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REALISTIC PHYSICS PERSPECTIVES USINGRADIOACTIVE BEAMS FROM SPIRAL AT GANIL�G. de FraneGANIL, BP 5027, 14076 Caen Cedex 5, Frane(Reeived January 8, 1999)The majority of the large international ommunity in nulear physisis looking towards the use of radioative ion beams to broaden the horizonof our understanding of the physis of the nuleus. In theory, the use ofradioative beams will open a new era in nulear physis by allowing aessto new isotopes and by inreasing the prodution rates of nulei whih anpresently only be populated with extremely low ross-setions or not at all.However the beam intensities as well as the rather low variety of aeleratedspeies will be onstraints at least at the start up of the new failities. Arealisti physis program at SPIRAL is desribed as well as the neessaryexperimental tools. These essentially onsist in two major devies built inthe framework of large european ollaborations: the VAMOS spetrometerand the EXOGAM -ray array.PACS numbers: 25.60.�t, 29.30.Kv, 23.50.+z, 23.90.+wThe enthousiasm around the �eld of physis with Radioative Ion Beams(RIB) is obvious as illustrated by the number of laboratories developpingsuh failities all over the world. In theory, a vast range of nulear physiswill be opened up by using these new possibilities, leading in priniple to amajor step in the understanding of the nuleon-nuleon e�etive fores and,more generally, of nulear struture. This is, at least, the statement of allthe so-alled �white papers� aiming at justifying the physis ase underlyingRIB failities.Sienti� motivations of the RIB projets over many topis suh as halonulei and neutron (n) skins; mass measurements; evolution of the shellstruture from symmetri to asymmetri nulear matter; isospin symmetryand harge independane of the strong fore; astrophysial proesses (r- andrp-proess); synthesis of the superheavy elements; exoti radioativity; new� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1661)



1662 G. de Franetype of pairing fore; test of the standard model;et. Eah of these topis isfainating in itself and new onstraints on various degrees of freedom of theexisting nulear models are antiipated.However, the beam intensities expeted from these future failities areat least a fator 100 lower than those obtained with stable beams. This willput a severe limit (at the beginning in any ase) on possible experiments.Another aspet is our poor knowledge and experiene of handling lowenergy RIB. Bakground radiation, for example, will be a major onern forgamma-ray spetrosopy as illustrated in the ase of 19Ne [1℄.Last but not least, the various experimental onditions whih will bemet, will impose drasti onstraints on the design of the future detetionsystems. At the same time, their performanes must be very high in termsof e�ieny, signal-to-noise ratio, aeptane, et.In this talk, I will try to stik to reality rather than desires. At the SPI-RAL faility, urrently under onstrution at GANIL, RIB will be availablenext year and a realisti physis program must be developped, taking intoaount beam intensities and speies really available in the next few months.Thus I will talk of some seleted topis whih, I think, are feasible in a nearfuture at GANIL and whih will bring new milestones in nulear strutureunderstanding and modelling. I will also say a few words on two examplesof extremely powerfull tools whih will be available soon with stable andRIB: the gamma-ray array EXOGAM and the large aeptane spetrome-ter VAMOS. 1. Some physis with RIBRealisti physis perspetives with RIB start with the minimum statis-tis required to determine within �reasonable� error bars an experimentalobservable over a �ertain bakground�. Not only the quantitative aspetis important but the qualitative too. In some ases, very few ounts areenough to measure a quantity (deay studies; isotope identi�ation;et.) ifthe bakground is essentially zero. At the other extreme, many experimentsrequire a very high statistis in a peak either to dominate a possibly hugebakground or to get a very preise measurement.The lower the ross-setion, the higher the beam intensity is required.This is illustrated in Fig. 1. Let us assume that for a given experiment,a reation rate of 1 Hz is needed. With a ross-setion of 1 barn and atarget thikness of, let say 1019 atoms m�2, then realistially, we need abeam intensity of the order of 105 partile per seond (pps). This limit of 1Hz (assuming always a target thikness of 1019 atoms m�2) is indiated inFig. 1 as well as the 0.1, 10, and 100 Hz borderlines. The ross setions ofusual reation mehanism are generally well known from stable beams.Thedomains for the most ommon ones are also roughly indiated.
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Fig. 1. Cross-setions as a funtion of beam intensity. A target thikness of 1019atoms m�2 is assumed to determine the the ounting rates 0.1, 1, 10, and 100 Hz.1.1. RIB todayRIB are already used today by several groups all over the world. Stud-ies of the struture of exoti nulei have been pioneered by the ISOLDEollaboration at CERN where superb results have been obtained, see forinstane [2℄. An alternative to the ISOL tehnique is to fragment a heavyion projetile on a target at several tens of MeV per nuleon and to studythe outoming speies either after implantation or following a seondaryreation.Let me now fous on projetile fragmentation, urrently performed sineseveral years at GANIL, MSU, GSI, or RIKEN. The implantation tehniqueat a �nal fous of a spetrometer has been extensively used sine severalyears and lead to a rather oherent piture in the understanding of theprodution mehanism. This method has been applied with a great dealof suess to look for new isotopes for example, as spetaularly illustratedwith the identi�ation of 100Sn a few years ago [3, 4℄. But it also allowsstudy of nulei in exited states when isomeri levels are populated in thefragmentation mehanism. The prodution of beams in isomeri states inthe projetile fragmentation has been measured to be surprisingly high asdisussed in [5,6℄ and yield to the identi�ation of many new isomers [7�9℄.The typial examples for seondary reation following the projetile frag-mentation involve the eletromagneti interation. The Coulomb dissoia-tion of loosely bound nuleons (e.g. in halo nulei like 11Be, see [11�14℄) orvery unstable nulei (e.g. for astrophysial interests [10℄), have been already



