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Results from a number of GDR experiments aiming at the investigation
of hot nuclear shapes in two very different mass regions and performed with
the HECTOR array are presented. For A =46 Jacobi shapes at high angular
momenta were observed. For A =216 indications of large deformations at
angular momenta close to the fission limit were found.

PACS numbers: 21.10.Re, 24.30.Cz, 25.70.Gh

1. Introduction

The Giant Dipole Resonance (GDR), coherent small-amplitude oscilla-
tions of protons against neutrons, was found to be a very good probe of
nuclear shapes. This is because the shape of the GDR strength function
reflects the average nuclear quadrupole deformation: in spherical nuclei the
strength function can be described by a single Lorentzian function, whereas
in deformed nuclei the strength function splits into 2 or 3 components, re-
flecting the oscillations along the major axes of the nucleus (see e.g. [1]).
The size of this energy splitting is proportional to the deformaton param-
eter 8. In addition, the y-decay of the GDR from highly excited states is
very fast, so it can compete with other modes of nuclear decay, and therefore
can provide the information on the initial stages of excited nuclei. During
the last 10 years the study of highly excited and rotating nuclei through the
investigation of the ~-decay of the GDR has been developed considerably,
both experimentally as well as theoretically (see e.g. [2-7| and references
therein).
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A sizable contribution to this progress was provided by the Copenhagen-
Milan-Cracow collaboration, based on exclusive experiments performed with
the HECTOR array (see Sec. 2). The carried investigations were concen-
trated mainly on the following aspects: the shape and thermal shape fluctu-
ations, the origin of the GDR width, the properties of some “exotic” nuclei
(super-deformation, heavy and super-heavy nuclei, Jacobi shapes) and on
“entrance channel” effect in compound nucleus formation. The main achieve-
ments are summarized below.

The hot nuclei do not have a well defined shape, as it is the case for the
cold nuclei, but they do fluctuate. These fluctuation can affect the measured
quantities, as the GDR strength function and angular distribution. The
extend of this fluctuations, their dependence on temperature and angular
momentum, and their influence on the measured quantities were investigated
in many nuclei [8-12].

The observed energy width of the GDR was found to arise from the in-
terplay of two effects: the thermal shape fluctuations, which are controlled
by the nuclear temperature, and the deformation effects, controlled by the
angular momentum. In addition it was found, that the “collisional damping”
effects, giving rise to the intrinsic GDR width, does not depend on temper-
ature [13-15].

The GDR ~-decay from hot super-heavy nucleus 2"?Hs was possible to
be observed for the first time [16,17]. The studies have shown, that the
fission process is slow enough, so there is time for collective modes to build-
up. It was possible to extract the information on the lifetime of such hot
super-heavy system, and on its effective shape.

It was possible, for the first time, to observe the low energy component
of the GDR built on the superdeformed discrete band in *3Eu [18,19]. From
the intensity of this component it was concluded, that the superdeformation
is the property of rather cold nuclei.

The influence of the entrance channel effect of the compound nucleus
formation was investigated [20,21]. The experimental results suggest a pos-
sibility of the pre-equilibrium emission of a-particles at high angular mo-
menta in the case of symmetric reaction. Such an emission populates the
compound nucleus at different excitation energy and angular momentum, as
compared to the case of asymmetric reaction.

This paper concentrates on results concerning the “exotic” shapes at high
angular momenta of nuclei from two very different mass regions. In Sec. 3
are shown the results of the search for Jacobi shapes in “6Ti nuclei. Sec. 4
contains the preliminary results of the experiment concerning the shapes of
216Rn nuclei.
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2. The HECTOR array

The HECTOR (High-Energy y-ray deteCTOR) array was built in 1989
as a Danish—Italian collaboration. The essential part of the array consists
of 8 large volume scintillators of BaFs for the detection of high-energy pho-
tons and 38 smaller hexagonal BaFs crystals that serve as multiplicity filter
(called HELENA) for the low-energy 7-transitions. The details can be found
in [8]. HECTOR was originally located at the Tandem Accelerator Labora-
tory of the NBI (Denmark). It has operated there until 1998, when it was
moved to the LNL at Legnaro (Italy).
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Fig.1. The HECTOR set-up in LNL Legnaro (photo by F. Camera).

It was there upgraded by the Milano—Cracow—Copanhagen collaboration,
and operates since then. Fig. 1 shows the photography of the present set-up.
Four carriages, each of them carrying two BaF, detectors, placed on the
correlation table, can be precisely moved around the target and fixed at
any angle. A pair of detectors in each carriage can be arranged either in
horizontal plane (¢ = 0°) or out of horizontal plane (¢ = +£18°), depending
on the experiment’s needs. Such a construction gives the flexibility to set
up differrent types of experiments.

target BGO

beam

HPGe-BGO catcher

Fig.2. The extension of the HECTOR set-up used for the recoil-catcher experi-
ments.
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It can also be easily extended by inserting additionally auxiliary detec-
tors. Fig. 2 shows, for example, the catcher set-up added to the standard
HECTOR configuration for the experiment discussed in Section 4. The
HECTOR detectors were also used in conjuction with the large Ge-arrays
(NORDBALL, PEX, EUROBALL) [18,19].

