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1. INTRODUCTION

In specific regions of the nuclear periodic chart, large multipole moments are observed
and the low-lying excitations have a rotational character. These features are understood
if the nuclei in question are assumed to have a stable deformation, i.e., a non-spherical
distribution of the nuclear matter. In other (transitional) regions the quasi-rotational bands
are present; they are strongly coupled to low-lying vibrational modes. Those nuclei are best
understood in terms of small static deformations but large dynamic fluctuations around local
equilibria. As a matter of fact, the vast majority of nuclei are deformed; even in those which
are spherical or almost spherical, the dynamical couplings to shape vibrations are crucial.
Nuclear deformations are everywhere!

There are many ways to describe the origin of nuclear deformation. One can use a
geometric language of shapes, shell effects, and closed classical trajectories [1]. Another,
closely related, picture comes from a spontaneous symmetry breaking mechanism caused by
the long-range part of the effective interaction which leads to a strong coupling between
degenerate single-particle states [2]. The actual presence of a static deformation depends
crucially on a delicate balance between the symmetry—violating particle-vibration coupling
and the symmetry-restoring pairing force, which tries to push the system towards the region
of highest density of states. The models explicitly constructed in the laboratory frame such
as the spherical shell model based on the rotationally-invariant many-body Hamiltonian
do not really need the notion of nuclear deformation. However, nuclear deformations can
be extracted in a model dependent way from calculated moments and transition rates and
then related to specific effective interactions. For instance, in the spherical shell model the
quadrupole deformation can be attributed to the long-ranged proton-neutron quadrupole-
quadrupole force [3].

The issue of nuclear deformation is many-faceted. If the nuclear shape (nuclear mean
field) is deformed, characteristic excitation modes are present, such as rotations and vibra-
tions built upon the non-spherical equilibrium. Through the particle-core coupling, nuclear
deformations can dramatically influence the single-particle properties of nucleons moving
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in the average nuclear potential. By studying the individual nucleonic wave functions one
can learn a great deal about the nuclear shape and, consequently, about the fundamental
properties of effective nucleon-T^deon interactions.

Manv experimental investigations using the Daresbury Tandem were related in one way or
another to the physics of nuclear shapes. Fundamental discoveries from Daresbury inclade
the observation of superdeformed structures in rapidly rotating nuclei, the observation of
identical ("twinned") rotational bands, various studies of structural changes induced by very
fast rotation (band-crossings, band-terminations), the observation of the oblate-deformed
"dipole" bands, studies of reflection-asymmetric shapes, studies of (quasimolecular) cluster
configurations in light nuclei, and many, many others. Several areas related to nuclear
shapes are covered by other speakers (see, e.g., presentations by B. Haas, K.P. Lieb, W.R.
Phillips, B.R. Fulton, N.J. Stone, and J.O. Billowes). In my talk, I would like to review the
forefront research at Daresbury from the global perspective; the common denominator being
the nuclear shape deformation.

2. NUCLEAR SHAPES AND THE DARESBURY TANDEM

In the following, I shall present a sample of important discoveries from the Nuclear
Structure Facility (NSF) at Daresbury. The list is far from being complete; it basically
reflects my personal interest.

2.1. A~80 REGION: SHAPE COEXISTENCE AND SHAPE TRANSITIONS

Shape coexistence, unusually large deformations, the presence of well-deformed intruder
orbitals, low-lying octupole states, and dramatic shape changes induced by rotation are quite
common phenomena in the light zirconium region (28<Z<50, 28<N<50). The microscopic
reason for such a strong variation of collective properties is the relatively low single-particle
level density in these medium-mass nuclei. One of the most interesting features of nuclei
from the Ge—Zr region is the richness of various structural effects that occur at high angu-
lar momenta. Many of these effects haye a straightforward interpretation in terms of the
interplay between deformation, pairing, and the Coriolis force.

