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

I : Arthur Jallles Soinski 

Nuclear Chemistry Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

. 241 253 255 
NucleI of Alll, Es and Fm were oriented in single crystals 

of neodyiniulll ethylsulfate at telllperatures down to 11 lllK. Orientation 

was detected by alpha particle angular distributions. The telllperature 

dependences of these distributions are consistent with the lowest elec-

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

silllilar to those of the corresponding lanthanide ions. Thus lllagnetic 

and axial orientation was observed in Es 3+ (5f10), as in Ho3+ (4f10 ). 

Quadrupole orientation was observed in A1ll3+ (5f6 ), as in Eu3+ (4f6 ). 

In F1ll3+(5f
11

) the orientation was lllagnetic and equatorial, as would be 

expected frolll the hyperfine interaction in ~r3+ (4f
11

). The hyperfine 

interaction constants were deterlllined. 
253 For Es we report 

IAI = 0.26(3) Clll- 1 , for 241Alll , P = - 0.0033(6) Clll- 1 , and for 255Flll , 

IBI = 0.035(7) Clll- i . The 253Es nuclear lllagnetic dipole lllOlllent was 

deterlllined to be 1f.L1 = 2.7(13) f.LN. The A1ll
3

+ data are consistent with 

an anti-shielding constant of Yoo::::: - 10
2

, in good agreelllent with theory, 
i 

and a shielding factor (12 = 0.7, silllilar to the value for Eu
3

+. The 

nuclear results show that the sand d waves are in phase for the 

favored Q decay branch in all three cases. The relative phase of the 
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253 
g wave was found to be negative for the Es decay. Numerical 

integration of the coupled second-order differential equations describing 

the favored a decays of 253Es and 255Fm yielded partial wave ampli-

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

angular distribution data. The measurement of the angular distribution 

f t f "" f t f I" d 1" f 253E 254E o spon aneous ISSlon ragmen s rom a Igne nuc el 0 s, s 

and 257Fm are described in a separate appendix. The 257Fm results 

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

either 9/2 or 7/2. 

;. . .. 

I 
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1. INTRODUCTION 

An alpha particle emitted by the ground state of an even- even nu-

cleus has a unique angular momentur,p, l.. The even-even parent nu-

cleus has total angular momentum 1. = 0, and angular momentum con­
I 

servation requires that the daughter energy level populated by the alpha 

pa rti cle should have If = l. . For odd-odd or odd mass nuclei, 1. =rfo 
I 

and more than one value of l. is generally permitted. On the basis of 

angular momentum conservation, Spiers 1 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 Wheeler 2 made the first quantitative estimate of enhanced 

alpha -particle emission from the poles of prolately deformed spheroidal 

nuclei. Their reasoning can be understood with the aid of Fig. 1. They 

as sumed a uniform probability of alpha particle formation within the 

nuclear volume. If the barrier set up by the remaining nucleons is 

simply Coulo'mbic beyond a certain 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 nuclear radiations is determined primarily by the requirement 

that angular m'omentu~ be conserved in the decay. The greatly en-

hanced polar emission predicted by Hill and Wheeler could occur only 
i 

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

dicular to the nuclear symmetry axis. 
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. 3-5 
Roberts, Dabbs and co-workers were the first to test the pre-

dictions of Hill and Wheeler experim.entallyo They oriented 233 U and 

235U in single crystals 'of U0
2
Rb(N0

3
)3 and 237Np in single crystals of 

Np02Rb(N03)3. For all three nuclei they observed preferential em.is­

sion perpendicular to the crystalline c-axis. In the 237Np case they 

were able to establish that the nuclear spins also tend to orient per-

pendicular to the c-axis. These two facts taken together imply pref-

erential emis sion along the nuclear spin vector (i. eo, from the poles), 

thus confirming the predictions of Hill and Wheeler. The data for the 

uranium isotopes are consistent with this interpretation of the 237Np 

results, although for uranium. the direction of orientation was not 

established directly. Chasm.an and Rasmussen6 have discussed the 

difficulties in interpreting the 233 U data. 

Navarro, Rasmussen and Shirley7 aligned trivalent 249 Cf in a 

single crystal of neodymium. ethylsulfate Nd(C2H5S04)309H20. These 

th d 1 F k 18 10 d 253E 0 dOth 1 If t au ors an a so ran e a 19ne s ln neo ymlum e y SU a e 

(NES). For both isotopes the prediction of Hill and Wheeler was 

confirmed: Preferential 0' particle em.ission from. the nuclear poles 

was observed. Preferential polar em.ission in these cases reflects 

the fact that the sand d 0' particle partial waves (corresponding to 

orbital angular mom.entum. 1 = 0 and 2) are in phase 0 In this thesis 

the 253Es nuclear orientation studies are extended to determine the 

relative phase of the sand g (1 = 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 0 Because the experimentally determined 
( 

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

• i 
t i . . .' 

.... : 
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Froman and Mottelson 9 
J 10 and the shell model theory of alpha decay 

as applied until now J 11 J 12 numerical integration of the coupled dif-

ferential equations describing the penetration of the anisotropic barrier 

by the alpha particles was performed. 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 nuclearmo-

ments can be regarded as probes of the electronic and crystalline fields. 

10 
The similarity between the electronic ground states for the f pair 

Ho 3+ _Es 3+, as exemplified by similar hyperfine interaction parameters, 

suggested that actinide candidates for additional nuclear orientation ex-

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

isms in trivalent lanthanides. 

N 1 · ft· 1 152E d 1 54E . 1· d· NES b uc el 0 rlva ent u an u lons were a 19ne In y 

means of the electric hyperfine interaction between the nuclear quadru-

pole moment and the electric field gradient arising from both the open 

13 
f- electron shell and the lattice charges. Because 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 J Judd, Lovejoy and Shirley 13 proposed that distortion 

of the closed electronic shells by the lattice charges increased or anti-

shielded the crystal field gradient at the nucleus. This unexpected re­

sult suggested that americium should also be studied. Sternheimer 14 

and later Gupta and Sen 15 predicted that the lattice antishielding factor, 
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3+ 3+ . 
" ' is larger for A:rn than for Eu ; therefore appreciable align:rnent 

00 

3+ 
of A:rn would be expected. In this thesis nuclear orientation experi-

241 
:rnents on A:rn are reported. The data are interpreted in terms of 

both the crystal field parameters and the relative am.plitudes and phases 

of the alpha waves in the favored decay to 237Np . 253 As for Es, the 

241 . 
relative s-d wave phase in Am. favored Q decay is positive. 

255. 16 
I also report results for Fm. In NES. I find that the s 

and d waves are in phase in this case. Because of the short 

half-life (20.1 h) and the li:rnitedmass 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 state of the pair 

E 3+ F 3+. f· d r - m. IS can lr:rne . 

i 
~. 
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FIG. 1. Representation of the total (nuclear plus Coulomb) potential of 
a prolately deformed nucleus J of major (minor) radius r (rb ) J 

showing that a particles emitted from polar regions must tunnel 
through a barrier that is both lower and thinner than at the equator. 
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II. THERMAL EQUILIBRIUM NUCLEAR ORIENTATION THEORY 

As a consequence of the isotropy of three-dimensional space, 

angular momentum is conserved and the emission of nucleC!-r radiations 

or particles is anisotropic in the nuclear frame. In order to observe 

an anisotropic distribution in the laboratory frame, it is necessary to 

select out one of the nuclear magnetic substates from the ensemble, 

as in angular correlations, 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 

t · 1 1 . t t' 17- 20 d t' l' b d' b t' ar IC es on nuc ear orlen a Ion anmagne IC coo Ing y a Ia a IC 

demagnetization2i - 23 exist, an abbreviated treatment will be presented 

here. 

In order to prepare a non-uniform ense'mble of nuclear substates 

(labelled by m
I 

== I , where I is the component of total nuclear angular 
z z 

momentum or spin along a space-fixed axis), the (21 + i}-fold spatial 

degeneracy must be removed by some external means, and the entropy 

of the nuclear spin system must be reduced from its maximum value of 

Rln(2I + i)/mol. The entropy reduction is accomplished by adiabatic 

demagnetization. The removal of the spatial dege,neracy by hyperfine 

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

of the angular distribution function will be outlined. 

j,., 



.... .... 

-7-

III. ALPHA PARTICLE ANGULAR DISTRIBUTIONS 

The angular distribution of alpha particles from oriented nuclei has 

24 25 
been developed by Brussaard and Tolhoek, Rose, and Steenberg and 

Sharma.
26 

The formal treatI~ent of nuclear orientation and angular 

correlations is the same, and Steffen27 has given an excellent treatment 

of angular distributions and angular correlations of nuclear radiations. 

A similar approach with different emphasis has been given by Frauenfelder 

28 
and Steffen. I summarize Steffen's treatment below. 

The directional distribution of Q' radiation emitted from an axially 

syrrrmetric oriented state may be expressed in terms of Legendre poly-

nomials as 

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

Blin-Stoyle and Grace, 18 are given by 

1/2 
Bk (1., T) = [1.] Pk (1.) 

1 1 1 

(1) 

(2) 

where Pk(I
i

) is a statistical tensor whose elerrIents are proportional to 

the relative populations of the nuclear magnetic substates. The notation 

(IJ means 21 + 1. The statistical tensor for Q' radiation, Ak(O') , can be 

written in terms of F-coefficients as 

Ak (0') = L 
1, l' 

, , II II -II I >:< i[cS(l)-cS(l')] F k(ll If \)bk (l1 ;0') (If Je1 (0') I)(If Jell (Q') II) e 

(3) 

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

Q' particles, b
k
(ll' ;Q'), is 
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k 
( 4) 

The phase shifts 0(1) arise because the a particles move in the 

electromagnetic field of the daughter. Thus the a particles must pene-

trate a predominantly Coulomb barrier and a smaller centrifugal barrier. 

For deformed nuclei an anisotropic quadrupole barrier also exists. As 

a consequence of the presence of the quadrupole barrier the Q' particle 

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), the ex-

ponential dependence in Eq. 3 reduces to a cosine dependence. 

The emission of a radiation is described by the transition 'matrix 

J( (a), whose elements are the amplitudes (If IJe'(a) II. > with Je(a) 
op 1 op 

being the operator for the a particle emis sion. The emis sion operator 

can be expanded in terms of multipole operators J\£m that describe the 

emis sion of a particles of angular momentum £. and projection m on the 

nuclear symmetry axis. For favored a decay, in which I am inter-

ested, m = O. Application of the Wigner-Eckart theorem reduces the 

matrix elements (If P< £ 0 IIi> to the reduced matrix elements of Eq. 3. 

These reduced matrix elements, which contain the model-dependent 

information about the nuclear states IIim) and IIfmf > involved in the 

decay, reduce to the relative amplitudes of the a particle waves, a£.. 

For q decay and other parity conserving processes,only even-order 

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

• i ..... : 
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I' \' 

W(~) = 1 + I~ 
k>O 
even 
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2: 
1. , l' 

(5) 

Solid angle correction factors, Qk(fl) , have been introduced because 

neither the source nor the detectors are points. An anisotropy reduc-

tion factor, R, accounts for the fact that some radioactive nuclei occupy 

non-lattice sites and as an ense:rnble contribute an isotropic distribution. 

The conservation of angular :rno:rnentu:rn restricts the Q particle angular 

:rno:rnentu:rn to IIi - If I <1< IIi + If I. The conservation of parity further 

restricts 1 to even (odd) values if the parent nucleus and the daughter 

nucleus have the sa:rne (opposite) parity. 

Th~ angular distribution function depends on the properties of the 

decaying nucleus, the nuclear environ:rnent, and the temperature. The 

Q decay proces s and the calculation of partial wave a:rnplitudes and 

phases will be treated first. Then the solid state aspects of the proble:rn, 

including such topics as nuclear orientation :rnethods, the spin Ha:rniltonian, 

and cristal field para:rneters, will be treated. 
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IV. ALPHA PARTICLE PARTIAL WAVE AMPLITUDES AND PHASES 

Any theoretical calculation of alpha particle partial wave intensities 

for the decay of spheroidally defortned nuclei must consider the two 

separate" events" in the decay. First the alpha cluster is formed from ., 9, 

the nucleons of the parent. The boundary conditions are thereby effec-

tively determined on the nuclear surface. Second the a cluster penetrates 

an anisotropic potential barrier. Because the potential is non- spherical, 

the a particle and the rotational energy levels of the daughter are coupled, 

and an exchange of energy and angular momentum can occur. 

In no case have both the a cluster formation and the subsequent 

penetrability been treated rigorously. Three methods for obtaining 

partial wave intensities will be presented beginning with the simplest. 

The partial wave phases can be determined either from experimental 

angular distributions or from the shell model theory to be discussed 

in section IV.B. 

j:.i ..... : 
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IV.A. THE BOHR, FROMAN AND MOTTELSON METHOD 

The properties of spheroidally deformed nuclei are best described 

by the strong coupling model of Bohr and Mottelson. 9,10 In the case of 

odd-mas s 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, f2, is approximately conserved. Because all but the last 

odd nucleon are paired to givenf2 = 0, f2 is equal to K, the projection of 

29 total nuclear spin on the nuclear symmetry axis. Rasmussen pro-

posed that those alpha transitions for which K of the parent and daughter, 

Ki and K
f 

respectively, are the same are II favored" becaus e the Q trans­

ition probabilities, at least to the band head, are comparable to those 

of neighboring even- even nuclei. 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 Q decay. 

Angular momentum conservation requires that Ki , K
f

, and the pro­

jectionof the alpha particle on the symmetry axis form a triangle. 

Applying the Wigner-Eckart theorem, the daughter wave function can 

be expanded in term.s of the parent and Q particle wave functions as 

= 2:: (J. £ K.Kf-K. IIfKf ) 1£ Kf :' K.) I I. K.) 
£. 11 1 111 

(6) 

where the Clebsch-Gordan coefficient insures conservation of angular 

momentum. 

f2 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 appreciable exchange of angular momentum between the outgoing 
" 

£1' particle and the daughter nucleus occurs in the region near the nucleus. 

Furthertnore, the penetration of the £1' particle takes place in a titne 

shortcotnpared to the nuclear rotation period. Therefore the daughter 

nucleus can be regarded as being stationary during £1' emission. Then 

the cotnponent of total angular motnentum along the nuclear symtnetry 

axis is approxitnately conserved, and the only £1' cotnponents of itn-

portance havem = K f - Ki = o. Equation 6 then reduces to 

\1 . 

IIfK) = 2) (I/KO I IfK)110)1 IiK ) . 
1 

(7) 

Therefore a given 1 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 = ln2/t 1, for favored decay 
'2 

can be written as 

(8) 

where Po (Z, E £1') is the spherical barrier penetration probability, 30,31 

N is a nortnalization factor of order unity, and HF 1 is the hindrance 

factor of the lth partial wave averaged frotn neighboring even- even 

nuclei. Hindrance factors account' for the fact that decays to excited 

states of the daughter are' slower than would be predicted on the basis 

of sitnple barrier penetration calculations. 

The Bohr, Frotnan and Mottelson prediction of partial wave branching 

is exact only when the rotational tertn in the interaction Hatniltonian 

vanishes; that is, in the litnit of infinite nuclear tnotnent of inertia or 
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vanishing nuclear quadrupole moment. Because the actinides typically 

have large intrinsic quadrupole m.oments of the order of 10 b. , devia-
1 I 

tions from the Bohr, Froman and Mottelson prediction are expected . 

. '. 
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IV.B. MANG SHELL MODEL THEORY 

The ITlicroscopic shell-model theory of 0' decay of deformed nuclei 

32,33 
has been developed by Mang and Rasmussen. The ITlost extensive 

calculations for odd-mass nuclei have been perJorITled 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, A. = P.n 2/t.l' is written as the product of (a re­
a 

duced width YLI: of R-matrix theory which contains all information 
1 f_ 

about the alpha cluster formation) tiITles (a penetrability factor, P p. (E 0'), 

which accounts for the penetration of the predoITlinantly Coulomb barrier 

by the 0' particle)o Thus 

A. = 1 
1'1 

where E is the energy of the alpha particle. 
0' 

(9) 

The reduced width is proportional to the square of a time-dependent 

probability aITlplitude which ITleasures the probability that an 0' cluster 

with the proper quantum_ numbers is projected from the shell ITlodel 

product wave functions of the constituent nucleons. 

Because of quadrupole coupling effects the penetrability factor be-

cOITles a penetrability ITlatrix which relates 0' aITlplitudes on the nuclear 

surface to 0' amplitudes (or experiITlentally observed intensities) at 

infinity. A FroITlan matrix34 was used by Poggenburg, Mang and 

Rasmussen to account for the anisotropic barrier penetration in an 

approxiITlate way. 
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IV.C. NUMERlCAL INTEGRATION OF COUPLED SECOND-ORDER 
DIFFERENTIAL EQUATIONS 

In the Q' decay of spheroidal nuclei, the noncentral electromagnetic 

field permits the exchange of energy between internal nuclear excitation 

and the external alpha particle. The only noncentral couplings of im-

portance are those involving the collectively enhanced intra-band E2 

transitions of deformed nuclei 0 Starting with boundary conditions set at 

the spheroidal nuclear surface, the formal problem involves the outward 

propagation of the alpha particle wave function through the anisotropic 

barrier out to some distance where coupling effects are negligible. 

Both Nosov
35 

and Froman
34 

have proposed an approxim.ate method 

for accounting for the anisotropic barrier penetration. However the more 

exact formulation of the anisotropic barrier penetration problern leads 

to a set of coupled second-order linear differential equations in the radial 

separation variable. 

Although several researchers have performed the numerical inte-

gration of coupled channel equations for the Q' decay of even-even nuclei, 

only Chasman and Rasmussen6 have considered the more involved 

problem of the Q' decay of an odd-mas s nucleus. In the latter case the 

conservation of angular momentum permits an Q' particle partial wave 

of a given orbital angular momentum, £, to branch to more'than one 

energy level of the daughter nucleus. Thus for the favored alpha decay 

of 233 U Chasman and Rasmus sen 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 wave, coupled toa strong wave such as the s wave.· 

Therefore we have extended the work of Chasman and Rasmussen by 

considering the branching of the s, d and g waves in the favored QI decays 

of both 253E8 and 255Fm . 

The nuclei 253Es and 255Fm , both spin 7/2, are ideal cases for 

applying an exact numerical treatm.ent because alpha transitions to the 

. . 36- 38 
favored bands of the daughters have been well studled, and angular 

distribution data Jrotn low temperature nuclear alignment experitnents 

are available. 39,40 Including the 1 = 0; 2, and 4 partial waves. nine 

coupled second-order differential equations must be solved for favored 

decays to the five lowest levels of the daughter rotational band. 

The experimental intensities are sensitive only to the relative 

partial wave intensities whereas the QI particle angular distributions are 

sensitive to both the relative partial wave intensities and phases. How-

ever the angular distribution data yield directly a maximum of two 

nutnbers to compare 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 Legendre poly­

nomials of order n divided by r nt 1, where r is the distance to an ex-

41 
ternal charge. The n = 0 term is the central Coulombic term. The 

magnetic multi pole terms should be small for charged particle decay. 

Perlman and Rasmussen 41 considered the E1 interaction in the 241 Am 

favored Q' 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 couplingmigllt 

. 249251 
also be Important; however, both Bk and Cf have small hexa-

decapole deformation. 42, 43 Therefore the coupled differential equa-
I 

44 
tions in the radial separation variable can be written in general as 

(
2ze

2
+f1

2
p.(p. + 1) _ Q )u 

r 2Mr2 Id Id , P. 

= (10 ) 

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

Q
1 

is the effective Q value for the alpha particle with electron screening 

d 2 
and daughter recoil energy corrections, and the KI I. Ii 1.' are matrix 

d d 

elements of the quadrupole coupling operator which is proportional to 

the intrinsic nuclear quadrupole moment of the daughter times 

P 2(cOS 8) divided by r3 For 249Bk the val ue for the intrinsic quadru­

pole moment, Q
O

' was taken to be the same as that for the parent, 
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253 45 251 255 . 
Es; namely, 13.1 b. For Cf and Fm we used approxlmately 

the same value; namely, 13.0 b. 

Explicit expressions for the quadrupole coupling matrix element 

. 41 44 
were glven for O! decay by Perlman and Rasmussen (see Rasmussen 

for a trivial correction to these equations) and for optical model scat­

tering applications by Tamura. 46 For O! decay (and nuclear reactions 

and scattering) most nU'Inerical integrations of the coupled equations 

have been confined 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 largest 

available computers. 

The general solutions of the uncoupled differential equations can be 

written as U
L

(1l,p) = G
L

(1l,p) + iF
L

(1l,p) where G L and FL are the 

irregular and regular Coulomb functions 47 respectively. This form 

for writing the solutions is chosen because it becomes purely real 

near the nuclear surface. Solutions of the coupled differential equations 

approach the Coulomb functions asym.ptotically at large radius. For 

nota~ional convenience the indices (I
d

, £) used to label the solutions will 

sometimes be replaced by a single index j or k which varies froIn 1 to 

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

viously used, and more COInInon, notation of Ii and If to designate the 

...... j 

• #' ' 
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parent and daughter nuclear spins respecti~e1y are not used in this 

section in order to avoid aInbiguity. Beca~se of the channel coupling an 

QI wave starting off in one (initial) channel can be scattered into another 

(final) channel. 

