to be sub-

stantial.

-
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CONCLUSTON
ﬁs3+,andﬂHo3+ have similar electronic structure'as is evidenced‘bybtheir,
: having‘the samefnnclear orientation‘mechanism. Magnetic'hyperfine splitting.inh

both cases results from the interaction between the orbital and spln moments of
" the unpaired f;electrons and the nuclear magnetic dipole moment. The ions are.
of predominantly;5I8 character, and,: as expected, thevEs3+ electronic wave.fnnc_
tion’contains3less;51 character than the Ho3+'wave fnnction.

Mang's:shell model alpha decay theory successfnlly predicts'the relative
phases of the alpha partial waves. The theoretical relatire'transition pro-
babilities are not consistent with the experimentally determined'wave amplitudes,
but it is not clear whether the defect is in the theory 1tself or in the calcu-~
lations -of Poggenburg. The Froman matrix method was used 1n calculating the
barrier penetration factors.- However, this method is not ‘too good for solv1ngv
coupled equations for arweak partial wave coupled to a strong wave.._ClearLy
what is needed is a coupled—channel barrier penetration calculation such as the
one. performed‘by Rasmussen and Hansen for 2h2Cm. Such a.calculatlon also gives
the quadrupole'coupling phase shifts and hence ﬁouldtremove‘the need -for assnming
‘that the alpha‘partial waves differ in phase by exactly O or m. .

253

The disagreement between our value for the Es magnetic moment and

other experimental values p01nts to the need for addltional ESR or 0pt1cal spectro-
. metric studies of salts of the actinldes. - A re-examinatlon of the Am3 in LaCl3
spectra would be espe01ally interesting to us. It should be pointed out that the
',trivalent lanthanlde ion crystal spectra have been. analyzed at various levels of
sophlstication and'therefore the extrapolation from'the Np3 CF parameters to..

3+

those for Es™  on the basis of reported behavior in the lanthanides is open to

question.
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FIGURE CAPTIONS
Fig. 1. Repfeséﬁtation of fhe total (nucleér.plus coulémb) potenﬁial of a
. prolaiély,défdrmed_nudleué, of majgf.(minor) radiﬁ?flra(rb), shbwing '
that alphé:?articles émitted ffom polar regibns mﬁsy tunnél through a

béfrier that is both lower and thinner than at the equator..

'Fig. 2. Partial decay scheme for 253ps adapted from Ref. 16 . The alpha

particle populations .arée shown in parenthesis.,
Fig. 3. Experimental chamber for nuclear orientation studies of alpha

emitting isotopes.-
253

‘ Fig. k. Typi¢al‘axiai'cohnter pulse height'spectrum for Es in NES. The

cold spectrﬁ@ was teken at 0.011 K &nd the.warm_SPectrum at l,K.
Fig. 5. Experiménﬁal angular distribution of 253
‘the inversevtemperature. The curves shown are theoretical based on-
vdifferentvgsﬁiﬁétes_for the relative intensities of the alpha partial
waves.

Fig. 6. Temperature dependence of the {negative) coefficient of the
| 253 | ' |

Pu(cos 8) term in the
shown are theoretigal_based on different estimateé for the relative

intensitiesfof the alpha partial waves.

Es in NES as a function of

Es angular distribution function. The cﬁrvesv

£y
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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