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Vol. 33 (2002) ACTA PHYSICA POLONICA B No 3
COHERENCE EFFECTS IN NUCLEARBREMSSTRAHLUNG�H. LöhnerKVI Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlandsand the TAPS Collaboration:KVI Groningen, The NetherlandsGANIL Caen, FraneIFIC Valenia, SpainGSI Darmstadt, GermanyUniversity Giessen, GermanyNPI �eº u Prahy, Czeh Republi(Reeived January 31, 2002)The prodution of nulear bremsstrahlung (E > 30MeV) has beenstudied in heavy-ion ollisions, as well as proton and �-partile ollisionswith nulei. In heavy-ion reations the measured photon spetra show anexponential shape dominated by the inoherent sum of photons produedin �rst-hane ollisions. Photon spetra, angular distributions and multi-pliities at 60A MeV indiate that a signi�ant fration of photons is emit-ted in seondary nuleon�nuleon ollisions from a thermally equilibratedsystem. In 200 MeV � + p ollisions the inoherent ontribution to thephoton spetrum is observed as well at low photon energies, while oherentbremsstrahlung is observed at the highest photon energies from radiativeapture into unbound states of 5Li. In 190 MeV proton reations with lightand heavy targets photon spetra have been measured up to the kinematilimit. At high photon energies the spetra show the expeted behaviourfrom �rst-hane ollisions. Below a 80 MeV a signi�ant suppression ofthe photon yield is observed. We attribute this e�et to the interfereneof photon amplitudes due to multiple sattering of nuleons in the nulearmedium.PACS numbers: 13.40.�f, 13.75.�n, 13.75.Cs, 25.10.+s� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(827)



828 H. Löhner1. IntrodutionIn ollisions between nuleons eletromagneti radiation an be emitteddue to the rapid hange in the nuleon veloity (bremsstrahlung). Aord-ingly, in nuleus�nuleus ollisions bremsstrahlung is emitted due to the in-dividual ollisions of the onstituent nuleons. Despite their low produtionrates, photons are a unique probe of the dynamial evolution of the nulearsystem reated in nuleus�nuleus or proton�nuleus ollisions. At varianewith harged partiles and nulear fragments, photons are primordial ob-servables beause they do not su�er �nal-state interations from Coulomb orstrong interations with the surrounding medium, thus providing an undis-turbed image of the photon prodution proess. Earlier experiments withprotons and heavy ions [1℄ indiated that bremsstrahlung is dominantlyprodued in �rst-hane proton�neutron ollisions. Consequently, dynam-ial nulear reation models inlude photon prodution in the inoherentquasi-free ollision limit, i.e., free nuleon�nuleon (NN) bremsstrahlungross setions are employed assuming on-shell nuleons and the intensitiesof the individual sattering proesses are added rather than their ampli-tudes. Hard-photons have thus been exploited to probe the pre-equilibriumonditions prevailing in the initial high-density phase of nuleus�nuleus re-ations [2, 3℄.At su�iently high inident energies there is enough energy available forphoton prodution in subsequent ollisions. Therefore multiple-satteringproesses beome important in reations of protons with nulei. A signif-iant e�et on the radiation proess is expeted due to the in�uene ofmultiple sattering and o�-shell propagation of nuleons. In this ase, thebremsstrahlung amplitudes from di�erent steps in the sattering proess in-terfere and, therefore, the individual bremsstrahlung ontributions may notbe added inoherently. This so alled LPM e�et was predited by Landau,Pomeran£uk, and Migdal [4℄ for the suessive Coulomb sattering of ele-trons in matter, resulting in a redued bremsstrahlung rate one the meanfree path is shorter than the oherene length. This suppression has been re-ported for pair reation from osmi-ray photons [5℄, and for bremsstrahlungfrom high-energy eletrons [6℄ in aelerator experiments. The general im-portane of oherene e�ets on partile prodution and absorption in (non)-equilibrium dense matter has been disussed in the literature [7�9℄. Suhe�ets are, e.g., relevant for soft photon and dilepton prodution in hothadroni matter [10, 11℄. However, no quantitative analysis for the LPMe�et in nulear bremsstrahlung has been reported so far. To study thein�uene of the nulear medium on the bremsstrahlung spetrum we havemeasured the energy spetra and angular distributions of photons up to the