1664 G. de Franestudied. More reently, the Coulomb exitation of the exoti fragments intoa heavy, high-Z target has been shown to be feasible. This allows us tohave aess to the �rst states (2+) and to a good estimate of the quadrupoledeformation via the B(E2) values. A omplete desription of this tehniqueis given in [15, 16℄ and referenes therein.Thus, physis using a radioative beam is not a new �eld of physis.The new aspets in this �eld is related to the possibility to aelerate anexoti beam of high intensity, purity and good optial quality at a few MeVper nuleon. This is a major step forward when one wants to use otherreation mehanism to populate even more exoti nulei for example. Inthe next setion, I would try to give a taste of what will be feasible atGANIL-SPIRAL in a near future.1.2. RIB tomorrowThe �realisti� aspet of the RIB is the use of beams whih are deliveredby the CIME ylotron with a reasonable intensity and purity.
CSS1 CSS2

To experimental areas

Target-Source

CIME

Fig. 2. Shemati layout of the SPIRAL faility omprising the two already existingylotrons (CSS1 and CSS2) as well as the target soure where the exoti speiesare produed and extrated. They are then postaelerated in the new CIMEylotron and sent to the experimental areas after seletion.The SPIRAL faility (see the the shemati layout in Fig. 2) uses theprimary beams delivered by the existing ylotrons. The beam from theseond ylotron is fragmented onto a arbon target heated up to more than2000Æ Celsius. In the �rst months of operation only noble gases will beprodued and aelerated beause their quasi-neutral hemial behaviourallows for a more e�ient di�usion from the target. Hene they extrationfrom the target-soure, the heart of the faility, is muh easier as omparedto metalli speies for instane. Furthermore they are quite easily ionized inthe ECR soure leading to high harge state for aeleration in the CIMEylotron. Therefore only reations involving He, Ne, Ar, or Kr beams willbe mentionned in this setion. Also as a onsequene, I will onentrate onphysis of neutron-de�ient nulei.



