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DIPOLE EXCITATIONS OF UNSTABLENEUTRON-RICH NUCLEI�Hans EmlingGesellshaft für Shwerionenforshung (GSI), Darmstadt, Germany(Reeived February 5, 2003)Coulomb breakup of high-energy seondary beams of unstable nuleiserves in nulear struture investigations of neutron-rih isotopes. A sum-mary of the respetive researh ativities at GSI is presented, overing iso-topes from helium to oxygen. The breakup is mediated through dipole ex-itations into the ontinuum. Non-resonant exitations into the ontinuumnear the dissoiation threshold deliver information on the single-partileground-state struture. Resonant exitation into the giant resonane do-main is also observed. In addition, a brief outlook on future ativities atGSI is given.PACS numbers: 21.10.�k, 23.90.+w, 25.60.�t, 27.20.+n1. IntrodutionInvestigations of neutron-rih nulei are at the forefront of present-daynulear struture physis. Energeti ion beams of unstable nulei are avail-able at a number of laboratories all over the world, where seondary ra-dioative beams are produed in fragmentation reations or �ssion of 238U.At high bombarding energy, although of moderate intensity, the seondarybeams an be used in nulear reation experiments. At present, under mostirumstanes, reation experiments are yet restrited to exoti nulei ofmasses below A � 50. At GSI a fragmentation faility exists with thesynhrotron SIS-18 and an In-Flight separator (FRS) delivering seondarybeams at kineti energies of several hundred MeV/nuleon. During the pastdeade, the LAND Collaboration developed an apparatus for reation stud-ies with seondary beams for nulear struture purposes. These devieshave been used extensively to study, in partiular, neutron-rih nulei ator near the neutron drip line. Here, a summary is given overing isotopes� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2323)



2324 H. Emlingfrom helium to oxygen. The reation mehanisms relevant in nulear stru-ture investigations with high-energy beams are addressed in the subsequentsetion, emphasis is paid to Coulomb breakup. Setion 3 illuminates theexperimental onepts and tehniques. Results are exempli�ed in Setion 4,restrited to a disussion of the measured nulear dipole response and thededued nulear struture information. In onluding, a brief outlook isgiven towards future ativities at GSI.2. High-energy reationsSeondary beams of exoti nulei produed in projetile fragmentationreations and separated in �ight are essentially of primary beam veloity.At GSI, seondary beams are produed with beam energies up to about1 GeV/nuleon; the experiments desribed here use energies between 240and 640 MeV/nuleon. Reation mehanisms in this high-energy domain arerequired whih are useful to study low-energy nulear struture phenomena.Until now, nulear or eletromagneti (in)elasti sattering and single (few)nuleon knokout reations are most frequently applied for struture studies.The main general physis aspets of suh high-energy reations are:The interation time is short in omparison to the period of a nuleonbound in its orbit (in partiular for weakly bound valene nuleons), i.e. theprojetile-target interation may be onsidered as a sudden proess.The short interation time yields high ollision Fourier frequenies, up to~! = 30 MeV for heavy-ion Coulomb sattering at around 1 GeV/nuleon.Between 200�500 MeV the elementary nuleon�nuleon ross setion islowest and thus re-sattering e�ets are minimal at suh energies, multi-stepproesses are relatively small.The transverse momentum transfer is small and the eikonal approxima-tion may be applied, simplifying a theoretial desription of some reations.The Coulomb �eld in a heavy-ion ollision is essentially of transversenature; large ross setions are obtained for dipole exitations. The nulearoptial potential, at energies around 500 MeV/nuleon, essentially beomespredominantly absorptive.In the following, we restrit the disussion to eletromagneti exitationproesses in the ollision of two heavy ions. Here, the projetile exitation ofexoti nulei forming a seondary beam is of interest. As stated above, theshort interation time at high ollision energies allows to exite high-lyingstates, even overing the domain of giant resonanes. The exitation of theisovetor giant dipole resonane with ross setions of the order of one barnis predominant. The eletromagneti exitation an be reliably desribedin semi-lassial approximation and thus transition matrix elements an bededued quantitatively. In neutron-rih nulei with loosely bound valeneneutron, non-resonant (dipole) transitions into the ontinuum are likely to