Coherene E�ets in Nulear Bremsstrahlung 829kinemati limit in reations of 190 MeV protons with a range of targets.A strong suppression of bremsstrahlung relative to a quasi-free produtionmodel is observed in the low-energy regime of the photon spetrum, ontraryto observations in heavy-ion ollisions.2. ExperimentHere we report on some aspets of the experimental program with thephoton spetrometer TAPS [12,13℄ at the AGOR faility of the KVI Gronin-gen using 36Ar, � and proton beams. The photon spetrometer TAPS wason�gured in 6 bloks of 64 BaF2 rystals eah at a distane of 66 m fromthe target. The setup overed the polar angular range between 57Æ and 176Æon both sides of the beam with an azimuthal aeptane of �21Æ < � < 21Æ.The granularity of the TAPS setup resulted in an angular resolution of 5.2Æ.Photons were separated from nulear partiles via their time-of-�ight withrespet to the Radio-Frequeny signal (RF) of the ylotron. The time res-olution was about 1 ns (FWHM). In addition, pulse-shape disriminationwas employed. The event trigger required an energy deposition of at least5 MeV in a BaF2 module. The signals from the plasti veto detetors infront of the BaF2 sintillators were used to selet photons and protons onthe trigger level. The relative energy alibration was determined from theharateristi energy deposited by osmi-ray muons. The absolute alibra-tion was provided by the �0 mass peak and the 15.1 MeV photons originatingfrom inelasti proton sattering on 12C. A small residual bakground fromosmi-ray muons within the trigger gate was removed by subtrating thephoton spetrum obtained by gating on a random time window with respetto the RF.Two-photon invariant mass spetra from events with two oinident pho-tons were analysed in order to obtain the �0 deay ontribution. The raw�0 distributions were orreted for the �nite aeptane and the responseof TAPS. The measured pion distribution was extrapolated by Monte Carlosimulations [14, 15℄ into regions of missing aeptane by analysing the an-gular distributions in small energy bins of 2 MeV.In the heavy-ion experiments two phoswih multi-detetors, the Wash-ington University �Dwarf Ball� (DB) [16℄ and the KVI �Forward Wall� (FW)[17℄, were added to TAPS to allow the isotopi identi�ation of the LightCharged Partiles (LCP: p, d, t, 3He and �) and the harge of the interme-diate mass fragments up to that of the projetile by means of pulse-shapetehniques. The DB was omposed of 64 BC400�CsI(Tl) phoswih tele-sopes in the angular range 32Æ < � < 168Æ, and the FW hodosope om-prised 92 NE102A�NE115 �E�E phoswih detetors in the forward region(2:5Æ < � < 25Æ).



830 H. Löhner3. Thermal photonsThe inlusive and exlusive hard-photon and fragment prodution in36Ar+197Au at 60A MeV, and the inlusive hard-photon prodution in the36Ar+107Ag, 58Ni, 12C reations at 60A MeV have been studied. The hard-photon spetra of the Au, Ag and Ni targets feature two distint omponentsabove 30 MeV (Fig. 1 left, for the Au target). These spetra an be desribedby the sum of two exponential distributions haraterized by inverse slopesEd0 and Et0, orresponding to a �diret� (�rst-hane) and a �thermal� om-ponent originating from seondary pn proesses [18℄. The diret slopes ofthe three heaviest targets, Ed0 � 20 MeV, are two to three times larger thanthe thermal ones, Et0 � 6�9 MeV, and the thermal ontribution represents15%�20% of the total yield.Suh thermal hard-photons hene onstitute a novel and lean probe ofthe intermediate dissipative stages of the reation where nulear fragmen-tation an take plae. Photons thus may provide the time-sale of suhreations and allow to haraterise the thermodynamial state of the frag-menting soure. The observation of thermal hard-photons in oinidene
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Fig. 1. Photon spetra (E > 30 MeV) for 60AMeV 36Ar ollisions. Left: 36Ar+Auspetrum �tted by the sum of two exponential distributions, a diret (solid line)and a thermal (dashed line) ontribution; right: 36Ar+C spetrum �tted by a singleexponential distribution.



