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POPULATION OF HIGH SPIN STATESIN RELATIVISTIC FRAGMENTATION�M. Pfützner,Institute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolandP.H. Regan, P.M. Walker, Zs. Podolyák, M. CaamañoDept. of Physis, University of SurreyGuildford, GU2 7XH, UKJ. Gerl, M. Hellström, P. MayetGSI, Plankstrasse 1, D-64291 Darmstadt, Germanyand M.N. MinevaDiv. of Cosmi and Subatomi Physis, Lund UniversitySE-22100, Swedenfor the GSI ISOMER Collaboration(Reeived April 24, 2001)The population probabilities of isomeri states in the 10 ns to ms regimehave been studied following their prodution via the fragmentation of a208Pb beam at 1 GeV per nuleon. Gamma deays from approximately 20isomeri states, mostly in the A � 180 region, have been measured. Theirorresponding isomeri ratios were ompared with theoretial preditionsbased on the abrasion�ablation model of fragmentation, whih appears toprovide an upper limit for the measured population probabilities as a fun-tion of angular momentum.PACS numbers: 25.70.Mn, 27.80.+w� Invited talk presented at the High Spin Physis 2001 NATO Advaned ResearhWorkshop, dediated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2507)



2508 M. Pfützner et al.1. IntrodutionProgress in exploration of nulei with extreme N=Z ratios, observed inthe last deade (see for example Refs. [1�3℄) pro�ted to a large extend fromthe tehnique of projetile fragmentation at intermediate and relativisti en-ergies, ombined with the unambiguous hannel seletion a�orded by stateof the art magneti separators and in-�ight identi�ation of individual ions.As reently demonstrated by results from both GANIL and GSI, the ap-pliation of this tehnique to the spetrosopy of �s isomer deays, allowsthe �rst identi�ation of exited states in nulei very far from stability, evenwith seondary beam prodution rates as low as a few ions per minute [4,5℄.However, rather surprisingly, one of the key variables in this method,namely the population of high-spin states in fragmentation reations, hasnot been thoroughly studied. Reently, isomeri ratios of a number of mi-roseond isomers produed at GANIL in the quasifragmentation reation of112Sn and 86Kr beams were published [6,7℄ followed by a systematial mea-surement of the population of angular momentum at energies of about 60MeV/nuleon [8℄. However, for projetile energies above 100 MeV/nuleon,the only reported results are population probabilities for a few isomers pro-dued at GSI Darmstadt [9, 10℄.A more systemati study of miroseond isomers has reently been per-formed at SIS/FRS faility at GSI with a beam of 208Pb at 1 GeV/nuleon.Some results, inluding observation of a number of new isomers and isotopesas well as the disussion of seleted ases, have already been published else-where [5, 11�13℄. In the urrent work we report on population probabilitiesdedued for approximately twenty previously known isomeri states whihwere identi�ed in this experiment. A detailed desription of the experi-ment and data analysis, and their omparison with the theoretial modeldesribed below, is given in Ref. [14℄. In the present work, a brief summaryof the main results and the question of the dependene of the isomeri ratioson the parallel momentum of the fragmentation produts will be addressed.2. Experimental onsiderationsInvestigated nulei were produed by the fragmentation of a 1 GeV pernuleon 208Pb primary beam, delivered by the SIS synhrotron, impingingon a 1.6 g/m2 beryllium target, loated at the entrane of the GSI projetilefragment separator FRS [15℄. The average beam intensity varied between1� 106 and 2� 108 ions per spill, depending on the setting of the FRS. Thespill length and the repetition period were typially 4 and 10 s, respetively.The FRS was operated in the standard ahromati mode with an alu-minium wedge-shaped degrader of 4.4 g/m2 thikness loated at the inter-mediate foal plane. Downstream of the target and the degrader niobium



Population of High Spin States in Relativisti Fragmentation 2509foils of thikness 221 mg/m2 and 108 mg/m2, respetively, were mountedin order to inrease the eletron stripping e�ieny. As the result, the typ-ial probability of an ion being fully stripped was found to be about 96 %and 88 % for the two strippers, respetively.The full in-�ight identi�ation of ions arriving to the �nal foal planeof the FRS was ahieved by measurements of the magneti rigidity (B�),time of �ight (TOF) and energy loss (�E) of eah ion. Two, 5 mm thik,plasti sintillators mounted at the intermediate and the �nal foal planeserved for both the TOF and the horizontal position measurements. Thelatter, together with the magneti �eld values, yielded the magneti rigidityB� of the partiles. The horizontal position at the �nal foal plane wasadditionally measured by means of two