For TZ-~Q systems, the proton and neutron shell effect add coherently and, consequently,
dramatic shape effects are expected. A beautiful experimental signature of large prolate
deformations in the A~80 region was observation of very collective rotational bands in
neutron-deficient Sr isotopes by Lister et al. [4]. This work was followed by the spectacular
high-spin studies of 84Zr [5] and 80Sr [6]. Those high-spin data stimulated a lot of activity
in the high-spin community. Because of spectacular shape effects, relatively small size, and
high collectivity, 80Sr has became a favorite testing ground for various theoretical approaches
[7, 8, 9]. The nucleus 84Zr is one of the best candidates for superdeformation [10], still
unobserved in. this mass region.

The investigation of the medium-mass N = Z nuclei has been the proprietary niche of
groups who made investigations using the Daresbury Recoil Separator. Pioneering works
from the NSF include the spectroscopy of 64Ge, 68Se, 72Kr, 76Sr, 80Zr, and 84Mo (see ref.



[11]). These studies confirmed earlier theoretical predictions of shape transition from strongly
oblate shapes in 68Se and 72Kr to strongly prolate shapes in 76Sr, and aoZr (actually, 76Sr
is one of the best deformed nuclei; its ground state deformation is around /32=0.4). The
nucleus 84Mo is the heaviest Z=N systems known so far. Spectroscopy of 84>86'88Mo revealed
that the quadrupole collectivity in the Mo isotopes decreases with increasing N, i.e., the
neutron-deficient molybdenum nuclei follow the same trend as Sr and Zr isotopes. The
transitional nucleus 64Ge is very interesting because of expected low-lying octupole states,
see Sec. 2.4.

In the A~80 region both protons and neutrons lie in the same 1*79/2 high-j subsheli.
Consequently, proton and neutrons band crossings are expected to occur at similar frequen-
cies. For 7-soft systems such configuration changes' induce strong shape variations caused
by aligned quasiparticles which polarize the core. Excellent examples of the high-spin shape
coexistence in the A~80 region can be found in nuclei around N=44. These transitional
nuclei are deformation-soft and, therefore, they are very sensitive to all the effects which
are associated with shape variations. In the odd-A Kr-Zr nuclei with N=43-45 very strong
polarization effects coming from aligned quasiparticle excitations have been observed. They
manifest themselves by the coexistence between prolate and oblate bands, shape changes
induced by the quasiparticle alignment, variations in the signature splitting and the B(A11)
strength with angular momentum.

A spectacular example of the configuration-dependent quasiparticle alignment related to
the 7-softness has recently been established in ^Rb (ref. [12]). The favoured (a=l/2) lg9/2

band exhibits a smooth neutron alignment whilst a sharper band crossing is seen in the
unfavoured (a=-l/2) I59/2 sequence, which result?- in a dramatic variation of the signature
splitting. This behaviour can be explained in terms of different deformations for the two sig-
natures of the l</9/2 band [13]. The excitation energy of the odd l<79/2 proton in 79Rb favours
near-prolate shapes for the (a=l/2) band. On the other hand, the unfavoured band prefers
a near-oblate (7~-50°) shapes above the neutron crossing frequency. Another spectacu-
lar case of shape effects in the light-Zr region investigated at Daresbury are spectrosccpic
studies of shape changes in 76'78Kr leading to dramatic shifts in the lgg/2 crossing frequency
[14].

Recently, new calculations of equilibrium deformations in A~80 isotopes were performed
using the Woods-Saxon-Strutinsky model. In contrast to the previous work [7], the macro-
scopic part of the total energy was assumed to be given by the Yuka- '̂a-plus-exponential
mass formula of ref. [17]. The shell correction was computed using the axially-deformed
single-particle Woods-Saxon hamiltonian [18] with the parameters of ref. [19]. To avoid well
known problems associated with the mean field treatment of pairing, approximate particle
number projection was implemented by means of the Lipkin—Nogami method. The pairing
strengths and the average pairing energy were taken according to ref. [20]. The calculated
equilibrium deformations and the prolate-oblate energy difference, &.Epo=Eproiate-Eobialc. are
shown in Table 1. It is seen that the prolate—>oblate shape transition is expected to occur
around N~42. Worth noting axe the predicted large /36 deformations in the lightest Kr, Sr,
and Zr isotopes.



