
Lawrence Berkeley National Laboratory
Recent Work

Title
NUCLEAR ORIENTATION STUDIES OF 241Am AND 255Fm

Permalink
https://escholarship.org/uc/item/3s69b4j4

Authors
Soinski, A.J.
Shirley, D.A.

Publication Date
1974-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3s69b4j4
https://escholarship.org
http://www.cdlib.org/


Submitted to Physical Review C LBL-2917 ,.y 
Preprint 

NUCLEAR ORIENTATION STUDIES OF 241Am AND ZSSFm 

A. J. Soinski and D. A. Shirley 

June 1974 

Prepared for the U. S. Atomic Energy Commission 
tmder Contract W-7405-ENG-48 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

') '~, ~ ~; "'J. 
: I ~ ) i 1 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



iii 

OF 241Am AND 255F.mt NUCLEAR ORIENTATION STUDIES 

A. J. Soin~ki and D. A. Shirley 
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ABSTRACT 

LBL-2917 

Nuclei of 241Am and 255
Fm were oriented in single crystals of neodymium 

ethylsulfate at temperatures down to 11 mK. Orientation was detected by a-particle 

angular distributions. The temperature dependences of these distributions were 

consistent with the lowest electronic states of these two actinide ions in the 

ethylsulfate lattice being similar to those of the corresponding lanthanide ions. 

Thus quadrupole orientation was observed in Am 3+(Sf6), as in Eu3+(4f6 ). In 

Fm3+(St11
> the orientation was magnetic and equatorial <IBI>IA!), as would be 

expected from the hyperfine interaction in Er3+(4f11 ). For 241Am we report 

P = -0.0033(6) cm-1 , and for 255Fm, IBI = 0.035(7) cm- 1 . The Am 3+ data are 

consistent with an anti-shielding constant of Y00~-lo2 , in good agreement with 

3+ 
theory, and a shielding factor cr

2 
= 0.7, similar to the value for Eu . The 

nuclear results showed that the s and d alpha particle partial waves are 

in phase for the favored a-decay branch in each case. The relative phase of 

the g wave could not be determined. 
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I. INTRODUCTION 

In a previous paper1 (hereafter designated as I) nuclear orientation 

results for 
253

Es substituted into a single crystal of neodymium ethylsulfate 

(NES) were reported. The expected similarity between the electronic ground 

states of the analogous lanthanide and actinide trivalent ions, as exemplified 

by similar hyperfine interaction parameters, was confirmed for the pair 

3+ 3+ 
Ho - Es . These simularities were also exhibited in the Qptical spectra as 

2 3+ shown by Carnal! et al for Tb :Lac1
3 

and BkC1
3

. 

152 154 . Nuclei of trivalent Eu and Eu 1ons were aligned in NES by means of 

the electric hyperfine interaction between the nuclear quadrupole moment and 

the electric field gradient arising from both the open f-electron shell and the 

3 
lattice charges. Because the lattice charges are farther from the nucleus than 

the f-electrons, the f-electron contribution to the field gradient was expected 

to dominate. 3 
Since this was not the case, Judd et al proposed that distortio~ 

of the closed electronic shells by the lattice charges increased or antishielded 

the crystal field gradient at the nucleus~ "This unexpected result suggested that 

americium should also be studied .. Sternheimer4 and later Gupta and Sen5 predicted 

3+ 3+ 
that the lattice anti shielding factor, y

00
, is large:::- for Am than for Eu ; there-

f . bl 1' f 3+ d ore apprec1a e a 1gnment o Am would be expecte . In this paper we report 

nuclear orientation experiments on 241Am. The data are interpreted in terms of 

both the crystal field parameters and the relative amplitudes and phases of the 

alpha waves in the favored decay to 237Np. Our results are compared with 

6-9 241 243 
those from alpha-gamma angular correlation measurements on Am and Am. 

Th 1 1 . d f 241 . . . 1 t• . d h e angu ar corre at1on ata or Am g1ve a pos1t1ve re a 1ve s- wave p ase, 

243 and the Am data set a lower limit on the relative d to s wave amplitude for 

the favored decay to 239Np. 
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The most important result of I was. the testing of tl!e shell model theory 

of alpha decay as applied by Poggenburg et a1.
10 

Although the relative partial 

wave phases were correctly predicted, the relative intensities were in error. 

