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Observation of a double giant dipole resonance in fusion-evaporation reactions

G. Viesti! V. Rizzi! M. Cinauserd, N. Gelli® A. Gade& D. Bazzaccd, A. Algora-Pinedd, D. Appelbee, G. de Angelis’
N. Belcari? M. De Poli2 T. E. Drake> D. Fabris! E. Farned, E. Fioretto? A. Galindo-Uribarri? W. Krolas?!
T. Kroll,* F. Lucarelli S. Lunardi* M. Lunardon? T. Martinez? R. Menegazzd,B. K. Nayak? G. Nebbia D. R. Napoli?
B. Nyako® C. Petraché,Z. Podolyalé G. Preté, C. Rossi AlvareZ, P. Spolaoré,C. Ur! and K. Zube?
1INFN and Dipartimento di Fisica dell'Universitai Padova, 1-35131 Padova, Italy
2INFN, Laboratori Nazionali di Legnaro, 1-35020 Legnaro, Italy
3INFN and Dipartimento di Fisica dell'Universitai Firenze, 1-50125 Firenze, Italy
“4Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
5Physics Department, University of Toronto, Toronto, Canada M5S 1A7
6H. Niewodniczanski Institute of Nuclear Physics, 31342 Krakow, Poland
Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 3BX, United Kingdom
8ATOMKI, Institute of Nuclear Research, H-4001 Debrecen, Hungary
(Received 7 August 2000; published 20 February 2001

The emission of two coincident energetE*8 MeV) gamma rays has been observed in the 187 MeV
37Cl+ 1205 reaction by using the cluster detectors of the EUROBALL Il array. Those events are attributed to
the decay of the double giant dipole resonance built on highly excited states.
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[. INTRODUCTION EUROBALL Il array, in which a number of germanium
cluster detectorfs] are employed, covering about 4% of the

The recent observation of the double giant dipole resototal solid angle.
nance(DGDR) in heavy-ion and pion-induced reactions has ~We report in this paper on the search for DGDR events in
attracted considerable interddi]. The observed resonance the decay of highly excited compound nuclei. To this end, a
energy and width are in good agreement with the represerarge data set from an experiment performed during the Leg-
tation of the DGDR as a multiphonon state formed by non-naro campaign of EUROBALL IIl has been reanalyzed. This
interacting harmonic oscillators. The main interest in theexperiment was originally performed to search for hyperde-
study of the properties of these multiphonon states is in théormed states in the reaction 187 Me¥/Cl+ '%Sn that
search for phonon-phonon interaction and anharmonic efPopulates the compound nucletiSHo at an average excita-
fects. tion energy ofE,=83 MeV. Results from this experiment

In this respect, an interesting field of investigation is rep-have been already publishé@l.
resented by the possible dependence of the anharmonicity on
the nuclear temperature gnd its corr_elation with the obseryed Il. DATA ANALYSIS
DGDR parameters. Detailed theoretical predictions show, in-
deed, a positive correlation between temperature, strength, The data set considered here contains aboul® EU-
and width of the resonand®]. The available experimental ROBALL events with a trigger condition of having at least
data about DGDR are related to resonances built on th&ve (unsuppressedy rays in coincidence with charged par-
ground state of nuclei, excited by inelastic collisions, elec+icles detected in the lItalian Silicon Sphere arfay or at
tromagnetic excitation, or pion-induced double chargedleast seveny rays (unsuppressedwithout the coincidence
exchange reactions. Therefore, a direct test of the theoreticalith charged particles. The single elements of cluster and
predictions is not possible at this stage. A natural way taclover detectors participated in the trigger definition as indi-
study temperature effects on the DGDR would be the use ofidual detectors. We note that this trigger requirement is sup-
heavy-ion-induced fusion-evaporation reactions, once th@osed to enhance fusion-evaporation events rejecting lower
possibility to discriminate the DGDR contribution from the gamma-ray multiplicities as those associated with two-body
bulk of the compound nucleus decay will be demonstrated.reactions.

