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THERMAL BREMSSTRAHLUNG PROBINGTHE NUCLEAR LIQUID-GAS PHASE TRANSITION�R. Ortegaa;b, F. Fernándeza, D. d'Enterriab and G. Martínezbfor the TAPS CollaborationaGrup de Físi
a de les Radia
ions, Universitat Autònoma de Bar
elonaBar
elona 08193, Spainb SUBATECH, 4, rue Alfred Kastler BP20722 44307 Nantes Cedex 3, Fran
e(Re
eived January 29, 2002)We present the results of the analysis of the hard photon produ
tion inthe 129Xe+natSn at 50A MeV system studied in the GANIL E300 experi-ment. The energy and angular hard photon distributions 
on�rm the exis-ten
e of a thermal 
omponent whi
h follows the re
ently measured thermalbremsstrahlung systemati
s. Exploiting the performan
es of our 
ompletedete
tion system, 
onsisting of TAPS and 3 
harged parti
le multidete
-tors, we have also measured the hard photon multipli
ity as a fun
tion ofthe 
harged parti
le multipli
ity.PACS numbers: 25.70.Pq, 21.65.+f1. Introdu
tionOne of the main issues in heavy-ion rea
tions at intermediate bombard-ing energies, from a few tens up to a hundred AMeV, is to determine theorigin of nu
lear multifragmentation. This pro
ess is 
hara
terized by anabundant produ
tion of intermediate-mass-fragments (3 � Z � 20) and itis the dominant de
ay 
hannel observed in 
entral nu
lear 
ollisions. Theinterest of multifragmentation relies on its possible 
onne
tion with the ex-pe
ted, though elusive, liquid-gas phase transition of nu
lear matter [1, 2℄.As a matter of fa
t, the origin and dynami
s of multifragmentation are notyet 
learly pinned down. On one extreme, sequential statisti
al approa
hessustain that multifragmentation is the result of a slow and sequential frag-ment produ
tion pro
ess starting from a thermally equilibrated sour
e [3℄.On the other extreme, purely dynami
al models assert that the fragmentingsystem has not rea
hed global equilibrium when it disassembles in a prompt� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(965)
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ess [4,5℄. In between those extremes, fast statisti
al models [6,7℄ rely onthe attainment of (lo
al) thermal equilibrium followed by a fast expansionof the hot nu
lear systems whi
h then break up a

ording to the availablephase spa
e. All these seemingly di�erent models reprodu
e well several pat-terns observed in the fragment produ
tion data. Therefore, to disentanglebetween them and shed some light on the 
onne
tion between multifrag-mentation and the nu
lear liquid-gas phase transition, one would need anew experimental observable 
ontemporary to multifragmentation. We ar-gue that thermal hard photons 
an be su
h a probe [11℄.Hard photons are bremsstrahlung photons of energies above 30 MeV pro-du
ed in proton�neutron 
ollisions. Most part of the hard photon emission,the dire
t one, is produ
ed in the initial preequilibrium stage of the rea
tionduring the �rst 
ompression of the system, but there is a softer se
ond emis-sion 
orresponding to the so-
alled thermal hard photons, whi
h are emittedat intermediate stages of the rea
tion [8, 9℄. Re
ently, the analysis of thedata taken in Ar-indu
ed rea
tions at 60A MeV by the TAPS 
ollaborationat the Dut
h�Fren
h AGOR 
y