Depending on the actual deformation, the Fermi l c c l penetrates very different parts of
the 1.(79/2 shell thus influencing the delicate interplay between neutron and proton excitations.
Consequently, the angular momentum dependence of magnetic properties, e.g., ^-factors,
brings unique information on nuclear shape; such measurements are extremely important
for our understanding of the prolate-oblate competition in the light-Zr region. The g-factor
measurements in 72'74Se [15] or 78Kr [16] clarified several questions related to the nature of
aligned bands in these nuclei. In particular, the very different alignment pattern of 7r= + ,
r = l yrast line of T6Kr and TSKr [14] was explained in terms of deformation change between
those isotopes. Whilst at the prolate configuration of 76Kr both lga/2 protons and neutrons
align at the same frequency, the first eaxly crossing in 78Kr is caused by the lga/2 neutron
alignment, and the second (proton) crossing is considerably delayed. This nicely agrees with
the oblate ground state deformation in 78Kr, see Table 1.

Nucleus

Z
36

38

40

42

N

34
36
38
40

42
44

36
38
40
42
44

38
40

42
44

40
42

44

02

-0.30
-0.33
-0.35
-0.32
-0.29
-0.24
-0.24

-0.35
-0.37
-0.35
-0.23
-0.26
-0.26

-0.36
-0.23
0.00

-0.22
-0.21

-0.22
-0.26
-0.26
-0.22

Oblate

04

0.020
0.027
0.031
0.012

-0.026
-0.052
-0.053

0.031
0.034

-0.019
-0.072
-0.065
-0.065

0.027
-0.075
0.000
0.085

-0.083

-0.082
-0.099
-0.09P
-0.0^2

0.
0.
0.
0.
0.
0.

-0.

0
0
0

-0
-0
-0

0
-0
0

-0
-0

-0
-0

0e
135
136
127
086
036
001
006

131
127
093
019
006
.006

.109

.021

.000

.026

.027

.024

.030
-0.030
-0.028

02

0.35
0.36
0.37
0.37
0.37
0.32
0.18

0.37
0.38
0.39
0.37
0.30
0.00

0.39
0.40
0.40
0.39
0.00

0.41
0.39
0.00
0.00

Prolate

04

0.059
0.020

-0.003
-0.017
-0.017
-0.023
-0.028

0.005
-0.018
-0.Q28
-0.029
-0.020
0.000

-0.026
-0.038
-0.038
-0.039
0.000

-0.043
-0.046
0.000
0.000

0.
0.
0.
0.
0.
0
0.

0
0
0
0

-0
0

0
0
0

-0
0

-0
-0

0

06
037
046
041
029
029
026
013

040
033
019
016
025
000

.018

.000

.000

.004

.000

.011

.010
0.00
.000

A£po

MeV

0.77
0.71
0.21

-0.27
-0.38
0.31
0.34

0.23
-0.35
-0.95
-0.09
0.60
0.30

-0.95
-1.03
-2.02
0.15
0.16

-0.42
0.83
0.37

~0

Table 1: Equilibrium deformations 02, 04, and (3% at the equilibrium shapes of Kr, Sr and
Zr isotopes. The last column displays the prolate—oblate energy difference.



