VOLUME 76, NUMBER 12 PHYSICAL REVIEW LETTERS 18 MRcH 1996
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High energyy rays from the decay of the giant resonance in ¥#&n nuclei were measured in the
excitation energy range of 30—130 MeV. The excited nuclei were populated by inelastic scattering of
« particles at 40 and 50 MeMucleon. The resonance width was observed to increase monotonically
with increasing excitation energy, from 5 MeV at the ground state 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.+j

The giant dipole resonance (GDR) is a collective modespectra below~40 MeV that correspond to localized
of excitation of the nucleus that couples strongly to thestrengths of collective modes built on the ground state,
nuclear shape degrees of freedom. The study of thand on multiphonon excitations. However, the continuum
resonance in highly excited nuclei conveys informationin the spectrum of inelastically scattered particles at
on the properties of nuclei at high temperatures. Théiigher energy losses has not been well studied. This
most systematic study of excited state GDR performeaontinuum should correspond to high energy excitations
so far has been on Sn isotopes formed in heavy ion fusioim the target nucleus. Nucleon pickup and decay as
reactions [1-3]. Fusion measurements have displayedwsell as nucleon knockout are expected to contribute
systematic increase of the GDR width with increasingonly a small fraction of the total inelastic cross section.
excitation energy up te-150 MeV. This increase could A measurement of thes rays in coincidence with the
arise from changes in the nuclear shape induced by eithémelastically scattered projectiles in this excitation energy
temperature or angular momentum, or both. region can thus be employed to study the GDR built on

For a better understanding of the resonance widthhighly excited states of the nucleus [5].
it is essential to decouple the effects of temperature In Fig. 1, the calculated angular momentum distribution
and angular momentum. In a recent fusion-evaporatiopopulated in the inelastic scattering reactié?sn(«, o)
experiment on Sn isotopes, the GDR width was studieét 50 MeV/nucleon (circles) is compared to the distribu-
as a function of angular momentum, deduced frgm  tion of a typical fusion reactiod®0O + %Mo — '19Sn (di-
ray multiplicity, at approximately constant temperatureamonds), as a function of excitation energy. The angular
[3]. An increase of the width with increasing angular momentum of the excited target nucleus following inelastic
momentum was reported. scattering was estimated from the momentum transfer and

Inelastic scattering with light ions can be used asthe assumption that the impact parameters contributing to
an alternative to fusion as the means of preparing thaelastic scattering are strongly concentrated in the nuclear
excited nuclear systems for study. In small angle inelastisurface. The impact parameter was assumed to be in the
scattering predominantly low angular momentum statesange of the sum of the “matter half density” radii to the
are populated. Furthermore, the initial excitation energynuclear interaction” radius [6]. For the fusion reactions,
of the target nuclei can be restricted to a narrow range bthe angular momentum distributions were computed with a
gating on the energy loss of the scattered projectile. Thé&iangular distribution with a diffuseness k. The mean
evolution of the GDR can thus be studied as a function ongular momentum (top) is-15% lower in the scattering
temperature, decoupled from angular momentum effectseaction compared to the fusion reaction. In addition, the
Inelastic scattering in coincidence with decay productswidth o (bottom) of the distribution is substantially smaller
primarily y rays and light particles, has been employedover the entire excitation energy range.
to study collective excitations in heavy nuclei [4]. These We report on a measurement of the GDR built on
measurements have focused on structures in the partictxcited states of?°Sn populated by inelastic scattering
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I I T T The response of the detector packteoays was simulated
sf - using the Monte Carlo codgeaNT3 [8].
) I ] Evidence for the formation of highly excited, equili-
g [ / ] brated target nuclei was observed in the total yield of
.\—./> 20 _‘//‘_ y rays of energyE, = 4 MeV, as a function of scat-
] tereda-particle energy loss (i.e., target excitation energy)
0 bttt o] measured in the Wall array. These coincidence yields
sE Ty displayed structures that corresponded to the opening of
] successive neutron evaporation channels in the decay of
e 1wof / 3 the excited nucleus [5]. The emission of pre-equilibrium
~ ] particles at the highest excitation energies cannot be ruled
® 5L 3 out, which would reduce the effective excitation energy.
] Contributions to the inelastic cross section from back-
ol ] ground processes such as nucleon knockout and pickup
40 60 &0 100 120 decay were estimated by analyziagproton coincidence
Excitation energy (MeV) events in the Dwarf array. These events were predomi-