The calculated intensities of both the d and g waves to ground were too small 

to fit the angular distribution. Our present results do not permit 

an additional test because the calculated g wave intensity for
241 

is very small, and the 

angular distribution is not particularly sensitive to changes in the g wave intensity. 

253 . 
As for Es, the relat1ve s-d h . 241 f p ase 111 Am avored decay is positive. 

We also report results for 255Fm in NES.ll We find that the s and d waves 

are also in phase in this case. Because of the short half-life (20.1 h) and the 

limited mass available, the statistical accuracy was not high enough to permit 

the extraction of the sign of the relative s-g wave phase. The similar electronic 

d f h . 3+ 3+ . f' d groun state o t e pa1r Er - Fm lS con 1rme . 
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II. THEORY 

The alpha particle angula~ distribution function may be expanded in terms 

of even order Legendre polynomials, 

W(0) = l 

(1) 

Each partial wave amplitu~e, a~,' is proportional to the square root of the wave 

intensity to a given daughter level divided by the velocity of the alpha particle 

populating that level. Methods for obtaining these amplitudes are discussed in the next 

section. The permitted 2-values are determined by the usual vector coupling rule that 

the nuclear spin.of the.daughter plus the orbital angular momentum of the alpha particle 

wave equal the nuclear spin of the parent. Only waves of the same energy can interfere 

with Gne another, and hence the summation over £,£' in Eq. l is weighted 

according to the measured total wave intensity to each daughter level. The phase 

shifts, <t> 2., can be obtained only from the numerical integration of the coupled 

differential equations describing the penetration of the alpha particle through 

the anisotropic potential barrier. However, the quadrupole phase shifts resulting 

from penetration of the non-central part of the barrier are relatively smalL 

The waves can be tak=n as completely in phase or out of phase on the nuclear 

surface, and then shifted by penetration of a pure Coulomb barrier. The product 

bkFk is well-known from angular correlation theory. The Qk are solid angle 

factors which account for the finite angular extent of both the source and the 

detector. The orientation parameters Bk(Ii,T) depend on the populations of the 

nuclear magnetic substates which in turn depend on the magnitude and nature of 

the hyperfine interaction and the temperature. 
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The hyperfine interaction between a rare-earth or actinide nucleus of 

spin I ata site of crystalline axial symmetry and its surroundings can be 

d 'b db ' H '1 ' 12 
escr1 e y a sp1n am1 ton1an 

AI S 
z z 

+ B(I S 
X X 

+IS ) + P(I
2

- I(I + 1)/3) 
y y z 

(2) 

where A and B are magnetic hyperfine interaction constants and P is the quadrupole 

coupling constant. The magnetic hyperfine interaction has already been discussed 

in I; we now consider the electric hyperfine (ehf) 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 ·t-electron 

shell, 3 and 4). closed electronic shells that are polarized or distorted by the 

quadrupole part of the crystal field (CF) potential and by the unfilled £-shell. 

The resultant EFG may be written as
13 

eq (3) 

where RQ and Y
00 

are the atomic and lattice Sternheimer
14 

antishielding factors 

respect,ively. Since the quadrupole interaction is proportional to ( r -
3 

) , the 

lattice term would usually be smaller than the £-electron term were it not for 

the enhancement of the quadrupole component of the CF potential resulting ~rom 

distortion of closed shells. 

At a site of axia~ symmetry the quadrupole coupling constant is 

p 
2 

3e Qq 
4I(2I-1) 

3eQ a2v 
4I (2I-l) Clz2 

(4) 
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0 2 2 The part of the CF potential relevant to the ehf interaction is A
2 

(3z - r )/-e. 

Therefore the lattice contribution to P is 

0 
3Q(l - Y

00
)A

2 
I (2I - 1) 

with the Sternheimer antishielding factor explicitly included. 

3+ 6 
Am has a Sf electronic configuration outside the radon core. The 

(S) 

. . 7 . 3+ 6 
Hund's rule ground state 1s F

0
, as 1n Eu (4f ). Since the ground state is a 

singlet, there is no magnetic hyperfine intera'ction. The f-electron contribution 

to P was calculated by Elliott1S using second order perturbation theory. He 

considered the admixture of the J = 2, J 
z 

0 electronic state into the ground 

state to obtain 

p (2) = 
Sf 

2 0 2 3 
2 

6e Q A2 (l-cr2 > ( r > Sf < r- } Sf (1-RQ) I< 2ollalloo } I 
7 7 

I(2I-l) E( F20- FOO) 
(6) 

The ionic shielding parameter a
2 

gives the shielding of the Sf-electrons from 

the crystal field by the outer electrons, primarily the 6s and 6p shells. The 

reduced matrix element results from the application of operator equivalents in 

the evaluation of matrix elements of potential operators. 