The physical inforInation is contained in the real cOInponents which 

are outwardly decreasing functions (reducing to irregular Cou10Inb func-

tions in the uncoupled case) . The. square of an oscillation aInplitude in 

the far region nlay be related to the experiInenta1 intensity divided by 

the QI pa rti cle ve 10 ci ty . 

In general the phase of an oscillating coup1ed- channel solution in the 

far region will differ froIn the phase of the corresponding Cou10Inb func-
, 

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

shift, <IJ £.' Although phase shifts do not affect intensity data, they do 
d 

. affect angular distribution data through the interference terInS between 

QI cOInponents of differing £. going to the saIne final state I
d

. 

The set of nine second-order coupled differential equations can be 

transforIned into a set of eighteen first-order coupled differential equa-

tions haVing eighteen linearly independent solutions or, equivalently, 

nine cOInp1ex solutions. Because the physically Ineaningfu1 solutions 

are exponentially decreasing going outward through the barrier, it was 

not pos sible to obtain stable solutions by outward nUInerica1 integration. 

Instead I used CouloInb functions as starting conditions at a radius 

sufficiently large (150 fIn) such that the coupling forces were small arid 

integrated inward. The solutions of interest then increased in the di-

rection of integration and were thus stable. The Cou10Inb 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 

co:mplex Coulo:mb function corresponding to that channel. I label the 

linearly independent set of co:mplex solutions resulting fro:rn the integra­

tion as ujk(r) = gjk(r) + ifjk(r), representing the }h channel of the kth 

linearly independent solution. 

Any general solution of the coupled differential equations :may be ex-

pressed as a linear co:mbination of the solutions just described; that is, 

the general solution for the jth channel :may be written as 

(11 ) 

where the coefficients c
k 

= a
k 

+ ib
k 

are co:mplex numbers. Because an 

a particle is assu:med to exist in a quasi- stationary state prior to e:mis-

sion, the imaginary part of each wave function i,p. ITIust essentially vanish 
-J 

near the nuclear surface. Using nuclear ITIodel 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 

co:rnplex simultaneous equations, llJ/ r ) , can be solved for the coefficients 

cko 

The syste:rn of simultaneous equations is ITIost conveniently handled 

as the matrix equation 

( 12) 

where the :matrix eleITIents u'
k 

of the 9X9 cOITIplex ITIatrix U are the 
J -

a:mplitudes of the linearly independent solutions on or near the nuclear 

surface. The ele:ments of the column vector ~ are the unknown cOITIplex 

coefficients c k ' and the eleITIents of the coluITIn vector 1 are the purely 

real nuclear :model surface a:mplitudes. The problem is for'mally solved 

.. i 

~. ' 

1:. . 
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by the matrix inversion 

(13 ) 

From the c
k 

values thereby obtained, and in view of the starting condi­

tions of the pure Coulomb functions, the relative a partial wave intensi-

ties ..J
k 

can be written as 

2.! 2 2.! 
j = Ic I Q 2 = (a . + b )Q2 

k k a k k a 

and the quadrupole phase shifts ~ can be written as 

where Q is the a decay energy in that channel. ,a 

( 14a) 

,( 14b) 
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IV.C.2. MODEL-DEPENDENT NUCLEAR SURFACE 
BOUNDAR Y CONDITIONS 

In the similar work of Ras'mussen and Hansen 48 on even- even 242Cm 

favored Q decay, the boundary conditions for the real part of the solutions 

could be imposed by de:manding agreement with experimental relative in­

tensities to the rotational band levels in 238pu . For odd-mas s nuclei 

there are insufficient relative intensity data to provide the required 

boundary conditions. For the problem considered here, eight boundary 

conditions are required. For the five levels of the daughter there are 

only four relative intensities, and there are no direct experimental 
I 

measurements of the mix and relative phases of the partial waves. The 

low temperature angular distribution data provide two experimental 

numbers (the coefficients of the P
2

(cos B) and P 4(cOS B) terms in the 

angular distribution), but they do not determine uniquely relative partial 

wave amplitudes and phases. 

Because there are insufficient experimental data to completely fix 

the boundary conditions, nuclear model constraints were us ed ins tead. 

I used the fundamental as surnption underlying the leading order in­

tens!ty relationships of the strong coupling model9 , 10 that near the nu-

clear surface the projection of any partial wave's angular momentum 

along the cylindrically- sy:mmetric 3 -axis of the daughter nucleus, m£, 

has a value of Kd ± Kp where Kd and Kp are the projections of the 

daughter and parent total nuclear angular momentum on the 3 - axi s. 

For (Kd + Kp) ) £ only one value of m is allowed; for favored Q decay 

m£ = o. The condition of onlym£ = 0 components on a sphere of 

radius RO near the nucleus provides six boundary conditions, tying 

. ,. 
• J 

''"''_ I 

J': 
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together the cornponents of a given 1 wave in proportion to Clebsch­

Gordan coefficients. Bohr, Frornan and Mottelson 10 and Asaro et al. 36 

have, in some applications, constrained the relative s, d and g wave 

intensities to the average of nearest neighbor even- even nuclei, but such 

a constraint is not as fundarnental as the rn1 = 0 constraint. The re­

rnaining two boundary conditions were left as free pararneters and are 

denoted by 0'2' the ratio of total d and s wave amplitude at R
O

' and (1'4' 

the ratio of total g to s wave arnplitude at RO' Therefore the wave func­

tions at RO can be written as 

( 15) 

with the trivial norrnalization condition 0'0 = 1. The steady state real 

part of the wave function is exponentially decreasing going out through 

the barrier region and oscillatory in the far region. 

The nurnerical integration of the coupled differential equations 

permits us to test two assurnptions of the strong coupling rnodel as 

usually applied. The first is that near the nuclear surface only rn
1 

= 0 

a partial waves occur. Subject to this rn1 =0 constraint, I wish to deterrnine 

if the coupled channel treatment can reproduce both the experirnental relati ve 

intensities to the five lowest rotationallevels (with spins 7/2,9/2,11/2,13/2 

and 15/2) of the daughter and the angular distribution data. 

The coupled channel treatrnent can also test the usual approxirnate 

handling of anisotropic barrier penetrability in setting the relative in-

tensity of a given 1 wave to a given level equal to (the square of a 

Clebsch-Gordan coefficient) tirnes (a calculated spherical barrier pene-

trability factor for the alpha group). This approxirnation is exact only 

in the lirnit of infinite rnornent of inertia or vanishing nuclear quadrupole 

rnornent. 
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IV .G.3. RESULTS OF THE NUMERICAL INTEGRATION 

The nlOst general way to present the results of the numerical inte­

gration is in the form. of the com.plexmatrix U- \ the real and the im.-

. -1 253 
aginary com.ponents of U for Es are given in Tables IVB and 

IVC respectively and for 255Fm in Tables IVD and IVE respectively. 

These matrices reduce to unit m.atrices for vanishing nuclear quadrupole 

m.om.ent. Operation with either com.plexmatrix on any boundary condi-

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

tudes and quadrupole phase shifts at large distances. I£boundary con-

ditions are fixed on the spheroidal nuclear surface, then a From.an 

m.atrix35 can be used to transform them. to boundary conditions on a 

sphere at 10 fm.. 

Let us now consider the determ.ination of the two free para:meters 

0'2 and 0-4 , The value for 0'2 is m.ost stringently determ.ined by the re­

quirem.ent that the 0' intensity to the 9/2+ level be reproduced because 

this level receives the largest d wave com.ponent. In general there are 

two values for 0'2' one positive and one negative, that give satisfactory 

agreement with experiment. The sign of the anisotropy in the ll' particle 

253 255 . 
angular distributions for both Es and Fm. requIres that the sand 

d waves be in phase; that is, that they interfere constructively near 

the nuclear poles. Therefore only positive values for 0'2 are acceptable. 

In like manner the ll' intensity to the spin 13/2+ level fixes the 

valuefor ll'4' The phase of the g wave is less well determined by the 

angular distribution data, but the 253Es angular distribution data and 

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

fore only negative values for 0'4 are considered. 

, 
. ..;. : 
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From nuclear model considerations the values of both Ql
2 

an Ql
4 

can be estimated. Using the shell model theory of QI decay, Poggenburg 11 

calculated partial wave amplitudes on a Nilsson coordinate surface to be 

. . 253 
1.035, 0.309 and - 0.376 for the 1. = 0,2 and 4 waves respectively of Es 

and 1.135, 0.406 and -0.353 for the s, d and g waves respectively of 

255Fn1 . Applying a Froman 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 0'0:0'2:Ql4 = 1.0: 1.0:0 .05 for 

253 255 Es and 1.0:1.1:0.18 for F·m. 

The values of Ql
2 

and Ql
4 

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 Ql
O

:Ql
2

: 

253 
Ql

4 
= 1.0:0.8580:-0.0977 for Es and Ql

O
:Ql

2
:Ql

4 
= 1.0:0.7918:-0.1794 for 

255Fm. 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 sand d waves; therefore the difference in Ql
4 

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 

phase shifts are summarized in Tables IVF and IVG for 253Es and 

255Fm respectively. The Coulomb phase shift difference for QI decay is 

. b 49 glven y 
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_ -1" -1 " u£ +2 - u£ - tan :r+T" + tan £ +2 + 1T. ( 16a) 

The phase shifts themselves are given by 

UJ. = arg r (£ + 1 + i,,). ( 16b) 

The values of "and k(= p Ir) that we used are given in Table IVH. 

I will en1.phasize the 253E5 results; however. the general com­

ments are also applicable to the 255Yrn results. 

Exa'll1.ination of the best fits to the intensities for both 253Es and 

255Frn reveals a syste'll1.atic discrepancy. The experi'll1.ental intensity 

ratio of the second to the first excited state in the rotational band is 

significantly larger than theory for both nuclei. These states are popu-

lated pri'll1.arily by d waves. and no cO'll1.bination of initial £ = O. 2. 4 

ratios reproduces the experi'll1.ental intensity ratio if the constraint to 

mJ. = 0 components in the nuclear frame is maintained. This same 

systematic deviation from Bohr. Fro'll1.an and Mottelson theory has been 

noted for favored bands of many a emitters. but it is only now clear 

that the coupled channel treat'll1.ent does not affect the discrepancy. 

In order to exhibit the systematics of this discrepancy I have 

plotted the ratio of the hindrance factors of the second to the first ex-

cited state for odd-mas s actinide nuclei in Fig. 2. The experimental 

hindrance factors were taken from the cO'll1.pilation of Ellis and 

Scbrnorak.
50 

If the a groups populating these two states were pure 

£ = 2. then, by the Bohr, Fr5man 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 points are lower 

limits because the correction for a g wave ad'll1.ixture would raise the 

' .... i 

.",,' 
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points thereby increasing the discrepancy. Note that all points except 

the one for 245Cm lie above the theoretical line and that the points for 
i I 

253 . 255 . 
Es and Fm 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 253Es , 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 related discrepancy with the zero-order BFM intensity relations 

was found in Q-y angular correlation measurements on 243 Am. Falk 

51 
et al. 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 Q group than the BFM model 

predicts. The nuclear orientation results on 253Es require that the 

d wave intensity of the main Q group be increased by approximately 

200/0 over the BFM estimate. 39 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 rotational 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 Q decay by Chasman and 

Rasmussen6 reproduced the experimentally observed skewing of the d 
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wave toward the lower spin levels of the rotational band. Their calcu-

lation involved four coupled channels with only the sand d waves in-

cluded, whereas our calculation 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 1. ::' 4 

groups are so weak that coupling to them should not significantly alter 

the I. = 2 groups. Chasman and Rasmus sen may have made a sign error 

in setting the boundary conditions at the nuclear surface for the d wave 

component to the first excited level of 229Th . Table II of Ref. 6 shows 

a negative sign 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 quadrupole 

potential j.s proportional to P 2( cos 8) and is therefore highest at the 

nuclear poles. If the sand 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; that is, the phase shift is negative. 

As a result of the above analysis we conclude that some d wave 

component with m =1= 0 'must be included on a spherical surface near the 

nucleus. When this thesis was being written, various mechanisms for 

admixing an m =1= 0 d wave component into the surface boundary condi-

tions were being investigated. Since these considerations were not 

finalized at the time of writing, they are not included here but will be 

in a forthcoming publication. 

Table IV J shows an I. = 4 branching comparison of our coupled­

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

36 Asaro et al. who calculated the a barrier penetrability for a pure 
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Coulomb barrier cutting off at a definite radius. The other BFM com­

parison is from Poggenburg
11 

who used an optical model nuclear po­

tential. It is seen that the coupled channel results for i. = 4 branching 

are very close to the earlier results with the BFM formula, thus con­

firming the theoretical validity of approximating cr branching 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 i. = 4 wave hindrance where channel coupling causes deviations 

from the BFM branching approximation. This can be seen in Fig. 3 

where 1. = 4 branching ratios are plotted as a funCtion of cr
4 

with 

0'2 = 0.89. The values at 0'4 = - 0.101 are gi,ven in Table IVJ. In the 

vicinity of cr4 = 0.2 the hindrance factors are highest, and the deviations 

from the BFM branching approximation are substantial. 

In summary there seems to be a small but systematic violation of 

the leading order intensity relations for favored i. = 2 alpha groups. 

The special effects of channel coupling do not spoil the accuracy of the 

simple Clebsch-Gordan branching expressions for i. = 4 until 

higher 1. = 4 hindrance factors than are found in either 253E s or 

255 
Fm are encountered. 

The effect of the calculated partial wave intensities and phases on 

the cr particle angular distribution function will be discussed later in 

the appropriate experimental sections, and final comments are made 

in Section XI. 



-30-

IV.C.4. EXCLUSION OF 1 = 6 PARTIAL WAVES FROM 
COUPLED DIFFERENTIAL EQUATIONS 

In order to limit the number of coupled differential equations to be 

solved, the 1 = 6 and higher angular momentum waves were excluded 

from our analysis. The hindrance factor for the £. = 6 wave of Cf is 

approximately 1000 whereas the hindrance factor for the £. = 4 wave is 

approximately 30 (Ref. 50). Therefore the 1 = 6 wave cannot noticeably 

affect the £ = 4 branching. Because the £ = 6 wave was excluded froITl 

the theoretical analysis, the i wave component was subtracted from 

the experiITlental intensities before making the comparison with theory. 

This was done as follows. Ahmad
38 

has measured the Q intensities to 

/ / 
253 X -4 ·-4 the 17 2+ and 19 2+ levels of Es to be 4(1) 10 % and 1.2(4)X10 0/0 

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 Q decay to 

the 17/2+ level, which was obtained by extrapolating Poggenburg' s 11 

penetrabilities, was multiplied by the appropriate Clebsch-Gordan co-

efficient 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. 255 
For Fm Q 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 ~y major difficulty is in 

fitting the Q intensities to the 9/2+ and 11/2+ 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 0'4 to some degree, the weighting factor for this 

level in our fitting routine is relativdy small. The corrections used 

f th 2 5 5F . t I ~ t . t' I" T bl IV or e m expenmen a ln enSl lC s are a so gl ven ln a e K. 

The probable correctness of the calculated i wave components for 

255Fm 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 and 

0.0033 for the 7/2+ through 15/2+ levels. The difference between these 

values and the ones given in Table r/K 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 

Z 
Several numerical tests on the computer programs were performed. 

The regular and irregular Coulom.b functions were integrated inward 

from 150 fm to 10 fm with coupling turned off, i. e. , with Q
O 

=0. The 

irregular solutions agreed with pure Coulomb functions calculated using 

two different Coulomb function routines 52 to within a few tenths of a 

percent. The uncoupled regular solutions, which should be exponentially 

decreasing going into the barrier, were not stable in to 10 fm., but they 

were smaller than the irregular solutions by a factor of approxim.ately 

10 5 , which ism.ore than sufficiently accurate for this problem. 

The radial integration interval was varied by an order of magnitude 

to insure that accuracy was not li'm.ited by choice of lllesh size. 

In order to check the completeness and accuracy of the quadrupole 

coupling matrix elements, the rotational energy and the centrifugal 

energy of each group was set equal to zero. The regular Coulomb 

function F 0 (", p ) with" and p appropriate for the Id = 7/2 channel was 

integrated inward from 150 fm with Q
O 

= 13.1 b. The d and the g waves 

were found to branch in the ratio of Clebsch-Gordan coefficients as 

they should. 

A relative penetrability can be approximated by the ratio of the 

uncoupled regular function at 10 fm to the uncoupled regular function 

at 150 fm squared. Each squared ratio was divided by the corresponding 

penetrability given by Poggenburg
11 

who used a Froman lllatrix to 

calculate penetrabilities. The resulting numbers should be, and they 

were, approximately equal. 

-
... ! 

-. 

i 
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TABLE IVA. Channels considered in the. favored Q decay to the 
first five levels of a K1T = 7/2+ rotational band. 

Index Id 

1 7/2 

2 7/2 

3 7/2 

4 9/2 

5 9/2 

6 11/2 

7 11/2 

8 13/2 

9 15/2 

1. 

0 

2 

4 

2 

4 

2 

4 

4 

4 



I ' I' i' 
7/2, 0 

7/2, 2 

71Z, It 

9/2, 2 

(U2, .. 

11/2, 2 

1112, It 

13/2, It 

15/2, 4 

7/2, 0 

7/2, 2 

Tables IVB and IVC. Inverse oi,253 Es Suria,ce Amplitude Matrix. 

712, 0------ 7/2, 2----- 712,-,+ ----- ~/2,,2------9n,--4--- -- 11/2, 2-- 1112, It 1312, 4 15/2, It 

Real Components 

2.8369E-13 -".6847~-1" 1.9146E-15 4.3e04E~14 -3.702LE-15 -2~1475E-14 4.2709E-15 -3.2211E-15 1.4E31E~15 

-4.3547E-14 2.0629E-13 -2.3962E-14 1.9060£-14 2.594£E-14 1.1510E-14 -1.00E3E-14 -6.9621E-16 -8.9831E-16 

1.4277E-15 -2.0215E-14 1.3146E-13 -8.5~29E-15 1.4367E-1'+ -1.7849E-15 5.4143E-15 9.1619E-16 1.8802E-16 

3.3704E-14 1.5873E-14 -8.4537E-15 1.8553E-13 -4.365~E-15 2.232EE-14 2.0132E-14 -1.5144E-l'+ -1.9E30E-1S 

-2.2256E-15 1.8075E-14 1.1941E-14 -3.1263E-15 1.0910(-13 -2.7208E-15 1.2411E-14 4.2887E-15 5.2145E-16 

-1.2974E-14 7.4187E-15 -1.3697E-15 1.7E50E-14 -2.5409E-15 1.3910E-13 1.0486E-15 1.0774E-14 -1.6848E-14 

1.9~36E-15 -5.5072E-15 3.5009E-15 1.3E87E-14 9.8292(-15 8.4889E-16 8.2428E-1" 8.0484E-15 2.1089E-15 

-1.0550E-15 -2.6002E-16 4.0641E-16 -7.3796E-15 2.5092E-15 6.7963E-15 6.0115E-15 5.7544E-l" 3.9566E-15 

3.1896E-16 -2.0837E-16 5.1909E-17 -5.8181E-16 1.9"5fE-16 -7.2664E-15 1.1137E-15 2.8357E-15 3.71'+3E-l'+ 

___________ .Irp~ina!y C;9I!lP_ql"!_~_nts _ 

-3.088oE-15 7.1623E-15 -6.0093E-16 -5.2612E-15 1.03dSE-15 1.6321E-15 -1.0344E-15 6 ..... 30E-16 -2.2668E-16 

9.0650E-15 ".8316E-16 2.8864E-15 -1.877"E-15 -2.1759E-15 -1.9251E-15 3.0429E-16 9.5706£-17 2.0476E-16 

712, It - --7.6426(-16- 5.0520E-15 -7.1092E-16- 2.1C82E-15--1.18H·E-15 . 6.1921E-16 -8.0746E-16 -2.7953E-16 -1.2156E-17 

9/2, 2 -8.427oE-15 -2.7345E-15 1.61"8E-15 -3.0496E-15 3.516~(-16 -2.8575E-15 -1.8721E-15 7.3266E-16 4.0018E-16 

_9/2, '+ 1.3129E-15 ~5.2155E-15 -2.3553E-15 1.6~12E-16 -1.'+927[-15 ... 3253E-16 -1.5535E-15 -5.6217E-16 -1.3488E-16 

11/2, 2---- 3.9184E-15--2.4771E-15 5.2540E-16~3.8~94E-15--3.2717E-16--1.~089E~15 -3.7146E-16 -6.6735E-16 8.5652E-16 

11/2, '+ -1.2699E-15 1.7539E-15 -1.0952E-15 -,+.2~99E-15 -2.1267E-15 -4.3671E-16 -1.0788E-15 -6.2390E-16 -1.8eEOE-16 

13/2, 4 7.8863E-16 1.4632E-16 -2.5308E-16 2.7~23E-15 -8.2251.£-16 -2.0551E-15 -1.2873E-15 -4.2879E-16 -2.6281E-16 

15/2, '+- - -2. 7308E-16 .. -1. 8442(-16 --4. 7919E~11_4 .3275E-16-1.2331.£-16---2. 967 JE-1S -3.5411E-16 -5.5705E-16 -3.7901E-17 . 

