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High-resolution, low-background, two-dimensional y-ray energy correlations E(y&) vs
p iy2) have been measured at high spin in ~~2Dy with the spectrometer TESSA2. Ridges
characteristic of rotational behavior are observed for y-ray energies 0.8- E(y) —1.35
MeV. The separation of the ridges gives a dynamical moment of inertai Sb»d~& = (85
+2) 5 MeV ' indicating a quadrupole deformation of & =0.51 for a rigid body assuming
y =0.

PACS numbers: 21.10.Ft, 21.10.Re, 23.20.En, 27.70.+q

The nucleus '"Dy is a classic example of a
spherical/oblate nucleus containing isomeric
states at high spin. '~ Along the yrast line it in-
creases its angular momentum by alignment of
many high-j single-particle orbitals. '4 Recent
experiments' have shown that a rotational struc-
ture, in which two i»» particles are aligned with
the axis of rotation of a weakly deformed core,
coexists with the spherical states up to spin J
= 20'. Studies" of the unresolved y radiation
feeding the isomeric states and the spherical/
oblate yrast levels below J= 40 have shown that
between y-ray energies of 1.0 and 1.5 MeV the
average multipolarity of the unresolved radiation
is predominantly E2 in character. It has been
suggested' that at spins above J= 40 the nucleus
could have a strongly deformed prolate shape and
produce its high spin by rotation about an axis
perpendicular to the symmetry axis.

Calculations of the high-spin structure of nuclei
in the region of "'Dy have consistently predict-
ed' "that the nucleus will become prolate with
a large deformation before it becomes unstable
to fission decay. With use of different cranking
approaches"" it is predicted that this superde-
formation should occur when the nucleus is a
prolate ellipsoid with a major-to-minor axis
ratio approaching 2:1. This shape corresponds
to deformation parameters of c= 0.6 and y = 0.
Aberg" has pointed out that, although the super-
deformation is only yrast at the highest spins,
most of the decay intensity will remain in this
superdeformed structure until it becomes suf-
ficiently nonyrast for the decays out of band to
compete with the strongly enhanced in-band E2
decays.

To establish such a deformed rotational be-
havior y-y coincidence experiments are required
in which the particular nucleus can be preferen-
tially selected from other open channels. The
y-ray energy correlation matrix E (y, ) vs E (y2)
may then be constructed in which the rotational
behavior is characterized" by ridges parallel to
the E(y, ) = E(y2) diagonal. The dynamical mo-
ment of inertia 8b,„d

' is obtained" from the
separation of the ridges. High resolution is re-
quired in such experiments if a value of Ibad

'
is to be obtained that will give accurate informa-
tion about the nuclear deformation. Also a high
instrumental photopeak efficiency is required as
the signal in the energy correlation is proportion-
al to p' [where p = (photopeak efficiency)/(total
efficiency)]. Indeed, in a previous attempt" to
look for deformed structures in '"Dy, Ge(Li)
detectors without Compton suppression (p'&0.04)
were used and continuous ridge structures could
not be discerned in the correlation spectrum.

We have carried out a high-resolution experi-
ment with channel selection and a high value of

p using the y-ray coincidence spectrometer
TESSA2. '4 This spectrometer consists of six
escape-suppressed germanium (Ge) detectors
surrounding a fifty-detector bismuth germanate
(BGO) "crystal ball" which indicates the total
energy and number of y rays (multiplicity) in the
y-ray cascade. The suppressed Ge detectors
had p = 0.57 for 1.2-MeV photons giving p' = 0.32.
The reaction studied was "'Pd(4sCa, 4n)"'Dy at a
bombarding energy of 205 MeV and it was esti-
mated that the "'Dy nuclei were produced. with
angular momenta up to 635. The 'Ca beams
were supplied by the tandem Van de Graaff Nu-
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clear Structure Facility at the Daresbury Labora-
tory operating at 18.64 MV with single-stripper
operation to provide 7 nA (particle) on the target.
The target positioned at the center of the spec-
trometer consisted of two slightly separated 500-
pg-cm ' self-supporting foils. The emitted y
rays were fully Doppler shifted so that the re-
solution of the y rays in a Ge detector was gov-
erned by the Doppler effect over the solid angle
of both detector and recoil cone. The amplifer
gain of each Ge detector was adjusted to correct
for the relevant Doppler shift. The overall
spectrometer resolution was 4.5 keV for a 1-
MeV y ray.

