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Abstract Based on a cranked Nilsson calculation we discuss some spectroscopic properties of
superderormed nuclei, like quadrupole moments, g-factors, energies and moments of inertia. In
light of recent experimental informaUon about superdeformations in Dy, possible feeding
mechanisms of these states are discussed. The high-spin level density is calculated in a
microscopic model, and the number of superdeformed states, compared to normal-deformed
states, is found to be high for high spins and for low excitation energies. This suggests
favoured regions in the (Cexc,I)-plane for the feeding of superdeformed states. A microscopic
model for rotational damping is presented, and the E2-strength function up to about 4 MeV
excitation energy is studied. The rotational cooling at 1*50 in the superdeformed HD Dy j s

found to be much smalle" than in the normal-deformed 6 Yb.
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1. Introduction

1 *i2
The nucleus Dy was Tor many years often taken as the example in theoretical high-spin

calculations. One reason for this exploration was that already at an early stage this nucleus
was seen to have an yrast line composed by single-particle aligned high-spin states, and that
relatively high spins was found (see eg. ref. ). Another reason was that the 2:1 shape was
predicted to be favoured in nuclei around Dy \ Certainly, it is then very satisfying that
the experimental knowledge about this nucleus now is so rich, including (oblate) single-
particle states up to spin 38h" , a collective low-deformation band up to spin 4Oh • ', and
now recently, the great discovery made in Daresbury, a superdeformed band presumably
extending from spin 22h up to spin 60h ' (see fig. 1). This means that not only three very
different shapes coexist over a large range in spin, but also that two different ways of
rotating the nucleus coexist, namely the non-collective and collective rotation.

In this talk I shall mainly speak about superdeformed states in Dy. In sect. 2 some
general aspects about the 2:1 symmetry is discussed, while more details about the
spectroscopy at this large deformation is presented in sect. 3. Possible mechanisms for the
feeding into superdeformed bands are discussed in sect. 4. The decay along the excited
superdeformed bands is focused in sect. 5. In subsect. 5.1 a microscopic model for rotational
damping is presented. The model is applied in subsect 5.2 to study the damping width and the
rotational cooling, in particular for decay along superdeformed bands. Finally, in sect. 6 a
short summary is presented.
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Fig.l The experimental knowledge about Dy includes stales at three diflerent
deformations: non-collective oblate states, a collective low-deformation band (presumably
prolate), and a collective superdeformed band. Some typical decay paths deexctling the
superdeformed band to oblate states are illustrated. (From ref. ').
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2. Superdeformations in general

The specific features of shape symmetries in deformed nuclei is most clearly seen and
demonstrated in the pure harmonic oscillator potential, see lig. 2. Let us consider a 2:1
deformed, prolate shape. Since the energy becomes the same if one oscillator quantum is put
along any of the two minor axes, as if two oscillator quanta are put along the larger axis,
an energy degeneracy of single-particle orbits appears, and gaps in the single-particle
diagram open up. In fig. 2 single-particle gaps are seen al specific particle numbers, not
only for spherical and prolate 2:1 shapes but also for oblate shapes with an axis ratio of
1:2. However, these latter shapes are very unfavoured by ti.c macroscopic contributions to the
total energy, emerging from the surface and the Coulomb terms.

Thus, the favouring of 2:1 shapes seems to be a general feature, appearing for certain
particle numbers all over the periodic system. The first sign of this symmetry was the
discovery by Polikanov el al. ' of fission isomers in nuclei around T h . The upper part of
fig. 3 shows the dubbel-humped fission barrier for "U. The secondary minimum is responsible
for the observed fission isomers in ®U, and appears due to favourable shell effects al the
2:1 deformation for N=144 and Z=92. In a more realistic potential the favoured particle
numbers will be different from those obtained in the pure oscillator. This can be seen in
fig. 4 where the shell energy for the 2:1 deformed Nilsson potential is shown vs neutron
number and rotational frequency. At rotational frequency zero a low shell energy appears for
neutron numbers around 32, 38, 64, 84, 106 and 144. (The exact neutron numbers, of course,
depend on the single-particle potential used, what value of £4 is taker, etc.) Prom this
shell-energy study we thus expect a favouring of 2:1 deformed shapes, similar to that in
O4£ * CO

U, for example in nuclei around Dy. However, due to the huge fission barrier for rare-
earth nuclei, a low shell energy in Dy does not give rise to any secondary minimum in the
fission barrier, see the 1=0 curve in the lower part of fig. 3. A glance at the energy

nos

behaviour of the two observed rotational bands in U immediately suggests a way to decrease
the energy of the 2:1 deformation relative to the energy of the ground-stale deformation,
namely by increasing the spin. Since the moment of inertia increases with increasing
deformation, the whole fission barrier will till towards larger deformations if the nucleus
is set to rotate. So, providing the shell energy at the 2:1 deformation is not much affected
by the rotation, a double-humped fission barrier arises for the rapidly rotating rare-earth
nucleus Dy (fig. 3, I=40-curve). And indeed, as can be seen from fig. 4, the shell energy
docs not change much due to the rotation.