. , .• l· 

, 
VJ 
~ , 
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Tables IVD and IVE. Inverse of 255FmSurface Amplitude Matrix. 

7/2, 0 712, 2 712, It .. 9/2,.2 .. .9/2, .. 1t .... UIZ, 2._ ..... 11/2,.1t __ 1312, It', .1~1Z,.1t 

I' £' f' Real Components 

71Z, 0 1.1870E-12 -1.9.86E-13 7.9070E-15 1.8097E-13 -1.5233E-llt -8.7395E-l~ 1.7438E-l~ -1.2996E-14 5.79432E-15 

71Z. 2 -1.6115E-13 8.1390E-13 -1.0010E-13 7.9077E-ll+ 1.0760E-13 '+.6957E-l~ -'+.1110E-14 -2.8240E-15 -3.5730E-15 

11Z, It 5.839'+E-15 -8.'+459E-l'+ 5.5522E-13 -3.~111E-14 5.9697E-llt -7.3058E-15 2.2234E-l'+ 3.1369E-15 1.5245£-16 

9/2, 2 1.3100E-13 6.2170f-l'+ -3.3047E-llt 7.2173E-13 -1.7166E-l'+ 8.6396E-l'+ 8.02'+'+E-14 -5.7691E-14 -1.3958E-15 

912, '+ -8.'+032E-15 7.0d5E-14 ,+.6962E-l'+ -1.4630E-l'+ 1t.3090E-13 -1.0639E-l'+ '+.8310E-14 1.6412£-1'+ 1.9783E-15 

1112, 2 -4.591aE-14 2.62'+5E-l" -4.8311E-15 6.3450E-l" -9.2321E-15 5.0289E-13 3.721I)E-15 3.8'+5'+E-14 -5.9033E-14 

1112, It 6.6662£-15 -1.93'+3E-llt 1.21t93E-14 1t.8987E-l'+ 3.5558E-l'+ 2.9875E-15 2.9989E-13 2. 88"6E-l'+ 7.'+204E-15 

UIZ, '+ -3.2385E-15 -8.2000E-16 1.2742E-15 -2.3892E-l'+ 8.209ItE-15 2.2'+01E-l" 2.0215E-14 1.9240E-13 1.3025E-l'+ 

151l, ,. 6.7359E-~6 -5.6783£-16 1.4050E-16 -1.6537E-15 5.5735E-16 -2.1'+03E-14 3.3317E-15 8.6232E-15 1.13/o0E-13 I 

v.> 
\J1 , 

Imaginary Components 

';1'7/2,. ·,0 .-2,.7719E-1'+ ~.'+155E-l'+ -2.8316E-15 -2.3658E-1'+~ '+.7344E-15 7 .. 5515 E-1<5 ",-It .'+.998E-15 2.632'+E-15 -8.4567E-16 ~ ,"-t, 

71Z, 2 4.2548E-14 -8.1~01E-15 1.1t189E-l'+ -8.2,+82E-15 -1.0082E-l'+ -8.0857E-15 1~2906E-15 3.7728E-16 7.9'+ 11E-16 

712, It - 3.519&E-15 2.35&lE-14 -9.8289E-15 9.2983E-15 -7.~930E-15 2.6445E-15 -3.39"8E-15 -1.1522E-l~ -2.9228E-16 

91Z, 2 -3.81t50E-14 -1.2677E-l'+ 1.5618E-15 -2.1'+03E-11t 1.6166E-15 -1.160'+E-14 -7.9200E-15 2.91+80E-15 1.'+957E-15 

9/2, It 5.7391E-15 -2.3646E-l'+ -1.0982E-14 3.3762E-15 -1.151~E-l'+ 1.1129E-15 -6.312~E-15 -2.1634E-15 -5.Q201E-16 

1112, 2 1.6686E-14 -1.0~96E-l'+ 2.2143E-15 -1.6691E-l'+ 1.'+9'+7E-15 -1.1395E-14 -1.5150E-15 -2.5143E-15 3.1810E-15 

1112, 4 -5.2252E-15 7."J85E-15 -'+.6912E-15 -1.1938E-l'+ -9.1354E-15 -1.7224E-15 -1.8216E-15 -3.0382E-15 -6.'+649E-16 
: 

1312, 4 2.9128E-15 5.5;91E-16 -9.5188E-16 1.0'+63E-14 -3.2106E-15 -7.882SE-15 -5.0751E-15 -3.8616E-15 -8.5954E-16 

15/2, It -9.0647E-16 6.1223E-16 -1.5931E-15 1.4~95E-15 -~.2~5&E-16 1.0186E-14 -1.2519~-15 -2.0271E-l~ -1.49'+OE-l~ ". 
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Table IVF. 253Es partial wave int ensities, quadrupole phase shifts, 
and Coulomb phase' shifts obtained by numerical integration ( aO = 1, 
a2 = 0.8580, a4 =·-0.0977). 

J. Partial Experimental intensity 
wave with i wave subtracted 

intensity 
(%) (% ) 

7/2 0 81.7983 

2 8.9034 

4 0.1355 
90.8372 90.0 

9/2 2 5.2180 

4 0.3383 
5.5564 6.6 

11/2 2 0.7788 

4 0.2723 
1.0511 0.846 

13/2 4 0.0848 0.0810 

15/2 4 0.0085 0.011 

Quadrupole 
phase shift 
(radians) 

-0.02102 

-0.13020 

0.12676 

"':0.15901 

0.13803 

-0.19261 

0.15148 

0.16682 

0.18423 

Coulomb 
phase shift 

( radians) 

50.80282 

53.81583 

56.65920 

54.04699 

56.89128 

54.33783 

57.18327 

57.53714 

57.96313 
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Table IVG. 255Fm partial wave intensities, quadrupole phase shifts, 
and Coulomb phase shifts obtained by numerical integration (a

O 
= 1, 

a 2 = 0.7918, a 4 = -0.1794). 

Partial 
wave 

intensity 
(%) 

7/2 0 86.1522 

2 7.5837 

4 0.2035 
93.9393 

9/2 2 3.9054 

4 0.4433 
4.3487 

11/2 2 0.5004 

4 0.3013 
0.8017 

13/2 4 0.0787 

15/2 4 0.0066 

-
Experimental intensity 
with i wave subtracted 

(% ) 

93.4 

5.05 

0.62 

0.097 

0.008 

Quadrupole 
phase shift 

(radians) 

-0.00664 

-0.13561 

0.11033 

-0.17933 

0.12150 

-0.22613 

0.13352 

0.14564 

0.15817 

Coulomb 
phase shift 

(radians) 

49.49463 

52.50530 

55.34333 

52.80722 

55.64650 

53.18030 

56.02110 

56.47075 

56.99444 
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Table IVH .. Values of the effective a particle energy, Coutg~b func-
tion argument", and Coulomb function argument p /r for Es and 
255Fm. 

253
Es 

255Fm 

I d 1T Q 

" k Q
eff " k .; 

, eff 
(fm -1) (fm -1) (MeV) (MeV) 

7/'2+ 6.78008 23.28794 1.13032 7.176 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 1.15210 

13/2+ 6.62174 23.56473 1.11704 6.957 23.22840 1.14505 

15/2+ 6.54710 23.69867 1.11073 6.859 23.39375 1.13695 
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Table IVJ. Theoretical branching of the 1 =4 alpha groups for 25~s. 

J Id BFM-sharp BFM- sloping Coupl ed channel 
barrier 36 barrier 11 (this work) 

(Asaro et al.) (Poggenbur g) 
. - 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 I YK. Correction factors for the i partial wave. 

Experi:mental 
intensity 38 

(0Z0) 

90.0(5) 

6.6(2) 

0.85(3) 

0.085(3) 

0.013(1) 

0.0004(1) 

O. 00012( 4) 

1. = 6 
co:mponent 

(0Z0) 

0.0002 

0.0014 

0.0037 

0.0039 

0.0018 

(0.0004) 

Experi:mental 
intensity 38 

(0Z0) 

93.4(2) 

5.05(7) 

0.62(1) 

0.110(5) 

0.013(2) 

1. = 6 
co:mponent 

(0Z0) 

0.0003 

0.0022 

0.0040 

0.0129 

0.0049 

I 

, I 

, 
, 

. ' 
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Experimental :' hindrance factor ratios 

( I ower lim its) 

- K = 5/2 bands 

o K= 7/2 bands 

-95Am 

- 93
Np 

-94PU 

-Am 95 

---~2----

-95 Am 
o Cm 

96 

- 96
Cm 

---------- ---<7 7 /9 7,2 
55 752 2222 

/ 

-2-0 --I 

<2 2 2012 2: 'j (1.. 2 L 01!L .1)2 
( 5 5 /9 5 2 2 2 2 2 -2-0 --) 2 2 2 2 

2 '-"'----'---'---.....L-----I~-....I-----L--n--"""'--""""-..... 
241 243 245 

number (A) 
XBL743- 2688 

FIG .2. Ratio of the hindrance factor of the second excited level to the 
hindrance factor of the first excited level in the favored Q' decay of 
odd-Illass nuclei. 
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~ 10.0 -en 
253E5 c:: favored decay 

(I) - 0 0 == 1.0, O2 = 0.89086 c:: 

(I) 
I (9/2)1 1(7/2) 

> ~ 0 FM 
~ 
I I (11/2) I 1(7/2) 

C> 

V, ~ . 
BFM 0' 

0 I (13/2) II (712) -
Q) -0 -en 

'0 
(I) - 0.1 u 
x 

BFM I ( 15/2) I I (7/2) (I) 

'+-
0 

r 0 -0 a:: 0.02 
0.3 0.4 

°4 x BL 743 - 2690 

FIG. 3. Logarithm of the ratio of the 1. = 4~artial wave intensity in 
excited states of the 7/2+[633] band of 49Bk to that in the ground 
state as a function of 0:'4 with 0:'2 fixed at 0.89. Bohr, Fr~man 
and Mottelson ratios (Table IVJ) hold for most value of 0:'4· 

~ , 
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Y. NUCLEAR ORIENTATION THEORY 

Y·.A. SPIN HAMILTONIAN 

The research reported here was restricted to the alignment of nu-

clei of actinide elelTIent ions in paramagnetic salts, Therefore the only 

NO methods discus sed are those specific to a paramagnetic salt host, 

In the absence of an external lTIagnetic field it is neces sary that single 

crystals of paramagnetic salts be used in order to define a quantization 

axis. The neighboring atOlTIS of a paramagnetic ion in a crystalline 

lattice create an electric field at the paramagnetic ion site with strength 

and direction deterlTIined by the crystalline structure. The Stark effect 

splitting of the unpaired electrons of the paramagnetic ion gives certain 

orbital states lower energy than others. The 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 NO temperatures, If the 

crystalline electric field has axial symmetry, alignment of theelec-

tronic lTIagnetic moments relative to the crystalline axis will occur, At 

sufficiently low temperatures nuclear alignlTIent will occur because the 

nuclear magnetic mOlTIent will preferentially align along the electronic 

field or the nuclear quadrupole mOlTIent 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 symlTIetry is described by a phenomenological spin 
I 

H 'It ' 53 amI onlan 

Jehf = D(s2 - S(S + 1)/3) + AI S + B(I S + IS) + P(I
2 

- 1(1 + 1)/3). 
z zz xx yy' z 

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

the electronic energy levels is equal to (2S + 1). The first term repre-

sents the splitting of the electronic levels due to second order effects 

of the crystalline electric field. It is zero for the most common cases 

when S = i. The second and third terms arise from magnetic hyperfine 

aligmnent as proposed by Bleaney.54 The final term describes 

the electric hyperfine alignment proposed by Pound. 55 

In order to present a more quantitative treatment of magnetic and 

electric hyperfine interactions, it is necessary to first discus s the 

free ion and crystal field interactions in the actinides. 

• I 

-... - ' 
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V. B,. RARE EARTH AND ACTINIDE ION 
ELECTRONIC STRUCTURE 

The actinides are chemically :much more complex than the lanthan-

ides. Whereas the lanthanides form 3+ states almost exclusively, 

numerous charge states occur in the actinides, especially in the lighter 

actinides, and covalent bonding is important in compounds formed by 

the mo're highly valent ions. The 4f electrons are localized and screened 

by the clos ed electron shells. The spin-orbit interaction is stronger 

than the crystal field interaction. Although 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 ceases to be a good 

quantum number because the spin-orbit and, crystal field interactions 

are of comparable importance. 56 w. T. Carnal! of Argonne National 

Laboratory and H. Crosswhite -of John Hopkins University are in the 

process of solving the complete interaction Hamiltonian including 

Coul()mbic, 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 beco'mes large, states with the 

same J but different Land S become appreciably mixed, and inter­

mediate coupli~g occurs. The elements of the spin-orbit interaction 

i 57 
:matrix were given in general terms by Elliott, Judd and Runciman. 

I 

The eigenvalues of the interaction matrices are the energy 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 work only pure 5fN configurations are considered. The calcu-

lation of energy levels of f electron ions has been treated extensively 

. 58 59 . 
by both Judd and Wybourne. Thls thesis treats only the most im- '., 

portant points in the calculations . 

. 253 . 
In only the Es case were the experimental results precise enough 

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

fore so:m.e of the comments below will be specialized to 253Es ions. 

The electrostatic, spin-orbit, and configuration interaction param­

eters for Es 3+ (aquo) have been obtained recently by Carnall et ~60 

from an analysis of the solution absorption spectrum. Their values 

-1 1 2 3 
(all in cm ) are E = 4445.86, E = 21.4464, E = 416.638, 

I;, = 4014.70, a = 22.505, 13 = - 722.53, and y = tOOO.The resulting 

ground state wavefunction is 75.3% 51 + 21.8% 3K + 1.20/0 3 L + 0.1% 

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

253 61 of the Es parameters made by John G. Conway; namely, 

123 y 
E = 6682.6, E = 30.69, E = 620.1, ':> = 2127.1, a == 23.5,13= - 811.2, 

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

program GUESS, is 78.8% 5120 + 14.8% 3K30 + 4.3% 3K21 + 1.0% 

1 313 
L22 + 0.8% L21 + 0.1% L21 + 0.1% M 30 . The subscripts are the 

U quantum numbers which label the irreducible representations of the 

group G 2 . L, S, ML and Ms do not provide sufficient labels to dis­

tinguish terms in 1. n configurations when n> 3. Since there is little 

difference between our wavefunction and the one obtained by 

Carnall et~, no significant changes in my conclusions are expected 

as a result of the use of the approximate parameters. Only in the 

case of J -mixing would pronounced changes in the hi 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 on the free ion level an<! then the hyperfine interaction as a per-

turbation on the CF levels. 

The CF potential can be expanded as 

( 19) 

where C(k) is a tensor operator, Bk is a CF parameter that is pro-
q q 

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 optical spectra of ions 

in a crystalline lattice. N For f- electrons, k -< 6; and for pure f con-

figurations, odd values of k vanish. 

The matrix elements of the CF operator can be written as 

where 

x (f II C(k) Ilf > (20a) 

2J -J z+S+V+k {J J' kKJ· k J') 
> = (- 1) 

V L S -J q J' z z 

X{[J) [J'~ t (fN.,-sLllu(k) II fN"'SL~ 
(20b) 



and 
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= - 7 
( 0

3 kO· 0
3
) • (f I/C{k) IIf ) (20c) 

T he reduced matrix elements of U{k) can be readily evaluated with the 

aid of the tables of Nielson and Koster. 62 The CF interaction is di-

agonal in S. 'T stands for all unspecified quantum numbers. 

In c1as sifying energy levels in the CF, each energy level can be 

labelled by a particular irreducible representation of the syrrunetry 

group. The ethylsulfates(R(C 2H SSO 4) 3' 9H20) have symmetry C 3h and 

a well-known crystal structure.
63 

The more highly sym'!netrical D3h 

symmetry can be used in describing the CF interaction. The only 

non-vanishing CF parameters are 

A simple classification scheme for the CF energy levels was 

64 
proposed by Hellwege. The rotation axis of highest order is taken as 

the z-axis, and J is the projection of J on this axis. The elements 
z 

v~ of the CF potential represent an interaction between the states 

characterized by J, J and J', J' + q where J = J'. Obviously when 
z z z z 

q::/: 0, J is not a good quanhun number. The only non- zero q that 
z 

occurs in C
3h 

symmetry is 6. The CF interaction matrix factors into 

a set of irreducible submatrices labelled by the crystal quantum num-

bers /-l. where J z 

with each other. 

= /-l.{mod q). Only states of the same clas s can interact 

3+ For an odd number of electrons, e. g., Fm ,there 

are three classes labelled by /-l. = ±1, :it, ± i· In symmetry lower than 

cubic the levels ± /-l. are doubly degenerate. Kramer's theorem requires that 

the levels be doubly degenerate in the absence of an external magnetic 

field or exchange effects. For an even number of electrons, e. g. , 

3+ 3+ Am and Es , there are four classes labelled by iJ. = 0, ± 1, ± 2,3. 

. , 



I 
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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 hi interaction is the result of the interaction between 

the nuclear m.agnetic dipolemom.ent and the magnetic field produced at 

the nucleus by the electrons. This can be written as 65 

21lBIlNIl 
N N.r 

JCmhI = 'L 1 (21a) 
I ---r-

r. 
i= 1 1 

with - = r - .JTO (SC(2» (.1) (21 b) N. 
1 1 1 

where fJ.B and fJ.N are the Bohr and nuclear magnetons respectively. 

and jJ. is the nuclear m.agnetic dipole m.om.ent expressed in units of nu-

clear m.agnetons. The problem. reduces to finding the m.atrix elements 

of 'N. within a J m.ultiplet. Since 'N. is a first rank tensor. the Wigner;.. 
1 1 

Eckart theorem can be used to relate its matrix elem.ents to those of 

~ --J. Writing the m.agnetic hf interaction Hamiltonian as A I· J. 

All = A = 4fJ.BfJ.N fJ. ( r- 3) 
5f (+ I J z I +)(JIIN II J) /I. (22a) 

A = B = 4fJ.BfJ.NfJ. ( r - 3) 5f (+ I J x I-)(JIINIIJ) /I (22b) 
1 

where 
(fNSLJII2:Ni IlfNSILrJ) 

(J II N IIJ) = i 
(22c) 

(fNSLJ II J II fNS ' L' J) 

(J liN IIJ) is proportional to the 'matrix elem.ent 

(fN'TSL II V(12) IIfNr S'V) which is tabulated by Nielson and Koster. 62 

The wave functions 1+) and 1-) represent the wave functions of the 

ground doublet. 
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V.E. ELECTRIC HYPERFINE INTERACTION 

The ehf splitting of the nuclear magnetic substates results from the 

interaction between the nuclear quadrupole moment, Q, and the electric 

field gradient (EFG) at the nucleus. 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 polarized or distorted by the quadrupole part of the crystal field 

(CF) and by the unfilled f - shell. 
. 66 

The resultant EFG may be written as 

(23) 

where RQ and Yoo are the atomic and lattice Sternheimer
14 

anti-

s hielding factors respectively. Since the quadrupole interaction is 

proportional to (r - 3), the lattice term would usually be sm.aller 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 

e
2

Q ~i {I(rI+.3
1

) JC e hf , nf = 21 ( 21 _ 1) 6 
1 

The elements diagonal in J and J are
67 

z 

( J J 1),fI(I+1)_ 
, z L.J\ 3 

i I r. 
\. 1 

-+ -2 3(r .. I) .~ 
. 1 ~ 

5 ! . 
r. J 

1 -

(24) 

( 25a) 
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where 

(2Sb) 

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

part of P then becomes 

3e
2

Q 3 2 
P Sf = - 4I(2I-1) (r- )sf(JllaIIJ)(+ 1 3J

z -: J (J+1)I +)(1-RQ ) 

( 26) 

with the Sternheimer factor included. 

Elliott
68 

considered the admixture of the J = 2 state into the 

J = 0 ground state of Eu3+ by the crystal field. Using second order 

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

4f shell to the Sf shell, 

P 
(2t 

Sf -

2 0 2 -3 I 2 
6e Q A2 (1-G 2) (r )5f<r )Sf(1-RQ) I ( 20 1lal 00) I 

7 7 
I(2I-1) E( F 20 - F 00) 

(27) 

The ionic shielding parameter G2 gives the shielding of the Sf-electrons 

from the crystal field by the outer electrons, prim.arily the 6s and 6p 

shells. A~ is related to the CF parameter introduced earlier by the 

relationship 

(28a) 

A~ is a lattice sum given by 

2 1 
A2 - I 

3cos e. -e 1 

"4 e. 
3 o - 1 

i r. 
(28b) 

1 

. 
At a site of axial symmetry the quadrupole coupling constant is 

defined as 



. ' 
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p = 3e
2
Qq = 3eQ a2

v 
41 ( 2I"i 1 ) 41 ( 21 - 1 ) a z 2 

(29a) 

In the absence of elec~ronic shielding the electrostatic potential is ex-

panded in terms of spherical harmonics as 

-eV = L (29b) 
n,m 

In ca"rtesian coordinates for crystals of axial syrn:m.etry the first non-

spherical term is 

Therefore the lattice contribution to P is 

o 
3Q(1 - Y,>c)A 2 P =-lat 1(21 - 1) 

with the Sternheimer antishielding factor explicitly included . 

