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The Giant Dipole Resonance in hot nuclei. Experimental aspects

N. Alamanos and F. Auger
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Abstract: We present some of the most recent experimental results on the GDR
in hot nuclei. All data on the y-decay of the GDR show a saturation of the apparent
width and a saturation of the yield. However, it is not clear until now, if these effects
are related to a GDR width which either saturates or increases continuously with the
excitation energy. Very new data associated to selected exit channels could help to
clarify the situation.

1. Introduction

The gamma rays emitted in the decay of the giant dipole resonance (GDR) built
on nuclear states of high excitation energy, can be used to investigate the properties of
hot rotating nuclei. In fact, the GDR response function is sensitive to the shapes of hot
nuclei and to the damping of this collective mode, arising from its coupling to other
nuclear degrees of freedom. This motivated many experimental and theoretical studies
concerning the variation of the giant dipole resonance width with the temperature of
the nucleus sustaining the mode.

We will review here some of the most recent experimental data and we will
touch upon the underlying theoretical ideas. The last part of the talk will be dedicated to
new experimental results concerning y-ray measurements in coincidence with selected
exit channels. These measurements show that rather new and unexpected behaviour can
be evidenced in the GDR y-decay when accurate data selections are performed.

2. The GDR landscape

The first systematic study concerning the evolution of the centroid energy EGDR

and width rGDR of the giant dipole resonance state as a function of the excitation energy
was presented by Chakrabarty et al. [1,2] in the case of n0lll2Sn compound nuclei. It was
found that the width increases with excitation energy. The observed variation of the
width with excitation energy E can be described by the relation



(1)

with A=4.8, B=0.0026, and 5=1.6. The maximum excitation energy reached in these
studies was of the order of 130 MeV.

Over the same period, calculations of the width of the GDR built on a hot
rotating nucleus were discussed [3]. The authors suggested that F ^ should increase
with excitation energy. In fact, the temperature dependence of roDR is a subtle mixing
of contributions originating from the large amplitude thermal fluctuations, from the
angular momentum and the small amplitude quantal fluctuations of the compound
nucleus that sustains the mode. Their calculation for 1MSn can also been described by
equation (1), with A=1.0, B=0.0026 and 5=1.7. The small value of A can be attributed
to the fact that the calculation does not include any damping.

Within experimental errors the energy of the GDR was found independent of
excitation energy.

The constant increase of rGDR with the excitation energy predicted by equation
(1) was challenged by more recent experimental results. The properties of high energy
gamma rays emitted in the reaction 40Ar+70Ge at 10, 15, 19 and 24 MeV/u were
measured by Bracco at al. [4]. The maximum possible excitation energy in the case of
full linear momentum transfer was 230, 360, 460 and 600 MeV respectively. The
deduced values of the width of the GDR were not different from the one measured at
130 MeV of excitation energy. Furthermore, the observed multiplicity of collective
dipole transitions from the giant dipole resonance did not grow as would be expected
when the total excitation energy increases. In the framework of the previously discussed
theory:

i) the saturation of the width of the giant dipole resonance was related to the
saturation of the angular momentum that the compound nucleus can support,

ii) the saturation of the multiplicity was interpreted as a consequence of the
coupling of the GDR to compound states which are rapidly depopulated by particle
emission.

To clarify the last point we would like to notice that there are several
contributions to the total width rGDR of a giant mode at T=0. The F, ,^ , the FY connected
to y decay, the r,p connected to particle decay and the Tion or spreading width. The
riiDdM is related to the fragmentation of the strength into single particle excitations. In
finite nuclei it gives rise to fragmentation of the GR strength and does not contribute to
the lifetime. For heavy nuclei, the spreading width is the dominant contribution to the
total width. F ^ is of the order of 5 MeV, FY of the order of few KeV and F^ of the order of
100 KeV. F ^ describes the very fast coupling of the simple ordered mode created by
the external field, to more complicated states of the compound nucleus. It takes



Tdown ~ 10"a seconds to distribute statistically the energy among the compound
nucleus states. So x is not the lifetime of the strength concentration ( E ^ ± T^) [5]. Its
lifetime is determined by the lifetime of the compound nucleus. For instance, at low
temperature the lifetime of the giant modes, obtained by statistical fluctuation analysis
by Kilgus et al. [6], is of the order 10"11 sec in agreement with the expected lifetime of
the corresponding compound nucleus. A dynamical hindrance of the GDR may
therefore occur when the lifetime of the mode becomes of the same order of magnitude
than x. The temperature for which the life time of the compound nucleus is of the same
order of magnitude than x was considered as the limiting temperature for the existence
of collective motion in hot nuclei.