1 *i2
The stability against fission for rapidJy rotating nuclei in the Dy region is

increased due to the low shell energy at the 2:1 deformation. Such large deformations are
also favoured by the rotating liquid-drop model. As a third point, the angular momentum value
where the rotating liquid-drop undergoes fission is highest in approximately this mass
region '. All together these three points imply that superdeformed nuclei around Dy can
presumably take the highest angular momentum value that can be obtained for any nucleus in
the whole periodic system.
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Fig.2 Single-particle levels of the axially symmetric harmonic oscillator potential as
functions of the elongation coordinate e. For some shapes, exhibiting special shell
structure, the frequency uj_:u)z and the particle numbers of the closed shells are given.
(From ref. 7 )).
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Fig.3 Schematic fission barriers for 2 3 6 U and 1 5 2Dy. In both cases the shell energy for the
2:1 deformation is assumed to be -5 MeV. Note the similarities between the 1=40 barrier of
1 5 2 Dy and the 2 3 6 U barrier.
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Fig.4 A contour diagram showing the shell energy vs neutron number and rotutional frequency
at the 2:1 deformation. Dark areas correspond to negative shell energy. (From ref. ').
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For high spins in nuclei around Dy we thus expect:

1) A secondary minimum with a 2:1 deformation appears.

2) This minimum comes low in energy and, Tor sufficiently high spins, becomes yrast.

3) The static pairing should be of less importance. This means that the individuality of each
nucleus should be more profound and single-particle gaps, etc might be studied.

152These expectations together with the experimental discovery of a superdeformed band in Dy,
give us a good motivation to study the structure and other details about superdeformed states
at high spins.

3. Spectroscopy

3.1 Single-particle structure

In fig. 5. we show a more realistic Nilsson diagram than the one shown in Tig. 2 for the
pure oscillator. The diagram is constructed from the Nilsson Hamiltonian for protons using
the "A = 165" parameters , and e 4 = 0. As was discussed in sect. 2 the single-particle gaps
appear for different particle numbers than in the H.O. At the 2:1 deformation (e = 0.6) large
s.p. gaps appear for Z = 46, 66 and 88. At this large deformation quite different orbitals are
occupied than at the smaller, ground-state deformations. For example, for Z = 66, i.e. for Dy,
the t wo i i3/2 orbitals with asymptotic quantum numbers [660 1/2] and [651 3/2], and the hg/2
orbital [541 1/2], are occupied at the 2:1 deformation. Due to this concentration of high-j
orbitals around the Fermi surface, and also due to the large deformation, we expect quite
different spectroscopic properties for superdeformed than for normal-deformed nuclei.

From now on we shall use N-dependent Nilsson parameters and treat the stretched,
12)rotating N-shell quantum number, N ,, as good . This allows us to specify a configuration

by the number of particles of signature a =1/2 and a = -l/2, respectively, in the different
Nrol-shells.

The rotational behaviour of the neutron single-particle energies at the 2:1 deformation
is shown in Tig. 6. For 86 neutrons a big gap of about 1.7 MeV remains for all frequencies.
This very stable neutron configuration has 8 particles in the N = 6 shell and 2 in the N = 7
shell (J15/2). There is, of course, an uncertainty in the exact choice of single-particle
parameters. For example, parameters for some levels occupied in rare-earth nuclei at the 2:1
deformation are in fact fitted for ground-state properties of actinide nuclei. However, in
order to get a stable gap for N=86 it is, for example, important that the two vjj5/2 orbits
are occupied, since they are most strongly affected by the rotation, and slope downwards in
the diagram. Most other orbits are much less affected by the rotation and arc !i ,ve small
slopes in the e % s u , diagram. The weak coupling to the rotation at this large deformation
is also seen in fig. 6 by the small signature-splitting of most single-particle orbits.
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Fig.6 Cranked Nilsson single-neutron energies, ef, in the rare-earth region for a super-
deformed shape. The quantum numbers parity and signature are distinguished by dilTerent line
shapes. In addition, on each line the N .-quantum number, here treated as good, and the
ordering number within each N . is marked out. The neutron contribution tj the total spin
for 86 neutrons is given in squares for a few frequencies.
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Several details of the high-spin nuclear spec tro seopy may be studied from diagrams like
fig. 6. For example, in the odd nucleus ° Dy the lowest superdeformed positive-parity band
is from fig. 1 expected to show almost no signature-splitting, even for the very highest
spins, while for negative parity the signature o=- l /2 band (i.e. I* = ...99/2", 103/2"...) is
expected to come much lower in energy than the a = 1/2 partner (l"=...97/2~, 101/2"...).