(29c) 

(29d) 
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VI. EXPERIMENTAL APPARATUS AND TECHNIQUES 

VI.A. CRYOSTAT 

S The cryostat used was siInilar to the one used by Frankel except 

that the two glas s dewars were longer, and an iInproved high vaCUUIn 

systeIn was installed. The inner dewar was filled with liquid heliuIn 

pUInped to approxiInately 1K,' and the outer dewar waS filled with liquid 

nitrogen. The dewar tails were constricted to fit within the 6.S CIn gap 

of an iron yoke electromagnet. The experiInental sample chamber was 

contained in a gl~ss tube 3 CIn in diaIneter and 30 ern long which was 

attached to a 1 In long thin-walled stainless steel pUInping tube by means 

of a copper-Pyrex housekeeper seal and a soft solder filled gutter seal. 

A radiation baffle systeIn Inade of bras s was soldered to the lower end 

of the stainless steel pUInp out tube, and a 2.54 CIn inner diam.eter brass 

cage was screwed to the baffle systeIn. The lower half of the brass 

cage is shown in Fig. 4. The neodYIniUll'l ethylsulfate crystal is 

Inounted in a yoke forIned froIn a 2 Inm diaIneter Pyrex glass support 

rod which is anchored near the top of the cage. Its 20 CIn of length 

decreases therInal heat leaks. Technical grade Inanganous aInInoniuIn 

sulfate (MAS) was crystallized froIn aqueous solution after being dis-

solved at SO" C and filtered. The crystals were ground, moistened 

with a 50- 50 glycerol- H 20 solution, and cOInpressed into pills. The 

MAS cools upon dem.agnetization before the other paraInagnetic salts 

and cryopuInpS residual 4He exchange gas. The chroIniuIn-potassiuIn 

aluIn in glycerine slurry, which is contained in a glass cup, cools 

upon adiabatic deInagnetization to approxiInately the saIne teInperature 

as NES and decreases the heat leak down the Pyrex rod to the NES 

", 

.'.-
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crystal. The nylon filam.ent dam.ps out vibrations. The Q' particle de­

tectors are along and perpendicular to the NES c-axis. The error in 

positioning is estim.ated to be ± 2°. Because the even 

order Legendre polynom.ials entering into the angular distribution func­

tion are relatively flat at 0° and 90°, anymisalignm.ent results in sm.all 

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

The Q particle radiation detectors consisted of wafers of silicon 

1 CIn X 1 CIn X 0.4 InIn that had been lapped and etched. Gold elec­

trodes Were evaporated on both the front and back surfaces; the back 

surface being cOInpletely coated and the front surface partially Inasked 

prior to evaporation to leave a circle 7 InIn in diaIneter. An electrically 

conducting silver-containing epoxy was used both to fasten each detector 

to a 0.25 InIn thick InolybdenuIn Inounting strip and to secure a fine gold 

wire to the front electrode. The gold lead was further epoxied to a 

ceraInic stand-off fastened to the InolybdenuIn strip to which a 32 gauge 

Inanganin lead had previously been soldered. In order to confine the 

Q particles to the center of the front electrode, where the field gradient 

is uniform. and in order to perInit quantitative solid angle corrections, 

2 InIn thick brass strips with a 3 Inm diaIneter hole drilled through 

theIn were used as colliInators. 

The detector bias was applied and the output signal removed on a 

comInon 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 pUInping tube section. The brass cage served as the elec­

trical and therInal ground. 

The detector output pulses were shaped and aInplified in an LBL 

low voltage nuvistor pre-aInp (11X10 50) and further aInplified in an LBL 

linear aInplifier systeIn (11X198). Energy spectra were accuInulated on 

various pulse height analyzers. 
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VI. C. NEODYMIUM ETHYLSULFATE CRYSTALS 

The neodymium ethyl sulfate (NES) was prepared in aqueous solution 

by the reaction 

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

approximately 0° C. Although the crystals took a year to grow to useable 

size (- 4- 7 g), they were almost transparent and free of the visible 

defects and occlusions characteristic of crystals grown at room 

temperature. The crystals were stored at 0° C prior to use 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 

dissolved in approximately 3A. (1A. = 10- 6 P.) of quartz distilled water. 

The solution was taken up in a 2 A. micropipette which was held in a micro-

positioner. From a distance of 0 .5mm the2\ drop was dropped on the sanded 

crystal face, allowed to remain for one minute in order that the bulk crystal 

would dissolve permitting the exchange of actinide ions for Nd ions, and then 

removed to prevent microcrystals from forming. The process was repeated 

as many times as necessary to leave 1-5X 10 5 adpm on the crystal. The best 

samples were prepared in one to three applications. More numerous applica-

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

smooth face. The acti vitymust be localized to a spot 1-2mm in diameter in order 

• !.. 
! 
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to keep 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 

discussed later . 
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VI. D. ION EXCHANGE PURIFICATION OF ACTINIDE ELEMENT IONS 

Most of the radionuclides used were obtained isotopically pure 

froIn the late Prof. Burris Cunningham and his co-workers. However, 

in SOIne cases it was necessary to purify the activity on a-hydroxy-

isobutyrate ("but") and "but" clean-up columns. Details on ion exchange 

d . h· b ' b . F "t 69 proce ures ave een glven y UJl a. . 

<I 

. , 



.-

-61-

VI.E. THERMOMETRY AND DATA COLLECTION AND REDUCTION 

The final temperature reached after adiabatic demagnetization of 

the NES crystal was determined from the initial value of HIT using 

the temperature scale of Blok, Shirley, and Stone. 70 The ratio of the 

initial magnetic field. (measured with a rotating coil gaus smeter 71) to 

the pumped helium bath temperature (measured with a dibutylphthalate 

filled manometer) determineS' the magnitude of the entropy of the elec-

tronicspin system and also the final temperature reached upon adiabatic 

demagnetization to zero applied magnetic field. Final terriperatures 

measured in this manner are accurate to within ± 6%. Additional de-

tails about magnetic temperature determination are given by Ambler 

. 21 
and Hudson. 

Following adiabatic demagnetization several full spectrum" cold" 

4 
counts were taken. The NES crystal was then warmed to the He bath 

temperature (approximately 1 K) and a series of "warm" counts were 

taken for normalization. Because the 253Es in NES Cl' particle angular 

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 Cl' detectors 

used had an energy resolution (full width at half 'maximum) of 100 keV 

or better for 5.5 MeV Cl' particles. The broadening of the peak shown 

in Fig. 5 is due to energy losses within the NES crystal. The effect 

of (Rutherford) 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 calculating anisotropies. 249 -The Bk daughter i3 

activity contributed counts to the lowest part of the energy spectrum 

but no corrections were necessary because that part of each spectrum . , 
was excluded from analysis. 
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FIG. 5. TYPlcal aXlal counter pulse-helght spectrurh for 

253Es in NES. The cold spectrum was taken at 0.011 K and 
the ,warm ,spectrum at 1 K. 
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VII. 253Es NUCLEAR ORIENTATION RESULTS AND 

253Es IN NES MAGNETIC HYPERFINE INTERACTION CONSTANT 

The results and discus sion for 253Es , 241 Am, and 255Fm will be 

253 . 
pre1lented separately. Because the Es results are the most quanti-

tative, they will be discussed most completely. The 253Es NO results 

have been published, 39 but the discussion section has been updateci here. 

The experimental work on 253Es was carried out in three sets of 

measurelnents, which I will denote 172, lIB, and III. 3 9 Data from one 

of lny successful runs (designated as set III) are plotted in Fig. 6 and 

tabulated in Table VIlA. The statistical accuracies are given in par en-

theses. The quantity 3 - W(O) - 2W(1T /2) in Table VIlA is proportional 

to the coefficient of P 4(cOS 8) in the angular distribution function; it 

will be discussed later. For the run sUlnmarized in Table VIlA, the 

solid angle correction factors are Q2(0) ::: 0.946, Q4(0) = 0 .B29, 

Q2('Ii /2) = 0.962 and Q4(1T /2) = 0 .B77. In calculating the solid angle cor­

rection factors the radioactivity was assumed to be uniformly distributed 

throughout the spot. Since the activity probably concentrated at the 

center of the spot, the corrections may be too large; i. e., the cor-

rectibn factors should perhaps be larger in magnitude. 

In discussing these data there are two rather distinct "figures of 

lnerit", which are best treated separately: the saturation values of 

W(O) and W(1T /2) and their temperature dependences. 

Saturation developed in the 253Es in NES Cl' particle angular distri-

bution; that is, the lnagnetic hyperfine interaction was sufficiently 

large such that es sentiaUy all of the 253Es nuclei were in the I = ± I 
z 

nuclear magnetic subs tate below 1/T = 40 K- 1. The orientation 

." ~ 
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parameters, B
k

,' then as sume their limiting or maximum absolute 

values. The saturation values of the orientation parameters for axial 
, 
I 

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(O) and W(TT /2) are affected by 

the degree to which 253Es 3+ grows into Nd3+ lattice sites substitutionally, 

by scattering in the source crystal, and by the performance of the de-

tectors and counting equipment. Values at saturation of W(O) and 

W(TT /2) from I, II and III are given in Table VIlB. In I the" effect" as 

measured by the 90° detector, i. e., (1 - W(TT /2», is relatively small; 

the same is true for the effect at the 0" detector, (W(O) - 1) in II. In 

III on the other hand large effects are observed with both detectors. 

We interpret this to mean that III gave the most accurate saturation 

values for W(O) and W(TT /2) because almost any error in a nuclear 

orientation experiment will act to reduce the observed effect. 

Inspection of the discrepancies in Table VIlB suggests that two , 

kinds of errors were present in I and II. First, the smaller effect on 

even the "better" detector in each case suggests a source preparation 

problem: perhaps the activity was too deep (leading to excessive scat-

tering) or incompletely substituted into lattice sites. Secondly, the 

relatively large attenuation of the effect in the "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 

253Es 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 observed with both detectors in series II! were obtained with 

several sources. For these reasons we take the saturation values of 

W(O) and .W('rT /2) from series II! as being characteristic of 253Es in 

neodymiu:m ethylsulfate. 

The te:mperature dependences of W(O) and W(1T /2) are affected by 

different variables than those that affect their s.aturation values. Im-

mediately after demagnetization the small active volume of the NES 

crystal is wc;l.rmed at an appreciable rate by radioactive heating. This 

. 73 
can lead to a spurious apparent temperature dependence, 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 (l' particle studies, however, 

the activity must be concentrated in a small volume on the surface, 

and the resulting intense self-heating can raise the local temperature 

well above that of the bulk crystal. Ironically, the stronger the source 

and the shallower its distribution in from the surface (two conditions 

condusive to reliable measure:ment of saturation values of W(O) and 

W(1T /2», the worse will be the self-heating effect. Thus in our experi-

m.ents, series I and I! gave a temperature dependence in W(O) and 

W (1T /2) characteristic of larger values of the magnetic hyperfine inter­

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

from series III (A -1 = 0.18 ± 0.02 cm ). The values of A obtained 

from several runs are given in Table Vile. The final adopted value 

of the magnetic hyperfine interaction constant for 253Es substituted 

", 
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6 -1 
into neodymium ethylsulfate of A = 0.2 ± 0.03 cm was decided upon 

from the entries in Table VIle on the basis of the above discussion. 

./ 
I 

, 
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Table VIlA. Experimental 2S\;s in NES Cl' particle angular distribu-
tionas a function of the inverse temperature. 

" 
1IT (K- 1) W(O) W(1T/2) 3 - W(O) - 2W(1T/2) 

. -
8.6(1) 1.566(27) 0.698(S) 0.038(28) . 

11.S(10) 1. 712(22) 0.613(14) 0.062(30) 

1S.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) 

31.2(2) 1.872(9) 0.533(7) O. 062( 13) 

40.8(13) 1.864(8) 0.524(6) O. 088( 12) 

49.1 1.864(8) 0.526(6) O. 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. I Saturation values for W(8) after solid angle corrections. 
I . 

Set W(O) 

I 1. 70 

II 1.66 

III 1.934 

W(1T/2) 

0.68 

0.55 

0.497 

Reference 

72 

8 

present work 
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'T' bl VIle D 'd 'h f'" f 25:L .La e . erive magnetlc yper ine interaction constants or "-Es 
in NES. 

. Series Run -1 A(crn ) A/k (K) 
•. 

I 1 0.28(2) 0.40(3) 

2 0.28 0.40 

3 0.25 0.36 

II 1 0.28(3) 0.40(5) 

2 0.25(3) 0.36(4) 

III 1 0.19(2) 0.28(3) 

2 0.17(2) 0.25(3) 

6 -1 Adopted value: A = 0.2 :t: 0.03 cm • 
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VIII. DISCUSSION OF 253Es IN NES 
ALPHA PARTICLE ANGULAR DISTRIBUTION 

VIlLA. CRYSTAL FIELD PARAMETERS 

Baker and Bleaney 74 observed the paramagnetic resonance spectrum 

of H0 3+, the 4f
10 

analogue of Es 3+, as a 1% impurity in a crystal of 

yttrium ethylsulfate. The ground CF state is a non-Kramers doublet 

characterized by J :: ± 7 with small admixtures of J = ± 1 and +- 5. z z 

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

165 . . -1 
The hf interaction constants for Ho are A =0 .334( 1) cm , 

-1 -3-1 B = 0.02 cm , P ::::: 10 cm . The dominant term ih the CF 

Hamiltonian is AI S , which results in alignment along the crystalline z z 

c- axis with the nuclear magnetic substate I . = ± I lying lowest in energy. 
z 

The temperature dependence of W(O) and W(TT /2) for 253Es indicates 

that the AI S term is also dominant in the hfs of the lowest electronic z z 

CF state of Es
3+ in the ethylsulfate lattice. It should therefore 

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

f 253E . Ii, 0 s. To do so, a description of the CF electronic ground state 

and a value for (r - 3 >5f are required in addition to the value for the 

magnetic hyperfine interaction constant, A . 

Navarro, Rasmus sen and Shirley 7 used extrapolated values for the 

Es 3+ in NES CF parameters. However, their extrapolation was based on 

3+ 75 76 
Gruber's CF parameter s for LaCl

3 
:Am As pointed out by Conway, 

Gruber misinterpreted his data, and therefore his CF parameters may be in error. 

Krupke and Gruber 77 determined that B~ is negative for LaBr 3 : Np3+ 

Bishton et al. 78 interpreted this as being a result of a large ligand-n=5 

shell overlap exchange charge. 79 However, Carnallhas observed 

-. 



.", . 

r 

-73-

that a more careful analysis of the spectrum and a more detailed 

theoretical ana,lysismay yield a positive B~. The CF parameters for 
I 

NES:Es 3+ were estimated in two different ways. In the first method, 

we assumed that the A~ para~eters are the, same for analogous 

lanthanides and actinides and that the only difference is contained in 

the radial integrals. Using Hiifner's CF parameters for H0 3+ in 

80 
holmium ethylsulfate and ratios of radial integrals obtained from 

. 81 3+ Hartree nonrelativistic wave functions wlthout exchange, the Es 

. -1 2 4 6 
CF parameters (m cm ) are BO = 430, BO = - 1380, BO = - 1120 and 

B~ = 960. For H0 3+ in both holmium ethylsulfate 80 and LaC1
3 

(Ref. 82) 

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

the CF interaction. For the J = 7 excited state we used a truncated 

wave function given by 0.42791
5 

1
20

) - 0.336313 K
21

) + 0.5848 1
3 

K
20

) 

+ 0.375013 L
21

). For the J = 8 ground state we truncated the wave 

function given previously and considered only the quintet and the 

triplet states. Evaluation of JC
CF 

for Es3+ with the inclusion of both the J=8 

and J= 7 wave functions gave a singlet as the ground state. Because alignment 

would not occur if a singlet were lowest, B~ was increased in magnitude in order 

to bring a doublet lowest in energy. Using B~= 550 cm -1, the ground CF state is 

0.9391±7) + 0.~051± 1)+ 0.1531+5) . 

A second estimate of the NES:Es 3+ CF parameters was obtained from the 

3+ 3+'. 
values of HoES:Ho (Ref. 80), LaBr 3:Np (Ref. 77) and lnterpolated values 

for LaC1
3 
:Pm3 1. The CF parameters for Np3+ in the isoelectronic lattices 

LaBr 3 and LaCl} should be approximately the same. 83 In LaC1
3 

a slightly 

smaller B~/B~ ratio is expected, with both B~ and B~ being larger than in 

LaBr 3' B6 should be slightly smaller in LaC1
3 

than in LaBr
3

. 84 The NES:Es
3

+ 
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CF parameters resulting from this analysis are B~= -1440 em-
1 

, B~= - 760 

- 1 6 6 0 -1 .. B 2 . d t t ern andB
6

= 5 ern . Agalnltwasn~eessarytovary Olnor er age a 

2 . -1 
doublet lowest. Using BO = 600 ern ,the ground CF state is 

0.9671± 7)+ 0.2251 i:: 1)-+ 0.120 1 + 5). 

3+ 
Since this work was published the CF parameters for LaCl

3
:Pm 

were determined by Baer, Conway and Davis;85 however I have not 

attempted a re- analysis of the resulting NES:Es 3+ 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 

been discussed by several authors. 86-91 Because of the lack of ex-

perimental data for Es 3+ , - 3 
I take a value of (r >Sf = 10.92 au which 

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

tions. 92 The nuclear magnetic moment was calculated using Eq. 22a 

which can be written as 

(fNS L JI/ J II fNS' L' J) 

(fNS LJII :ENillfNS' L' J) 

(30) 

The two values for 1fJ.1 resulting from the two sets of CF parameters 

are 2.79(32) fJ.N and 2.63(30)fJ.N' The errors quoted in parenthesis re­

flect the statistical uncertainty in the value of A only. These values 

are ~ubstantially lower than the value of 4.9 fJ.N previously reported8 

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 crystal-field state. 

Both of the predicted ground states have a large IJ z = f: 7 ) component 

which gives a small derived value for fJ.. No reasonable choice of CF 

parameters g~ve a coefficient for I ± 7) of approximately 0.7 which 

would yield a moment of :::: 4.0 fJ.
N

' Therefore, I report a nuclear 

magnetic moment 1fJ.1 = 2.7( 13) fJ.N' The error reflects the statistical 

accuracy of the measured value of A and the uncertainties in both the 

CF parameters and the radial integral (r- 3)Sf'" 

/ 
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Other measurements of the 253Es magnetic dipole moment have 

been reported. Using the atomic beaIn nuclearrnagnetic resonance 

method,Goodman, Diamond and Stanton
45 

obtained fl = 4.10(7) flN' 

Worden et al. 93 measured the emission spectrum of divalent 

253 11 . 
Es(5f 7s) and determlned both a 7s and a

5
£" Application of the 

Goudsmit-Fermi-Segre formula, which requires large relativistic 

and nuclear volume corrections, to the value of a 7s yielded fl=+ 5.1(13)flN' 

However a
Sf 

yielded the more accurate value fl = + 3.6(4)flN which, con­

sidering the possible error in the value they used for (r- 3)5f' is in 

excellent agreement with the ato'mic-beam value, From an analysis 

of the electron paramagnetic resonance spectrum of divalent 2S3Es is 

CaF 2 Edelstein 94 obtained Ifll = 3.62(50)flN· 

In summary the ato'mic beam measured moment, which should be 

the most accurate value, is larger than that obtained by the other methods, 

The present NO value is the smallest experimental value, but it should 

be remembered that Navarro, Rasmussen and Shirley8 derived 

Ifll = 4,9flN from earlier NO data, This situation emphasizes the need 

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

Lamm 95 calculated the 253Es nuclear magnetic dipole moment 

using wave functions obtained by diagonalizing a Nilsson Hamiltonian 

d 
eff free 

including a pairing force, Using gR = 0.40, gl = 1.0 an g s = gs 

she obtained fl = + 4.239 flN' As a result of core polarization g is 
s 

renormalized to a value of approximately 

g:ff, Lamm obtained fl = + 3,650 flN' 

o 6 free Using this value for . gs ' 

In addition to renormalizing g , the M 1 cO,re polarization, the 
s 

two-body L-S force, and the mesonic effect result in a renormalization 

. : 
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suggested thar gj = 1.09(3) and ge££ = 3.7(3);::; 0.665 gfree. 
s s 

!q7 ' 
et al. ' found gR = 0.35(4) for h · f 237p s ape lsomers 0 u. The rota-

tional gyromagnetic ratio, gR' is reduced from its £luidmodel value 

of Z/A ( = 0.4 for 253Es ) as a result of the inability of the protons to 

follow the rotational 'motion. Using these renormalized g values, 

Lamm's calculation gives fJ. = + 3.92 fJ.N· A gR value of 0.40 

gives fl = -f 3.97 f.J.
N

' A g:££ larger than 3.7 would also increase 

the theoretical value for the nuclear magnetic dipole moment 

and thereby bring it into agreement with the atomic beam value. 