Dipole Exitations of Unstable Neutron-Rih Nulei 2325our with a sizeable ross setion. In semilassial approximation (1st orderperturbation), suh a 'diret breakup' proess an be written asd�(I� )dE� = �16�39~ �NE1(E�)Xm C2S(I� ; nlj) j hq j ZeA rY 1m j  nlj(r)i j2 :(1)This equation is obtained by expanding the nuleus ground-state wavefuntion into a deomposition of a single-partile wave funtion oupledto the eigenstates of the residual nuleus and projeting onto a partiulareigenstate. Here, d�(I� )dE� denotes the partial ross setion for observationof a neutron at exitation energy E�, whih equals the sum of its separa-tion energy and its kineti energy after being released, while I� identi�esthe eigenstate of the residual nuleus after breakup. NE1(E�) desribes thespetrum of virtual dipole photons due to the eletromagneti �eld of theollision partner whih is omputed in semi-lassial approximation. Thedipole matrix element in above equation involves the initial-state single-partile wave funtion  nlj and the nuleon �nal state q in the ontinuum.Evidently, in ase of weakly bound nuleons with a pronouned radial tailof its wave funtion, good mathing onditions an be found with the out-going wave of an appropriate wavelength, in general ful�lled at a rather lowontinuum energy near the partile separation energy. The outgoing wavemay be approximated by a plane wave, but for a quantitative desription thein�uene of wave distortions in the outgoing hannel need to be onsidered.From above equation it is obvious that the measured Coulomb dissoiationross setions reveals information on the ground state on�guration: Thestate of the residual nuleus an be observed experimentally through its de-exiting -ray transition(s). The orbital momentum l of the released nuleonis revealed in the energy (E�) dependene of the ross setion and, �nally,the spetrosopi fator C2S of the on�guration determines the magnitudeof the ross setion. 3. Experimental tehniquesSeondary beams of exoti nulei are obtained with intensities muh be-low that of stable-ion beams. At high beam energy, however, luminosityan be gained using thik targets of the order of one g/m2. A full solidangle overage, moreover, of the disintegration produts of the exited pro-jetile is easily ahieved due to their kinematial forward foussing. For thehighly-penetrating partiles, detetion e�ienies lose to unity an be re-alized sine, if neessary, redundant measurements are possible. Altogether,reasonable ount rates are obtained even at very low beam intensities; mea-surements reported here were performed typially at intensities of 10�1000ions per seond.



2326 H. EmlingThe main experimental tasks are:Preparation of the seondary beam. For the experiments desribed in thesubsequent setion, primary beams of 18O or 40Ar were used from the SISsynhrotron at GSI. After fragmentation in a Be target, the seondary beamsare separated in the FRS and transported to the experimental area. For theexperiments disussed in this report, only a magneti separation was imple-mented resulting in a seondary beam omposed out of a number of di�erentisotope speies. All of them, however, exhibit a similar mass-to-harge ratioand thus ould be of similar physis interest. The inident projetiles areidenti�ed on an event-by-event basis prior to hitting the interation target.Energy-loss, time-of-�ight, and magneti rigidity are used for that purpose.Detetion of the projetile residues. After hitting the target (lead tar-get in ase of Coulomb breakup studies), the projetile residues (here theheavy fragment and ejeted neutrons) pass a dipole magnet with a large gap.Position-sensitive Si diodes, sintillating �ber arrays, and a wall of organisintillators subdivided into 34 modules serve to measure the trajetory, thenulear harge (from energy loss) and the veloity of the fragment. From theombined information, the nulear mass an be dedued. The momenta ofejeted neutrons are measured in LAND, a position-sensitive time-of-�ightspetrometer for energeti neutrons with an intrinsi detetion e�ienyaround 90%.Detetion of -rays. Although -rays emitted from the projetile frag-ment are also boosted into forward diretion, at least the forward hemisphereneeds to be overed in order to ahieve su�ient solid-angle overage. Twodevies are operated alternatively, the NaI Crystalball (160 elements) sub-tending almost a 4� solid angle, and a CsI array overing the forward hemi-sphere. The geometry of its 144 submodules of the CsI detetor is hosen inorder to minimize Doppler broadening e�ets. Yet, the Doppler broadeningdetermines the -ray energy resolution amounting to typially 10 %.The main observables dedued from suh measurements are: the lon-gitudinal and transverse momentum transfer; the exitation energy of theprojetile or of the residual fragment by means of the invariant-mass methodin ase of ontinuum exitation or, in ase of bound state exitation, fromthe observation of disrete  rays; angular orrelations giving aess to spinsand transition multipolarities.4. Coulomb breakup experimentsUsing the experimental setup as desribed above, a number of experi-ments were performed at GSI aiming at nulear struture investigations ofunstable neutron-rih nulei. Here, results an only be exempli�ed.Coulomb breakup studies were performed for neutron-rih isotopes rang-ing from 6He to 23O. Here we hoose three examples to illustrate the poten-



