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ENERGETIC PHOTONS FROM HEAVY-IONREACTIONS AT 4�12 MeV/u�M. Ki
i«ska-Habior, Z. Trznadel, O. Kijewska, and E. Wój
ikInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived February 15, 2002)Statisti
al emission is the main sour
e of high-energy photons mea-sured in heavy-ion rea
tions at proje
tile energies up to 5 MeV/u, as it isshown for 12C + 58;64Ni rea
tions. At higher proje
tile energies another im-portant pro
ess o

urs � the bremsstrahlung emission. Besides that, theGiant Dipole Resonan
e 
an be ex
ited in hot nu
lei produ
ed not only via
omplete fusion rea
tions but also by in
omplete fusion and/or after - pree-quilibrium emission of light parti
les. The importan
e of those pro
esses isdemonstrated for 12C + 58;64Ni and other rea
tions.PACS numbers: 24.30.Cz, 25.70.�z, 23.20.�g1. Introdu
tionThe intention of this report is to present sour
es of energeti
 photonsfrom heavy-ion rea
tions at proje
tile energy Ep=A = 4�12 MeV/u and toshow how they in�uen
e the Giant Dipole Resonan
e (GDR) parametersextra
ted from the measured photon spe
tra. Generally, there are two mainsour
es of high-energy 
-rays in the energy range of interest: statisti
al emis-sion due to the de
ay of the GDR built in the highly ex
ited 
ompoundnu
leus and non-statisti
al emission originating from individual nu
leon-nu
leon 
ollisions of the proje
tile and the target nu
lei, i.e. bremsstrahlungemission.At proje
tile energies below 5 MeV/u the bremsstrahlung radiation isnegligible. Thus, the high-energy photons arise from the de
ay of the GDRbuilt in the initial 
ompound nu
leus with initial ex
itation energy Einformed in 
omplete fusion rea
tion and in the daughter nu
lei with lowermass and lower ex
itation energy populated during subsequent steps of thede
ay. The average ex
itation energy �Ei of the average nu
leus undergoing� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(949)



950 M. Ki
i«ska-Habior et al.the GDR de
ay 
orresponds to the ex
itation energy averaged over the de
aysteps. The GDR parameters extra
ted from the measured photon spe
traare usually presented as a fun
tion of the nu
lear temperature and/or spin.The average �nal-state temperature is de�ned as T = [d ln(�)=dE℄�1 where� is the level density, and E is related to the average thermal energy of the�nal state �Ef = �Ei � �Erot � EGDR where �Erot � averaged rotational en-ergy of the average nu
leus after the GDR de
ay, EGDR � GDR resonan
eenergy. The temperature T is then T = p �Ef=a, where a � nu
lear leveldensity parameter. It has been found that the GDR strength S, and the
entroid energy EGDR are not a�e
ted by the nu
lear temperature and spin.The width � in
reases rapidly with spin and temperature due to in
reasingspin indu
ed deformation and in
reasing thermal shape �u
tuations.At higher bombarding energies, where the angular momentum saturates,it has been proposed that the GDR width should saturate [1℄. However, atthese energies the nonstatisti
al bremsstrahlung emission o