Although to my knowledge 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 s,tate,s derived from the i
13

/
2 

neutron shell model orbital. The 7/2+[633] ground state of 253Es is 

derived from the in /2 proton orbital. I have not made an extens i ve 

study of even-odd nuclei with the odd neutron in an i
13

/
2 

orbital, but 

the comments below may indicate the direction of future actinide mag-

netic moment calculations. 

In the adiabatic approximation the nuclear magnetic dipole moment 

, . b 98 
IS gIven y I 

fJ.(I) = (31a) 

with 

(31 b) 

The reduced M 1 transition probability is given by 

3 2 '2 2. 2 
B(M1,I+1-..I) = 4rr flN ( I1KO II+1 K) K (gK - gR)' (32) 
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and therefore both the reduced transition probability and the nuclear 

magnetic moment depend on gs' gi. and gR. Bohr and Mottelson 99 give 

an explicit equation relating the nuclear magnetic dipole moment and 

the reduced matrix element of the magnetic moment operator, There-

fore both the experimental nuclear magnetic moments and the M1 transi-

tion probabilities (which are usually expres sed in terms of E2-M 1 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 

B d iDO d' d h . , . b d . 171Yb . 1 d' h arneou stu le t e posltIve panty an s In , lnc u Ing t e 

rotational band built on the ;+[633] intrinsic state. Because states 

with spin up to 2;+ are populated by the (a,xn) reaction, it was possible 

to determine accurately the rotational parameters and the decoupling 

terms in the 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 Coriolis 

interaction is reduced. Unfortunately the choice of the attenuation 

factor is ambiguous because of the large number of free parameters 

involved in the fit. 

Lindblad and co-workers found that in order to reproduce both 

the magnetic moments and the reduced M1 transition probabilities in 

171Yb it was neces sary to reduce the intra-band M 1 transition proba­

bilities with '.6.K' = 1 in addition to reducing the Coriolis matrix ele-

ments. Once this correction was made, the best fit to the data was 

" 



". 

-79-

obtained with g = 0.6g
free

. Hjorth, Johnson and Ehrling 10 t' studied 
s s 

the rotational-particle coupling in the t+[633] band in 167Er and also 

found that the intra-band M 1 transition probabilities with Ib.K 1 =: 1 had 

to be reduced. 

P t d k 102-104h d' dth d" b t" . ya ov an co-wor ers ave lscusse e nona la a lC cor-

rections to rotational band levels resulting from. diagonalizing the 

Coriolis interaction in the space of several single particle states. The 

renormalization 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 treat the recoil interaction 

as a one-body ter:m whereas Pyatov and co-workers treat it as a two-

body residual interaction of an outer particle with the nucleons of the 

core; that is, they consider the coupling of the odd nucleon to both the 

rotation and the intrinsic excitations of the core. The renormalization 

of the Coriolis coupling matrix elements, corresponding to a reduction 

of approximately 30%, then results from the coupling 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 ,s:mall number of parameters required to fit energy levels, 

nuclear magnetic dipole mo·ments, and M1 transition probabilities. 

So:me 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, 

g . As a rule geff is not constant within a rotational band; strong 
s s 

oscillatory behavior as a function of spin was found for 155Gd . Therefore 
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the use of g eff 0 6 free, t' bi tit' th lit' f :::: . g 1S ques lona e a eas 1n e ca cu a 10n 0 
s s 

reduced M 1 transition probabilities. Pyatov was able to use the g 
s 

values for the free nucleons in his calculations because he explicitly 

g~f(N) < g~ < g~ff(Z) 

and has a value of approxiInately 0.3. 
eff 

gR is also not a constant within 

o 
a rotational band being smaller by perhaps 500/0 than gR for the low spin 

states and asymptotically approaching g~ as the spin increases, 

An excellent review of the current status of nuclear moment mea-

surernents 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 detertnined frotn the angular 

distribution. The fact that W(O) increases with decreasing tetnperature, 

as shown in Fig. 6, (i. e., enhanced Q' partiCle etnission occurs along 

the crystalline c-axis) itnplies that the relative s-d phase is positive. 

Because the nuclear aligmnent is along this axis, the preferential 

etnission is along the nuclear poles thereby confirtning the prediction 

of Hill and Wheeler. 2 

Although the value of the orientation parameter B6 is not negligible 

with respect to B2 andB 4 (see Section VII for the saturation values), 

the product A6B6 is negligible with respect to A2B 2 and A4B 4 because 

A6 :::; - 0.0025 for reasonable partial wave amplitudes and phases. 

Therefore the P 6 (cos 8) term can be excluded from the analysis. The 

0.4% of the Q' decays that were not included in the calculation of W(8) 

were assumed to give the same angular distribution as the decays that 

were included. 

The relative s-g wave phase can be determined also. If the solid 

angle correction factors are unity (point source and point detector), 

the quantity 3 - W(O) - 2W(TT /2) = - i A4B4; however, because they 

are not, a small component proportional to P 2( cos 8) enters. This 

quantity is tabulated in Table VIlA and is plotted in Fig. 7. Because 

B 4 is positive, A4 must be negative. This implies that the sand g 

partial waves are out of phase. 

Next I discuss the partial wave amplitudes and the resulting 

values of A
2

, A 4 and the saturation values of W(O) and W(TT /2). 
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For convenience these values are tabulated in Table VIIID. The partial 

wave intensities given ~y the BFM theory, the shell model theory, and 

numerical integration of coupled differential equations are given in 

Tables VIIIA, VIlIB and VIIIC respectively. The experimental in­

tensities in these latter tables are fro'm Ahmad. 38 In Tables VillA 

and VIIIC the 1. = 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 

partial Q' decay scheme for 253Es 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 

d t . 'f thO 't t' . . t 253E d e ermIne 1 IS SI ua Ion IS uruque 0 s ecays, I made a study 

of hindrance factors (HFs) throughout the actinides for favored Q'decay 

to states with If = K + 1 and If = K + 2 (Cf. Section IV .C). Defining the 

HF as PO/p, from Eq. 8 I obtain 

HF = PO/p = 1 f HF 1. / (Ii 1. KO IIfK) , (33a) N 
and 

1: (Ii1.KO I K+2 K)2/HF1. HF(K + 1) 1. 
(33b) = HF(K + 2) L (I/KO I K+ 1 K)2 /HF 1. 

1. 

If the alpha groups are pure d waves, 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 

50 taken form the compilation of Ellis and Schmorak are plotted. The 

dashed lines indicate the Clebasch-Gordan ratios. 
245 

Except for Cm, 

.-
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all points are above the dashed lines. Furthernlore, the inclusion of 
I 

1. = 4 adnlixtures would only increase the discrepancies. This syste-

matic deviation seenlS to indicate that the d wave branching should be 

skewed toward the lower energy levels in the rotational band. 

From Table VIIID it is seen that the magnitudes of A Z and A4 are 

larger experinlentally than they are theoretically. The snlall theoretical 

A Z values suggest that the total d wave intensity, but especially that to 

the band head, should be increased to approximately 0.15. The BFM 

value for W(O} agrees well with experiment. The BFM value for W(1T IZ} 

would be much better if the g wave intensity to the band head were in"" 

creased from 0.1Z7 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 1. = Z 

and 1. = 4 wave intensities. 
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Table VIlIA. Intensities for ~artial waves in favored Q decay of 25~s 
to the ground-state band in 24 Bk (Bohr. Froman. and Mottelson 
theory 9.10). 

Experimental intensity 
E

f 
If 11" (keV) s 

minus i wave compo-
.1. 

nent'" 
d g ~(% ) (% ) 

0 ~+ 
2 79.6 10.0 0.127 89.7 90.0 

41.7 2..+ 
2 

5.92 0.328 6.;24 6.6 

93.8 .!..!.+ 
2 

0.88 0.268 1.15 0.846 

155.8 ~+ 
2 0.083 0.083 0.081 

229.3 .!.?.+ 
2 

0.0083 0.0083 0.011 

* Cf. Section IV. C. 4. 

. 
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Table VIIIB. Intensities and phases for partial waves in favored Q! 

decay of 253Es to the ground-~tate band in 249Bk (Mang shell-rrlOdel 
theory as used by Poggenburg 1 ). 

Experimental 

I
f

1l" 
intensity 38 

s d g i ~(% ) (% ) : 

7+ 
Z 82.28 -8.81 0.078 0.0002 91.11 90.0(5) 

9+ 
2 -5.184 0.194 0.001 5.382 6.6(2) 

11+ -0.770 0.156 0.004 0.930 0.85(3) "2 -

13 
2+ 0.049 0.004 0.053 0.085(3) 

15 + 
2 

0.0049 0.0017 0.0066 0.013(1) 
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Table VIlIC. Intensities and phases for partial waves in favored QI decay 
of 253Es to the ground state band in 249Bk (Numerical integration, this 
work. m

1 
= 0; nO = 1, .n2 = 0.8580, n

4 
= - 0.0977). 

Experimental 
intensity minus 1 ,,-

If 'IT 
wave component -,' 

s d g ~(0Z0) (0Z0) 

1.+ 
2 -81.798 -8.903 0.136 90.837 90,0 

.2+ 
2 -5.218 0.338 5.556 6.6 

!i.+ 
2 -0.779 0.272 1.051 0.846 

11.+ 
2 0.085 0.085 0,081 

12.+ 
2 0.0085 0.0085 0,0110 

"" ..... Cf. Section IV. C. 4. 

'. 

~ . 
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Table VlIlD. Coefficients A Z and AL}.: for the Z53Es in NES angular 
distribution function and W(O) and W( Trj2) at saturation with solid angle 
correction factors included. 

A
Z A4 W(O,1/T.- QO) W( Tr/Z. 1/T.-QO) 

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

Bohr, Froman, and 
Mottelson procedure 0.618 -0.019 1.881 0.540 
(Cf. Table VIlIA fo r 
intensities) 

Mang shell model 
theory as app'lied by 
Poggenburg. 11 (Cf. 0.585 -0.013 1.837 0.566 
Table VIllB for inten-
sities) 

Numerical integration, 
this work. (Cf. Table 0.566 -0.035 1.795 0.575 
VIllC for intensities) 
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Table VIllE. Relative a. partial wave intensities for the decay of 25\:s. 

NO BFM Poggenburg Numerical 
experiment theory calcula tion integration 

{Table VIIIA) {Table VIIIB) {Table VIlle) 

s wave 1.000 1.000 1.000 1.000 *:,.! 

d wave 0.216 0.211 0.179 0.182 

g wave 0.0078 0.010 0.0052 0.0103 
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IX. 241A m. NUCLEAR ORIENTATION RESULTS AND DISCUSSION 

The experimental' 241 Am in NES a particle angular distribution 
j 

m.easured at 0° and 90° with respect to the NES c- axis as a function 

of the inverse tem.perature is shown in Fig. 9, and the results are 

tabulated in Table IXA. The numbers shown in parentheses for W(e) 

are the standard deviations based on counting statistics. The inverse 

temperatures have a possible error of up to 6% in addition to the values 

shown in parentheses. The linear tem.perature dependence of W(e) at 

higher NO temperatures is characteristics of electric quadrupole align-

ment. If the P 4(cOS e) term in Eq. 1 is small, the angular distribution 

function reduces to 

and B
2

(I
i

, T) ex: 1/T for low degrees of quadrupole alignm.ent. For the 

series of adiabatic demagnetizations reported here 02(0) '" 0 .930, 

04(0) = 0.787,°
2

(11"/2) = 0.955, and 04(11"/2) = 0.855. 
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IXA. QUADRUPOLE COUPLING CONSTANT 

Am3+ has a 5f6 electronic configuration outside the radon core. 

The Hund's rule ground state is 7F O. as in Eu
3+ (4f6). Since the ground 

state is a singlet, there is no magnetic hyperfine interaction. 

In order to determine accurately the value of the quadrupole coupling 

constant, P, it is neces sary that the temperature be low enough such 

the P ::::; kT, where k is Boltzmann's constant. Then curvature develops 

in the W(8) vs. 1IT curve; Since sufficiently low temperatures were 

not possible using NES as a host, my value for P of -0.0033 (6) 

cm- 1 cP/k = - 0.0048 (8)K) lacks precision. The negative sign implies 

that the nuclear magnetic substates I = ± 5/2 lies lowest in energy. 
z 

In the analysis of the nuclear orientation of 152Eu in NES ,13 P 4f (2) 

could be calculated with reasonable accuracy because the value of the 

CF parameter B~ = 2A~ (1-0" 2) (r2)4f had been experimentally deter­

mined. A value for the lattice shielding factor, 0"2' was then calculated. 

2 3+ 
Although BO for Am has not been determined, I can 'make a reasonable 

estimate and then proceed with the analysis. I write 

P = P + P (2) 
expt lat 5f 

(35a) 

Then from Egs. 29d and 27, 

P - -expt 

2e
2
(r -3>5f(1-~Q) I ~20 II "11 00> 12l 

E( F 20 - F 00) J 

(35b) 

Every term on the right hand side of Eg. 35b either is known or can be 

2 
estimated with reasonable accuracy except for BO' 0"2' and R Q . I 

discuss RQ first and then return to the CF terms. 

:~ 
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The atomic Sternheimer factor RQ accounts for the shielding of 

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. 15 
However Sen calcu-

lated a value of RQ = - 0.087 for Am 3+ as a free ion. This is in con-

6+ trast to the experimental value of RQ = 0.35(10) for Np found by 

106 
Dunlap, Kalvius and Shenoy. 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 

valid for Am3+. I will show below that the second expres sion 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 B~ for trivalent actinides at 

3+ 75.. 2 -1 
trigonal sites. For LaCl

3 
:Am Gruber obtaIned BO = 412 cm 

However, the J -levels in the optical spectra were not properly 

as signed, 76 and therefore this value ·may be in error. For LaBr 3: Np3+ 

Krupke and Gruber 77 obtained B~ = - 22.8 cm -1 which indicates a value 

for 0"2 greater than one since A~ should be positive for the actinides. 

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

earths by Blok and Shirley 107 and the calculations of Gupta and Sen. 15 

108 3+ 15 
Sengupta and Artman calculated 0"2 = 0.881 for Np whereas Sen 

3+ calculated 0"2 = 1.091 for Am . Therefore the theoretical calculations 

do not firmly establish the sign of (1-0"2) and hence the sign of B~ for 

3+ 79 2 3+ Am . Carnall has suggested that the negative BO for LaBr 3:Np 
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may be the result of using a model that is not sufficiently refined and 

3+ 3+ 
that 0"2 is probably les s than one for both Np and Am Preliminary 

analyses of the optical spectra of Nd 3+ and U 3+ yi~lded B~(U3+) 
2· 3+ 109 .. 2 3+ 

Z 4 BO(Nd). If, as a workmg estimate, I take BO(Am ) 

= 4B~(Eu3+), then B~(Am3+) = 640 cm- 1 using B~(Eu3+) = 160 cm.- t 

(Ref. 110). 

Lcan now calculate 1 - 0"2 using Eq. 35b. 
241 

The Am quadrupole 

moment is 4.9 b. (Ref. 111). The Sternheimer factor 1 - '( is calcu-
00 

lated to be 112.92,15 a value which should be accurate to 100/0. The 

radial integrals for free ions were obtained from relativistic self­

consistent Dirac-Slater wave functions as given by Lewis et al.;92 

2 - 17 2 - 3) 25 - 3 
namely, (r )5f = 5.388X 10 cm and (r 5f = 5.300X tOcm . 

For a pure 7F 0 electronic state the reduced matrix element 

(20110' 1100) = 2/(5.f3)= 0.23094(Ref. 68) whereas for the intermediate 

coupled state obtained by diagonalizing the combined electrostatic and 

spin-orbit interaction matrices (20 II 0'1100) = 0 .18857(Ref. 112). For 

3+ 7 '. -1 7 76 LaCl
3

:Am the F 2 state hes 5328 cm above the F 0 ground state, 

and a comparable splitting should occur in an ethylsulfate lattice. When 

I -1 these values are substituted into Eq. 35b obtain -0.0032 cm 

-1 -1 = - 0.000985 cm (1 - 0"2) + 0.000251 cm so that 1 - 0"2 = 0.285 or 

0" 2 = 0.715. This value may be in error by as much as 500/0, but it 

agrees very well with the value 0"2 = 0.73 for the lanthanide analogue, 

3+ Eu (Ref. t07). Although this interpretation is not unique, it gives 

reasonable values for the parameters B~, 0"2' and '(00' In particular, 

it seems clear that (1 - '(00) must have a value of Z 10
2

. Are-analysis 

of the LaC1
3 
:Am 3+ optical data would be especially helpful in estab-

lishing both B~ and 0"2' 

.,' 
" 
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IX. B. ALPHA PARTICLE PARTIAL WAVE AMPLITUDES AND PHASES 

I next discus s the effect of the 241 Am Q' particle partial wave 

amplitudes 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 be either 0 or 1T, plus the 

phase shifts that occur upon transmission through the combined Coulomb 

and quadrupole barriers. The intrinsic phases are taken from the 

microscopic shell 'model theory;11, 12 namely, the s, d, and g waves 

are all in phase but the i wave is out of phase. The formula for the 

Coulomb barrier phase shift difference for Q' decay was given in 

Eq. 16a. For 241Am the d wave lags the s wave by approximately 

7° and the g wave lags the s wave by approximately 23.5°. The 

quadrupole phase shifts can be obtained only by numerical integration 

of the coupled differential equations that result from the consideration 

of the exchange of energy and angular moment,um between the outgoing 

Q' particle and the daughter nucleus. Since these calculations have not 

been performed for 241 Am, the quadrupole phase shifts were taken to 

be zero. The quadrupole part of the barrier has the effect of retarding 

higher P. -waves with respect to the lower P. -waves if the waves are in 

phase at the nuclear surface. Therefore the quadrupole phase shifts 

for 241 Am would be addHive 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 wHh experiInent Ire-write Eq. 4 as 
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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 reduction 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 between 0.54 and 0.83. 

The solid curve in Fig. 9 was obtained using P = - 0.0033 cm- 1 

RA2 = 0:54 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 parameters. The competing 

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 crystal that the outgoing 

alpha particles 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(O) > 1 means that the sand d waves are 

in phase for 241 Am, in confirmation of the shell model calculations. 

The experimental results do not establish the 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 A2 and A4 values for 

both relative g wave phases. 

In the theory of Bohr, Froman, and Mottelson (BFM) 9 , 10 as it is 

usually applied the branching of an 1. -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 241 Am 

" "T bl IXC A . t" 1 d h f 241A " " are gIven In a e . par Ia ecay sc erne or m IS gIven 

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

D t 113 ·d th b· d" t t k f L d i t I 114 ~, an e an assIgnrnen s were a en rom e erer ea. 

Numerical integration of the coupled differential equations for 233 U 

6 
Q decay performed by Chasman and Rasmussen (CR) suggested that 

. the relative intensity for the d wave to the ground state of the daughter 

would be increased by 400/0 over the BFM predicted value. Although 

the application of this correction for other nuclei was never suggested 

by these ~uthors, it has been used succes sfully in the analysis of the 

243 
Am Q-y angular correlation as will be mentioned later. This CR 

correction substantially alters A2 as can be seen from Table IXB. 

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

the anisotropic barrier penetration was calculated using Froman's 

method, 34 and assuming a realistic sloping inner barrier. The analysis 

of the 253Es in NES Q particle angular distribution39 revealed that the 

BFM intensities more closely fitted the NO data than did the Poggenburg 

intensities; however the BFM calculations had the advantage of the use 

of experimental 1. -wave hindrance factors averaged from neighboring 

even- even nuclei. In contrast all of Poggenburg t s transition proba­

bilities were normalized with respect to 238pu and are thereby more 

model dependent. The shell model predicted intensities are given in 

Table IXD. The 1. = 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 A
2

-A
4 

pair given in Table IXB. 

The Ak coefficients obtained fro'm the BFM theory and the shell model 

theory are very similar, and a choice of one over the other will be dif-

ficult. As expected the relative s-g wave phase influences A4 primarily. 

Because the d wave intensity is fifty times greater than the g wave 

intensity, the a
2

a 2 direct term in A4 is five times larger than the a
O

a
4 

interference term. Inmost other cases the interference tenD dom-

inates and hence the relative s - g wave phase determines the sign of 

A
4

. For 241Am A4 is positive for either relative phase and therefore 

the magnitude of A4 rrlUst be determined accurately in order to extract 

the phase. In order to decide whether this is feasible, let us consider 

the ratio A4B 4/A2B2' From Table IXB, A2 is between 8 and 18 times 

larger than A
4

. Over the temperature range of our experiments 

/ I -1 / 1-1 
B4 B 2

z 0.03at1 T=10K andB 4 B 2
z 0.22at1 T=90K . 

Therefore A4B4/A2B2 will never be larger than 0.025. I performed 

a least squares fit to my data with A2 and A4 as free parameters but 

could not get a satisfactory fit. I then tried an iterati ve procedure 

of fixing A2 and leaving A4 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 

A
2

-A
4 

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

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

r 



~, 

-99-

both the 253Es NO and the 243 Aln unattenuated angular correlation51 

results. The angular correlation (AC) results are lnore gerlnane to 

the present discussion. Although there are only lilnited results for 

241 Aln, extensive published~ results exist for 243 Aln which has the salne 

241 
Nilsson ground state as Aln; nalnely, K1T[Nnzl\.] = 5/2-[523], and a 

silnilar rotational band structure. 