Realisti Physis Perspetives Using Radioative... 16651.2.1. Diret proton-emissionThe �-radioativity has been studied for many years but is a ratheromplex phenomenon to handle orretly from the theoretial point of view.First of all beause it deals with prolate deformed nulei for whih the �-emission is learly enhaned. This means that the basi physial problem isthe tunneling of a harged partile through a deformed barrier. Seondly,before the �-partile is emitted, it has to pre-exist within the nulei. Thisis a ruial input in the desription of the tunneling proess. A very nat-ural way to simplify the problem is to use the proton (p) instead of the�-radioativity. This is now possible beause of the enhaned power of thenew detetors whih allow for a onsiderable redution of the bakgroundand thus give aess to very tiny ross setions. In partiular, the ombina-tions of reoil spetrometers and harged partile detetors make it possibleto measure hannels at the p-drip line as low as 0.2 �b [17℄. Proton ra-dioativity is indeed a unique tool to obtain nulear struture informationson nulei loated beyond the drip line. It is also a subtle mehanism whihreveals the balane between entrifugal and Coulomb terms of the nulearpotential. Thus, p-radioativity is a key proess to understand more omplexdeay modes suh as di-proton or �-radioativity.The �rst evidene for a p-radioativity was found in 1970 [21℄ in thep-deay of 53mCo. Sine then, several ases have been found in the odd-Znulei of the 65 � Z � 81 region. Experimentally, diret proton emissiongives aess to angular momentum and spetrosopi fators. However, theselatter have been determined with sometimes huge error bars. This is also anaurate tool to verify the various mass preditions via the measurement ofthe emitted p-energy (i.e. Q-value).As pointed out in [18℄ spherial WKB approximation annot reproduethe deay-rates of several p-emitter even though a qualitative agreement isobtained when using various simple theoretial approahes [20℄. It is anywayvery lear that the expliit treatment of deformation (e.g. Nilsson model)together with the measurement of (already existing in some ases [17℄) de-formed p-emitter half-lives gives valuable informations on single-proton or-bitals. Rare earth-nulei Z � 66 are predited to be strongly prolate de-formed [19℄. Therefore a good test for the models would be to measurep-emitters in this mass region. The availability of radioative Kr beamsat GANIL will allow us to populate e�iently this mass region via fusion-evaporation reation on neutron-de�ient targets (Fig. 3).The simultaneous emission of 2 protons (the di-proton or 2He) is alsoan interesting open question. This has been predited in the early 60'sby Goldanskii [23℄ beause the pairing energy between the 2 last protonsenhane a di-proton radioativity as ompared to the single p-emission ineven-Z p-rih nulei. A 2 proton emission from the unbound nulei has been
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Fig. 3. Cross-setions alulated with the evapOR [22℄ Monte-Carlo ode for aseries of Pm isotopes using several Kr beams on a 58Ni. In eah ase an exitationfuntion have been alulated and the plotted values orrespond to the maximumprodution of the given Pm isotope.observed 12O [24℄ (the other previously known example is 6Be [26℄). Usingthe 1995 atomi mass table from Audi and Wapstra [25℄ the Q1p and Q2pvalues are respetively � 1.97 and � 1.77 MeV. Hene the 2p is enhanedas ompared to the 1p hannel. However, both 12O and 6Be exhibit verysmall 2He branhing ratio, demonstrating that this phenomenon is moreomplex than antiipated suh as a diret three-body breakup [26℄. Thisshows, again, that the single-p radioativity must be very well understoodbefore going further away in more omplex deay modes.1.2.2. �-delayed multi-nuleon emissionClosely linked to the diret p-radioativity is the �-delayed p-emission.For neutron de�ient isotopes, this two-step deay is well known and sta-tistial model are able to reprodue the p-energy spetra assoiated to thismehanism for the medium-mass and heavy nulei(see for instane [27℄).More exoti and muh less lear is the �-delayed multi-proton emission suhas �-2p, �-3p, et. A very instrutive example is the one of 31Ar whihhas been studied in some details at GANIL [28℄ and also by the ISOLDEollaboration [29℄. The �-2p and �-3p have been established. However thelatter one remains to be on�rmed sine it has been reported in [28℄ butthere is no evidene for suh a hannel in [29℄. The 2 protons followingthe �-deay are emitted from the Isobari Analog State (IAS) in 31Ar andpopulate 3 distint exited states J� = 1/2+, 3/2+ and 5/2+ in the daugh-ter 29P nuleus. Indiation of a di-proton radioativity have been deduedfrom angular orrelation measurements between the 2 emitted protons and