lotron at KVI, has demonstrated that thisse
ond hard photon 
omponent really emerges from a thermalized sour
e [11℄during the time s
ale when the multifragmentation pro
ess is supposed totake pla
e (50�200 fm/
). Moreover, the measurement of a thermal hardphoton emission in multifragmentation rea
tions in the 36Ar+197Au systemhas demonstrated that, at least for this rea
tion, the sour
e breaks up afterthermalization (t � 80 fm/
) [10, 11℄. The observation of a thermally equi-librated radiating nu
lear sour
e opens up an interesting possibility in thestudy of the equation of state of nu
lear matter in the region of the predi
tedliquid-gas phase transition [12℄.The aim of the experiment E300 performed at GANIL in 1998 is to in-vestigate the hard-photon produ
tion in multifragmentation rea
tions of the129Xe+natSn at 50A MeV system [13℄. The 
hara
teristi
s of this proje
tile-target 
ombination (a large quasi-symmetri
 system with large energy de-position in the 
enter-of-mass) makes of it a good 
andidate to study theliquid-gas transition. The existen
e/absen
e of a thermal hard-photon emis-sion in multifragmentation rea
tions in su
h a system is expe
ted to deliver,by means of a 
omparison with the previous KVI experimental results, amore de�nite 
on
lusion of the origin of nu
lear multifragmentation.2. Experimental set-upTo 
arry out this investigation in
lusive and ex
lusive 
harged parti
le�photon measurements are ne
essary. For that purpose, the experimentalsetup of the E300 experiment (Fig. 1) 
onsisted of the TAPS photon spe
-trometer 
oupled for the �rst time with three di�erent 
harged-parti
le mul-tidete
tors: the Sili
on Strip Dete
tor (SSD), the Washington University
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Fig. 1. S
hemati
 view of the experimental setup used to study the rea
tion129Xe+natSn at 50 AMeV. The dete
tor system 
onsisted of the Sili
on Strip Dete
-tor (SSD), the Dwarf Ball (DB), the TAPS photon spe
trometer and the ForwardWall (FW.)Dwarf Ball (DB) and the KVI Forward Wall (FW). TAPS [14℄, arranged in 6blo
ks of 64 BaF2 ea
h, allowed to measure photons of 5 MeV<E
<200 MeVin 20% of the full solid angle. The SSD [15℄, 
onsisting of 64 
ir
ular and128 radial sili
on dete
tors, 
overed a forward angular range of 2:0Æ � � �10:3Æ. The SSD is sensitive to the Intermediate-Mass-Fragments (IMF) andProje
tile-Like-Fragments (PLF) emitted at forward angles. The DB [16℄ isa multidete
tor 
onsisting of 64 (BC400-CsITl) phoswi
h dete
tors form-ing a sphere surrounding the target and 
overing and angular range of32Æ � � � 168Æ. The DB permitted the identi�
ation of Light-Charged-Parti
les (LCP) and IMF. The FW [17℄ is also a phoswi
h multidete
tor,with 92 (NE115-NE102A) plasti
 modules, whi
h allows the identi�
ationof LCP and IMF. The FW was pla
ed downstream from the target 
overingthe forward hemisphere (2:5Æ � � � 25:Æ). The energy deposited by 
hargedparti
les in the 
ir
ular and radial strips of the SSD and in the individual
rystal and plasti
 of ea
h DB and FW phoswi
h were re
orded. The 
hargeof dete
ted fragments and parti
les is identi�ed by �E versus E analysis.The full details of the experimental setup and o�-line analysis have beenreported elsewhere [18, 19℄.