multi-wire proportional hambers.The position at the �nal fous was used as a measure of the energy lostby an ion in the materials at the intermediate foal plane. Additional �Einformation was provided by an ionization hamber.After passing the identi�ation set-up, ions were slowed down in an alu-minium degrader of variable thikness to be implanted in a 4 mm thikaluminium ather. An additional plasti sintillator mounted in front ofthe ather was used to suppress events resulting from nulear interationsof ions during the slowing-down proess. The ather was surrounded byfour segmented lover germanium detetors from the EXOGAM ollabora-tion [16℄ and a large volume GSI `Super Clover'. Eah detetor onsisted of4 separate germanium rystals but out of 16 available gamma hannels only14 were used � two hannels were rejeted due to bad performane.The main steps in the heavy ion identi�ation proedure are illustratedin Fig. 1 showing a sample of data olleted while the FRS was optimizedfor the transmission of the fully stripped 191W. First, from the B� and TOFvalues the mass-to-harge ratio A=q is alulated. Then, the horizontal po-sition at the intermediate foal plane, x1, is plotted against A=q (Fig. 1(a)).The three distintive groups of ions orrespond to three harge state di�er-enes between the �rst and the seond FRS setions. The group marked bya polygon represents ions whih piked-up one eletron while passing mate-rials at the intermediate fous. They onsist predominantly of fully strippedions in the �rst setion (target-to-degrader) and H-like in the seond se-tion (degrader-to-�nal fous). On the other hand, the group to the left ofthose, represents ions whose harge state remained unhanged while passingintermediate fous. These are mostly ions whih passed the whole FRS asfully stripped ions. For events seleted by the polygon in Fig. 1(a), the plotof horizontal position at the �nal fous, x2, against A=q reveals individualelements and isotopes (Fig. 1(b)). As an example, events orresponding to200Pt are marked by a polygon shown in Fig. 1(b). Suh seletion is further
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2.58 2.59 2.6 2.61 2.62 2.63Fig. 1. Illustration of heavy ion identi�ation proedure. (a) Horizontal position atthe intermediate fous vs. A=q ratio measured at the seond stage of the FRS. Aontour line shows the seletion of ions whih piked-up one eletron while passingmaterials at the intermediate fous. (b) Horizontal position at the �nal fous vs.A=q for ions seleted in (a). Events orresponding to 200Pt are indiated by aontour line.puri�ed by means of energy loss signals from the ionization hamber and thesintillator in front of the ather. For the detailed desription of the fullproedure, the reader is referred to Ref. [14℄.For eah ion identi�ed at the �nal foal plane, the eletroni gate forgamma detetion was opened for a period of 80 �s and all subsequent sig-nals from gamma detetors, prompt and delayed, together with the signalsfrom partile detetors were stored as a single event. For eah hannel, thegamma ray energy as well as the time between the implantation and gamma



Population of High Spin States in Relativisti Fragmentation 2511detetion was registered. The duration of the gate was muh shorter than theaverage time between onseutive ions. Thus, delayed gamma radiation anbe unambiguously assoiated with the identi�ed ion. Suh a gamma spe-trum, orrelated with 200Pt events and summed over all detetors, is shownin Fig. 2. Gamma lines originating from the 7� isomer [17℄ are learly seen.The half-life of this isomer is only 14 ns, yet it survives the 300 ns �ightthrough the separator. Sine the energy of the isomeri transition in thisase is lower than the K-eletron binding energy, the onversion branh isbloked even in the H-like harge state and, onsequently, the half-life of thehighly stripped ion in �ight is muh longer than that of neutral atom at rest.
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300 400 500 600 700Fig. 2. Singles gamma spetrum orresponding to 200Pt ions summed over 14 Ge-rystals. The time ondition was applied that a gamma ray was deteted less than200 ns after the arrival of the ion inluding the prompt radiation.The stopping of heavy ions in the ather was aompanied by a burst ofprompt radiation. Sine the detetion of prompt rays was allowed, and onlythe �rst gamma ray in every hannel was reorded, the e�ieny for delayedradiation was signi�antly redued. This problem is illustrated in Fig. 3where the multipliity distribution of prompt gamma events orrelated with179W ions is shown. It is seen that on average about 9 detetors out of 14deteted a prompt gamma ray less than 400 ns after arrival of a 179W ion.This means that the e�etive e�ieny for gamma rays delayed more than400 ns is redued in this ase nearly by a fator of 3.