3. Search for Jacobi shapes in light nuclei

In the search for exotic nuclear shapes, the light- and medium-mass nuclei
are of special interest. This is because these nuclei are expected to undergo
a Jacobi shape transition (from oblate via triaxial to very elongated prolate)
at values of the angular momentum which are relatively low and below the
fission limit. For example for nuclei with mass A = 45 the critical angular
momentum for the Jacobi transition is expected to be around 29 A.

The experimental signatures for Jacobi shapes for A = 45 nuclei would
be a pronounced high energy bump at E, ~ 25 MeV in the strength func-
tion of the GDR together with a rather large anisotropy. In particular the
anisotropy should be characterized by negative values of the As coefficient
below E, ~ 18-19 MeV and by positive values at higher transition energies.

The first experimental evidence for the Jacobi shape transition was ob-
tained by the Seattle group [23] for the **Sc compound nuclei and it was
based on inclusive spectra. In the photon absorption cross-section a shoul-
der at E, ~ 25 MeV was found which becomes more and more visible with
increasing bombarding energy. This has suggested large effective deforma-
tion of the compound system at high rotational frequencies. However, the
corresponding As coefficient of the angular distributions did not show the
expected behavior.

In order to search for the Jacobi transition effect, and to explain the
unexpected behaviour of the measured angular anisotropy, we have stud-
ied the GDR decay from the hot and rotating 6Ti nucleus populated in
the '80+28Si reaction at 98 MeV, using the accelerator facility of the Niels
Bohr Institute at Risg (Denmark). The compound nucleus “°Ti was pro-
duced with the excitation energy of 81 MeV, and with angular momentum
distribution with . ~ 32h. The high-energy vy-rays were measured as
a function of the multiplicity filter’s fold at different angles [27].

Fig. 3 shows the experimental results for the 2 fold regions. The upper
row displays the measured spectra in the logarithmic scale, together with the
results of the statistical model fit. The calculations assumed that the GDR
strength function is of double Lorentzian type. To examine the details of the
GDR strength function, the experimental spectra were converted into our
best estimate of the photon absorption cross-section and shown in a linear
scale in the middle row of Fig. 3. This GDR cross-section is represented by
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Fig. 3. Results from the measurement of the GDR v-decay from #6Ti*. Upper row:
experimental spectra (in logarithmic scale) for low (5-6) and high (9-11) fold re-
gions (points) and results of the CASCADE code fits (lines). Middle row: the
photo-absorption cross-section determined from the fits (solid lines) together with
the two Lorentzian components (dashed lines); and photo-absorption cross-section
extracted from the measured spectra (points). Bottom row: experimental spectra
of the A, coefficient of the angular distributions.

the expression Fyy, X Yexp/Yse. In this expression Yeyp, is the experimental
spectrum and Yg is the calculated spectrum assuming that the GDR decay
can be represented by the double Lorentzian function Fyr,, the latter being
the best fit to the experimental spectrum. For the data gated by high
folds one can note a shoulder at around FE, ~ 24 MeV, similar to that seen
in the %°Sc nucleus [23]. The quadrupole deformation parameter deduced
from the centroids of the 2 fitted Lorentzian components is 5 0.4. Such
a splitting could be consisted with the Jacobi shapes. The spectra of the
Agy coefficient from the angular distribution extracted from the data are
displayed in the bottom row of Fig. 3. For the low folds data the data
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are negative in both regions of the low and high energy GDR components,
showing a similar behaviour found in #°Sc. In contrast, for the highest
fold window, the behaviour of the As coefficient changes and follows the
expectation namely of being negative for the low energy component and
positive for the high one. A possible explanation for the peculiar behaviour
of the Ay distributions for lower folds (and for the inclusive data of Seattle
group) could be existence in the spectra of low multiplicity component, for
example from incomplete fusion.

