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ABSTRACT
The nuclear moments of americium-241 and i6—hbamericium-242

have been directly measured by the method of triple resonance in an atomic
beam. They are H’I(A_mz‘“)': +1.58(3) nm and pI(AmZL}Z) = +0.3808(45) nm,
.including é. correction for diamagnetic shievlding. On the collective model
p,I'(AmZA'tZ) is a difect measure of the gyromagﬁetic r.atio of the core (gR),

and the measured value of. oy is in excellent agre.ement With the value

gr = Z/A. From these values for the magnetic moments and previous measure-
ments of the hyperfine constants, values are deduced for the magnetic fields

at the nucleus. It is shown that Breakdown of Russell-Saunders coupling

including relativistic effects gives contributions of the wrong sign to the .

magnetic field. Arguments are given which show that the residual effect is

most probably due to core polarization.
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INTRODUC T.ION

In this paper we describe direct measurendents of the magnetic
moments of americium-241 and americium-242 by the method of triple
resonance in an .a.tomic beam. These measurements are of interest for two
reasons. .First, the nuclear ground state of americium;—zélz has been shown
to be characterized by K =0, 1 Therefore, the magnetic moment of americ-
ium-242 is a direct measure of the rétational gyromagnetic ratio of the core
(gR>. Second,‘ the electronic ground state of Am is .a half-filled 5f shell,
(5f)7, for which the Hund's rule state is. 857/2. To this approximation the
hyperfine fields should vanish. Hence the values of the hyperfine fielcis are

measures of the sizes of relativistic effects, of core polarization effects,

and of the amount of configuration mixing present in the ground state wave

. function.

N

Previous atomic beam work on americium-241 (Ref. 1) and
americium-2.42. (Ref, 2) had established the hyperfine constants of the ground
étaté. In par‘ticular, the électronic angular momentum (J), the splitting
factor (gs), the magnetic dipole hyperfine constant (A), and the electric
quadrupole constant (B) were determined, Hence.,- a direct measuremeﬁt
of the nuclear nioment coupled with the measured A valtie can‘ give a direct

measure of the electronic field at the nucleus (HZ) through the rélation
2.1 |
A= g wy H, -
EXPERIMENTAL METHODS AND RESULTS

Americium-241 in an HCI solution was obtained from the stock-

~ pile of the Lawrence Radiation Laboratory group headed by Professor

Burris Cunningham. Americium oxide was made from the solution by
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in a furnace until

adding NH4OH and heating the precipitate [Am(OH)3]
oxidation occurred.

The atomic-beam oven used was of Ta, witha Ta inner liner.
The americium oxide was placed in the oven with an excess of lanthanum
metal. Whén the oven was heated to approximately 1000°C, the lanthanum
reduced the ArnZO3 to Am metal. The reduction proceeded very slowly, .
however, requiring several hours.

The experimental method used was identical to that repbrted
‘previously on rhenium, 3 Signal-to-noise ratios of 3:1 were obtainable with
the hairbiﬁs siﬁgly and also with all three hairpins together. The hyperfiﬁe

levels of Am241(1£5/2) and Arn?A2

(I=1) are shown schematically in
Figs. 1 and 2, respectively., The - A and B hairpins were set on the
transitions labeled a, the C hairpin on the transitions labeled by Arabic
numerals, Sample resonances are shown in Fig; 3.

The data obtained for Am2.42

, which consist of one high-field
single -hairpin transition and six triple-loop transitions, were combined

with those of Ref. 1 for the purpose of data reduction. A léast-squaresl

fit to the data was obtained with a Hamiltonian of the form

3L D% +3/2(LJ) - 11+ 1) T(T +1)

A{I.J) +B
o 217 (21 - 1) (27 - 1)

gyrol Hogmol-Hy o (D

with A, B, g1 and g; as variable parameters.

Difficulty was encountered in observing high-field o transitions

in Arnzl}ll at the frequencies predicted by using the results of Ref. 1. A

- low-field direct transition was observed, confirming the value of A and B.

