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The ground-state band of Cm has been studied up to spin 28 and tentatively to 30+ by

observing p rays following multiple Coulomb excitation with use of Pb ions at 5.3 MeV/u.
A smooth, gradual increase in the effective moment of inertia is seen at lower spin with

an anomalous forward bend above spin 22+. Calculations are presented which indicate that
this behavior including the forward bend can be understood in terms of the alignment of
single-particle angular momenta along the rotation axis.

PACS numbers: 25.70.Kk, 21.10.Re, 27.90.+b

Anomalies in the energy level spacings of yrast
states in well-deformed rare-earth and transition-
metal nuclei have generated much theoretical and

experimental activity. ~ ' The anomalous yrast
spectra of rare-earth nuclei at spins around 12-
16 are understood in terms of a superband built
on two-quasiparticle rotation-aligned states
which crosses the ground rotational band. Now

additional crossings of rotation-aligned bands
have been discovered at even higher spin. 4 The
question of what happens to the collective-rota-

tion and single™particle configurations as the nu-

clear angular velocity increases further is of
much current interest. ~ ' Important to the exten-
sion of our understanding is to observe the be-
havior of more purely rotationallike states to
higher angular momenta and of rotation-aligned
configurations in very-high-J orbitals like vj»~~
and mi~3~2 as can occur in actinide nuclei.

With one of the lowest first excited 2' energies
and largest collectivity, 24'Cm should offer one
of the best opportunities to study a rotational
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band to high spin by multiple Coulomb excitation.
Traditional techniques based on (H. I., xn) reac-
tions are of little use for such studies since the
main cross section for decay of the compound
system is for fission rather than particle evapora-
tion. We report here the first Coulomb excitation
to high spin of a transuranic element. We ob-
served states in '~'Cm to 28' and most probably
to 30+ via Coulomb excitation with Pb ions.
Anomalous behavior in the effective moment of
inertia is observed above about spin 22'. Theo-
retical calculations show that this observed devia-
tion can be understood in terms of the alignment
of single-particle angular momenta along the ro-
tation axis.

A 250-pg/cm' target of isotopically enriched
'4'Cm was bombarded with 5.3-MeV/u 'O'Pb ions
from the Darnstadt UNlLAC. The target was pro-
duced by molecular plating from an isopropyl
alcoholic solution onto a Ti backing of I mg/cm'.
With this method, up to 95% of the Cm can be de-
posited on the backing. The projectile energy
used is thought to be sufficiently below the Cou-
lomb barrier so that no Coulomb nuclear inter-
ference takes place. Thus, the ' 'Cm nuclei are
excited via multiple Coulomb excitation to very
high spin. The resulting y rays were then detect-
ed in high-resolution Ge(Li) detectors. The y

rays emitted from the recoiling curium nuclei
were corrected for the strong Doppler broadening
(v„„,,/c=O. I) by detecting both the scattered Pb
and the recoiling Cm particles in two large-area
parallel-plate proportional chambers. A fast
Doppler correction (available on line during data
taking) was achieved by utilizing specially shaped,
microstrip delay lines as the cathodes of the gas
detectors. ' The delay lines in the forward de-
tector were designed such that the time delay be-
tween the anode and cathode signal was propor-
tional to the Doppler shifts of the y rays which
were emitted in flight by the scattered ' 'Cm reg-
istered in this detector. By also measuring the
time-of-Qight difference of the kinematically
coincident particles and their kinematic angular
correlation it was possible to distinguish Pb from
Cm ions. A more detailed discussion of the ex-
perimental setup, which has been used so far in
Coulomb excitation experiments performed at the
UNILAC on a series of lighter target nuclei, will
be published elsewhere. " A corrected y -ray
spectrum is shown in Fig. 1. The 2+-0+ and 4+

-2' transitions are too highly internally convert-
ed to be seen. The spin assignments are based
on systematics and the impact-parameter depen-
dence of the y-ray yields. From its enhancement
in the low-impact-parameter data, the 30'- 28+
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FIG. l. A Doppler-shift —corrected spectrum showing the p rays observed for low impact parameters in Cm.
The inset compares data which include higher impact'parameters, 30'~~~pb 147, to an enlarged region of the
main spectrum which has only low-impact-parameter data, 105' ~ ~pb j.4/'. The scattering angles of the Pb
projectiles, ~pb, are given in center-of-mass coordinates. The enhancement of the proposed 30+ 28 transition
can be seen in the low-impact-parameter data.
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transition at 541.8 keV is most probably the upper
member of the doublet in Fig. 1.

The transition energies were obtained by aver-
aging the y-ray energies observed in two detec-
tors 180 apart for ten different projectile scat-
tering angles. These angles ranged over large
and small (where the y-ray emitted perpendicu-
lar to the recoiling ejectile has zero first-order
Doppler shiit) Doppler shifts. The consistency of
the corrected y-ray energies as a function of pro-
jectile scattering angle (and Doppler shift) was
used as a measure of the error involved in cor-
recting the energies. Only a fraction of the avail-
able data (sum of three large center-of-mass
angles) is shown in Fig. 1. The y-ray energies
(in kiloelectronvolts) for the 6"- 4" to 30'- 28'
transitions are 154.6(5), 206.9(4), 255.8(3),
300.8(2), 341.5(2), 377.3(2), 408.2(2), 433.9(3),
455.7(3), 475.4(3), 495.0(4), 516.3(4), and 541.8(8),
respectively.

