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STUDY OF PARTIAL WAVE BRANCHING IN THE
ALPHA DECAY OF 241am, 253Es AND 255Fm

- Arthur James Soinski

Nuclear Chemistry Division
I.awrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT

Nuclei of 241Arn, 253Es and 25

5Fm were oriented in single crystals

of neodymium ethylsulfate at temperatures down to 11 mK. Orientation

was detected by alpha particle angular distributions. The temperature

' dependences of these distributions are consistent with the lowest elec-

tronic states of these three actinide ions in the ethylsulfate lattice being

similar to those of the corresponding lanthanide ions. Thus magnetic

and axial orientation was observed in Es> T (5¢19), as in Hoot(4£19).

Quadrupole orientation was observed in Am3+(5f6), as in Eu3+(4f6).

3+(5vf11) the orientation was magnetic and equatorial, as would be

expected from the hyperfine interaction in Er3+(4f11). The hyperfine

interaction constants were determined. For 253Es we report

1 ofor 2*am, P = - 0.0033(6) em™ 1, and for 2°°Fm,

1. The 253Es nuclear magnetic dipole moment was

In Fm

|A| = 0.26(3) ecm”
IB| = 0.035(7) cm”
determ‘ined to be Ip.l = 2.7(13) 8T The Am3+ data are consistent with
an anti-s.hielding constant of y _ = - 102, in good agreeirnent with theory,
and a shielding factor 0, = 0.7, similar to the value for Eu3+. The

nuclear results show that the s and d waves are in phase for the

favored o decay branch in all three cases. The relative phase of the
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g wave was found to be‘negat_iv'e for the 253Es decay.- Numerical

integration of the coupled second-order differential equations describing

253 255

the favored a decays of "Es and Fm yielded partial wave ampli-

tudes and phases. The results are compared with both intensity and

angular distribution data. The measurement of the angular distribution

of spontaneous fission fragments from aligned nuclei of 253Es, 254Es

257 257

and Fm are described in a séparate appendix. The Fm results

are consistent with a K quantum number at the outer turning point of

either 9/2 or 7/2.

I S
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I. INTRODUCTION

An alpha particle emitted by the ground state of an even-even nu-
cleus has a unique angular momentum, £. The even-even parent nu-
cleus has total angular momentum Ii = 0, and angular momentum con-
servatién requires that the daughter energy level populated by the alpha
partiéle should have If = £, For odd-odd or odd mass nuclei, Ii 940
and more than one value of £ is generally permitted. On the basis of
angular momentum conservation, Spiers1 predicted that anisotropic
alpha particle emission would take place from oriented nuclei. Sub-

sequent nuclear orientation experiments confirmed this prediction and

also yielded information about the relative amplitudes and phases of the

- observed alpha partial waves.

Hill and Wheeler2 made the first quantitative estimate of enhanced
alpha -parficle emission from the poles of prolate_iy deformed spheroidal
nuélei. Their reasoning cé.n i)e understood with the aid of Fig. 1. They
assumed a uniform probability of alpha particle formation within the
nuclear volume. If the barrier set up by the reméini‘ng nucleons is
simply Coulombic beyond a certéin radius,.' then this barrier is Both
thinner and lower at the poles than it is at the equator, and tunneling
is greatly enhanced at the poles. For moderate nuclear deformation
they predicted a sixteen-fold increase of alpha particle intensity from
the poles over that from the equator.. However, the angular distribu-
tion of 'n_ucylear radiations is determined primarily by the requirement
that angular 'rn"or.nen’curré be conserved in the decay. The grea\;lﬁy en-
hanced polar emis sion %predicted by Hill and Wheeler could occur only

from a nucleus with a large component of angular momentum perpen-

dicular to the nuclear symmetry axis.
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Roberts, Dabbs and co-wbrkers?’_s were the first to test the pre-

dictions of Hill and Wheeler experimentally. They oriented 233U and
235 23

2 3)3. For all three nuclei they observed preferential emis-
2

sion perpendicular to the crystalline c-axis. In the 37Np case they

NpO_,Rb(NO
were able to establish that the nuclear spins also ‘tend to orient per-
pe‘ﬁdicular to the c-axis. These two facts takep together imply pref-
erential emission along the nuclear spin vectorv (vi.e. , from the poles),
thus confirming the predictions of Hill and Wheeler. Thé data for the
uranium isotopes are consistent with this intérpretation of the 237Np
results, although for uranium the direction of orientation was not
established directly. Chasman and Rasmussen6 have discussed the

233U data.

difficulties in interpreting the
"Navarro, Rasmussen and Shirley.7 aligned trivalent 249Cf in a
single crystal of neodymium ethylsulfate Nd(CZHSSO4)3'9HZO. These

53Es in neodymium ethylsulfate

authors and also Frankel8 aligned 2
(NES). For both isotopes the prediction of Hili and Wheéler was
confirmed: Preferential a particle emission from the nuclear poles
was observed. Preferential polar emission in these cases reflects
the fact that the s and d o particle partial waves (corresponding to
orbital angular momentum £ = 0 and 2) are in p'h:ase. In this thesis
the 2753Es nuclear orientation studies are extended to determine the
relative phase of the s é.nd g.(l = 4) partial waves. Lower limits are
- placed on the total relative intensities of the d and g waves with re-

spect to the s wave intensity. Because the experimentally det/ermined

‘relative intensities exceed those given by both the method of Bohr,

U in single crystals of UOsz(NO3)3 and 7Np in single crystals of
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Frdman and Mottelson9’ 10 1nd the shell model theory of alpha decay

as applied until now, 11,12

numerical integration of the coupled dif-
ferential equations describing the penetration of. the anisotropic barrier
by the alpha particles was pérfor‘med. Any failure of the numerical
integrations to yield results consistent with the experimental intensities
and angular distributions implies that the alpha particle formation
process has not been properly accounted for.

Because.the attainment of nuclear orientation depends upon the in-
teraction of the nuclear moments with the environment, the nuclear mo-
ments can be regarded as probes of the electronic and crystalline fields.
The similarity between the electronic ground states for the fio pair
Ho3+;Es3+, as exemplified by similar hyperfine interaction parafneters,

suggestéd that actinide candidates for additional nuclear orientation ex-

periments be chosen on the basis of known hyperfine interaction mechan-

isms in trivalent lanthanides.

54Eu ions were aligned in NES by

Nuclei of trivalent 152Eu and 1
means of the electric hyperfine interaction between the nuclear quadru-
pole moment and the electric field gradient arising from both the open
f-electron shell and the lattice charges. 13 Beéause the lattice charges
are farther from the nucleus than the f-electrons., the f-electron con-
tribution to the field gradient was expected to dominate. Since this
was not the case, Judd, Lovejoy and Shirley?3 proposed that distortion
of the closed electronic shells by the lattice charges increased or anti-
shielded the crystal field gradient at the nuclgus. This unexpected re-

sulf: suggested that americium should also be sfudied. Sternheimeri

and later Gupta and Sen15 predicted that the lattice antishielding factor,
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y‘w , is larger for Am3+ than for Eu3+; therefore appreciable alignment
of Arn3+ would be expected. In this thesis nuclear orientation experi-
ments on 241Arn are reported. The data are interpreted in terms of
both the crystal field parameters and the relative amplitudes and phases

\ . 237 253
of the alpha waves in the favored decay to Np. As for Es, the
relative s-d wave phase in 241Aﬁ1 favored o decay is positive.

: 255, . 16 .

I also report results for Fm in NES. I find that the s
and d waves are in phaée in this case. Because of the short |
half-life (20.1 h) and the limited mass available, the statistical accuracy
was not high enough to permit the extraction of the sign of the relative
s-g wave phase.  The similar electronic ground staté of the pair

Er3+Qan3+ is confirmed.

¥
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FIG. 1. Representation of the total (nuclear plus Coulomb) potential of
a prolately deformed nucleus, of major (minor) radius r_(r,),
-4 : showing that a particles emitted from polar regions musf tuhnel
through a barrier that is both lower and thinner than at the equator.
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H. THERMAL EQUILIBRIUM NUCLEAR ORIENTATION THEORY
As a consequence of the isotropy of three-dimensional space,
angular momentum is conserved and the emission of nuclear radiations
or particles is anisotropic in the nuclear frame. In order to observe
an anisotropic dis.tribtiltion in the laboratory frame, it is necessary to
select out one of the nuclear nﬁagnetic substates from the ensemble, |
as in angular correlatians, or to preferentially populate certain of the

nuclear magnetic substates by either dynamic or static methods. In
this thesis only the static or thermal equilibrium method of nuclear
orientation (NO) will be considered. Because several good review
articles on nuclear orientation17—20 and magnétic cooling by adiabatic
demagnetization21_23 exist, an abbreviated treaﬁment will be Ipresented
here.

In order to prepare a non-uniform ensemble of nuclear substates

(labelled by m_= IZ, where IZ is the component of total nuclear angular

I
momentum or spin along a space-fixed axis), the (2I + 1)-fold spatial
degeneracy must be removed by some external means, and the entropy
of the. nu.clear spin system must be reduced from its maximum value of
Rin(ZI + 1) /mol. The entropy reduction is accomplished by adiabatic
demagnetization. The removal of the spatial degeperacy by hyperfine

interactions will be discussed in some detail, but first the derivation

of the angular distribution function will be outlined.
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III. ALPHA PARTICLE ANGULAR DISTRIBUTIONS.

The angular distribution of alpha particles from oriented nuclei has
been developed by Brussaard and Tolhoek, 24 Rose, 25_and Steenberg and
Sharma.I 26 The formal treatr;lent of nuclear oriénfation and angular
correla.tions is the same, and Steffen27 has given an e#cellent treatment
of angula;‘ distributions and angular cdrrelation.s of nuclear radiations.
A similar approach with different emphasis has been given by Frauenfelder
and Steffen. 28 I summarize Steffen's treatment below.

The directional distribution of o radiation emitted from an axially
symmetric oriented state may be expressed in terms of Legendre poly-
- nomials as

w() = Z Bk (I‘i,T)Ak(ar)Pk(cos e). (1)
k

The orientation parameters Bk (Ii’ T), which were introduced by

Blin-Stoyle and Grace, 18 are given by

i

B, @, T) = [5]'/20, @1 (2)
where pk(Ii) is a statistical tensor whose elements are proportional to
" the relative populations of the nuclear magnetic substates. The notation
[Ii] means ZI;I— 1. The statistical tensor for « radiation, Ak(a), can be

wvrvitten in terms of F-coefficients as

' ' | £ i[6(2)-8 (4
A, (a) = IZP F, (££'TI1)b, (42'50) (I, |[3C, (@) || I )T, [| 3¢, (@) |lL,) S8 (2)-6(11)
(3)

where the product of the F-coefficient times the particle parémeter for

a particles, bk(lf';a), is
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42 kN (2 £ k-
)J (4)

Ii+If _
b eF (141D = (1) N [T [k]<0 .

e

{Ii Ii If

The phase shifts 6(£) arise because the a particles move in the

electh‘magnetic field of the daughter. Thus the a particles must pene-

trate a predominantly Coulomb barrier and a smaller centrifugal barrier.

For deformed n_uvclei an anisotropic quadrupole barrier also exists. As
a consequence of the presence of the quadrupole barrier the o éarticie

is emitted in a non-central potential, and as a result transitions between
the angular momentum states of the a particle and the rotational energy
levels of the daughter nucleus can occur. If the phase shifts are real
(more precisely, if the transition matrix elements are real), fhe ex-
ponential dependence in Eq. 3 reduces to a cos.inevdependence.

The emission of o radiation is described by:the transition matrix
JC(a), whose elements are the amplitudes (If !Jf(a)op lIi> with Z((a)op
being the operator for the a parficle emission. The emission operator
can be expanded in terms of multipole operators 3(‘1m that describe the
emission of @ particles of angular momentum £ and projection m on the
nuclear symmetry axis. For favored a decay, in which I am inter-
ested, m = 0. Application of the Wigner-Eckart theorem reduces the
matrix ellements (If b(zo {Ii> to the reduced matrix elements of Eq.3.
These reduced matrix elements, which contain the model-dependent
information about the nuclear states llimi> and IIfmf> involved in the
decay, reduce to the relative amplitudes of the a particle waves, a, .

For o decay and other parity conserving processés,only even-order

Legendre polynomials occur in Eq. 1. The angular distribution function

5
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can then be written as

W(h) . 7 Z Raja, cos(d,-¢,,)Q, (0)b, (££"a)
? So 29y 2 P/ =Pk
even ’
X Fk(ll'IfIi)Bk(Ii,T)Pk(cos 0). (5)

Solid angle correction factors, Qk.(é)), have been introduced because
neither.the source nor the detectors are points. An anisotropy reduc-
tion facto'r', R, accounts for the fact that some radiovactive nuclei occupy
non-lattice sites and as an ensemble cc)ntribut.e é.n isotropic distribution.
The cbnser‘vation- of angular momentum restricts the a particle angular
momentum to IIi - Ifl == IIi + Ifl. The conservation of parity further
restricts £ to even (odd) values if the parent nucleus and the daughter
nucleus have the same (opposite) parity.

The angular distribution function depends on the properties of the
decaying .nucleus, the nuclear environment, and the temperature. The
@ decay process and the calculation of partial wave amplitudes and
phases Will be treated first. Then the solid state aspects of the problem,
including such topiés as nuclear orientation methods, the spin Hamiltonian,

|
and crystal field parameters, will be treated.
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IV. ALPHA PARTICLE PARTIAL WAVE AMPLITUDES AND PHASES

Any.theoretical calculafion of alpha particle partial wave intensities
for the decay of sph.vero‘idally deformed nuclei must consider the two
separate ""events' in the decay. First the alphaA cluster is formed from
the nucleons of the parent. The boundary conditions are thereby effec-
tively determined on the nuclear surface. Second the a cluster penetrates
an aniAsotrovpic potential barrier. Because the potential is non-spﬁerical,
the a particle and the rotational energy 1e\/;e1s of the daughter are coupled,
and an exchange of energy and angular momentum can occur.

In no case have both the o cluster formation and the subsequent
penetrability been treated rigorously. Three methods for obtaining
partial wave intensities will be presented beginniﬁg with the simplesf.
The partial wave phases can be determined either from experimental
angular distributions or from the shell model theory to be diséussed

in section IV.B.
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IV.A. THE BOHR, FROMAN AND MOTTELSON METHOD

The properties of spheroidally deformed nuclei are best described

9,10

by the strong coupling model of Bohr and Moti:els.on° In the case of

odd-mass nuclei the single particle and nuclear surface oscillations are

- strongly coupled. The intrinsic angular momentum of the last odd nu-

cleon is not conserved because the nuclear potential is non-spherical,
but the projection of intrinsic angular momentum on the nuclear sym-
metry axis, 2, is approximately conserved. Because all but the last
odd nucleon are paired to given 2 = 0, Q is equal to K, the projeétion of
total nuclear spin on the nuclear symmetry.axis. Rasmussen 9 pro-
posed that those alpha transitions for which K of the parent and daughter,

Ki and K, respectively, are the same are '"favored'" because the a trans-

f
ition probabilities, at least to the band head, are comparable to those
of neighboring even- ever; hﬁclei. Favored transitions do not involve the
last odd nucleon and do not require the breaking of pairs. " The re-
maining discussion is specialized to favored « decay.

Angular momentum conservation reqﬁireé tvhat Ki’ Kf, and the pro-
jection of the alpha particle on the symmetry axis form a triangle.

A.pplying the Wigner-Eckart theorem, the daughter wave function can

be expanded in terms of the parent and « particle wave functions as
R = gz (T KKK, LK) KK )L K ) (6)

where the Clebsch-Gordan coefficient insures conservation of angular
momentum.
2 is not a constant of the motion during the anisotropic barrier

penetration except for the decay of even-even nuclei. However the
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only apprecialgle exchange of angular momentum between the outgoing

@ parti.cle and the daughter nucleus .occurs in the region near the nucleus.
Furthermore, the penetration of the o particle takes place in a time
short,éémpared’to the nuclear rotation {Seriod. Therefore the daughter
nucleus can be regarded as being stationary dﬁring @ emission. Then
the componeht of total angular momentum along the nuclear symmetry
axis is approximately conserved, and the only o components of im-

portanée have m = K¢ - Ki = 0. Equation 6 then reduces to

]

|1f;<): ), (111Ko|1fK>|£o)|1iK'>. | (M

Ea

Therefore a given £ wave will branch to rotational states built on a given
intrinsic state in the ratio of Clebsch-Gordan coefficients. The reduced
transition probability P, or decay constant, A = £n2/t,, for favored decay

2

can be written as
1 | 2
P = P (Z,E,) ; % [(1L4KO| LK) |“/HF (8)

where PO('Z,Ea) is the spherical barrier penetration probability',30’31 .

Nb is a normalization factor of order unity, and HFI is the hindrance
factor of the lth partial wave averaged from neighboring even-even
nuclei. Hindrance factors account for the faqt that decays to excited
states of the daughter are slower than would be predicted on the basis
of simple barrier penetration calculations.

The Bohr, Frédman and Mottelson prediction Qf partial wave branching
is exact only when the rotational term in the interaction Hamiltonian

vanishes; that is, in the limit of infinite nuclear moment of inertia or
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vanishing nuclear quadrupole moment. Because the actinides typically
have large intrinsic quadrupole moments of the order of 10 b., devia-

tions from the Bohr, Fréman and Mottelson prediction are expected.
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IV.B. MANG SHELL MODEL THEORY
.The microécopic shell-model theory of a decay of deformed nuclei

has been developed by Mang and Rasmussen. 32,33

The most extensive
calculations for odd-mass nuclei have been performed by Poggenburg,
Mang and Rasmussen. 12 Details of the calculations can be found in the
.latter publication and in the references cited therein.

The decay constant, X = £n 2'/t% , is written as the product of (a re-

duced width Y11 of R-matrix the_ory which contains all information
i

2
f!Z
about the alpha cluster formé,tion) times (a penetrability factor, P, (Ea/)’
‘which accounts for the penetration of the predominantly Coulomb barrier
by the o particle), Thus
2

A= £

£ 2 PyE) VLI (9)

If,l

whgre Ea is the energy of the alpha particle.

The reduced width is proportional to the square of a time-dependent
probability amplitude which measures the probability that én a cluster
with the proper quantum numbers is projected from the shell model
prqdﬁct wave functions of the constituent nucleons.

Because of quadrupole coupling effects the p‘enetrability factor be-
comes a penetrability matrix which relétes a amplitudes on the nuclear
surface to @ amplitudes (or experimentally observed intensities) at
infinity; A Frdman matrix34 was used by Poggenburg, Mang and
Rasmussen to account for the anisotropic barrier pen_etration in an

approximate way.
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Iv.C. NUMERICAL INTEGRATION OF COUPLED SECOND-ORDER
DIFFERENTIAL EQUATIONS
In the « decay of spheroidal nuclei, the noncentral electromagnetic
field permits the exchange. of energy between internal nuclear excitation
and the external alpha particie. The only ﬁoncentral couplings of im-
portance are' those involving the collectively enhanced intra—‘t;and E2

transitions of deformed nuclei. Starting with boundary conditions set at

vthe spheroidal nuclear surface, the formal problem involves the outward

propagation of the alpha particle wave function through the anisotropic
barrier oﬁt to some distance where coupling- effects are negligible.

Both Nosov35 and 14"1'(':'vrnan34 have proposed an approximate method
for accounting for the anisotropic barrier penetration. However the more
exact formulation of the anis.o‘tropivc barrier penetration problem leads
to a set of coupled second-order linear differential equations in the radial
separatibn variable.

Although several researchers have performed the numerical inte-
gration of coupled channel equations for the « decaf of even-even nuclei,
only Chasman and Rasmussen6 have considered the more involved
problem of the « decay of an odd-mass nucleus. In the latter case the
conservation of angular momentum permits an « particle. partial wave
of a given vorbital angular momentum, £, to branch to more than one
energy level of the daughter nucleus. Thus for thé favored alpha decay
of 233U Ch,asman and Rasmussen considered the decay of the s wave to
the 5/2 level and the branching of the d wave to the 5/2, 7/2 and 9/2

229

levels of Th. Channel coupling effects were expected to be most

significant for the case of a relatively weak wave, such as the typically
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highly hindered g W'avé , coﬁpled to a strong wave such as bthe s wave.
Thefefore we have extended the work Qf Chasman and Rasmussen by
cons‘idefing the branching of the s, dand g W;ves.. in the favore.d af‘decays
" of both 2%°E5s and 25%Fm. | o

The huclei 253Es and 2553m, both spin 7/2, are ideal cases fobr

applying an exact numerical treatment because alpha transitions to the
| | | 36-38

favored bands of the daughters have been well studied, and angular

distribution data from low temperature nuclear alignment experiments |

are available. 39, 4_0

vIncludi.ng the £ = 0, 2; and 4 partial wavés, nine
coupled second-order differential equations must be sc‘>v1.ve,d for favored
decays to the five lowest levels of thé daughfe.r rotational band.