42

Using these values of A and B, and gy of AmZ to predict resonance
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frequencies, we were able to observe high-field o transitions. The data
obtained in this experiment, one direct transition and six triple-loop transi-

tions, were combined with the previous direct transition data for data reduc-

tion. These data were also fitted to a Hamiltonian of the form of Eq. (1),

but this time only A, B, and gy were varied, with g1 fixed at the value

of g5 found in Am242',.
Final results were:

In An‘l24 1, '

A = x 17.4437(0. 0028) Mc/sec,
B = ¥ 123.8477(0.0323) Mc/sec,
g = 3.42(0.06) x 1074,
In'Am_Z4Z,

A =+ 10.1282(0.0014) Mc/sec,

B = £ 69.6339(0.0013) Mc/sec,
gy = - 4.937884(0.000067),
g, = 2.059 (0.008). |

This leads to a hyperfine anomaly of

2410242 _ ) 2(2.0)%

vCorrecting the values of g1 for diamagnetic shielding, using the expression

gy = gIscreened/(’i_o_) and the value of o corresponding4 to Z =65, gives
g,(241) = 3.45(0.06) X 10™%,,
-;\LI(241) = 1.58(0.03) nm,
gI(Z‘lZ) = 2.074{0.008) X 10"4, _

uy(242) = 0.3808(0.0045) nm.
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Because both measured p,I's haverthé same sign, both values of A must

also have the same sign,

An inyestigation was made to see if second-order electronic
perturbation could contribute significantly to A or gy It was found that

such effects are negligible.

HYPERFINE FIELDS.

In é. nonrelativistic treatment, A and B are zero in an a.fom “
having a half-filled closed shell coupling to a Hund's rule state, Ma;rrus,
Niefenberg, énd Winocur1 investigated the breakdown of L-S coupling in
Am in an effort to explain the measured values of A and B. Their

analysis yielded the ground state wave function

e _ 8. 6 6 o
W =7/2) = 0.882] :57/2> +0.457] P7/2> - 0.414 %D, N
- Nonrelativistic values of A and B obtained by Marrus et ai.",i using this

wave, function, are given in Table I. The magnitude of the results is in

agreement with the experimental results, but the sign of the ratio A/B is

inerror, We have considered two other sources which could contribute to

A and B: (a) relativistic effects and (b) core polarization.

Bordarier, Judd, and Klapisch5 showed that A for a éonﬁguﬁ:atioﬁ L

¢N of Dirac eldctrons is given by

o G xls)
A=x “%J{{‘J‘ ”J'g_ ,

wlont aizw(iz)iu’. |

~ where

X =a, WOy

10 1

; ' f' : . . ’ S
The a.i.‘s depend only on the electronic relativistic radial wave functions and

the £ of tl}'e electrons, The double tensor W( kk)K

is defined as a sum over

-

D o T APOPRIVNI. S
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- where
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n
Z W.(Kk)K .
i=1  r

K

H

GKRIK = (t'ka)

Gl sy = 112,
Qe = w142,

1

The double tensors above can be simply related to familiar operators

1=

E ‘ 11/2 .
(01)1 _ 3 ‘
w = [(.zf_zmﬂ)(zui)j L
(toyr T o2 142
W | S
(12)1 . 2 o0(e-12e43) 1 Y2 2
W = ’.E& | (D (T30 (25 j (sCT)y -

Writing § =L +25 -J, L.=2J - (L +25), and N, =4 - (:‘10)1/2(scz)§L ,

we obtain

where

'ZpNe

=
“ N 1g

.A(rel)=(—gJ—AZ)d+(3+y<JJ T )

5 {_g_ (212-1)(JZ+1)P++ - %JZ(£+1) P+_ +(%£2 + 22).13__.:; ,
T(22 +1) o j
_g______l\l___z {(£+1)_ZPH+,£ L+ P, +12P } ’
1(24 +1) :
Mnre

z
3

| 4(0+1)(20-1)P,, - (20 -1){(2043) P, +4L(2£43)P_ ],
1(28 +1)° [ o T -
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F G
P ‘[——-—Z——dr

4 Cr+ are radial wave functions for j=1 +1/2' F, G, for .j=4 - 1/2..

N. is the angular operator appearlng in the nonrelativistic expression for
QlrENg iy

A, and Y FTTTTS

F

is nearly one times the nonrelativistic A value.
Bordarier et al. > also found that B for the configuration N
of Dirac electrons is given by