The energy levels of ~'Cm determined in this
way show an anomalous tendency at the highest
observed spins to be too low as compared to the
rotational model and also as compared to an ex-
trapolation from the low-spin members of the
ground band using the variable-moment-of-iner-
tia prescription (which is equivalent to an expan-
sion in the second and the fourth power of the ro-
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tational frequency ~) ~ This trend corresponds to
a forward bending in the effective moment of in-
ertia above spin 22 (Fig. 3). The deviation is
illustrated in a more dramatic way in Fig. 2 as a
smooth, but strong, rise in the plot of the differ-
ence in two successive y-ray energies, versus I,'
above spin 22'. A similar, although less pro-
nounced, irregularity in the effective moment of
inertia of the ground band has been observed in
the Th and U isotopes

To understand the physics behind this increase
of moment of inertia at high spin we applied the
cranked Hartree-Fock-Bogolyubov (HFB) ap-
pxoach to ~ Cm. Subsequently, we learned that a
similar but more phenomenological approach has
been applied to "'U.' We proceed in two steps~':
(1) In the first step, one constructs a HFB trial
wave function

4tr-ai = IP,r&r P,r&pa&prp &1»HFtt

with the help of a model Hamiltonian:

The average angular momentum in the wave func-
tion („;,i is determined by the cranking condi-
tion. (2) In the second step, one performs the
minimization of the particle-number -projected
energy expectation value:
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showing the anomalous behavior at high spin, where
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with respect to all the collective parameters ex-
cept P, (as discussed below) of g„;„for each
total angular momentum J:

&(tri at I ~xgpgn l(tr i at&r &(trial lgpgnl(tri a i&

=
l.~(~+ 1)i'". (3)

For more details and a detailed definition of all
the quantities used here, see Ref. 10 and refer-
ences quoted therein. H in Eq. (2) denotes the
pairing plus quadrupole force Hamiltonian~~
which is consistent with a„;,1." M Hefs. 10 and
11, II is defined by use of the spherical single-
particle (s.p.) energies in shells N =4 and 5 (N
=5 and 6) for protons (neutrons). This s.p. space
is not sufficient to calculate actinides. There-
fore, we have included" the s.p. orbitals xi~3/2

(N =6) and vj»~2 (N =7) from higher shells, ne-
glecting states kg, ~, (iV =4) and t h»~, (N =5). Ma-
trix elements of the quadrupole force involving



VOLUME 46& NUMBER 6 PHYSICAL REVIEW LETTERS 9 I'EBRUARY 1981

high-j intruder states were multiplied by a factor
X =(N+ ~)/(iV + &) to correct for deficiencies of
the quadrupole force. X is the number of oscil-
lator quanta for the lower shell of R given parity.

The upper part of Fig. 3 shows the usual back-
bending plot for ~ Cm. For each angular momen-
tum, the energy gaps &~ and &„are minimized
whereas the deformation parameters are kept
fixed to P, =0.2 and P4 =0.05 corresponding ap-
proximately to the ground-state deformation of
nuclei in this mass region. " The calculated
curve of the moment of inertia is further renor-
malized' '" by adding a constant core-correction
term 28„„/IP =30 MeV ~. The agreement be-
tween experimental and calculated values of the
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FIG. 3. The upper part of the figure shows the back-
bending plot for Cm. The solid line gives the experi-
ment and the dashed line the theory. The lower part of
the figure shows the alignment of the s.p. angular mo-
menta along the rotational axis for conjugate pairs Io')
and ) —0') as a function of the total angular momentum
for Cm. The levels with the largest contribution to
the total angular momentum are included; we indicated
the asymptotic quantum numbers of their main configura-
tion at high spin. In the case of the proton i&3j2 level,
there are two admixtures of approximately equal
stre ngth.
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moment of inertia is remarkable in the region of
the high-spin anomaly. For higher spins (I =328,
34') the calculated curve 28/8' shows downbend-

ing. The experimental data also are reproduced
if one uses P, =0.3.

The reason for the approximately monotonic in-
crease of the moment of inertia at I& 30k can be
seen in the lower part of Fig. 3 which shows the
alignment of the s.p. angular momenta along the
rotational axis for conjugate s.p. states

) a) and
)- a) as a function of the total angular momentum.
The assigned asymptotic quantum numbers de-
scribe the main components at high spins.

The rotational frequency co corresponding to
the alignment of 7J'Eg3/2 Rnd &j»(2 pR11s 1s Rppl oxl-
mately the same &u, (7/i»/s)= 0.24 MeV, ru, (vj»»)
= 0.235 MeV. At low I, a gradual alignment is
seen for a vj»y2 pair. At I =10A, a mi»g2 pair be-
gins to align along the rotational axis. The ~j»~2
pair remains partially aligned. This partial
alignment is favored by pairing correlations.
Above I= 25@ the &j»y, starts to be fully aligned.
Thus the alignment carried at intermediate angu-
lar momenta by the 7ti»~2 pair is considerably
smoothed out by the vj»i, pair.

In summary, we report the first studies to high
spin in the transuranic region. A smooth, but
definite deviation of the energies from the varia-
ble-moment-of-inertia extrapolation based on
low-spin data is observed at high spin. Compari-
son with calculations in a cranked HFB approach
indicate that our data can be understood in terms
of the alignment along the rotation axis of angu-
lar momenta of single particles in the mi, 3' RIll
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