The experimental intensities are sensitivg only to the relative
partial wave in‘tens'ities whereas the a particle angular distributions are
sensitive to both the relative partial wave 'inténsities and phases. How-

ever the angular distribution data yield directly a rriaximum of two

numbers to c'dmpare with theory whereas the intensity data yield four.
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Iv.C.1. MATHEMATICAL FORMULATION
The Coulombic potential energy interaction, considered at distances
beyond the nuclear surface, can be expanded in terms of L.egendre poly-

nomials of order n divided by rn+1

, where r 1s the distance to an ex-
ternal charge.41‘ The n = 0 term is the central Coulombic term. The
magnetic multipole terms should be small for charged particle decay.
Perlman and Rasrnussen41 considered the E1 interaction in the 241A'rn
favored o decay and concluded that E1 coupling is unimportant. There-

fore the E2 interaction contributes the first important coupling term.

For nuclei with large hexadecapole deformations, E4 coupling mignt

also be important; however, both 249Bk and 251Cf have small hexa-
decapole deformation.42’ 43 ‘Therefore the coupled differential equa-
tions in the radial separation variable can be written in general as44
w 2™ <ZZe2 +hle 4 1) o V.
Id,l _,ﬁZ r 2Mr2 | Id Id,l
.0 g2 u
- S { ! t t
WY ;dzldl ISPRAY (10)

M is the reduced mass, Z is the charge of the daughter nucleus,

QI- is the effective Q value for the alpha particle with electron screening
d
and daughter recoil energy corrections, and the K12 211.gr 2re matrix
AL ; .

elements of the quadrupole coupling operator which is proportional to

the intrinsic nuclear quadrupole moment of the daughter times

3 249

Pz(cos @) divided by r~. For Bk the value for the intrinsic quadru-

pole mioment, QO’ was taken to be the same as that for the parent,
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45 251

Es; namely, 13.1 b. For Cf and 255

253 Fm we used approximately

the same value; namely, 13.0 b.

Explicit expressions for the quadrupole coup_ling matrix element
were given for a decay by Pérlmarg and Rasmussen41 (see Rasmussen
for a trivial correction to these equations) and for optical model scat-
tering applications by Ta‘rnura.46 For a decay (and nucleaf reactions
and scattering) most numerical integrations of the coupled equavtions
have been confinéd to a spinless parent (target) nucleus and a spinless
emitted particle (projectile) because the coupled equations then have a
simple'form. For the alpha decay problem the potential barrier is so
large that only one of the two linearly independent solutions of each
equation (specifically the one that is exponentially increasing in the di-
rection of integration) is stable in numerical integration, even with the
. large word sizes and small integration intervals feasible in the largeét
available computers.

The general solutions of the uncoupled differential equations can be

(ﬂ:p) + iFL(n,p) where G, and FL are the

written as UL(n,p) =G L

L
irregular and regular Coulomb functions47 respectively. This form

for writing the solutions is chosen because it becomes purely real |
near the nuclear sp.rface. Solutions of the coupled differential equations
approach the Coulomb functions asymptotically at large radius. For
notational convenience the indices (Id,l.) used to label the solutions will
sometimes be replaced by a single index j or k which varies from 1 to

9. The relation between these indices is given in Table IVA. The pre-

viously used, and more common, notation of Ii and If to d'esignate the
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parent ahd daughter nuclear spins respectiv:ély‘ are not used in this
section in order to avoid ambiguity. Because of the channel coupling an
a wave starting off in one (initial) channel can be scattered into another
(final) channel.

The physical information is contained in the real components which
are outwardly decreasing functions (reducing to irregular Coulomb func-
tions‘ in the uncoupled case). ‘The square of an oscillation amplitude in
the far region may be related to the experimenfal intensity divided by
the a particle velocity.

In general the phase of an oscillating c‘oupled-channel solution in the

far region will differ from the phase of the corresponding Coulomb func-

tion. This phase difference will be referred to as the quadrupole phase

shift, . Although phase shifts do not affect intensity data, they do
v df gh p

-affect angular distribution data through the interference terms between

o cbmpone‘nts of differing £ going to the same final state Id'

‘The set of nine second-order coupled differential equations can be
transformed into a set of eighteen first-order coupled differential eéua-
tions having eighteen 1inearly independent solutions or, equivalently,
nine complex solutions. Because the physically meaningful solutions
are exponentially decreasing going outward thfough the barfier, it was
not possible to obtain stable solutions by outward numerical integration.
Instead I used Coulomb functions as starting conditions at a radius
sﬁfficiently large (150 fm) such that the coﬁpling forces were small and
integrated inward. The solﬁ.tions of interest then increased in the di-
rection of integration and were thus stable. The Coulomb function and

its derivative was initialized to zero in all but the kth of the nine
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channels, while the kth channel was initialized with the value of the
complex Coulomb function corresponding to that channel. I label the
linearly independent set of complex solutions resulting from the integra-
tion as u,, (r) = g., (r) + if.. (r), representing the jth channel of the kth
jk jk jk _ :
linearly independent solution.
Any general solution of the coupled differential equations may be ex-

pressied as a linear combination of the solutions just described; that is,

the general solution for the jth channel may be written as

() = D e (r (11)
k=1 ]
where the coefficients ¢ =3t ibk are complex numbers. Because an

a particle is assumed to exist in a quasi-stationary state prior to emis-

sion, the imaginary part of each wave function L_DJ must essentially vanish

near the nuclear surface. Using nuclear model constraints, which will
be discussed in the next section, values for the real parts of the wave
functions at the nuclear surface can be obtained. Then the set of nine
complex. simultaneous equations, @j(r), can be solved for the coefficients
Cp-

The system of simultaneous equations is most conveniently. handled
as the matrix equation

uc-g (12)

where the matrix elements ujk

amplitudes of the linearly independent solutions on or near the nuclear

of the 9X9 complex matrix U are the

surface. The elements of the column vector C are the unknown complex
coefficients Cyes and the elements of the column vector ¥ are the purely

real nuclear model surface amplitudes. The problem is formally solved

R
f
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by the matrix inversion

Yy, (13)

| ~onon

=
From the. 1 values thereby obtained, and in view of the starting condi-
tions of the pure Coulomb functions, the relative a partial wave intensi-
‘ties ‘jk can be written as

Ay = |ck|20j = (ai + b2 )Qi (14a)
and the quadrupole phase shifts ¢k can be written as

¢ =argc, =tan ‘(b /2 ) (14b)

where Qa is the o decay energy in that channel.
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IV.C.2. MODEL-DEPENDENT NUCLEAR SURFACE
BOUNDARY CONDITIONS '

in the similaf work of Rasmussen and Hansen48 on even-even 242Cm
favored a decay, the boundary conditions for the real part of the ‘solutions
could bé imposed by. demanding agreement with experi‘rhental relative in-
tensitiés to the rotational band levels in 238Pu. For odd-mass nuclei
“there are insufficient relative intensity data to provide the require.ad
boundary conditions. For the problem consider.ed here, eight boundary
conditions are required. For the five levels of the daughter: there are
only four relative intensities, and there are no direct ex{perimental
measurements of the mix and relative phases of the partial waves. The
low texhp‘erature angular distribution data provide two experimental
numberé'(the coefficients of the Pz(cos 8) and4P4(cos 6) termé in the
angular distribution), but they do not determine uniquely relative partial
wave amplitudes and phases.

Because there are insufficient experimentél data to completely fix
the boundary conditions, nuclear model constraints were used instead.
Iused the fundamental assumption underlying the leading order in-

19’ 10 that near the nu-

tensity relationships of the strong coupling mode
clear surface the projection of any partial wave's angular momentum
along the cylindrically-symmetric 3-axis of the daughter nucleus, my,
has a value of Kd + Kp where Kd and Kp are the projections (;f the
daughter and parent total nuclear angular momentum on the 3-axis.
For (Kd + Kp) ) £ only one value of m is allowed; for favored « decay

m, = 0. The condition of only m, = 0 components on a sphere of

radius R0 near the nucleus provides six boundary conditions, tying
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together the components of a given £ wave in proportion to Clebsch-
Gordan coefficients. Bohr, Fréman and Mottelson10 and Asaro et al. 36
have, in some applicatiqns, constrained the relative s, d ahd g wave
intensities to the average of r:earest neighbor even-even nuclei, but such
a constraint is not as fundamental as the m, = 0 constraint. The re-
maining two boundary conditions were left as free parameters and are

denoted by «a,, the ratio of total d and s wave a'mplitude at RO’ and @y

2!

the ratio of total g to s wave amplitude at Ro'. Therefore the wave func-

tions at R0 can be written as

g}J.(RO) = @, (IIPOK‘IdK) (15)

0

part of the wave function is exponentially decréas_ing going out through

with the trivial normalization condition ¢, = 1. The steady state real

the barriér region and oscillatory in the far region.

The numerical integration of the coupled differential equations
permits us to test two assumptions of the strong coupling model as
usually applied. The first is that near the nuclear surface only m, = 0
apartial waves occur. Subjectto this m, =0 C(;nstraint, I wishtodetermine
if the coﬁpled channel treatment can reproduce béth the experimental relative
intensities to the five lowest rotational levels (with spins 7/2, 9/2, 11 /2, 13 /2
and 15 /2) of the daughter and the angular distributiondata.

The coupled channel treatment can also test the usual appfoximate
handling o.f anisotropic barrier penetrability in‘setting the relative in-
tensity of a given £ wave to a given level equal to (the square of a
Clebsch-Gordan coefficient) times (a calculated spherical barrier pene-
trability factor for the alpha group). This approximation is exact only

in the limit of infinite moment of inertia or vanishing nuclear quadrupole

moment.
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IV.C.3. RESULTS OF THE NUMERICAL INTEGRATION
The most general way to present the results of the numerical inte-

gration is in the form of the complex matrix U 1;‘ the real and the im-

aginary components of U_1 for 253Es are given in Tables IVB and

255

IVC respectively and for Fm in Tables IVD and IVE respectively.

1

These matrices reduce to unit matrices for vanishing nuclear quadrupole

moment. Operation with either complex matrix on any boundary condi-

tions on a sphere near the nuclear surface will yield partial wave ampli-

tudes and quadrupole phasé shifts at large distances. If boundary con-
ditions are fixed on the spheroidal nuclear sufface, then a Froman
matrix35 can be used to transform them to boundary conditions on a
sphere at 10 fm.

Liet us now consider the determination of the two free parameters
a, and ‘a4. The value for a, is most stringently determined by the re- |
' quirement that the « intenéity to the 9/2+ 1eve.1 bé reproduced because
this level receives the largest d wave component. In general there are
two values for @,, one positive and one negative, that give satisfactory
agreement with experiment. The sign of the anisotropy in f:he a particle
angular distributions for both 253Es and ZSSFm requires that the s and
d waves Be in phase; that is, that they interfere constructively near
the nuclear poles. Therefore only positive values for @, are acceptable.

In like manner the « intensity to the spin 13 /2+ level fixes the
value‘for ay- The phase of the g wave is less well determined by the
angular distribution data, but the 253Es angular distribution data and

alpha decay systematics suggest that the g wave is out of phase. There-

fore only negative values for @, are considered.

of
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From. nuclear model considerations the values of both a,an a,
can be estimated. Using the shell model theory of @ decay, Poggenburg11

calculated partial wave amplitudes on a Nilsson coordinate surface to be

1.035, 0.309 and -0.376 for the £ = 0,2 and 4 waves respectively of 253Es

and 1.135, VO.406 and -0.353 for the s, d and g waves respectively of

ZSSFm. Applying a Fréman matrix of argument.B_ = 2, which is approxi-

mately correct for the transformation from the Nilsson surface to a

sphere near the nuclear radius, I obtain Qprayia, = 1.0:1.0:0.05 for

2535 and 1.0:1.1:0.18 for 2°°Fm.

The values of a, and a, were obtained by minimizing the weighted
root mean square logarithmic errors.in the theoretical intensities. The
weighting reflects the uncertainties in the experimental intensities. The
values that give the best fit to the experimental intensities are @qiay,:

_ 253
a, = 1.0:0.8580:-0.0977 for Es and «

4 0° % %y
255

= 1.0:0.7918:-0.1794 for
Fm. The microscopic theory predicts that the d wave amplitude in-
creases with both Z and N for the heavier actinides. 12 The minimiza-

tion procedure fails to reproduce this trend, probably because of the

unusually large measured intensity to the 9/2+ level of the 253Es

daughter. I will return to this point later. The g wave is weak
compared to the s and d waves; therefore the difference in @y values
found by the minimization procedure from those predicted by the micro-

scopic theory are expected.

The partial wave intensities, Coulomb phase shifts and quadrupole

253E

phase shifts are summarized in Tables IVF and IVG for s and

2SSF'rn respectively. The Coulomb phase shift difference for a decay is

given by49
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IS S -1 m |
Og 42 = % = tan 71 + tan T+2 + . (16a)
The phase shifts themselves are given by
g, zarg "L +1+1im). - (16b)

The values of nand k(= p /r) that we used are given in Table IVH.

253E's results; however, the general com-

255

I will emphasize the

ments are also applicable to the Fm results.

253

Examination of the best fits to the intensities for both Es and

255Fm reveals a systematic discrepancy. The experimental intensity
ratio of the second to the first excited state in the rotational band is
significantly larger than theory forvb.ot.:.h nuclei. These states are popu-
lated primarily by d waves, and no combination of initial £ = 0, 2, 4
ratios reproduces the experimental intensity ratio if the constraint to
m, = 0 components in the nuclear frame is maintained. This same
systematic deviation from Bohr, Frdman and Mottelson theory has be'en
noted for favored bands of many o emitters, but it is only now clear
that the coupled channel treatment doés not affect the discrepancy.

In order to exhibit the systematics of this discrepéncy I have.
plotted the ratio of the hindrance factors of the second to the first ex-
cited state for odd-mass actinide nuclei in Fig. 2. The experivmental
hindrance factors were taken from the compilatioh of Ellis and
Schmorak. 50 If the o groups populating these two .states were pure
£ = 2, then, by the Bohr, Fr8man and Mottelson intensity relations,
the ratios would be equal to the ratio of squares of Clebsch-Gordan
coefficients shown as dashed lines. Actually the ratio poinf:s are lower

limits because the correction for a g wave admixture would raise the
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points thereby i»ncreasing the discrepancy. Note that all points except
the one for 245Cm lie above the it"heor-etical }ine and that the points for
253Es and 255F‘m are not exceptional.

The degree of deviation from the Clebsch-Gordan ratio does not
seem to correlate with the amount of Coriolis mixing in the ground band.
Two nuclei shown in Fig. 2, 237Np and 253E$_, have the odd nucleon in
a large j shell model orbital which should be appreciably mixed by the
Coriolis interaction, and the other nuclei should have smaller admix-
tures. The three americium isotopes shown have the same odd-proton
state, but they show a discrepancy that is sharply increasing with neu-
tron number.

A re'lated discrepancy with the zero-order BFM intensity relations
was found in a-y angular corr.elation measurements on -243Am. Falk
et al. 51 performed a decoupling experiment in order to obtain an un-
attenuated correlation. Their results require a larger admixture of
d wave relative to s wave in the main o group than the BFM model
predicts. The nuclear orientation results on 253E's require that the
d wave intensity of the main o group be increased By approximately

39

20% over the BFM estimate. Therefore both hindrance factor ratios
and angular correlation and angular distribution data indicate a syste-
‘matic deviation of d wave branching. from Clebsch-Gordan ratios. The

d wave intensity to the two lowest levels of the daughter rotétional band
is increased while the d wave intensity to the upper level(s) is decreased
with respect to the Clebsch-Gordan ratios.

233

The coupled channel treatment of U a decay by Chasman and

Rasnrlus'sen6 reproduced the experimentally observed skewing of the d
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wave to§vard the lower spin levels of the rotational band. Their calcu-
lation involved four coupled channels with only the s and d waves in-
cluded, whereas our c.alculvation involves nine coupled channels with s,

d and g waves included. It is not clear why the earlier calculations pro-
duced the skewing while the present calculations do not. The £ = 4
groups are so weak that coupling to them should not significantly alter
the £ = 2 groups. Chasman and Rasmussen may have made a sign error
in setting the bqundary conditions at the nuclear surface for the d wave

component to the first excited level of 229

Th. Table II of Ref. 6 shows
a negative S_ign for the quadrupole phase shift of this group. The present
work always gives the same sign for the quadrupole phase shift of the
d wave; the reason for which can be readily explained. The quadruf)ole
pqtential'is proportional to Pz(cos 6) and is therefore highest at the
nuclear poles. If the s and d waves are in phase along the axis, then
the quadrupole part of the barrier retards the d wave with respect to
the s wave; thatis, the phase shift is negative. |

As a result of the above analysis we conclude that some d wave
component with m % 0 must be included on a spherical surface near the
nuéleus. When this thesis was being written, various mechanisms for
admixing an m 3 0 d wave component into the surface boundary coﬁdi—
tions were being investigated. Since these co-n»s‘iderations were not
finalized at the time of writing, they are not inéluded here but will be
in a fox;thcoming publication.

Table IVJ shows anf = 4 branching comparison of our coupled—.

channel results with the BFM formula. 10 Comparison is made with

Asaro et al. 36 who calculated the a barrier penetrability for a pure
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Coulomb barrier cutting off at a definite‘ raaius. The other BFM com-
pariéon.is from Poggenburg11 who used an optical model nuclear po-
tential. Iﬁ is séen that the coupled channel i'esults for £ = 4 branching
are very close to the earlier results with the BFM formula, thus con-
firming the theoretical validity of approximating dbranching at infinity
by the product of the barrier penetrability times the square of the appro-
priate Clebsch-Gordan coefficient. However, there is a regime of
higher £ :.4 wave hindrance where .channel coupling causes deviations
from the BFM Branching approximation. This' can be seen in Fig. 3
where { = 4 branching ratios are plotted as a function of @y with

a, = 0.89. The values at ay = - 0.101 are giiven in Table IVJ. 1In the
vicinity of @y = 0.2 the hindrance factors are highest, and the deviations
from the BFM branching approximation are substantial.

In Suﬁmary there seems to be a small but systematic violation of
the leading order intensity relations for favored £ = 2 alpha groups.
The special effects of channel coupling do not spoil the accuracy of the
simple Ciebsch-Gordan branching expressions for £ = 4 until

higher £ = 4 hindrance factors than are found in either 253Es or

255Fm are encountered.
The effect of the calculated partial wave intensities and phases on
the a particle angular distribution function will be discussed later in

the appropriate experimental sections, and final comments are made

in Section XI.
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IV.C.4. EXCLUSION OF £ = 6 PARTIAL WAVES FROM
COUPLED DIFFERENTIAL EQUATIONS

In order to limit the number of _coupled_.differential equations to be
solved, the £ = 6 and higher abngular momentum waves were excluded |
from.our analysis. . The hindrance factor for the £ = 6 .Wave of Cf is
apprbximately 1000 whereas the hindrance factor for the £ = 4 wave is
approximétely 30 (Ref.50). Therefore the £ = 6 v?ave cannot noticeably
affect thie £ = 4 branching. Because the { = 6 wave was excluded from
the theoretical analysis, the i wave component was subtracted from
the eXpérimental intensities before m-aking.the comparison with theory.
This was done as follows. Ahmad38 has measured the « int.ensities to

253Es to be 4(1) X 10-4% and 1.2(4) X 10‘4%

the 17/2+ and 19 /2+ levels of
respectively. These levels are populated by £ = 6 and higher angular
momentum waves only; I assumed that the higher ) waves are much
weaker than the i wave. The £ = 6 penetrability factor for a decay to
the 17/2+ level, which was obtained by extrapo'lating Poggénburg's“
penetrabilities, was multiplied by the appropriate Clebsch-Gordan co-
efficiept squared in order to ‘obtain a relative theoretical intensity
which was normalized to Ahmad's experimental intensity. The process
was then reversed to obtain the i wave component to the lower spin
states of the favored rotational band. The results are given in Table
IVK. For 255Fm a decay the experimental intensity to the 17/2+ level
is unknown; therefore I assumed that Poggenburg's calculations cor-
rectly predict the relative i wave component. This assumption does

not adversely affect the results because 1\’nY major difficulty is in

fitting the o intensities to the 9/2+ and 11 /24 levels for which the i
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wave component is small. Although it is true that the intensity to the
13 /2+ level determines @, to some degree, the weighting factor for this
level in our fitting routine is relativcly small. The corrections used

55

for the 2 Fm experimental intensities are also given in Table IVK,

The probable correctness of the calculated i wave components for
25SFm decay is indicated by applying the same method to 253Es. The
i wave components would then be 0.0001, 0.0016, 0.0031, 0.0060 énd
0.0033 for the 7/2+ through 15/2+ levels. The difference betwéen these
values and the ones given in Table IVK suggest that the i wave, like

the d wave, may be skewed toward the lower levels of the rotational

band.
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IV.C.5. CORRECTNESS OF COMPUTER CODES
Several numeirical tests oh the computer programs were perforined.
The regular and irregular Coulo-mb functions were integrafed inward
from 150 fm to 10 fm with coupling turned off, i.e., with Qg = 0. The

irregular solutions agreed with pure Coulomb functions calculated using

two different Coulomb function rout:iness2 to within a few tenths of a

percent. The uncoupled regular solutions, which should be exponehtially

decreasing going into the barrier, were not stable in to 10 fm, but they
were smaller than the irregular solutions by a factor of approximately
105, which is more than sufficiently accurate for this problemv.