In order to understand why only for the highest folds the data are show-
ing both the expected shoulder in the GDR strength function, and the cor-
rect angular distribution behaviour, one has to note that in light nuclei the
preferred decay is via evaporation of charged particles. This can remove
substantial amounts of angular momentum from the compound system.
This is illustrated in Fig. 4, where the calculated population distributions
of the residual nuclei are shown. In the calculations it was assumed that
the initial compound nucleus was populated at given angular momentum
bin. For the heavier nucleus, as for example "*"Eu (upper row), the different
initial spins of compound nucleus are correlated with different angular mo-
mentum distributions of final nuclei (hence different measured folds). For
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Fig.4. Calculated population distributions of residual nuclei in the dominant evap-
oration channel on E* vs I plane, as a function of the initial angular momentum I;
of the **"Eu (upper row) and *Ti compound nuclei. One can see that in the 46Ti
case the population distribution (which determines the measured fold distribution)
is almost insensitive to I;.
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the light nucleus *6Ti (bottom row) however, the final distributions are al-
most the same. Therefore the measurement of high-energy -rays associated
with low-fold and medium-fold coincidences of low-energy vy-rays is rather
insensitive to the angular momentum of the decaying system, and contains
contribution both from low and high angular momenta. Only when gating
on very high-fold coincidences (corresponding to high -multiplicity) one is
favouring the selection of the events originating mainly from the highest an-
gular momenta of the compound nucleus. The high folds region corresponds
to angular momentum of 30+ 5 A, indeed probing the region where Jacobi
transition is expected to appear.

A simple estimate of the type of the effective shape probed by the giant
dipole oscillation can be obtained by comparing the measured quantities
(strength function and Ay) with the calculations corresponding to the fixed
deformation parameter 8 = 0.4, as obtained from the statistical model fit.
These calculations, representing a first level analysis, are shown in Fig. 5 in
comparison with the experimental quantities. Two of them correspond to
axially symmetric shapes: v =0° (collectively rotating prolate shape) and
7= —60° (oblate, non-collective rotation). The third calculation is for the
3-axial shape with y=—30°. In the case of the GDR strength function one
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Fig.5. Experimental cross-section and A, spectra for the highest fold window
together with simple calculations assuming 3 different nuclear shapes, with the
same deformation parameter 3, but different non-axiality parameters. Also the
results from the thermal shape fluctuation model of Y. Alhassid are shown.
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can rule out the oblate shape (upper part of Fig. 5) while in the case of the
As coefficient (bottom part of Fig. 5) one sees that the prolate shape is the
one that gives the worst fit to the data. Consequently, altogether these very
simple estimates suggest that these “6Ti nuclei have an effective deformation
with 8 ~ 0.4 and of triaxial type with v & —30°, corresponding to the ratio
of major axes 1.6 : 1.25 : 1. These shapes are those expected for nuclei
undergoing the Jacobi shape transition. Additionally, the prediction based
on the model including thermal shape fluctuations and in which the Jacobi
instability is visible [24], are shown in the Fig. 5 as long dashed line. They
also can reproduce the experimental findings, supporting the indication of
Jacobi shapes present at high angular momenta.

4. Shapes of hot Radon nuclei close to the fission limit
— isomer tagged GDR spectra

Nuclei possessing large angular momenta, in the vicinity of the fission
barrier, are expected to have large deformations. So far, the problem of
shapes in fissioning nuclei has been studied with measurements in which
GDR ~v-decay was detected in coincidence with the fission fragments (post-
fission) and from the fissioning nuclei (pre-fission) [16,17,25]. The analysis
and the interpretation of such experiments is however difficult, since the
measured spectra contain contribution both from the GDR decay in the
fissioning nucleus and in the fission fragments.

It is therefore clear that measurements associated with nuclei close to the
fission barrier but surviving the fission competition are extremely interesting
since they allow to study the nuclear shapes in a new regime and in spectra
free from fission fragments contribution. In addition, measurements of this
type are important to test the model of thermal shape fluctuations in this
extreme regime close to the fission, not yet explored.

In the experiment performed with the HECTOR array in LNL-Legnaro
we made use of long-lived high-spin isomeric states in 2!?Rn (I™ = 307,
Ty, = 154ns) and 2URn (I" = 63/2", Ty, = 201ns) to tag the GDR de-
cay from the angular momentum region close to the fission limit [27]. The
basic idea of the experiment was to use the recoil-catcher geometry tech-
nique, similar to that previously employed in discrete y-spectroscopy of the
Polonium isotopes [28] or in the GDR studies of Dysprosium isotopes [29].

The compound nucleus 2'Rn was formed in the 96 MeV 80 on 8Pt
reaction with the angular momentum distribution with Iy, =~ 40h. The
value of the maximum angular momentum imparted by the reaction exceeds
slightly the fission limit expected to be around 35#4. Therefore one can
expect that the decay path of the compound nucleus in competition with
fission feeds strongly those isomeric states. Consequently, the detection
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of high-energy ~-rays in coincidence with the delayed radiation from the
isomers allows to select Rn nuclei at the angular momenta close to the fission
limit, but still surviving the fission competition.