2.2. BAND TERMINATIONS AND SHAPE COEXISTENCE AT HIGH SPIN

When all valence nucleons of a given configuration are coupled to a maximum angular
momentum, the associated rotational band terminates. The band-termination process is
associated with a shape change from a collective prolate (oblate) to non-collective oblate
(prolate). In heavy nuclei, the ground-state band does not terminate until very high spins,
when it is already very much above the yrast line. However, subsequent spin alignments
along the rotation axis may in some cases create an oblate shape with the angular momentum
being the sum of contributions from a small number of quasiparticles. Band-termination
can only be observed if the number of valence particles is not too large. On the other
hand, the number of particles outside spherical shells must be large enough to allow for a
collective rotation at low spins. These requirements axe fulfilled for a number of N~90 nuclei.
The Liverpool/Daresbury/Copenhagen collaboration found examples of terminating bands
in rare-earth nuclei from the N~90 region, e.g., in 1S8Er [21] and 15<lDy [22]. Discontinuities
observed in the rotational behaviour near spin 40ft are observed in many N~90 nuclei. It has
been suggested [23] that these anomalies can be understood as a crossing or perturbation of
the collective prolate structures by non-collective terminating states.

More excellent examples of terminating bands were found in nuclei just above Z=50.
The potential energy calculations reveal that in the specific region (52<Z< 56,60 <N<68)
the oblate minimum for a single high—if l/iu,2 proton orbital competes with thai, of low-A"
prolate orbital from the same lhu/2 shell. Oblate structures in the n s- i : 9I nuclei, which
are associated with a single Tlhu/2 orbital, were studied at Daresbury in collaboration with
the Stony Brook group. The prolate 7rlftu/2 collective bands of the 11S-116119I nuclei were
observed to terminate into 7 = +60° non-collective oblate structures, which involve the
rotational alignment of the three protons outside the Z=50 core, hi the heavier Xe isotopes,
shape transition from prolate collective to oblate non-collective regime has been observed
by Simpson et al. [24] in the nucleus 122Xe.

2.3. A~130 REGION: HIGHLY DEFORMED INTRUDER STATES

Of course there exist nuclei with shapes intermediate between normal deformations and
superdeformations. Examples are very collective rotational bands found in the As: 132 mass
region. The first strongly collective band in this mass region was discovered in 132Ce [25,
26, 27]. In most cases those collective structures were observed in the odd-N isotopes of Ce,
Nd, Sm and Gd with N=71,73,75 and 77, e.g., in 131Ce [28] and 13sNd [29]. Experimental
estimates of deformation in these bands by Doppler-shift attenuation measurements yield
values of quadrupole deformation /32 around 0.38, see, e.g, refs. [26] (132Ce), [30] (135Sm),
and [31] (131Ce).

Calculations based on deformed shell model [32, 33] predict well-deformed near-prolate
minima for Ce-Gd nuclei with N>72 that become yrast at rotational frequencies around 0.5
MeV (I~30 ft.). The calculations show that the presence of large deformations is directly as-
sociated with the 1/H13/2 states which at normal deformations and low rotational frequencies
lie several MeV above the Fermi surface. However, because of their large angular momentum
the energy of these levels decreases rapidly with deformation and rotational frequency. The



calculations with pairing [33] indicate that the alignment of the first lii3/2 pair takes place
around hui=0A MeV. Thi>=3 one can conclude that the intruder band seen in 132Ce has the
two-quasiparticle character, v(li13/v)2. In the odd-N nuclei the well deformed band can be
associated with ths favoured lti3/2 orbital. The nature of those well-deformed intruder bands
is of crucial importance for our understanding of the transitional region between spherical
or normally-deformed shapes and superdeformed shapes.

2.4. OCTUPOLE EFFECTS

A coupling between intrinsic states of opposite parity is produced by the long-ranged
octupole-octupole residual interaction. In some cases the mixing is so strong that the nu-
cleus appears to acquire stable octupole deformation in the body-fixed frame. For normally-
deformed systems the condition for strong octupole coupling occurs for particle numbers
associated with the maximum A^f=l interaction between the intruder subshell (£, j ) and
the normal parity subshell (£-3J-3). The regions of nuclei with strong octupole correlations
correspond to particle numbers near 34 (ga/2 <-» P3/2 coupling), 56 (An/2 <-+ ̂ 5/2 coupling),
88 (i'3/2 «-» f?/2 coupling), and 134 (J15/2 «-* 39/2 coupling). That is, the tendency to-
wards octupole deformation occurs just above closed shells [34, 35]. Indeed, for the Ra-Tn
(7-88, N~134) and Ba-Sm (Z~56, N~88) nuclni, the features of stable octupole deforma-
tion (namely, low-lying negative-parity states, parity doublets, alternating parity bands with
enhanced El transitions) have been established (see refs. [36, 37, 38]).