The radial integration interval was varied by an order of magnitude
to insuré that accuracy was not limited by choice of mesh size.

In order to check the completeness and accuracy of the quadrupoie
coupling matrix elements, the rotational ener>gy and the centrifugal
energy of each group was set equal to zero. The i‘egulér Coulomb
fuinctidn Fo(n, p) with n and p appropriate f.or the Id =7/2 channel was
integrated inward from 150 fm with QO = 13.1 b. The d and the g waves
were found to branch in the ratio of Clebsch-Gordan coefficiénts as
they should.

A relative penetrability can be approximat.ed by the ratio of the
uncoxjple_d regular fuhction at 10 fm to the uncbupled regular function
at 150 fm squared. Ea‘ch squared ratio was divided by the corresponding
penefrability given by Poggenburg11 who used a Frdman matrix to
calcﬁlate penetrabilities. The resplting numbers shduld be, and they

were, appfoximately equal.

L]
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TABLE IVA. Channels considered in the favored o decay to the
first five levels of a Kr = 7/2+ rotational band.

Index | I
1 - 72
2 7/2
3 7/2
4 9/2
5 " 9/2
6 11/2
7 11/2
8 13/2

9 . 15/2




Tables IVB and IVC., Inverse of*

253

Es Suffa'ce Amplitude Matrix.

. 742y 8 o T/2y 2 U2yl o Q2y B 92y e 4802y 2. 18429 & . 1372y & 15724 b. .
e U Real Components’
772, 0 2.83B9E-13 ~4.6047E-14 1.0146E-15 &.3804E14 ~3.7020€~15 ~2,1475E-14 6.2709E-15 =3.2217€-15 1.4E31E<15
772y 2 ~4.3547E-14 2.0829E-13 -2.3962E-14 1.9060E-1k 2.594EE-14 141510E=14 =1,00€3E-14 -6,9621E-16 ~8+9831E-16
772, & 1.4277€-15 ~2,0215E=14 1.3146E-13 ~8.5929E-15 1.4367E-16 -1.7849E-15 5.4143E-15 9,1879E-16 1.8802E-16
92, 2 3.3704E=14 1.5873E-14 ~8.4537E-15 1.8553E-13 -4,385CE-15 2,2326E-14 2.0732E-16 =1,5144E-16 =1,9€30E-15
972, 4 =2.2258E-15 1.8075€-14 1,1941E-14 <3.7263E-15 1.0910E-13 =2.7208E=15 1.2417E-14 4.2887€-15 5.214SE-16
11/2, 2 =1.2974E=1% 7.4187E-=15 =1,360TE=15 1.7€50E-16 ~2.5400E=15 1,3910E=13 1.0086E-15 1,0774E~14 =1.6648E=14
1172, & 1.9536E-15 -5.5072E~15 3.5009E-15 1.3€87E-14 9.8292E~15 B.4889E-16 B.2426E-14 B8.04B4E-15 2,1089E-15
' 713/2, & <1.0550E-15 -2.6002E-16 4e0641E-16 =743796E=15 245092E-15 6.7963E-16 6.07756-15 5.7544E-16 3.95€6E-15
15/2y & 3,1896E-16 =2, 0337E=16 5.1903E-17 =5,8781E-16 1,9458E-16 -7 .2664E=16 1,1137E=15 2,8357E-15 3.7143E-14
R e e Imaginary Components
7/2, 8 -3.0880E-15 7.1623E<15 ~6.0093E-16 =5,2612E-15 1.038SE-15 1,8321E-15 =1,0344E-15 6.4430E~16 ~2.2668E-16
712, 2 9.0650E-15 4.8316E=16 2.8864E~15 =1,8776E~15 =2.1750€-15 ~1.9257E~15 3.0429E-16 9.5706E-17 2.0476E-16
772y b =7.6426E-16. 5,0520E-15 =741092E-16--201082E~15 -~1 TB1EE-15. 6.1921E-16 =B8+0746E=16 =2.7953E16 =7+2756E~17
9/2y 2 ~8.4270E=15 -2.7365E-15 1.614BE-15 =3.04I6E-15 3.5167E~16 =28575E-15 =1,8721E-15 7.3266E-16 4o 0010E-16
9s2, 4 103120615 =5,2155E=15 =243553E=15 746C12E~16 ~1.6927E=15 ko 3253E=16 ~1.5535E-15 ~5.6217E-16 =14 3488E-16
112, 2. 3.91BLE-15 =2.4771E~15 5.2540E=16 =348SO4E=15 342717616 -~10408CE~1E =3.T746E-16 ~6.67356-16 B8.5652E-16
11/2, %  =1,2899E-15 1.,7539E-15 -1,0952E-15 =4s2S99E=15 ~2,1287E=15 =~ o3671E=16 ~1.0788E-15 =8,2390E~16 =1,8860E-16
13/2, b 7.8683E-16 1.4832E-16 -2.5308E-16 2.7423E-15 -8.225LE~16 -2.0551E-15 =1.2673E-15 -bs2879E-16 -2+ 6281E-16
15/2, & .- =2.7308E=16. 1. 8442E=16 ~ha7919E =174 3275E-16 =1.23ILE=16.2.967IE-15 ~3o5411E-16 ~5.5705E=16 =3+ 7I04E-17

—fg_



Tables IVD and IVE. Inverse of 255Fm Surface Amplitude Matrix.

172, 0 772, 2 7724 & ..9/72, .2 ”.ai.SIZ,NB e 3472y 2 QL7290 6 . 13/24 4. 15725 &
g 2 Real Components
772, 0 101870E-12 ~1,9486E~13 7.9070E-15 1.8097E-13 =1,5233E-14 =B8,7395E-14 1.7438E-14 -1,2990E-16 5.7992E-15
772, 2 »148115€E-13 6.73§OE-13 =1,0010E=13 7.9077E~14 1,0760€-13 4,6957E=14 =4,1110E~14 =2,8240E-15 =3.573CE~15
772y & 5.8394E~15 =8, 4459E-14 5.,5522E-13 ~3.5711E=14 5,9097E=-14 =7 .3058E-15 2.2234E-14 3J«7369E-15 7.5245€E-16
972, 2 1,3100E-13 642170814 =~3.3047E-14 7.2773E~-13 =1.,7183E~16 B8,6398E~14 B8,0244E~14 =5.7691E~14 =7.3956E-15
972, & ~B8e4032E-15 T.0+415E-14 4L 46962E~14 =1.4630E-14 4.30G90E-13 '1.06395-1Hv 4.B8310E-14 1.6412E-44 1.9783E-15
1172, 2 “4,5978E~14 2.6245E~164 ~4,8311E-15 6.3450E-14 =9.2321E-15 5,0289E~-13 3.7216E-15 3.8454E-14 =5,9033E~14
1172y & 6.6662E-15 =1,9343E~14 1,2493E-1h 4.8987E~14 3.5558E-14 2,9675E-15 2.9989E-13 2.8846E-14 7.“20“E;15
1372, & ~3,2385E-15 -B8,2000E-16 1.2742€E-15 -2.3892E-14 B8.2094E~15 2.2601E-14 2,0215E~14 1,9240E=13 1,3025E-14
1572, & 8e7359E~16 =5.6783E-16 1.4050E-16 =1.6537E~15 5.57356-16 =2.1403E~14 3.3317E-15 B8.6232E~15 1.1340€-13
Imaginary Components -
53772y 0 =247719E-1h -344355E-1l ~248316E-15 ~2,3658E-14: 4o7344E-15 75515E-15-=k 4996E-15 2.6324E-15 =B.4587E~-16
T2, 2 Q.ZS#BE'lQ -8+.1401E-15 1.“1895-1“ ~8,2482E~15 ~1,0082E~14 =-8.,0857E-15 v1;2906E-15 3.7728E~16 7.9411E-16
112y & =3.5196E=15 2,3561E~14 =9,8289E=15 9.2983E~15 =7,8930E~15 . 2.6445E~15 =3 ,3948E~15 -1.,1522E~-15 ‘éo9228E-16
972, 2 =3.08450E-14 -1.2877E-14 7.5618E~15 =2.,1403E~14 1.67/68E~15 =1.1604E~14 -7,9200E~15 2.9480E-15 1.4957E-45
972, & 5¢73I9LE~15 -2.3646E~14 ~1.0982E~14 3+3762E-15 ~1.,1513E~14% 1,7129E~15 ~6,3124E~15 ~2,1634E~15 ~5,0201€E-16
1172, 2 1,6686E=~14 -1.,0496E-~14 2,2143E-15 =1,6691E-14 1,4947E~-15 =1,1395E-14 «1,5150E-15 =2.5743E~15 3.1870E~-15
1172, & ~5,2252€~15 7.4385€E-15 -“.6§12E‘15 =1.7938E-44 =9,1354E-15 ~1,7224E-15 -7,8218E~15 °3-0382é;15 f6oL€h9E-l6
1372, & 2.9128E~15 5,5591E~-16 -9,5188E-16 1.0483E~-14 -3.2108é-15 -7.8825E~15 ~5.0751E~15 =3.8616E~15 ~8.5954E-16
1572, & ~9,0647E=16 6.1223E=16 ~1.5937E~16 1.4495E-15 ~4.2056E-16 1.0186E-14 ~1,2579E-15 =2,0271E=-15 ~1.4940E~15

_gs_



-36-

Table IVF. 253

Es partial wave intvensities.,ﬂ quadrupole pha.se shifts,

- and Coulomb phase shifts obtained by numerical integration (ag =1,

S ap = 0.8580, a4 =*-0.0977).

Coulomb

I, ¢ Partial Experimental intensity = Quadrupole :
wave with i wave subtracted phase shift phase shift
_intensity 4 (radians) {radians)
%) (%) N
7/2 0 81.7983 -0.02102 . 50.80282
2 8.9034 -0.13020 - 53.841583
4 0.1355 0.12676  56.65920
90.8372 90.0
9/2 2 5.2180 -0.15901 54.04699
4 0.3383 | 0,13803 56.89128
5.5564 6.6 ‘
11/2 2 0.7788 -0.19261 54.33783
4 0.2723 0.15148 57.18327
- 71.0511 0.846
13/2 4 0.0848 0.0810 0.16682 57.53714
15/2 4 0.0085 0.18423 57.96313

0.011
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Table IVG. 255Fm partial wave intensities, quadrupole phase shifts,
and Coulomb phasé shifts obtained by numerical integration (ao =1,
a, = 0.7918, a, = -0.1794).
2 4 '
Li ¢ Partial Experimental intensit}: Quadrupole Coulomb
wave with i wave subtracted phase shift phase shift
intensity (radians) (radians)
%) (%)
7/2 0 86.1522 ~0.00664 49.49463
2 7.5837 -0.13561 .52.50530
4 _0.2035 0.11033 55.34333
93.9393 93.4 : '
9/2 2 3.9054 , -0.17933 52.80722
4 _0.4433 0.12150 55.64650
4.3487 5.05
11/2 2 0.5004 -0.22613 53.18030
4 _0.3013 | | 0.13352 56.02110
0.8017 - 0.62 e
13/2 4 0.0787 0.097 0.14564 56.47075

15/2 4 0.0066 0.008 0.15817 56.99444
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Table IVH. Values of the effective a particle energy, Cou%ggnb func-
Es and

tion argument n

, and Coulomb function argument p/r for

55Fm. .
2.53ES 2555,

Tam | Regr n K| Se n k.,

(MeV) (fm 7)) | (MeV) - {fm )
7/2+ 6.78008  23.28794 1.13032 7.476  22.87120  1.16293
9/2+ 6.73762 23.36120 1.12678 7.116  22.96742  1.15806
11/2+ 6.68482 23.45328  1.12235 7.043  23.08614  1.15240
13/2+ 6.62174 23.56473 1.11704 6.957  23.22840  1.14505
15/2+ 6.54740 23.69867 1.11073 6.859 . 23.39375 1.13695
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Table IVJ. Theoretical branching of the £=4 alpha. groups for 3Es

: I.d BFM-sharp BFM-sloping Coupled channel
barrier 36 barrier (this work)
' (Asaro et al.) (Poggenburg)
7/2 (1) (1) (1)
9/2 ' 2.57 - 2.486 2.499
11/2 2.10 1.994 2.010
13/2 0.65 0.632 0.626

15/2 0.065 0.063 0.063
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 Table IVK. Correction factors for the i partial wave.

+

2535 2550

I - Experimental ~ f£=6 | Experimental L =06
am intensity 3 component intensity 3 component
(%) (%) (%) (%)
7/2+ 90.0(5) 0.0002 93.4(2) 0.0003
9/2+  6.6(2) 0.0014 5.05(7) 0.0022
11/2+ 0.85(3) 0.0037 0.62(1) 0.0040
13/2+ 0.085(3) 0.0039 0.110(5) 0.0129
15/2+ 0.013(1) 0.0018 0.013(2) 0.0049
17/2+ 0.0004(1) (0.0004)

19/2+ 0.00012(4)

re
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Experimental -hindrance factor ratios
—~ 5 (lower limits) —
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FIG. 2. Ratio of the hindrance factor of the second excited level to the

hindrance factor of the first excited level in the favored a decay of
odd-mass nuclei. ‘
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FIG. 3. Logarithm of the ratio of the £ = 4 partial wave intensity in
excited states of the 7/2+[633] band of 249Bk to that in the ground
state as a function of ayq with o, fixed at 0.89. Bohr, FrbBman
and Mottelson ratios (Table IVJ) hold for most value of a,-
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V. NUCLEAR ORIENTATION THEORY
V.A. SPIN HAMILTONIAN

'I“heir’e'searc.:h reported here was restriéted to.the alignment of nu-
clei of actinide element ions 1n paramagnetic salts. Therefore the only
NO methods discussed are those specific to a paramagnetic salt host.
In the .ab's_ence of an external magnetic field it is necessary that single
crystals of paramagnetic salts be used in order to define a quantizatidn
axis. Thé neighboring atoms of a paramagnetic ion in a crystalline
lattice create an electric field at the paramagnetic jon site with strengt.h
and diiféction determined by the crystalline structure. The Stark effect
spiitting of the unpaired electrons of the paramagnetic ion gives certain
orbital states lower energy than others. Thfa overall splitting of the J-
manifold of a rare earth ion is of the order of 100 K - 1000 K; therefore
only the lowest energy level is populated at ﬁO terﬁperatures. If the
crystalline electric field has axial symmetry, alignment of the elec-
tronic magnetic moments relative to the crystalline axis will occur. At
sufficiently low temperatures nuclear alignment will occur because the
nuclear magnetic moment will preferentially align along the electronic
field or the nuclear quadrupole moment will align in the electric field
gradient arising from the lattice charges and the unpaired electrons.

Hyperfine splitting in the absence of an external magnetic field at
a site of axial symmetry is deécribed by a phenomenologicail spin

{

Hamiltonian53
_ 2 2 '
Gchf = D(SZ. - S(S + 1)/3)‘ + AIZSz + B(IXSx + Iysy) + P(Iz - I(1I + 1)/3).

(17)
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The effective electron spin S is defined such that the multiplicity of

the electronic energy levels is equal t§ (2S + 1). The first term repre-
sents the splitting of the electronic lex}els due to second order effects
of the crystalline electric field. It is zero for the most common cases
when S = 3. The second and third terms arise from magnetic hyperfine
alignment as proposed by Bleaney. 54 The final term describes

the electric hyperfine alignment proposed by Pound; 35

In order to preéent a more quantitative treatment of magnetic and

electric hyperfine interactions, it is necessary to first discuss the

free ion and crystal field interactions in the actinides.
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V.B. RARE EARTH AND ACTINIDE ION
ELECTRONIC STRUCTURE

‘The actinides are Ichemically much more complex than the lanthan-
ides. Whereas the lanthanides form 3+ sta£es almost exclusively,
-numer‘ous charge states occﬁ'r in the actinides, especially in the lighter
actinides, and covalent bonding is important in compounds formed by
the more highly valent ions. The 4f electrons are iocalized and screened
by thé closed electron shells. The spin—orbit‘interaction is stronger
than the crystal field interaction. Aithou'gh J remains a good quantum
number to first approximation, Russell Sauders or L-S coupling applies
only to the ground multiplet, if at all. The 5f electrons are less well
shielded, configuration mixing occurs, and J ceé.ses to be a good
quantum ﬁumber because the spin-orbit and!crystal field interactions

56 W. T. Carnall of Argonne National

are of comparable importance.
Labora#ory and H. Crosswhite of John Hopkins University are in the
process of solving the complete interaction Hamiltonian including
Coulombic, spin-orbit, and crystal field interactions for selected
actinides. However, in this work I consider the crystal field inter-
action as a perturbation on the free’ ion levels. .

When the spin-orbit interaction becomes i_arge, states with the
same J but different L. and S become appreciably mixed, and inter-
mediate couplihg occurs. The elements of the spin-orbit interaction
matrix were given in geTneral terms by Ellic:tt, Judd ar;d Runciman., >7
The eigenvalues of the interaction matrices are the enérgy corrections

to the levels, and the eigenfunctions are the components of the wave-

functions expressed as linear combinations of L.-S coupling wavefunctions.
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In this _W"ork only pure SfN configurations are considered. The calcu-
lation of energy levels of f electron ions has been treated extensively
by both Judd58 and Wybourne. 59 This thesis treats only the most im-

portant points in the calculations.
In only the 253’Es case were the experimental results precise enough

to justify a detailed study of the actinide ion electronic structure. There-

fore 'sdmg of the comments below will be specialized to 253Es ions.

The electrostatic, spin-orbit, and configuration interaction param-

eters for Es3+ (aquo) have been obtained recéntly by Carnall 9_29_1__60

from an analysis of the solution absorption spectrum. Their values

2 3

(all in cm™ !y are E = 4445.86, E% = 21.4464, E - 416.638,

L = 4014.70, @ = 22.505, B = - 722.53, and y = 1000. The resulting

5

ground state wavefunction is 75.3% ~I + 21.8% 3K .+ 1.2% 3L + 0.1%

3M + 1.6% 1L. At the time I analyzed the data, I used estimates

253

of the Es parameters made by John G. Conway;61 namely,

2

E’ - 6682.6, E° = 30.69, E> = 620.4, L =2127.4, o = 23.5, B=-811.2,

and y = 0. The resulting wavefunction, which was obtained from the

program GUESS, is 78.8% "L, + 14.8% Ko + 4.3% “K,, + 1.0%

21

The subscripts are the

0
3
+0.1% M

0

1 3 1
L22 + 0.8% L21 + 0.1% L21 30°
U quantum numbers which label the irreducible representations of the

group G,. L, S, M. and M_ do not provide sufficient labels to dis-
p &5 s P

L
tinguish terms in A configurations when n> 3. Since there is little
difference between ou.r wavefunction and the one obtained by

Carnall et al, no significant changes in my conc_lusions are expected
as a result of the use of the approximate parafneters. Only in the

case of J-mixing would pronounced changes in the hf interaction param-

eters occur.
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V.C. CRYSTAL FIELD INTERACTION
I next consider the crystal field (CF) interaction as a perturba-
tion ;n the free ion level and then the hyperfine interaction as a per-
turbation on the CF levels.