Coherene E�ets in Nulear Bremsstrahlung 831with intermediate-mass fragment emission in the 36Ar+197Au system indi-ates that multifragmentation is, at least for this reation, a slow proesspreeded by the thermalization of the system.No thermal omponent is apparent in the photon spetrum measuredin the 36Ar+12C reation and diret bremsstrahlung alone aounts for thewhole photon emission already above E � 20 MeV (Fig. 1, right). Suha light system does not provide a su�ient number of nuleon�nuleon ol-lisions needed for thermalization to take plae. Thus, pure �rst-hanebremsstrahlung dominates the entire bremsstrahlung emission.4. Coherent bremsstrahlungFrom hard photon prodution in heavy-ion reations the generally a-epted piture emerged that the inoherent superposition of bremsstrahlungproesses in individual NN ollisions is the dominating proess. For the �rsttime oherent bremsstrahlung ould be demonstrated in the � + p systemstudied at 50AMeV [19℄. Beause of the strong binding of the �-partile,the quasi free proess an only lead to bremsstrahlung with E < 22 MeV,while at higher energy, up to the kinemati limit of Emax = 39 MeV,bremsstrahlung an only be produed oherently in this reation. In fat,we �nd oherently produed hard photons to be the dominant radiative pro-ess in the � + p system. After transformation to the � + p enter-of-mass
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832 H. Löhnerframe the photon energy spetra at all angles exhibit the same harateris-ti shape as shown in Fig. 2. The shape of this spetrum is very di�erentfrom that of the hard photons in nuleus�nuleus reations. The low-energyphoton spetrum appears to have a lassial 1=E shape. Photons with en-ergies lose to the kinemati limit have been assoiated with diret aptureto the two lowest states of the unbound 5Li. The data have been omparedwith model alulations in whih oherent bremsstrahlung and diret ap-ture are treated onsistently as one and the same proess. The alulationsqualitatively reprodue these two features of the data.The studies of oherent bremsstrahlung from the diret apture to thelowest states of the unbound 5Li have motivated the extension of this teh-nique to study 6He. In partiular, the on�guration of the two halo neutronsrelative to the � ore might lead to di�erent apture proesses on varioussubsystems of 6He. Diret apture on the onstituents of 6He might beobserved as a quasi-free proess in addition to apture into 7Li. The exper-iment was arried out at GANIL with a 40AMeV 6He beam on a protontarget [20℄.The Quasi-Free Capture (QFC) proesses were investigated by measur-ing photons in oinidene with fragments lighter than 7Li. Photon energyspetra and fragment momentum distributions are ompared in Fig. 3 witha QFC model. Inlusion of the fragment �nal-state interation appears im-portant to orretly desribe the measured fragment momentum distribu-tions. Fig. 3(),(d) reveals evidene for QFC on the � ore, whereby thetwo halo neutrons behave as spetators. The photon spetrum measured inoinidene with � partiles resembles that observed for the �+ p reationshown in Fig. 2. The bakground, however, arising from 6He breakup, inwhih the � partile is deteted and the halo neutrons interat with the pho-ton detetor, is signi�ant (dotted line in Fig. 3()). Therefore, also ��-noinidenes have been studied, for whih some 30 events were observed.The resulting spetra exhibit the 1=E shape for neutrons (open squares)and, more importantly, a higher peak-to-ontinuum signal at 27 MeV forthe photons (open irles) whih is loser to that measured previously forthe p(�; )5Li reation.In the ase of 6Li� oinidenes, two lines were observed (Fig. 3(a))at 30 and 3.5 MeV. These are learly assoiated with the formation of 6Liand the deay of the seond exited state, at 3.56 MeV, the T = 1 analogueof 6He g.s. Finally, d� oinidenes present a peak in the photon energyspetrum at E = 20�22 MeV (Fig. 3(e)). However, the QFC proess onthe two halo neutrons was not observed despite su�ient e�ieny of thedetetion system. This suggests that the dominant on�guration for the6He g.s. is 4He�n�n with a relatively large n�n separation, in agreementwith Ref. [21℄.
