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BREMSSTRAHLUNG -RAY EMISSION IN HEAVY-IONCOLLISIONS AT 6�11 MeV/u� ��M. Kii«ska-Habior and Z. TrznadelInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00�681 Warsaw, Poland(Reeived Deember 1, 1998)It is shown that in mass-asymmetri reations, suh as 12C + 24;26Mgand 12C + 58;64Ni, the two types of -ray radiation, statistial GDR deayand bremsstrahlung emission, may be disentangled by angular distributionmeasurements. The data are well reprodued when bremsstrahlung spetraare alulated for veloity of the emitting soure �s = 0:5 � �beam and aninverse slope parameter E0 depending on -ray energy.PACS numbers: 24.30.Cz, 25.70.�z, 23.20.�g1. IntrodutionI would like to disuss in this short report the bremsstrahlung photonemission in heavy-ion ollisions at projetile energies around 10 MeV/u.Studies of this high-energy omponent in a -ray spetrum measured atprojetile energies in the intermediate range of 6�11 MeV/u are of greatimportane for extration of the giant dipole resonane (GDR) parametersin hot nulei as well as for an analysis of the bremsstrahlung proess itself.We have analyzed data for four reations in the projetile energy range ofEp=A = 6�11 MeV/u: 12C+24;26Mg [1℄ and 12C+58;64Ni [2℄ and have donesome alulations for 18O+100Mo reation measured in Seattle at projetileenergy of 11 MeV/u [3℄. For all these reations high-energy -ray spetraat �ve (or three) angles have been measured and the angular oe�ientsA0(E), a1(E) and a2(E) have been extrated in the nuleus�nuleus CMframe from the data by �tting Legendre polynomials:d2�(E ; �CM)d
dE = A0(E)[1 + a1(E)P1(os �CM) + a2(E)P2(os �CM)℄ :� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998.�� This work was partly supported by the Polish State Committee for Sienti� Researh(KBN Grant No. 2 P302 071 07). (535)



536 M. Kii«ska-Habior, Z. TrznadelThe shape of -ray spetrum measured at these projetile energies is wellknown. It has a strong low-energy omponent aused by -deay of nuleiformed in fusion reation and already ooled down by partile evaporation, apronouned bump above E = 10 MeV, whih originates from the GDR de-ay in the initial ompound nuleus and �rst daughter nulei, and a nearlyexponential tail at high-energy, well visible above E = 20 MeV, whihan be explained by the inoherent superposition of bremsstrahlung radia-tion emitted during individual �rst hane proton�neutron (p�n) ollisionswithin partiipants zone. In all these studied ases the measured a1(E)oe�ients in the nuleus�nuleus CM frame are positive and the asymme-try of the angular distributions grows with the inrease in the projetileenergy. Sine the a1(E) oe�ient should be zero for statistial emission,the non-zero value of the measured a1 must result from the non-statistialbremsstrahlung emission in mass-asymmetri heavy-ion ollisions. In or-der to disentangle the statistial GDR deay and the bremsstrahlung emis-sion, measured -ray spetra (A0(E)) and angular distributions (a1(E))have been �tted simultaneously by the sum of CASCADE alulations andnon-statistial ontribution �brem(E), using new version of the CASIBR-FIT ode [4℄. It was assumed that the bremsstrahlung radiation is emittedin the �rst hane p�n ollisions, its high-energy -ray spetra being expo-nential: �brem(E) = �0 exp(�E=E0), where E0 is an inverse slope param-eter. An isotropi angular distribution in the nuleon�nuleon CM framewas assumed. An analyti expression for the di�erential ross-setion of thenon-statistial emission in the nuleus�nuleus CM frame was derived andharaterized by abrem1 (E) 6= 0, whih depends on the veloity �s of the emit-ting soure and E0 value. We have assumed that �s = 0:5 � �beam, aordingto the experiments at higher projetile energies [5℄, and that E0 does notdepend on E , i.e. E0 = onst. In the �tting proedure, inluding foldingof the alulated spetra with the detetor line-shape, GDR parameters: S,EGDR, � and bremsstrahlung parameters: �0, E0 are extrated. In this waywe have been able to �t well the spetrum shape for all reations studiedand obtained reasonable �t parameters. However, the a1 oe�ients, espe-ially for the highest projetile energy studied, ould not be satisfatorily�tted [4℄ (see also dashed urve in Figs 5(a) and 6(a)). This fat inlinedus to more detailed estimates of the bremsstrahlung spetra. Our knowl-edge of the bremsstrahlung emission at projetile energies around 10 MeV/uan be based on some experimental results at higher projetile energies,where this proess is dominating and the statistial GDR deay ontribu-tion an be negleted. It an also rely on theoretial alulations, i.e. theBUU (Boltzmann�Uehling�Uhlenbek) nulear transport equation [6℄. Inthis report the inlusive experimental results for 12C+26Mg and 12C+64Nireations at 11 MeV/u are presented in the light of the BUU alulationsand ompared with exlusive experiments at 40�60 MeV/u [7,8℄.



