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Moment of Inertia of Dy'55 from Excitation of the Ground-State Band to Spin 22*
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The behavior of the moment of inertia for high-spin states in Dy' has been studied by
populating the ground-state band up to spin 22 through the reaction Nd (C, 5N)Dy at
bombarding energies of up to 72 MeV. The rate of increase of the moment of inertia d

with rotational frequency rises abruptly in the region from spin 14 to 18. In the region
of spin 22, 8' tends toward a more constant value.

It is now well established that a deformed even-
even nucleus exhibits a marked increase in the
rate at which its moment of inertia is rising at
high rotational frequencies. Such a change was
first reported by Johnson, Hyde, and Sztarkier'
for the Dy&6o nucleus and suggested for the Dyzss

nucleus, and typically begins to appear near the
spin 1= 14 state of the ground-state (g.s.) band.
They attributed this behavior to a breakdown of
the pairing correlations as first anticipated' by
Mottelson and Valatin. As the pairing correla-
tions are broken by the coriolis force at high ro-
tational frequencies, the moment of inertia 8

tends' toward the value dplg&d Johnson and co-
workers" investigated this behavior in several
rare-earth nuclei through the use of (n, XN) reac-
tions leading to rotational states which have been
identified with certainty to spin 18. At such spin
values the moment of inertia has not yet reached
the rigid value which would be deduced from the
ground-state deformation. Since the pairing gap
may disappear first for neutrons, it may prove
possible to observe separately the breakdown of
neutron and proton pairing. Therefore, it seemed
especially interesting to follow the trend of the
moment-of-inertia behavior to higher frequencies
by exciting states of still higher angular momen-
tum in the rotational spectrum.

The use of (heavy ion, XN) reactions is certain-
ly one of the most productive ways for populating
such high spin states of the residual system.
Large amounts of angular momentum are trans-
ferred in the reaction, which leaves the residual
system highly aligned' relative to the beam direc-
tion. Individual y rays of the resulting cascade to
the ground state exhibit highly anisotropic angu-
lar distributions which provide a basis for identi-
fication of y-ray multipolarities. In this experi-
ment, the reactions Nd'"(C", 4N)Dy"' and Nd'"-
(C", 5N)Dy"' were examined' as a means of pop-
ulating the Dy"' g.s. rotational band. Levels
were observed to spin I= 22, the highest nuclear

spin reported to date. Carbon ions accelerated
by the Brookhaven National Laboratory (BNL)
three-stage MP tandem Van de Graaff facility to
energies of 55 to 72 MeV were used to bombard
a 3.5-mg/cm' Nd'" metal foil target. The (C",
5N) reaction led to a more favorable reaction
yield relative to background, and all results re-
ported here were obtained with this reaction.
The y rays belonging to the Dy"' cascade were
identified through high-resolution y-y coincidence
measurements with a resolving time of 2v =30
nsec, which involved transitions between known'
low-lying Dy"' states. These measurements uti-
lized a pair of large-volume (40- and 50-cm')
Ge-Li detectors. Two-dimensional coincidences
of 4096 X4096 channels were event-mode recorded
on magnetic tape, on line with the BNL tandem
facility Z-7 computer. Simultaneously, twelve
spectra with 2048 channels each were collected
live in core and displayed during the experiment
for monitoring purposes. These spectra included
the singles y-ray spectrum from each counter,
the coincidence sum spectra collapsed on each
axis, and eight coincidence spectra correspond-
ing to events associated with coincidence gates
set by software on four known y-ray lines of the
g.s. band and four background regions adjacent
to these lines. The coincidence events recorded
on magnetic tape were scanned after the experi-
ment. Coincidence gates were placed on each of
the eleven Dy"' g.s. cascade transitions which
originate from the states with spin 2 through 22.
Each of these eleven gated spectra had subtracted
from it a coincidence background obtained with a
gate of identical width placed immediately adja-
cent to the line itself. These individual coinci-
dence spectra served to definitely identify each
transition as a member of the stretched cascade.
Figure I shows the coincidence spectrum obtained
by summing these eleven background-subtracted
spectra. This summing was performed in order
to maximize the statistics associated with the
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weak transitions between high-spin states.
Placement of these transitions within the cas-

cade was made on the basis of relative y-ray in-
tensities and excitation-function measurements
with C" ions from 55 to 72 MeV in energy. The
yields of the Dy"' g.s. band transitions, normal-
ized to the yield of the 4'- 2' transitions, showed
a progressively steeper rise with C" bombarding
energy as the excitation energy and spin of the
Dy"' state increased, and served to confirm the

FIG. 1. Sum of eleven coincidence spectra (individual-
ly background corrected) resulting from gates placed
on each transitjpn pf the g.s. rotational band pf Dy 5

up to spin 22,

relative placement of the higher transitions in
the cascade.

Multipolarities of each of these y-ray transi-
tions were determined by y-ray angular distribu-
tion measurements relative to the beam direction
at a C" bombarding energy of 71 MeV. In these
measurements the 40-cm' Ge-Li detector was
positioned 16 cm from the target on the movable
arm of an automated goniometer which was pro-
gramed to rotate sequentially through eight pre-
selected angles lying between 60' and 160' rela-
tive to the beam direction. The angular distribu-
tions were fitted by the usual Legendre polynomi-
al expansion of the form W(0) =A, +A+,(cos8)
+A4P, (cos0). All of the y rays identified with the
Dy'" cascade exhibited characteristic L = 2 angu-
lar distributions consistent with a stretched qua-
drupole cascade (with considerable side feeding)
from highly aligned states.