FIG. 1. Calculated mean(f, top) and width &, bottom) nantly localized at the kinematic limit Where the .total en-
of the angular momentum distributions populated in the€'9y Was shared by the proton and thearticle, with no
inelastic scattering reactiof’Sn«, @’) at 50 MeV/nucleon  appreciable excitation energy available for target excita-
(circles) and in the fusion reactiofiO + **Mo forming ''°Sn  tion. Contamination of the coincidengeray spectra was
(diamonds). therefore negligible.
The y-ray spectra in coincidence with particles in the
Wall array for a few typical projectile energy losses are dis-
of a particles. The experiment was performed at theplayed in Fig. 2. The left panel displays tleray spectra
National Superconducting Cyclotron Laboratory (NSCL).in coincidence withw particles of the same energy, 120—
A 16.8 mg/cn? target was bombarded by 40 and 130 MeV, for the two beam energies of 40 (open circles)
50 MeV/nucleona particles extracted from the K1200 and 50 (closed circles) Meiucleon. The correspond-
cyclotron. The inelastically scattered projectile nuclei andng target excitation energies are 30—40 and 70—-80 MeV,
other light charged reaction products were measured in the
Dwarf Ball-Wall 47 CsI(Tl) array [7]. The Wall array
consisted of 35 close-packed CslI(Tl) detectors arranged in 10°
four rings centered at laboratory angles of 14, 722.39,
23.18, and 31.03and covering the angular range-e10°
to ~36°. The main particle trigger in the experiment 104
was formed by the detectors of the Wall array. The Ball t
array consisted of 64 close-packed CsI(Tl) detectors that
covered laboratory angles ef36° to ~155°.
High energyy rays from the decay of the GDR in the
target were measured using 95 Badfetectors arranged
in five close-packed arrays of 19 detectors each. ¥he 102
rays were measured in coincidence with particles in the
Wall array. The detectors were 20 (25) cm in length with

103 |

Counts

a face dimension corresponding to an inscribed circle 6.5 10!

(6) cm in diameter. The five arrays were placed outside

the Dwarf Ball scattering chamber at a distance of 50 cm 5 10 15 20 5 10 15 20 25
from the target, at laboratory angles of°5@), 66° (1), E, (MeV)

and 118 (2). The solid angle coverage of the arrays ) o ) )
together amounted te-10% of 4. Separation between FIG. 2. y-ray spectra in coincidence with particles for the
trons andy rays in the detectors was achieved b two beam energies of 5®) and 40(0) MeV/nucleon. The
neu . Yy - yspectra are gated by the samenergy range of 120—-130 MeV
time of flight measurement. The detectors were calibrategleft) and the same excitation energy range of 70—80 MeV
at low energies using radioactive sources, and at afight). The results 0EASCADE calculations for the appropriate
intermediate energy by measurimgays from the ground excitation energies are displayed as solid and _dashed lines
state decay of the 15.11 MeV state #C populated by for the 50 and 40 MeYnucleon reactions, respectively. The

inelastic a-particle scatterin A calibration point at an insets show the data and calculation for the lower beam
a-p g. p energy on a linearized scale, obtained by dividing both by a

energy of~40 MeV was also Obtai_ned by measuring the second statistical calculation employing a consthtstrength
energy loss of cosmic-ray muons in the detector volumefunction.
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respectively. They-ray spectra were normalized in the observed in deep-inelastic reactions [14] and has been
low energy region of 7—8 MeV. The spectra clearly showpredicted by some theoretical models [15]. However,
that they-ray multiplicity in the GDR energy region is previous fusion measurements in Sn nuclei [16] showed
enhanced for the data from the higher target excitation emo temperature dependence of the mean GDR energy.
ergy compared to the data from the lower excitation en- The GDR width increased monotonically with increas-
ergy. The right panel of Fig. 2 displays theray spectra, ing excitation energy of the target. The resonance widths
in coincidence withn particles with the same energy loss extracted from the spectra from the two beam energies
of 70—80 MeV, corresponding te-particle energies of were found to be in good agreement. The uncertainty
120-130 and 80—90 MeV for beam energies of 50 (closedf the extracted width was estimated to kel MeV
circles) and 40 MeYnucleon (open circles), respectively. and includes the statistical error, the influence of the
The two spectra are in good agreement, thus confirmingesonance energy variation, and the uncertainty of the
the estimation of target excitation energy from the energyremsstrahlung contribution. It does not include any sys-
loss of the projectile nucleus. tematic dependence on the level density description. Fig-
The analysis of the/-ray spectra was performed within ure 3 shows the GDR width from the 50 M¢hucleon
the standard statistical model, using a modified versiomeaction (solid diamonds) as a function of temperature.
of the evaporation codeascape [9]. The level density In the top panel the data are compared with the widths
treatment in the standard code was modified to an energextracted from fusion evaporation measurements from
dependent parametrization [10—12]. In this descriptionRefs. [1] (circles) and [2] (squares). The temperature for
the parametema decreased from a value &/8 at low the fusion data was calculated with the same energy-
excitation energies t8/13 atT ~ 5 MeV. The standard dependent level density parametrization used for the in-
code was also modified to accept the initial populatiorelastic scattering data.
of excited nuclei as an input. This initial population The increase of the resonance width in excited nuclei
was obtained, in 10 MeV wide binds, from the spectracan be attributed to the coupling of the resonance to
of inelastically scattered particles and was distributed shape variations of the nucleus induced by temperature
over a range of angular momenta calculated using thand angular momentum [17]. At finite temperatures, the
assumptions discussed earlier. probability of assuming shapes far from the ground state
The nonstatistical contributions to the experimental configuration becomes appreciable. The probability is
ray spectra that arise from bremsstrahlung processes wegéven by the Boltzmann factor ekp F/T), whereF is the
assumed to have an energy dependence of the foroeformation-dependent free energy ahds the nuclear
exp(—E,/Ey), where the slope parametEs was chosen temperature. The experimentally measured width is thus
to be 14 MeV from bremsstrahlung systematics [13].a weighted average over all possible deformations. On
This contribution was normalized to the experimentalthe other hand, large angular momenta also influence
spectra in the energy range of 25-30 MeV and was
added to the calculateg-ray spectra frontAscaDE after T T