From the experimental point of view, fusion-evaporation In the present analysis, the 15-cluster detectors have been
reactions have been intensively employed in the past to studsalibrated by using a combination of low energy radioactive
GDR in hot nuclear systems, mainly with the detection ofsources and the 6.1-MeVy ray produced in the inelastic
energeticy rays emitted in the decay of the resonafi8e  scattering of the evaporated neutrons on the oxygen nuclei
As demonstrated in an earlier experiment performed with theontained in the bismuth germanate scintillator of the anti-
two-arm photon spectrometer detector system, the DGDRCompton shields. After the calibration, each cluster was con-
can be tagged by detecting the two coincident energetic pheidered as a single detector, performing the add-back of the
tons emitted in the decay of the two one-phonon stptés  seven Ge detectors and the anti-Compton suppression. Sym-

In this respect, some high efficiengyray spectrometers, metric y-y matrices have been then built considering only
even if mainly designed for nuclear spectroscopy, can also beoincidences between cluster detectors. The inclusive
used to measure energetic photons. This is the case of tmeatrix contained % 10° events. Furthermore, matrices were
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FIG. 1. Gamma-ray spectra obtained by setting gates on one . . . .
y Sp I Y g 9 FIG. 2. Same as Fig. 1 but for events in coincidence with

axis of the inclusivelsymmetri¢ gamma-gamma matrix. Only co-
incidences between cluster detectors have been considered. Lin@

are results from fits to the experimental data. For details see the. .
text P with dipole character, & =1 value has been used. Further-

more, we have considered in the fit only the part of the
pspectrum between 5 and 8 MeV, where a dominant contribu-
dpn from statistical transitions is expectgsl.

For theE, ;=0-2 MeV gate, deviations from the fitted

It has to be stressed that the time resolution of the Gdunction are observed in Figs. 1-3 both for gamma-ray en-

detectors and the short-flight path do not allow the suppresErdies lower thank,,~5 MeV and larger thank,,
sion of the neutron-induced events in the gamma-ray spec= 8 MeV. At lower energies this is due to the well-known
trum. In any case this effect is minimized by the fact that the®UmMP Of quadrupole transitionsE( ;<3 MeV) and to

cluster detectors are located at backward angles where tiRfructures ag, ,~5-6 MeV resulting from the interaction
neutron flux is lower. of the evaporated neutrons in the detector itself. At the

higher energiesg, ,>8 MeV), the extra yield with respect
to the extrapolated-continuum distribution is attributed to
contributions from GDR decay.

A. Two-energetic-photon events As far as the fit of the continuum is concerned, we note

Gamma-ray spectra, obtained by setting géfe2 MeV that the effective temperature extracted from the inclusive
8-20 MeV, and 10—20 Me)Non one axis of the inclusive SPECtrum obtained with the 0-2 MeV gateTey

and exclusivei.e., in coincidence with protons or alpha par- —9-> MeV, is very close to that determined by fitting the
ticles) matrices, are reported in Figs. 1—3, respectively. gamma-ray spectrum predicted by standard statistical model

The slope of each spectrum has been fitted with the welic@lculations performed with theascape code[9], folded
known function with the cluster response function simulated with GEaNT

code[10].
F(Ey):N0E3L+lexq_E7/Teff) Furthermore, we note that the the GDR contribution is

less evident in the spectra obtained in coincidence with pro-
in order to derive the shape of the gamma-ray continuum thabns or alpha particles. In fact, as confirmed by statistical
defines the background for the giant resonance Lorentziamodel calculations, the charged-particle emission takes place
distribution. In this formuldN, is a normalization constant, L in this reaction mainly in the first step of the deexcitation
is the multipolarity of the gamma-ray transitions, ahg;is  cascade, reducing the high energy photon emission probabil-
the effective temperature of the nuclear states populated hify from lower excitation energies. This is particularly evi-
photon emission. Since it is expected that the higher energiedent by comparing the inclusive and the alpha-particle gated
in the gamma-ray spectrum are dominated by transitionspectra. The slightly lower effective temperatur€qss

rotons.
SOtO S

also built considering exclusive events in coincidence wit
protons or alpha particles. Those matrices contained abo
1x10° events each.

Ill. EXPERIMENTAL RESULTS
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FIG. 4. Comparison between the experimental spectfgate
. 6—20 MeV on the inclusive matrj>and predictions from statistical
10 ] model folded with the calculated cluster response functlomwe).