Realisti Physis Perspetives Using Radioative... 1667also from the ontinuous aspet of the p-energy spetrum. However, thisstatement remains learly to be on�rmed by new experiments and this isan exellent ase for RIB. These deay studies performed with the fragmen-tation tehnique will be possible with SPIRAL. The intensity expeted for31Ar e.g. should be more than one order larger than obtained at ISOLDE toreah more than 10 atoms of 31Ar per seond. This rate is enough to performangular orrelation measurement yielding the branhing ratio of the 2He vssequential deay.On the other side of the �-stability line, the �-n, �-2n, et mehanism areof similar interest in terms of study of n orrelations in these exoti radioa-tivities. Deay studies have the great advantage to generate bakground-free spetra and are therefore feasible with extremely low ounting rates asalready demonstrated with existing RIB prodution via projetile fragmen-tation. Thus the main di�ulty in suh experiments at SPIRAL will be toontrol the radioative nature of the beam with shielding, oinidene teh-niques, et. Useful beams for suh studies will be in the �rst instane 8Hestudied in oinidene with powerfull neutron detetors.1.2.3. Halo studiesHalo nulei have been extensively studied these last years both theo-retially and experimentally. This is true espeially for 6He beause it isapproximated to the �-n-n three body system on a �rm basis [30℄. Further-more 6He beams with rather high intensities are produed already today.Conversely, more omplex halo nulei are very poorly known. However, asalready said, the �rst exoti beams from SPIRAL will not allow the study ofn-haloes but p-haloes an be studied. An e�ient way to study halo nulei isto use the huge ross-setions of the eletromagneti interation via Coulombdissoiation (see [14℄ in the ase of 11Be for example). With ross-setionsof the order of the barn it is possible to use beams with � 100 or even lesspps (see �gure 1). Candidates for the �rst SPIRAL beams are 17;18Ne inwhih an extended valene proton distribution is predited [31, 32℄.1.2.4. Shape hanging/oexisteneIts is already a long time ago that shape oexistene and rapid shapehangings have been predited in the N � Z � 40 mass region [34℄. �Heavy�N = Z isotopes are of speial interest. Self-onjugate nulei have a veryhigh degree of symmetry between neutron and proton dgrees of freedom.Nuleons oupy the same single partile orbitals and the assoiated wave-funtions have large overlaps. Consequently, sudden strutural evolutionsare expeted to our when going from one nuleus to another. The ativesingle partile orbitals in this mass region are the 1g9=2, 2p1=2, 1f5=2, and2p3=2 and shape transitions will re�et their respetive oupany. In most



1668 G. de Franeof these nulei, two minima are predited in the potential energy surfaes,orresponding to oblate and prolate deformed shapes. When the ground-state is oblate, the prolate deformation is onset as soon as spin is largerthan 2~ beause the moment of inertia for a prolate shape is larger thanthe one obtained for an oblate nuleus, and hene, it is favored. Of theN � Z � 40 nulei, Kr isotopes are of speial interest beause they willbe produed at SPIRAL with quite a reasonable intensity. Very simplequantities, suh as 2+ and 4+ state energies an be extrated from Coulombexitation experiment whih, again, has a large reation ross-setion. Theother attrative aspet of suh an experiment is the simpliity of the -rayspetrum. This makes of Coulomb exitation a judiious hoie for the �rstexperiments with RIB.1.2.5. T=0, S=1 pairingN = Z nulei have many other fasinating aspets. Related to isospinsymmetry is the so-alled T = 0 pairing. Usually nuleons are oupled inpair so that the total angular momentum of the pair is zero (S = 0). Fur-thermore, the urvature of the �-stability valley implies that n and p do notoupy the same single-partile orbitals. Thus the pairing interation dealswith nn and pp (T = 1) pairing. When N = Z and espeially for heavynulei, protons and neutrons oupy the same orbitals. This leads to a size-able enhanement of the np-orrelations and, among them, the np-pairing(T = 0) [35℄. This form of pairing has not been observed experimentally butsome evidene of its manifestation omes from binding energies. Additionalpairing interations translate into additional binding energy (the Wigner en-ergy) and this is preisely what is observed as a spike in the isobari massparabola plotted as a funtion of Tz = (N � Z)/2 (see [36℄ and referenestherein). Only shell-model alulations taking into aount the T = 0 pair-ing are able to reprodue this tendeny [35℄. Even more exoti is the T = 0,S = 1 pairing where the neutron and the proton are oupled at non-zero an-gular momentum, orresponding to a deformed np pair. Of ourse the bestandidates to measure suh an e�et are odd-odd heavy N = Z isotopes. Aninteresting quantity whih an be used to measure this e�et in rotationalnulei is the moment of inertia. Additionnal pairing also means a redutionof this experimentally easy-to-measure observable. Thus by measuring it inseveral neighbouring isotopes it is possible to extrat the ontribution of theT = 0 pairing. This an be done using fusion-evaporation with exoti Heor Ne beams with � 107 pps. The more exoti the beam, the higher theross-setion to populate a given isotope as shown for the Krypton isotopessee Fig. 3. The balane between the loss in beam intensity to get moreexoti speies and the inrease in ross-setion is favorable in many ases.This solution has also the unique advantage to redue the number of openreation hannels when the beam is more exoti.