Potential-energy surfaces emerging from a full cranking Nilsson-Strutinsky calcu-
lation ' of Dy are shown in fig. 7. The left-hand part of the Figure is valid for angular
momentum 1 = 30, 40 and 60, all with the restriction of positive parity (and signature, 0 = 0).
In the two energy surfaces to the right some specificly favourable configurations at 1 = 40 and
60 have been choosen. All three experimentally observed types of configurations (fig. 1) have
a correspondence in the calculations: the oblate single-particle excited high-spin states
(c=0.1, Y = 6 0 ° ) which come yrast up to about spin 55, the low-deformation band which
presumably corresponds to the prolate configuration with two neutrons excited above the
N=82 gap (v(hu/2)*2; e=0,2,Y=0°), and finally, the superdeformed band marked
*(>13/2)4v(ji5/2)2 (c=0.58, Y=0°). In addition, the triaxial configuration v(hn/2)*2(N = 4)-2

comes at a rather low energy in the calculations. The deformation of the superdeformed state
stays rather constant, in that both e and Y does not change with I. There is, however, a
definite increase of the C4 deformation, as can be seen in fig. 8. This increase is because
the rotating liquid-drop energy, that dominates for higher spins, prefers an c4 of about
0.07, while the shell energy prefers £j = 0. The change of £4 between I =20 and 60 gives rise to
a less than 2% decrease of the J moment of inertia.

3.2 Moments of inertia

Fig. 9 shows calculated and measured moments of inertia, J^\= 2I/E ) and j ^ 2 \ = 4/AE ),
and the angular momenta, I, vs the rotational frequency, hu (=E /2). The J7 ' moment of
inertia (the slope of the I vs hu curve) for the superdeformed band is rather nicely

JO) 1

reproduced by the calculations, both concerning its value, ? -85h MeV , and its decrease
with increasing rotational frequency. The J moment of ine. tia, on the other hand, comes
out as about 5% too large in the calculations. In addition, as discussed above, we calculate
a small decrease of Q vs hu while, according to the experimental deduction, it should
increase with increasing rotational frequency. One possible way to explain this deviation
between theory and experiment is obvious when the lower part of fig. 9 is studied: If the
experimental spin assignment of the superdeformed band would be shifted up by 4h for all
states, an excellent agreement between theory and experiment appears. Then also the
experimental T -moment of inertia will show a decrease vs hw. Contrary to the deduced T -
values there is certainly some arbitrariness in the spin assignment, and thus in the ? •
values. However, a change by 4h in the spin assignment is presumably outside the experimental
uncertainties . Another possible explanation for the deviation has been proposed by Shimizu
et al. ' and also by Dudek et al. : If the pairing interaction is included in the cranking
calculation of the superdeformed band the static pairing plays no role, while dynamical
pairing (pairing vibration) results in a de-alignment of the angular momentum, i.e. T
becomes smaller.
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Fig.9 The lower panel shows angular momentum vs rotational frequency for the two collective
bands observed in Dy compared with calculated quantities for configurations also
illustrated in fig. 7. In the upper panel, moments of inertia in the superdeformed case are
compared. Experimental data are taken from ref. and ref. for the superdeformed and the
other collective configuration, respectively. (From ref. ).
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3.3 Quadrupole moments and g-factors

Using the cranking wave functions, as obtained for the superdeformed high-spin state, we
easily calculate both the static quadrupolu moment and the static magnetic moment. The
quadrupole moment is calculated as

Q, = e l <*" |3r 2 -x 2 -y 2 | ««> . (1)
i=l 1 l

By assuming the rotational model to be valid for these high spins, Qo is simply related to
the lifetime of each high-spin state, as expressed by the B(E2)-values

B(E2;KI + KI-2) = jfa Q2 <IK20|l-2 K20>2 = j ^ Q 2 - | when I » K. (2)

The static magnetic moment is calculated us

where we use the g-factors

I _ J 1 protons
9 i " J 0 neutrons

1 ( 4 )

« s = n t ,,6,tree _ J 3.91 protonsgi = U.7 g£ - s _ 2 6 8 n e u t r o n s

The gyromagnetic ratio,

g • ^ , (5)
x

is then easily obtained from eq. (3) and from

A
i x = t <*u j x i « ; > .

For the favourable superdeformed configuration in Dy, HO13/2)4 v(il5/2)^> n = +< 0 = 0 , the
quadrupole moment becomes Qo = 1760 efm1. Assuming that eq. (2) holds, this corresponds to 2390
W.u.,giving T(E2,&I =-2) = 0.14-E^fsec"1. For transitions around I = 40h we get EySlMeV and
thus expect lifetimes for these supercollective E2 transitions of about 10 fsec. The
lifetimes of the individual E2 transitions in the superdeformed rotational band has not yet
been possible to measure. However, from total lifetime measurements an average transitional
quadrupole moment has been measured ' to Q t=1900i300 efmJ (=Q 0 if eq. (2) holds),
corresponding to B(E2)=2500 W.u., that agrees nicely with the calculated value.