urs and it hasto be taken into a

ount. Moreover, the 
ompound nu
leus in whi
h theGDR is built 
an be formed in 
omplete fusion, in
omplete fusion, or afterpreequilibrium emission of light parti
les. Thus, the initial ex
itation energyof the de
aying 
ompound nu
lei is di�
ult to estimate. We have shown [2℄that the disentanglement of the bremsstrahlung and statisti
al 
-ray yields
an be done when analyzing the angular distribution of high-energy 
-raysin terms of the Legendre polynomials. However, in order to estimate thepreequilibrium and/or in
omplete fusion losses of mass, 
harge, and ex
ita-tion energy of the average produ
ed 
ompound nu
leus, the experimentalinformation from light 
harged parti
le and neutron spe
tra measured in
oin
iden
e with high-energy photons should also be available. It has beenpartially a
hieved for 18O + 100Mo rea
tions [3℄, where angular distribu-tions of protons and � parti
les have been measured in 
oin
iden
e withhigh-energy 
-rays in order to estimate preequilibrium losses. The neutron
ontribution has been determined by model 
al
ulations. It has been foundthat the e�e
ts of preequilibrium emission are signi�
ant in the studied en-ergy range.Here we refer mostly to the results obtained for 12C + 58;64Ni rea
tionsat Ep=A = 4�11 MeV/u presented by Trznadel in his PhD thesis [4,5℄.Preliminary results for 20Ne + 12C rea
tion are also shown.2. Experimental resultsMeasurements of the 12C+58;64Ni rea
tions at 4 MeV/u and the 20Ne+12Crea
tion at 5.2 MeV/u have been undertaken using the 
y
lotron beams atthe Heavy-Ion Laboratory of Warsaw University. High-energy 
-rays havebeen dete
ted in a large NaI spe
trometer in the JANOSIK set-up [6℄. For
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tions at . . . 951all the studied rea
tions the 
-ray emission 
ross-se
tions and angular dis-tributions have been measured. Angular distribution 
oe�
ients A0(E
),a1(E
) and a2(E
) for 12C + 58;64Ni rea
tions have been extra
ted from thedata measured at three angles: 60Æ, 90Æ and 120Æ. The a1(E
) 
oe�
ient hasbeen found to be 
lose to zero proving statisti
al 
hara
ter of the measured
-ray spe
tra. The a2(E
) for 76Se is showing the dispersion shape whi
hsuggests the deformation of that nu
leus [4℄. For the 20Ne + 12C rea
tionthe angular distribution data are presently under analysis.Data for the 12C + 58;64Ni rea
tions at higher proje
tile energies of 5.5, 8and 11 MeV/u have been measured at the University of Washington Nu
learPhysi
s Laboratory using the tandem-linia
 a

elerator beams. High-energy
-rays have been measured with three large NaI spe
trometers. Gamma-rayspe
tra at �ve angles: 40Æ, 55Æ, 90Æ, 125Æ and 140Æ and at ea
h proje
tile en-ergy have been �tted by the Legendre polynomials and the A0(E
), a1(E
)and a2(E
) 
oe�
ients have been extra
ted. A large bremsstrahlung tail inthe A0(E
) spe
trum and large positive a1(E
) 
oe�
ient value, in
reasingwith proje
tile energy have been found at 
-ray energies above 20 MeV [4,5℄.3. Data analysis and resultsGamma-ray energy spe
tra for the 12C + 58;64Ni and 20Ne + 12C rea
-tions measured at Ep=A = 4 and 5.2 MeV/u, respe
tively, have been ana-lyzed assuming statisti
al de
ay of the 
ompound nu
leus formed in 
ompletefusion rea
tion, only. The spe
tra have been �tted by using CASCADE 
odewith Reisdorf level density approa
h in statisti
al model 
al
ulations. TheGDR 
ontributions for 76Se and 32S (Fig. 1) are des
ribed better when dou-ble Lorentz fun
tions are used for the GDR strength fun
tion. It suggeststhe deformation of nu
lei studied in agreement with the observed 
hara
terof a2(E
) dependen
e for 12C + 64Ni rea
tion.For higher proje
tile energies the measured energy spe
tra and angulardistributions of emitted 
-rays have been analyzed taking into a