Over the same period of time, Kasagi et al. [7] measured y-ray spectra in
coincidence with fusion residues produced in the *°Ai+ (Ni, MMo and mSn) reactions at
Elib=26 MeV/nucleon. The average excitation energies of the fused systems were
estimated to be about 450, 500 and 500 MeV respectively. In fig.l a typical photon
spectrum obtained in these studies is presented.
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Figure 1 Typical photon spectrum obtained at 26MeV/nucleon for the
system "Ar+^Ma. The bremsstrahlung component has been subtracted from
the raw results. The bump observed around 15 MeV is due to the y decay of
the GDR.



The photon spectra have been successfully described by CASCADE calculations
in which a rapid increase of the width of the GDR with the excitation energy was
assumed. Here the apparent constant width of the GDR for excitation energy higher
than 120 MeV and the saturation of the photon yield at excitation energies higher than
240 MeV was attributed to the a rapid increase of the width of the GDR. These results
are supported by theoretical calculations by Smerzi et al. [8] In these calculations it was
shown that the width of the GDR increases dramatically with the temperature due to
enhancement of nucleon-nucleon collisions.

3. Recent experiments

To investigate the excitation energy dependence of the GDR we have performed
two experiments, the first at the Saclay Post-Accelerated Tandem and the second at
GANIL.

The Saclay experiment

In this experiment a 93Nb target was bombarded with 157.3 and 183.7 MeV 19F-
beams from the Saclay Post-Accelerated Tandem. Gamma rays were detected in a
cluster of 7 hexagonal BaF2 crystals. The reaction products were detected in position-
sensitive parallel-plate avalanche counters. The excitation energy of the compound
nucleus mSn was 130 and 152 MeV.

Special care was taken in the analysis of the data. The theoretical evolution of
the level density parameter a, of EGDR and F ^ were introduced in an extended version
of CASCADE. In previous analyses a was constrained to be constant or to take two
distinct values in the decay chain. In recent theoretical studies the influence of both
quantal and thermal fluctuations on the level-density parameter a was investigated. It
was found that the large amplitude motion of the nuclear surface (thermal fluctuations)
has little influence on a and that the observed temperature and angular momentum
dependence are properly explained through the thermal properties of the energy-
dependent effective mass (small amplitude quantal fluctuations). The evolution of a
proposed by Ormand et al. [9] has been used in these calculations. Concerning the
excitation energy dependence of EGDR the prescription proposed by Lipparini et al. [10]
has been used. The effect of these different parameters on the calculated spectra will be
discussed in a forthcoming paper [11]. The experimental spectra with the theoretical
predictions are shown in fig.2. An overall acceptable agreement is obtained by using the
theoretical predictions of Smerzi et al. [8]. The agreement with the predictions of



Broglia et al. [3] is
to the total width is

good providing that the angular momentum dependent contribution
increased by 50% [11].
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Figure 2 Comparison of the experimental data with calculations using the
evolution of the width proposed by Smerzi et al. [8] and Broglia et al. [3].
Experimental spectra and calculations have been normalized at 6 MeV.

Obviously, the present experimental data do not allow to distinguish between the two
theoretical evolutions of the width. To illustrate the differences of the two theoretical
predictions the evolutions of F ^ used in these calculations can be compared in Fig.3
for mSn. Solid lines represent the envelope of the width in the theory of Broglia et al.
[3]. The distribution of the width at each excitation energy is due to the distribution of
spins of the compound nucleus. The dotted line corresponds to the evolution of the
width proposed by Smerzi et al. [8]. For comparison the evolution of the width which
was obtained by Yoshida et al. [7] is also present. In these last cases the width takes a
unique value at each excitation energy since the spin of the decaying nucleus is
supposed to have no effect on the width.
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Figure 3 Comparison of the different evolutions of the width with excitation
energy for Sn nucleus. Solid lines: envelope of the width in the Broglia et al.
[3] theory, with the angular momentum dependent contribution to the total
width increased by 50%. At each excitation energy, the lower value
corresponds to the width of the GDR built on a state having J=0 spin and
the upper value to the width of the GDR built on a state having the
maximum spin populated in fusion reactions. Dotted and dashed lines:
evolutions of the width proposed by Smerzi et al. [8] and Yoshida et al. [7]
respectively.