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834 H. Löhnerphoton spetrum [22℄. Fig. 4 shows a ompilation of the photon spetraat a laboratory angle of 75Æ for the four targets studied here. The doubledi�erential ross setions have been normalized to the geometrial ross se-tion �r = 1:44�A2=3 fm2 of eah reation with target mass number A. Thespetra extend up to the kinemati limit Emax=T:m: + Q, where Q is theQ-value of the reation and T:m: the enter-of-mass energy. If plotted asfuntion of the saled photon energy E/Emax, all data in Fig. 4 above 100MeV fall on the same urve [14,23℄ (Fig. 5). The shape of the photon spe-tra displays a plateau between 30 and 80 MeV and an exponential dereasetowards the kinemati limit. This shape is di�erent from photon spetrain heavy ion reations [24, 25℄, where nearly exponential slopes have beenobserved above 30 MeV. The rise at photon energies below 30 MeV for theheavier targets an be attributed to statistial photon emission.For omparison with dynamial model alulations inluding the multiple-sattering proess we employ the Intra-Nulear Casade (INC) ode of Cug-non [26℄. The INCmodel was hosen beause it reprodues well many aspetsof proton�nuleus reations at these bombarding energies [27℄. Furthermoreit allows the study of photon�nuleon orrelations [28℄ beause it onserves
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Fig. 6. Photon spetrum for 190 MeV p+Au at an angle of 75Æ (�lled irles), om-pared to results of the INC (thin-line histogram) and BUU (dashed line) models.The dashed histogram shows the multiple-step ontribution from the INC model.The thik-line histogram is the INC result multiplied with the quenhing fator fqfrom Eq. (1).step ontribution from INC has been indiated separately in Fig. 6. Theoverall agreement between experiment and theory would be muh better if nomultiple sattering was taken into aount. It seems as if multiple-satteringproesses are overestimated in theory. However, the amount of multiplesattering in INC has been heked against the experimental proton yieldsat large angles. These proton yields, in whih multiple-sattering proessesare essential, agree within the error margins for all targets studied [14℄.Therefore, multiple sattering is well desribed.In the nulear medium the nuleon mean free path is �mfp = 1=(� �NN )� 2 fm, based on an average NN sattering ross setion �NN = 30 mb [31℄at 190 MeV and the nulear saturation density � = 0:16 fm�3. Therefore,nulear bremsstrahlung an be quenhed for a photon wavelength � � �mfpor a photon energy E � ~=�mfp � 90MeV. The strength of quenhing ofourse inreases with dereasing photon energy. In a simpli�ed model based



Coherene E�ets in Nulear Bremsstrahlung 837on the lassial desription of bremsstrahlung prodution in hard ollisionswe have estimated the analytial shape of the LPM e�et in a two-stepp+nuleus reation [14℄. Eah segment of the proton trajetories de�nesa prodution amplitude with a de�nite relative phase and therefore must beadded oherently. The time between two ollisions is haraterized by themean ollision time � = �mfp=(g�0) = �0=g with �0 the inoming protonveloity, i.e. �0 � 4 fm/. The fator g takes into aount that in subsequentollisions the veloity of the leading partile is redued. A value g � 0:5 isexpeted to desribe the mean time between the �rst and seond ollision,i.e., � � 8 fm/. Averaging over the time distribution (1=�) exp (�t=�) wederive the following quenhing fator, whose analytial form is motivated byseveral theoretial alulations [7, 11, 32℄:fq = �0B�1� �1 + �E~ ��21CA : (1)The parameter � is related to the fration of energy remaining for the leadingpartile in subsequent ollisions [14℄, i.e., � � 1=g2 � 0:25. � is an overallsaling fator. The INC alulation was adjusted in an ad ho manner toaount for medium e�ets by multiplying the spetrum obtained from INCwith the quenhing fator fq from Eq. (1).The experimental data were �tted with the produt (INC �fq), whereINC represents the full INC spetrum and �, � and � are free parameters.For the spetra obtained at three di�erent angles of 75Æ, 115Æ and 155Æ we�nd � � 1 and a mean ollision time � = 2:4� 0:6 fm/ for the Ni, Ag andAu targets and 3:7�0:5 fm/ for the C target. These values for the ollisiontime are muh smaller than the expeted average time interval between twohard NN ollisions in nulei (8 fm/, see above). From this observationone must onlude that hard NN ollisions alone are insu�ient to explainthe quenhing of soft photons. Other e�ets likely to inrease the observedollision frequeny (redued parameter �) may be multiple soft ollisions,but also a modi�ation of the elementary photon prodution proess in thenulear medium. The latter hypothesis is supported by the observationthat the dipole ontribution expeted from the elementary proton�neutronangular distribution appears to be absent in the reations studied here (seeFig. 7), as was observed also elsewhere [33℄. In our data we observe theorresponding result also from the fat that � inreases from � = 0:96� 0:06at 75Æ to � = 4:3� 2:0 at 155Æ.