Realisti Physis Perspetives Using Radioative... 16692. Experimental equipmentThe study of reations indued by the radioative beams from SPIRAL,requires new tehniques and new demands on the design of the detetors.The onstraints are severe from many aspets and are sometime di�erent fortwo di�erent devies. It is intended at GANIL to have a new gamma-rayarray, EXOGAM, and a new magneti spetrometer, VAMOS, to work withSPIRAL beams. I would like to desribe both of them in some details.2.1. The EXOGAM array2.1.1. Design spei�ationsRadioative beams impose new design onsiderations to a -ray spe-trometer. The beam intensity, at least at the start up of the new faility,is expeted to be muh lower than with stable beams, fator of 10 or even1000 lower. EXOGAM must therefore be designed to maximise the totalphotopeak e�ieny. In maximising e�ieny the spetrum quality must bemaintained. The spetrum quality is determined by the peak to total ratioand energy and time resolution. The total e�ieny measures the ability ofthe array to ollet statistis. The spetrum quality measures the e�etive-ness of the array in isolating a single sequene or sequenes of gamma-raysfrom a omplex spetrum.There will be a large variety of nulear reations using radioative beamson whih the design of a detetion system must be based. The experimentalonditions will be very di�erent from one experiment to another in terms of-ray energy (from x-rays of tens of keV to -ray energies up to 5-6 MeV),of multipliity (from one to � 15 oinident photons); of reoil veloity(from zero to � 10 % of light veloity); and of kinematis of the reationmehanism (from reoiling fusion produts emitted at � 0Æ or satteredpartiles between 0Æ and 180Æ). This variety means that the setup of thearray must be adapted for eah experiment. The radioative nature of thebeam is also a onern and shielding of the detetors beomes an importantdesign riterion.It is also lear that in addition to the detetion of gamma radiation itwill be vital to have anillary detetors available to detet both light andheavy harged partiles and neutrons.2.1.2. Segmented CLOVER Ge detetorIn order to meet all the design riteria the EXOGAM spetrometer willonsist of an array of high resolution germanium detetors eah surroundedby an esape suppression shield.