Following 0' decay, tilne-dependent hi fields develop because of 

the excitation of the electronic shells caused by both the change in nu-

clear charge and the approxilnately 100 keY of recoil energy given the 

daughter nucleus. These II after effects" have been considered by 

115 116 
Thun and by Mang. An objective ofO'-y AC experilnents is to 

obtain anunattenuated correlation by elilninating the extranuclear fields 

during the interlnediate state lifetilne. The AC function is cOInlnonly 

written as 

(37) 

where Gk(t) is a tilne-dependent attenuation coefficient. As before 

the A'k depend on the spins and lnultipolarities involved in the decays. 

For the attenuated (5.486 MeV 0' - 59.54 keY y) correlation froln 

241Aln,Krohn et al. 117 determined the upper limit of A Z to be -0.36(2). 
, , 

The negative sign in itself ilnplies that the sand d waves are in phase; 

a result that my experilnents confirlned. For this cascade the 

p 4(cOS 0) term vanishes and therefore the relative s-g phase cannot 

be determined. 

Asaro and Siegbahn 118 measured the correlation between alpha 

particles populating the 118 keY level of 239 Np and the de-exciting 
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'I r·ays 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 (G
k 

= 1) (5.275 MeV a - 75 keV 'I) cascade in 

243 51. 
the decay of Am Falk et al. obtamed AI2 = - 0.404(10). Using 

liquid sources Hutchinson119 obtained AI2 = - 0.41 (2) for this same 

cascade. The 75 keV level of the 239Np daughter is the first member 

of the 5/2-[523] band and corresponds to the 59.54 keV level of 237Np . 

The BFM theory predicts that A2 = - 0.358 while the CR correction 

gives AI2 = - 0.405 in excellent agreement with experiment. The cor­

responding partial wave amplitudes are a
2
/a

O 
= (+)0.47 and (+)0.56 for 

the BFM theory without and with the CR correction respectively. In 

contrast Poggenburg calculated a
2
/a

O 
= + 0.42 which yields AI2 = - 0.33, 

well outside the experimental error. The effect of the g wave on the 

theoretical AI2 by only 1% because of the low g wave intensity. 

I comment again on 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 predicts the ratio 

55 175 2 55 1 952 
to be ("2 2"2 0 "22> / ("2 2"2 0 22> = 2.857 for decay to a K = 5/2 

rotational band. The experimental ratios are 3.50, 3.75 and 4.36 for 

241 243 . 50 . 
Am and Am respechvely. Because of the dlfferent 239

A m, 

experimental HF ratios for 241Am and 243 Am there is no assurance that 

the CR correction found to be applicable to 243 Am will be applicable to 

241 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 incieasing N, the 

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

In general there i's no justification for applying the CR correction 
I 

to the relative J.. = 2 wave intensity throughout the actinides. The BFM 

as sumption that the K quantum number is a constant of motion has not 

been supported by coupled channel numerical integrations applied to the 

decay of 253Es and 255Fm (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 

branching to the lower states in a rotational band is enhanced over the 

BFM theory estimates as a result of the channel coupling, the per-

centage enhancement is not always the sallie as that found by Chasman 

d R f 233U 1ft AC .. t 120 249 Cf h d an asmussen or • n ac , experlmen s on s owe 

that the BFM theory overestimates the d wave intensity in the favored 

245 
branch of Q decay to Cm, a result which is unexpected. 
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Table IXA. Experimental 241 Am in neodymium ethyl sulfate a par­
ticle angular distribution as a function of inverse temperature. 

1/T(K-1 ) W(O) W( Tr/2) 

10.8(3) 1.060(7) 0.969(9) 

15.0 1.104(8) 0.939(10) 

19.3(1 7) 1.132(5) 0.933(7) 

31.7(6) 1.193(8) 0.883(9) 

43.5(2) 1.274(8) 0.859(10) 

55.6 1.330(12) 0.822(13) 

74.0 1.412(10) 0.781 (1 0) 

88.5 1.460(24) 0.748(16) 

90.5 1.500(14) 0.736 (1 7) 

. 
.. 
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Table IXB. Coefficient,s AZ and A4 for the 241. Am in NES a particle 
angular: distribution function W(O) = ~ + R[AZQZBZPZ(cosO)+A 4Q4 B 4P 4(cOS 8)]. 

A
Z A4 

! 

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 theory, Chasman and Rasmussen 0.8668 0.103Z 
correction,· sand g waves in phase 

BFM theory, Chasman and Rasmussen 0.8390 0.0770 
correction, s arid g waves out of 
phase 

Mang theory, s and g waves pre- 0.7838 0.0847 
dieted to be in phase 

Mang theory but with s and g waves 0.7398 0.0397 
out of phase 
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Table !?CC. In~ensities ~or partial ~a'2~~ in 241 Am .favored a transitions 
to the flrst excIted rotational ban'b In Np accordIng to the method of 
Bohr, Froman and Mottelson. 9,1 Numbers in parentheses have been 
modified by the IIChasman and Rasmussen correction. II 6 

Measured 
intensity 113 -; 

~, 

Ef(keV) If 'IT s d g i 1: (~o~ {~o! 

59.54 5/2- 72 0 56 14.29 0.004 86.85 85.5 
(67.76 ) (19.08) 

102.96 7/2- 10.81 0.017 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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Table IXD. Intensities and phases for partial waves in 241 Am favored 
a transitions to the first excited rotational band in 237Np as calculated 
byPoggeriburg. 11 

Measured 
intensity113 

If 1T 
S d g i ~(~o) (%) 

5i2- 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 0.021. 0 0.015 

13/2- 0.0015 -0.0020 0.0035 0.002 
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FIG. 9. 241 Am in neodyrnimn ethylsulfate (NES) a particle angular 
distribution at 0 0 and 90 0 with respect to the crystalline c-axis 
as a function of inverse temperature. 
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FIG. 10. PartIal Q decay scheme for Am as adapted from references 
113 and 114. The favored Q decays populate a rotational band built 
on the 5/2 [523] state. 
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X. 255FIn NUCLEAR ORIENTATION RESULTS AND DISCUSSION 

I now briefly discuss the 255FIn NO results. Paramagnetic reso­

nance studies of Er3 +, the lanthanide analogue of Fm
3+, diluted in 

lanthanum ethylsulfate. yielded the hf interaction parameters 

IAI = 0.0052(1) cm-
i

, IBI = 0.0314(1) cm-
i 

and Ipi = 0.0030(3) 
-i 

CIn 

(Ref. 121). For IB I > IA I the nuclear magnetic substates are admixed 

except when Ik I = I + 1/2 where k = I + S where S = ± 1/2. The levels z z z 

labeled by + k and - k are degenerate except when k =0. The ground 

state for a half integral nuclear spin is a singlet (11/2. -1/2>-

1-1/2. 1/2»/~ and a doublet lies closely above. The aligmnent may 

be regarded as being in a plane perpendicular to the crystalline c- axis. 

and the degree of alignlllEmt is relatively small. 

The experimental Q particle angular distribution from 255Fm nu-

clei aligned in NES is shown in Fig. 11. The statistical accuracy of 

the results is limited by the low degree of alignment, the mass of 255Fm 

available (- 200 disinteg rations /min). and the short half -life. The shape 

of the anisotropy curve yields a value for 
" -1 

IB I of 0.035(7) cm or 

IB Ilk = 0.05(1) K. I could not determine the value of IB II IA I. but 

the temperature dependence of W(O) establishes that the lllagnitude of 

B is great~r than that of either A or P as in Er 3+ 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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IB I with iA I = 0 and the relative amplitudes and phases given by 

11 
Poggenburg for the favored decay to the 7/2+[6[3] rotational band in 

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

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

both relative g wave phases. 
. 253 

On the basis of NO experiments on Es. 

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

f 255F d· d fAt I 122 , , . F' 12 or m, as erlve rom saro ~~. 1S g1ven 1n 19. . 

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

theoretical intensities were taken from Asaro et al. 122 but the d and g 

wave branching was modified by using the HFs 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 the A4 parameters given in Table XB. In order to simplify his cal­

culations Poggenburg used a constant nuclear radius parameter and 

basis wave functions appropriate near the deformation T) = 5. Although 

this approximation should be good for medium weight actinides. it 

should break down for the lightest and heaviest actinides. Therefore 

for 255Fm I expect that the BFM branching rule may be more accurate 

than the values given by Poggenburg. 

The partial wave ihtensities and phases for 255Fm Q' decay obtained 

by numerical integration of the coupled second-order differential 

equations were presented in Table IVG; these same results are pre-

sented in slightly different format in Table XD. The NO results fix 

Q'2 to poshi ve values. The shell model Q' decay theory 12 and the smooth 

trend ofg wave hindrance factors found for the even-even heavier 
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FIG.:12. Partial decay scheme for 255Fm as adapted from 
reference 122. The favored Q! decays populate a rotational band 
built on the 7/2[613] state. 
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actinides give the relative s-g wave phase as being negative. There-

fore only negative Q'4 values are of interest. I could not experimentally 

determine the relative s-g wave phase because the 90 0 radiation detector 

failed during the experiment. I experienced the same difficulties in 

fitting the intensities to the 9/2+ and 11 /2+ levels of the 251 Cf daughter 

as I experienced with the 253Es decay. I attempted intensity fits 

with Q'4 positive, but no better intensity fits were obtained than with 

the negative value. 

E th h th 25 5F . t . 11 d t . t' . f th ven oug e m anlSO ropy IS sma , e ermlna Ion 0 e 

ratio W(O)jw(lT /2) would make it possible to decide among the five 

cases given in Table XB. In Table XB I have tabulated this ratio 

at 1/T = 90.5 K-
1 

for a point source and a point detector. 
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Table XA. Intensities and phases for partial waves in 255Frn favored 
alph~ transitions to 251 C f as calculated by Poggenburg.11 . 

Measured 
intensity38 

If 'IT s d g i ~{2o} {2o~ 

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 -0.132 -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 A2 and A4 for the 255F m. in neodymium. ethyl­
sulfate ?-l:eha particle angular distribution function and the ratio 
W(0)jw(rrj2) at 1/T = 90.5 K-1. . 

A2 A4 W(O)jw( rr/2) 

BFM theory, sand g waves 0.596 -0.0397 0.434 

out of phase 

BFM theory, sand g waves 0.695 0.1566 0.400 

in phase 

Poggenburg calculation based on 0.634 0.0003 0.413 

shell m.odel theory, sand g waves 

predicted to be out of phase 

Poggenburg calculation but with 0.70'0 0.1242 0.390 

sand g waves in phase 

Num.erical integration 0.514 -0.0552 0.494 

(0. 0= 1, 0.2 = 0.7918, a. -4- -0.1 794) 
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Table XC. Intensities for partial waves in 255Fm favored alpha tran­
sitions to the first excited rotational band in 251 Cf according to the 
method of Bohr, Froman, and Mottelson. 9,10 I 

Measured 

E
f 

intensity38 

(keV) I
f

1T s d g :E(%) (% ) 

106 7/2+ 83.4 9.6 0.23 93.2 93.4(2) 

165 9/2+ 4.89 0.50 5.39 5.05(7) 

238 11/2+ 0.62 0.35 0.97 0.62(1 ) 

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

421 15/2+ 0.0066 0.0066 0.013(2) 
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Table XD. 2~rtensities and phases for partial waves in 255Fm favored 
a decay to Cf as obtained by the nu:merical integration of coupled 
differential equations (aO= 1, a 2= 0.7918, u

4
=- 0.1794). 

Measured intensity 
minus i wave com-

". 
If 1T 

potient'·, 
s d g ~ (%) (%) 

7/2+ 86.1522 7.5837 -0.2035 93.9393 93.4 

9/2+ 3.9054 - 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 

* Cf. Section IV. C. 4. 
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XI. FINAL REMARKS ON COUPLED CHANNEL CALCULATIONS 

Now that all the experimental results to which the coupled channel 
1 

calculations can be conipared have been presented, a few final comments 

are in order. The reason for the systematic deviation of hindrance 

factor ratios from Clebsch-Gordan coefficient ratios shown in Fig. 2 

must be explained. 

Three mechanisms for the admixture of m =/:::. 0 a partial waves on 

a sphere near the nuclear surface in the case of favored a decay have 

been considered. If the symmetry axi~ of the daughter nucleus tilts 

with respect to the parent axis as thea particle is leaving the nuclear 

surface. then m =/:::. 0 projections of the a particle arise. However. 

reasonable assumptions about the magnitude of the effect produce too 

small a skewing of the d wave branching. 

If the sharp inner potential barrier that I have used is replaced 

by a sloping barrier, then the higher energy a particles (that is, those 

to the lower levels of the rotational band) penetrate a thinner barrier 

and are thereby enhanced. Although this mechanism can reproduce the 

experimental intensity to the 9/2+ level, it shifts too much intensity 

out of the 13/2+ and 15/2+ levels. 
253 

Also for Es the degree of slope 

that gives the best fit to the experimental intensities fails to reproduce 

the experimental angular distribution. 

Gamma vibrational phonon (i = 2, m = 2) admixtures irito actinide 

element nuclear wave functions have been calculated by Soloviev and 

124 125 . 
co-workers. ' It IS neces sary 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 
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nuclear orientation data. 

Certain requirements can be put on any acceptable modification of 

boundary conditions on the nuclear surface. Since in general four rela-

tive experimental intensity ratios are known, there should be no more 

than three adjustable parameters; a fourth parameter should be intro-

duced only if physically meaningful constraint!? can be put on it. Both 
, / 

the intensity and NO data on 253Es should be reproduced. The large 

differences in hindrance factor ratios for the three americium isotopes, 

239
A m, 241A d 243A m an 'nl, 

233 
should be explained. ,The U case should 

be re-examined to check the correctness of the Chasman and Rasmussen6 

work. 

I would like to close this section with an appropriate quotation from 

a character who, along with his friends from Okefenokee Swamp, has 

given me many enjoyable hours during my years as a graduate student: 

"Nuclear physics ain't so new, and it ain't so clear either." 126 
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XII. CONCLUSION 

The orientation of trivalent actinide eleInents in the neodYInium 

ethyl sulfate lattice is straight forward. The four eleInents AIn, Cf, 

Es and Frn. have been oriented in this way. It is difficult, however, to 

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

t d h f 253E 241A d 255F ff" tl .. por e ere or s, In an. 'm are su lClen y quanhtab ve 

to establish that the sand d waves in the favored transitions are in 

phase, but they perInit the deterrn.ination of the relative s-g wave phase 

only in the 253Es case. The orientation data yielded definitive inforrna-

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

AIn3+(5f6), as in Eu3+(4f6), quadrupole coupling dOIninates the nuclear 

orientation, and the anti shielded crystal field terIn A~ is the Inain con-

tributor to the electric field gradient. The data strongly support a 

2 .. 
y ::::: - 10 , and they 

<Xl 
large negative SternheiIner antishielding factor, 

also indicate a shielding constarit (] 2 ::::: 0.7, in good agreement with an 

earlier value for Eu3+. In Es 3+(5f 10 ), as in Ho 3+(4f10), the orientation 

is rn.agnetic and axial. FroIn the derived Inagnetic hyperfine interaction 

constant and extrapolated crystal field paraIneters a value for the nu-

clear rn.agnetic dipole InOInent was deterInined. 3+ 11 . In FIn ( Sf ), as m 

Er 3+(4f11 ), the electronic ground state in the ethylsulfate lattice has 

253 '255 
The forInal treatrn.ent of the Es and FIn favored ex decay 

revealed that the assuInption of the Bohr, FroInan and Mottelson theory 

that only In.£ = 0 partial waves occur near the nuclear surface is not 

strictly true. The approxiInate treatInent of anisotropic barrier pene-

tration that is proportional to a spherical barrier penetration factor 
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tim.es a Clebs ch-Gordan coefficient squared appears to be ,valid except 

in the case of very highly hindered partial waves. 
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APPENDIX A. SPONTANEOUS FISSION FRAGMENT 
ANGULAR DISTRIBUTIONS 

The nuclear potential energy as a function of a deformation paraIn­

eter has a relative InaxiInuIn or saddle point. 127 Bohr simplified the 

consideration of the pas sage either over or through the barrier by the 

introduction of the concept of the transition state. 128 The low energy 

states at the saddle point are expected to be siInilar to the low energy 

states of the slightly deforIned ground state nucleus. These states are 

characterized by I, M, K and 1T where M is the projection of nuclear 

spin on a space-fixed axis (M == I of Iny earlier notation). Rotational z 

levels built on intrinsic states are expected as the lowest levels at the 

saddle point, at least for odd-Inass and odd-odd nuclei for which single 

parti~le excitations are Inore easily excited than vibrational Inodes. 

Not all of the physics of fission is contained in the statics of the 

proces s; that is, the fission proces s depends on both deforInation co-

ordin~tes and inertial paraIneters. As the nuclear deformation in-

creases, changes in the K quantuIn nUInber Inay occur as different 

intrinsic energy states of the odd nucleon(s) are crossed. 129 This of 

course requires a InechanisIn such as Coriolis or y vibrational couplings 

to change K. It is not clear whether K at the saddle point or K at the 

outer turning point is the relevant K value for spontaneous fission. In 

either case, two points should be considered. First, K for spontaneous 

fission Inay not be the saIne as K for the nuclear ground state (K = I). , 

Second, Kmay 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 FUNCTION 

If it is as sumed that the fission fragments separate along the nuclear 

symmetry axis and that K is a good quantum number in the descent of 

the nucleus from the transition state to the configuration of separated 

fragments, then the angular distribution of the fission fragments is the 

same as the angular distribution of the nuclear symmetry axis. 

In the strong coupling model the nuclear wave function is factored 

into an intrinsic part times a rotational part: 

whereDi.tK == D~K(Q', G, y) is a symmetric top wave function. The 

distribution of the nuclear symmetry axis is given by 

W MK(G) = IlJJ dQ'dydx. I JI12 (A .2a) 

The integration over the intrinsic wave function gives a Kronecker delta. 

Therefore 

I 
WMK(G) = 

2I + 1 
8n 

(A.2b) 

The matrices ID~K 12 can be reduced to a summation over the 
l' ,!, 

complex conjugate matrices DMK by using Eq. 1.38 of Rottenburg 

et al. 130 The sum of rotation matrices squared reduces to 

IDI 12 + ID1 12 = (_1)K-M ~ 2(2I'+1)DI' ';'(1 I 1') (I I 1') 
MK M-K l' even 00 M-M 0 K -K 0 

(A.3a) 
and 

(A.3b) 

131 
from Edmonds Eq. 4.1.26. Equation A.2b can then be written, with 

,-
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the further reduction of the PO(cosB} term. and the weighting with the 

population factors p(M}, as 
\ 

, 

W(B) = ~ + 
411' 

2: 
k>O 

~ (-1 }K-M p(M) [I] 4~k] 
M (I I k) (I I k) M -M 0 K -K 0 Pk(cosO} 

even 

where .thenorm.alization is such that 

11' 

2"lW(8)Sin8d8 ~ 1. 

(A .4a) 

(A .4b) 

The first term. in the sum.m.ation over k in Eq. A .4a can be written 

in closed form. by using the algebraic form. for the 3j - sym.bols which 

. . b Ed d 131 1S gl ven y m.on s: 

4[3K 2 -1(1+1)] [3M 2 -1(I+1)] 
(21+ 3)( 21+ 2) (21+ 1)( 21)( 21- 1) 

(A.5) 

For a nucleus with a given I, M and K the fission fragm.ent angular 

distribution can also be written as 132 

WI (0) = 21 + 1 Id
M
I K'(B) 12 

MK 411' 
(A.6) 

The d~K(B) functions are given in closed form. by Wheeler. 133 Both 

Wheeler and Bekham.i 134 have given typical angular distributions to be 

expected for various 1, M and K values. For m.ixed M states the 

distribution in Eq. A.6 m.ust be weighted by the appropriate population 

factors, p(M}. 
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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, 

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

constant should be large. The angular distribution function is proportional 

to a weigh~ed sum over \d~K \2. Each \d~K(e) \2 peaks at one 

angle, but if more than one nuclear magnetic subs tate is appreciably 

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 Q' decay. The 

relative number of fission events per Q' decay is simply the inverse 

ratio of the corresponding half lives. The Q' decays are not of any di-

rect interest, although their angular 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 fis sion branches, typically of the order of one fission per 10
10 

Q'decays. Also the long total half lives require large masses of the 

active element. Large masses mean thick sources, internal scattering 

anc;l adsorption, and broadening of the angular distribution. The alterna-

tive of a thin source with large area means poor angular resolution. 

Therefore only the heavier actinides, which have large fis sion branches, 

can be used. The only non-zero nuclear spin isotopes that meet the 

/ 
. 249 253 254 255 

fission Q' branching requIrement are Cf, Es, Es, Es, 

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

; , 
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life (20 h). 2
4

9Cf can be elhninated because of its sTIlall hyperfine 

splitting. 7 255Es occurs with 253Es to the extent of 1 part in 10 5 ; it is 

not available in sufficient quantity for NO experiTIlents. 