The CF potential can be expanded as
k -=(k k
= B5(C V). 1
er = 2, kZ,q 2B Lovg, (19)

where égk) is a tensor operator, Blé is a CF parameter that is pro-
portional to a lattice sum times the expectation value of the f electron
radial extent, and the summation extends over i electrons of the ion.
The CF parameters are usually determined from opticai spectra of ions
in a crystalline lattice. For f-electrons, k <6; and for pure fN con-
figurations, odd values of k vanish.

The matrix elements of the CF operator can be written as

N_oi17 N k ;N oo k) N
(TTSLIT_|Beplf TISLITT ") = kzq B, (£ 7SLIT |fJ'£l )|f TISLIJ'T!)

x (€] &%) ey | (20a)
where

27-J +S+L4k [J 1 [T kI
(NrsLys | TN NesLrzg y=(-1) 2 |
z q Z

1 1
IL'LS -qu Jz

X{[J] [r ]} 2 (NrsL | T | Npse

(20b)
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and

EREM ey = - 7 <3 . 3). \ (zoé)

000
The reduced métrix elements of ﬁ(k) can be readily evaluated with the
aid of the tables of Nielson and Koster.62 The CF interaction is di-
agonalinS. 7T stands for all unspecified quantum numbers.

In classifying energy levels in the CF, each energy level can be
labelied by a particular irreducible repr*esentafion of the symmetry
group," The ethylsulfates(R(CzHSSO4)3-9H20) have symmetry C3h and
a well—known crystal si:ructure.63 The more highly symmetrical D3h
symmetry can be used in describing the CF interaction. The only
non-vanishing CF parameters are Bg, Bg, Bg, and Bg.

A simple classification scheme for the CF energy levels was
proposed by Hellwege.64 The rotation axis of highest order is taken as
the z-axis, and Jz is the projection of J on this axis. The elements
VE of the CF potential represent an interaction between the states
characterized by J, JZ and J', J:Iz + q where JZ = J;. Obviously when
q#0, Jz is not a good quantum number. The only non-zero q that
occurs. in C3h symmetry is 6. The CF interaction matrix factors into
a set of irreducible submatrices labelled by the crystal quantum num-
bers u where J = p(mod g). Only states of the same class can interact
with each other. For an odd number of electrons, e.g., Fm3+, there
are three classes labelled by p :t—;- s :&%, + % In symmetry lower than
cubic the levels # yare doubly degenerate. Kramer'stheorem requires that
the levels be doubly degenerate inthe absence of an externalmagnetic
field or exchange effects. For an even number of electrons, e.g.,

Arr13+ and Es3+, there are four classes labelled by u =0, + 1, + 2,3.
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In symmetry lower than cubic the levels may be either singlets or
doublets. Further discussion of the CF interaction and the values of

the CF parameters will be presented in the results section.
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V.D. MAGNETIC HYPERFINE INTERACTION
| The magnetic hf interaction is the result of the 'interaction between .
the nuclear magnetic dipole moment and the magnetic field produced at

the nucleus by the electrons. This can be written a565

N -
20 it N.I
_ B"N i
Kmht™ — T — S —3  (21a)
o=t i '
with . N, =T - N/{‘o'('s*é(z))(i“‘_ o . (21b)

where kg and W are the Bohr and nuclear magnetoné respectively,
and p is the nuclear magnetic dipole moment expressed in units of nu-
clear magnetons. The problem reduces to finding the matrix elements
of _Ni within a J multiplet. Since —Ni is.a first rank tensor, the Wigner-
Eckart theorem can be used to relate its matrix elements to those of

7. Writihg the magnetic hf interaction Hamiltonian as A-i-?f,
-3 '
A=A = duppp (r70) oo T DN 1, (222)

A =B =dupuan (r70) o (H]T | XINI) A (22b)
where N N
(£ sLIfS N |7 s L)
i
(NsLyl| Vs Ly

(TN |3) = (22c)

(J ”N ||J> is proportional to the matrix element
(@rsL||v*® || Np 5111y which is tabulated by Nielson and Koster. °2
The wave functions |+> and ‘-) represent the wave functions of the

ground doublet.
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V.E. ELECTRIC HYPERFINE INTERACTION
The ehf s.plitting.of-the nuclear magnetic substates results from the
interaction between the nuclear quadrupole moment, Q, and the electric
field gradient (EFG) at the n;cleus. In NES there are four sources of
an EFG at the rare-earth site: 1) the lattice charges and dipoles,
.2) the open f-electron shell, 3 and 4) closed electronic shells that
are polarvize.d or distorted by the qﬁadrupole part of the crystal field

(CF') and by the unfilled f-shell. The resultant EFG may be written a866

eq = eq (1 - R +eqy (1 - v,) (23)

o0
o ‘ . . . 14 .
where RQ and y_ are the atomic and lattice Sternheimer” " anti-
shielding factors respectively. Since the quadrupole interaction is
proportional to <r~3>, the lattice term would usually be smaller than
the f-electron term were it not for the enhancement of the quadrupole

component of the CF potential resulting from distortion of closed shells.

The electric hyperfine interaction between the valence electrons

and the nucleus is given by53 :
3(T. 'f)z )
_ e Q I+1) . : |
Kent, nf = 221 Z{ 5" (24)
! ‘ri : TS J

67

The elements diagonal in J and JZ are

(3,7

¥4
T r
1

|Z\{11+1) 36 I’ }lJJ)

.

= - % (3 ||a”J)<r‘_-3>.nf (+ |3J2-J(J+1)[ +.)(I§—I(I+1)/3)

(25a2)
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where

(T lefr) = (fN'rSLJJZmék) €N SL'J'J! ) (25b)

the matrix elements of which were given previously. The f-electron

part of P then becomes

P

2 .
5 = - gy (7 sg(Tllel I [372-33+ | +)1-R Y

- (26)
with the Sternheimer factor included.

Elliott68 considered the admixture of the J = 2 state into the

3

J = 0 ground state of Eu + by the crystal field. Using second order

perturbation theory he obtained, after allowing for a change from the

4f shell to the 5f shell,

Cta2m 20 - | 2
(2), 6e“Q A, (1-0,) <r2>5f<r 3>5f(1-RQ)| (20 | e 00) |

5f 7

P 7
1(21-1) E('F,y - 'F

(27)
00)

The ionic shielding parameter o, gives the shielding of the 5f-electrons
from the crystal field by the outer electrons, primarily the 6s and 6p

shells. Ag is related to the CF parameter introduced earlier by the

relationship
BZ - 2a3(1-0,) (+%) | (28a)
0 2 2 :
2. . .
A0 is a lattice sum given by
2
3cos™0, - 1
2 _ e | : i
Aj=- g >‘f 6§ —— - (28b)

1

At a site of axial symmetry the quadrupole coupling constant is

defined as
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2 2
_3e“Qq - __3eQ 8%
PEAeLy Cm@ED 2 - (2%a)

A ¥
In the absence of electronic shielding the electrostatic potential is ex-

panded in terms of spherical harmonics as

_eV = Z rnA;nY;n(O,q:). (29b)

n,m

In cartesian coordinates for crystals of axial symmetry the first non-

spheric_al term is _
Vy = AS(32° - ) /(e). (29¢)

Therefore the lattice. contribution to P is

30(1 - v_)A)

Plat ™" —Izr oD

(29d)

with the Sternheimer antishielding factor explici_tl.y ihcluded.
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VI. EXPERIMEN'I‘AL APPARATUS AND TECHNIQUES
VI.A. CRYOSTAT

The cryostat used was similar to the one used by Frankel8 except
that the rtwo glass dewars were longer, and an'improv_edv high vacuum
systerh was installed. The ir'lner‘ dewar was filled with liquid helium
pumped to approximately 1K, and the outer dewar was filled with liquid
nitrogen. The dewar tails were constricted to fit within the 6.8 cm gap
of an iron yoke electromagnet. The experimeﬁtal sample chamber was
contained in a glass tube 3 cm in diameter and 30 cm long which waé
attached to a 1 m long thin-walled stainless steel pumping tube by means
of a copper-Pyrex housekeeper seal and a soft solder filled gutter seal.
A radiation baffle system made of brass was soldered to the lower end |
of thé stainless steel pump out tube, and a 2.54 cm inner diameter brass
cage was screwed to the baffle system. The 10v§er half of the brass
cage is shown in Fig. 4. The neodymium ethyléulfate crystal is
mounted in a yoke formed from a 2 mm diameter Pyrex gléss support
rod vs-/h.ichAis anchored near the top of the cage. Its 20 cm of length
decreases thermal heat leaks. Technical grade manganous ammdnium
sulfate (MAS) was crystallized from aqueous solution after being dis-
solved at 80° C and filtered. The crystals were ground, moistened
with a 50-50 glycerol-HZO soluti'on, and compressed into pills. The
MAS cools upon demagnetization before the other paramagnetic salts
and cryopumps re sidual 4He exchange gas. The chromium-potassium
alum in glycerine slurry, which is contained in a g.lass cup, cools
upon adiabatic demagnetization to approximately the same temperature

as NES and decreases the heat leak down the Pyrex rod to the NES
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crystal. The nylon filament damps out vibrations. The a particle de-
tectors are along and perpendicular to the NES c-axis. The error in
positioning is estimated to be + 2°. Because the even

order Legendre polynomials entering into the angular distribution func-

tion are relatively flat at 0° and 90°, any misalignment results in small

errors.
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FIG. 4. Experimental chamber for nuclear orientation
studies of @-emitting isotopes. '
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- VI.B. ALPHA PARTICLE RADIATION DETECTORS

The a .p'article radiation detectolrs conéi_sted of wafers of silicon
1 cm X 1 cm X 0.4 mm that had been lapped and etched. Gold elec-
trodes were evaporated on both the froﬁt.and back surfaces; the back
surface being completely coated and the front surface partially masked
prior to evaporation to leave a circle 7 mm in diameter. An electrically
conducting silver-containing epoxy was used both to fasten each detector
to a 0.25 mm thick molybdenum mounting strip and to secure a fine gold
wire to the front electrode. The gold lead was further epoxied to a
ceramic stand-off fastened to the molybdenum strip to which a 32 gauge
ménganiﬁ lead had previously been soldered. In order to confine the
a particles to the center of the front electrode,where the field gradient
is uniform, and in order to permit quantitative solid angle corrections,
2'mm thick brass strips with a 3 mm diameter‘hojle drilled through
them were used as collimators.

The detector bias was applied and the output signal removed on a
common lead consisting of 32 gauge formex coated inanganin wire in
the brass cage section and 30 gauge bare constantan wire in the stain-
less steel pumping tube section. The brass cage served as the elec-
trical and thermal ground. |

The detector output pulses were shaped and amplified 1n én LBL
low voitage'nuvistor pre-amp (11X1050) and further arﬁplified in an LBL
linear amplifier system (1 1Xi98) . Energy spectra were accumulated on

various pulse height analyzers.
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VI.C. NEODYMIUM ETHYLSULFATE CRYSTALS
The neodymium ethylsulfate (NES) was prepared in aqueous solution
by the reaction

HZO

2 Nd(C_H_SO

NdZ(SO4)3 + 3 ‘Ba(C2H5504) 2Hg 4)3- 9H20 + 3 BaSO4

2

Single crystals of NES were grown from solution in a refrigerator at

) approximateiy 0°C. Although the crystals took a year to grow to useable
 size (~ 4-;7 g), they were almost transparen{: and free of the visible
defects and occlusions characteristic of crystais.grown at room
temperature. The crysfals were stored at 0° C prior to uée in order

to inhibit dehydration.

One face of each NES crystal was sanded at 45° with respect to the
crystalline c-axis in order that both the 0° and the 90° radiation detec-
tors would be exposed to approximately the same source shape and could
be placed at approximately the same distance (typically 7-9 mm) from
the source spot.

The trivalent actinide ions in the form of the trichloride were

6

dissolved in approximately 3\ (1N = 10> £) of quér’cz distilled water.

The solution was taken up in a 2\ micropipette whichwas heldinamicro-
positioner. From adistance of 0.5mm the 2\ dropwas dropped on the sanded
crystalface, allowed to remain for one minute in order that the bulk crystal
would dissolve permitting the exchange of actinid’e.ions for Ndions, and then
removedtoprevent microcrystals from forming. The process was repeated
asmanytimes as necessarytoleave 1-5X 105 adpm on the crystal. The best

- samples were preparedinone to three applications. More numerous applica-

tions resulted in sources that were deep, irregular craters inthe formerly

smoothface. Theactivity mustbe localizedtoa spot1-2mmindiameter inorder
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to kee'p.o_the_solid angle corrections small.  Although this method of
sample. preparation is crude, no more satisfactory technique was
found. The characteristics of a '"good" vs. '""poor' source will be

discu_é séd later.
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VI.D. ION EXCHANGE PURIFICATION OF ACTINI_DE ELEMENT IONS
Most of thé. radiongclides used were obtainéd' isotépically pure

from the late Prof. Burris Cunningham and his co-workeré. However,

iﬁ some cases it was'necessary to purify the activity' oﬁ a-hydroxy-

isobutyrate ("but'") and "but" clean-up cql’umhs. Details on ion exchange

proc'edurefs have been given by Fujita. 69
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VI.E. THERMOMETRY AND DATA COLLECTION AND REDUCTION
The final temperature reached after adiabatic demagnetization of
the NES crys£a1 was determined from the initial value of H/T using
the temperature scale of B-loi;, Shirley, and Stone. 70 The ratio of the
initial magnetic field (measured with a rotating coil gaus smetef71) to
the pumped helium bath temperature (measured with a dibutylphthalate
filled manometer) determines the magnitude of the entropy of the elec-
tronic spin system and also the finbal temperature reached ﬁpon adiabatic
demagnetization to zero applied magnetic field. Final temperatures
measured in this manner are accurate to within + 6% . Additional de-
tails about magnetic temperature determination are given by Ambler
and Hudson. 21
Following ‘adiabati-c demagnetization several full spectrum ”‘cold"
counts were taken. The NES crystal was then warmed to the'4He bath
temperaﬁure (approximately 1 K) and a series of ""warm'' counts were

253gs in NES o particle angular

taken for normalization. Because the
distribution is anisotropic at 1 K, these warm counts were renormalized
to 4 K where the angular distribution is isotropic.

A typical pulse height spectrum is shown in Fig. 5. The a detectors
used had aﬁ energy resolution (full width at half maximum) of ‘100 keV
or better for 5.5 MéV a particles. The broadening of the peak shown
in Fig. 5 is due to energy losses within the NES crystal. The effect
of (Ruth’erférd) scattering on the measured anisotropy was determined
empirically by dividing typical spectra into several segments and by

calculating the anisotropy of each segment. The lowest energy segments

should show the smallest anisotropy if large-angle scattering is
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important; but, within statistics the anisotropy was constant across.
each spectrum. However as a safeguard, the lowest 25% of the spectra

were not used in calcﬁlating anisotropies: The 249

Bk daughter g~
activity contributed counts to the lowest part of the energy spectrum

but no corrections were necessary because that part of each spectrum

was vexclud'ed from analysis.
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The cold spectrum was taken at 0.011 K and

the warm spectrum at 1 K. .
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VII. 25 3Es NUCLEAR ORIENTATION RESULTS AND

253Es IN NES MAGNETIC HYPERFINE INTERACTION CONSTANT

253 241 255

' The ‘results and discussion for “°“Es, Am, and Fm will be

| 'presénted separately. Because the 253Es results are the most dﬁanti-

tative, ‘they Wiil be discﬁssed fnost' completely. The 253Es NO feéu_lts

have been publish.ed’, 39 but the discussion section has been updated here.
The e‘xperirne.ntal work on 253,Es was carried out in three sets of

measurements, which I will.‘d'enote 172', 118, and III. 39

Data from one
of my successful runs (designated asset III) are plotted in Fig. 6 and
tabulated in Table VIIA. The statistical accuracies az;e given in paren-
théses. ‘The quantity 3 - W(O) - 2W(w/2) in Tabie VIIA is proportional
to thé coefficient of P4(cos 6) in the angular distribution function; it
will be disé:ussed later. For the run summarized in Table VHA, the
solid angle correctmn factors are Q (O) - 0.946, Q4(0) 0.829,
| Q (1r/2) 0.962 and Q4(1'r/2) 0.877. In calculating the solid angle co.r-'
' rectlon factors the radioactivity was assumed to be uniformly diétributed
throughout the spot. Since the actiQity probably concentrated at the
center of the spot, the corrections may be too large; i.e., the cor-
rection factors should perhaps be larger in magnitude.

In diséussing these data there are two rather distinct ''figures of
merit'", which are best treated separately: the saturation values of
W (0) aﬁd W(r /2) and their temperature depehdences.

253

Satu'rat‘ion‘ developed in the Es in NES o particie_arigular distri-

bution; that is, the magnetic hyperfine interaction was sufficiently

large such that essentially all of the 253Es nuclei were in the IZ =+1

nuclear magnetic substate below 1 /T = 40 K'i. The orientation
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* parameters, Bk,’ ‘then assume their limiting or maximum absolute
values. The saturation values of the orientation parameters for axial
magnetic alignment and a parent spin of 7/2 are B2 =+ 1.528,
B4 =+ .0.798’and B6 = 0.174. | |

The observed saturation values of W(0) and W(Tr/Z) are affected by

253 g3t grows into Nd3+ lattice sites substitutionally,

the degree to which
by scattering in the source crystal, and by the performance of the de-
tectors and counting equipme‘nt.‘ Values at saturation of W(0) and
W(w /2) from I, Il and III are given in Table VIIB. In I the '"effect" as
measured By the 90° detector, i.e., (1 - W(F'/Z))' is relatively small;
the same is true for the effect at the 0° detector, (W(0) - 1) inII. In
III on the other hand large effects are obse;ved with both detectors.
We interpret this to mean that III gave the most accurate saturation
values for W(0) and W(w /2) because almost any error in a nuclear
orientation experiment will act to reduce the observed effect.
Inspe‘ction of the discrepancies in Tablg VIIB suggests that two
kinds of errors were present in I and II. First, th_e smaller effect on
even the ”Better". detector in each case suggests a source preparation
pfoblem: perhaps the activity was too deep (leading to excessive scat-
tering) b:" incompletely substituted into lattice sites. Secondly, the
relatively large attenuation of the efféct in vth'e. ""poorer!' detector in
each case indicates something more grossly wrong either with that
detector or with alpha emission in that direction (e:. g., more scattering
in the source in one direction). In III extreme care was taken to grow
253 |

Es only near the surface of the crystal. Also the detectors and

associated circuits were far more reliable than in I and II. The large
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effects oBs erved with both deteqtors in series III were obtained with
several sources. For these reasons we take the saturation values of
W(0) and W(w /2) from series III as being characteristic of 253Es in
neodymium ethylsulfate.

The tempera’tur‘e dependences of W(0) and W(r /2) are affected by
different variableé than those that affect their saturation values. Im-
mediately after demagneti.zation the small active volume of the NES
crystal is Qarmed at an appreciable rate by radioactive heating. This
can lead to a spurious apparenf temperature dependence, 73 with the
high-temperature points showing a reduced effect. The Hyperfine
structure constants derived in such cases are anomalously small. If
gamma-ray distributions are studied,the activity can be distributed
" throughout the host crystal, and the temperature can be monitored
through the magnetic susceptibility. For a particle studies,; however,
" the activify must be concentrated in a small volume on the surface,

- and the resulting intense self-heating can raise the local tem.perature
well above that _of the bulk crystal. Ironically, the stronger the source
a‘nd the shallower its distribution in from the surface (two conditions
condusive to reliable measurement of saturation values of W(0) and

W (r /2)), the wﬁrse will be the self-heating effect. Thué in our experi-
ments, series I and II ga;/e a temperature dependence in W(0) and

W (w /2) characteristic of larger values of the magnetic hyperfine inter-

action constant (A = 0.28 £ 0.03 cm” 1) than those that would be derived

1

0.18+ 0.02 cm™ "). The values of A obtained

"

from series III (A
from several runs are given in Table VIIC. The final adopted value

of the magnetic hyperfine interaction constant for 253Es substituted
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into neodymium ethylsulfate of A = 0.26 + 0.03 cm-1 was decided upon

from the entr.es in Table VIIC on the basis of the above di§cuSSion.
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Table VIIA. Experimental 253Es in NES « particle angular distribu-
tion as a function of the inverse temperature.