Several mean-field calculations predict reflection instability for nuclei around 222Th and
146Ba [36, 39]. The calculated octupole minima are usually very shallow with octupole
barriers varying between 0.5 and 2 MeV, depending on the model. Consequently, dynamical
fluctuations are expected to play a significant role.

Octupole correlations are expected to iraxy with angular momentum. In general, octupole
coupling leads to increased adiabaticity of nuclear rotation; the octupole strength is enhanced
at medium spins [7]. This effect is predicted to be of particular importance in the heavy-Ba
region because of very soft octupole potentials. The issue of octupole correlations in the
heavy-Ba region has been addressed by a forefront program by Phillips and collaborators
[40, 41]). So far, the best observed parity doublets have been found in the light actinides,
namely in 223225Th [42, 43]. In both cases a significant part of experimental work was carried
out at the NSF by Butler and collaborators.

Of particular importance are measurements of higher multipolarity transition probabili-
ties using new generation Coulomb excitation techniques. Such experimental studies provide
us with a rich structural information about the physics of octupole instability. Here, excellent
examples are the recent Rochester-Daresbury measurements of El, E2, and E3 moments
U8Nd [44] and 150Nd [45].

Other exotic new regions of strong octupole collectivity pioneered at Daresbury are the
neutron-deficient nuclei around n4Xe and 64Ge. The best prospects for possible octupole
instability below heavy-Ba nuclei are expected for 112Ba and its neighbours. Unfortunately,
these very neutron-poor nuclei are predicted to lie either outside the proton-drip line or very



close to its border. Recently, some experimental attempts have been made to approach the
112Ba region by means of heavy-ion reactions combined with an identification of evaporation
products by means of "- recoil mass separator. The experiment has been performed [46] in
Daresbury Laboratory for the nucleus ^Xeeo- The data revealed a negative-parity band
approaching the ground-state band above / i r=7~. Theoretically, in a study based on the
deformeu Woods-Saxon-Strutmsky model, Skalski [47] predicted ground-state octupole de-
formations in several nuclei from this region. The ground-state octupole instability in these
nuclei is expected to be enhanced at medium spins and this probably explains the tendency
observed in ll4Xe

In the medium-mass nuclei, the octupole collectivity at the Z=N line was studied by
Ennis et al. [48] who carried out spectroscopic studies of 64Ge. This nucleus was expected
[35] to be very quadrupole and octupole soft. Indeed, the calculations [48] suggest that 64Ge
should be triaxial and reflection-asymmetric. The experimental level scheme shov •-• J. very
low-lying negative parity gamma-ray sequence, which becomes yrast already at Iv=9~''. So
far, no definite conclusions on the structure of this band can be drawn. It is hoped that future
experiments around 64Ge will shed more light on octupole collectivity in those medium-mass
nuclei.

i_a the presence of low-lying octupole excitations, 3 large isovector El moment may arise
in the intrinsic frame due to a shift between the centre of charge and the centre of mass.
Such a static dipole moment manifests itself by very enhanced electric dipole transitions
between opposite parity members of quasi-molecular rotational bands. Mean-field based
calculations reproduce the systematic trends s en in the experimental data and vanishing
values of the intrinsic dipole moments in certain nuclei. It has been demonstrated [49] that
the recently introduced macroscopic contribution to the intrinsic dipole moment based on
the droplet model provides a consistent description of experimental data. In paiticular, the
unexpectedly depressed El transitions in 146Ba [40] and 224Ra [5G] turned out to result from
a subtle cancellation between various contributions to the intrinsic dipole moment.

