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ABSTRACT

The atomic-beam magnetic-i‘esonance method has been used to
investigate 163-day Cm242, The spin of this even-even nuclide is found to be
zero. Four low-lying electronic energy levels are found and the Lande g-
factors are measured to be gy = 2,561 + .003, gy = 2.000 = .003,

gy = 1.776 £+ .002 and gy = 1,671 = .003, 3 No direct measurement
5

4
can be made of the angular momenta of these levels, but other considerations

contained in the text make highly probable the J values indicated in sub-

scripts and arising from the electronic configuration (5f)7 (6d‘)1 (75)2.
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ZEEMAN INVESTIGATIONS OF CURIUM-242
John C. Hubbs, Richard Marrus, and Joseph Winocur

- Radiation Laboratory and Department of Physics,
University of California, Berkeley, California

Septemmber 18, 1958
INTRODUCTION

The research reported here is a»pvortion of a generai program in the
heavy-element region leading to nuclear moments and electronic properties.
Since, as expected, the spin of Cm242 is zero, the principal contributions of
this research are in the field of electronic structure. Electronic ground states
have previously been identified from 9Z’U to C)E’Al‘fl ! This research exténds

such knowledge to * "Cm.

EXPERIMENTAL DETAIL

The experiment has been performed by the use of a conventional
Zacharias apparatus, The apparatus has been described elsewhere,
Curium-242 is obtained essentially pure by activity, as established from ob-
servation of the alpha spectrum. The materialis detectedby allowing the thermal,
neutral beam to fall on freshly flamed platinum foils which are introduced into
and removed from the apparatus via a vacuum lock and are then placed in low-
background (g 0.5 counts/minute) prop.ortional counters. Typical resonance
counting rate§ are 2 to 25 c':ounts/minute. Resonances are normalized by'
direct beams taken between each resonance exposure and the C field is
calibrated with an auxiliary beam of K39 issuing from a movable source in the
buffer chamber.

A beam of curium atoms is obtained by the same highmtemperature.
procedure used in the neptunium research. 3 The curium, used in quantities
of a few micrograms at a time, is mixed with several milligrams of uranium
for carrier purposes, oxidized, and placed in a small tantalum oven with a

large excess of carbon. The oxides are reduced to carbides at a temperature
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of about IZOOOC,. and the oven is raised to a temperature of about 18000C,
where a beam of curium atoms is made by thermal decomposition of the
carbides. No difficulties were encountered -in this pha'se of the research—
an atomic beam was obtain'ed'on the first try, and th_er'e were no subsequent

failures of the procedure.
EXPERIMENT AL RESULTS

An initial search was made at a C field of 0.7 gauss over a range'
of frequency covermg g values between 1 and 3. The search was later ex-
tended down to g 0. The results indicate four promment resonances in this
interval. The four resonances were followed to a f1eld of 27 gauss—the_data
obtained is glven in Table I and the resonances are 1llustrated in Fig. 1. The
essential results are that there are four resonances of comparable 1ntenS1ty
‘wh1ch to the accuracy of measurement occur at a frequency that is d1rect1y
proportional to the external magnetic field. The system is therefor_e in the
Zeeman region of hfs or in the '.éZ'Easchen—Back region of hfs (Zeeman region.
of optical spectroscopy) vtrith a total hfs width less than the observed line
width 100 kc/sec Because the magnetic-dipole hfs constant for 5f and 6d
electrons is about 500 gg Mc/sec the latter pOSS1b111ty forces a nuclear
magnetic moment less than about 2X10  ~ nm. ‘On the other hand no 1nteger

values of I and J can fit the observed g values if the system is assumed

to be in the Zeeman reg1on of his where ? ?‘ ?15 a good quantum number.
Thus the sp1n of Cm 242 is aImost certainly zero, and. four low-lyirg electron1c

energy levels have been found. This. makes possible a crude measurement

of the relative pos1t1ons of the four energy levels by a careful measurement of
relat1ve tran51t1on 1nten51t1es in the four states. This has been done according
to the procedure outhned in the sectlon on curium energy levels The results

"of these measurements are shown in Table II and show a monotonic decrease

in transition intensity toward the state of highest g value.