1670 G. de FraneOne omposite and segmented detetor is the segmented CLOVER dete-tor [37℄. It is made of four individual rystals eah eletronially divided intofour regions. A shemati diagram of the rystals in a segmented CLOVERdetetor is shown in �gure 4. The EXOGAM array will onsist of suhCLOVER detetors.
Fig. 4. The segmented CLOVER germanium detetor rystals.This segmentation is partiularly useful when the emitting nulei reoilwith a large veloity sine it allows a better determination of the interationpoint of the  ray in the detetor. The detetors an be easily arranged indi�erent on�gurations as will be shown later. This high degree of versa-tility is a very important design riterion as in the future the full gamut ofnulear reations with stable and radioative beams will be used for nulearspetrosopy.GEANT simulation alulations have been arried out to optimise theperformanes of CLOVER detetors for EXOGAM. The EXOGAMCLOVERwill be based on the use of large Ge rystals, 60 mm in diameter and 90 mmlong, before shaping. The photopeak e�ieny of eah CLOVER will be�p! � 12 � 10�3 at 11 m for a 1.3 MeV -ray. The segmentation of therystals leads to a redution by a fator of two of the Doppler broadening ofthe peak as ompared to a non-segmented rystal.2.2. Suppression shield for a segmented CLOVER Ge detetorEah segmented EXOGAM CLOVER Ge detetor is surrounded by anesape suppression shield. The shield designed is based on a new onept inwhih the shield onsists of several distint elements, a bakather, a rearside element and a side shield, see �gure 5. Designing suppression shieldsin this way, from individual elements, reates greater �exibility for di�erenton�gurations.The shields will be operated in two on�gurations. The �rst is with thebak ather and rear-side element, on�guration A, and the seond withthe additional side elements, on�guration B.
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Fig. 5. The di�erent elements of the BGO suppression shield for the segmentedCLOVER Ge detetors (not to sale).2.3. Segmented CLOVER arraysThe EXOGAM segmented CLOVERs an be arranged in di�erent ge-ometries. In all the geometries the suppression elements an be used inon�gurations A and B.Con�guration A is the lose paked geometry where the Ge detetors anessentially touh at the front. Con�guration B is the pulled bak geometryin whih the detetors are further from the target to allow for the inlusionof the additional side suppression elements. An array geometry for the
Fig. 6. A ross setion through the 16 segmented CLOVER EXOGAM array.CLOVERS to be as lose as possible to the target, is with the detetors onthe faes of a ube.An array of 16 CLOVER detetors an be arranged. A ross setionthrough this geometry in on�guration A is shown in �gure 6 and its iso-metri projetion in �gure 7. In on�guration A the signals from adjaent Gerystals an be summed to inrease the e�ieny. The alulated inreasein e�ieny is 6%.The on�gurations, distanes from the target, and performanes for ar-rays of segmented CLOVERs are summarised in Table I.
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Fig. 7. The EXOGAM spetrometer with 16 segmented CLOVERs.TABLE ISummary of array geometries for segmented CLOVERsGeometry Shield Distane to Phot. e�. Peak/Totalonf. target (mm) 662 keV 1.3 MeV 662 keV 1.3 MeVCube B 68.3 0.15 0.10 0.72 0.6016 det. A 114.1 0.28 0.20 0.57 0.4716 det. B 147.4 0.17 0.12 0.72 0.60The EXOGAM array will start its operation in 1999 with a few detetorsand it will be ompleted to 16 by 2001.2.4. The VAMOS spetrometerThe design spei�ations of the VAMOS spetrometer arise from thesame onstraints as it was for EXOGAM. The very low intensity of the ra-dioative beams imply new detetion tehnique. However, when the hannelof interest is several orders of magnitude lower than the dominant reationhannel, it is a real hallenge to extrat it. This is preisely the ase, whenusing stable beams and a spetrometer it is essential to selet e�iently therelevant events (see for example [38, 39℄). With radioative beams, and atleast in the �rst years, the onern will be the weak but dominant han-nels. However, the e�ieny of the reoil spetrometer strongly depends onthe kinematis of the reation. This is why inverse kinematis are generallyhoosen and yield to e�ienies up to � 20 %. The most intense beams fromSPIRAL will be low A beams (typially A � 40). Hene standard reationswill be diret kinematis yielding large reoiling angle and low veloity. Forthese reasons, it appeared very soon that standard spetrometers are not ad-equate, at least in the ase of fusion-evaporation reations. Other reationmehanism are expeted to be used with VAMOS (VAriable MOde Spe-trometer). One major �eld will be the elasti and inelasti sattering of thebeam on p or n (extreme inverse kinematis) to study interation potential



Realisti Physis Perspetives Using Radioative... 1673properties and matter radii far from stability. In these experiments, the re-oiling light partiles are deteted with dediated devies and the beam mustbe rejeted beause the reoils are very lose to 0Æ. Di�erential ross-setionmeasurements and the in�uene of isospin on the reation mehanism arealso topis of great interest. A very powerfull method for these studies is theuse of deep inelasti reations leading to measurements of mass and hargeas a funtion of the angular position of the spetrometer. Design spei�a-tions of the VAMOS are basially the same as for EXOGAM sine it has tohave a very large solid angle to get the e�ieny and it has to be modular toope with the various experimental onditions. The idea is to umulate thequality of large aeptane, dispersive, and beam rejetion devies. This hasbeen done by designing a spetrometer omprising 2 quadrupoles, a veloity�lter, and a dipole.

Fig. 8. The VAMOS spetrometer.
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