2.5. COLLECTIVE MAGNETIC DIPOLE BANDS

The neutron deficient lead nuclei are proving to be an excellent testing ground for the
study of collective motion near the Z=82 shell gap. They are near spherical in their ground
states, but at higher excitation energies delicate interplays between competing shapes and
excitation modes occur.

The possibility of shape coexistence in the neutron deficient lead isotopes with N—118
came with the discovery of low lying Oj states, which were interpreted as proton 2p-2h
excitations across the Z=82 closed shell. The ground state and excited bands in neighbouring
Hg have been successfully explained as collective bands built upon weakly deformed oblate
shapes (#2~0.15, 7—60°).

A search for shape coexistence effects in 134Pb was carried out by Fant et al. [51]. They
found a highly irregular sequence of dipole transitions built above the 11" state. In the
following studies, regular collective high-spin structures have been reported in l97'I9SPb by



Clark et al. [52, 53]. These bands consist of regular sequences of magnetic dipole tran-
sitions. They axe interpreted as based on high-if two quasiproton configurations [e.g.,
(h9/2®s1/2k=5, (Q9/2)K=8. (h9/2®ii3/2k=n, 0I3/2)K=12] c°upled to aligned i13/2 quasineu-
trons. It has been suggested [54] that the bands seen in 198Pb and all the other A /= l cas-
cades seen in 196,197.199.200,201 pj, c a n ^e explained in terms of oblate high-if two-quasiproton
configurations coupled to aligned quasineutrons (four in l98Pb). The observed pattern of
the moments of inertia can be interpreted in terms of a simple unpaired picture involving
neutron excitations. Interestingly, several dipole sequences in the lead isotopes have "iden-
tical" transition energies. This has been explained in terms of the normal-parity fi=l/J,
pseudospin "singlet" neutron orbital originating from the Zpi/2 shell. Such a situation has
been discussed in detail in the context of identical superdeforined bands in the A=150 mass
region [55, 56], where the pairs of identical (twinned) bands were explained in terms of the
[301)1/2 proton pseudospin singlet originating from the 2pi/2 shell. The observation of long
regular Ml sequences built upon weakly deformed shapes (thus carrying a weak quadrupole
collectivity) poses many important questions for theory. It is difficult to understand what is
the microscopic origin of the apparent rigidity of those bands.

2.6. HIGH-.ST ISOMERS: NON-COLLECTIVE ROTATION OF DEFORMED NUCLEI

The time differential perturbed angular distribution technique (TDPAD) exploits the qua-
drupole interaction of the quadrupole moment of a high-spin isomer with the electric field
gradient in non-cubic crystals. By measuring the time dependence of gamma anisotropy,
one can determine the magnitude of the quadrupole moment, |Qj. In order to measure the
sign of Q one can combine TDPAD with the tilted multifoil (TMF) technique which leads
to the nuclear spin polarization via magnetic hyperfine coupling. A beautiful example of
application of this technique is the quadrupole moment measurement of the if=25 isomer
in 182Os [57].

How good is the K quantum number? How good is the separation between the wave
function of the high-if isomer and that of the low—K (ground state) rotational band? Walker
and collaborators performed a series of experiments on the break-down of K-conservation
in several nuclei around 174Hf [58]. They showed that high—/if isomers decay directly to the
yrast line, which demonstrates an apparent collapse of the K selection rule. Theoretically,
the explanation of this unexpected behavior will presumably involve a strong coupling be-
tween quadrupole deformation modes [tunneling through the (/32, 7) plane] and the nuclear
reorientation degrees of freedom (represented by the angles between the intrinsic principal
axes and the total angular momentum).

2.7. SUPERDEFORMATIONS

The discovery of a new type of exotic state, the so-called superdeformed state in rapidly
rotating, extremely distorted atomic nuclei has ushered in a new area of nuclear spectroscopy.
Superdeformed high-spin bands, together with fission isomers, are the most spectacular ex-
amples of shape coexistence. Theoretically, gadolinium and dysprosium nuclei with N~86
have been proposed since 1976 as being good candidates for observing low-lying superde-



foraed states.