The g-factor calculated for the n(« 13/2)4vCJ15/2)2 superdeformed configuration in Dy
is very close to the Z/A value: g=0.43.

Usually g-factor measurements is a very good way to obtain information about which
single-particle orbits are occupied. However, for the very high spins taken by the super-
deformed nucleus, the interchange of one or two single-particles has a relatively small
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1 *\*\
influence on the g-factor. For example, at 1=50 the yrast configuration of ' Dy is that of
1 CO

Dy with the extra neutron placed in the N = 5, a = -1/2 orbiul, situated just above the N = 86
gap (see fig. 6). The g-factor for this configuration at 99/2" is g=0.43, and is not very
different from the value expected for other rotational-band configurations in this nucleus.
For example, a very exotic configuration in this nucleus is obtained by instead putting the
extra neutron in the N = 8 orbital originating from the k 17/2 shell, see fig. 6. At 109/2* this
gives g=0.37, i.e. less than 20% smaller than the expected g-value for the most favoured
configuration.

4. Feeding into the superdeformed band

In this section we shall discuss possible implications of the experimental observations
made of the superdeformed band in Dy. First, in subsect. 4.1 we briefly discuss some
experimental evidences and then we present a qualitative calculation in subsect. 4.2,
involving level-density arguments, of how the evaporation residue might dxay to super-
deformed bands. Finally, in subsect. 4.3, possible implications of building giant resonances
upon the superdeformed rotational state is briefly discussed.

4.1 Some experimental evidences

Evidence I): The intensity in the superdeforrr.od band saturates at 1=50 (to about 1% of the
2*+04 intensity), and stays constant down to about 1=28 .
Possible explanation: The crossing between the normal-deformed and superdeformed bands occurs
at around spin 50 (at 1=56 in the calculations presented in fig. 7).

Evidence 2): Most of the ridge intensity seen in Y-Y plots and connected to super-
ior 1 CO

deformations is concentrated in more or less only one superdeformed band in Dy.
Possible explanation: One band is pushed down in energy compared x> the rest of the super-
deformed bands due to a) static pairing correlations left over in the superdeformed states or
b) big single-particle gaps appearing for Z = 66 and N = 86 at the 2:1 deformation at high spins.

1 t\O

Evidence 3): Clear ridges in the y-Y plots, corresponding to superdeformations in Dy, were
seen also in the Berkeley experiment , shooting 180 McV Ar ions on Cd, see fig. 10a.
However, by changing the target to Cd, Sn and Sn, giving the main residues Dy,

Er and Er, respectively (Hg. 10b, c and d), the sign for the superdeformed band has
more or less disappeared.
Possible explanation: If pairing would be the main reason in 2) above, one band should have
been pushed down also in these neighbouring even-even nuclei. The evidence 3) thus supports
the explanation b) above, i e that Dy is a semi-magic nucleus at the 2:1 deformation. The
intensity in the superdeformed minimum of these neighbouring nuclei is expected to be shared
between many closelying bands, and might be too weak to be seen.
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4.2 Level densities at high spin

At high excitation energies the state density is very high and all different kinds of
shapes are mixed in the nuclear wave-function, resulting in a spherical or a slightly oblate
shape, depend ing on the angular momentum of the system. When the compound nucleus has cooled
down by emitting a few neutrons and maybe one or two statistical yrays, a good schematic
description of the wave-function may be given by

Tmixed = °nTnormal-def.+ ""s^superdef. ( 7 )

if two specific shapes, one normal-deformed and one superdefbrmed, are strongly favoured. Of
course, if more than two shapes coexist additional terms are necessary in eq. (7), see below.
The squared amplitudes are a measure of the probability to populate a specific shape. In
order to Teed the lowest superdeformed band, we first must pass a state schematically
described by eq. (7), and <£ is the probability to Teed into superdeformed states. In order
to estimate these amplitudes at high spins we shall here study the level densities of
different types of configurations at a given excitation energy.

Since we are interested in level densities at moderate excitation energies, below the
neutron separation energy, and at very high spins, no existing model Tor level density
calculations is suitable. Instead, we develope a simple and straightforward model for
calculating the level densities .

