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GIANT DIPOLE RESONANCE STUDIEDIN HEAVY-ION REACTIONSAT PROJECTILE ENERGIES 6�11 MeV/u� ��M. Ki
i«ska-Habior, Z. TrznadelInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolandM.P. Kelly, J.P.S. van S
hagen and K.A. SnoverNu
lear Physi
s Laboratory, University of WashingtonSeattle, WA 98195, USA(Re
eived November 3, 2000)High-energy 
-ray spe
tra and angular distributions from 12C+24;26Mg,12C+58;64Ni and 18O+100Mo rea
tions at few bombarding energies, be-tween 5 and 11 MeV/u, were measured and analyzed by taking into a

ount
omplete and in
omplete fusion pro
esses and bremsstrahlung emission.The GDR parameters were extra
ted as a fun
tion of the average ex
itationenergy and the bremsstrahlung parameters as a fun
tion of (Eproj�V
)=A.PACS numbers: 24.30.Cz, 25.70.�z, 23.20.�g1. Introdu
tionDuring the last years we performed several experiments: 12C+24;26Mg[1�3℄, 12C+58;64Ni [4℄ and 18O+100Mo [5℄ in order to obtain information
on
erning the Giant Dipole Resonan
e (GDR) in the 
ompound nu
lei at�nal-state temperatures up to about 2 MeV. Heavy-ion rea
tions indu
ed byhigh-energy proje
tiles must be used in order to produ
e a 
ompound nu
leiat su
h high ex
itation. At proje
tile energies above 6 MeV/u preequilibriumand bremsstrahlung pro
esses be
ome important and in�uen
e measuredhigh-energy 
-ray spe
tra. Thus those pro
esses have to be in
luded in theanalysis and their 
ontribution depends on the proje
tile energy.We present here details of the performed experiments, a method of dataanalysis and results obtained for rea
tions studied.� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.�� This work was partly supported by the Polish State Committee for S
ienti�
 Resear
h(KBN) Grant No. 2 P30B 035 15 and by the United States Department of Energy.(825)



826 M. Ki
i«ska-Habior et al.2. ExperimentThe data in all reported experiments were 
olle
ted at the Universityof Washington Nu
lear Physi
s Laboratory. High-energy 
-rays emittedin the rea
tions were measured at �ve angles with a single or triple largeNaI-spe
trometer set-up at few beam energies. Ea
h of the dete
tors wassurrounded by its own a
tive plasti
 shield and a passive lead shield tosuppress ba
kground 
-rays and 
osmi
 radiation. The n-
 dis
riminationby the standard time of �ight te
hnique allowed a very good separation ofthe events indu
ed by 
-rays produ
ed in the target and by the neutrons.Multipli
ities of low-energy 
-rays were measured in the 20 % e�
ien
ymultipli
ity �lter, whi
h 
onsisted of 22 small NaI dete
tors. Data with fold�0, 1, 2 or 4 
ut, depending on the rea
tion and bombarding energy, wereused in the analysis in order to eliminate non
ompound nu
leus ba
kground.3. Data analysisFor all the rea
tions studied high-energy 
-ray spe
tra at �ve angles were�tted by the Legendre polynomials and the angular distribution 
oe�
ientsA0(E
), a1(E
) and a2(E
) were extra
ted in the nu
leus-nu
leus CM frame:d2� (E
 ; �CM)d
dE
 = A0(E
)[1+ a1(E
)P1(
os �CM)+ a2(E
)P2(
os �CM)℄ : (1)Comparison of data extra
ted for ea
h rea
tion at several proje
tile energies,reveals a large bremsstrahlung tail in the A0(E
) spe
trum and a largepositive a1(E
) 
oe�
ient value, whi
h in
reases with proje
tile energy, andis 
learly seen at 
-ray energies above 20 MeV. In order to obtain information
on
erning GDR, a simultaneous analysis of the high-energy 
-ray spe
tra(A0(E
)) and angular distributions (a1(E
)) at ea
h proje
tile energy wasdone using CASIBRFIT [1℄ � a version of the CASCADE 
ode in whi
hthe bremsstrahlung emission was in
orporated besides the ex
itation andde
ay of the GDR. The 
ode permits a separation of the statisti
al andnonstatisti
al 
ontributions by performing �ts to the experimental 
-rayspe
tra and using the fa
t that the two 
omponents di�er in the a1(E
)
oe�
ient.In order to obtain information on the evolution of the GDR ex
itation,the dependen
e of the GDR parameters on the average �nal ex
itation en-ergy and the �nal state temperature is studied. Unfortunately, the averageex
itation energy of the 
ompound nu
leus was often in
orre
tly estimatedin GDR studies at proje
tile energies around 10 MeV/u, whi
h led to wronginterpretation of the results.When GDR is built in a 
ompound nu
leus formed by 
omplete fusiononly, then the average ex
itation energy Ei pre
eding the GDR de
ay 
orre-sponds to the ex
itation energy averaged over de
ay steps and is lower than