&
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Summary of experimental observations

., H .
}'L = - - y ::

0 S 2 g5 3 g5 4 g5=5

h

(Mc)

0.998 2.50+.05 1.95+.05 1.74+ .04 1.63+.04
2.969 2.554%.016 2.00+.02 1.78+.02 1.67+.02
9.679 2.561+.012 2.000+.008 1.772+.009
18.786 2.561%.003 2.000+.003 1.776+.002 1.671%.003
Weighted 2.561+.003 2.000+.003 1.776+.002  1.671%.003

mean

Table II

Resonance intensity in each of the four states at the rf current setting that
maximizes the transition probability.

State Observed intensity |
(7

J=2 1.45 = .25

J=3 1.08 = .17

J=4 0.83 = .12

J=5 0.43 = .06
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THE CONFIGURATION OF CURIUM

A large body of chemical informa‘tion4 and two investigations: of CmIV
by paramagnetic resonance absorptionS have shown that th‘é.igi"&ihld‘-s‘t.afe con-
figuration of Cml should be either (5f)8v(7s)Z or ('Sf)»7 (6d)1 (7s)2, with a
preference for the latter based largely on the fact that the equivalent con- ‘
figuration is found for GdI, 6 the rare-earth analogue of CmI. The £'d con-
figuration leads, in pure Russell-Saunders coupling, to the ground=staté term
9D, giving rise to levels J = 2, gJ.= 2.668; J =3, gy = 2.083; J = 4, gy = 1.850;
J =5, gy = 1.733; and J = 6, gy = 1.667. On the other hand the configuration
f8 leads, in pure R—S,’couplihg, to the term 7F with J wvalues from 6 to O,
-all having gj = 1,507_. .IAt is. found in Pu that the 7F term is very near
R—S coupling, the F, state havinga g lvalue of 1.4975 £ .0010. There-
fore the observed g values strongly suggest that the configuration of Cml
is indeed (5f)7 (6d)l (73)2’, but that pure R-—S coupling is here, as in Np, a
‘poor approxim’afion for configurations involving 5f and 6d electrons. The
observed g vélues for the ground states of UI and Npl indeed indicate that,
to a fairly high degrec\e of approximation, the electrostatic interaction between
5f and 6d électrons is small in comp‘arison to the fine-structure splittings
of either system. ‘

A calculation has been made of the energies and g wvalues of the con-
figuration (Sf)7'_(6d)1 (7s)2 in intermediate coupling, the only approximation

being that the 8S state is not pei'turbed by electrostatic terms between 5f

| 7/2 .
and 6d electrons. . The fit that can be made to the energy levels of Gd is
1

quantitative and gives for the parameters of interest 2/1GI+%G3 (4£-5d)=6500cm”
“and a(5d) = 500 cm”'. On the other hand the theory fits the g values of CmlI
“only semiquantitatively. The question then arises: ' What are the essential
differences bet.ween CmlI and GdI? First, there ié a striking disparity in the
relative values of a and G between the two S*ystems; While the Gd data

fit very nearly at the R—S extreme (G much larger than a), the Cm data fit
much better near the other limit for which G is -small in comparison to a.
This is , however, the approximation that gives the observed g values in Np and
U and somust be taken at face value. We therefore now include the possibility
that the ‘g values of the two subshells are not those of pure R—=S coupling,

i.e., we allow configuration perturbations in the d and f shells. Then, in
the limit G very small in comparison to a, the g5 values of the levels in

Cm will be:
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+tg
1 2J(J+1) T2 27(T+1)

g5~ &5

This approximation will fit the data essentially to the experin*iental accuracy,
provicded that one assumes the fellewing values:

Jl‘

7/2, ng = 2.002

Ty
it

3/2, By, 0.890.

CURIUM ENERGY LEVELS

The energy separations of the four observed states in curium are
measurable from an observation of resonance intensities for a known rf
current. The procedure is to first measure in the state of highest g value,
the intensity at resonance for various values of the rf current (Fig. 2). The
resonance intensity in the other states is measured at an rf field calculated
from the previous observations in the state J = 2 and the Majorana formula. 7

The ratio of these observed intensities (IJl/IjZ) canbe relatedtothe energy

separations (EJ —EJ ) accordingto the formula

1 2 L P_(J))
Z m ‘1
TS el il W (1)
1 2 kT 2
Pm(JZ)
m=-J‘2

Here ITm(J) is the probability for transition, averaged over the distribution
of velocities in the beam, of an atom in the state J, m to the state J, -m under

the action of the applied rf current. Explicitly it is written as

~

ﬁm(J)f- [(J'-m)‘. (J+m)‘,—.] ZJ sin4J( }-)\-’—) V3 34 exp (-Vz/az)