Bremsstrahlung -Ray Emission in Heavy-Ion Collisions at 6�11 MeV/u 5372. Results of BUU alulationsWe have done BUU alulations for 12C+26Mg, 12C+64Ni and18O+100Mo for Ep=A= 11 MeV/u with the ode of Wolf [6℄. Calulationsof the -ray emission probability P (b; E) have been performed for severalvalues of the impat parameter b in the range from 0 fm to the values or-responding to Rp+Rt, sum of the projetile and target nulei, and for theollision time from t =0 to 100 fm/, whih orresponds to the �rst ompres-sion phase of the system. The BUU ross-setion has been then alulatedas �BUU(E) = 2� bmaxZ0 P (b; E) b db :For all reations studied here the funtion P (b; E) � b peaks around theimpat parameter value orresponding to the maximum angular momentumfor omplete fusion. Average impat parameters alulated with BUU areshown in Fig. 1. The �BUU(E) has been also �tted with an exponentialformula �BUU(E) = �0 exp(�E=E0) in order to extrat an inverse slopeparameter E0. In all three ases the �BUU(E) annot be �tted with a singleE0 value in the whole range of E = 10�50 MeV.
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Fig. 1 Fig. 2Fig. 1. Average impat parameter alulated with BUU.Fig. 2. Energy dependene of the inverse slope parameter alulated with BUU.The E0 value extrated for di�erent energy intervals and saled by aonstant fator is shown in Fig. 2. For the 12C+26Mg and 12C+64Ni thebehavior of E0 versus E is muh the same. An inrease for 18O+100Moreation at low energies is similar but a derease at higher energies is faster.Suh variations of E0 versus E may be onneted with the dependene of



538 M. Kii«ska-Habior, Z. Trznadelthe E0 on the impat parameter b. An inverse slope parameter Eb0 extratedfrom the �tting of the exponential funtion to the P (b; E) for every b valuein the range of E = 30�55 MeV plotted versus Rp +Rt � b, an overlap dis-tane between projetile and target, is dereasing when going from entralollisions to the peripheral ones (Fig. 3). It means that the -ray spetrumfor more entral ollision is harder. Similar e�et was observed experimen-tally for Kr+Ni at 60 MeV/u [8℄, where various impat parameters havebeen seleted from the harged partile multipliity and PLF mass (Fig. 30in [8℄). It was explained by Martinez et al. [8℄ as a result of the dynamiale�ets in the ollision. In the �rst ompression phase in the heavy-ion re-ation the bremsstrahlung photons are mostly emitted during a short time(few fm/) after maximum density has been reahed. During that time the
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Fig. 3 Fig. 4Fig. 3. Inverse slope parameter Eb0 alulated with BUUFig. 4. Mean soure veloity of the emitting soure alulated with BUUnuleons an be aelerated by the potential gradient whih depends on thedensity and as a result they obtain an extra intrinsi momentum. Sine theompression is less important in peripheral ollisions, the aeleration andan extra intrinsi momentum are smaller. Consequently, the average energyavailable in an individual p�n ollision is larger in entral than in peripheralollisions. This is re�eted in the photon energy and thus in the slope ofthe photon spetrum. The E0(E) for Kr+Ni at 60 MeV/u and Ta+Au at40 MeV/u extrated from the experimental data (Fig. 20 in Ref. [7℄) showssimilar behavior as found in our BUU alulations presented in Fig. 2. Theabsolute value of E0 alulated within BUU for 12C+26Mg, 12C+64Ni and18O+100Mo for Ep=A= 11 MeV/u is larger than extrated from the CASI-BRFIT and larger than estimated on the basis of the Cassing systematis[6,7℄. Thus, E0(E) shown in Fig. 2 was saled by a onstant fator to agree