M 10-20 MeV gate ] For details see the text.
0

Whether or not the two-energetic-photon evenks, {
>8 MeV, E,,>8 MeV), clearly seen in the inclusive
m ] spectra, are originating from two GDR decay or are simply
5 10 15 20 due to coincidences between one statistical transition and
one GDR photon will be discussed in the next section.
E, (MeV) To further investigate the origin of the events character-
ized by the coincidence of two energetic gamma rays, a spec-
%rum was obtained by gating the inclusive matrix on the win-
dow E,;=6-20 MeV. This gate was selected to obtain

=0.45 MeV, extracted from the spectrum in coincidenced00d statistics with a large suppression of events coming

with alpha particles demonstrates indeed the reduction of thEOm reaction different from fusion evaporation. The result-

average excitation energy available for the gamma emissiolf9 SPectrum, shown in Fig. 4, is compared with the predic-
after the particle decay. tions from statistical model calculations. In the calculation

As shown in Figs. 1-3, the cuf,;=8-20 andE,, the decay from the nominal excitation energy is considered

—10-20 MeV select events in which one energetic photon@1d @ single GDR resonancenergyE=15 MeV, strength

including those from the GDR decay, has been already emiS=1, and widthI'=8 MeV) is taken into account. The

ted. These gated spectra show different features for inclusivB€dicted spectrum has been then folded with the cluster re-
and exclusive events. sponse function. It appears that the shape of the predicted

In the case of the inclusive gamma-ray spectrum, threépectrgm rep_roduces theT gross features of _the experimental
different components are clearly identified. A low energy©ne: with a slight overestimation of the effective temperature

component €, ,<3 MeV) represents the bulk of the statis- in the statistic_al regi_on. This discrepancy betwee_n calcula-
tics and is interpreted as due to gamma-ray transitions emifion and experiment is due to the fact that the predicted spec-
ted along or in the vicinity of the yrast line. This means that'um contains only single, hard gamma-ray events whereas
the most probable two-photon event occurs when the enefl® €xperimental one contains double energetic gamma-ray
getic gamma ray is in coincidence with a statistical transitiorEVENtS_in which one of the two is certainly being emitted

at the bottom of the deexcitation cascade, where the gamni2M higher excitation energy, thus decreasing the average
decay competes more effectively with the particle emission€ifective temperature. We stress the fact that the comparison

This component is characterized by a very low effective temPetween calculated and experimental spectra has not been

perature Tor~0.3 MeV), as expected. In addition, a sec- push_ed further due.to the u_n.c'ertainties_ in the cluster_ response
ond component is present, characterized by a higher value ggnction _and the impossibility to reject neutron-induced
the effective temperatur@,;=0.7—0.8 MeV. This compo- €vents with the present setup.

nent is supposed to be due to the statistical emission from
higher excitation energies in the compound nucleus decay.
Finally, an extra yield with respect to the statistical con- The probability of the one- and two-energetic-photon
tinuum is seen at energi&s, ,>8 MeV. In the latter events events has been estimated assuming that the total statistics in
two energetic photons are emitted in the same deexcitatiothe inclusive matrix represent the global number of fusion
chain. These events are strongly suppressed inpthend  reaction events and applying efficiency correction for the
alpha-gated spectra shown in Figs. 2 and 3, demonstratinguster detectors.

again that after the charged-particle decay the remaining ex- In this hypotheses, we found that the multiplicity of ener-
citation energy is too low to allow the emission of two en- getic photon E,=8 MeV) emission is, considering the in-
ergetic gamma rays. clusive events:

FIG. 3. Same as Fig. 1 but for events in coincidence with alph
particles.

B. DGDR events characterization
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We note that the latter multiplicity is much larger than
that characteristic of the emission of two uncorrelated ener- FIG. 6. Sum energy spectr& (,+E,, ;) obtained withoufup-
getic photons in the same compound nucleus decay. An uger panel and with (medium and lower panel€onditions on the
per limit for this probability can be roughly estimated ne- difference between the coincident gamma rafs, {—E, ;). In
glecting the decrease of the hard gamma-ray yield due to theach panel the uppefthick line) histogram refers to inclusive
lowering of the excitation energy after the first gamma-rayevents, the lowe(thin line) to coincidences with protons.
emission. In this hypotheses we obtain
Following Ref.[4], sum-energy spectrd&(, ,+E., ) were
szyincor~(M1y)2~2><10*7. obtained for any value of the energy difference between
gamma rays as well as for specific conditions on the energy
This simple comparison seems to demonstrate that theifference. In particular, it is required that the two photons
bulk of the two-energetic-gamma-ray events is associatetlave roughly the same energy, i.eE,(—E,,)<6 MeV,
with the DGDR decay. However, the gals,=8 MeV is  or, alternatively, a large energy difference, i.eE. ¢
quite close to the energy region affected by the neutron-— E,2=6 MeV. The resulting distributions are reported in
induced events, that are not rejected in the present experfFig. 6 for inclusive and exclusivéproton coincidences
mental setup. To rule out effects due to such contaminatiorevents. In the inclusive case, the sum spectrui, ;(
the ratioM,,,/(My,)? has been determined as a function of + E, 2 exhibits a change of shape characteristic of the di-
the lower limit of the gate windovE ., . Results are re- pole resonance in highly excited systems, due to the folding
ported in Fig. 5. It appears that fd£,,,<5 MeV, the of the characteristic resonance Lorentzian distribution with
value of the ratio is close to unity. In fact, under those con-the exponential falloff of the level density. The centroid of
ditions, the two-photon events are dominated by coincithis contribution is located roughly & ,~20 MeV, the
dences between uncorrelated statisticaays. By increasing double of the one in the spectra of Fig. 1. This observation
E,.low. the weight of photons from the giant dipole reso- supports strongly the DGDR nature of such events. More-
nance decay increases with respect to the background due ¢@er, events around 20 MeV are strongly suppressed in the
statistical transitions. Data points in Fig. 5 fd, o exclusive spectrum that, in this case, seems to exhibit only
=8 MeV exhibit a very large value of the ratio, demonstrat-the exponential tail due to the statistical continuum. This
ing the dominance of the two photons correlated events. Thisuggests that DGDR events became experimentally undetect-
result rules out the possibility that large ratios are caused bgble in the evaporation from nuclei of ma&s-160 at exci-
contaminations from neutron-induced events, not expected &tion energies of about 70 MeV, corresponding to the aver-