The procedure of the calculation i > as follows:

1) For a fixed deformation and rotational frequency the cranked Nilsson Hamiltonian is
diagonalized

x * ^ * e ^ . (8)

For the cranked ground state,

|O,«> ' n *f , (9)

the energy and spin are calculated as

Eo = Z e .
1 (10)

I . • I Ji .

respectively, where

• j - <#tlh|t"> - .J • .Jj

2) Excited configurations are obtained as many-particle many-hole excitations relative the
cranked ground state
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n
lu,u)> = II a* a. |0 ,w> . (12)

i m i k i

The energy and the spin of the excited state I U,w> become

E»= E-4! v ! • • • ,
(13)

respectively. All needed np-nh excitations with n<10 are included in the calculations.
The X moment of inertia for the different configurations is simply calculated as

Thus, at a fixed rotational frequency we have obtained a set of combinations (E . T )

(and X '), as marked out by crosses in fig. 11, each representing a specific

configuration. When the cranking axis coincides with a symmetry axis only integer (even

nucleus) or half-integer (odd nucleus) values of the spin can be obtained, see fig. 1 lb.

3) It is now convenient to distinguish between the cases a) collectiv? rotation and b) non-
collective rotation.
a) Collective rotulion. The points in the (E.I)-plane are extended into lines (see fig.
lla) by using the Taylor expansion

I ( I - I ) ( I - I u ) 2

(15 )

For the level-density calculation we approximate the energy expansion by putting
J - / „ . The level density for a given spin value is obtained simply by counting the
number of states (bands) in an energy interval fulfilling the normal signature
condition.
b) Non-collective rotation. In this case we ignore the possibility of building a
collective rotational band on the high-K band head, since this is expected to be an
energy wise expensive excitation mode . Again, the level density is obtained by
counting the number of states for a given spin value, 1 = K, in each energy interval.

1 *i2In fig. 12 we show the calculated level-density at 1=50 in Dy of three different
types of states, all related to minima in the calculated energy surfaces (fig. 7): The
collective triaxial states (e = 0.33, Y = 27°), the non-collective oblate states (?=0.1, Y = 60°),
and the collective superdeformed states (£ = 0.58, y = 0°). In each case the level density is
shown vs the excitation energy relative each energy minimum. Due to shell effects and
rotational enhancement effects the level density grows quite differently in the three cases.
The level density of superdeformed states is found to be quite small. This is due to the big
single-particle gaps for Z = 6C and N - 8 6 at the 2:1 deformation, see figs. 5 and 6. It is
remarkable that the level density of superdeformed states is even smaller than the density
of oblate l = K states, in which case no rotational enhancement exists. The level density
increases fastest for the triaxial states. This is the case although we do not account for
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Fig.l l A schematic illustration of the procedure for calculating level densities. The
crosses are obtained at a fixed cranking frequency and correspond to different excited
configurations. In the case of collective rotation, a), each configuration is a member of a
rotational band, illustrated by the straight lines. In the non-collective case, o), only
I=K-states are considered. In both cases the level density is obtained by counting the
number of states at a given spin value and in a given energy interval. (From ref. ).
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Fig. 12 High-spin level density (logarilmic scale) as a function of excitation energy (square
root scale) for three different fixed shapes. The excitation energv is for each case counted
from the bottom of the respective local energy minimum. The three level-density functions
are calculated at fixed spin values around I = 50h. Straight lines have been drawn to guide
the eye. (From ref.20 ')
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the additional rotational degree of freedom expected for a triaxial shape. Since the single-
particle- alignment of the angular momentum is quite large for the studied high-spin slates
we find it justified not to include this triaxial rotational enhancement to the level
density.

In fig. 13 we show the energy dependence on spin for the three deformations discussed
above and indicated on the inserted e-f-plot. We now apply eq. (7) but with three different
terms:

= W o b l + a t r i a x f t r i a x + asuperYsuper

The three a-coefficients are obtained from the level-density calculation
2 ' i=obl , tr iax and super (17)

where N is a normalisation constant. For each spin value the level densities, p-, are
calculated at an excitation energy relative to the yrast state. Since the deformation of the
three minima is kept fixed in this calculation, we somewhat underestimate the level
densities. However, this error is partly compensated for since we are only interested in
finding which of the Ct's in eq. (16) that dominates at different spins and excitation
energies.

Regions in the (E ,I)-plane are marked out in fig. 13 where the wave-function (eq.
(16)) is dominated by different shapes. In constructing this figure the (smaller) vi-nation
of the level density with spin is ignored and level densities are taken from fig. 12. At
about spin 58 the three studied minima all have the same energy (see fig. 13), and from fig.
12 it is then obvious that the triaxial states dominate at all considered excitation
energies. For higher spin values the superdeformed minimum comes lowosl in energy, followed
by the triaxial and the oblate minima. Thus, for I>58 the superdeformed states dominate, at
least for low excitation energies. However, since the level density in the triaxial minimum
increases so fast, s«je fig. 12, the total level density will be dominated by triaxial states
for higher excitation energies. For spin values below 58 the oblate non-collective states
come lowest in energy, followed by the triaxial and superdeformed states, and the
competition will be between oblate and triaxial states. As is shown in fig. 13, the triaxial
level density dominates for higher excitation energies and for spins above 45h. Below spin
45 the oblate non-collective states dominate at all considered excitation energies.