5 = 220 gég @lz?)ay -

Z2 is given by

z? =b“W(“) +b, WUS + by W(OZ ,
wifh A
by, = _[ 4_42_____(“”3 ] / [-(z #2)R,, +3R,_+(L-1)R__ ]
25 (24 +1) '

b = [ 6(2-1)(2)(2+1)(£+2) }1/;[(ZI+1)R+++4R
) . |

13 Las (-1 (20 40)° (2243 +-
by, [ 20 {8 +1) : }1/2 [(22 R, 6R (-1 (2243) R }
5(24 -4) (22 +4)7 (24 +3) - . T4

: ->(22+3)R_._ ]

o

o

ARRE N AR RN B
SESEEIROENE T el
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FF +GG
R=}r+_3+_dr,

T

FfiGg?
R &

The radial integrals were evallua.ted by use of the relativistic Am
wave functioné of Liberman, Wabef,. and Crorner.6 These integré.ls are
tabulated in Table II;

The wave functions of Liberman et al, are very. effective in
predicting atomic energy levels. 7 It is well known, however, that wave
functions which predict energy eigenvalues well are often useless for pre-
dicting hyperfine structures, For this reaéon it is wise to try to estimate
the validity of these wave functions when they are used to evaluate the inte-
grals ab'o;\'fe. One parameter closely related to these integrals is {, the
spin orbit coupling constant, since all are p;'oporfional to <1/r3>, The
difference in energy eigenva‘ltlles for. f7/2 and f5/2 electrons should be
7/2 ¢; these wave functions then give {(Am) = 3020 cm-i. Blume, Freeman,
and Watson8 showed that, in the rare eéurths, { obtained from a Hértrge- |
Fock calculation is dec.reaséd by about 10% if two-body interactions such as
spin-other-orbit are considered. If such a factor holds bfor Am, then the
value of { given by the sbe wave functions would be lowered to approximately
2700 Cm-i; the cofrect value of £ (Am) is approximately 2400 cm'i, AL
calculated from these wave functions would then bé of the order of 12% too
large. Prycevvand Foglio, from an investigation based on the Thomas—Fermiﬂ%—
model, found that in the region of Pu and Am, C/<i‘/r3> = 370 cm_i/a63.

When the correct value of ¢ given above is used, this relation gives
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: 2 2

v<'1/r3>= 6.5 a0_3,_ We can also calculate <1/r3> from '1/1'3 :fg__‘%_cr_. dr,
obtaining <1/r3> = 8.1 #0_3. This vahie is about 20% higher tha.nrthat obtained
from the .relationship suggested by Pryce and Foglio.

Unfortunately there is no way of estimating whether the vratiovs of
the various radial integrals are in error. It does .appear that the magnitudes .
of the integrals might be too high by about 15%. If such is the case, the
relativistic values we obtain below for A and B should be lowered by 15%,
" with corresponding changes in the amount of core polarization;

In Table I we give the rel;tivistic corrections to the nonrelativ-
istic A and B values. These corrections are obtained by use of.t_he full
radial integrals given in Table II. The calculated and measured values of B
agree fairly well if we a.svsume the measured value of B is vpositirve. -The A
values, on the other hand, are in very poor agreement. If we assume“that

core polarization is responsible for the discrepancy between the calculated

and measured values, we obtain

oM M
DA = 2282 - 81.6 — Mc/sec,

where the first number abox}'e holds if the measured A's are positive, the

second if the A's are negative, These values would be rAeduced to

-20.0 p;I/I, - 7}3.4'};1/1 if the calculated A values were'decreased by '15%4 '
A value of AA can-also be obtained from core polarization

vé.lues in Pu. Bauche and Judd9 showed that

AA(Am) _ [87 (Am) + 1] (Am) I(Pu) — e
EA(PY] = (g;(Pu) + D p (PO I(Am) * | ,

Armstrong,io on the basis of an analysis of the A values of the first six

excited states of Pu, concluded that AA(Pu) = - 12 Mc/sec. This leads to
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Ve

: " _ o : |
AA(Am) = - 61 -%— Mc/sec;, which agrees reasonably well with the values

obfained abbve for A less than ze‘ro, and in particular with the value
obtained.by using the decreased A value,

It is conceivable that some mechanism, such as quadrupole -
shielding,v exists which would change the sign of the calculated value of B,

We feel, however, that this is unlikely and that the sign of B(Am>*1

42

) is

positive and B(Am2 ) is negative (see below). This forces the sign of A

. for both isotopes to be negative, which agrees with the sign of A obtained

from the Pu core polarization.