1

1/T (K™7) . W(0) ' W(w/Z)' 3 - W(0) — 2W(n/2)
8.6(1) 1.566(27) 0.698(5) 0.038(28)
11.5(10) Cnri222) 0.613(14) 0.062(30)
15.0 1.808(18) 0.578(16) 0.036(29)
19.2(5) | 1.835(15) 0.544(14) 0.077(25)
25.5(10)  1.881(10) 0.543(5) | 0.032(12)
34.22) 1.872(9) 0.533(7) 0.062(13)
40.8(13) 1.864(8) 0.524(6) 0.088(12)
49.1 | 1.864(8) 0.526(6) 0.084(12)
56.1 1.872(8) 0.518(8) 0.092(14)
74,0 1.880(8) 0.514(7) 0.092(13)

90.5 1.896(18) ~0.520(4) 0.064(19)
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Table VIIB. {Saturation values for W(0) after solid angle corrections.

1

Set

I

II

III

W(0) W('n'/Z) ' Reference
1.70 0.68 72
1.66 g 0.55 8

1.934 0.497 present work
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Table VIIC. Derived magnetic hyperfine interaction constants for 253'Es
in NES.

1

Series Run A(cr_n‘ ) A/k (K)
I 1 0.28(2) 0.40(3)

2 0.28 0.40

3 0.25 0.36
no 1 | 0.28(3) 0.40(5)
2 0.25(3) 0.36(4)
11T 1 0.19(2) \ 0.28(3)
2 0.17(2) - 0.25(3)

1

Adopted value: A = 0.26+0.03 cm™ .
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VII. DISCUSSION OF 2°’Es IN NES
ALPHA PARTICLE ANGULAR DISTRIBUTION

VIII.A. CRYSTAL FIELD PARAMETERS

Baker and Bleaney74 observed the paramaghe’ti_c’ resonance spect'rum K

of Ho3+, the 4f1v9 vanailogue of Es3+, as a 1% impurity in a.crys'tal of

yttrium ethylsulfate. The ground CF state is a non-Kramers doublet _
characterized 'by Jvz = & 7 with .small admixtures of Jz =+ 1 and + 5.

A singlet characterized by J, = 46,0, and -6 lies nearby in energy.

165 1

The hf interaction constants for ~~ “Ho are A = ,0_334(1) cm T,

B =0.02cm” 1., P= 10_3 cm"i. The dominant term in the CF

Hamiltonian i_s-AIZSZ, which results in alignment along-_bthe crystalline

c-axis with the nuclear magnetic substate IZ_ = # I lying lowest in energy. ‘;

‘The temperature dependence of W(0) and W(w /2) for 253Es inc.lvicate's

that the AIzSz tefm is also dominant in the hfs of the lowest electronic
CYF state of Es3'Jr in the ethy'lsulfate lattice. It should therefore |

be pdssible to derive a value for the nuclear magnetic moment,

w, of 253Es‘.‘ ‘To do so, a descriptién of the CF electronic ground state

and a value for <r73> are required in addition to the value for the

5f

magnetic hyperfine interaction constant, A.
Navarro, Rasmussenand Shirley7 used eXtrapolatéd values for the

Es3+‘ in NES CF parameters. However, their extrapolationwas based on

75 v S ‘
Gruber's CF parameters for LaCl?):Arn3+ . As pointedoutby Conway, 76

Gruber misintérpreted his data, and therefore his CF parameters maybeinerror. -
Krupke and Grubér'77 determined that Bg,is negative for LaBr3:Np3+ .
Bishton et al. 8 interpreted this as being a result of a lé.rge ligand-n=5

shell overlap exchange charge. However, Céarnall79 has observed
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that a more careful analysis of the spectrum and a more detailed

theoretical analysis may yield a positive Bg. The CF parameters for

were estimated in two different ways. In the first method,

we assumed that the AE paraf_neters are the same for analogous

NES:Es>t

lanthanides and actinides and that the only difference is contained in

the radial integrals. Using Hiifner's CF parameters for Ho3+ in

holmium ethylsulfate80 and ratios of radial integrals obtained from

81 3+

Hartree nonrelativistic wave functions without exchange, the Es

CF parameters(in cm_i)are Bcz) = 430, Bg = - 1380, Bg = - 1120 and

6
6

the first excited state J = 7 is admixed into the ground state J = 8 by

B® = 960. For Ho>" in both holmium ethylsulfate’® and LaCl, (Ref.82)

the CF interaction. For the J = 7 excitedvst:ate we used a truncated

wave function given by 0.4279]° L) - 0.3363 K,,) + 0.5848]° K, )

+ 0.3750 |3 L21). For the J = 8 ground state we truncated the wave

function given previously and considered onlly the quintet and the 1

triplet states. Evaluation of J-CCF for Es3+ wif.h_ the ‘inclusion of boththe J=8

and J=7wave functions gave a singletas the ground state. Because alignment
would notoccur if a singlet were lowest, Bg was increased in magnitude in order
to bring a doublet lowestinenergy. Using Bg: 550 cm ! , the ground CF stateis

0.939|+7) + 0.305 |+ 1)+ 0.153|¥5) .

A second estimate of the NES:ES3+ CF parameters was obtained from the

3+

values of HoES:Ho”" (Ref. 80), LaBr -Np3+(Réf. 77) and interpolated values

3
3+ 3+, . . .
for LaC13:Pm |. The CF parameters for Np~ intheisoelectronic lattices

LaBr3 and L_aClé should be approximately the same .83 In LaCl3 a slightly

smaller BZ/BS ratio is expected, with both Bg and Bg being larger thanin

LaLBr3 . Bg should be slightly smaller in LaCl3 thanin LaBr3 . 84 The NES:Esa+
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CF parameters resulting from this analysis are Bg:_— 1440 cm’ t , BS:— 760

6 1

cm’~ ! and B6:650 cm’ Againitwas necessarytovary Bg inordertogeta

doublet lowest. Using Bg = 600 cm’»i, the ground CF state is
0.967 |+ 7)+ 0.225|+ 1)+ 0.120 | ¥ 5).

| Sinée this work was published the CF parameters for LaC13:P‘m3+
were determined by Baér, Conway and Davis;85 however I have not
attempted a re-analysis of the resulting NES:E33+ CF parameters with

their CF parameters.
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VIIIB. NUCLEAR MAGNETIC DIPOLE MOMENT

- The difficulties in extracting (r_3> from experimental data have

86-91

been discussed by several authors. Because of the lack of e>§-

3+

periméntal data for Es”", I take a value of (r'?’)sf = 10.92 éu which

was obtained using relativistic self-consistent Dirac-Fock wave func-

92

tions. The nuclear magnetic moment was calculated using Eq. 22a

which can be written as

Al Ns | 5| Nevg) .
duphy (r‘3)5f (+ |Jz|+_> <st'LJt| ZNiH'fNS' L'J)

P.:

(30)
: ‘ /

The two values for ||.L| resulting from the two sets of CF parameters
are 2.79(32) T and 2.63(30)|J,N- The errors qu'o‘ted in parenthesis re-
flect fhe sfatistical uncertainty in the value of A only. These values
are :.substantially lower than the value of 4.9 MN previously report:e.cl8
“because of a change in the electronic ground CF state obtained with a
different choice of CF parameters.

The major source of error in my value for the nuclear magnetic
dipole moment is the uncertainty of the ground crystél-field state.
Both of the pi'edicted ground states have a large jz =+7) éomponent
which gives a small derived value for pn. No reasonable choice of CF
parameters géve a coefficient for |t 7 ) of approximately 0.7 which
would yield a moment of = 4.0 Mt Therefore, I revport a nuclear
magnetic moment ||.L| = 2.7(13) NE The error reflects the bstatistical
accuracy of the measured value of A and the uﬁc_ertaipties in both the

. . i
CF parameters and the radial integral (r'3)5f.’
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- Other measurements of the 253Es magnetic dipole moment have
been f’eported. USing the atomic beam nuclear magnetic resonance
method, Goodman, Diamond and Stant6n45 obtained p = 4.10(7) “’N"

Wordenvg_g al. 93 measured the emission spectrum of divalent

253Es(5f117s) and determined both an. and age- Application of the

Goudsmit-Fermi-Segre formula, which requires large relativistic
and nuclear volume corrections, to the value of an yielded p=+ 5.1(13)uN.

However age yielded the more accurate value p = + 3.6(4)MN which, con-

sidering the possible error in the value they used for (r'3)5f, is in
excellent agreement with the atomic-beam value. From an analysis
of the electron paramagnetic resonance spectrum of divalent 253Es is

CaF2 Edelsl:ein94 obtained lp‘ = 3.62(50)pN.

In summary the atomic beam measured moment, whic'h should be
the mo_ét accurate value, is larger than that obtained by the other methods.
The present NO value is the smallest experimental value, 1;ut it should
be remembered that Navarro, Rasmussen and Shirley8 derived
‘p' = 4'.9p.N from earlier NO data. This situation emphasizes the need

for a better understanding of crystal field effects for the actinides.

95 253

Lamm“~ calculated the Es nuclear magnetic dipole moment

using wave functions obtained by diagonalizing a Nilsson Hamiltonian

eff free
s " Bs

’

including a pairing force. Using gr © 0.40, gy = 1.0and g

she obtained u = + 4.239 BN As a result of core polarization g is

renormalized to a value of approximately 0.6gfsree.

g:ff, Lamm obtained yu = + 3.650uN.

Using this value for

In addition to renormalizing 8¢ the M1 core polarization, the

two-body T.-8 force, and the mesonic effect result in a renormalization
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of g - For the deformed nuclei (150 <A =190) Nagamiya and Ya'mazaki96

suggested tha't g ~ 1.09(3) and g:ff = 3.7(3) = 0.665 gfsree. Kalish

_e_t_g_l_.'97 found g = 0.35(4) for shape isomers of 237Pu. The rota-

tional gyromagnetic ratio, gﬁ, is reduced from its fluid model value

of Z/A (= 0.4 for 253

Es) as a result of the inability of the protons to

follow the rotational motion. Using these renormalized g values,

Lamm's calculation gives u = + 3.92 upe A ._gR value of 0.40

gives yu = 4 3.97 Nt A g:ff larger than 3.7 would also increase

the theoretical value for the nuclear magnetic dipole moment

and .ther‘eby bring it into agreement with the atcmic beam value.
Alt‘hough to my knowledg‘e there have been no other detailed calcu-

lations of actinide nuclear magnetic moments, there have been a number

of studies of nuclei having single particle states derived from the i

253

13/2
neutron shell model orbital. The 7/2+[633] ground state of. Es is
derived from the 113/2 proton orbital. I have not made an extensive

study of even-odd nuclei with the odd neutron in an i orbital, but

13 /2
the comments below may indicate the direction of future actinide mag-

netic moment calculations.

In the adiabatic approximation the nuclear magnetic dipole moment

is given by98 i
K2 ' ’
p(I) = Ir1 (gK - gR) + gRI (31a)
with
: Key = Kgy + (g, - gp) (KlleK) . (31b)

The reduced M1 transition probability is given by

3

2 L2 2 2
(KO |I+1 K) K” (g} - 8g)"» (32)
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and therefore both the reduced transition probability and the nuclear
magnetic moment depend on gy 8y and 8gr - Bohr and Mot:telson99 give
an explicit equati;on relating the nuclear magnetic dipole moment and
the reduced matrix eleménf of the magnetic moment operator. There-
fore both the experimental nuclear magnetic moments and the M1 transi- I.‘_v
tion probabilities (which are usually e);pressedin terms of E2-M1 mixing
amplitudes) can serve as checks on calculated g values.

- Extensive investigations of high-spin members of rotational bands
‘populated by (a,xn) reactions have been made. Lindblad, Ryde and

171Yb, including the .

Barneoud100 studied the positive parity bands in
rotatio_nal band built on the %+[633] intrinsié state. Because states
with spin up to —2?7+ are populated by the (a,xn) reaction, it was possible
to determine accurately the fotational parameters and the decoupling
terms in fhe expansion of the rotational energy formula in powers of
I(I+1). Theoretical calculations within the framework of the non-
adiabatic unified model with pairing and Coriolis interactions included
can successfully reproduce the irregular spacing in these strongly
Coriolis coupled rotational bands provided the strength of the Cdriolis
interaction is reduced. Unfortunately the choice of the éttenuation
factor.is ambiguous because of the large number of free parameters
involved in the fit.

L;ndblad and co-workers found that in order to reproduce both
the magnetic moments and the reduced M1 transition probabilities in
171Yb it was necessary to reduce the intra-band M1 transition proba-

bilities with |AK‘ = 1 in addition to reducing the Coriolis matrix ele-

ments. Once this correction was made, the best fit to the data was
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_obtained with g, = O.6gfsree

Hjorth, Johnson and Ehrling101 studied
the rotational-particle coupling in the %—+[633] band in 167Er and also
found that the intra-band M1 transition probabilities with |AK| = 1 had

to be reduced.

102-104 have discussed the nonadiabatic cor-

Pyatov and co-workers
rections to rotational band levels resulting fvrom diagonalizing the
Coriolis interaction in the space of several single particle states. The
rendrfnalization of matrix elements described in the paragraph above
are the result of polarization effects that arise when the residual inter-
actions are accounted for. These methods treatt the recoil interaction
as a .one—body term whereas Pyatév and co-workers treat it as a two-
‘body residual interaction of an outer particle with the nucleons of the
core; thatis, they consider the coupling of the odd nucleon to both the
‘ rotafion and the intrinsic éxcitations of the core. The renormalization
of the Coriolis coupling matrix elements, corresponding to a reduction
of approximately 30%, then results from the coupiing of the odd nucleon
to the 1+ excitations of the core and not because of any coupling to the
rotational motion of the core. They derive a consistent microscopic
formalism for this renormalization. An advantage of the method is
the relatively small number of parameters required to fit energy levels,
nuclear magnetic dipole moments, and M1 transition probabilities.

Some of the more interesting results of Pyatov's calculations are
cited below. The scattering of the odd particle by the 1+ excitations
of the core leads to a renormalization of the spin gyromagnetic ratio,
8- As a rule g:ff is not constant within a rotational band; sfrong

155

oscillatory behavior as a function of spin was found for Gd. Therefore
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f~ 0.6 gfsree is questionable at least in the calculation of

thé use of .g:
reduced M1 transition probabilities. Pyatov was able to use the g,

values for the free nucleons in his calculations because he explicitly
calculafed the effects of spin polarization on g ’

Pyatbv and co-workers leave gg{ as the only free parameter in the ;1

is roughly related to the effective gyromagnetic

calculation of . gg

ratio by

eff 0 eff
gr (N) < gp< gy (2)

and has a valué of approximately 0.3. g;ff is élso not a constant within
a rotational band being smaller by perhaps 50% than g}g for the low spin
states and asymptotically approaching gg as the spin increases.
An excellent review of the current status Qf nuclear moment mea-
surements and calculations can be found in the 1972 Conference on
105

Nuclear Moments and Nuclear Structure. Unfortunately no reference

to Pyatov's work is given in the published Proceedings.
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. VIII.C. 253Es ALPHA PARTICLE PARTIAL WAVE

AMPLITUDES AND PHASES

The partial wave phases are readily determined from the angular
distribution. The fact that W(0) increases with decreasing temperature,
as shown in Fig. 6, (i.e., enhanced a particle emission occurs along
the crystalline c-axis) implies that the relative s-d phase is positive. |
Because the nuclear alignment is along this axis, the preferential
emission is along the nuclear pbles thereby c_bnfirming the prediction
of Hill and Wheeler. 2

Although the value of the orientation parameter B6 is not negligible
with respect to B2 and 'B4 (see Section VII for the saturation values),
the product A6B6-is negligible with respect to AZBZ and A4B4 because
A6 =~ - 0.0025 for reasonable partial wave amplitudes and phases‘.
.Thereforev the P6(cos 0) term can be excluded from the analysis. The
0.4% of the a decays that were not included in the calculation of W(8)
were assumed to give the same angular dis.tribution as the decays that
were included.

The relative s-g wave phase éan be determined also. If the solid
angle .correction factors are unity (pbint source aﬁd point detector),
the quantity 3 - W(0) - 2W(r/2) = - & A,B,; however, because they
are not, a small component proportional to Pz(éos 0) entefs. This
quantity ié tabulated in Table VIIA and is plotted in Fig. 7. Because
B4 is positive, A4 must be negative. This implies that the s and g
partial waves are out of phase.

Ne;_ct I discuss the partial wave amplitudes and the resulting

values of A A4 and the ‘saturation values of W(0) and W(w /2).

2)
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For convenience these values are tabulated in Table VIIID. The partial
wave intensities given by the BFM theory, the shell model theory, and
numerical integration of coupled differential equations are given in
Tables VIIIA, VIIIB and VIIIC respectively. The experimental in- -
tensities in these latter tables are from Ahmad. 38 In Tables VIIIA
and VIIIC the £ = 6 wave contribution has been subtracted. by the method
described in Section IV.C.4. In all three cases the total theoretical
intensity is normalized to equal the total experimental-intensity. A
partiél édecay scheme for 2'53Es is shown in Fig. 8.

First I examine the intensity predictions.. The intensities to the
9/2+ and 15/2+ states are underestimated but the intensity to the 11 /2+
state is overestimated by all three theoretical methods. In order to

253

determine if this situation is unique to Es decays, I made a study

of hindrance factors (HFs) throughout the actinides for favored « decay
to states with I=K+1 and I = K+ 2 (Cf. Section IV.C). Defining the
HF as PO/P, from Eq. 8 I obtain

, .
HF =Py /P = 1 ;HFI /(LA KO !IfK> -(33a)
and Z :
2
HF(K + 1) 1 (IilKol K+2 K)“ /HF , 335)
HF (K + 2)

; (LLKO| K+1 K)Z/HFI |

If the alpha groups are pure d waves ,'v the' summations on the R H.S.
of Eq. 33b reduce to a single term, and the HF ratios reduce to
Clebsch-Gordan coefficient ratios. In Fig. 2 the experimental ratios
taken form the compilation of Ellis and Schmorak50 are plotted. The

dashed lines indicate the Clebasch-Gordan ratios. Except for 245Cm,
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all pbints are above the dashed lines. Furthermore, the inclusion of

£ = 4 admixtures wouléi only increase the discrepancies. This syste-
matic deviation seems to indicate that the d wave bfanching should be

skewed toward the lower e_nei'gy levels in the rotational band.

From Table VIID it is seen that the magnitudes of A, and'A4 are
larger experimentally than they are theoretically. The small theoretical
A2 va-lues. suggest that the total d wave intensity, but especially that to
the bénd head, should be increased to approximately 0.15. The BFM
value for W(0) agfees well with experiment. The BFM value for W(r /2)
would be much better if the g wave intensity to't,he band head were in-
creased from 0.127 to 0.15.

The relative s, d and g wave intensities that fit the NO data best
are compared with the theoretical intensities in Table VIIIE. This
Table supports the statements made above concerning the total £ = 2

and £ = 4 wave intensities.
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Table ViILA, Intensities for partial waves in favored a decay of 253Es
to the ground-state band in 24 Bk (Bohr, Froman, and Mottelson '
theory 9’ 10y,

Experimental intensity

E, ' ' minus i wave compo-
(kev) L7 . d g (%) Dent (%)
0 I+ 79.6 100 0.427 89.7 90.0
a7 _g_+ 5.92  0.328  6.24 6.6
11
93.8 S+ 0.88  0.268 1.15 0.846
13 '
155.8 S+ 0.083  0.083 0.081
15 '
229.3 S+ 0.0083 0.0083 0.011

*Cf. Section IV. C. 4.




-85-

Table VIIIB. Intensities and phases for partis,l waves in favored «
decay of 253E5 to the groundﬁtate band in 247BKk’ (Mang shell-model
theory as used by Poggenburg™ ")

Experimental
I ’ intensity38
f s d g i Z(%) (%)
;.4, 82.28 -8.81  0.078 0.0002 91.41 90.0(5)
24 -5.184 0.194 0.0041  5.382 6.6(2)
s ~ -0.770 " 0.156 -0.004  0.930 - 0.85(3)
13
S+ 0.049 0.004 0.053 0.085(3)
15 _ 10.0049 0.0017  0.0066 0.013(1)
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Table VIIIC. Inténsities and phases for partial waves in favored adecay
of 253Es to the ground state band in 249Bk (Numerical integration, this
work. m, = 0; ag =1, a, = 0.8580, a,= -0.0977).

Experimental
intensity minus i
wave component™

m d g = (%) (%)

%{ -81.798  -8.903 0436  90.837 90.0 |
2+ -5.218  0.338 5.556 66 f
115+ ~0.779  0.272 1.051 0.846
%+ 0.085 0.085 0.081

Lg.+ 0.0085 | 0.0085 0.0110

'*Cf. Section IV, C. 4.
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Table VIIID. Coefficients A, and A4 for the 3Es in NES angular
distribution function and W O) and W? /2) at saturation with solid angle
correction factors 1nc1uded

A, A, WY@ W(n/2,Y/Tw)

Experiment 0.630(5) -0.059(7) 1.878(7) 0.518(4)

Bohr, Froman, and

Mottelson procedure 0.618 0.0 {881 . .
(Cf. Table VIIIA for -019 : .54

intensities)

Mang shell model

theory as applied by

Poggenburg. 11 (Cf. 0.585  -0.013 1.837 0.566
Table VIIIB for inten-

sities)

Numerical integration, -
this work. (Cf. Table 0.566 -0.035 1.795 0.575
VIIIC for intensities) o
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Table VIIIE, Relative q partial wave intensities for the decay of 253'Es.