One expected consequence from this calculation concerns the decay out of the super-
deformed rotational band. Experimentally , this decay occurs around 1 = 24, where the energy
difference between the yrast line to the lowest superdeformed state is about 4 MeV. At 1 = 24
and E =4 MeV the oblate states completely dominate the level density, see fig. 13. Thus,
the decay from the superdeformed band should mainly occur to the oblate non-collective
states. To at least 90% this is also the case, as deduced from the Daresbury
experiment • ' .

Another expected consequence from fig. 13 is that the superdeformed states in Dy
should be most populated if the evaporating residue has a high spin and low excitation
energy.
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Fig. 13 The energy vs spin for three different shapes for which the potential-energy surfaces
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Once fed into an excited state, dominated by superdeformed configurations, the decay
may proceed via collective E2 transitions. Due to the relatively high level density a few
MeV above the yrast line, the different states will be mixed. The role of this rotational
cooling shall be discussed in sect. 5. Another possibility is to decay directly to the
superdeformed yrast states or close to these. The emission of these high-energy frays m a y
be enhanced by the tail of the giant resonance strength functions.

4.3 Giant resonances built on high-spin superdeformed state

The peak energies of the two components (K = 0 and K= 1) of the giant dipole resonance
(GDR) are directly proportional to the axis ratio of the deformed (axially symmetric)
nucleus. For a 2:1 prolately deformed nucleus this means that the K = 0 component, that
corresponds to vibrations along the long axis, comes very low in energy; about 9 MeV above
the yrast line for an A= 160 nucleus. In Tig. 14 we show the peak energy of the GDR built on
a superdeformed high-spin state. At the 2:1 deformation the total B(El)-strength for decay
from the giant resonances is the same for the K=0 mode, that decays with AI=± 1, as it is for
the two K= 1 modes decaying with AI=0 and AI= ± 1, respectively.

In fig. 14 we also show the calculated peak energy for isoscalar and isovector giant
quadrupole and monopole resonances (GQR and G MR). The calculation is performed in a phonon-
plus-rotor model, where the giant resonance phonons at spin zero are calculated in RPA using
the harmonic oscillator potential . Note that the K = 0 component of the isoscalar giant
quadrupole resonance comes even lower in energy than the GDR. Largest B(E2)-strength is
obtained for the K = 0 component. An interesting feature concerns the monopole strength,
B(E0). Due to the mixing between the K = 0 component of the quadrupole resonance and the
monopole resonance, both states get non-vanishing B(E0)- and B(E2)-strengths. At this large
deformation the low-lying "quadrupole" resonance (GQR, K = 0), gets a 2-3 times larger B(E0)-
value than the high-lying "monopole" resonance (GMR, K = 0), in the isoscalar as well as in
the isovector case. This concentration of B(EO)-strength (B(E0) s 600 e2fm*) at an
excitation energy of about 7 MeV (isoscalar GQR, K = 0) is certainly a most interesting
suggested feature of superdeformed states.

1S2Experimentally, the superdeformed band in Dy is found to be populated unexpectedly
strong. In particular the low-lying GDR component might enhance the feeding into one
specific superdeformed band , that due to shell effects is placed 1-2 MeV below the first
excited band.

5. Decay along superdeformed states

In this section we shall study how an excited, superdeformed state may decay by
collective E2 transitions. Due lo the residua! interaction between the rotational bands this
decay spreads out over several states (rotational damping) . In subsect, 5.1 we present a
microscopic model for the rotational damping, while some preliminär results are presented in
subsect. 5.2.
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5.1. Microscopic model for rotational damping

As for the calculation of the level densities (subsect.4.2), the excited states are
described in a microscopic way. However, Tor each excited state we shall now calculate also
the 3 moment of inertia:

^ ! . •

Thus, both Jr ' and J? are calculated for each configuration and used in the energy
expansion, eq. (15). In the present calculations the second and third terms in eq. (IB) arc
neglected. The pairing is expected to play a minor role for these high spins, justifying the
neglect of 2Dl\r- *" ^ general case the deformation term, JJJN may give significant
contributions to Tu . In order to minimize this deficiency we shall only consider nuclei
with very stable deformation minima. As can be seen from fig. 7, the superdeformed minimum
in Dy is indeed very stable.