III. 'RESULTS AND DISCUSSION 

The coefficient of each Legendre polynomial in Eq. 1 can be factored 

into (an Ak (U.• Ifii) te~ depending on the spins and multipolarities involved 

in the decay) times (a Bk(Ii,T) term depending on the hf interaction of the 

nucleus with its environment and the temperature). Thus if the temperature is 

known, independent information can be obtained about both the hf interaction 

mechanism and the alpha wave amplitudes and phases. First a value of P, as 
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derived from the temperature dependence of the angular distribution, will be 

interpreted. Then the dependence of W(8) on the partial wave amplitudes and 

phases.will be discussed. 

·. . 241 
The exper1mental Am alpha particle angular distribution measured at 

0° and 90° with respect to the NES c-axis as a function of the inverse temperature 

is shown in Fig. 1, and the results are tabulated in Table I. The numbers shown 

in parentheses for W(G)are the standard deviations based on counting statistics. 

The inverse temperatures have a possible error of 6% in addition to any error 

shown in parentheses. Details of the experimental technique have been given in 

I. The linear temperature dependence of W(B) at higher temperatures is characteristic 

of electric quadrupole alignment. If the P
4

(cos 8) term in Eq. lis small, the 

angular distribution function reduces to 

W(8) (7) 

and B
2

(Ii,T) a: 1/T at high temperatures for quadrupole alignment. For the 

series of adiabatic demagnetizations reported here Q
2

(0) = 0.930, Q
4

(0) = 0.787, 

Q
2

(n/2) = 0.955, and Q
4

(n/2) = 0.855. 

In order to determine accurately the value of P it is necessary that the 

temperature be low enough such the P ~ kT, where k is Boltzmann's constant. 

Then curvature develops in the W(8) vs. 1/T curve. Since sufficiently low 

temperatures were not possible using NES as a host, our value for P of -0.0033 (6) 

cm-l (P/k = -0.0048(8)K) lacks precision. The negative sign implies that the 

nuclear magnetic substates I = ±5/2. lie lowest in energy. 
z 
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In the analysis of the nuclear orientation of 152Eu in NES 3 p (2) 
4f 

could be calculated with reasonable accuracy because the value of the CF 

pa~ameter B~ = 2A~(1-az<r2 
> 

4
f had be~n experimentally'determined. A value 

2 3+ . for cr 2 was then calculated. Although B
0 

for Am has not been determlned, we 

can make a reasonable estimate and then proceed with the analysis. We write 

2 

L2 
2 ( -3 > ( 1-R ) I< 2 o II a II oo > 11 p 3QB

0 1-yoo 2e r 
5f Q 

expt. 
2I(2I-l) 7 7 

> 5f (1-(J 2) E ( F 20- F 00) 

Every term on the right hand side of Eq. 8 either is known or can be 

2 
estimated with reasonable accuracy ~xcept for a

0
, cr

2
, and RQ. We discuss 

RQ first and then return to the CF terms. 

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. 5) and therefore shielding. However Sen5 calculated a value of RQ = 

3+ -0.087 for Am as a free ion. This is in contrast to the experimental value 

(8) 

6+ 
of RQ = 0.35(10) for Np (Ref.l6). RQ is not expected to be strongly dependent 

on either Z or the ionic charge within a period; however, ion-ligand overlap is 

important for the spatially extended Sf-electrons. Therefore the disagreement 

between the experimental and theoretical values is not surprising. We accept 

3+ 
the value of RQ = 0.35 as being valid for Am • We shall find below that the 

second expression in brackets in Eq. 8 is smaller than the first; therefore our 

conclusions are not affected by this choice. 
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There have been two determinations of B~ for trivalent actinides at 