NO BFM Poggenburg Numerical
experiment theory calculation integration
(Table VIIIA) (Table VIIIB) (Table VIIIC)

s wave 1.000 1.000 ©1.000 | 1.000
d wave 0.216 0.211 01 79‘ . 0.182

g wave 0.0078 0.010 0.0052 0.0103
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FIG. 8. Partial a decay scheme for 2'53Es adapted from references
36 and 38. The intensities to each daughter level and the permitted
a particle angular momentum values are shown.
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IX. 241A_m NUCLEAR ORIENTATION RESUI.TS AND DISCUSSION

’Ii‘he experimental 241

Am in NES «a particle angular distribution
measured at 0° and 90° with respect to the NES c-axis as a function

of the inverée temperature ié shown in Fig. 9, and the results are
tabulated in Table IXA. The numbers shown in parentheses for W(8)
are the standard deviations based on counting stafistics. The inverse
temperatures have a possible error of up to 6% iﬁ addition to the values
shown in parentheses. The linear temperature aependence of W(0) at
higher NO temperatures is characteristics of electric quadrupole align-

ment. If the P4(cos f) term in Eq. 1 is small, the angular distribution

function reduces to

2

W) = 1+A, (L011)Q,B, (I, T) (3cos’0 - 1)/2, (34)

and BZ(Ii,T) « 1/T for low degrees of quadrupole alignment. For the
series of adiabatic demagnetizations reported here QZ(O) =-0,930,

Q4(0) = 0.787, Q,(/2) = 0.955, and Q,(v/2) = 0.855.
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IXA. QUADRUPOLEICOUPLING CONSTANT

Am3+ has a 5f6 electronic configuration outside the radon core.
The.Hund's rule ground state is 7F0, as in Eu3+(4f6). Sibnce the ground
state is a singlet, there is no magnetic hyperfine interaction.

In order to determine accurately the value of the quadrupole couplipg
constant, P, it is necessary that the temperature be low enough such
the P = kT, where k is Bovltzmann's constant. _Then curvature develops
in the W(G) vs. 1/T curve:. Since sufficiently low témperatures were
not possible using NES a.s a. host, my value for P of -0.0033 (6)
cm-1 (P/k = - 0.0048 (8)K) lacks precision. The negative sign implies
vthat the nuclear magnetic substates IZ = + 5/2 lies lowest in én_erg?.

152 13 (2)
Py

Eu in NES, £

In the analysis of the nuclear orientation of
could Be calculated with reasonable accuracy because the value of the
CF parameter Bg = ZAg (1-0,) <r2>4f had been experimentally deter-
mined. A value for the lattice shielding factor, 02, was then calculated.

Although Bg for Am3+ has not been determined, I can make a reasonable

estimate and then proceed with the analysis. I write

_ (2)
Poxpt ~ Flat* Psr - (35a)
Then from Eqs. 29d and 27,
2 2, -3 2
o ) 30B, 1-y 2e“(r >5f(1-RQ) | {20 || «||00) H
expt ~ ~  2I(2I-1) 2 - 7 7 I
(r7)g4(1-05) E('Fyp- Fpq) ]

(35b)
Every term on the right hand side of Eq. 35b either is known or can be
estimated with reasonable accuracy except for Bg, Oss and RQ. I

discuss RQ first and then return to the CF terms.
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The atomic Sternheimer factor R accounts for the shielding of

Q

the f-electron generated field gradient by the closed electron shells as
measured at the nuclear site. For the lanthanides RQ is of the order
of 0.08 - 0.13 (Ref.15) and therefore shielding. However Sen15 calcu-

lated é value of R = - 0.087 for Am3+ as d free ion. This is in con-

, Q
trast to the experimental value of RQ = 0.35(10) for Np6+ found by

Dunlap, Kalvius and Shenoy. 106 RQ is not expected to be strongly de-

pendent on either Z or the ionic charge within a period; however, ion- -
ligand overlap is important for the spatially extended 5f electrons.

Therefore the disagreement between the experimental and theoretical

values is not surprising. I accept the value of RQ = 0.35 as being

3+

valid for Am I will show below that the second expression in

brackets in Eq. 35b is smaller than the first; therefore my conclusions
are not strongly affected by this choice.

There have been two determinations of Bg for trivalenf actinides at
4

trigonal sites. For L:=1C13:Arn3+ ’Gruber75 obtained Bg = 412 cm”
However, the J-levels in the optical spectra were not properly

assigned,?6 and therefore this value may be in error. For LaBr3:Np3+

Krupke and (Z‘vrtJ.be;t"T7 obtained Bg‘ = - 22.8 cm_1- which indicates a value

greater than one since AO should be positive for the actinides.

2 2
This agrees with both the large values of 0, reported for the light rare

107 and the calculations of Gupta and Sen. 13

for o

earths by Blok and Shirley

Sengupta and Artman108 calculated o, = 0.881 for Np3+vwherea_s Sen15

| calculated 0, = 1.091 for Am3+. Therefore the theoretical calculations

do not firmly establish the sign of (1—0‘2) and hence the sign of Bg for

3+ 3+

Am~™ . Carnall79 has suggested that the negative B(2) for LaBr3:Np
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may be the result of using a model that is not sufficiently refined and

is probably less than one for both Np3Jr and Am3+. Preliminary

that o,
analyses of the optical spectra of Nd3+ and U3+ yielded Bg(_U3+)
~ 4 Bg(de3+). 109 If, as a working estimate, I take Bg(Am3+)

3+ 1

- 4B§(Eu3+), then BE(Am>") = 640 cm™ ! using Bg(Eu3+) - 160 cm”

(Ref.110).

I can now calculate 1 - 0, using Eq. 35b. The 241Am quadrupole

moment is 4.9 b. (Ref. 111). The Sternheimer factor 1 - Y, is calcu-
lated fo be 112.92,15 a value which should be accurate to 10%. The

radial i‘ntegrals' for free ions were obtained from relativistic self-

92

consistent Dirac-Slater wave functions as given by Lewis et al.;
: - -3 2 -
namely, (r2>5f = 5.388X10 17cm2 and (r >5f = 5.300X10 5'crn 3.

For a pure 7F0 electronic state the reduced matrix element
(20 ”a ”00) = 2/(5N3)= 0.23094(Ref. 68) whereas for the intermediate
coupled state obtained by diagonalizing the combined electrostatic and

spin-orbit interaction matrices (20| «|00) = 0.18857(Ref.112). For
76

La.C1'3:A‘m3+ the 7F state lies 5328 cm_1 above the 7F ground state,

2 0
and a comparable splitting should occur in an ethylsulfate lattice. When
these values are substituted into Eq. 35b I obtain -0.0032 cm'1
2

0, = 0.715. This value may be in error by as much as 50%, but it

agrees very well with the value 0, = 0.73 for the lanthanide analogue,

= - 0.000985 cm™ ! (1 - ¢,) + 0.000251 em™! so that 1 - o = 0.285 or

Eu?))r (Ref. 107). Although this interpretation is not unique, it gives
reasonable values for the parameters BS, Y and Y, In particular,
it seems clear that (1 - yoé ) must have a value of = 102.. A re-analysis

of the LaC13:Am3+ optical data would be especially helpful in estab-

lishing both Bg and 0,.



-95-_

IX.B. ALPHA PARTICLE PARTIAL WAVE AMPLITUDES AND PHASES
. I next discuss the effect of the 241Am a particle partial wave '
amplitudés and phases on the angular distribution.
The phase shifts in Eq. 5 are the sum of the intrinsic phases on
the nuclear surface, which were assumed to bé either 0 or w, plus the
phase s.hifts that occur upon transmission through the combinlad Coulomb
and quadrupole barriers. The intrinsic phases are taken from the

11,12 namely, the s, d, and g waves

microécopic shell model theory;
are all in phase but the i wave is out of phase. The formula for the
Coulomb barrier phase shift difference for « decay was given in
Eq. 16a. For 241’Am the d wave lags the s wave by approximately
7° and the g Wa.ve_lags the s wave by aipproxi‘mately 23.5°. The
quadrupole phase shifts can be obtained only by numerical integration

- of the coupled differential equations that rebsultv from the consideration
of the exchange of energy and angular momentum between the outgoing
a particle énd the daughter nucleus. Since these calculations have not

been perfor'rhed for 241

Am, the quadrupole phase shifts were taken to
be zero. The quadrupole part of the barrier has the effect of retarding
higher £ -waves with respect to the lower £-waves if the waves are in
phase at the nuclear surface. Therefore the quadrupole phase shifts
for 241Am would be additive to the Coulomb phase shifts except for the
i wave which was not included in the analysis of the angular distribution

_because it is too weak to influence the results.

In order to'compare.theory with experiment I re-write Eq. 4 as

W(e)expt: 1+R [QZAZBZPZ(cos 6) + QA ,B,P ,(cos 6)]. (36)
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Higher order Legendre polynomials are excluded for the decay of a spin
5/2 state. The factor R is an anisotropy reductién factor accounting
for the fact that not all 241Am nuclei are at rare-earth sites in the NES
lattice. For the results reported here R is b‘etween 0.54 and 0.83.
The solid curve in Fig. 9 was obtained using P = - 0.0033 cm-1,

RA2 =.O.'54 and RA4 = 0.05. The shape of the experimental angular dis-
tribution curves rather than the absolute values are of importance for
the determination of hyperfine interaction pé.rameters. The compéting
requirements for a good nuclear orientation source were discussed in
Section VII. There are always radioactive nuclei that either are not at-
lattice sites or are so deeply imbedded in the cvrystal that the outgoing
alpha pa.r‘ticles are excessively scattered. These events contribute an
isotropic background with the result that the full theoretical angular
distribution is usually not achieved.

I next present three different estimates for the partial wave
amplitudes. The resulting A2 and A4 coefficients are tabulated in
Table IXB. The fact that W(0) > 1 means that the s and d waves ére
in phase for’ 241Am, in confirmation of the shell model calculations.
The experimental results do not establishlthe relative s-g wave phase
(predicted to be positive), primarily because of the weakness of the

g wave. Therefore in Table IXB I include the A, and A4 values for

2
both relative g wave phases.
In the theory of Bohr, Fréman, and Mottelsdn (BFM)g’ 10 as it is

usually applied the branching of an £-wave is given by the product of

(the square of a Clebsch-Gordan coefficient) times (a calculated
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spherical barrier penetrability for the alpha group) times (the reciprocal
of the hindrance factor averaged from neighboring even-even nuclei).
The intensities resulting from the application of this method to 241Am
are given in Table IXC. A pé.rtial decay scheme for 241Am is. given

in Fig. 10. The experimental intensities were taken from Nuclear

Data, 113 and the band assignments were taken from Lederer et al. 114

Numerical integration of the coupled different:ial equations for 233U
a decay ﬁerformed by Chasman and Rasmussen (CR)6 suggested that
"the relative intensity for the d wave to the ground state of the daﬁghter
would Be increased by 40% over the BFM predicted value. Although
the application of this correction for other nuclei was nevér suggested
by these a/muthors, it has been used successfully in the analysis of the
243Am a-y angular correlation as will be mentioned later. This CR
correc‘tion substantially alters A2 as can be seén from Table IXB.

In the Mang shéll model theory as applied by Poggenburg et al. 12

the anisotropic barrier penetration was calculated using Fréman's

xnethod,:‘}4 and assuming a realistic sloping irir_xer barrier. The analysis

53Es in NES a particle angular disi:ribution39 revealed that the

of the 2
BFM intensities more closely fitted the NO data than did the Poggenburg
intensities; however the BFM calculations had the advantage of the use
of expefimental {-wave hindrance fact‘orf.sl averaged from neighboring
even-evén nuclei. In contrast all of Poggenburg's transition proba-
bilities .were normalized with respect to 238Pu and are'thereb;r more
model dependent. The shell model predicfed intensities are given in

Table IXD. The £= 6 wave is included to illustrate its predicted

weakness which justifies its exclusion from the analysis.
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Let us now try to choose the best AZ-A4 pair given in Table IXB.

The A, coefficients obtained from the BFM theory and the shell model

k
theory are very similar, and a choice of one over the other will be dif-
ficult., As expected tﬁe'relative s-g wave phase influences A4 pfimarily.
Bec_:éuse thé d wave intensity is fifty times gfeater than the g .Wave
intensity, the azaz direct term in A4 is five timés la_rger than the aoa4
interference term. In most other cases the interference term dom-
inates and hence the relative s-g wave phase determines the sign of

A,. For 241Arn A, is positive for either relative phase and therefore

4
the magnitude of A4 must be determined accurately in order to extract
the phase. In order to decide whether this is feasible, let - us consider
the fatio A4B4/A2B2. From Table IXB, A, is between 8 and 18 times
larger than A4. Over the temperature range of our experiments
B4/Bz-on.o3 at1/T =10 K ' and B, /B, = 0.22 at 1/T = 90 K™ .
Therefore A4B4/A2B2 will never be larger than 0.025. | I performed
a 1east‘squares fit to my data with A2 and A4 as free parameters but
coﬁld not get a satisfactory fit. I then tried an iterative procedure
of fixing. A2 'ar.ld leaving A, free, followed by fixing the resulting A4
with A2 free. Again the accuracy with which A2 and A4 were determined
was not satisfactory. The basic problem is the small size of the
quadrupole coupling constant and the resulting limited curvature that
develops in the anisotropy curves at the lowest temperature. Although
the present NO results do not provide a basis for choosing between the

AZ-A4 pairs in Table IXB, I note that the Chasman and Rasmussen

correction to the d wave branching to ground was required to explain
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253 243

both the Es NO and the = "“Am unattenuated angular vcor'r'elation51

results. The angular correlation (AC) results are more germane to

the present discussion. Al_though there are only limited results for

241 243

Am, extensive publishedéresults exist for Am which has the same

Nilsson ground state as: 241A1rr1; namely, K‘I’T[anA] = 5/27[523], and a

1
similar rotational band structure. ’

Following o decay, time_—dependent hf fields develop because of
the excitation of the electronic shells caused by both the change in nu-
clear charge and the approximately 100 keV of recoil energy given the
daughter nucleus. These "after effects' have been considered by

115

Thun and by Mang. 116 An objective of a-y AC experirhents is to

obtain an unattenuated correlation by eliminating the extranuclear fields
during the intermediate state lifetime. The AC function is commonly

written as

W(0) = ZGk(t)Ai{Pk(cos 6) (37)
k

where Gk(t) is a time-dependent attenuation coefficient, As before

the A'k depend on the spins and multipolarities involved in the deeays.

For the attenuated (5.486 MeV a - 59.54 keV y) correlation from

2'41A1’n, Krohn et al. 117 determined the upper limit of A’2 to be -0.36(2).

The negative sign in itself implies that the s a_ndfd waves are in phase;
a result that my experiments confirmed. For this cascade the
P4(co_s 6) term vanishes and therefore the relative e-g phase cannot
be determined.

' Asafo and Siegbahn118 measured the correlation between alpha

39

particles populating the 118 keV level of 2 Np and the de-exciting
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y rays in order to determine the relative d-g wave phase. Their
results indicate that the phase is negative, but the positive phase could

not be excluded.
For the unattenuated (Gk = 1) (5.275 MeV a - 75 keV y) cascade in

the decay of >*>Am Falk et al.”'obtained A", = - 0.404(10). Using
19

liquid sources I—Iut:chinson1 obtained A'2 = - 0.41(2) for this same

39Np daughter is the first member

23 7N

cascade_. The 75 keV level of the v2

of the 5/2-[523] band and cor‘responds to the 59.54. keV level of p-
The BFM theory predicts that A'2 = - 0.358 while.the CR correction
gives A'2 = - 0.405 in excellent agreement with experiment. The cor-
responding partial wave amplitudes are az/aO = (4$)0.47 and (+)0.56 for
the BFM theory without and with the CR correction respectively. In
contrast Poggenburg calculated az/a0 = + 0.42 which yields A'2 = - 0.33,
well outside the experimental error. The effect of the g wave on the
theoretical A'2 by only 1% because of the low g wave intensity.

I comment again oﬁ the ratio of the hindrance factor (HF) for the
a-decay to the 9/2” state to the HF for decay to the 7/2" state. If these
states were populated by pure d waves, BFM theory prédicts the ratio
to be (—2-.2-;-0 ‘—;—%}2/<-g— 2-%0 |%-g) 2 = 2.857 for decay to a K = 5/2
rotational band. The experimental ratios are 3.50, 3.75 and 4.36 for

239 24 2

Am, 1An_'l and 43Am respectively. 50 Because of the different

43Am thereis noassurance that

the CR correctionfound to be applicable to 243Ann will be applicable to

241

experimental HF ratios for 241Am and 2

Am also. The observed trend of HF ratios with increasing neutron
number is in the opposite direction to what would be expected. Since
the g wave is becoming more highly hindered with incr(easing N, the

HF ratios should decrease rather than increase. I have no explanation ‘
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for thé observed trend.

I)n general there is no justification for applying the CR correction
to the relative £ = 2 wave intensity throughout the actinides. The BFM
‘assumption that the K quantl.;'rn number is a constant of motion has not
been supported by coupled channel numerical integrations ag,pplied to th‘e

decay of 253Es and 255

Fm (cf. Section IVC.)  The channel coupling
which spoils the BFM branching ratios depends on the relative strengths
of a number of coupling matrix elements. Although the d and g'wave
branéhing to the lower states in a rotational band is enhanced over the
BFM theory estimates as a result of the chanﬁel coupling, the per-
centage ehhancement is not always the same as that found by Chasman

233U. In fact, AC experime'nts12_0 on 249Cf showed

and Rasmussen for
that the BFM theory overestimates the d wave intensity in the favored

branch of o decay to 245C'rn, a result which is unexpected.
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Table IXA. Experimental 241Am in neodymium ethylsulfate a par-
ticle angular distribution as a function of inverse temperature.

1

1/T(K™ ) W (0) W (n/2)
10.8(3) 1.060(7) 0.969(9)
15.0 1.104(8) 0.939(10)
19.3(17) ©1.432(5) 0.933(7)
31.7(6) 1.193(8) ' 0.883(9)
43.5(2) 1.274(8) 0.859(10)

556 . ©1.330(12) 0.822(13)
74.0 1.412(10) 0.781(10)
88.5 1.460(24) : 0.748(16)
90.5 1.500(14) 0.736(17)
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Table IXB, Coefficients A and Ay for the 41Am in NES a parncle
angular; d1str1but1on function W(0) —1 + R[A Q 2 2(cosG)+A4 4 4 4(cos 9)].

A, A,
|
BFM theory, s and g waves in 0.7747 0.0756
phase '
BFM theory, s and g waves out 0.7477 0.0483
of phase
BFM theoi'y, Chasman and Rasmussen 0.8668 0.1032
correction, s and g waves in phase
BFM theory, Chasman and Rasmussen 0.8390 0.0770
correction, s and g waves out of :
phase
Mang theory, s and g waves pre- 0.7838 0.0847
dicted to be in phase : '
Mang theory but with s and g waves 0.7398 0.0397

out of phase

|
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Table IXC. Intensities for partial waye in 241Am favored a transitions
to the first excited rotational band in "Np according to the method of
Bohr, Fréman and Mottelson, 7*° Numbers in parentheses have been
modified by the '"Chasman and Rasmussen correction. "

Measured
o intensityii
EglkeV)  Lim 4 _g i ZO (%)
59.54 5/2- 72,56 14.29 0.004 86.85 85.5
(67.76) . (19.08) -
102.96 7/2- 10.84 0.047 0.0004 10.83 12.6
158.52  9/2- 1.81 0,018 0.0024 1.83 = 1.6
226.0 11/2- 0.006  0.0037 0,010 0.015

304.8 13/2- 0.0006 0.0019 0.0025 0.002
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v Ta‘Ble IXD, Intensities and phasves for partial waves_in 241Am favored
a transitions to the first excited rotational band in
by Poggenburg. 11 :

37Np as calculated

Measured
intensityl1
Lem s 4 £ i 2 (%) (%)
5/2-  72.74 14.36 0.011 87.12 85.5
7/2- 10.70 0.045 -0.0004  10.74 12.6
9/2- 1.76 0.046 -0.0025 1.81 1.6
11/2- 0.0158 -0.0052 0.0210 0.015
13/2- 0.0045 -0.0020 0.0035 0.002
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FIG. 10. Partial o decay scheme for 241Am as adapted from references
113 and 114. The favored a decays populate a rotatmnal band built
on the 5/2[523] state.
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X. 255Fm NUCLEAR ORIENTATION RESULTS AND DISCUSSION
‘I now briefly discuss the 255Fm NO results. Paramag‘net.ic reso-

nance studies of Er3+, the lanthanide analogue of Fm3+, diluted in

lanthanum ethylsulfate, ‘yielded the hf interaction parameters

1 1

|a]=0.0052(1) em™ ', |B| =0.0314(1) cm™ " and |P| = 0.0030(3) cm”
(Ref. i21). rFor ‘B[ > iA| the nuclear magnetic substates are admixed
excépt when |k| =1+ 1/2 where k :' Iz + Sz where Sz = %+ 1/2. The levels
labeled by + k and - k are degenérate except when k = 0.’ The ground
state for a half integral nuclear spin is a singlet (| 1/2, -1/2>-

| -1/2, 1/2>) /N2, and a doublet lies closely above. The alignment may
be regarded as being in a plane perpendicular to the crystalline c-axis,
and the degree of alignment is relatively small.