The GANIL experiment

To study the GDR at higher excitation energies, a 90Zr target was bombarded
with 27 MeV/nucleon 36Ar beam from the GANIL facility. Gamma rays and light
charged particles were detected with the MEDEA multidetector, which is a detector ball
consisting of 180 BaF2 crystals that cover the angular range between 30* and 170*.
Fusion-like residues were detected in two parallel plate avalanche counters covering
between 6* and 22° on either side of the beam [12]. These counters yielded energy-loss
and time-of-flight information which allowed us to select fusion-like residues. The data
have been sorted into three bins according to the ratio "OR/U^, between the velocity of
the detected recoil and the velocity of the center of mass. The excitation energy of the



events corresponding to each bin was obtained by applying the massive transfer model
and through the study of the light charged particle spectra. For each velocity bin, proton
spectra were extracted for several angles and analysed in terms of a moving source fit.
The excitation energies deduced by these analyses are 350, 500 and 550 MeV. The
combination of the residue and particle measurements clearly establish that increasing
residue velocities correspond to increasing excitation energies and that hot nuclei with
excitation energies well in excess of 300 MeV were populated in these studies.

Fig. 4 shows photon spectra measured at 90*, where the Doppler shift is
negligible, in coincidence with fusion events for the two excitation energy bins,
normalized over 4n.
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Figure 4 Photon spectra measured for two excitation energy bins at 350
MeV and 500 MeV (xlOO) after bremsstrahlung subtraction. Error bars
include statistical errors and uncertainties due to different assumptions on
the slope parameter and normalisation of the bremsstrahlung component.
The dashed points and the solid line correspond to CASCADE calculations
following different prescriptions for the GDR width.

At low excitation energies statistical y rays emitted by the compound nucleus at the end
of its decay chain give rise to a steep exponential decay. With the data are presented
CASCADE calculations following two prescriptions for the temperature dependence of



the GDR width. The dashed curves correspond to a prescription for continuously
increasing GDR width proposed by Smerzi et al. [8], and the solid line to a saturated
width (rGDR=12 MeV). The calculations clearly overshoot the data in the GDR region.
Moreover the calculated multiplicity increases strongly with excitation energy, in
contrast to experimental results.

Fig. 5 depicts, with the y spectra measured for three excitation energy bins,
CASCADE calculations with a cut-off of the GDR y emission above E=250 MeV. This
calculation using a constant width of 12 MeV for the GDR, and a cut-off excitation
energy of 250 MeV reproduces the y spectra above 12 MeV for the three excitation
energy bins.

10

10

10
>
0)

io - 3

10 - 4

10 - 5

10 - 6
10 15 20 25

E r (MeV)

Figure 5 Photon spectra measured for three excitation energy bins at 350
MeV, 500 MeV (xlOO), and 550 MeV (xlOOOO). The solid line depicts
CASCADE calculations performed with TCM=12 MeV and a cut-off of the
GDR y emission above E=250 MeV.

It was proposed that the observed saturation of the GDR yield could be related
to a strong increase of the width of the GDR with excitation energy. Indeed, increasing
the width of the GDR will spread the y rays over a larger energy range and thus lead to
a quenching of the yield between 12 and 20 MeV. The point we wish to stress is that the
saturation of the yield around the GDR centroid is obtained at the expense of an
increase of the yield at higher energies. This effect is not seen in the experimental



spectra which are identical within the errors bars above 12 MeV. The weak point of
these analyses is the discrepancy between the CASCADE calculations and the
experiment observed between 8 and 12 MeV. This may indicate that the strength
function of the GDR at high temperatures is not simply described by a Lorenzian shape.

In conclusion, to reproduce the data a quenching of the y emission at excitation
energies above approximately 250 MeV must be supposed. A possible reason for this
quenching is the inefficient coupling, in terms of time, of the GDR to compound states
which are rapidly depopulated by particle emission.

4 New directions

In the first part of this section we present results obtained by studying y-ray
emission in "Cl+^Ni and35Cl+92Mo dissipative reactions at collision energies of 271
MeV and 260 MeV respectively. The second part is dedicated to the discussion of
coincidence measurements performed in the case of the first studied reaction "Cl+^Ni.