3+ 17 2 -1 
trigonal sites. For LaCl

3
:Am Gruber obtained B

0 
= 412 em. . However, the 

1 l . h . 1 1 . d 18 d h f J- eve s 1n t e opt1.ca spectra were not proper y ass1.gne , an t ere ore 

this value may be in error. 
3+ . 19 . 2 

For LaBr
3

:Np Krupke and Gruber obta1.ned B
0 

-1· 0 
- 22.8 em which indicates a value for o

2 
greater than one since A

2 
should 

be positive for the actinides. This agrees with both the large values of o
2 

reported for the light rare earths by Blok and Shirley
20 

and the calculations 

of Gupta and Sen. 5 Sengupta 
21 3+ 

and Artman calculated o
2 

= 0.881 for Np 

5 
whereas Sen calculated o

2 
1.091 for Am3+. Therefore the theoretical 

calculations do not firmly establish the sign of o
2 

and hence the sign of B~ 
3+ 22 2 3+ 

for Am . Carnall has suggested that the negative B
0 

for LaBr
3

:Np may be 

the result of using a model that is not sufficiently refined and that o
2 

should 

3+ ' 3+ 
be less than one for both Np and Am Preliminary analyses of the optical 

3+ . 3+ . . 2 3+ 
spectra of Nd and U y1elded B (U ) ~ 3-4 

0 Bo
2 (Nd 3+) •23 rf, k. t. t as a war 1.ng es 1.ma e, 

we take B~(Am3+) 4B
2 (E 3+) then B2 (Am3+) 0 .U I 0 

-1 2 3+ -1 
- 640 .em using B

0
(Eu ) = 160 em 

(Ref. 24). 

We can now calculate 1 - o
2 

using Eq. 8. The 
241

Am quadrupole. 

moment is 4.9 b. (Ref. 25). The Sternheimer factor l- Y
00 

is calculated to be 

5 
112.92, a value which should be accurate to 10%. The radial integrals for free 

ions were obtained from relativistic self-consistent Dirac-Slater wave functions 

26 2 -17 2 -3 
as given by Lewis et al ; namely, ( r ) . = 5. 388 x 10 · .. ·em· and ( r ) Sf 

. Sf 
25 -3 7 

5.300 x 10 em .. For a pure F
0 

electronic state the reduced matrix element 

( 201laU.oo } = 2/5/3 = 0. 23094 (Ref. 15) whereas for the intermediate coupled state 

obtained by diagonalizing the combined electrostatic and spin-orbit interaction 

( U II ) 3+ 7 1' matrices 20 a 00 = 0.18857 (Ref.27). For Lacl
3

:Am the F
2 

state 1.es 
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-1 . 7 18 
5328 em above the F

0 
ground state, and a comparable splitting should occur 

in an ethylsulfate lattice. When these values are substituted into Eq. 8 we 

-1 -1 -1 
obtain -0.0032 em =- -0.000985 em (l - o

2
) + 0.000251 em so that l - o

2 

0.285 or o
2 

= 0.715. This value can easily be in error by 50%, but it agrees 

3+ 
very well with the value o

2 
= 0.73 for the lanthanide analogue, Eu (Ref.-20). 

Although thi~ interpretation is not unique, it gives reasonable values for the 

2 
parameters s

0
, o

2
, and y

00
• In particular, it seems clear that (1 - Y

00
) must have 

a value of ~ 10
2

. . 3+ d A re-analysis of the LaC1
3

:Am optical data woul be 

2 
especially helpful in establishing both B

0 
and o

2
. 

We next discuss the effect of the a-particle partial wave amplitudes and 

phases on the angular distribution. 

The phase shifts in Eq. l are the sum of the intrinsic phases on the 

nuclear surface, which were assumed to be either 0 or n, plus the phase shifts 

that occur upon transmission through the combined Coulomb and quadrupole barriers. 

10 
The intrinsic phases are taken from the microscopic shell model theory; namely, 

the s, d, and g waves are all in phase but the i wave is out of phase. The 

l mb . h h'f 'ff f l h d . 28 
Cou o barr1er p ase s 1 t d1 erence or a p a ecay 1s 

-1 n -1 
tan Q.+l + tan 

(10) 

where n is the.· argument of the Coulomb functions. For 
241

Am 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 set of coupled differential equations that result from the consideration 

of the exchange of energy and angular momentum between the outgoing alpha particle 
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29 30 
and the daughter nucleus. ' Since these calculations have not yet been 

. 241 
performed for Am, the quadrupole phase shifts were taken to be zero. The 

quadrupole part of the barrier has the effect of retarding higher ~-waves with 

respect to the lower ~-waves if the waves are in phase at the nuclear surface. 

Therefore the quadrupole phase.shifts for 
241

Am would be additive to the Coulomb 

phase shifts except for the i wave which was not inclu~ed in the analysis of 

the angular distribution because it is too weak to influence the results. 