Table I summarizes the observed y-ray transi-
tions, energies, intensities, their placement in
the rotational cascade, and values of the angular-
distribution coefficients as measured at 71 MeV
C" bombarding energy. In the case of the weakly
excited 678.2-keV 22' -20' transition, the angu-
lar-distribution measurements were complicated
by the presence of a line of nearly identical ener-
gy not associated with the Dy'" cascade and should
should be regarded as preliminary.

The manner in which the "moment of inertia"
for the Dy"' ground-state band varies with the
square of the rotational frequency is shown in

TABLE I. Summary of observed Dy 5 p-ray transition energies, placement in the ro-
tational cascade, relative intensities, and measured angular-distribution coefficients.

Transition
energy
0 eV)'

98.8
218.2
320.6

' 406.3
476.0
529.3
563.4
578.1
591.0
625.8
678.1

Assignment

2+ 0
4+ ~ 2+

6
8 6

10+ 8+

12 10
14+ 12
16+~ 14
18+-16+
20 18+
22 20

H,elative
p-ray

intensity

26
100
99
90
80
59
42
28
23
13
(6)

A, /Ap

0.162 +0.018
0.226 +0.006
0.291 +0.007
0.306 +0.008
0.310 +0.009
0.322 +0.012
0.292 +0.016
0.349 &0.024
0.362 +0.029
0.280 +0.050
(0.198 +0.051)

A4/Ap

—0.073 6 0.026
—0.059 +0.009
—0.075 +0.010
—0.073 +0.012
—0.073 60.013
—0.066 ~0.018
—0.117+0.025
—0.166 +0.036
—0.128 +0.044
—0.023 +0.076
(+0.059 +0.079)

The transition energies are accurate to +0.3 keV and are in good agreement with
those listed to spin 18 in Ref. 3.
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Fig. 2. The quantities

are obtained from the experimental data in the.
manner previously usedi for the Dymo g s. band.
The Dy

"moment of inertia deviates sharply at
spin 14 from the linear increase followed up to
spin 12, The large, rapid increase from spin 14
to 18 is similar to that exhibited by Dy' '. The
progressively smaller changes from spin 18 to
spin 20 and spin 22 suggest the onset of the pr e-
viously unobserved "saturation" of the moment
of inertia associated with the disappearance of
the pairing correlations. It should be empha-
sized, however, that the moment of inertia has
not yet reached the rigid value expected at zero
rotational frequency (145 MeV ') from the Dy'"
ground-state distortion. This may be a conse-
quence of the nonidentity of neutron and proton
pairing energies, and a further rise in the Dy"'
moment of inertia may occur at still higher rota-
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FIG. 2. Plot of 2d/PP vs {K~) for the ground-state
rotational band of Dy ~ . Dashed line, variable-mo-
ment-of-inertia model (Ref. 10) fit to the first five ex-
cited states of the band.

tional frequencies.
Recently, several new theoretical attempts to

explain the behavior of the moment of inertia as
a function of the rotational frequency have ap-
peared. Sorensen4 introduces for weak pairing a
generator coordinate wave function and calculates
on a two-level model the moment of inertia as a
function of ~' for various choices of the pairing-
force strength. Krumlinde and Szymanski' intro-
duce a model of a rotor coupled to valence parti-
cles which are distributed over two degenerate
levels and interact through a pairing force. Ste-
phens and Simon" calculate the coriolis effects
on I»» particle pairs coupled to a deformed core.
All of these calculations are able to reproduce
qualitatively the observed anomalies in the mo-
ment-of-inertia behavior.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

)Permanent address: Raymond College, Stockton,
Calif. 95204.

)Now at Tel Aviv University, Tel Aviv, Israel.
A. Johnson, H. Ryde, and J. Sztarkier, Phys. Lett.

248, 606 {1971).
B. R. Mottelson and J. G. Valatin, Phys. Rev. Lett.

5, 511 (1960).
3A. Johnson, H. Ryde, and S. A, Hjorth, private com-

munication and to be published.
R. A. Sorensen, Research Institute for Physics,

Stockholm, Sweden, Annual Report, 1970 (unpublished),
p. 228.

~R. M. Diamond, E. Matthias, J. O. Newton, and
F. S. Stephens, Phys. Hev. Lett. 16, 1205 (1966).

P. Thieberger, A.. W. Sunyar, P. C. Rogers, N. Lark,
O. C. Kistner, E. der Mateosian, S. Cochavi, and E. H.
Auerbach, in Proceedings of the Symposium on Heavy-
Ion Reactions and Many-Particle Excitations, Saclay,
France, 8-14 September 1971 (to be published). This
preliminary report identified Dy 58 states only to spin
20.

~J. H. Jett and D. A. Lind, Nucl. Phys. A155, 182
{1970).

M. A. J. Mariscotti, G. Scharff-Qoldhaber, and
B. Buck, Phys. Rev. 178, 1864 (1969).

J, Krumlinde and Z. Szymanski, Phys. Lett. 36B,
157 (1971).

~ F. S. Stephens and R. S. Simon, Lawrence Berkeley
Laboratory Report No. LBL-273, 1971 (unpublished).