The experimental « particle angular distribution from 255Fm nu-

clei aligned in NES is shown in Fig. 11. The s‘tatistical accuracy of

the results is limited by the low degree of alignment, the mass of 255Fm
available (™~ 200 disintegrations/min), and the short half-life. The shape
of the anisotropy curve yields a value for |B | ﬁof 0.035(7) crn_1 or

IB|/k = 0.05(1) K. I could not determine the value éf IBl/|Aal, but
the temperature dependence of W(0) establishes that the magnitude of
. B is greatér than that of either A or P as in Er3+. The value of the
anisotropy reduction factor R is approximately 0.8. In comparing
theory to experiment the reader should note that B2 is negative and B4

is positive for non-axial magnetic alignment for a spin 7/2 parent.

For non-axial alignment the counting rate along the c-axis de-

creases for a positive s-d phase. From Fig. 11 it is seen that this is

the case. The solid curve in Fig. 11 was obtained using my value for
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lBlbwith |.A| = 0 and the relative amplitudes and phases given by

Poggé.anburg‘11 for the favored decay to the 7,/2+[6[3] rotational band in

251Cf. Poggenburg's predicted intensities and phases are given in

Table XA. The resulting Ak parameters are given in Table XB for

both relative g wave phases. On the basis of NO experiments on 2Sz'Es,

the negative relative phase should be correct. - A partial decay scheme

for 255Fm,' as derived from Asaro et al. 122 is given in Fig. 12.

In Table XC I list the intensities given by the BFM theory. The
122

theoretical intensities were taken from Asaro et al. but the d and g

wave branching was modified by using the HF s given in the Table of
Isotopes. 123 A striking difference between Tables XA and XC is the
factor. of four difference in total g wave branching. This is reflected
in t:he'A4 parameters given in Table XB. 'vIn ordér to simplify his cal-
‘culations Poggenburg used a constant nuclear radius vp.arameter and
basis wave functions appropriate near the deformation n = 5. Alth;iugh
thir‘s approximation should be good for medium weight actinides, it
should break dowﬁ for the lightest and heaviest actinides. Therefore

255
T

fo Fm 1 expect that the BFM branching rule may be more accurate

than the values given by Poggenburg.

255Frn‘ a décay obtained

The partial wave intensities and phases for
by nume;ical integration of the coupled second-order differehtial
equations were presented in Table IVG; these s_ame_- results ar_é pre-
sented in slightly different formé,t in Table XD The NO results fix

a. to positive values. The shell model a decay theory12 and the smooth

2

trend of ‘g wave hindrance factors found for the even-even heavier
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c-axis as a function of the inverse temperature.
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FIG. _:1-2. Partial decay scheme for 255Fm as adapted from
reference 122. The favored a decays populate a rotational band
built on the 7/2[613] state. :
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{

actinides give the felative s-g wave phase‘a'-s being negétive. There-
fore oniy negative @, values are of interest. I could not experimentally
determihe the relative s-g wave phase because the >90° radiation detector
failed duriﬁg the experiment. I experienced the same difficulties in

25

fitting the intensities to the 9/_2+ and 11 /2+ levels of the © 1Cf daughter

253Es decay. I attempted intensity fits

as I experienced with the
with‘oz4 positive, but no better intensity fits were obtained than with
the hegative value.

Even though the 255

Fm anisotropy is small, determination of the
ratio W(0)/W(w /2) would make it possible to decide among the five
cases given in Table XB. In Tabie XB AI have tébulated this ratio

at 1/T = 90.5 K—1 for a point source and a point detector.
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Ta'blg XA, Intensities and phases for partial waves in 255Fm favored
alpha;L transitions to 2°1Cf as calculated by Poggenburg.11 .

Measured
. ‘ , ~ intensity
Lew , s d g i . = (%) (%)
7/2+  82.47  10.28 -0.092 = -0,0003 92.84 93.4(2)
9/2+ 5.231 -0.197 -0.0024 5.43 5.05(7)
11/2+ 0.651  -0.432  -0.0052  0.78 0.62(1)
13/2+ -0,0338  -0.0045  0.0383  0.110(5)

15/2+ ' -0.0027 -0.0017  0.0044 0.013(2)
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Table XB, Coefficients Az and A4 for the '255Fm in rie_odymium ethyl-
sulfate alpha particle angular distribution function and the ratio
W(0)/W (m/2) at 1/T = 90.5 K-1, :

A, Ay W(0)/W(m/2)
BFM theory, s and g waves ' 0.596 ~ -0,0397 0.434
out of phase
BFM theory, s and g waves 0.695 0.1566 0.400
in phése
Poggenburg calculation based on 0.634 0.0003 0.413
shell model theory, s and g waves '
predicted to be out of phase
Poggenburg calculation but with 0.700 0.1242 0.390
s and g waves in phase
Numerical integration 0.514 -0.0552 0.494

(ag=1, a,=0.798, a,= -0.1794)

4
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Table XC. Intensities for partial waves in_ZSSFm favored alpha tran-

sitions to the first excited rotational band in Cf according to the
method of Bohr, Froman, and Mottelson, 71 *

_ Measured
-Ef - | _ intensity38
(keV) Iew 8 d g = (%) (%)

106 7/2+  83.4 9.6  0.23 93.2  93.4(2)
165 9/2+ 489  0.50 5.39 5.05(7)
238 11/2+ o 0.62 0.35 0.97 0.62(1)

325 13/2+ ) 0.086 0.086 0.110(5)

421 152+ - 0.0066 0.0066 - 0.013(2)
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Table XD, g?tensities and phases for partial waves in 255}5‘m favored
a decay to 251¢f as obtained by the numerical integration of coupled
differential equations (ao'—" 1, 0,=0.7918, a,=- 0.1794).

Measured intensity
minus Ji wave com-

I ' v _ ' . v ponent":

£ 5. d ‘ g _Z( (%)
7/2+ 86.1522 7.5837 = -0.2035 93.9393 93.4
9/2+ | 3-_.90'54 ~ -0.4433 4.3487 »5.05
11/2+ | 0.5004 -0.3013 0.8017 0.62
13/2+ ~-0.0787 0.0787 0.097
15/2+ -0.0066  0.0066 ~ 0.008

>PCf. Section IV. C. 4.

>
L
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XI. FINAL REMARKS ON COUPLED CHANNEL CALCULATIONS

‘Now that all the exiperir'ne‘ntal results to which the coupled channel
calculations can be corr‘iﬁared have been presented, a few final corﬁments
are in order, _The reason fof the systematic deviation of hindrance
factbr ratios from Clebsch-Gordan coefficient raﬁ_os shown in Fig. 2
must be explained.

- Three mechanisms for the admixture of m 5% 0 o partial waves on
a sphei'e near the nuclear surface in the case of favored a decay have
been considered. If the éymmetry agig of the daughter nucleus tilts
with respect to the parent axis as the « particle 'is‘ leaving the‘ nuclear
surface, then m # 0 projections of the o particle arise. Héw.ever,
- reasonable assumptions about the magnitude of the effect produce téo
small a skewing of the d wave branching.

If fhe sharp inner potential Bar’rier» that I have used is replacea
by a sloping barrier, ‘then the higher energy « particles (that .is, those
to the lower levels of the rotational band) penetrate a thinner barrier
and are thereby enhanced. _Ali:hough this mechanism can reproduce the
experimental intensity to the 9/2+ level, it shifts too much intensity

253Es the degree of slope

out of the 13 /2+ and 15/2+ levels. Al_so for
that gives the best fit to the eXperirhental intensities fails to reproduce
the experimental.éngular distribution.

Gamnﬁa vibrational phonbn £ =2, m=2) admixtgres into actinide
element nuclear anve functions have been calculated by Soloviev and

co-workers. 124,125

It is necessary to postulate m = 2 mixing ampli-
tudes larger than the Soloviev theory predicts in order to change the

d wave branching to the degree required to fit intensity patterns and

!
|
l
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nuclear orientatio.n data.

Certain requiremenf.;s can be put on any acceptable modification of
boundary conditions on the nuclear surface. Since in general four rela-
tive experimental iritensity ratios are known, there should be no more’
than three adjustable parameters; a féurth parameter should be intro-
duced only if physically meaningful copstraint/s_.can be put on it. Both
the intensity and NO data on 2§3Es should be reproduced. The large

differences in hindrance factor ratios for the three americium isotopes,

43

239Am, _241Am and 2

Am, should be explained. .. The 233U case should
be re-examined to cheék the correctness of the Chasman‘and Rasmussen
work.

I wquld like to close this section with an appropriate quotation from
a character who, along with his friénds from Okefenokee Swamp, has
given me many ,énjOyable hours during my years as a graciuate student:
""Nuclear physics ain't so new, and it ain't so "clear eii:her."126

R Y



_119.

XII. CONCLUSION
T>l‘r1e orientation ofltrivalel;lt actinide eler;lent_s in the neédymium
ethylsulfate lattice is:‘straight fo.rward. The four elementslAm,. Cf,
Es and Fm have been oriénted in this way. It is difficult, however, to

study a particle angular distributions with precision. The results re-

253 24

ported here for Es, 1Am and 255Fm are sufficiently quantitative

to establish that the. s and d waves in the favored transitions are in

phase, but they permit the determination of the relative s-g wave phase

53

only in the 2 Es case. The orientation data yielded definitive informa-

tion about the electronic ground states of these trivalent ions. In-

Am3+(5f6), as in Eu3_+

(4f6), quadrupole coupling dominates the nuclear
orientation, and the antishielded crystal fielAd f:erm A(Z) is the main con-
tributor to the electric field gradient. The da.ta strongly support a
large .ne-gati\vze. Sternheimer antishielding factor, y_~= - 102, and they
also indi¢ate a shielding constarit o, ~ 0.7, in good agreement with an

3+ 3+

earlier value for Eu3+.' In Es (5f10), as in Ho (4f10), the orientation

is magnetic and axial. From the derived magnetic hyperfin'e interaction
~ constant and extrapolated crystal field parameters a value for the nu-

clear magnetic dipole moment was determined. In Fm3+(5f“), as in

Er3+(4f“) , the electronic ground state in the ethylsulfate lattice has
B> lal. -
The formal treatment of the 253Es and 255Fm favored a decay

revealed that the assumption of the Bohr, Fr6man and Mottelson theory
that only m, = 0 partial waves occur near the nuclear surface is not
strictly true. The approximate treatment of anisotropic barrier pene-

tration that is propor'tional to a spherical barrier penetration factor



-120-

' "times a Clebsch-Gordan coefficient squared appears to be valid except

in the case of very highly h.inderedgpar.tial waves.

P

[T
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'~ APPENDIX A. SPONTANEOUS FISSION FRAGMENT
ANGULAR DISTRIBUTIONS

The nuclear potelntial'en_ergy as a function of a deformation param-

127

eter has a relative maximum or saddle point. - Bohr simplified the

consideration of the passage either over or through the barrier by the.
introduction of the concept of the transition state. 128 The low energy
states at the sadd_lé point are expected fo be similal; to the ldw energy
states of the slightly deformed ground state nucleus. .These‘sta_tes are
characterized by I, M, K and m where M is the projection of nuclear
spin on a space-fixed axis (M = Iz of my éarlier notation). Rotational
levels built on intrinsic states are expected as the lowest levels at the
saddle point, at least for odd-mass and odd-odd nuclei for which single
particle excitations are more easily excited f:han vibrational modes.
Not all of the physics of fission is contained in the statics of the
process; that is, the fission pro‘cess depends c')vn both deformation co-
ordinates and inertial paraméters. As the nuclear deformation in-
creases, changes in the K quantum number may occur as different

129 ~This of

intrinsic energy states of the odd nucleon(s) are crossed.
course requires a mechanism such as Coriolis or y vibrational couplings
to change K. It is not clear whethe_r K at the saddle point or K at the
outer turning point is the relevant K vaI_ue for spontaneous fission. In
_either .case, two points should bé considered. First, K for spontaneous
fission may not be the same as K for the nu;lear g’round state (K = I).

Second, K may not be single-valued because of the possible existence

of closely-lying states of different K at the outer turning point.
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A.1. FISSION FRAGMENT ANGULAR DISTRIBUTION ‘F_'UNCTIO’N

If it is assumed that the fiséioﬁ fragments separate aleng the nuclear
symmetry a;cis- Iand that K is a good quaritﬁ.m nurn‘be_rA in the descent of
the nucleus from the trenéiti.on state to vthe_ configuratéo’n of separated
fragments, then the éngﬁlar distrzibution of the fiséion‘ fregments is the
same as the angular distribution of the nuclear symf;iefry axis.

In the strong coupling model fhe nuclear wave ‘f‘uncvtion is factored

into an intrinsic part times a rotational part:

¢ =21 + 1) /16n 2]y x)D +-(-1)J‘ (x)D 1, (A1)
M K-
where D%V[KE Di/IK(a,G,y) is a symmetric top wave function. The
distribution of the nuclear symmetry axis is given by
wl 6) <[ W[* dadyd a2
MK()_ | adydx. (A.2a)
The integrétion over the intrinsic wave function giv,ee"_a Kronecker delta.
Therefore
I S 2L+ 1 el
Wnmk® = g7 UDMKI Pk } - A2b)

The matrices 'DMKl can be reduced to a summation over the

1 b
complex conjugate matrices DII\/IK by using Eq. 1.38 of Rottenburg

et al. 130 The sum of rotation matrices squared reduces to
ol 2+ oL, | CenEM ) popegpt (T ormf1orr
MK M-K , 00 \M-M 0 K-KO0
I' even
(A.3a)
and
I sk ’
D00 (e,0,y) = PI,(cos f) o (A.3b)

from Ed'monds131 Eq. 4.1.26. Equation A.Z2b can then be written, with
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the further reduction of the Po(cos ) term and the weighting with the .
popu‘lation factors p(l\/Il), as v

1 K-M mxl/f1 1x I Ik
W(G) =gzt Z 2 (-1)" 7 p(M) == (M M 0)( K _K O> P, (cosb)

k>0 _M
.even o : : | (A.42)

wheré the normalization is such that

i :
21rf' W(6)sin6d6 = 1. ' (A .4Db)
0 : ' '

The first term in the summation over k in Eq. A.4a can be written

in closed form by using the algebraic form for the 3j-symbols which

is given by Edmond$:131
I 12\(1 1 2\ 1)21 K-M 4[3K —I(I+1)][3M 2_1141)]
K -K 0 o} (21+3)(21+ 2) (21+1)(21)(21-1) °

- | a)

For a nucleus with a given I, M and K the fission fragment angular

distribution can also be written as132

_2I+ 1 I . 2 '
vi(0) = = |y (@) | - (A.6)
1 . . . 133 |
The dMK(O) functions are given in closed form by Wheeler. Both

Wheeler and Bekha.mi134 have given typical angular distributions to be
expected for various I, M and K values. For mixed M states the
distribution in Eq A .6 must be weighted by the appropriate population

factors, p(M).



-126-

A.2. SUITABLE NUCLEI FOR SPONTANEOUS FISSION ANGULAR
DISTRIBUTION STUDIES

There are a number of considerations in choosing isotopes for the
study.of spontaneous fission fragment angular distributions. First, ’ a

the nuclear spin must be greater than 1/2, and the hyperfine interaction

.

constant should be large. The angular distributionfunctionis proportional

I |2
MK! *

angle, but if more than one nuclear magnetic substate is appreciably

to a v.veivgh.‘te‘d sum over [d Each ‘diAK(B) |2 peaks at one
populated, the distribution broadens and the value of K at the saddle
point may be difficult to determine.

Second, the fission branch should be a reasonable fraction of the
total decays. The competing mode of decay is usually « decay. The
relative number of fission events per é decay is simply the inverse
. ratio of the corresppnciing 'h_alf lives. The o decays are not of any di-
rect interest, .although their angﬁlar distribution can be useful in moni-
toring the source temperature, but they raise the source temperature
thereby decreasing the anisotropy. The lighter actinides have very
small fission bfanches, typically of the order Qf one fission per 1010
a dvec_ays. Also the long total half lives require large masses of the
acti.ve element. Large masses mean thick sources, internal scattering
and adsorption, and broadening of the angular distribution. The alterna-
tive of a thin source with large area means poor angular resolution.

The'ref‘ore only the heavier actinides, which have large fission branches, ,
can be used. The only non-zero nucléar spin isotdpes that meet the

249 253 254 255

fission/a branching requirement are Cf, Es, Es, Es,

255Fm and 257Fm. ‘255Fm can be eliminated becuase of its short half
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249

life (20 h). Cf can be eliminated because of its small hyperfine

255 253

splitting. 7 Es occurs with Es to the extent of 1 part in 105; itis
not available in sufficient quantity for NO e‘xperiments..

Third, the host lattlce e1ther should have a high heat capacity or
should be ma1nta1nab1e atalow temperature by an external refrigerator.
Con!:act cooling is limited to metallic lattices. Because noresearchhas been
do¥1e onalloy systeme of the heavier actinides, the radioactive eleme_nt ions
were eubstituted into a neodymium ethylsulfate lattice whichwas cooled by
adiabatic demagnetization. |

Fourth, the radioactive isotope must be available, an important
consideration in the study of aetinide elemvents_.

53 . 254_ . 257

Experimental results on 2 Es, Es and Fm will be discussed

after the experimental apparatus is described. '
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A.3 APPARATUS | | | o
The cryostat that>was used to study o particle angular distributions !
could not be used to study_fission fragment angular distributions be-
causevth_e gap between the electromagnet pole .faces was too small to
accommodate the detectors required for ‘rr;_apping'the fragment angular
distriButiohs. Therefore thé adiabatic demagnetization apparatus ’
named Copernicus which was built by John Barclay135 was used instead.
The cooling magnet, named Stanislaus, is a 40 koe superconducting

solenoid 23.3 cm long with a 13.5 ¢m i.d.:_ and a measﬁred coil constant

6f 214 oe /amp.

A.3a. CRYOSTAT . | | |
The cryostat is a stainless steel can 37 mm high with a 10.2 mm | |

i.d. A flange, tapped for machine screws, was welded to the top. The can

is bolted to the pumping tube, which is 82 cm 1oﬁg 3.8‘cm o.d. stainless

steel with a 0.05 mm wall, with thelvacuum séal béing made with an indium

wire gasket. Twoadditional tubes, each 3 mm o.d., lead into the can.