In order to compare theory with experiment we re-write Eq. 1 as. 

w (0) t exp . 
(ll) 

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 

11 
241Am 1 . t th . . h . a nuc e1 are a rare-ear s1tes 1n t e NES latt1ce. For the results 

reported here R is between 0.54 and 0.83. The solid curve in Fig, 1 was obtained 

using P = -0.0033 cm-l, RA
2 

= 0.54 and RA
4 

= 0.05. We want to· point out that 

the shape of the experimental angular distribution curves rather than the absolute 

values are of importance. The competing requirements for a good nuclear orienta-

tion source were discussed in I. There are always radioactive nuclei that either 

are not at lattice sites or are so deeply imbedded in the crystal that the out-

going alpha particles are excessively scattered. These events contribute an 

isotropic background with the result that the full theoretical angular distribution 

is usually not achieved. 

We next present three different estimates for the partial wave amplitudes. 

The resulting A
2 

and A
4 

coefficients are tabulated in Table II. 
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241 The fact that W(O) > 1. means that the s and d waves are in phase for Am, 

' in confirmation of the shell model calculations. Our 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 II we include .the A2 and A4 values 

for both relative g wave phases. 

In the theory of Bohr, Froman, and Mottelson (BFM)
31 

as it is usually 

applied the branching of an £-wave is given by the product of (the square of a 

Clebsch-Gordan coefficient)) times (a calculated 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 

. 241 . . 241 
this method to Am are g1ven in Table III. A partial decay scheme for Am is 

given in Fig. 2. 32 
The experimental intensities were taken from Nuclear Data, and 

33 the band assignments were taken from Lederer et al. 

Numerical integration of the coupled differential equations for 233u 

29 
alpha decay performed by Chasman and Rasmussen (CR) suggested that the relative 

intensity for the d wave to the ground state would be increased by 40% over the 

BFM predicted value. Although the application of this correction for other nuclei 

was never suggested by these authors, it has been successfully used in the analysis 

f h 
243 . . . . . 

o t e Am a-y angular correlat1on as w1ll be ment1oned later. This CR correction 

substantially alters A2 as ~an be seen from Table II. 

. 10 
In the Mang shell m0del theory as applied by Poggenburg et al the 

. II 34 
anisotropic barrier penetration was calculated using Froman's method, and 

assuming a realistic sloping inner barrier. In I it wasfound that the BFM 

intensities more closely fitted the NO data than did the Poggenburg fiitensities; 

however the BFM calculations had the advantage of the use of experimental 

£-wave hindrance factors averaged from neighboring even-even nuclei. In contrast 

all of Poggenburg's transition probabilities were normalized with respect to 
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238
Pu and are thereby_more model dependent. The shell model predicted intensities 

are given in Table IV. The t = 6 wave is included to illustrate its predicted 

weakness which justifies its exclusion. 

Let us now try to choose the best A
2

-A
4 

pair given in Table II. The 

~ coefficients obtained from the BFM theory and the shell model theory are very 

similar, and a choice of one over the other will be difficult. As expected the 

relative s-g wave phase influences A
4 

primarily. Because the d wave intensity 
~ 

is fifty times greater. than the g wave intensity, the a
2

a 2 direc~ term in A
4 

is 

five times larger than the a
0

a
4 

interference term. In most other cases the inter-

ference term dominates and hence the relative s-g wave phase determines the sign 

of A
4

• For 241
Am A

4 
is positive for either relative phase and therefore the 

magnitude of A
4 

must be accurately determined in order to extract the phase. 

In order to decide whether this is feasible, let us consider the ratio A
4

B
4

/A
2

B
2

. 

From Table II, A
2 

is between 8 and 18 times larger than A
4

. Over the temperature 

-1 
range of our experiments s4;s2~.03 at 1/T= 10 K ·and s

4
;s

2
:::::: 0.22 at 1/T = 

90 K-
1

• Therefore A
4

B
4

/A
2

B2 will never be larger than 0.025. We performed a 
; 

least squares fit to our data with A
2 

and A
4 

as free parameters but could not 

get a satisfactory fit. We then tried an iterative procedure o.f fixing A
2 

and 

leaving A
4 

free, followed by fixing the resulting A
4 

with A
2 

free. Again the 

accuracy with which A
2 

and A
4 

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 curvesat the lowest temperature. 