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lusive hard photon resultsAfter applying an energy 
orre
tion fa
tor to 
orre
t energy 
alibrationand energy losses in the BaF2 modules and subtra
ting the 
osmi
 ba
k-ground we obtain the energy and angular spe
tra of the in
lusive, i.e. with-out requiring any spe
i�
 exit-
hannel 
ondition, photon measurements [19℄.In agreement with previous TAPS experiments we have found that thehard-photon energy spe
trum measured in the NN 
enter-of-mass(Fig. 2.(a)) is well reprodu
ed with a double sour
e �t, 
onsisted of a sumof two exponential distributions:dNdE
 = Kd e�E
=Ed0 +Kt e�E
=Et0 ; (3.1)where the Kd;t fa
tors are de�ned by the dire
t and thermal hard-photonintensities, respe
tively. The harder hard-photon distribution with slopeEd0 =15.6 � 1.0 MeV 
orresponds to the dominant dire
t 
omponent, where-as the softer one (Et0=7.0 � 0.6 MeV) a

ounts for the thermal 
ontribution,whi
h amounts to 22% of the total intensity. Above E
 > 60 MeV only thedire
t hard-photon emission is signi�
ant. The measured thermal slope, Et0,follows the re
ently observed linear dependen
e on the available energy inthe nu
leus�nu
leus 
enter-of-mass, EAAC
 (Fig. 2.(b)) [11℄. This observationis 
onsistent with a thermal bremsstrahlung emission from se
ondary pn
ollisions. The obtained experimental thermal hard photon multipli
ity isM exp
 = �exp
 =�expR = (2:6� 0:4)10�4.We have analyzed the hard-photon angular distribution in two di�erentenergy ranges: the region of photons with 30 MeV< E
 < 40 MeV and thatof E
 > 60 MeV. The �rst energy region 
onsists of a mixed distributionof dire
t and thermal photons and the latter exhibit their largest intensity,between 38% and 29% of the total hard photon yield. Whereas, as afore-mentioned, for E
 > 60 MeV dire
t hard-photons 
learly dominate. Themeasured (Doppler-shifted) laboratory angular distributions integrated overthe two energy ranges (30 MeV< E
 < 40 MeV, and E
 > 60 MeV) havebeen respe
tively �tted a

ording to the following expressions:�dNd
�lab = KZ2 "1� �+ �sin2 �lab
Z2 # E0 he�30Z=E0 � e40Z=E0i ;�dNd
�lab = KZ2 "1� �+ �sin2 �lab
Z2 #E0 e�60Z=E0 ; (3.2)where Z = 
S(1� �S 
os �lab), K is a normalization fa
tor, �S is the sour
evelo
ity, � is the anisotropy fa
tor and E0 is the lo
al slope.
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Fig. 2. (a) � The experimental in
lusive hard photon spe
trum measured for therea
tion 129Xe + 112Sn in the NN 
enter-of-mass frame �tted to Eq. (3.1). Thethermal (dashed line) and dire
t (solid line) exponential 
ontributions are shown.(b) � Thermal hard-photon slopes Et0, measured at �lab
 = 90Æ, plotted as a fun
-tion of the Coulomb-
orre
ted nu
leus�nu
leus 
enter-of-mass energy EAAC
 . Themeasurements 
orrespond to di�erent TAPS experiments, the up triangle denotesthe value of the rea
tion des
ribed in this 
ontribution. The solid line is a linear�t to the data. Figure extra
ted from [11℄.The velo
ity of the hard-photon sour
e obtained in both �ts is nearlythe same, �S = 0:16� 0.01, and it agrees with the emission from a sour
emoving with �S = �NN but also, due to the symmetry of the 129Xe+natSnsystem, with �S = �AA. Due to this symmetry, we have hen
e one free pa-rameter less in the analysis of the angular distribution and therefore we aremore sensitive to the �tting value of the anisotropy fa
tor. The anisotropyfa
tor is due to the existen
e of a preferential dire
tion of the dipole 
ompo-nent of the bremsstrahlung radiation in the elementary pn ! pn
 pro
ess.This anisotropy should only appear in the radiation emerging from �rst-
han
e NN s
attering, in whi
h the momentum of the proje
tile nu
leonstill 
onserves its original (beam) dire
tion. Indeed, we observe a non zeroanisotropy fa
tor, � = 0:2� 0.1, in the angular distribution measured forphotons of E
 > 60 MeV, whi
h is dominated by the dire
t hard-photon
omponent. In 
ontrast, no anisotropy is found in the angular distributionof the mixed thermal and dire
t energy range (30 MeV< E
 < 40 MeV):� = 0:0� 0.1. Thus, these slightly di�erent (within their asso
iated �ttingerrors) � values 
an be interpreted as an indi
ation of the distin
t origins
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ontributions. Finally, the total (E
 > 30 MeV)hard photon angular emission (Fig. 3) 
an be well reprodu
ed with theexpression:�dNd
�lab = KdZ2 "1� �+ � sin2 �lab
Z2 # Ed0 e�30Z=Ed0 + KtZ2 Et0 e�30Z=Et0 :(3.3)The values of the dire
t/thermal and the ratio of intensities are thosemeasured in the energy spe
trum.