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0 2 4 6 8 10 12 14Fig. 3. Observed germanium detetor multipliity distribution of gamma rays de-teted less than 400 ns after arrival of a 179W ion.For the quantitative analysis of isomeri deays, the e�ieny of eahrystal as measured with alibration soures was orreted for this prompt-bloking e�et. This orretion was done separately for eah seleted isotopeand for eah rystal and involved alulating probabilities for deteting aprompt gamma ray. 3. Analysis and resultsIn the ourse of the experiment, deays of about 20 previously knownisomers were deteted. For these ases, where details of the isomer's deaysheme are known, one an determine the isomeri ratio, de�ned as theprobability of populating the isomeri state in a given nuleus. The isomeriratio R an be expressed in the following way:R = N (1 + �tot)Nimp "e� b F G ; (1)where N is the number of ounts in the gamma line depopulating the isomerof interest, �tot is the total onversion oe�ient for this transition, "e� isthe e�etive e�ieny, b is the probability that the deay proeeds throughthis transition (i.e., the absolute branhing ratio), Nimp is the number ofimplanted heavy ions, and F and G are orretion fators for the in-�ightisomer deay losses and for the �nite detetion time of gamma radiation,



Population of High Spin States in Relativisti Fragmentation 2513respetively. The fator F is given by:F = exp ���0 �TOF11 + TOF22 �� ; (2)where TOF1 (TOF2) is the Time Of Flight through the �rst (seond) stageof the FRS, 1 (2) is the orresponding Lorentz fator ( = 1=p1� �2). Itis assumed here that ions are fully stripped in both stages of the FRS. Thentheir in-�ight deay onstant �0 ould di�er onsiderably from the value foran eletrially neutral atom, �. For the fully stripped ion the relation is:�0 = �Xi bi1 + �itot ; (3)where the summation is over all the deay branhes depopulating the isomer.If the analyzed gamma spetrum is produed with the delay-time valuesbetween ti and tf , the orretion fator G is equal to:G = exp(�� ti)� exp(�� tf ) : (4)The results of this analysis are shown in Fig. 4 where the dedued iso-meri ratios are plotted as a funtion of spin J . The data over a broad rangeof angular momentum from 5 ~ to 35=2 ~. The latter value is presently thehighest disrete angular momentum observed in a produt of the fragmen-tation reation.The measured isomeri ratios are ompared with a simple preditionbased on the abrasion�ablation model of the fragmentation reation. Asshown by de Jong, Ignatyuk and Shmidt [18℄, the probability that thefragmentation produt is formed in an initial state of angular momentum Jan be approximated by a simple analytial formula:PJ = 2J + 12�2f exp"�J(J + 1)2�2f # ; (5)where �f , the so alled spin-uto� parameter, is given by:�2f = 0:0178�1� 23�� A2=3p �A (3Ap ��A)Ap � 1 : (6)Ap denotes the projetile mass number, �A is the mass di�erene betweenthe projetile and the fragment and � is the quadrupole deformation param-eter. The approximation holds for �A � 10 and fails for fragments lose tothe projetile.
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Fig. 4. Measured isomeri ratios as a funtion of isomer's spin J in units of ~.The full points indiate yrast states. Preditions of the simple sharp ut-o� modelare shown for two values of mass di�erene between the projetile and the isomer.In ases where two or more isomers were observed in the same nuleus, only theuppermost state is onsidered here.Now, the probability that a statistial gamma asade depopulating thisinitial state will lead to an isomeri state of spin Jm an be onsidered.We adopt an extreme simplifying assumption, known as the `sharp ut-o�'approximation, that all states with J � Jm, and only those, will deay tothe isomer. This lead to the following predition for the isomeri ratio:Rth = 1ZJm PJ dJ = exp"�Jm (Jm + 1)2�2f # : (7)Sine the predited values depend not only on the spin of the isomerbut also on its mass (via �A), no universal urve an be drawn in Fig. 4 toompare with the measured values. We observed however, that a majorityof data points are from nulei with masses between A = 185 and A =174. Preditions for these two masses, assuming quadrupole deformationparameters of � = 0:23 [19℄, are shown in Fig. 4. We note that the sharput-o� model appears to represent an upper limiting value for the isomeriratio. The assumption that all states with the higher angular momentumdeay to the isomer should rather overestimate the predition, espeially for