The Chasman and Rasmussen correction to the d wave branching to ground 

253 1 243 was required to explain both the Es NO and the Am unattenuated angular 

1 
. 8 corre atl.on. The angular correlation (AC) results are more germane to the present 

discussion. 
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Although there are only limited results for 
241

Am, extensive published results 

. f 243 h. h h h . l d 241Am; ex1st or Am w 1c as t e same N1 sson groun state as. namely, 

KTI[Nn 1\] = 5/2-[523], and a similar rotational band structure. 
z 

Following alpha decay, time-dependent hf fields develop because of 

the excitation of the electronic shells caused by both the change in nuclear 

charge and the approximately 100 keV of recoil energy given the daughter nucleus. 

35 36 
These "after effects" have been considered by Thun and by Mang. An objective 

of a-y ACexperiments is to obtain an unattenuated correlation by eliminating the 

extranuclear fields during the intermediate state lifetime. The AC function ls 

commonly written as 

W(0) L (12) 
k 

~where Gk(t) is a time-dependent attenuation coefficient. As before the A' depend 
k 

on the spins and multipolarities involved in the decays. 

h d (5 486 59 54 k ) 1 . f 241Am For t e attenuate • MeV a - . eV y corre at1on rom 

Krohn et al
6 

determined the upper limit of A:2 to be -0.36(2) .- The negative sign 

in itself implies that the s and d waves are in phase; a result that our experiments 

confirmErl. For this cascade the P 
4 

(cos 0) term vanishes and therefore the relative 

s-g phase cannot be determined. 

Asaro and Siegbahn
7 

measured the correlation between alpha particles 

. 239 
populating the 118 keV level of Np and the de-exciting gamma rays in order 

to determine the relative d-g wave phase. Their results indicate that the phase is 

negative, but the positive phase could not be excluded. 

For the unattenuated (Gk = l) (5.275 MeV a - 75 keV y) cascade in the decay 
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of 
243

Am Falk et al
8 

obtained A2 = -0.404(10). Using liquid sources Hutchinson
9 

bt · d A' 0 41(2) f th' d The 75 keV level of the 
239

Np o a1ne 
2 

= - • or 1s same casca e. 

daughter is the first member of the 5/2-[523] hand and corresponds to the 

59.54 keV level of 
237

Np. The BFM theory predicts that A.' = -o. 358 while the 
2 

CR correction gives A' = -0.405 in excellent agreement with experiment. The 
2 

corresponding partial wave amplitudes are a
2
!a

0 
= (+)0.47 and (+)0.56 for the 

BFM theory without and with the CR correction respectively. In contrast Poggenburg 

gets a
2
;a

0 
= +o.42 which yields A2 = -o.33, well outside the experimental error. 

The effect of the g wave on the theoretical A2 was not considered by Falk et al; 

however, its inclusion alters A2 by only l% because of the low g wave intensity. 

37 . 
Rasmussen pointed out differences in the d wave branching for the 

decay of the three odd-mass Am isotopes all of which have the same Nilsson ground 

state. Using the compilation of Ellis and Schmorak
38 

we have calculated 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 to be ( 222o 12 2 ) 2; ( 22.?{) 12. 2 ) 2 
2 2 2 2 2 2 2.2 

2.857. The experi-

mental ratios are 3.50, 3.75 and 4.36 for 
239

Am, 
241

Am and 
243

Am respectively. 

If the g wave contribution were subtracted from the experimental HFs, the above 

values would increase, thereby increasing the discrepancy between the BFM ratio 

and the experimental values. 
241 

Because of the different HF ratios for Am and 

243
Am, there is no assurance that the CR correction found to be applicable to 

243 . b 1' bl 241 Am w1ll also e app 1ca e to Am. 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 increasing N, the HF ratios 

should decrease rather than increase. We have no explanation for the observed trend. 
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In general there is no justification for applying the CR correction to 

the relative t=2 wave intensity throughout the actinides. The BFM assumption 

that the K quantum. number is a constant of motion has not been supported by 

1 1 . 1 . . 1' d the d f 253E d 255 39 coup ed channe nurner1ca 1ntegrat1ons app 1e to ecay o s an Fm. 

The channel coupling which spoils the BFM branching ratios depends on the rela-

tive 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 percentage enhance-

. 233 
ment is not always the same as that found by Chasman and Rasmussen for U. 

. 40 249 In fact, AC exper1ments . on Cf showed that the BFM theory overestimates the 

d wave intensity, a result which is unexpected. 