Daresbury's distinguished role in physics of nuclear superdeformation needs little elab-
oration. The first reliable indication of the presence of high-spin nuclear states at very
large deformations was obtained from experiments using the 7-7 energy correlation method
in quasicontinuum spectroscopy. The 7-7 correlation experiments performed by the Liver-
pool/Daresbury group in 1984 to 1985 for the nucleus 152Dy [59] yielded two ridges in the
correlation diagram separated by a very small distance indicating a very large moment of
inertia for certain nuclear states. The estimated value of quadrupole deformation was in
agreement with the predicted value for superdefonnation. In the subsequent experiment [60!
it was shown that the lifetimes of the 7-rays in the superdeformed ridges were very short,
which was consistent with large quadrupole moment characteristic of a superdeformed band.
A real turning-point was, however, the direct observation of a discrete superdeformed ro-
tational band in l52Dy in 1986 [61]. In 1987 it became possible to determine the reduced
transition possibility B(E2) within a superdeformed band in 152By [62]. The quadrupole
transitions connecting superdeformed states were found to be super-collective, of the order
of 2500 Weisskopf units!

Since its discovery in 1986, superdeformation has become, both experimentally and the-
oretically, one of the most active subfields of nuclear structure. These efforts have heen
rewarded by the identification, to this day, of many different superdeformed bands in nuclei
around 152Dy.

More recently, a new region of superdefonnation has been found around 192Hg. The
contribution of the NSF to our understanding of this region is significant. In the TESSA3
experiment on 194Hg Riley et al. [63] discovered three superdeformed bands. In following
studies several superdeformed bands have been observed in 193Hg [61]. Two of these bands
have strikingly different dynamical moments ox inertia from all previously observed superde-
formed bands in this region. This, together with the observation ->i a cross-talk between
superdeformed bands, has been suggested to be the first experimental evidence for strong
octupole correlations in superdeformed nuclei (recently supported by microscopic calcula-
tions based on the RPA method [65] and by the mean field theory [66]).

One of the most remarkable and puzzling issues is the observation by Byrski et al. [67] of
identicai 7-ray sequences in the pairs of nuclei 151Tb-152Dy and 151Tb-150Gd. Since this dis-
covery, the issue of identical bands has become a new, very fast developing field in high-spin
physics. Identical bands were found in many superdeformed and normally deformed nuclei,
and the theoretical activity in this field is tremendous. Explanations involve arguments
based on the fundamental symmetries of the nuclear mean field [68], cancellation effects be-
tween particle-hole and particle-particle mean fields due to the particle-core coupling, the
presence of new odd-T terms in the rotating system, and many, many others [69].

All these investigations have opened up a new exciting field of nuclear superdeformed
spectroscopy [36, 70, 71].



2.8. PROTON-NEUTRON DEFORMATIONS AND THE Ml MODE

Ever since the low-lying 1+ states [JE?«~3.1 MeV, S(Ml;O f -» l+)~l/i?v] w e r e found in
well deformed rare-earth nuclei [72], whether those excitation modes may be described by
a semiclassical scissors-like mode or not. has been a point in dispute [73]. In the geometric
model, the collective 1+ state arises from the isovector quadrupole vibration of the proton
system with respect to the neutron system. In the experimental study by Freeman et al. [74]
the microscopic structure of the Ml mode in 164Dy was investigated using the (£, a) reaction.
It was demonstrated that some of the low-lying "collective" 1+ states in 164Dy could be
associated with the lhu/2 proton excitations. This important experimental result indicated
for the first time that, contrary to a simplistic phenomenological collective approach, the
low-lying Ml strength is fragmented, and by no means has a simple orbital structure.