Giant Dipole Resonan
e Studied in . . . 827the initial ex
itation energy Einit by an energy lost due to parti
le evapora-tion prior to the GDR de
ay. The average �nal-state thermal energy de�nedas Ef = Ei �Erot �EGDR is related to the average �nal-state temperatureby T = [dln(�)=dE℄�1, where � is the level density.There is, however, experimental eviden
e that at proje
tile energies above6 MeV/u an in
omplete fusion is also present and its 
ontribution has to bein
luded in the CASIBRFIT 
al
ulations. In the in
omplete fusion pro
essthe light 
lusters and nu
leons are emitted before equilibration of a 
om-posite system and they 
arry away an energy �Ex and a momentum �Lavailable in a 
ollision. Thus, in su
h pro
ess, an equilibrated 
ompoundnu
leus with the GDR built-in is formed with mass and ex
itation energylower than in the 
omplete fusion. The importan
e of in
omplete fusionand bremsstrahlung pro
esses in
reases with in
reasing relative velo
ity ofthe proje
tile and the target, so that both pro
esses have to be 
orre
tlyin
luded in the analysis.For the 18O + 100Mo rea
tion, the data needed to estimate in
ompletefusion: �-parti
le and proton spe
tra in 
oin
iden
e with high-energy 
-rays,and evaporation residues, were measured in a separate experiment [6℄. Pree-quilibrium proton and �-parti
le multipli
ities and average kineti
 energieswere then experimentally determined [5,6℄. The neutron 
ontribution wasestimated by using model 
al
ulations [5℄. The redu
ed initial ex
itationenergy of the 
ompound nu
leus formed by in
omplete fusion is lower thanfor 
omplete fusion by the average energy lost by preequilibrium parti
leemission. The di�eren
e between the two is growing with the in
reasingproje
tile energy.Similar estimates were done for 12C + 58;64Ni [4℄ and 12C + 24;26Mg [2℄rea
tions basing on the literature data for in
omplete fusion in 12C indu
edrea
tions.The average initial ex
itation energy, mass, and Z of the produ
ed initial
ompound nu
lei, 
orre
ted for the in
omplete fusion loss, were used in thestatisti
al model 
al
ulations with the Reisdorf level density des
ription anda single Lorentzian GDR strength fun
tion. The bremsstrahlung 
ross se
-tion was parametrized by the exponential formula �brem = �0 exp(�E
=E0).An isotropi
 angular distribution of the bremsstrahlung radiation emitted inthe nu
leon-nu
leon CM frame was assumed. We have found previously [1-3℄that the a1(E
) 
oe�
ient 
ould not be satisfa
torily �tted, espe
ially forthe highest proje
tile energies studied (Eproj = 11 MeV/u), when a 
onstantinverse slope parameter E0, independent of E
 was assumed. We have found[2, 3℄ that the 
hara
ter of the E0(E
) dependen
e 
an be estimated by theBUU (Boltzmann�Uehling�Uhlenbe
k) model 
al
ulations [7℄. Su
h E0(E
)resulted in the slope of the bremsstrahlung spe
trum in
reasing with E
 ,whi
h was needed to reprodu
e the measured a1(E
).



828 M. Ki
i«ska-Habior et al.4. Results and 
on
lusionsThe CASIBRFIT �ts were performed for all the rea
tions studied. It wasproved that the statisti
al and bremsstrahlung emissions in the 12C+24;26Mg[1�3℄, 12C+58;64Ni [4℄ and 18O+100Mo [5℄ rea
tions 
an be disentangled bysimultaneous analysis of the high-energy 
-ray spe
tra (A0(E
)) and angu-lar distributions (a1(E
)). The E0(E
) dependent on E
 energy is ne
essaryto reprodu
e the a1(E
) 
oe�
ient. The extra
ted value of E0 = E0(E
 =30 MeV) is in agreement with the systemati
s for higher proje
tile ener-gies [8℄.The dependen
e of the extra
ted GDR parameters on the average ex
i-tation energy 
orre
ted for in
omplete fusion loss has similar 
hara
ter forall rea
tions studied [3�5℄ and is strongly in�uen
ed by the assumed amountof energy lost in preequilibrium emission. Thus, we re
ommend that theenergy loss, so important in the analysis, should be estimated in a dedi
atedexperiment, as it was done in [5℄.REFERENCES[1℄ M. Ki
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