At the bombarding energy chosen the main
reaction channels open were 4n and 5n leading
to the final nuclei ' 2' 'Dy. These residual nuclei
were allowed to recoil along the beam line so
that the BGO crystal ball detected mainly y-ray
decays from levels above the ~ & 5 ns isomers
in these nuclei. The collimation of the Ge de-
tectors was such that decays occurring more
than 20 mm downstream of the target could not
be detected. Hence in "'Dy none of the y rays
from levels below the 17' 60-ns isomer were
seen and the three y rays below the 21 10-ns
isomer were observed only very weakly. Events
from the 4n. and 5n channels were not completely
resolved in plots of BGO total energy versus
multiplicity but gates set on such two-dimension-
al arrays eliminated most of the 5n events. We

measured the contribution of the other channels
to the'"Dy correlation data to be less than 10%.

Figure 1 shows part of the E(y,)-vs-E(y, ) cor-
relation spectrum for y rays between 0.6 and 1.5
MeV detected in the Ge escape-suppressed spec-
trometers. In the untreat. ed data the structures
of interest exist on a surface of varying intensity.
To bring out these features in a conventional in-
tensity plot we have corrected for the response
function and the efficiency of the Ge detectors
and then flattened the contribution from the aver-
age behavior of the unresolved radiation using an
iterative technique. " The horizontal and vertical
stripes in Fig. 1 are due to strong discrete y
rays from yrast levels below I =40. Well defined
ridges parallel to the E (yz) = E (y2) diagonal ex-
tend from 0.80 up to about 1.35 MeV. The ridges
could possibly extend to lower y-ray energies but
any ridge structure below 0.8 MeV is masked by
intense peaks from discrete lines.

In order to make accurate measurements on
these narrow-ridge structures, high resolution
must be maintained perpendicular to the E(y, )
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= E(y2) diagonal. Hence a matrix of bE(y)
= IE(y,)-E( )) (E(y)& = (E(y )+E(y ))/2
was created with dispersions of 1.3 and 5.2 keV/
channel, respectively. Figure 2 shows the bE(y)
spectrum which results from summation of (E(y))
from 785 to 1330 keV for the untreated correla-
tion data after subtraction of contributions from
the strongest discrete line at 967 keV. A peak,
due to the projection of the ridges in Fig. 1 onto
the bE (y) axis, can be seen at b,E(y) = 47+ 1 keV,
this being the centroid of a Gaussian fitted to the
peak. The fitted Gaussian has a half-width of 6.8
keV which is close to the 6.4-keV instrumental
resolution expected from a spectrometer resolu-
tion of 4.5 keV. However, the peak must have a
finite intrinsic width in order to explain the fact
that equally strong peaks are not observed at
bE(y) values which are multiples of 47 keV.

With use of the relation g = 4h '/Sb~~ '), where
8 = (47+ 1) keV is the separation of the ridges
from the E(y, ) = E(y, ) diagonal, a value for
Hb, „d(" of (85+ 2)h' MeV ' is obtained. This is
1.4 times the rigid-body moment of inertia for
a spherical nucleus of mass number 152, where
the latter is given by 0.0129A"'O' MeV ' (see,
e.g. , Stevens" ). Such a la.rge moment of inertia.
implies that the nucleus must be strongly de-
formed with a deformation e ~ 0.5, if one as-
sumes only quadrupole deformation. " The actu-

