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High energy v-rays from the decay of the giant dipole resonance
(GDR) in hot '2°Sn nuclei were measured in the excitation energy
range of 30-130 MeV. The excited nuclei were populated by in-
elastic scattering of a-particles at 40 and 50 MeV /nucleon. The
resonance width was observed to increase monotonically with in-
creasing excitation energy, from 5 MeV at the ground state to
~12 MeV at the largest excitation energy. Inelastic scattering
predominantly populates low angular momentum states and the
observed width increase is thus attributed to fluctuations in the
nuclear shape induced by temperature.

PACS numbers: 24.30.Cz, 25.55.Ci, 25.70.Gh, 27.60+]

The giant dipole resonance (GDR) is a collective mode of excitation of the
nucleus that couples strongly to the nuclear shape degrees of freedom. The
study of the resonance in highly excited nuclei conveys information on the
properties of nuclei at high temperatures. The most systematic study of ex-
cited state GDR performed so far has been on Sn isotopes formed in heavy
ion fusion reactions [1-3]. Fusion measurements have displayed a systematic
increase of the GDR width with increasing excitation energy up to ~ 150 MeV.
This increase could arise from changes in the nuclear shape induced by either
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temperature or angular momentum, or both.

For a better understanding of the resonance width, it is essential to decou-
ple the effects of temperature and angular momentum. In a recent fusion-
evaporation experiment on Sn isotopes, the GDR width was studied as a func-
tion of angular momentum, deduced from v-ray multiplicity, at approximately
constant temperature [3]. An increase of the width with increasing angular
momentum was reported.

Inelastic scattering with light ions can be used as an alternative to fusion as
the means of preparing the excited nuclear systems for study. In small angle
inelastic scattering predominantly low angular momentum states are popu-
lated. Furthermore, the initial excitation energy of the target nuclei can be
restricted to a narrow range by gating on the energy loss of the scattered
projectile. The evolution of the GDR can thus be studied as a function of
temperature, decoupled from angular momentum effects. Inelastic scattering
in coincidence with decay products, primarily y-rays and light particles, has
been employed to study collective excitations in heavy nuclei [4]. These mea-
surements have focused on structures in the particle spectra below ~ 40 MeV
that correspond to localized strengths of collective modes built on the ground
state, and on multiphonon excitations. However, the continuum in the spec-
trum of inelastically scattered particles at higher energy losses has not been
well studied. This continuum should correspond to high energy excitations in
the target nucleus. Nucleon pickup and decay as well as nucleon knockout are
expected to contribute only a small fraction of the total inelastic cross section.
A measurement of the vy-rays in coincidence with the inelastically scattered
projectiles in this excitation energy region can thus be employed to study the
GDR built on highly excited states of the nucleus [5].

In figure 1, the calculated angular momentum distribution populated in
the inelastic scattering reaction '*°Sn(a,o’) at 50 MeV /nucleon (circles) is
compared to the distribution of a typical fusion reaction, 20+4%?Mo —1!1°Sn
(diamonds), as a function of excitation energy. The angular momentum of the
excited target nucleus following inelastic scattering was estimated from the mo-
mentum transfer and the assumption that the impact parameters contributing
to inelastic scattering are strongly concentrated in the nuclear surface. The
impact parameter was assumed to be in the range of the sum of the ‘matter
half density’ radii to the ‘nuclear interaction’ radius [6]. For the fusion reac-
tions, the angular momentum distributions were computed with a triangular
distribution with a diffuseness of 2 5. The mean angular momentum (top) is
~ 15 h lower in the scattering reaction compared to the fusion reaction. In
addition, the width o (bottom) of the distribution is substantially smaller over
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Figure 1. Calculated mean (< I >, top) and width (o, bottom) of the an-
gular momentum distributions populated in the inelastic scattering reaction
°Sn(a, o') at 50 MeV /nucleon (circles) and in the fusion reaction #0+92Mo
forming '*°Sn (diamonds).

the entire excitation energy range.

We report on a measurement of the GDR built on excited states of 2°Sn pop-
ulated by inelastic scattering of a-particles. The experiment was performed at
the National Superconducting Cyclotron Laboratory (NSCL). A 16.8 mg/cm?
target was bombarded by 40 and 50 MeV /nucleon a-particles extracted from
the K1200 cyclotron. The inelastically scattered projectile nuclei and other
light charged reaction products were measured in the Dwarf Ball/Wall 4x
CsI(T1) array [7]. The Wall array consisted of 35 close-packed CsI(T1) de-
tectors arranged in four rings centered at laboratory angles of 14.78°, 22.39°,
23.18° and 31.03° and covering the angular range of ~ 10° to ~ 36°. The
main particle trigger in the experiment was formed by the detectors of the
Weall array. The Ball array consisted of 64 close-packed CsI(T1) detectors that
covered laboratory angles of ~ 36° to ~ 155°.