(-1Fcot®™ (2) 2
X Z ,
(J-m-r)' (J+m=r)e[_r';l

r

dv , (2)
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where. b is prepor'tional‘to the applied rf current amplitude, o is the most
probable Velocity in the MaxWellmBoltzmann distribution fe_r the beam
temperature, and the sum is over all values of r that keep the factorials
positive. It is empirically determined that the apparatus does not preferentially
select atoms of a given velocity to any measurable degree hence

rn(J) does not include such a factor. These 1ntegrals were computed with
the aid of an IBM-650 computer. . The quantities. ZP (J) are plotted in
Fig. 3 for the J states present in curium. The apphcablhty of this theory
to curium is demonstrated by'comf)aring tbhe reSults in the state J=2 to the
experimentally determlned 1nten51ty curve (Fig. 2). v

By the use of the experlmentally determmed 1nten51t1es and the

computed probab111t1es at max1mum, the energy level separations were computed

fromv equation (1). The results are shown in F1g 4,

. ACKNOWLEDGMENTS

The authors wish to express their indebtedness to the Livermore
Chemistry Group for providing the material used in these experiments.
Further, the authors are indebted to Mr. L. Cohen and Mr. D. Buchla

for their able assistance during runs .



o~

-9- UCRL-8454

REFERENCES

Kiess, Humphrey, anerawn, National Bureau of Standard Report,
NBS-A, 1747, 1944 (unpublished); -

J.C. Hubbs and R. Marrus, Phys. Rev. 110, 287, (1958);

Hubbs, Marrus, Nierenberg and Worcester, Phys. Rev. 109, 390 (1958); and

M. Fred and F.S. Tompkins, J. Opt. Soc. Am. (to be published).

Brink, Hubbs, Nierenberg, and Worcester, Phys. Rev. 107, 189 (1957).

J.C. Hubbs and R. Marrus, Phys. Rev. 110, 287, (1958).

Crane, Wallman, and Cunningham, The Magnetic Susceptibilities of
Some Compounds of Americium and Curium, UCRL-846, Aug. 1950.

Abraham, Cunningham, Jeffries, Kedzie, and Wallman, Bull. Am. Phys.,
Soc., Ser.II, 1, 396, (1956); and

Fields, Friedman, Smaller, and Low, Phys. Rev. 105, 757 (1957).

H.N. Russell, J. Opt. Soc. Am. 40, 550 (1950).

E. Majorana, Nuevo cimento 9, 43, (1932).



-10- . UCRL-8454

% DIRECT BEAM

T T T T T T ———r
1of 1
0.8 E 0.5 -1
o4t 1
os| 4
o3t 1
o4} ]
: 0.2 1
o.2b g ok i
] 3
ol " L P " — 0 . L L " L s N "
27.950 48.050 48.150 46.250 - 37400 37500 37.600 37.700
0.35 T T T T y T - T T T T T T T Y T
o030 1
025} 4 .o} E
- 020} ] o.8F .
. . J=5
0.5 ] 0.6f : 4
o.of B 04 I E
0.05| E 02 <
" s " L i ' L s 0 o n L " 1 i s "
33.200 33.300 33400 33500 31.200 31300 31.400 31.500

FREQUENCY (Mc)

MU-16065

ig. 1. Transitions in the four observable states of Cm‘?'42 at
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Fig.
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Comparison of experimental observations and the
theoretical transition probability in the J=2 state of curium.



-12- -

UCRL-8454

W
|

T

T

N PROBABILITY
o O =
w W O

=T T

TRANSITIO
© 00 o0
OO

EFFECTIVE
©c oo
— N W

cece
" awn
Nodo

o o

Fig. 3.

20

MU-16067

Calculated transition probabilities for the four states
of curium. The abscissa is a quantity which is pro-.
portional to the square of the applied rf current. The
ordinate is the sum over all flop-in transitions in the
particular J state, of the Majorana transition proba-
'bilities averaged over the atomic-beam velocity distri-

bution.
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Fig. 4. Approximate curium energy levels as inferred from
transition intensities.
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