accounting for the detector response. }éi
The calculated y-ray spectra are in good agree- 10F }%& 3
ment with the data for the appropriate target exci- } #é
tation energies for the 50 MeMucleon (solid) and 3 } é i
40 MeV/nucleon (dashed) reactions as shown in Fig. 2.
The average nuclear temperature corresponding to each o | . .
I | I

excitation energy range was computed using the expres-

sion (TY = \/E.t/a(Ees), Where Eo¢ is the effective

excitation energy, obtained from the mean energy of the 10 y
input population after subtracting the mean rotational
energy and the GDR energy. The quantit{E.sr) is 5 $ ]

the energy-dependent level density parameter that was
employed in the statistical model calculations. The sum L ,
rule strength extracted from the data was in the range 0 1 2 3
of (90-110)%. T (MeV)

The extracted resonance energy decreased from a value
of 16.0 to 14.5 MeV with increasing excitation energy. FIG. 3. The widths of the GDR from the 50 M¢Wucleon
Keeping the resonance energy constant over the entifgelastic scattering reaction (diamonds) compared to previous

; i ios did not vield d fit t|nclusive fusion measurements i ~12Sn  nuclei (top)
range ol excitation energies did not yield good 1itS 105,q sdiabatic coupling calculations performed by Ormand

the data. A systematic decrease of the GDR energyt al.[18] (bottom). The fusion data were taken from Ref. [1]
as a function of increasing excitation energy has beenO) and Ref. [2](0J).

Tepr (MeV)
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the width evolution, since the nuclear potential surfacdum. Measurements in hdt’Sn nuclei yielded a GDR
evolves with angular momentum. The agreement betweewidth that increased with increasing temperature. This
the scattering and the inclusive fusion data shown irwidth increase is attributed to the broadening of the nu-
Fig. 3 indicates that the temperature washes out thelear potential surface with increasing temperature. The
expected angular momentum effects. measured data are in good agreement with the widths
Ormandet al. have performed adiabatic coupling calcu- extracted from adiabatic coupling calculations for the
lations for the photoabsorption cross section as a functioresonance photoabsorption cross section performed as a
of temperature and angular momentum [18]. The bottonfunction of temperature.
panel of Fig. 3 compares the results of these calculations This work was partially supported by the U.S. National
(solid) with the present data. The calculation is in goodScience Foundation under Grant No. PHY-92-14992 and
agreement with our data. The dashed line depicts resultsy the Department of Energy under Grants No. DE-
including the effect of evaporation widths which increaseFG01-88ER40406 and No. DE-FG02-87ER40316. Oak
rapidly with increasing excitation energy [19], and im- Ridge National Laboratory is managed by Lockheed
proves agreement between the calculation and the highestartin Energy Systems, under Contract No. DE-ACO05-
temperature data points [18]. The calculations were per840OR21400 with the U.S. Department of Energy.
formed 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 agree-
ment with the experimentally observed reduction of the  *Present address: Cyclotron Institute, Texas A&M
extracted GDR energy. In order to obtain a more strin-  University, College Station, TX 77843-3366.
gent test of the model prediction, it will be necessary to "Present address: Gesellschaft fiir Schwerionenforschung,
incorporate the temperature-dependent strength functions ¢D-64220 Darmstadt, Germany. _
into the statistical model. These calculations are currently ~Present address: Florida Flavors, Inc., 4330 Drane Field
in progress. Road, Lakela_nd, FL 33811.
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