the higherE,, oy - age excitation energy in daughter nuclei after the proton
As a final test, we have studied the correlation betweemecay.
the two emitted gamma rays in the same way used in[Réf. Furthermore, the condition on the difference between the

to study DGDR in cold systems. To this end, tey matri-  two gamma rays, used in Rd#] for selecting the DGDR
ces have been transformed into sum versus difference twavents in cold nuclei in the casé€(,—E,;)<6 MeV,
dimensional arrays, i.eE, ;+E, , versusk,;—E, . seems not to be effective in case of highly excited nuclei.
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The spectra reported in Fig. 5 show, indeed, the same grosse deexcitation cascade. Those events are strongly sup-
behavior for all conditions. This is certainly due to the dif- pressed when a coincidence with charged particles is re-
ferent strength distribution of dipole resonances in hot nuclequired.

with respect to cold systems. In highly excited systems, in- The events in which two photons in the GDR region
deed, the width of the resonance is intrinsically larger and it{E,,>8 MeV) are emitted are characterized by a multiplic-
strength is distributed over a wide energy interval due to théty value that is larger than the estimated upper limit for the

effect of the exponential tail of the level density. emission of two uncorrelated photons in the same deexcita-
tion cascade. This evidence supports strongly the attribution
IV. SUMMARY AND CONCLUSIONS of such events to the decay of the double giant resonance

o ] ] built on highly excited states. Moreover, the sum spectrum of

We have studied in this work the correlatlonslzbetweeqhe two photon events shows the well known line-shape of a
gamma rays emitted in the reaction 187 M&XCI+ *%n,  giant dipole resonance in hot systems, with the centroid en-
populating the compound nucled$'Ho at an average exci- ergy twice the one for a single GDR.
tation energy of£,=83 MeV. This study was focused on  |n conclusion, we have presented evidence for DGDR
events in which two energeticE(=8 MeV) photons are eyents in fusion-evaporation reaction. This opens the possi-
emitted, searching for the decay of the DGDR built on highlypjity to study temperature effect on two-phonon states. Any
excited states. further investigations would require the use of high effi-

We have found that the shape of the gamma-ray spectrugiency gamma-ray detection systems with better response
obtained by requiring the coincidence with a second photomunction at h|gh gamma energy and the Suppression Of
having energy in the rangé,=6-20 MeV is roughly ac- neutron-induced events. This might allow future line-shape
counted for by statistical model predictions. This demon-stydies of the resonance thus determining DGDR parameters
strates that such two-photon events are produced essentiali¢ a function of the excitation energy. On the other hand, an
in the fusion-evaporation reaction. upgrade of the available statistical model codes, taking into

The shape of the inclusive spectrum of gamma rays iiccount DGDR excitation and decay, is also required to ana-
coincidence with photons in the range 8—-20 MeV is charactyze the experimental gamma-ray spectra.

terized by regions showing two different effective tempera-
tures. The events associated with a low effective temperature
are supposed to be emitted at the end of the particle evapo-
ration phase. The events characterized by a very high effec- We are indebted to P.F. Bortignon for several stimulating
tive temperature that are thought to be emitted at the top afiscussions on DGDR.
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