FIG. 1. Correlation spectrum of E(yf) vs E(pf) for
5 Dy, measured in the Ge escape-suppressed spectrom-

eters. The channel has been selected by use of the
BGO crystal ball. Vertical and horizontal stripes are
due to discrete lines from yrast y rays belovr spin 40.
The superdeformed prolate structure is identified by
the ridges parallel and close to the P. (y,) = E (y&) diagonal
for energies bebveen 0.80 and 1.35 MeV.
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FIG. 2. The spectrum of d&(y) = l&(y|) -&(y2) I obtained from the untreated correlation data for '52Dy by summa-
tion ove»»ues of (Z(y)) =fE(y&) + E(y2) j/2 from 785 to 1330 keV. The contribution from the discrete line at 957
keV has been subtracted. The arrows show the position of the peak at 47 keV arising from the ridge structure
shown in Fig. 1 and the positions where subsidiary peaks might be expected to be seen. Also shown in the figure are
scales for 8»„d~ ~ and for the deformation p calculated with the assumption of an axially symmetric prolate nucleus
and a rigid-body spherical-nucleus moment of inertia of 0.0139A k MeV '. Appropriate nuclear shapes for dif-
ferent deformations conserving volume are also shown.

al value depends on the triaxiality of the nucleus,
a rigid prolate nucleus having e= 0.51. The con-
stancy of 8„,„d~' along the ridges, which is re-
flected in the small intrinsic width of the peak in
Fig. 2, suggests that the highly deformed shape
is particularly stable and hence is associated
with a deep minimum in the total energy at the
deformation concerned. Thus we conclude that
the observed ridge structure corresponds to
transitions down one or more rotational bands
based on a superdeformed shape.

Theoretical calculations assuming either a
Nilsson potential' or a, Woods-Saxon potentia, l"
predict such a stable shape over a wide range of
nuclear spin at slightly larger prolate deforma-
tions (e or P, respectively) around 0.6. Although
the calculations predict that the superdeformed
shape only becomes yrast at very high spin, the
ridge structure is observed over a spin range
from about 34 to 58 calculated from the y-ray
energy range 0.80 to 1.35 MeV on the assumption
that I=8&. The upper value is near the maximum
value of the angular momentum carried into the

nucleus and this suggests that the superdeformed
bands are populated directly by statistical transi-
tions following the formation of the "'Dy nuclei.
As mentioned earlier because of the large defor-
mation of these bands the y-ray strength feeding
them will remain in the bands until they become
sufficiently nonyrast for the out-of-band transi-
tions to compete with the fast E2 in-band transi-
tions. This occurs at around spin 34 or possibly
slightly lower if the ridge structure actually con-
tinues to lower energy than 800 keV. Such a pic-
ture would explain various features regarding the
feeding of the yrast levels which have been ob-
served in a study of the reaction '"Sn("S,4n)"'Dy
between 144- and 184-MeV bombarding energy. "
Firstly, the yrast feeding pattern is insensitive
to bombarding energy provided this is large
enough. Secondly, the yra. st feeding at high bom-
barding energies is restricted to states in a spin
range between 30 and 40. Presumably at higher
spins the superdeformed bands are too close in
energy to the yrast levels for the out-of-band
transitions to compete with the in-band ones.
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In conclusion, a ridge structure has been ob-
served in the y-ray energy correlations in "'Dy
which is characteristic of transitions down ro-
tational bands. The separation of the ridges
yields a mean value of 8„,"' of (85+2)5' MeV ',
the small intrinsic width of the ridges reflecting
the constancy of 8b d" along the length of the
ridges. This value is considerably larger than
that associated with rigid-body rotation of a
spherical nucleus and indicates that the nuclear
shape is strongly deformed. The data correspond
to the nucleus having a prolate deformation with
e= 0.51 and it is proposed that the observed
ridges are composed of transitions in rotational
bands based on such a superdeformed shape. The
data thus provide the first direct experimental
observation of the theoretically predicted super-
deformed shapes at high angular momentum.
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