High energy v rays from the decay of the GDR in the target were measured
using 95 Bal"; detectors arranged in 5 close-packed arrays of 19 detectors each.
The v-rays were measured in coincidence with particles in the Wall array. The
detectors were 20(25) cm in length with a face dimension corresponding to an



inscribed circle 6.5(6) cm in diameter. The five arrays were placed outside
the Dwarf Ball scattering chamber at a distance of 50 cm from the target, at
laboratory angles of 59°(2), 66°(1) and 118°(2). The solid angle coverage of
the arrays together amounted to ~ 10% of 47. Separation between neutrons
and v rays in the detectors was achieved by time of flight measurement. The
detectors were calibrated at low energies using radioactive sources, and at
an intermediate energy by measuring v-rays from the ground state decay of
the 15.11 MeV state in '*C populated by inelastic a-particle scattering. A
calibration point at an energy of ~ 40 MeV was also obtained by measuring the
energy loss of cosmic-ray muons in the detector volume. The response of the
detector pack to y-rays was simulated using the Monte Carlo code GEANT3
[8].

Evidence for the formation of highly excited, equilibrated target nuclei was
observed in the total yield of 4 rays of energy E, >4 MeV, as a function of
scattered a-particle energy loss (i.e. target excitation energy) measured in the
Wall array. These coincidence yields displayed structures that corresponded
to the opening of successive neutron evaporation channels in the decay of the
excited nucleus [5]. The emission of pre-equilibrium particles at the highest
excitation energies cannot be ruled out, which would reduce the effective ex-
citation energy.

Contributions to the inelastic cross section from background processes such
as nucleon knockout and pickup-decay were estimated by analyzing a-proton
coincidence events in the Dwarf array. These events were predominantly lo-
calized at the kinematic limit where the total energy was shared by the proton
and the a-particle, with no appreciable excitation energy available for tar-
get excitation. Contamination of the coincidence ¥-ray spectra was therefore
negligible.

The <-ray spectra in coincidence with a-particles in the Wall array for a
few typical projectile energy losses are displayed in Figure 2. The left panel
displays the y-ray spectra in coincidence with o particles of the same energy,
120-130 MeV, for the two beam energies of 40 (o) and 50 (e) MeV /nucleon.
The corresponding target excitation energies are 30-40 MeV and 70-80 MeV,
respectively. The v-ray spectra were normalized in the low energy region of
7-8 MeV. The spectra clearly show that the ~-ray multiplicity in the GDR
energy region is enhanced for the data from the higher target excitation energy
compared to the data from the lower excitation energy. The right panel of
Figure 2 displays the v-ray spectra, in coincidence with a-particles with the
same energy loss of 70-80 MeV, corresponding to a-particle energies of 120
130 MeV and 80-90 MeV for beam energies of 50 (e) and 40 MeV /nucleon
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Figure 2. ~y-ray spectra in coincidence with a particles for the two beam
energies of 50 (e) and 40 (o) MeV /nucleon. The spectra are gated by the same
« energy range of 120-130 MeV (left) and the same excitation energy range of
70-80 MeV (right). The results of CASCADE calculations for the appropriate
excitation energies are displayed as solid and dashed lines for the 50 and 40
MeV /nucleon reactions, respectively. The insets show the data and calculation
for the lower beam energy on a linearized scale, obtained by dividing both by
a second statistical calculation employing a constant E1 strength function.

(o), respectively. The two spectra are in good agreement, thus confirming the
estimation of target excitation energy from the energy loss of the projectile
nucleus.

The analysis of the y-ray spectra was performed within the standard sta-
tistical model, using a modified version of the evaporation code CASCADE
(9]. The level density treatment in the standard code was modified to an
energy-dependent parameterization [10-12]. In this description, the parame-
ter a decreased from a value of A/8 at low excitation energies to A/13 at T~5
MeV. The standard code was also modified to accept the initial population of
excited nuclei as an input. This initial population was obtained, in 10 MeV
wide bins, from the spectra of inelastically scattered o particles and was dis-
tributed over a range of angular momenta calculated using the assumptions
discussed earlier.



The non-statistical contributions to the experimental v-ray spectra that arise
from bremsstrahlungs processes were assumed to have an energy dependence of
the form exp(—E,/Ep), where the slope parameter E; was chosen to be 14 MeV
from bremsstrahlungs systematics [13]. This contribution was normalized to
the experimental spectra in the energy range of 25-30 MeV and was added to
the calculated y-ray spectra from CASCADE after accounting for the detector
response.

The calculated y-ray spectra are in good agreement with the data for the
appropriate target excitation energies for the 50 MeV /nucleon (solid) and 40
MeV /nucleon (dashed) reactions as shown in Figure 2. The average nuclear
temperature corresponding to each excitation energy range was computed us-
ing the expression < T >= \/E.g/a(E.g) where E g is the effective excitation
energy, obtained from the mean energy of the input population after subtract-
ing the mean rotational energy and the GDR energy. The quantity a(E.g) is
the energy-dependent level density parameter that was employed in the statis-
tical model calculations. The sum rule strength extracted from the data was
in the range of 90-110%.