ount sta-tisti
al de
ay of the 
ompound nu
lei formed in 
omplete and in
ompletefusion and nonstatisti
al bremsstrahlung emission. The A0(E
) spe
traand a1(E
) 
oe�
ients have been �tted with CASIBRFIT 
ode [2℄ 
al
u-lations, in
luding 
omplete fusion, in
omplete fusion, and bremsstrahlungemission. An isotropi
 angular distribution and an exponential spe
trumshape: � = �0 exp(�E
=E0) have been assumed for the bremsstrahlungemission in the nu
leon�nu
leon CM frame. An inverse slope parameter E0was found to depend on the 
-ray energy in agreement with the dependen
eestimated on the basis of BUU transport equation 
al
ulations [4,5℄. In orderto see the e�e
t of negle
ting of an in
omplete fusion pro
ess in statisti
al
omponent of the 
-ray yield, the 
-ray spe
trum has been 
al
ulated in
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Fig. 1. Measured and �tted high-energy 
-ray spe
trum (top) and absorption 
ross-se
tion (bottom) for 20Ne + 12C rea
tion at 5.2 MeV/u. Preliminary results.two ways. Firstly, statisti
al de
ay of the 
ompound nu
leus with initialmass, 
harge, spin and ex
itation energy as 
reated in 
omplete fusion was
al
ulated. Se
ondly, an in
omplete fusion has been in
luded by assumingstatisti
al de
ay of the 
ompound nu
leus whi
h had mass, 
harge, spin andex
itation energy redu
ed and estimated by averaging over those 
reated in
omplete and in
omplete fusion pro
esses. In the 12C+58;64Ni experimentonly 
-rays had been measured, thus the properties of the average 
om-pound nu
lei 
reated have been estimated using available experimental datafor 12C + 51V rea
tion [7℄ and model 
al
ulations. It was assumed thatan in
omplete fusion pro
ess 
onsisted in emission of 4He and 8Be 
lustersbefore equilibration of the 
omposite system. The redu
ed initial ex
itationenergies Einit 
al
ulated in this way for the rea
tions studied are shown inFig. 2.The extra
ted GDR parameters for 12C + 58;64Ni rea
tions in both 
ases,assuming 
omplete fusion and bremsstrahlung only, and with an in
ompletefusion in
luded are shown in Fig. 3. It is 
learly seen that the saturationof the GDR width above the T = 2:4 MeV found for 12C + 64Ni rea
tionanalysis with in
omplete fusion pro
ess negle
ted, does not o

ur when thein
omplete fusion pro
ess is in
luded. Thus, we 
laim that the GDR widthis still in
reasing over temperature range up to 2.4 MeV. Similar e�e
t hasbeen found for 18O + 100Mo rea
tion mentioned earlier in the temperaturerange up to T = 3:2 MeV [3℄.
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Fig. 2. Redu
ed average ex
itation energy of the 
ompound nu
lei produ
ed in12C + 58;64Ni rea
tions. Solid line: 
omplete fusion initial ex
itation energy Ein.Dotted lines: initial ex
itation energyEinit of the average 
ompound nu
leus formedin 
omplete and in
omplete fusion rea
tions. Dashed lines: Average ex
itationenergy �Ei pre
eding the GDR de
ay, i.e. Einit averaged over the de
ay steps.
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ted GDR parameters for 12C + 58Ni (left) and 12C + 64Ni (right)as a fun
tion of nu
lear e�e
tive temperature: squares � with in
omplete fusionin
luded, 
ir
les � without in
omplete fusion.



954 M. Ki
i«ska-Habior et al.The CASIBRFIT �tting analysis allowed also to extra
t the brems-strahlung parameters and thus, the theoreti
al fun
tion reprodu
ing thebremsstrahlung 
omponent of the 
-ray spe
tra for both measured rea
tionsof 12C + 58;64Ni. The a

ura
y of the bremsstrahlung 
ross-se
tion esti-mates depends mostly on the statisti
al a