Dipole Exitations of Unstable Neutron-Rih Nulei 2327tial of suh measurements: Coulomb breakup of 6He and its astrophysialaspet; Coulomb breakup and the single-partile ground state struture of17C; the giant dipole resonane in 20;22O.The radiative apture of two neutrons on 4He was onsidered as a pos-sible mehanism in bridging the mass instability gap at A = 5 for ertainastrophysial nuleosynthesis senarios [1, 2℄. For the two-neutron apture,the predominant proess is expeted to be a two-step mehanism with for-mation of the 5He ground state resonane as the �rst step followed by anon-resonant neutron apture and subsequent -deexitation into the 6Heground state. In a Coulomb breakup reation, here indued by the eletro-magneti interation of 6He with a lead target, the inverse proess ours,i.e., 6He is exited into its ontinuum followed by two-neutron deay. TheCoulomb breakup ross setion was measured; it an be onverted into a(; 2n) photoabsorption ross setion [3℄. For the above two-neutron ap-ture mehanism, however, only that fration of ross setion is relevant whihproeeds via the 5He ground-state resonane as intermediate state. Thisfration an be dedued from the measurement, reonstruting the relativeenergy between 4He and one of the two neutrons as shown in the left-handpanel of Fig. 1. A omparison with a alulated phase spae distribution infat reveals a ross setion enhanement at the energy of the 5He groundstate resonane. The respetive photoabsorption ross setion amounts toabout 1.6 mb MeV; it is of the same order of magnitude as obtained frommodel alulations in [1℄.The right-hand panel of Fig. 1 shows the relative energy between the twoneutrons released in the breakup; the deviation from the alulated phasespae distribution is is qualitatively in aordane with the known virtualstate in neutron�neutron sattering.As was outlined in Setion 2, Coulomb breakup an be utilized to de-termine spetrosopi fators for single-partile ground-state on�gurations.Non-resonant dipole exitations into the ontinuum in lose viinity to thenuleon separation threshold bear the relevant nulear struture information.As an example, we show result for 17C in Fig. 2 [4℄. The upper panel showsthe sum-energy spetrum of �ray transitions in 16C after Coulomb breakupof 17C into 16C and a neutron. For about two third of the breakup rosssetion, a oinident -ray transition from the 16C(2+) state is observed.The lower panel of Fig. 2 shows the di�erential Coulomb dissoiation rosssetion with respet to the 17C exitation energy and its analysis within thediret breakup model using the equation in Setion 2, Using a plane-waveapproximation for the outgoing neutron, spetrosopi fators of 0.23(8) and0.6(4) are dedued for the 16C(2+)
 �s and 16C(2+)
 �d on�gurations ofthe 17C ground state, for details see [4℄. Similar onlusions were drawnfrom knokout reations on 17C performed at MSU [5℄.



2328 H. Emling

Fig. 1. Top: Relative energy spetra between 4He and neutron (left) and two neu-trons (right) after Coulomb breakup of 6He. Solid lines show alulated phase spaedistributions. Bottom: Ratio between measured data and phase spae distribution.From [3℄.Reently, we studied the nuleus 23O [6℄. The preliminary analysis indi-ates a predominant ground-state on�guration 22O(0+)
 �s1=2 and thus aground-state spin I� = 1=2+. This appears to be in on�it with onlusionsdrawn from two-neutron knokout reations studied at RIKEN [7℄. There, a(s1=2)2d5=2 on�guration as a main omponent in the 23O ground state wasdedued and thus a di�erent ground-state spin.Similar studies were performed also for 11Be and neutron-rih nitrogenand other oxygen isotopes [8℄. The ase of 11Be served as a benh markexperiment sine the resulting spetrosopi fators an be ompared withthat from onventional transfer reations measured at GANIL [9℄; very goodagreement is obtained. It thus appears that non-resonant Coulomb dissoi-ation delivers a quantitative tool for exploring the single-partile strutureof exoti nulei. In ase of loosely bound valene nuleons oupying low or-bital angular momentum orbits, the breakup ross setions are partiularlylarge and thus serve well for rare-isotope beams.As a last example, the giant dipole resonane will be onsidered. So far,only one giant resonane measurement for unstable nulei was performed.
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Dipole Exitations of Unstable Neutron-Rih Nulei 2331rings with in interseting eletron storage ring, and advaned experimen-tal equipment for high- and low-energy experiments. Colliding eletron-ionbeams would for the �rst time allow to perform eletron sattering experi-ments o� exoti nulei; harge distribution measurements from elasti sat-tering or inelasti sattering to giant resonanes should beome feasible.Sattering experiments with light nulei suh as hydrogen or helium areforeseen at the heavy ion storage ring NESR equipped with gas-jet targets.The luminosity ahieved there with stored unstable beams (up to about1028 m�2 s�1) opens up another new �eld of reation studies with exotinulei.
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