We now briefly discuss the 255
Fm NO results. Paramagnetic resonance 

3+ . 3+ 
studies of Er , the lanthanide analogue of Fm , diluted in lanthanum ethylsul-

fate, yielded the hf interaction parameters jAj = 0.0052(1) ·crn-
1

, lal = 0.0314(1) 

and IPI = 0.0030(3) crn-l (Ref. 41). For lai>IAI the nuclear magnetic sllbstates 

are admixed except when lkl = I + l./2 where k = I + S where S = ± 1/2. z z z 

-1 
ern 

'rhe levels labeled by + k and - k are degenerate except when k = 0. The ground state 

for a half integral nucl~ar spin is a singlet Cll/2, -1/2> -l-1/2, 1/2>);/2, and a 

doublet lies closely above. The alignment may be regarded as being in a plane 

perpendicular to the crystalline c-axis, and the degree of alignment is relatively small. 

The experimental a-particle angular distribution from 
255

Frn nuclei aligned 

in NES is shown in Fig. 3. The statistical accuracy of the results is limited 

by the low degree of alignment, the mass of 255Frn available (~ 200 disintegrat~ons/m), 

.and the short half-life. The shape of the anisotropy curve,yields a value for 
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JaJ of 0.035(7) c~-l or Jaj;k = 0.05(1) K. We could not determine the value of 

JaJ /JAJ, but as for Er
3
+, the temperature dependence of W(O) establishes that 

the magnitude of B is greater than that of either A or P. The value of the 

anisotropy reduction factor R is approximately 0.8. In comparing theory to 

experiment the reader should note that B
2 

is negative and B
4 

is positive for 

non-axial alignment. 

For non-axial alignment the counting rate along the c-axix decreases 

for a positive s-d phase. From Fig. 3 it is seen that this is the case. The 

solid curve in Fig. 3 was obtained using our value for JaJ with jAj = 0 and the 

10 
relative amplitudes and phases given by Poggenburg for the favored decay to 

the 7 /2+ [ 613] . 1 b d . 251 f rotatlona an ln C . Poggenburg's predicted intensities 

and phases are given in Table V. The resulting Ak parameters are given in 

Table VI for both relqtive g wave phases. On the basis of NO experiments on 

253 1 . 
Es, the negatlve relative phase should be correct. A partial decay scheme 

for 
255Frn, as derived from Asaro et a1,

42 
is given in Fig, 4. 

In Table VII we list the intensities given by the BFM theory. The 

h . 1 . . . k f 1 42 b. h d d t eoretlca lntensltles were ta en rom Asaro et ~' ut t e an g wave 

43 
branching was modified by using the HFs given in the Table of Isotopes. A 

striking difference between Tables V and VII is the factor of four difference 

in total g wave branching. This is reflected in the A
4 

parameters given in 

Table VI. In order to simplify his calculations Poggenburg used a constant 

nuclear radius parameter and basis wave functions appropriate near the deformation 

n = 5. Although this approximation should be good for medium weight actinides, 

it should break down for the lightest and heaviest actinides. Therefore for 

255
Frn we expect that the BFM branching rule may be more accurate than the values 

given by Poggenburg. 
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We could not determine the relative s-g wave phase because our 90° 

detector failed during the experiment~ Even though the anisotropy is small, 

determination of the ratio W(O)/W(TI/2) would make it.possible to decide among 

the four cases given in Table VI. In Table VI we have tabulated this ratio at 

1/T = 90.5 K-l for a point source and a point detector. 

IV. SUMMARY 

The orientation of trivalent actinide elements in the neodymium 

ethylsulfate lattice is straight forward. The four elements Am, Cf, Es and Fm 

have been oriented in this way. It is difficult, however, to study a-particle 

angular distributions with precision. 
241 

The results reported here for Am and 

255
Fm are sufficiently quantitative.to establish that the sand d waves in the 

favored transitions are in phase, but they do not permit the determination of 

the relative ~-g wave phase. The orientation data yielded definitive information 

3+ 3+ 
about the electronic ground states of both Am and Fm 

3+ 6 
In Am (Sf ) as in 

Eu 3+(4f6 ), quadrupole coupling dominated the nuclear orientation, and the 

antishielded crystal field term A~ was the main contributor to the electric 

field gradient. The data strongly support a large negative Sternheimer 

an~ishielding factor, Y
00 
~- 10

2
, and they also indicate a shielding constant 

3+ a
2 
~ 0. 7, in good agreement with an earlier value for Eu ... 

as in Er
3
+(4f

11
), the electronic ground-state in the ethylsulfate lattice 

has I B I > I A I . 
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b . 1 241 . d . h 1 1f 1 h . Ta 1e I. Exper1menta Am 1n neo ym1um et y su ate a p a part1c1e 

angular distribution a~ a function of inverse temperature. 