Fig. 2 illustrates the catcher set-up added to the standard HECTOR con-
figuration. A self-supported target '%*Pt (1 ug/cm? thick), where compound
nucleus was formed and the prompt y-radiation took place, was surrounded
by the HECTOR array (8 large volume BaFy detectors and a multiplic-
ity filter). The residual nuclei, ejected from the target, were stopped in
a thin (= 6 um) Mylar catcher, having central 6 mm hole for the beam. The
catcher was positioned in the forward direction at a distance of 40 cm from
the target, reached by the recoiling nuclei in about 150ns. The delayed
radiation emitted by the stopped residues was detected in a BGO detector
— a conventional BGO anti-Compton shield inserted on the beam tube, so
that it was surrounding the catcher in order to maximize the detection effi-
ciency. A germanium detector in a BGO shield, installed at 146°, measured
the discrete «-radiation. The prompt high-energy v-rays from the target
were recorded on tape only when followed by the delayed radiation detected
in the catcher set-up. In order to measure the coincidences between the
prompt and delayed radiation we used a pulsed %0 beam, with a repeti-
tion period of 400ns and a pulse width of 10ns. Additionally, we measured
the time between the reaction and the isomeric decay, and the sum energy
of the delayed  transitions. Fig. 6 shows the time spectrum of the radia-
tion from the catcher relative to the prompt radiation from the target, so it
corresponds to the recoils time of flight convoluted with the isomeric decay
curve. In order to select the high-energy ~y-rays feeding the longest isomeric
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Fig.6. Time spectrum of the y-radiation measured in the BGO detector surround-
ing the catcher, relative to the prompt radiation. The gate used for Ge and BaF,
spectra is indicated as horizontal arrow.
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states, a gate on the TOF spectrum was set, as shown in Fig. 6. To check,
whether such a gate causes an enhancement of feeding to high-spin states,
it was also used for gating Ge spectra.
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Fig. 7. Ge spectra: gated by the delayed vy-radiation (upper spectrum in the top
panel), total (lower spectrum in the top panel) and their difference (bottom panel).

Fig. 7 shows Ge spectra: the total and the TOF-gated (normalized to
854 keV line) and their difference. In the latter spectrum the expected
enhancement of the high-spin states feeding is clearly seen. Indeed, the
1062 keV line which feeds the 63/2~ isomer in ?'!Rn and 924 keV which
feeds the 30" isomer in 22Rn [26], are clearly enhanced.

Fig. 8 shows the total, ungated high-energy ~y-spectrum (circles). In
addition, the result from the statistical model fit to the total spectrum,
assuming a single Lorentzian, is shown with the solid line. The calculation
resulted in the GDR width of 10 MeV (see the inset in the Fig. 8), which is
much larger than the ground state value (=~ 4 MeV). This indicates, that even
in the total spectrum larger deformations and thermal fluctuation effects are
seen.

In the same figure the preliminary spectrum of high-energy ~-rays gated
(as indicated in Fig. 6) by the isomeric decay is shown (squares). In addition,
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Fig.8. High energy v-spectra from the decay of 2Rn*: circles — ungated spec-
trum; squares — spectrum gated by the delayed radiation; line statistical model
fit to the ungated spectrum. In the inset: GDR photo-absorption cross-section as
obtained from the statistical model fit to the ungated spectrum.

to obtain this spectrum it was required that the sum energy measured in
the BGO detector was high enough to discriminate the low spin isomers
and the background from the radioactivity. Both, gated and total spectra
were normalized at 6 MeV. One notices, in spite of low statistics that the
gated spectrum has relatively higher yield in the region Ey=12-16 MeV.
This might indicate a larger contribution of prolate deformed shapes, as one
would expect for nuclei on their way to fission.

However, a confirmation of that interpretation needs an analysis based
on a Monte Carlo version of the statistical model code CASCADE. Such
analysis is in progress and is expected to provide more quantitative infor-
mation on the shapes of decaying ?'®Rn nuclei at very high spins.

5. Summary

The search of exotic shapes of nuclei induced by very fast rotation has
been one of the very interesting subject both at T'=0 and at finite temper-
ature.

The data here presented, obtained using the HECTOR array and con-
cerning the 46Ti and 2'2Rn nuclei, have both shown the presence of large
deformation. In particular, indication for the Jacobi transition is found in
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the 46Ti case at high angular momenta. The high-energy spectra from the
v-decay of the GDR in hot Rn nuclei, gated by the isomers to enhance the
feeding from the angular momentum region close to the fission barrier, also
exhibit large effective deformations.

The more complete analysis of the present results together with the com-
parison with model predictions are expected to give a deeper insight to the
interesting problem of nuclear shapes at finite temperature and very high
spins.
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J. Styczen and M. Ziebliiski from Krakéw; and M. Kiciriska-Habior,
7. Zelazny and J. Kownacki from Warsaw are acknowledged. This work was
partly supported by the Polish State Committee for Scientific
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