Population of High Spin States in Relativisti Fragmentation 2515isomers lying far above the yrast line. Indeed, the yrast isomers, marked inFig. 4 with the full irles, are generally populated with larger probabilitiesand are in reasonable agreement with the model. The two exeptions are206Hg and 179Ta. The former ase, di�ering from the projetile only by twomass units, annot be desribed by Eqs. (5) and (6). The redution of theisomeri ratio in ase of 179Ta might be explained by the existene of a long-lived isomer (T1=2 = 11 ms, I� = 21=2+) loated just above the observed21=2� state [20℄ whih may trap a substantial part of the gamma asade.Consequently, the feeding of the 21=2� isomer, observed in the relativelyshort time (< 80 �s) may be redued. This suggests that although theexitation energy of the isomer with respet to the yrast line is of someimportane for the population probability, the strutural fators, like thepresene of long-lived states or detailed branhing sheme, partiularly loseto the yrast line where the level density is low, may strongly a�et the �nalresult in individual ases.4. Dependene of isomeri ratios on the fragment momentumA reent study of isomer population in fragmentation-like reations atintermediate energy [8℄ revealed that for the fragments lose to the projetilethe isomeri ratios depend strongly on the momentum of the fragment witha pronouned extremum value at the momentum of the beam. On the otherhand, for fragments more than 6 nuleons away from the projetile no suhdependene was found. Moreover, suh a behavior was found to be in aqualitative agreement with the kinematial model of the fragmentation byOkuno et al. [21℄.At relativisti energies the only result obtained prior to our work wasthe study of 19=2� isomer in 43S produed in the fragmentation of 500MeV/nuleon 46Ti beam [9℄. Again, the very strong dependene on themomentum was found � in the wing of the momentum distribution theisomeri ratio was 15 times larger than in the enter.To searh for similar phenomena in our data, we seleted four aseswhere isomeri deays with high statistis were observed: two ases loseto the projetile (206Hg and 200Pt) and two far from it (181Re and 177Ta).The information on the momentum of the fragment is given diretly by thehorizontal position at the intermediate (dispersive) foal plane, measuredby the plasti sintillator. By imposing software uts, events orrespondingto di�erent parts of the momentum distribution were seleted and isomeriratios were determined separately for eah ut. The results of this analysisare shown in Fig. 5. Sine the data aquisition was triggered by ions whiharrived at the �nal fous, the observed yield distribution at the interme-diate foal plane is ut by the FRS transmission. A omparison with the
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Fig. 5. Prodution yields (top) and isomeri ratios (bottom) for four nulei mea-sured as a funtion of horizontal position x1 at the intermediate foal plane of theFRS whih is proportional to the parallel momentum of the nuleus. The spin andparity of the analyzed isomer is indiated. The yield distributions for 206Hg and200Pt are not symmetrial beause they are ut by the FRS transmission.



Population of High Spin States in Relativisti Fragmentation 2517ion-optial Monte Carlo simulations [22℄ showed that in ase of 200Pt ap-proximately 80 % of the full momentum distribution is seen, while in otherases this number is larger than 90 %. Although the error bars are large,no strong dependene of isomeri ratio on the momentum (as reported inRefs. [8,9℄) is observed. In ase of 206Hg, whih is the losest nuleus to theprojetile we have studied, an inrease of isomeri ratio at low momentumis seen but it amounts only to about a fator of two.5. SummaryThe population of isomers produed in the relativisti fragmentationof a 208Pb beam has been systematially investigated. Isomeri ratios werededued for approximately 20 deays, in nulei ranging is mass number fromA = 136 up to A = 206, and up to 35=2 ~ in angular momentum. A simpletheoretial presription, based on the statistial abrasion�ablation model ofthe fragmentation mehanism was found to give a good representation ofthe upper limit for the isomer population probability. No lear dependeneof the ratio on the momentum of the fragment was observed.This work was supported by EPSRC (UK), the Polish State Committeefor Sienti� Researh (KBN) under grant 2 P03B 036 15, Department ofEnergy ontrat DE-FG02-96ER40983 (USA), and the EU Aess to LargeSale Failities Programme. REFERENCES[1℄ R. Shneider et al., Z. Phys. A348, 241 (1994).[2℄ Ch. Engelmann et al., Z. Phys. A352, 351 (1995).[3℄ B. Blank et al., Phys. Rev. Lett. 84, 1116 (2000).[4℄ J.M. Daugas et al., Phys. Lett. B476, 213 (2000).[5℄ Zs. Podolyák et al., Phys. Lett. B491, 225 (2000).[6℄ R. Grzywaz et.al., Phys. Lett. B355, 439 (1995).[7℄ J.M. Daugas, Ph.D thesis, Université de Caen, Nov. 1999, unpublished,GANIL-T 99-05.[8℄ J.M. Daugas et al., Phys. Rev. C63, 064609 (2001).[9℄ W.-D. Shmidt-Ott et al., Z. Phys. A350, 215 (1994).[10℄ M. Pfützner et al., Phys. Lett. B444, 32 (1998).[11℄ C. Shlegel et al., Phys. Sr. (T) 88, 72 (2000).[12℄ M. Caamaño et al., Ata Phys. Pol. B32, 763 (2001).[13℄ M. Caamaño et al., Nul. Phys. A682, 223 (2001).
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