NUCLEAR STRUCTURE

The spin of Arr1241 is knowni'1 to be 1=5/2, After investigating

the a 'de'ca.y of Am241 to Np?‘??, Stephens, Asaro, a.nd'_l'-"erln’lam12 con-
cluded that the unpaiired 95th pfotoﬁ must be in the Nil§s§n orbital 5/2-[523],
This assignment {its the Nilssoﬁ energy level dié,gram13 exactly if

0.21 < 5 < 0,28, One can also obtain a value for the deformation from the
optically measured quadrupole moment Q(241) ='+-4.9 .barns;“L the derived
value of 6=0,21 supports the proi)osed proton orbital assignment.

241

The magnetic moment by of Am has been calculated by

using the Nilsson wave functions. Table Il shows the results of this calcu-

lation, which was performed for several positive values of & by using
both free nucleon g factors and quenched g féctors.14' The value gR = Z/A

was used, We see that, if we use free nucleon g factors, the measured

- moment is pi’edicted at & = 0.15; if we use quenched g factors, at 6 slightlﬁ
- greater than 0.2. The result obtained by using quenched g factors is consis-

" tent with that previously obtained.

In Am2‘42, the odd neutron is probably in the Nilsson orbit
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5/2+ [622]. This assignment, which corresponds to 0.22.<°6 < 0,26, is also
' | 241

made for the odd neutron in the ground states of the isotones Pu and

Cm243. Usding the coupling rules of Gallagher and Moszkowski, 15 we then

- _ 242 . _ L oie
have K —QP - QN =0 for Am~™ ", For a K=0 nucleus, My = gRI, if we
accept the proposed value of K, we then have a direct measurement of the
core g factor., The measured value of Er’ ©F up is 0.384, to be com-
‘pared to the usually used value of gr = Z/A=0,392,

Because K =0 in Am242, we have

Q(242) = -é—QO ,

where Qq is the intrinsic quadrupole moment, If 6 is positive as indicated
by the level assignment, QO is positive, Q(242) will then be negative,

causing B(241) and B(242) to have different sigpé. '
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Table I, Contributions to the hyperfine constants

A and B in americium.

Magnitude
A (Mc/sec) B (Mc/sec)
Breakdown of LS coﬁpl‘ing within a
. 2 - . M1 b
(5f) (7s)” - : 26,4 - 27.9 Q
Relativistic corrections - 28.5 —II— ' 0.3 Q
Core polarization ' | - 81.6-%— T 0
: M ‘
Total calculated , -26.7 T 28.2 O
Total measured ' » = 26,7 T : 25.3 O -

aH in nm
I .

Q in barns.
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Table II, Am relativistic radial integrals (in units of ao—?’).
F,G - o
ef L ar | = ~23.5 g | o
r v : _
G
F G_ _ o -
elf 5 dr = 31.6 ko
" ;
F.G +F G
+- -7t _ ,
ej > dr = 6.7 ko
Flic?
..__._._3_____+ + dr - = 7.6
r ' '
F?4Gh
f —3 dr = 8.6
r
F.F +G,G
j( 4+ - i + - ar o 8.2
r
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Table IIL. Amzlpl nuclear moments calcula_ted

. with Nilsson wave functions.

UCRL-16494

M

& @ 2 4 6
Free nucleon g factors 1.89 1.32 1.07
1.44

Quenched g factors : 1.95 1.58

Proton state 5/2 - [523]., |
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FIGURE CAPTIONS

Breit-Rabi diagram for Am241.

Breit-Rabi diagram for Am242.

Some observed triple resonances in Am,
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