The extracted resonance energy decreased from a value of 16.0 MeV to 14.5
MeV with increasing excitation energy. Keeping the resonance energy constant
over the entire range of excitation energies did not yield good fits to the data.
A systematic decrease of the GDR energy as a function of increasing excitation
energy has been observed in deep-inelastic reactions [14] and has been predicted
by some theoretical models [15]. However, previous fusion measurements in
Sn nuclei [16] showed no temperature dependence of the mean GDR energy.

The GDR width increased monotonically with increasing excitation energy
of the target. The resonance widths extracted from the spectra from the
two beam energies were found to be in good agreement. The uncertainty of
the extracted width was estimated to be £1 MeV and includes the statistical
error, the influence of the resonance energy variation and the uncertainty of the
bremsstrahlungs contribution. It does not include any systematic dependence
on the level density description. Figure 3 shows the GDR width from the
50 MeV /nucleon reaction (solid diamonds) as a function of temperature. In
the top panel the data are compared with the widths extracted from fusion
evaporation measurements from Ref. [1] (o) and Ref. [2] (O). The temperature
for the fusion data was calculated with the same energy-dependent level density
parameterization used for the inelastic scattering data.

The increase of the resonance width in excited nuclei can be attributed to
the coupling of the resonance to shape variations of the nucleus induced by
temperature and angular momentum [17]. At finite temperatures, the prob-
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Figure 3. The widths of the GDR from the 50 MeV /nucleon inelastic scatter-
ing reaction (diamonds) compared to previous inclusive fusion measurements
in 1911281 nuclei (top) and adiabatic coupling calculations performed by Or-
mand et al. [18] (bottom). The fusion data were taken from Ref. [1] (o) and
Ref. [2] (D).

ability of assuming shapes far from the ground state configuration becomes
appreciable. The probability is given by the Boltzmann factor exp(—F/T)
where F is the deformation-dependent free energy and T is the nuclear tem-
perature. The experimentally measured width is thus a weighted average over
all possible deformations. On the other hand, large angular momenta also
influence the width evolution since the nuclear potential surface evolves with
angular momentum. The agreement between the scattering and the inclusive
fusion data shown in Figure 3 indicates that the temperature washes out the
expected angular momentum effects.

Ormand et al. have performed adiabatic coupling calculations for the photo
absorption cross section as a function of temperature and angular momentum
[18]. The bottom panel of Figure 3 compares the results of these calculations
(solid) with the present data. The calculation is in good agreement with our
data. The dashed line results on including the effect of evaporation widths
which increase rapidly with increasing excitation energy [19], and improves
agreement between the calculation and the highest temperature data points



(18]. The calculations were performed with a constant GDR energy, however
the peak of the resulting strength functions is found to decrease as a function
of increasing temperature, in qualitative agreement with the experimentally
observed reduction of the extracted GDR energy. In order to obtain a more
stringent test of the model prediction, it will be necessary to incorporate the
temperature dependent strength functions into the statistical model. These
calculations are currently in progress.

Our data suggest that the increase in observed GDR width in the Sn isotopes
1s driven primarily by temperature. This seems to contradict the interpretation
of the y-ray multiplicity-gated fusion data [3], that the width increase is due
primarily to the effects of angular momentum. The theoretical calculations
[18] show that this apparent disagreement results from the different regions
of angular momentum explored by the two data sets. In the calculations, the
influence of angular momentum on the resonance width becomes significant
only at larger angular momenta. Whereas for a temperature of 2 MeV the
width increases by only 370 keV between 0 and 40 4, the increase between 40
and 60 £ is 1.2 MeV [18]. In the present measurement, as well as in the inclusive
fusion data [1,2] the angular momenta populated are predominantly below ~
40 h and thus the observed width increase can be attributed to large-scale
thermal fluctuations in the nuclear shape. However, the exclusive multiplicity-
gated fusion measurement by Bracco et al. was sensitive to angular momenta
substantially beyond 40 4 3], where according to the calculations, the influence
of angular momentum on the GDR width should be appreciable.

In summary, the excitation energy dependence of the GDR built on highly
excited states of stable nuclei was measured for the first time by means of
inelastic light ion scattering. Because the scattering process populates only
low angular momentum states in the excited target, the evolution of the GDR
can be studied as a function of temperature without the influence of angu-
lar momentum. Measurements in hot '2°Sn nuclei yielded a GDR width that
increased with increasing temperature. This width increase is attributed to
the broadening of the nuclear potential surface with increasing temperature.
The measured data are in good agreement with the widths extracted from adi-
abatic coupling calculations for the resonance photo-absorption cross section
performed as a function of temperature.
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under grant No. PHY-92-14992 and by the Department of Energy under grants
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DE-AC05-840R21400 with the U.S. Department of Energy.
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