One of these tubes contains four twisted tripletsof 32 gauge formex
coated manganin wire ;o;ted in Stycast 2850 GT epoxy in order to mini-
mize heat leaks down the wiresA. The other tube was soldered to the tép
of a welded stainless steel bellows the bottom of which was soldered to

the can cover flange. The top of this tube was fed through a Wilson seal
and capped ;\Nith a Rad Lab fitting at room temperature. The entiré tube _
can be moved up and down through a distance of 2 cm without breaking |

the cryostat vacuum. The use of this bellows system will be explained

later.
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_A.3b. SALT PILLS

. The salt pills are:shown in Fig. 13. ‘The experimental chamber is
the space between the Ennermost salt pills. The two bottom pills are
supporf;ed by sets of three pffch-bonded graphite legs 3.0 cm long and
6 mh’_ri_n diameter. The _tw;o outer salt pills ére filled with a ménganous
ammonium sulfate (MAS) in glycerol slurry, and the two in‘ner pills are
filled with a chromium potassium alum (CPA) in glycerol slurry. The
sides of the two lower pills are 0.13 mm thick mylar. The sides of the
two upper pills, which extend down to the lower salt pills wh_ére they
fasten with 0-80 brass screws, are 0.13 mm thick annealed copper
sheet. . The base f)late and the bottoms of the salt pills are epoxy-
fiberglass laminate sheet (NEMA G10) either 63 mm or 9.5 thick with
~ sections machinéd out in order to reduce the thermal mass while re-
v ltaining strength. The top of the lowest pill is an epoxy-fiberglass sheet
that is i‘n'two pieces anchored together by a split copper-section that is
thermally anchored within the salt masvsv thereby providing a long
thermal path from the outside of the pill which ''sees'" 1 K to the inner
pill which is at 0.01 K. The top of the lower CPA-filled pill is a split

brass plate which is thermally anchored within the CPA slurry.
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A.3c. ACTINIDE ION DOPED NEODYMiUM ETHYLSULFATE SOURCES

The radioactivity-containing NES crysfal is mounted between two
sets of gold-plated copber fins. Ea;:h set of fins is composed of
fourteen 0.13 mm thick sheets of copper that are silver séldered to-
géthér at the top end. The bottom sectiqn of each fin, Whiéh is im-
bedded in the CPA slurry, is 25 mm high and 45 mm long. The top
section, which extends upward through a réctangfular hole in the pill's
top plate, is 40 mm high and 18 mm wide. |
A.3d. FISSION FRAGMENT DETECTORS

The choice of a fission fragment kdetector was influenced by four
considerations. The numbér of fission events was less than one/min
for the source strengths used. The sourcvve strength was limited either
by th’é mass of a given isotope available or by the desire to limit «
particle heating of the NES crystal. Fo.r a source strength of 105 a dpm,
the particles deposi.t approxinﬁately 1 erg/min. In general heat fluxes
of 100 erg /min can be tolerated in the entire NES crystal, but the «
particles deposit their energy in a small volume of the crystal, and at
0.01 K the thermal conductivity, which is proportional to T3, is too
‘low to dissipate the heat input throughout the c_ryétél.

Second, whereas a particle éngular distributions peak at either 0°-
or 90° with respect to the crystalline c-axis, fission fragment angular
.distribﬁti'o'ns can, in principlie, -peak z{t an in?:ermediate angle. There-
fore the fragment distribution must be measured at several angles.

Third, because of the low count rate, very low noise defectors are

needed. Few spurious counts on an absolute basis can be tolerated.
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.~ Fourth, high reliability is desired because of the long apparatus
set-up times.

- Semiconductor detectors are not acceptable because of| fheir poor
angular resolution, bulkihesé, high noise, and poor reliability at ultré-
low temperatures. Therefore solid state track de.tectors136 are used
instead. - Both mica and mylar can be used to detect fission fragments.
The fission fragments leave sites of high free energy that can be
chemically etched to a large enough size for optical microscope scanning.
Mylar has the advantage of being a synthetic material and thereforé has
no background tracks., However, thg etched tracks are cylindrical
cones that cannot always be distinguished from ’inﬁperfections. Mica
always has background fission tracks from uranium decay. | However,
if the ﬁca is annealed at 450° C for six hours and then etched in con-
centrated hydrofluoric acid, the background tfacks appear. as shallow
and broad pyramids that are easily distinguished from the deep and
narrow diamonds that develop upon etching the unannealed tracks.

The fission fragments are detected in annealed and pre-vetched
mica strips 3.92 ¢cm long, 15 mm wide and 0.03 - 0.05 mm thick.v The
strips are held in a curved brass holder with an inner radius of 12.7 mm
that subtends an angle between -40° and 130° with respect to the NES
‘crystalline c-axis. Holes dr.illed through the holder at 0° and‘- 90°
permit pins, which are par.t of an alignmegf jig, to protrude.fr.om the
holder back through to the source spot in order that source-detector

alignment errors can be reduced. The holder attaches to the brass salt

pill top with brass screws. '
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In order to prevent the fission fragments from hitting the mica

‘detector at aﬁy but the lowest temperatures, a mechanical baffle made of

copper mounted on a spring-loaded pivot is used. The spring keeps the
baffle out of position unless it is pulled into positiqn over the source

spot By a 0.08 mm diameter tantalum wire. The wire is fed through

_holes drilled through the salt pill copper radiation shields, over a

11 mm o.d. brass wheel, through two guide slots, and then vertically
up through the 1.5 mm o.d. thin wall stainless steel tube with the bellows
at the bottom. The wire is anchored to the room temperature end of the

tube under a Rad La.b: fitting, The bellows permits the tube and the

'ta,ntalum wire to move through 2 cm thereby pulling the fission fragment

baffle into position.
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A.3e. TEMPERATURE MONITORING

The temperatures of the brass plate aﬁd the copper fin a..ss’embly
. are monitored with >15‘Q 1/8 watt Allen-Bradley carbon composition
resistors connected to three leads. The resistance is measured v?ith
- an AC bridge. 137 The principles of carbon resistance thermometr?
have been given by Black, Roach and Wheatley, 138 Sinclair, Terbeek

1,39 and-Kopp and Ashworth. 140

and Malone,
The temperature of the radioactive source spot following adiabatic
dema'gnetization is monitored either by the a particle anisotropy

measured at 90° with respect to the NES c-axis by a solid state detector

mounted behind the mica detector holder or by the y ray anisotropy
60

of the 962, 966 and 1178 keV y rays of 1601y, which was in some cases

grown into the NES crystal bulk.
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A.4. %°Es SPONTANEOUS FISSION FRAGMENT ANGULAR
DISTRIBUTION

The initial experiments and apparatus development were done with
253Es in NES because 253Es is the most readily available heavy actinide
element with a nuclear spin greater than 1/2. Also the hyperfine inter-

action is known to be large and axial; therefore a sharp fission fragment
angula'r distribution at low temperatures was expected.

In a series of demagnetizations extending over ten days only 20 fis-

.sion events (téd small a number to permit extraction of the K quantum
number) Were' observed from a source measuring 2 X 105'0 dpm. The
sou.rce .strength was increased to 1 X 106 a dpm in order to increase

the number of evehts. .However, this latter éource warmed up within
three hours whereas the previous source femained cold for several
hours. Therefore a point of diminishing returns was reached. The
tcolder source permifted longer counting periods per demagnetization
than the '"hotter' source did, but because of the fixed le.ngth of time
requiréd per demagnetization and apparatus cyéling, both sources
yielded the same number of fission counts per day (two demagnetiza-
tions). The hotter source had the significant disadvantage of rapid
warm up which required continuous monitoring of the source tempera-
ture in order that mica exposure could be terminated prior to warm-up.
In order to get reasonable statistics, counting would have to extend over
a period of 50 days, which is not pfactical because of demands on some

257

of the experimental equipment. In any event, Fm became available;

experiments with that isotope are reported next. '
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A.5. 2°"pm SPONTANEOUS FISSION FRAGMENT ANGULAR

DISTRIBUTION
The most extensive fission fragment angﬁlar distribution studies

257

were performed with Fm (I = 9/2) Which has the advantage of a large

fission/a branching ratio (475(10)a decays /spontaneous fission decay)141
but the disadvantage of a small and non-axial hyperfine interaction con-

255Fm in NES a particle

stant. As was mentioned in the section on the
angular distribution, the hen— axial hyperfiﬁe interaction means that the
nliclear magnetic substates are mixed; i.e., even at the lowest nuclear
orientatio.n temperatures more than one nuclear magnetic substate is
appreciably populated. Therefore the fission frvagment angular distri-
bution is not expected to be particularly sharp_.

The total quantity of 251

Fm available for the experiment was 370
a dpm and therefore a;pproximately one fission every 1.5 min. Approxi-
mately 1"/5':h of this activity was substituted into an NES single crystal.

After the 2517

Fm in NES source was prepared and mounted in the
salt pill holder, a strip of cellulose nitrate was placed in the mica
holder and exposed at liquid riitrogen temperatures with 50y, of 4He
exchange gas in the cryostat for 2430 min. Cellulose nitrate registers
both o particles and fission fragments. The‘ cellulose nitrafe was
removed, etched in 6N NaOH, and a strip 3 mm wide along the center
of the strip was otpically scanned in 1 mm long blocks. The _number
of tracks counted is shown in Fig. 14. There are two points shown -
per scanned segment because two 1ndependent scans were made. The

dlsagreement between the two scans indicates the dlfflcult of positively

1_dent1fy1ng real tracks that are recorded in an amorphous material.
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As an éid in id_entifyi_ﬁg real tracks, a strip of cellulose nitrate that
haci nbt been exposed to a particles was etched along with the exposed
strip as a blank. The scans indicate 1_:hat the detector was not precisely
centered on the source since thé count rate is not constant with angle,
but this small misaligiﬁnent can be corrected for. The fall off in counts
beyond the 0° and 90° positibns indicates' that the source is a shallow
crater in the NES crystal surface.

Because of thevsmall mass of 257Fm' available, the o particle
ariiso}tr‘ovpy couid not be used for monitoring the source temperéture.

160 257

Tb was grown into the crystal bulk before adding the Fm, and the

160Tb Yy ray anisotropy was used to monitor the temperature. Be-
cause «a particle heating was not a probiem, the temperature of the

257Fm source spot and the NES crystal bulk should have been the same.

257Fm in NES source for a total of

A mica strip was exposed to the
84 hr. following eight separate adieibatic demagnetizations. ‘The baffle
positidn was determined by two electrical contécts, one in the closed
position and one in the open positio_n. The mica was also exposed tti an
isotropic distribution for 8 hr. during cryostat assembly and disassembly.
I will refer to this mica strip as the anisotropic.mica. The optical scan
.of the etched anisotropic mica is shown in Fig. 15. For comparison,
a scan of a mica strip that was exposed to the 257Fm in NES source at
liquid nitrogen temperatures, iavhere the fission fragment angular distri-A
bui:ion is isotropic, is shown in-Fig. 16. I will refer to this mica strip
as thé isotropic mica.

The isotropic data indicate, as did the cellulose nitrate that ivvas

25

exposed to the 7Fm a particles, that the mica strip is closer to the
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source at b° than it is at 90°. Although the number of events recorded
from the spontaneous fission of 257f‘m nuclei in the NES lattice at low
temperatures is small, cornjparison of Fiés. 15 and 16 reveals a dif-
ference in the fission fragm:ant track distribution. In Fig. 16, th_e
isotropic case, the events are more concentrated near 0° than they are
at 90°. In Fig. 15,vvth.e anisotropic case, the opposite is true; i.e. ,
the eveﬁts are more concentré.ted near 90° than fhey are at 0°. Be-
‘cause of the low degree of alignment ekpectéd, the results can be
analyzed initially in terms of a Pz(cos 0) term‘ only. The experimental
resuits can then be compared with the theoretical angular distribution
given b:}r Eqs. A.4a and A.5.

The second-order Legendre po'lynorhiall is zero near 55° , and
Pz(co'sv.e».)_ is pdsitive for 6 < 55° ‘and 'Pz(cos 0) is negative vfor 6 >55°. |
Because of the limited number of events recorded in the anisotropic
mica, the events are divided into two groups, those for which 6< 55°
(group 1) and those for which 6> 55° (group 2). Some events beyond
0° and 90° are aléo included in the analysis. The average values of
P,(cos ) over the mica strip are 0.60 for -15° < 6< 55° and
-0.35 for 55° <0 <105°.

For the_aniksotropic case, thefe are 16 events in group 1 an.d 24
events‘i‘n group 2.. For the iso‘_tropivc case, there a‘re 76 e‘vents ih
group 1 and 63 events in group 2. Using the number of isotropic events
for normalization, the ' effect' at 0° with reépect to the "effect' at
90° is (16/76)/(24/63) = 0.552+ 0.284. That is, the fission fragment
angular distribution at low temperatures peaks at or near 90°. This

can be interpreted in terms of the K quantum number(s) at scission
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and the M state populations.
In order to calculate the M state populations, the magnetic hyperfine

interaction parameter, B, must be known. Within a given lattice

65 B for Z_SSFm has

255

BI/u is constant for the isotopes of anelement.

been méasured, but the nuclear magnetic dipole moments for Fm and

257

Fm have been neither measured nor calculated. However, the experi-
- mentally known and theoretically calculated nuclear magnetic moments
for odd-neutron actinide nuclei don't vary significantly, and therefore

these two fermium nuclei can be assumed to have the same nuclear

magnetic moment. From my measured value of B for 255Fm, I ob-

257

tain B("” 'Fm)~ 0.28 em™ 1. The populations of the +1/2 through + 9/2

nuclear magnetic substates at the avera‘ge temperature of the experi-
ment of 1/T = 70 K- ! are then 0.418, 0.319, 0.180, 0.069 and 0.014.

Assuming that K is pure and specializing Eq. A.4a for 1= 9./2 and
"k = 2 only, the angular distribution fuﬁction for fission fragments be-
comes |

5 (12K% - 99) (12M

W(0) = 5= + ). p(M) _
4m o 4 25.33.11

2
- 99) Pé(cos 0).

(A.7)
Upon inserting the above population factors, A,=-0.0327 (3K2-99/4)/4“’-

Because the experimental value of AZ. is negative, (3K2 - 99 /4)

must be positive; this is true only for K = 7/2 or 9/2. Befqre a choice
can be made between the two possible K values, a more careful examih—
ation of the angular distribution function is in ofder.

For a pure M = 1/2, K = 9/2 state,

2 4 2
275 2-3 2
W( 9) = [1— —1T- PZ(COSG ) +m3 P4(COS 6 ) - ﬂ— P6(COS 6 )

2
7
+ 1113 Pglcos 0)] /4.
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For a pure M = 1/2, K = 7/2 state,

. 2 2 '
) 2%5 | 243 4
W(8) = [1 gty PZ(cos 9) - —53 P (cos 9)-.-5 Pé(cos )
72 ‘ ‘ _
1115 Fgleos )] /4m.

In both cases the coefficient of the fourth- and sixth-order Legendre
polynomials are not negligible with respect to the coefficient of the
second-order Legendre polynomial. However, upon weighting by the

population factors and assuming K = 9/2,

W(6) = [1 - 1.176P(cos 0) - 0.262P ,(cos 6) - 0.015."7P6(7cos.6)>

+ 0.0002Pg(cos 0)] /4w.

For K = 7/2,

W) = [1 - 0.392P,(cos 0) - 0.222P(cos 0) + 0.0241P (cos 0)

| S+ 6.0291P8(cos 8)] /4.
The coefficients of the sixth- and eighth-order Legendre'polynomials
are small enough such that only the first two Legehdre polynomiéls
need be considered. Because the fourth-order Legendfe polyr;omial
has nodes at 31° and 70°, its ayeraée over the two segments of the
mica stfip is‘ small. The avefage values of P4(cos 6) over the mica
strip are 0.16 for -15°< 6 < 55° and 0.088 for 55°< 6 < 1_05°..

257Fm in NES source

The anisotropy reduction factbr, R, for the .
was not measured, but in general R ® 0.75 for sources prepared in the

same way. An additional factor of approximately 0.9 enters because
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- the mica was exposed to the warm source for 8 hr during apparatus
set-up.. Including these factors and considerihg only the second- and
fourth-order Legendre polynomials, the th>eoretica1 values of the ob-
served effect aré 0.43 and 0.76 for K=9/2and K = 7/2 respectively.
The experimental value of 0.55(28) favors K = 9/2 becéuse errors in
nuclear orientation experiments tend to reduce the anisotropy. How-
ever, in obtaining the theoretical values of the gffect, the values of B
and R héd'to be estimated. Errors in these estimates would either
increase or decrease both theoretical values, and the theoretical value
for K = 7/2 either would be shifted oﬁtside the experimental statistics
or would become the moi'e reasonable choice. Therefore I cénclude
that K at scission is probably 9/2, but K = 7/2 is not firmly excluded,

nor is a mixture of K = 9/2 and K = 7/2.
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A6 254Es SPONTANEOUS FISSION HALF LIFE

As part of the process of purifying 254Es on "but" columns for
S l ’ v
fission fragment angular distribution studies, the spontaneous fission

half life was determined. There have been three earlier half life de-

terminations. Crhiorso'142 obtained t1 of = 1.5X 105y. Mc:Harris143
2 . -

obtained tL e = 6.8 X 105y. Diamond a.nd’co—v'vorkjer's144 obtained a
: 2 ' ' 4
lower limit of t; of =2.5 X 107y. Ghiorso's value was obtained in 1955;
2 ' .
and because he had a limited mass available, his result is probably not

reliable. McHarris counted 111 fission events from a purified 254Es

source over a period of 171.5 h. Eight of these events were attributed -

250

to granddaughfer Cf. The corrected a/sf ratio together with the o

half life yielded his t; . value. (There is apparently a typographical

5 sf

error in McHarris's thesis in reporting the a/sf ratio.. It should be

887000 /1 not 88700/1). McHarris's method of integrated counting rhay

notyield a reliable fissionhalflife. Possible sources Qf error suchas 253Es ,
ZSOCf or 252Cf contaminationwould give a spuriously short half life. In
factthe spontaneous fission half life of 253ps is 7X 107 y.

254 250

Es a decays with a 276 d half life to Bk which has a 3.2 h half

life for B decay to 2 CCf. For > Cfty_ =13y and t_. = 1.7X 10ty
; ' o 2 .2
(Ref.123). Therefore iZSOCf rapidly grows irito the 254Es. The only

254

reliable method for determining the Es spontaneous fission half

‘life is to follow the linear bgrowth in the number of fissions per unit

250

time resulting from the- Cf decay and then to extrapolatei back to

254

. i ! )
the time of Es purification on the '""but'"" column. This is the method

thaf both Diai‘nond and i used..
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The procedure that I used is described below. . An old sample of

254Es vacuum deposited on an aluminum disk was obtained from Dr.

249Cf

’

Frank Asaro. a pulse height analysis revealed substantial

.ZSOCf and 252 253

Cf contamination, but no Es contamination. The energy
. 253 . ' 254

of the main « group of Es has a higher energy than that of Es or
the Cf isotopes, and therefore 253Es is easily detected as even a trace
contaminant,

Initial purification was done on an alcoholic HC1 column and subse-
quent purifiéations were done on alternate '"but'! and "'but! clean-up
columns. - For the final purification a quartz clean-up column having a

polyethylene tip was used. The 254

Es activity was collected and
evaporated on a Pt plate\_vhic'h had been previousl\y counted for actinide
element contamination which is generaliy present in Rad Lab Pt.

" The number of spontaneous fissions was counted as a function of
time in a Fission Alpha Preset Counter (19X142%). The results are
p;*esentéd as number of rfissions‘ pér 1000 min. counting interval in
Fig. 17. Extrapolating back to zero time yields 22 fissions /1000 min,
4 of which are counter baékgfound. The nﬁr_nber of disintegrations /min
(dpm) at zero time was 2.16X 104 @ dpm. Using the known « decay half
life of 276 d (Ref. 123), I obtain té—sf = 9.0 ><106y.

Herb Diamond has provided some of his data. His results extrapolate
to zex;o fission events at the time of ''but" .co_himn purification. Neither of
us are able to explain the disagreement in our data and the factor of at

254

least three difference in our values for the Es spontaneous fission

half life.

Whichever spontaneous fission half life is correct, 254Es is unsuitable

for fission fragment angular distribution studies. Even if my shorter half
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life is correct, the 25(.)Cf fissions, which are isotropic, outhumb_er the

254Es fissions after approximately one week folldwing "but! column

purification, Therefore by the time a clean-up column is run and the

?

nuclear orientation source is prepared, at least half the observed events

250

will be from Cf.

The spontaneous fission half lives of actinide nuclei have been
reviewed recently by Ledergerber and Paulii45 and by Randrup et al. 146

The latter authors consider specifically the hindrance associated with

the fission of the odd-A nuclei 257F'1rn and 263106.' There have been no

calculations of spontaneous fission half lives of odd-odd nuclei because

of the difficulty of assigning theoretical inertial parameters and fission

barriers. S. G. _Nilsson147 suggested that a fission half life of 1010y

254

for Es is more reasonable than a half life'df approximately 106y.

The spontaneous fission half life of one other odd-odd nucleus; namely

242mAm, has been measured to be 9.5(35)X1011y (Ref. 148); however, .

the fission barriers for shape isomer fission and ground state fission

are quite different. Therefore no information about the expected 254Es

242m 5 1 half life. In

6

summary, the spontaneous fission half life of 254Es is at least 9X10 " vy.

fission half life can be obtained from the known

|
I
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