Excitation of Giant Dipole modes in dissipative heavy-ion collisions

The 35C1 pulsed beam provided by the Saclay Post-Accelerated Tandem was
used. Fragments have been detected and charge identified by means of an array of 12
three-stage detectors, consisting of a gas ionisation chamber followed by a silicon strip
detector and a Csl crystal. They were distributed in the forward hemisphere between 9*
and 35". The y-ray detection was performed by means of 21BaF2 crystals arranged in
three seven-pack elements, situated at 90°, 115* and 135* with respect to the beam
direction. Gamma-ray spectra were measured in coincidence with low kinetic energy
fragments (z = 9 to 20) in order to select dissipative reactions [13].

The exponential decrease as a function of the energy is a common feature of all
the y spectra and indicates that the statistical decay is the main emission mechanism.
Each spectrum contains contributions from all the primary light fragments whose
statistical decay ends with the detected light fragment and contributions from the
associated heavy ones. To calculate the y-ray spectrum associated to each fragment we
used a modified version of the statistical evaporation code CASCADE. In order to
increase the statistics all the experimental y-ray spectra were summed. The total y-ray
spectra for the two reactions studied here and the corresponding CASCADE
calculations are presented in the upper part of fig.6. To evidence possible y-ray excesses
with respect to the statistical emission, the ratios between the experimental and the
calculated spectra are presented in the lower part of fig.6.
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Figure 6 upper part: Cumulative y-ray emission obtained by summing all
the y spectra. CASCADE calculations (solid line) are also shown, lower
part: Ratio between experimental and calculated spectra.

Both ratios show a resonance-like bump of Lorenzian shape with energy
10.6 ±0.2 MeV and width 3.0 ±0.6 MeV. This extra photon yield may originate from



the decay of dipole like oscillations of the very deformed di-nucleus excited in the
entrance channel of the colliding nuclei.

GDR decay in the a-y coincidence measurements

The a particles were detected by using the second and third stage of the
telescopes presented in the previous section. The a energy threshold was about 25 MeV
due to the silicon detector thickness. This threshold ensures that the a particles are
mostly coming from evaporation of the compound nucleus [14].
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Figure 7 Gamma energy spectrum in coincidence with high energy (E > 25
MeV) alpha particles. The dashed line depicts a CASCADE calculation with
r=10 MeV.

The photon spectra measured in coincidence with the a particles are presented in fig. 7.
The center energy of the bump is of the order of 16.3 MeV in agreement with what is
expected for a GDR built on excited states of the compound nucleus "Rh. However, the
expected GDR width is of the order of 10 MeV, that is much larger than the present
experimental result F=3 MeV. The origin of such a reduction of the GDR width is not
clear for the moment.

The data of this last section clearly show that rather new and unexpected
behaviour can be evidenced in the GDR y-decay if an accurate data selection is



performed. We expect then from large solid angle arrays now in operation in various
laboratories, new and more detailed data to better unravel the Giant Resonance
excitation.

We would like to thank R. Dayrasfor a careful reading of this paper.

References

[I] D. R. Chakrabarty et al., Phys. Rev. C36 (1987) 1886.
[2] N. Alamanos and F. Auger, Ann. Phys. Fr. 16 (1991) 41.
[3] R. A. Broglia et al., Prog. Part. Nucl. Phys., 28 (1992) 517. and references therein
[4] A. Bracco et al., Nucl. Phys. A519 (1990) 47c.
[5] P. F. Bortignon private communication
[6] G. Kilgus et al., Z. Phys. A326 (1987) 41.
[7] J. Kasagi and K. Yoshida, Proceedings 6th Franco-Japanese colloquium, Saint-Malo
(FRANCE) October 6-10, 1992.

K. Yoshida et al., Phys. Lett. B24S (1990) 7.
[8] A. Smerzi et al., Phys. Rev. C44 (1984) 1104.
[9] W. E. Ormand et al., Phys. Rev. C40 (1989) 1510.
[10] E. Lipparini and S. Stringari, Nucl. Phys. A482 (1988) 205c.

[II] F. Auger et al., Proceedings 6th Franco-Japanese colloquium, Saint-Malo
(FRANCE) October 6-10, 1992.

D. Pierroutsakou et al., to be published
[12] J. H. Le Faou et al., Phys. Rev. Lett. 72 (1994) 3321.
[13] L. Campajola et al., 5th International conference on nucleus-nucleus collisions,
Taormina, Sicile, Italic
[14] G. Gardella et al., Inter. Conference on Nuclear Reaction mechanism,
Varenna, 1994.