Fig. 3. Hard photon (E
 > 30 MeV) angular distribution measured in the labora-tory frame. The dark region is an estimation of the thermal hard-photon 
ontri-bution. 3.2. Ex
lusive hard photon measurementsIn our previous analysis we have fo
used on the global properties of thehard photon emission. However, if we want to shed light on the me
h-anism leading to multifragmentation and to extra
t the thermodynami
alproperties of a possibly thermalized photon sour
e, we have to sele
t themore interesting (though less probable) 
entral and semi-
entral rea
tions,and analyze the hard photon produ
tion emitted in su
h 
ollisions. LCPand IMF multipli
ities will allow us to de�ne the impa
t-parameter sele
-tion 
riteria. Next, we present our �rst ex
lusive photon measurements:the 
orrelation of photon multipli
ities for 3 energy ranges with the 
harged
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le multipli
ities measured in the DB and FW dete
tors. We will 
on-sider three energy regions: 10 MeV< E
 < 22 MeV and hard-photons of 30MeV< E
 < 40 MeV and E
 > 60 MeV. The two regions of hard-photonshave been 
hosen due to the reasons explained in the analysis of the angulardistribution. Photons of energies between 10�20 MeV 
ome mainly fromthe de
ay of Giant-Dipole Resonan
es (GDR) produ
ed in the moderatedex
ited fragments and, unlike hard photons, are produ
ed by a 
olle
tiveme
hanism. As Fig. 4.(a) shows, one 
an separate the two hard photon
omponents from GDR photons by the dependen
e of their multipli
ities onthe DB 
harged parti
le multipli
ity. Whereas both hard photon 
ompo-nents in
rease with the 
harged parti
le multipli
ity, i.e. with the 
entrality,GDR photons exhibit a maximum at peripheral rea
tions. Fig. 4.(b) showsthe same histogram of M
 versus MDBCP with the additional 
ondition onthe 
harged parti
le multipli
ity measured in the FW: MFWCP =2�4, wherethe photon multipli
ity exhibits a maximum. In this 
ase, we observed themaximum enhan
ement of hard-photons with 
harged parti
le multipli
ity:a fa
tor 10 between MDBCP=1 and MDBCP=11.
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Fig. 4. (a) Photon multipli
ity,M
 , as a fun
tion of the 
harged parti
le multipli
itymeasured in the DB, MDBCP . (b) The same measurement with the 
ondition of a
harged parti
le multipli
ity measured in the FW, MFWCP , between 2 and 4, theregion of MFWCP in whi
h the photon multipli
ity exhibits a maximum.4. Summary and outlookIn summary, we have analyzed the in
lusive hard photon spe
trum of the129Xe+natSn at 50 AMeV rea
tion. The double-sour
e analysis (a doubleexponential �t with two di�erent inverse slope parameters) shows that thehard-photon distribution is 
onsistent with a dire
t plus a thermal proton�neutron bremsstrahlung 
ontributions, a

ounting for 78% and 22% of thetotal hard-photon yield, respe
tively. The measured thermal slope, Et0, fol-lows the re
ently observed linear dependen
e on the available energy in the
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leus�nu
leus 
enter-of-mass EAAC
 , 
on�rming a thermal nature of the se
-ondary bremsstrahlung emission. In the analysis of the hard-photon angularemission we have observed an isotropi
 emission of hard photons in the 30MeV< E
 < 40 range, 
onsistent with the existen
e of a thermal 
omponent
oming from se
ond-
han
e NN 
ollisions whi
h blurs the original elemen-tary anisotropy present in the prompt dire
t hard photon emission. In theex
lusive hard photon measurements, we have studied the dependen
e of thephoton multipli
ities on the impa
t parameter. We are presently, 
arryingout the same type of analysis of the energy and angular hard-photon spe
train rea
tions in whi
h multifragmentation is the most probable exit-
hannel,as well as in peripheral 
ollisions, so that we 
an extra
t a de�nite 
on
lusionabout thermal hard-photon produ
tion in multifragment rea
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