Bremsstrahlung -Ray Emission in Heavy-Ion Collisions at 6�11 MeV/u 539with the Cassing systematis at E= 25 MeV. We have parameterized theE0(E) dependene with a funtion: E0(E) = E00(1+aE+bE2), where E00was treated as a variable parameter in CASIBRFIT alulations. Anotherquantity harateristi for bremsstrahlung emission, whih an be estimatedwith the BUU, is the veloity �s of the emitting soure. Its value a�etsthe asymmetry of the angular distribution in the laboratory frame due tothe Doppler shift. Thus, the a1 oe�ient alulated in the nuleus�nuleusCM frame depends also on the soure veloity used. In the simple piture ofthe individual �rst-hane p�n ollisions �s should be equal to the nuleon�nuleon CM veloity, �NN, whih is lose to the half of the beam veloity�beam. Due to the Fermi motion of nuleons in olliding nulei the intrinsimomenta of the proton and the neutron in a p�n ollision add to the relativemomentum of the projetile and the target nuleons, and the resulting soureveloity an di�er from �NN. The mean soure veloity �s of the emittingsoure an be estimated from the soure veloity distribution alulated withthe BUU for eah E energy and impat parameter value. With inreasingE , the value of h�si, averaged over impat parameter, approahes the valueof the nuleon�nuleon CM veloity, �NN (Fig. 4).3. Results of the CASIBRFIT alulationsCalulations performed with the BUU for the three reations studiedgave onsistent results and it has enouraged us to inlude the E0 = E0(E)and �s = �s(E) dependene in the CASIBRFIT ode. The �ts were donewith 5 variable parameters: S, EGDR, � , �0, E0, for di�erent options withE0= onst, �s= onst, E0 = E0(E) and �s = �s(E), where the shapeof the dependene on E were done by BUU alulations. If the experi-mentally on�rmed value of �s = 0:5 � �beam is used, then in order to re-produe the a1(E) oe�ient data for 12C+24;26Mg reations, a depen-dene E0(E) = E00(1 + 0:0078E � 0:00019E2 ) was initially inluded [9℄,where E00 was assumed to be a variable parameter. An even better �tswere presently obtained for both 12C+24;26Mg and 12C+64Ni reations withE0(E) = E00(1 + 0:0166E � 0:00039E2 ), (1). Our data are not sensitiveto the low-energy E0(E) inrease. However, in order to �t well a1(E)at E=30�50 MeV the E0(E) has to have appropriate urvature. The�ts performed with E0= onst and �s = 0:5 � �beam (see dashed urve inFigs 5(a) and 6(a)) or �s depending on energy to desribe the BUU trend,failed to reprodue a1(E). The a1(E) an be �tted with E0= onst, forlarger �s value only, i.e. �s = 0:65 � �beam (dotted line in Figs 5(a) and6(a)), or �s inreasing from 0.47 ��beam up to 0:75 � �beam in the range ofE = 20�50 MeV [4℄. The best �ts obtained at Ep=A = 11 MeV/u withE0 = E0(E) aording to (1) and �s = 0:5 � �beam, high-energy -ray spe-
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Fig. 5 Fig. 6Fig. 5. Gamma-ray spetra and a1 oe�ients for 12C + 26Mg reation at 11 MeV/u(see text).Fig. 6. Gamma-ray spetra and a1 oe�iients for 12C + 64Ni reation at 11 MeV/u(see text).tra and a1(E) oe�ients, are shown by solid urves together with thedata in Figs 5 and 6. Bremsstrahlung and statistial spetra are shown inFigs 5(b) and 6(b) by dotted and dashed urves, respetively. It an beseen that the used energy dependene of E0(E) gives lower bremsstrahlungross-setion at both low and high E energies. The bremsstrahlung param-eter hE0i = E0(E = 30 MeV) extrated from the �ts agrees with the valuesextrapolated from the Cassing systematis [6,7℄.4. ConlusionsIt was shown that by reproduing simultaneously the -ray spetra andthe a1(E) oe�ients measured in heavy-ion ollisions at 6�11 MeV/u it ispossible to disentangle the statistial and non-statistial ontributions andobtain also information about the bremsstrahlung proess. Analyzed datafor 12C+24;26Mg reation as well as preliminary data for 12C+58;64Ni reationsuggest that the inverse slope parameter E0 depends on -ray energy inagreement with BUU alulations, whih may orrespond to its dependene



Bremsstrahlung -Ray Emission in Heavy-Ion Collisions at 6�11 MeV/u 541on impat parameter. However, the absolute values of E0, obtained fromBUU at Ep=A= 6�11 MeV, are larger than expeted from systematis andobtained from CASIBRFIT �ts to the data.REFERENCES[1℄ M. Kii«ska-Habior, K.A. Snover, A. Maj, Z. Drebi, D. Ye, M. Kelly, AtaPhys. Pol. B26, 439 (1995).[2℄ Z. Trznadel, M. Kii«ska-Habior, M.P. Kelly, J.P.S. van Shagen, K.A. Snover,to be published.[3℄ M.P. Kelly, J.P.S. van Shagen, K.A. Snover, M.Kii«ska-Habior, Z. TrznadelProeedings of the Topial Conferene on Giant Resonanes, Varenna, May11�16, 1998, to be published in Nul. Phys.[4℄ M. Kii«ska-Habior, Z. Trznadel, K.A. Snover, A. Maj, M. Kelly, Ata Phys.Pol. B28, 189 (1997).[5℄ H. Nifeneker, J. Pinston, Ann. Rev. Nul. Part. Si. 40, 113 (1990).[6℄ W. Cassing, V. Metag, U. Mosel, K. Niita, Phys. Rep. 188, 363 (1990); alsoG. Wolf, BUU ode, private ommuniation.[7℄ Y. Shutz et al., Nul. Phys. A622, 404 (1997).[8℄ G. Martinez et al., Phys. Lett. B334, 23 (1994).[9℄ M. Kii«ska-Habior, Z. Trznadel, A. Maj, M.P. Kelly, J.P.S. van Shagen,K.A. Snover, Proeedings of the Topial Conferene on Giant Resonanes,Varenna, May 11�16, 1998, to be published in Nul. Phys.