ura
y of the measured a1(E
)
oe�
ient value, whi
h is the main 
onstrain in the disentanglement of thebremsstrahlung and the statisti
al 
-ray yields, and only little on the 
har-a
teristi
s of the pro
esses responsible for the statisti
al 
omponent. Thebremsstrahlung inverse slope parameters E0 obtained from our analysis:3.0 � 0.1, 4.8� 0.1 and 5.7 � 0.1 MeV for 12C + 58Ni at 5.5, 8 and 11 MeV/u,and 2.7 � 0.1, 3.7 � 0.1, 5.2 � 0.1 MeV for 12C + 64Ni at 5.5, 8 and11 MeV/u are in good agreement with the systemati
s for higher proje
tileenergies [8℄. It was also found that the ratio of the extra
ted bremsstrahlung
ross-se
tions for 12C + 64Ni and 12C + 58Ni rea
tions (Fig. 4) is substan-tially larger than 1.19, the value expe
ted for the ratio of high-energy pho-ton produ
tion 
ross-se
tions 
al
ulated for our rea
tions a

ording to thesemiempiri
al formula [9, Eq. 5.1℄. In that formula the 
ross-se
tion at E
 >

0
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Fig. 4. Ratio of the �tted bremsstrahlung 
ross-se
tion values for 12C + 64Ni rea
-tion with respe
t to the ones for 12C + 58Ni rea
tion using CASIBRFIT 
ode.30 MeV is given by a produ
t of the probability of 
-ray produ
tion in theindividual �rst-
han
e n�p 
ollision, the average number of �rst 
han
e n�p
ollisions and the total rea
tion 
ross-se
tion. Our estimates of that ra-tio, based on the presented analysis of the experimental data, are the mostreliable at high 
-ray energies, E
 > 30 MeV, where the bremsstrahlung
ross-se
tion 
learly dominates over the statisti
al 
ontribution. The ratioobtained around E
 = 30 MeV for rea
tions studied at 5.5, 8 and 11 MeV/u
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tions at . . . 955equals 2.4, 1.7 and 2.3, respe
tively, with the a

ura
y of about 0.2. Similiare�e
t was found in other 
ases when rea
tions with the same proje
tile butdi�erent target isotopes have been measured [10-12℄, and the ratio of 
ross-se
tions, for heavier and lighter target nu
lei has been larger than expe
tedby the semiempiri
al formula. In our previous studies of 12C + 24;26Mg at11 MeV/u the ratio of experimental 
ross-se
tions was found to be 1.7 � 0.1
ompared with 1.03 from the formula. It was proposed [13℄ that this e�e
t isa re�e
tion of the di�ering nu
leon momentum distributions in nu
lei withdi�erent number of neutrons. In a nu
leus with a larger number of neutronsthere are more neutrons with a high momentum so that more high-energyphotons 
an be produ
ed in nu
leon-nu
leon 
ollisions. Presentely, we haveexperimental eviden
e of su
h e�e
t for two pairs of rea
tions and we havestarted its analysis.
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Fig. 5. Energy spe
tra for 
harged parti
les emitted in 20Ne + 12C rea
tion at5.2 MeV/u measured with one Si-teles
ope positioned at 90Æ. Preliminary results.4. Con
lusionsThe results of our study of the 12C + 58;64Ni rea
tions [4,5℄ togetherwith 18O + 100Mo rea
tion results [3℄ show that all o

urring pro
esses haveto be in
luded in the 
orre
t analysis of the rea
tions. In order to havea reliable measure of the ex
itation energy, mass and 
harge of the de
ay-ing nu
leus produ
ed in heavy-ion rea
tion at bombarding energy above



956 M. Ki
i«ska-Habior et al.6 MeV/u, light emitted parti
les should be measured and analyzed togetherwith high-energy 
-rays. A

ording to this we have already started a modi-�
ation of the JANOSIK set-up whi
h should allow the measurement of theenergy spe
tra and angular distributions of light 
harged parti
les by the setof sixteen Si-teles
opes atta
hed to the JANOSIK set-up and pla
ed aroundthe target. Parti
le spe
tra for 20Ne + 12C rea
tion at 5.2 MeV/u have beenmeasured with two Si-teles
opes positioned at 50Æ, 90Æ and 130Æ (Fig. 5), to
on�rm the statisti
al 
hara
ter of the emission at this low proje
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