1/T (K -1) W(O) W(7T/2) 

10.8(3) 1.060(7) 0.969(9) 

15.0 1.104(8) 0.939(10) 

19.3(17) 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 l. 412 (10) 0.781(10) 

88.5 1.460(24) 0.748(16) 

90.5 ~·· 1.500(14) 0.736(17) 
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Table II. Coefficients A
2 

and A
4 

for the 
241

Am in NES angular distribution ~ 
function W(0) = 1 + R[A

2
Q

2
B

2
P

2
(cos 0) + A

4
Q

4
B

4
P

4
(cos 0)]. 

BFM theory, s an~ g 
waves in phase 

BFM theory, s and g 
waves out of phase 

BFM theory, Chasman and 
Rasmussen correction, s 
and g waves in phase 

BFM theory, Chasman and 
Rasmussen correction, s 
and g waves out of phase 

Mang theory, s and g 
waves predicted to be in 
phase 

Mang theory but with s 
and g waves out of phase 

A2 

0.7747 

0. 7477 

0.8668 

0.8390 

0.7838 

0.7398 
/ 

A4 

0.0756 

0.1032 

0.0770 

0.0847 

0.0397 
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. . . f . 1 . 241 f d 1 h . . Table III. Intens1 t1es or part1a waves 1n Am avore a p a trans 1 t1bns 

to the first excited rotational band in 
237

Np according to the method of Bohr, 

" 31 Froman and Mottelson. Numbers in parentheses have been modified by the 

"Chasman and Rasmussen correction."
29 

Measured 

Ef (keV) If 'IT s d g i L:<%> intensity 
(%) 

59.54 5/2- 72.56 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 l. 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 IV. Intensities and phases for partial waves in 
241

Am favored alpha 

transitions to the first excited rotational band in 
237

Np as calculated by 

P . b 10 oggen urg. 

Measured 

If1T s d g i .L: (%) intensity 
(%) 

5/2- 72.74 14.36 0.011 87.12 85.5 

7/2- 10.70 0.045 -0.0004 10.74 12.6 

9/2- 1. 76 0.046 -0.0025 1.81 1.6 

11/2- 0.0158 -0.0052 0.0210· 0.015 

13/2- 0.0015 -0.0020 0.0035 0.002 
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Table V. 
255 

Intensities and phases for partial waves in Fm favored alpha 
251 10 

transitions to Cf as calculated by Poggenburg. 

d i E(%) 
Measured 

IfTI s g intensity 

(%)44 

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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255 ' 
Table VI. Coefficients A

2 
and A

4 
for the Fm in neodymium ethylsulfate alpha 

-1 
particle angular distribution function and the ratio W(O)/W(TI/2) at 1/T = 90.5 K . 

A2 A4 W(O)/W(TI/2) 

BFM theory, s and g 0.596 -0.0397 0.434 
waves out of phase 

BFM theory, s and g 0.695 0.1566 0.400 
waves in phase 

Poggenburg calculation 0.634 0.0003 0.413 
based on shell model 
theory, s and g waves 
predicted to be out 
of phase 

Poggenburg calculation 0.700 0.1242 0.390 
but with s and g waves 
in phase 
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Table VII. Intensities for partial waves in 255Fm favored alpha transitions 

to the first excited rotational band in 251Cf according to the method of Bohr, 

II 

and Motte1son. 
31 

Froman 

Measured 
Ef(keV) If7T s d g L:(%) intensity 

(%)44 

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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FIGURE CAPTIONS 

· 1 241 . d . h 1 lf (NES) 1 h t. 1 1 d" t . F~g. . Am ~n neo ym~um et y su ate a p a par 1c e angu ar 1s r1-

bution at 0° and 90° with respect to the crystalline c-axis as a function 

of the inverse temperature. 

Fig. 2. 
241 

Partial decay scheme for Am as adapted from references 32 and 33. 

Fig. 3. 255Fm in NES alpha particle angular distribution at 0° with respect 

to the crystalline c-axis as a function of the inverse temperature. 

Fig. 4. 
255 .. 

Partial decay scheme for Fm as adapted from reference 42. 

\ 

I. 
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