We now add a residual interaction between the different excited states,

H' = H2 + H3 + H4 (19)

of two-body, three-body and four-body character:

] ( 2 0 ) '

H. - —i-j £ V4(«I«1«,m,jIjIj,J,) • (22)
( 4 ! ) m ,10,111,111,

am,am,am,V , > a 1
i J2 3 , 3 , l = 0 , J i = + , a = 0

As indicated in eqs. (20)-(22), the considered interaction acts between states with the same
spin, parity and signature. The three- and four-body interactions are mainly included to
account for truncation effects in the treatment of the two-body interaction. To simplify, we
choose a schematic two-body interaction which acts with equal strength in the pp-, nn- and
pn-channels, and witii constant matrix elements (except its sign):

V- = iA , random s ign . (23)

In a similar way we rather arbitrarily choose

V, = ±10'JA , random sign (24)

V4 = ±10"'A , randen s ign . (25)

We shall not treat the possibility for decay from one energy minumum to another, but
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consider states in one selected energy minimum only.
The value of the parameter A is estimated in a Fermi-gas model, and assuming a one-

qp damping width

ri=l<Eexc> = 15 Eexc •*" • <26>

One then gets2 5 )

|V2I * A = 6.7 ( i | ^ ) 3 / 2 keV (27)

that for 152Dy gives A = 7 keV.

At a given spin and parity we diagonalize the undisturbed Hamiltonian, having energies
E and wave functions ||t,I> (eqs. (12)-(15)), plus the residual interaction, H' (eq. (19)).
This gives energies, Ea(I), and the corresponding wavefunctions

|a,i> = Z x2(i)lu«i>. (28)

In the diagonalizatio»> procedure we include the lowest 500 states at a specific deformation
and with definite parity and signature.

To calculate the rotational damping caused by the residual interaction, we shall assume
for the E2-matrix element between unperturbed states (|y,I>)

<p,I-2| | .4f<E2)| |MM> = -Äp «M>J|. /2T+I , (29)

where

Mv' mr AQ'lv)- (30)

For the perturbed states (|a,I>) we get

<a,I-2|U(E2)||a'I> = I xJd-2) xj'l) •% • <31>

All bands in the considered energy minimum are assumed to have the same quadrupole moment,
i.e. Jlu = JlB for all |i.

5.2 Damping widths and rotational cooling

The model presented in the previous subsection is now applied to the superdeformed
1 CO

states of Dy. In order to study the specific features of these states we shall compare to
normal-deformed states in Yb. In this nucleus the minimum is calculated to be very stable
at e=0.25, ysO , also for quite high spin values . Therefore, we believe the static-
deformation approximation, discussed above, to be reasonable also for this nucleus.

In Tig. 15 we show the B(E2)-strength distribution for the transition 1=50 + 48, from
152three differentexcited states in the superdeformed minimum of Dy and the normal-deformed

minimum of 1C8Yb. In both cases the 10:lh, 60:lh and 150:th excited states among the n= + and
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0=0 states are studied. Note that slate no 150 comes at an excitation energy or 2.89 McV in
the Dy case while in the Yb case at 1.61 MeV only. This reflects the very low density
of states in the superdeformed minimum, as discussed in subsect. 4.2 (see fig. 12). As
expected, the Fragmentation of the B(E2)-strength increases with increasing excitation
energy. For the 10:th state in Yb, situated 0.65 MeV above the lowest state, almost all
strength is concentrated into one transition, while Tor the 150:th state no individual
transition picks up more than 10% of the total strength. The mean value and width of each
B(E2)-strength distribution is calculated and marked out below each distribution function in
fig. 15. It should be pointed out that there is a strong variation in the B(E2)-strcngth
distribution in going from one mother state to the next. In order to gel an overall view of
how the distribution width varies with the excitation energy, average distributions have
been constructed. For each individual B(E2)-strength distribution the average Y-energy is
put at zero. In fig. 16 we exhibit B(E2)-distribulions for Dy, averaged over the
excitation energy intervals 0-0.5 MeV, 2.0-2.5 MeV and 3.0-3.5 MeV. In the lowest energy
interval all strength is concentrated in one transition only, while for the excitation
energy interval 3.0-3.5 MeV a broad distribution appears with a width of about Frots 100 keV.
This average rotational damping width is shown in Tig. 17 vs the excitation energy for Dy
and Yb. For the superdeformed Dy, r r o t increases rather slowly with the excitation
energy while a much faster increase, and also much larger damping widths, can be seen for

1 Aft

the normal-deformed Yb. This big difference between the two studied cases is caused by
the very different level densities.

In fig. 16 we see how the descrete E2-transitions are smeared out more and more at
higher excitation energies. This appears due to the increasing level density, in particular
of 2p-2h neighbours, that results in an increased mixing between states. Also for the rather
high excitation energy interval, 3.0-3.5 MeV, some remniscence of band structure is seen in
the superdeformed Dy. To make a more detailed study of this, we show in fig. 18 the
(average) maximal in-band E2-tran sition propability vs the excitation energy. We also show
the fraction of the E2-strength lying in the peak area (cf fig. 16). The "imilarilies
between the two curves implies that the B(E2)-strength, lying in the peak area of the
intensity distribution, is concentrated in one transition only. Minor differences between
the two curves arise partly because the arbitrariness in selecting the peak area in the
B(E2)-strenglh functions. From this study we reach the conclusion that the E2-strength
function can be devided into two parte, one descrete part and one smooth part. The part of
descrete E2-transitions is approximately given by the curves in fig. 18. It is seen how this
part is completely dominating the E2-strength at low excitation energies, while at higher
excitation energies the best description of the E2-strength function is given by a smooth
curve. The width of the smooth curve increases with increasing excitation energy. At a
sufficiently high excitation energy the widlh is expected to decrease with increasing
excitation energy \ However, in this calculation we never reach excitation energies where
this rotational narrowing sets in.