Third, the host lattice either should have a high heat capacity or 

should be TIlaintainable at a low teTIlperature by an external refrigerator. 

Contact cooling is liTIlited to TIletallic lattices. Because no research has been 

done on alloy systeTIls of the heavier actinides, the radioactive eleTIlent ions 

were sub~tituted into a neodYTIliUTIl ethyl sulfate lattice which was cooled by 

adiabatic demagnetization. 

Fourth, the radioactive isotope must be available, an important 

consideration in the study of actinide elements. 

. 253 254 257 
Expenmental results on Es, Es and Fm will be discussed 

after the experimental apparatus is described. 
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A.3 APPARA TUS 

The cryostat that was used to study Q' particle angular distributions 

could not be used to study fission fragment angular distributions be­

cause the gap between the electromagnet pole faces was too small to 

accommodate the detectors required for mapping the fragment angular 

distributions. Therefore the 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 Cln i.d. and a measured coil constant 

of 214 oe/amp. 

A .3a .CR YOST AT 

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 long 3.8 cm o. d. stainles s 

steel with a 0.05 mm wall, with the vacuum seal being made with an indium 

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

One of these tubes contains four twisted tripletsof 32 gauge formex 

coated manganin wire potted ~n Stycast 2850 GT epoxy in order to mini­

mize heat leak::; down the wires. The other tube was soldered to the top 

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 with a Rad Lab fitting at room temperature. The entire 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 i shown in Fig. 13. The experimental chamber is 
! 

the space between the innermost salt pills. The two bottom pills are 

supported by sets of three pitch- bonded graphite legs 3.0 cm long and' 

6 mm in diameter. The two outer salt pills are filled with a manganous 

ammonium sulfate (MAS) in glycerol slurry, and the two inner 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 where they 

fasten with 0-80 brass screws, are 0.13 mm thick. annealed copper 

sheet. The base plate and the bottoms of the salt pills are epoxy-

fiberglas s laminate sheet (NEMA G10) either 6.3 mm or 9.5 thick with 

sections machined out in order to reduce the thermal mass while re-

taining strength. The top o(the lowest pill is an epoxy-fiberglass sheet 

that is intwo pieces anchored together by a split copper section that is 

thermally anchored within the salt mass thereby providing a long 

thermal path from the outside of the pill which II 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 ETHYLSULF ATE SOURCES 

The radioactivity-containing NES crystal is :mounted between two 

sets of gold-plated copper fins. Each set of fins is composed of 

fourteen 0.13 mm thick sheets of copper that are silver soldered to-

gether at the top end. The bottom section of each fin, which is im-

bedded in the CPA slurry, is 25 rn.rn. high and 45 mm long. The top 

section, which extends upward through a rectangular hole in the pill's 

top plate, is 40 mm high and 18 rn.rn. wide. 

A.3d. FISSION FRAGMENT DETECTORS 

The choice of a fission fragment detector was influenced by four 

considerations. The number of fission events was less than one/min 

for the source strengths used. The source strength was limited either 

by the mass of a given isotope available or by the desire to limit Q 

particle heating of the NES crystal. 5 For a source strength of 10 Q dpm, 

the particles deposit approximately 1 erg/min. In general heat fluxes 

of 100 erg/:min can be tolerated in the entire NES crystal, but the a 

particles deposit their energy in a small volume of the crystal, and at 

0.01 K the ther:mal conductivity, which is proportional to T 3 , is too 

low to dissipate the heat input throughout the crystal. 

Second, whereas Q particle angular distributions peak at either 0° 

or 90° with respect to the crystalline c-axis, fission fragment angular 

distributions can, in principle, peak at an intermediate angle. There-

fore the fragment distribution must be measured at several angles. 

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

needed. Few. spurious counts on an absolute basis can be tolerated. 
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Fourth, high ~eliability is desired because of the long apparatus 

set-up times. 

Semiconductor detectors are not .acceptable because of their poor 

angular resolution, bulkiness, high noise, and. poor reliability at ultra­

low temperatures. Therefore solid state track detectors 136 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 therefore has 

no background tracks. However, the etched tracks are cylindrical 

cones that cannot always be distinguished from imperfections. Mica 

always has background fission tracks from uranium decay. However, 

if the mica is annealed at 450 0 C for six hours and then etched in con-

centrated hydrofluoric acid, the background tracks 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-etched 

mica strips 3.92 cm long, 15 rom wide and 0.03 - 0.05 mm thick. The 

strips are held in a curved brass holder with an inner radius of 12.7 mm 

that subtends an angle between - 40" and 1300 with respect to the NES 

crystalline c-axis. Holes drilled through the holder at 0 0 and 90° 

permit pins, which are part of an alignment jig, to protrude from 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. 



-132-

In order to prevent the fis sion fragments from hitting the mica 

detector at any 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 position 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 

11mm 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 Lab fitting. The bellows permits the tube and the 

tantalum wire to move through 2 cm thereby pulling the fission fragment 

baffle into position. 

.. I 
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A.3e. TEMPERATURE MONITORING 

The teInperatures of the brass plate and the copper fin asseInbly 

are Inonitored with 15 n 1/8 watt Allen-Bradley carbon COInposition 

resistors connected to three "leads. The resistance is Ineasured with 

an AC bridge. 137 The principles of carbon resistance therInoInetry 

138 have been given by Black, Roach and Wheatley, Sinclair, Terbeek 

139 140 and Malone, and.Kopp and Ashworth. 

The teInperature of the radioactive source spot following adiabatic 

deInagnetization is Inonitored either by the CI! particle anisotropy 

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

Inounted behind the Inica detector holder or by the '( ray anisotropy 

of the 962, 966 and 1178 keV '( rays of 160Tb which was in SOll1e cases 

grown into the NES crystal bulk. 
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A.4. 2S3Es SPONTANEOUS FISSION FRAGMENT ANGULAR 
DISTRIBUTION 

The initial experiments ahd apparatus development were done with 

2S3Es 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 fis sioh fragment 

angular distribution at low temperatures was expected. 

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

sion events (too small a number to permit extraction of the K quantum 

number) were observed from a source measuring 2 X 10 5' a dpm. The 

source strength was increased to 1 X 106 
a dpm in order to increase 

the number of events. However, this latter source warmed up within 

three hours whereas the previous source remained cold for several 

hours. Therefore a point of diminishing returns was reached. The 

"colder" source permitted longer counting periods per de:magnetization 

than the" hotter" source did; but because of the fixed length of time 

required per demagnetization and apparatus cycling, 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 practical because of demands on some 

of the experimental equipment. In any event, 2S7Fm became available; 

experiments with that isotope are reported next. 

I 
~I 

" 
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A.5. 257Fm SPONTANEOUS FISSION FRAGMENT ANGULAR 
DISTRIB UTION 

The most extensive fis sion fragment angular distribution studies 

were performed with 257Fm (I = 9/2) which has the advantage of a large 

fission/a branching ratio (475(10)£1' decays/spontaneous fission decay)141 

but the disadvantage of a small and non-axial hyperfine interaction con­

stant. As was mentioned in the section on the 255Fm in NES a particle 

angular distribution, the non-axial hyperfine interaction means that the 

nuclear magnetic substates are mixed; i. e., even at the lowest nuclear 

orientation temperatures more than one nuclear magnetic subs tate is 

appreciably populated. Therefore the fission fragment angular distri-

bution is not expected to be particularly sharp. 

The total quantity of 257Fm available for the experiment was 370 

a dpm'and therefore a.pproximately one fission every 1.5 min. Approxi­

mately 1!5th of this activity was substituted into an NES single crystal. 

After the 257Fm 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 nitrogen temperatures with 50fl of 4He 

exchange gas in the cryostat for 2430 min. Cellulose nitrate registers 

both a particles and fission fragments. The cellulose nitrate was 

removed, etched in 6N NaOH, and a strip 3 nun wide along the center 

of the strip was otpically scanned in 1 nun long blocks. The number 

of tracks counted is shown in Fig . 14. There are two points shown 

per scanned segment because two independent scans were made. The 

disagreement between the two scans indicates the difficult of positively 

identifying realtracks that are recorded in an amorphous material. 
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As an aid in identifying real tracks, a strip of cellulose nitrate that 

had not been exposed to a particles was etched along with the exposed 

strip as a blank. The scans indicate that the detector was not precisely 

centered on the source since the count rate is not constant with angle, 

but this small misalignment can be corrected for. The fall off in counts 

beyond the 0" and 900 positions indicates that the source is a shallow 

crater in the NES crystal surface. 

Because of the small mass of 257Fm available, the a particle 

anisotropy could not be used for monitoring the source temperature. 

160Tb was grown into the crystal bulk before adding the 257Frr1, and the 

160Tb y ray anisotropy was used to monitor the temperature. Be-

cause a particle heating was not a problem, the temperature of the 

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

A rrllca strip was exposed to the 257Fm in NES source for a total of 

84 hr. following eight separate adiabatic demagnetizations. The baffle 

position was determined by two electrical contacts, one in the closed 

position and one in the open position. The mica was also exposed to an 

isotropic distribution for 8 hr. during cryostat assembly and disassembly. 

I will refer to this rrllca strip as the anisotropic rrllca. The optical scan 

of the etched anisotropic mica is shown in Fig. 15. For comparison, 

a scan of a rrllca strip that was exposed to the 257Fm in NES source at 

liquid nitrogen temperatures, where the fission fragment angular distri-

bution is isotropic, is shown in Fig. 16. I will refer to this mica strip 

as the isotropic mica. 

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

exposed to the 257 Fm a particles, that the rrllca strip is closer to the 

,. 
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source at 0 0 than it is at 90°. Although the number of events recorded 

from the spontaneous fission of 257Fm nuclei in the NES lattice at low 

temperatures is small, comparison of Figs. 15 and 16 reveals a dif­

ference in the fis sion fragment track distribution. In Fig. 16, the 

isotropic case, the events are more concentrated near 0° than they are 

at 90°. In Fig. 15, the anisotropic case, the opposite is true; i. e. , 

the events are more concentrated near 90° than they are at 0°. Be­

cause of the low degree of alignment expected, the results can be 

analyzed initially in terms of a P 2(cOS 6) term only. The experimental 

results can then be compared with the theoretical angular distribution 

given by Eqs. A.4a andA.5. 

The second-order Legendre polynomial is zero near 55°, and 

P 2 (cos 6) is positive for 6 < 55° and P2(cOS 6) is negative for 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° 

(g:roup 1) and those for which 6> 55° (group 2). Some events beyond 

0° and 90° are also included in the analysis. The average values of 

P
2

(cos 8) over the mica strip are 0.60 for _15° < 8< 55° and 

-0.35 for 55° <6 < 1050
• 

For the anisotropic case, there are 16 events in group 1 and 24 

events in group 2. For the isotropic case, there are 76 events in 

group 1 and 63 events in group 2. Using the number of isotropic events 

for normalization, the "effect" at 0° with respect to the "effect" at 

90° is (16/76)/(24/63) = 0.552:1: 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 

65 255 
BI/fl is constant for the isotopes of an element. B for Fm has 

been measured, but the nuclear magnetic dipole moments for 255Fm 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 

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

. .257 -1 
taln B( Fm);:::: 0.28 cm . The populations of the *1/2 through * 9/2 

nuclear magnetic substates at the average temperature of the experi-

) 
-1 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 I = 9/2 and 

k = 2 only, the angular distribution function for fission fragments be-

comes 

1 \' 
W( 0) = 41T + L.J 

M 
(A.7) 

Upon inserting the above population factors, A 2 =- 0 .0327 (3K
2 

- 99/4) /41T. 

Because the experimental value of A Z is negative, (3K
2 

- 99/4) 

must be positive; this is true only for K = 7/2 or 9/2. Before a choice 

can be made between the two possible K values, a more careful examin-

ation of the angular distribution function is in order. 

For a pure M = 1/2, K = 9/2 state, 
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For a pure M ::: 1/2, K = 7/2 state, 

W(O) 

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(O) = [1 - 1.176P2(cosO) - 0.262P4 (cosO) - 0.0157P
6

(cosO) 

+ 0.0002P8 (cos 0)] /471". 

For K :::- 7/2, 

W(O) = [1 - 0.392P 2(cos 0) - 0.222P 4(cOS 0) + 0.0241P6 (cos 0) 

+ 0 .0291P 8( cos 0)] /471". 

The coefficients of the sixth- and eighth-order Legendre polynomials 

are small enough such that only the first two Legendre polynomials 

need be considered. Because the fourth-order Legendre polynomial 

has nodes at 31 0 and 70 0 
, its average over the two segments of the 

mica strip is small. The average values of P 4(cOS 0) over the mica 

strip are 0.16 for -150 < 0 < 550 and 0.088 for _ 550 < 0 < 1050
• 

The anisotropy reduction factor, R, for the 257Fm in NES source 

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 considering only the second-and 

fourth-order Legendre polynomials ,the theoretical values of the ob­

served effect are 0.43 and 0.76 for K = 9/2 and K = 7/2 respectively. 

The experimental value of 0.55(28) favors K = 9/2 because errors in 

nuclear orientation experiments tend to reduce the anisotropy. How­

ever, in obtaining the theoretical values of the effect, the values of B 

and R had 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 outside the experimental statistics 

or would become the more reasonable choice. Therefore I conclude 

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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A.6 254Es SPONTANEOUS FISSION HALF LIFE 

As part of the process of purifying 254Es on IIbutll columns for 
I I 

. I 
fission fragment angular distribution studies, the spontaneous fission 

half life was deterrn.ined. There have been three earlier half life de­

terrn.inations. Ghiorso 142 obtained t~ sf = 1.5X 10 5y. McHarris 143 

obtained tl f = 6.8 X 10 5y. Diamond and co-workers 144 obtained a as 
lower limit of t~sf ~2.5 X 10

7
y. Ghiorso's value was obtained in 1955; 

and because he had a limited mass available, his result is probably not 

1· bl M H· t d 111' f"" t f '"f· d 254E re la e. c arrl s coun e ' lS Slon even s rom a purl le s 

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

250 to granddaughter Cf. The corrected a/sf ratio together with the a 

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

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 may 

not yield a reliable fission half life. Possible sources ()f error such as 253Es , 

250 Cf 252Cf "t" Id· . 1 h t h If l"f or contamlna lon wou glve a spurlOUS y s or ale. In 

fact the spontaneous fission half life of 253 Es is 7X 10 5 y. 

254Es a decays with a 276 d half life to 250Bk which has a 3.2 h half 

l"f f A-decay to 250 Cf. For 250Cftl =13y andh f= 1.7X104y 
1 e or I"' aa as 

(Ref. 123). Therefore ~50Cf rapidly grows into the 254Es . The only 

reliable method for determining the 254Es spontaneous fission half 

life is to follow the linear growth in the number of fis sions per unit 

250 ' 
time resulting from the Cf decay and then to extrapolate: back to 

I 

the time of 254Es purif,ication on the "butll column. This i~ the method 

I 
that both Diamond and I used. 



-142-

The procedure that I used is described below .. An old sam.ple of 

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

Frank Asaro. a pulse height analysis revealed substantial 249 Cf, 

250 Cf d 252Cf t . t' b t 253 E t' t' Th an con amlna lon, u no s con amlna lon. e energy 
" 

of the main a group of 253Es has a higher energy than that of 254Es or . 

the Cf isotopes, and therefore 253Es is easily detected as even a trace 

contaminant. 

lrutial purification was done on an alcoholic HCI column and subse-

quent purifications 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 254Es activity was collected and 
, 

evaporated on a Pt plate which had been previously counted for actinide 

element contamination which is generally present in Rad Lab Pt. 

The number of spontaneous fissions was counted as a function of 

time in a Fission Alpha Preset Counter (19X142i). The results are 

presented as number of fis sions per 1000 min. counting interval in 

Fig. 17. Extrapolating back to zero time yields 22 fis sions /1000 min, 

4 of which are counter background. The number of disintegrations/min 

(dpm) at zero time was 2.16X 10
4 

a dpm. Using the known a decay half 

6 
life of 2']6 d (Ref. 123), I obtain t~sf = 9.0 X10 y. 

Herb DiarrlOnd has provided some of his data. His results extrapolate 

to zero fission events at the time of "but" ,column purification. Neither of 

us are able to explain the disagreement in our data and the factor of at 

254 f least three difference in our values for the Es spontaneous ission 

half life. 

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

for fis sion fragment angular distribution studies. Even if my shorter half 

,': 
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l ·f . t th 250Cf f·· h· h . t· b· h 1 e 1S correc, e . 1sslons, w 1C are 1S0 roplc, outnum er t e 

254Es fissions after approximately one week following "but" column 

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

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

will be from 250 C £. 

The spontaneous fission half lives of actinide nuclei have been 

reviewed recently by Ledergerber and Pauli 145 and by Randrup ~~. 146 

The latter authors consider specifically the hindrance as sociated with 

the fission of the odd-A nuclei 257Ftn and 263 106 . 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. Nilsson
147 

suggested that a fission half life of 1010 y 

for 254Es is more reasonable than a half life of approximately 106 y. 

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

242m 11 Am, has been measured to be 9.5(35)X10 y (Ref. 148); however, 

the fission barriers for shape isomer fission and ground state fission 

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

fission half life can be obtained from the known 2.42m Am half life. In 

summary, the spontaneous fission half life of 254Es is at least 9X 106 y. 



-144-

.-+-11----- MAS slurry 

~i:iI::S:SS:S:S:i:iI::S:SS:S:S:i:iI::S:SS:S:S:~~--- F i be r g I a ss plat e 

Cu heat shields.....::::~--+-t 

Au plated 
Cu fi n 

Mylar 

o 
I 

CPA slurry 

Mica holder 

Brass plate 

CPA slurry 

Gra phite leg 

MAS slurry 

5 em 
I 

XBL 747- 3686 

FIG. 13. Cross section of salt pill for spontaneous fission fragment 
angular distribution experiments. 

. ; 



-c 
Q) 

E 
C' 
Q) 
f/) 

....... 

f/) .... 
C 
::J 
o 
U 

I 
tj 

~ 
.. .. 

• • 
• 0 0 

0 o Q • 0 0 
0 • • • • 0 • 0 o 0 0 

0 0 • Q • 
• • • 0 

• • 0 

120 

0 · " . 0 0 
o 0 

t t ~ 8 = 90° 8= 0° 

o~, ~--~--~--~----~ __ ~ __ ~ __ ~ ____ ~ __ ~ __ -L __ ~ ____ ~ 

o 4 8 12 

Segment abscissa 

16 

(mm) 

20 "24 

XBL 141-3682 

FIG. 14. a particles form 257Fm in NES source registered in cellulose nitrate. 

I 

..... 
~ 
U'I 
I 



2~7 Fm anisotropic mica 
I 

8 
I 

• •• 
• • 
• • 

• • • • • • 
• • + i4~ 

• + • • • • • -90° • -. . -. 0° 

J 
• • • • • • •• • •• • 

• 
• • • • 

o 4 8 12 16 20 
(mm) 

X BL 747- 3683 

FIG. 15. Spontaneous fission tracks from oriented nuclei of 257Fm in NES registered in mica. 

~ ... -- --.;.-_._- -_. .-_ .. _- .. _. 

I .... 
~ 
O' 
I 



'- .... .. 

257 Fm isotropic mica 
8~ 

• • • 
• • •• ... • • •• • • 

• • •• ... • • • • 
•• ... 

• ... • • • • • -
4~ 

• •• • •• • • • •• .. 
E + • ... • + • 
E 90° ._. • • • •• • 0° • • 

• • • • • • • • • • • - • •• • • •• •• • • • 
J • • • • ... • • .... 

• . ... • : .. • -- • • 
• • • • • - • • • • 

• • • • 

o 4 8 12 16 20 
(mm) 

XBL 747- 3684 
FIG. 16. Spontaneous fission tracks from non-oriented nuclei of 257Fm in NES registered 

in mica. 

...... 
,j:>.. 
-.J 
I 



-148-

160~--~--~------~--~~----~r---~-------

." 
Q) -

140 

gl20 . -
E 

0100 
o o 
... 
Q) 
Q. 

80 

(I) 60 -c 
Q) 

> 
Q) 40 
c 
o 
(I) 20 
(I) .-

I.L 

--

-- --- -
-

---
-

--

O ________ ~ ____________ ~ ____________ ~ __ ~~__J 

o 10 20 30 40 50 60 70 80 90 100 

Minutes x 103 following purification 

XBL747-3685 

FIG. 17. 254Es and granddaughter 250Cf spontaneous fissions per 
1000 minute interval as a function of time following 254Es "but" 
column purification. 



1:.1 

• 

. , 

-149-

REFERENCES AND FOOTNOTES 

1. J. A. Spiers, Nature 161, 807 (1948). 

2 . 

3. 

D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 

L. D. Roberts, J. W. T. Dabbs, and G .. W. Parker, Oak Ridge 

National Laboratory Report No. ORNL- 2204, 1956 (unpublished), 

p. 60. 

4. J. W. T .. Dabbs, L. D. Roberts, and G. W. Parker, Oak Ridge 

National Laboratory Report No. ORNL- 2430, 1958 (unpublished). 

p. 50; Physica 24, S69 (1958). 