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Coherene E�ets in Nulear Bremsstrahlung 839approah leads to a remarkable suppression of soft photons below 80 MeV,in qualitative agreement with our data. This approah requires, however,a non-zero temperature of the target nuleons. Reently, another theoreti-al approah [36℄ was taken where the kineti equations that determine theevolution of the two-partile Green's funtion in matter were derived in thetransport approximation for soft-photon prodution. The orrelations in themedium allow multiple sattering to our without requiring multiple hardollisions, thus yielding Eq. (1) with fq(� = 1; � = �0), i.e. g = 1, in agree-ment with the empirial result. We thus obtain an energy dependene of thephoton spetrum with the funtional formfE � EE2 + � ~�0�2 � ZN�2 �20 �1� EEmax� : (2)This spetrum inorporates the fator 1�E=Emax to desribe the kine-mati limit whih is absent in the soft photon approah. (The preise formof this limit may vary, f. [33℄.) The proton to neutron ratio (Z=N) desribesthe redued quenhing observed in heavy nulei. The absolute ross setionis determined by the geometrial reation ross setion.
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840 H. LöhnerThe suppression of soft photons an be desribed quantitatively as shownin Fig. 8 by the solid lines. The amount of quenhing an be seen froma omparison with the result where the ollision frequeny (i.e., ~=�0) is setto zero (the dotted urves). This approahes the quasi-free result of theINC model. Eq. (2) desribes also well the published data [23, 33, 37℄ for168 MeV p+Tb and 145 MeV p+Pb by only adjusting �0 aording to therespetive beam energy, see Fig. 9. This shows that also at lower beamenergy quenhing ours, but the e�et at photon energies above 30 MeV issmall and went unnotied so far.
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Coherene E�ets in Nulear Bremsstrahlung 841theoretial models are being developed using simpli�ed reation dynamisbut taking into aount medium e�ets suh as nuleon orrelations ando�-shell propagation of the nuleons involved in the photon prodution. Ananalytial form for the bremsstrahlung prodution in nulear matter basedon these assumptions was obtained whih desribes the suppression of softbremsstrahlung. These results show the importane of multiple-satteringproesses beyond the lassial piture of multiple hard ollisions.7. Outlook to pioni fusionA highly oherent mehanism is required if the prodution of a singlepion in a nulear reation demands a signi�ant fration of the availableenergy. In the extreme limit, the total exess energy may be onentratedin the pion �eld, the pion is emitted and the olliding nulei fuse to a unitednuleus in a spei� bound state.In nulear reations mesons an be produed at ollision energies per nu-leon whih are onsiderably below the threshold energy in the free nuleon�nuleon system. Dynamial phase-spae alulations provide a reasonablepredition at energies lose to the meson prodution threshold. They under-estimate, however, severely the ross setions at energies deeply below thethreshold, i.e. for a threshold fration f < 0.2 [38℄, where f is the kineti en-ergy per nuleon above the Coulomb barrier, divided by the threshold kinetienergy ENNthr . Quantal and dynamial �utuations have been studied but thealulations still underestimate the data [39℄. This unsatisfatory situationre�ets the urrent poor understanding of the relevant many-body proessesand raises the question, whih mehanisms govern the transfer of energy to themeson hannel. The required high relative energy among olliding nuleonsmight originate from many-body orrelations or ooperative multiple olli-sions. Also multi-step proesses with intermediate nuleon resonanes mightat as �energy storage� to onentrate the required meson-prodution energy.In order to gain insight into this genuine quantum many-body problemand to provide lear test ases for theory, well-de�ned and simple reationsneed to be addressed. This will gain the neessary restritions on relevantquantum numbers (spin, isospin) and provide the seletivity for partiularproesses. Sub-nuleoni degrees of freedom in nulei are involved throughthe intermediate exitation of nuleon resonanes. In ontrast with inlusivepion prodution, where the phase-spae of the unobserved system dominatesthe ross setion, we onsider the extreme limit of pioni fusion, i.e. theexlusive two-body reation A1 + A2 ! B(J; I) + � leading to a spei�bound state of the �nal nuleus B with spin and isospin quantum numbersJ and I, respetively. The enter-of-mass kineti energy T in:m: in the inidenthannel is transferred to the two-body exit hannel inluding the pion �eld:



842 H. LöhnerT in:m: = T ex:m: +QA1A2;B +m�2 ;where Q denotes the Q-value of the omplete fusion proess. In this ase thereare no �spetator� nuleons and the reation is highly oherent. The rosssetion is determined by the properties of the transition amplitude whihontains the details on the reation dynamis and the struture of the nulearfragments.It is the experimental hallenge to explore suitable target-projetile om-binations in order to limit the number of possible intermediate states. Start-ing with an isosalar entrane hannel, the nature of the pion-produtionproess neessitates a spin and isospin hange by one unit, thus leaving the�nal nuleus in an isospin I = 1 state. The omplete mirosopi alulationof suh a proess is a theoretial hallenge whih involves a orret desrip-tion of the nulear wave funtions, the elementary pion-nuleon interationand the de-exitation of the �nal pion-nuleus system. The sensitivity toproperties of intermediate baryoni resonanes makes the pioni fusion pro-ess an important and deisive tool.A sare body of data is available for pioni fusion in light systems asp + p, p + d and 3He+3He. Truly mirosopi alulations are limited toases where the projetile is a proton [40℄. The ross setions are quali-tatively desribed, but severely underestimated, in a mirosopi reationmodel inluding intermediate baryon resonane exitation [41℄. In a novelexperimental approah (see setup in Fig. 10) we intend to study the pionifusion proess by exlusive pion prodution in overdetermined kinematis.

Fig. 10. The proposed experimental setup for 6Li+6Li pioni fusion studies us-ing the BBS spetrometer, the TAPS photon spetrometer and the Plasti Ballbakward hemisphere for neutral pions.



Coherene E�ets in Nulear Bremsstrahlung 843This requires a suitable ombination of detetor systems that allow to mea-sure the emitted pion, the residual nuleus and the  deay from the fusedsystem in order to determine the exited state. Only in this way one anguarantee leaner and truly exlusive data providing also the angular distri-bution of pions. In partiular, we aim to study here the reation6Li (I = 0) +6 Li (I = 0)!12 C�(I = 1) + �0leading to the 15.1 MeV exited state of 12C whih an be deteted by theM1  deay to the ground state. A beam energy of 260 MeV will leadto about 7 MeV above the absolute threshold for the 15.1 MeV exitedstate. This hoie will produe pion momenta k� �40 MeV/ and allowsa omparison with the 12C+12C data from Ref. [42℄. Our reation o�ersideal onditions for the detetion of all �nal-state partiles.8. ConlusionsIn heavy-ion reations an additional soure of photon emission, softerthan the one originating in the well-known �rst-hane pn proess, hasbeen observed, aounting for up to a third of the total bremsstrahlungyield. The origin of this seond omponent has been loalised in seondaryNN ollisions within a thermalizing system.The investigation of oherent bremsstrahlung prodution in the reationp(�; ) at 50AMeV has demonstrated that the high-energy photon spe-trum is dominated by apture to form 5Li. Suh results have motivatedthe extension of this tehnique to study radiative apture of protons on thehalo nuleus 6He. In addition to the p(6He; ) 7Li reation, evidene forquasi-free apture on subsystems (5He, � and n) of 6He has been found.Of partiular importane is the observation of events whih orrespond tothe previously measured p(�; ) reation, as well as the non-observation ofapture on a di-neutron.New experimental data have been presented for nulear bremsstrahlungfrom the soft-photon region up to the kinemati limit in proton+nuleusreations. A strong suppression of the soft bremsstrahlung ross setion isobserved ontrary to expetations based on quasi-free NN ollisions. Inorder to explain this result, medium e�ets suh as nuleon orrelations ando�-shell propagation of the nuleons involved in the photon prodution needto be onsidered in ollisions where the mean-free path is shorter than theoherene length of the produed photons.In a future experiment the highly oherent mehanism of pioni fusionwill be studied in an exlusive experiment.
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