At what energy regime can the "collective" Ml states be expected to be observed? In a
recent theoretical study [75] the K*=l+ intrinsic excitations and associated Ml strengths in
(super)deformed nuclei were studied using the Quasiparticle Random Phase Approximation.
The sum of J9 (M1) values in the region of Ex<10 MeV at superdeformations was found
to be several times larger than that at normal deformations, because of (i) the increase in
the proton convection current contribution and (ii) reduced pairing correlations. Moreover,
at superdeformations the major part of the calculated low-lying (large) B(Ml) values are
concentrated in the energy region just below the neutron emission threshold. The high-lying
isovector giant quadrupole resonance at superdeformed shapes has been found to have about
60% overlap with the "scissors" mode and carry a large B(Ml) strength.

2.9. I/7/2 REGION AND DEFORMED MIRROR NUCLEI

A very interesting area of nuclear shapes are the medium-mass systems from the l/7/2

shell (20<Z, N<28) around 48Cr. These nuclei are of particular interest because they are
heavy enough to be treated fairly well in the framework of the deformed mean field approach
and in the same time are still in range of the nuclear shell model. Experimentally, the
quadrupole moments of even-even Ti, Cr, and Fe isotopes are around lb [76] corresponding
to quadrupole deformations reaching /?2=0.3. Mean field calculations, see, e.g., ref. [77],
indeed predict large quadrupole deformations in a number of nuclei from the l/7/2 region.
It is, therefore, not surprising that many familiar high spin phenomena well established in
heavier nuclei, such as collective rotational bands, band crossings, alignments, are present
in the Cr region.

In a series of experimental works Cameron et al. [78] performed high spin spectroscopy
around 48Cr. Here, the high-j shell responsible for quasiparticle alignment is 1/7/2- Conse-
quently, for the even-even nuclei the backbeuding is expected around 7=6 ( = | + | ) , whilst
in the odd-A systems the transition to the three—quasiparticle band built upon the I/7/2
state occurs around 7=y- Unlike in heavy nuclei, spectroscopy in the Cr region offers sev-
eral interesting possibilities. Firstly, because the Coulomb energy is still relatively small,
proton and neutron orbitals are very similar, thus proton-neutron correlations are expected
to be strong. Secondly, in this region it is possible to perform high spin spectroscopy of the
T3<0 nuclei. A beautiful example of high spin spectroscopy of mirror nuclei is the study
of l9Mn and 49Cr [78] allowing for the analysis of the angular momentum dependence of



the Coulomb energy displacement. In 49Cr the first bandcrossing in the 1/r/a neutron band
is caused by the alignment of two I/7/2 protons. In 49Mn the situation is opposite; the
bandcrossing is due I/7/2 neutrons. By analyzing energy differences between those mirror
nuclei one can investigate the change in the isospin-dependent interaction (primarily the
Coulomb energy) with angular momentum; in particajar, the change in the charge distribu-
tion due to aligned protons. In the following theoretical work [79] the experimental trend
was reproduced qualitatively by the analysis based on the cranked shell model.

3. CONCLUSIONS

The short list of impressive experiments (related to the physics of nuclear shapes) carried
out at Daresbujy is fax from being complete. Other examples include the recent discovery of
a. hyperdeforrued cluster state in 36Ar (three 12C nuclei in a row) using the charged-partide
array CHARISSA, or measurements of proton and neutron deformations in light nuclei.

There is no doubt in my mind that the NSF has been a centre of excellence in low energy
nuclear physics. It is very sad to see it being shut down: an act of an unprecedent scientific
vandalism... The NSF has opened up several new areas of experimental and theoretical
research. Many of these flourishing and exciting zones will certainly grow, thanks to new
initiatives (ETIROGAM, EUROBALL, radioactive beams) which have very strong involvement
of U.K. physicists. I am convinced that the Daresbury Physics has a bright future!

The Joint Institute for Heavy Ion Research has as member institutions the University of
Tennessee, Vanderbilt University, and the Oak Ridge National Laboratory; it is supported
by the members and by the Department of Energy through Contract Number DE-FG05-
87ER40361 with the University of Tennessee. Theoretical nuclear physics research at the
University of Tennessee is supported by the U.S. Department of Energy through Contract
Number DE-FG05-93ER40770.
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bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
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