Since the B(E2) strength is weigthed by E^ an expected consequence, of including the
residual interaction between the different rotational bands, is that rotational E2
transitions should cool the nucleus. The magnitude of this rotational cooling in our two
considered examples can be studied from fig. 19. At spin 50 we assume that all 500
considered states are equally populated. Thus, the upper partc of fig. 19 show how the level

ICO IdO

density grows differently in the superdeformed Dy and the normal-deformed Yb. Severe
truncation effects set in somewhat below 3.5 MeV for 152Dy and below 2 Mcv for 168Yb. The
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and Yb. At spin 50 all 500 considered states are assumed to be equally populated. Note
the dirrerenl rotational cooling calculated for the two nuclei.
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occupation distributions at spin 48 and 46 are obtained From the mixing calculation,
1 fiftdescribed in subsect. 5.1, considering collective (oI=-2) E2-transitions. For Yb a

rotational cooling of about 200 keV per E2-transition appears. A quite different behaviour
is shown by the superdeformed Dy, where only minor changes is seen in the occupation
distribution. This more or less abscence or rotational cooling in the considered energy
interval in Dy, means that the rotational damping does not lead to any significant
sidefeeding into low-lying superdeformed states.

6. Summary

We have discussed the rich structure expected in superdeformed high-spin nuclei. Due to
the high spin the (static) pairing is expected to be of minor importance, and the
individuality of each nucleus should show up. Signs of this individuality has already been

| CO

seen, in that v-v correlation plots indicate superdeformatiotis in Dy, but not for the
even-even neighbours ' (fig. 10). In addition, it seems that mainly the observed
superdeformed band in Dy ' contributes to the ridge structure in the v-y correlation
plot . In total, this is interpreted as a sign for large single-particle gaps for N=86 and
Z=66 at the 2:1 deformation for high spins.

1S2 2 2
A quite exotic configuration in Dy, i(i 13/2) v(j 15/2) , having positive parity and

even spins, comes out as favourable in the calculations. The quadrupole moment is found to
be very large, Qo=1760 e*fm*, that agrees nicely with the observed average transitional
quadrupole moment, Qt=1900 e'fm*. The g-factor for this configuration is calculated as,
g=0.43. Generally, the g-factor of different excited superdeformed states was found to show
a small variation around Z/A.

The j " ' moment of inertia was calculated to decrease with increasing rotation
frequency, in agreement with experiment. However, the T moment of inertia was calculated
to be about 5 % larger than the experimental value. This deviation could be either due to
the ignoration of pairing vibrations in the calculation, or maybe less probable, a different
experimental spin assignment of the superdeformed states.

The feeding into superdeformed bands was studied from a level-density point of view. A
microscopic model for calculation of high-spin level densities was presented, and strong
structure e(Teets in the level density was found. To feed into superdeformed states it was
found most efficient if the evaporation residue reaches states with high spin and low
excitation energy. For high spins collective triaxial states compete with the superdeformed
states, while at lov/er spins, (I < 58) non-collective oblate states was calculated to
compete with the superdeformed states. The total dominance of oblate states in the spin and
excitation energy region where the superdeformed band is depopulated, was suggested to
explain why mainly oblate single-particle states are found to be fed by the superdeformed
band.

The feeding of the lowest superdeformed band might be helped by the tail of the giant
dipole resonance strength function, since the K - 0 component comes very low at the 2:1
deformation; about 9 MeV above the yrast line. However, the K = 0 component of the isoscalar
giant quadrupoie resonance is calculated to come at an even lower energy, about 7 MeV above
yrast. For this mode we calculate a strong monopole transition matrix element at the 2:1
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deformation.
From a microscopic model, with a sch err. i tic residual interaction between rotationa1

bands, E2-distribution functions were calculated. It was concluded that the E2-strength
function can be devided into two parts, one consisting of descrete in-band transitions, and
one best described by a smooth E2-distribution (rotational damping). The descrete
transitions have more or less disappeared at 3.5 MeV excitation energy for the superdelbrmed

Dy, and at about 2 MeV for the normal-deformed Yb. Although the amount of in-band
transitions at E s 3 MeV in Dy is very small, the collective E2 transitions give i >se

1 ftQ

to a very small rotational cooling. This is in contrast to the normal-deformed Yb where a
cooling of about 200 keV/2h was found.
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