5. S. H. Hanauer, J. W. T. Dabbs, L. D. Roberts, and G. W. 

Parker, Phys. Rev. 124, 1512 (1961). 

6. R. R. Chasman and J. O. Rasmussen, Phys. Rev. 115, 1257 

(1959). 

7. Q. O. Navarro, J. O. Rasmussen, and D. A. Shirley, Phys. 

Letters~, 353 (1962). 

8. R. B. Frankel, Lawrence Radiation Laboratory Report No. 

UCRL-11871, 1964 (unpublished). 

9. A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selskab, 

Mat.-Fys. Medd. 22, No. 16 (1953). 

10. A. Bohr, P. O. Froman, and B. R.Mottelson, Kgl. Danske 

Videnskab. Selskab, M(l.t.-Fys. Medd. 29, No. 10 (1955). 

11. J.K. Poggenburg, Jr., Lawrence Radiation Laboratory Report 

No. UCRL-16187, 1965 (unpublished). 

12. J. K. Poggenburg, H. J. Mang, and J. O. Rasmussen, Phys. 

Rev. 181, 1697 (1969). 



-150-

13. B. R. Judd. C. A. Lovejoy and D. A. Shirley. Phys. Rev. 128. 

1733 (1962). 

14. R.M. Sternh~im.er. Phys. Rev. 159. 266 (1967). See also 

R. E. Watson and A. J. Freeman.' Phys. Rev. 135, A1209 (1964). 

15. R. P. Gupta and S. K. Sen. Phys. Rev. A7 850 (1973) and S. K. 

Sen. private communication. 1973. 

16. Preliminary experiments were reported by D. A. Shirley. 

N. J. StoneandE~ Matthias. Bull. Am. Phys. Soc. 10,715 

(1965). 

17. L. D. Roberts and J. W.T. Dabbs. Ann. Rev. Nucl. Sci. 11. 

175(1961). 

18. R. J. Blin-Stoyle and M. A. Grace. in Handbuch der Physik. 

edited by H. Geiger and K. Scheel (Verlag von Julius Springer. 

Berlin. Germany. 1957). Vol. 42. p. 555. 

19. S. R. de Groot. H. A. Tolhoek, and W. J. Huiskamp, in 

Alpha-, Beta-, and Gamma-Ray Spectroscopy, edited by K. 

Siegbahn (North-Holland Publishing Company, Amsterdam. The 

Netherlands, 1965). Vol. 2, p. 1199. 

20. D. A. Shirley. Ann. Rev. Nucl. Sci. ~. 89 (1966). 

21. E. Ambler and R. P. Hudson, Rep. Prog. Phys. ~, 251 (1955). 

22. N. Kurti, Nuovo Cim. Supp .• Series X, .§.. 1101 (1957). 

23. E. Mendoza in Experimental Cryophysics. edited by F. E. Hoare, 

L. C. JacksonandN. Kurti(Butterworths, London. 1961). 

p. 165. 

24. P. J. Brussard and H. A. Tolhoek, Physica 24. 233 and 263 

(1958). 

" 



, 

25. 

26. 

27. 

28. 

-151-

M. E. Rose, Elementary Theory of Angular M·omentum (John 

Wiley &: Sons, Inc., New York, 1957). 

N. R. Steenberg and R. C. Sharma, Can. J. Phys. 38, 290 (1960). 

R. M. Steffen in Angular Correlations in Nuclear Disintegration, 

edited by Hans van Krugten and Bob van N~oijen (Rotterdam 

University Press, The Netherlands, 1971), p. 1. 

H. Frauenfelder and R. M. Steffen in Alpha-, Beta-, and 

Gamma-Ray Spectroscopy, edited by K. Siegbahn (North­

Holland Publishing Company,' Amsterdam, The Netherlands, 

1965), Vol. 2, p. 997. 

29. J. O. Rasmussen, Arkiv Fysik 2, 185 (1953). 

30. M. A. Preston, Phys. Rev. 71, 865 (1947). 

31. E. K. Hyde. 1. Perlman, and G. T. Seaborg, Nuclear Properties 

of the. Heavy Elements (Prentice-Hall, Inc., Englewood Cliffs, 

N. J., 1964), Vol. I, p. 201. 

32. H. J. Mang, Z. Physik 148, 582 (1957); Phys. Rev. 119, 1069 

(1960); and Ann. Rev. Nucl. Sci. 14, 1 (1964). 

33. H. J. Mang and J. O. Rasmussen, Kgl. Danske Videnskab. 

34. 

35. 

36. 

Selskab, Mat.-Fys. Skrifter~, No.3 (1962) .. 

P. O. Froman, Kgl. Danske Videnskab. Selskab, Mat.-Fys. 

Skrifter i, No.3 (1957). 

V. G. Nosov, Dokl. Akad. Nau~ S.S.S.R. 112, 414(1957). 

F. Asaro, S. G. Thompson, F. S. Stephens and 1. Perlman in 

Proceedings .£!.. the International Conference on Nuclear Structure, 

Kingston, edited .by D. A. Bromley and E. W. Vogt (University 

of Toronto Press, Toronto, Canada, 1960), p. 581. 



-152-

37. 1. Ahtnad, F. T. Porter. M. S. FreedInan. R. F. Barnes. 

R. K. Sjoblom, F. Wagner. Jr., J. MilstedandP. R. Fields, 

Phys. Rev. C3, 390 (1971). 

38. 1. Ahtnad. private communication, 1974. 

39. A. J. Soinski, R. B. Frankel, Q. O. Navarro and D. A. 

Shlrley. Phys. Rev. C2, 2379 (1970). 

40. A. J. Soinski and D. A. Shirley. Phys. Rev., to be published. 

41. I. Perlman and J. O. Rasmussen in Handbuch der Physik. 

edited by S. FHigge (Verlag von Julius Springer. Berlin. Germany, 

1957) •. Vol. 42, p. 109. 

42. S. G. Nilsson, C. F. Tsang. A. Sobiczewski, Z. Szymanski. 

S. Wycech, C. Gustafson, 1. Lamm, P. Moeller and B. Nilsson. 

Nucl. Phys. A131, 1 (1969). 

43.H. C. Pauli, Phys. Rep. 7C. 35 (1973). 

44. J. O. Rasmussen in Alpha-, Beta-, and Gamma-Ray Spectroscopy. 

edited by K. Siegbahn (North-Holland Publishing Company, 

Amsterdam, The Netherlands. 1965), Vol. 1, p. 701. 

45. L. S. Goodman. H. Diamond and H .. Stanton, 166th National 

Meeting of the American Chemical Society, Chicago, Illinois, 

Aug. 1973. Abstract No.NUCL 35. 

46. T. Tamura, Rev. Mod. Phys. 37, 679 (1965). 

47. M. Abramowitz in Handbook of Mathematical Functions, edited 

by M. Abramowitz and 1. A. Stegun (National Bureau of 

Standards. Washington, D. C., 1964), p. 537 and C. Froberg, 

Rev. Mod. Phys. 27, 399 (1955). 

.. 
"',; 

, 



-153-

48. J. O. Rasmussen and E. R. Hansen, Phys. Rev. 109, 1656 

(1958t .. 

49. S. Devons and L. J. B. Goldfarb in Handbuch der Physik, edited 

by S. FlUgge (Verlag von Julius Springer, Berlin, Germany, 

1957), Vol. 42, p. 415. 

50. Y. A. Ellis and M. R. Schmorak, Nucl. Data B8, 345 (1972). 

51. F. Falk, A. Linnfors, B. Orre and J. E. Thun, Physica Scripta 

.!.' 13 (1970). 

52. I am grateful to Dr. N. Glendenning of the Lawrence Berkeley 

Laboratory and to Dr. M. Gursky of the Los Alamos Scientific 

Laboratory for providing these computer codes. 

53. A. Abragam andM. H. L. Pryce, Proc. Roy. Soc. (London) 

A205, 135 (1951). 

54. B. Bleaney, Proc. Phys. Soc. (London) A64, 315 (1951) and 

Phil. Mag. 42, 441 (1951). 

55. R. V. Pound, Phys. Rev. 76, 1410 (1949). 

56. B. G. Wybourne, J. Opt. Soc. Amer. 55, 928 (1965). 

\ 
57. J. P. Elliott, B. R. Judd and W. A. Runciman, Proc. Roy. Soc. 

(London) A240, 509 (1959). 

58. Brian R. Judd, Operator Techniques in Atomic Spectroscopy 

59. 

60. 

(McGraw-Hill Book Company, Inc .• N. Y .• 1963). 

Brian G. Wybourne, Spectroscopic Properties of Rare Earths 

(Interscience Publishers, N. Y., 1965). .\ 

W. T. Carnall, D. Cohen, P. R. Fields, R. K. Sjoblom and 

R. F . Barnes, J . Chern. Phys. 59, 1785 (1973). 

61. J. C. Conway, private communication, 1970. 



-154-

62. C. W. Nielson and George F. Koster, Spectroscopic Coefficients 

for the L,dn , and fn Configurations (The MIT Press, Cambridge, 

Massachusetts, 1963). 

63. J. A. A. Ketelaar, Physicai, 619 (1937). 

64. K.H. Hellwege, Ann. Physik 4,95,127,136, 143,150,357 (1949). 

65. B. Bleaney in Hyperfine Interactions, edited by Arthur J. 

66. 

67. 

Freeman and Richard B. Frankel (Academic Press, N. Y. , 

1967), p. 1. 

A. J. Freeman and R. E. Watson, Phys. Rev. 132, 706 (1963). 

) . 

R. J. Elliott and K. W. H. Stevens, Proc. Roy .. Soc. (London) 

A218, 553 (1953). 

,68. R. J. Elliott, Proc. Phys. Soc. (London) 70B, 119 (1957). 

69. D. K. Fujita, Lawrence Radiation Laboratory Report No. 

UCRL-19507, 1969 (unpublished). 

70. J. Blok, D. A. Shirley and N. J. Stone, Phys. Rev. 143, 78 

. (1966). 

71. Rotating coil gaussmeter, model 203A, manufactured by 

George As sociates, Berkeley, C<'\1ifornia. 

72. Q.O. Navarro, Lawrence Radiation Laboratory Report No. 

UCRL-10362, 1962 (unpublished). 

73. M. Kaplan, J. Blok and D. A. Shirley, Phys. Rev. 184, 1177 

. (1969). 

74. J. M. Baker and B. Bleaney, Proc. Phys. Soc. (London) A68, 

1090 (1950). and Proc. Roy. Soc. (London) A245, 156 (1958). 

75. J. B. Gruber, J. Chem. Phys. ~, 2186 (1961). 

76. J. G. Conway, J. Chem. Phys. 40, 2504 (1964). 

-- ~ i 

J' . : 

~ : 

., ; 



-155-

77. W. F. Krupke and J. B. Gruber, J.-Chem. Phys. 46, 542 (1967). 

78. S. S. Bishton, M. M. Ellis, D. J. Newman and J. Smith, J. 

Chem. Phys. 47,4133 (1967). 

79. W. T Carnall, private communication, 1974. 

80. S. Hufner, Z. Physik 169, 427 (1962). 

81. A. C. LarsonandJ. T. Waber, Los Alamos Scientific Laboratory 

Report No. LA-4297, 1969 (unpublished). 

82. K. RajnakandW. F. Krupke, J. Chem. Phys. 46, 3532(1967). 

83. E. Y. Wong and 1. Richman, J. Chem. Phys. 36, 1889 (1962). 

84. D. J. Newman, private communication, 1969. 

85. W. Baer, J. G. Conway and S. P. Davis, J. Chem. Phys. 59, 

2294 (1973). 

86. A. J. Freeman and R.E. Watson, Phys. Rev. 127, 2058 (1962). 

87. G. K. Woodgate, Proc. Roy. Soc. (London) A293, 117 (1966). 

88. B. Bleaney, in Quantum Electronics, Proceedings of the Third 

International Congress, Paris; 1964, edited by P. Gri vet and 

N. Bloembergen (Columbia University Press, New York, 1964) 

and Ref. 65. 

89. P. G. H. Sandars and J. Beck, Proc. Roy. Soc. (London) 

90. 

91. 

A289, 97 (1965). 
1-- . 

R. E. Watson and A. J. Freeman, in Hyperfine Interactions, 
I 

edited by A. J. Freeman and R. B. Frankel (Academic Press, 

Inc., New York, 1967), p. 53. 

P. G. H. Sandars and B. Dodsworth, in Hyperfine Interactions, 

edited by A. J. Freeman and R. B. Frankel (Academic Press, 

Inc. , New Yo r k , 1967), p. 115. 



-156-

92. W. B. Lewis, J. B. Mann, D. A. Liberman and O. T. Cramer, 

J. Chern. Phys. 22, 809 (1970). 

93. E. F. Worden, R. W. Lougheed, R. G. Gutrn.acher, and J. G. 

Conway, J. Opt. Soc. Amer. 64, 77 (1974). 

94. N. Edelstein, J. Chern. Phys. 54, 2488 (1971). 

95. I. Lamm, Nucl. Phys. A125, 504 (1969). 

96. S. Nagamiya and T. Yamazaki, Phys. Rev. C4, 1961 (1971). 

97. R .. Kalish, B. Herskind, J. Pederson, D.ShackletonandL. 

Stra'bo, submitted to Phys. Rev. Letters. 

98. E. Bodenstedtand J. D. Rogers, in Perturbed Angular Correla-

~, edited by E. Karlsson, E. Matthias and K. Siegbahn 

(North-Holland Publishing Company, Amsterdam, The Netherlands, 

1964), p. 91. 

99. A. Bohr and B. R. Mottelson, Nuclear Structure (W. A. 

Benjamin, Inc., New York, 1969), Vol. 1, p. 337. 

100. Th. Lindblad, H. Ryde and D. Barneoud, Nucl. Phys. A193, 

155 (1972). 

101. S. A. Hjorth, A. Johnson and G. Ehrling, Nucl. Phys. A184, 

113 (1972). 

102. A. A. Kuliev and N. 1. Pyatov, Soc. J. Nucl. Phys . .2, 185 

103. 

(1969) [Yad. Fiz . .2, 313 (1969)] . 

M. 1. Baznat, N. I. Pyatov and M. I. Chernej, Izv. Adad. 

Nauk S. S. S. R., Ser. Fiz 36, 789 (1972) and JINR Report 

E4-6265, Dubna, 1972. 

104. M.1. Baznat, N. I. Pyatov and M. 1. Chernej, Physica 

Scripta~, 227 (1972). 



y 

Q-

-157-

105. Proceedings of the International Conference on Nuclear Moments 

and Nuclear Structure, Osaka, September 1972, edited by H. 
I , 

Rorie and K. Sugimoto (Physical Society of Japan, Tokyo, 1973). 

106. B. D. Dunlap, G. M. Kalvius and G. K. Shenoy, Phys. Rev. 

Letters 26, 1085 (1971). 

107. J. Blok and D. A. Shirley, Phys. Rev. 143, 278 (1966). 

108. D. Sengupta and J. O. Artman, Phys. Rev. Bl, 2986 (1970). 

109. H. Crosswhite, private communication, 1974. 

110. B. R. Judd, Mol. Phys. ~, 407 (1959). 

111. T. E. Manning, M. FredandF. S. Tomkins, Phys. Rev. 102, 

1108 (1 956) . 

112. I am grateful to Dr. N. Edelstein for providing the computer 

codes for this calculation. 

113. Y.A. Ellis, Nuclear Data B6, 635 (1971). 

114. C. M. Lederer, J. K. Poggenburg, F. Asaro, J. O. Rasmussen 

and 1. Perlman, Nucl. Phys. 84, 481 (1966). 

115. J .E. Thun, in Angular Correlations in Nuclear Disintegration, 

edited by Hans van Krugten and Bob van Nooijin (Rotterdam 

University Press, The Netherlands, 1971), p. 78. 

116. H. J. Mang, in Angular Correlations in Nuclear Disintegration, 

edited by Hans van Krugten and Bob van Nooijin (Rotterdam 

University Press, The Netherlands, 1971), p. 103. 

117. V. E. Krohn, T. B. Novey and S. Raboy, Phys. Rev. 105,234 

(1957). 

118.F. Asaro and K. Siegbahn, in Perturbed Angular Correlations, 

edited by E. Karlsson, E. Matthias and K. Siegbahn, (North-

Holland Publishing Co. , Amsterdam, The Netherlands 1964), p. 233. 



-158-

119. J. M. R. Hutchinson, Phys; Rev. 157,1093 (1967). 

120. F. Falk, A. Linnfors, B. OrreandJ. E. Thun, Physica 

Scripta i, 13 (1970). 

121. G. S. Bogle, H. F. Dufus and H. E. D. Scovill, Proc. Phys. 

Soc. (London) A65, 760 (1952). 

122. F. Asaro, S. Bj¢'rnholm and 1. Perlman, Phys. Rev. 133, 

3291 (1964). 

123. C. M. Lederer, J. M. Hollander and 1. Perlman, Table of 

Isotopes, 6th Edition (John Wiley and Sons, Inc., N. Y., 1967). 

124. L. A. Malov and V. G Soloviev, SOY. J. Nucl. Phys. 2" 403 

(1967) [Yad. Fiz. 2, 566 (1967)] . 

125. F. A. Gareev, S. P. Ivanova, L. A. Malov and S. G. Soloviev, 

Nucl. Phys. A171, 134 (1971). \ 

126. W. Kelly, Ten Ever- Lovin' Blue-Eyed Years with Pogo (Simon 

and Schuster, New York, 1972), p. 18. 

127. N. Bohr and J. A. Wheeler, Phys. Rev. 2£,426 (1939). 

128. A. Bohr, in Proc. Int. Conf. on the Peaceful Uses of Atomic 

Energy (United Nations, New York, 1956), Vol. 2, p. 151. 

129. R. Vandenbosch and J. R. Huizenga, Nuclear Fission 

130. 

(Academic Press, New York, 1973). 

M. Rotenberg, B. Bivins, N. Metropolis and J. J. Wooten, Jr., 

The i.:i and 6-j Symbols (The Technology Press, Cambridge, 

Massachusetts, 1957). 

131. A. R. Edmonds, Angular Momentum in Quantum Mechanics 

(Princeton University Press, Princeton, New Jersey, 1957). 



-159-

132. J. R. Huizenga, A. N. Behkami and L. G. Moretto, Phys. Rev. 

177, 1826 (1969). 
i 

133. J. A. Wheeler, in Fast Neutron Physics, edited by J. B. Marion 

'. and J.' L. Fowler (Interscience Publishers, Inc., New York, 

1963), Pt. II, p. 2051. , 
134. A. N. Behkami, Nucl. DataiQ, 1 (1971). 

135. J. A. Barclay, Lawrence Radiation Laboratory Report No. 

UCRL-18986, 1969 (unpublished). 

136. R. L. Fleischer, P. B. Price and R. T. Woods, Phys.Rev. 

188, 563 (1969) and P. B. Price and R. L. Fleischer, Ann. 

Rev. Nucl. Sci. ~, 295 (1971). 

137. Cryogenics Resistance Bridge, manufactured by Oxford 

Instrument Co~, Harwell, England. 

138. W. C. Black, Jr., W. R. Roach and J. C. Wheatley, Rev. 

Sci. Instr. ~, 587 (1964). 

139. D. H. Sinclair, H. G. Terbeek and J. H. Malone, Cryogenics 

and Industrial Gases 2' 15 (July/August 1970). 

140. F. P. Kopp and T. Ashworth, Rev. Sci. Instr.43, 327 (1972). 

141. J. F. Wild, E. K. HuletandR. W. Lougheed, J. Inorg. Nucl. 

Chern. ~, 1063 (1973). 

142. A. Ghiorso, unpublished results cited in E. Hyde, Nuclear 

Properties E!.. the Heavy Elements (Prentice-Hall, Inc., Englewood 

Cliffs, New Jersey, 1964), Vol. III, p. 77. 

143. W. C. McHarris, Lawrence Radiation Laboratory RJeport No. 

UCRL-11784, 1965 (unpublished). 



-160-

144. P. R. Fields, H. Diamond, A. M. Friedman, J. Milsted, 

J. L. Lerner, R. F. Barnes, R. K. Sjoblom, D. N. Metta and 

E. P. Horowitz, Nucl. Phys. A96, 440 (1967) and H. Diamond, ' ~ 

private conununications, 1973-74. 

145. T. Ledergerber and H. C. Pauli, Nucl. Phys. A207, 1 (1973). 

146. J. Randrup, C. F. Tsang, P. M~ller, S. G. Nilsson and S. E. 

Larsson, Lawrence Berkeley Laboratory Report No. LBL-1944, 

1973 (unpublished). 

147. S. G. Nilsson, private communication, 1973. 

148. J. T. Caldwell, S. C. Fultz, C. D. Bowman and R. W. Hoff, 

Phys. Rev. 155, 1309 (1967). 



'. 

f. 

( 

~-----------------LEGALNOTICE--------------------_ 

. This report was prepared as an accoun t of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



'"' - . 
TECHNICAL INFORMA TION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

... -~ ~ -=- -'. 'Wt:"I. 


