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Chapter 1IntrodutionNulei far from stability have been an interesting and exiting �eld for both the-oretial and experimental studies for deades. Figure 1.1 shows the Segr�e map ofnulides in whih the most important objets of interest in this work an be iden-ti�ed. The line of �-stability onsists of about 270 isotopes, whih in their groundstate are stable against nulear-deay modes. More than 2000 unstable isotopes fromthe proton- and neutron-rih side of the �-stability line have been studied, inspiringdevelopments of both experimental tools and theoretial models. For example, thenulear shell struture along the �-stability line has been well studied, but the shellstruture in drip-line nulei (i.e. nulei for whih the partile separation energy isequal to zero) is still unknown, and hene it is of great interest. An idea for existeneof islands of stability was expressed some deades ago and people have always beentrying to reah more and more \exoti" nulear systems in terms of either synthe-sis of super-heavy elements, or produing nulei with large exess or de�ieny ofneutrons towards the nulear drip lines. During years of researh questions arisesuh as: What is the shell struture for nulei far from the �-stability line? Are themagi numbers there still the same? Do our models still work and how good anthey interpret the experimental observables?In Figure 1.1 78Ni, 132Sn, and 208Pb nulei are marked. They are doubly maginulei, and are well bound, hene spherial in their ground states. They play animportant role in the nulear struture researh. Studying nulei in their lose neigh-borhood, whih have only a few valene partiles or holes outside the losed shells,is an eÆient probe into the general features of the nulear many-body systems. Forexample, one may test the partile-hole or proton-neutron interations, the partile-ore polarization and exitation modes, nulear deformations. It is onvenient toompare the di�erent sets of doubly magi nulei and their surrounding nulei inorder to explore the hange in nulear struture when di�erent orbitals are oupiedand di�erent shells are �lled. It has been shown that some similarities exist betweenthe 208Pb and 132Sn regions. Blomqvist [1℄ and later Leander et al. [2℄ have shownthat every (n; l; j) single-partile state in the 132Sn region has a (n; l + 1; j + 1)ounterpart in the 208Pb region, with orresponding ordering and energy spaing.Omtvedt et al. [3℄ provide experimental data whih prove that the residual intera-tions and the quadrupole properties of the two regions are rather similar. The E21



Figure 1.1: The Segr�e map of the nulides.e�etive harges are essentially equal. However, the negative-parity olletive statesin 132Sn are muh higher in exitation energy than in 208Pb. Thus, the otupoleproperties of the two regions may di�er signi�antly.208Pb is the heaviest doubly magi nulear system whih ould be studied sofar. It is a stable, and the most abundant Pb isotope. 78Ni and 132Sn are lightersystems, but their experimental study is more diÆult beause of their larger neutronexess. This is illustrated In Figure 1.2. 132Sn has eight neutrons in addition to itsheaviest stable isotope 124Sn. The situation is even more diÆult for 78Ni, where thisnumber is 14. The neutron-separation energy drops with the neutron exess, andthis implies tehnial diÆulties in the prodution of neutron-rih nulei. Reently,with the development of the radioative nulear beams (RNB) it beame possibleto explore more and more exoti nulei far from the line of beta stability produedin relativisti heavy ion reations [4, 5℄. The experimental study of isomeri statesin the 132Sn region applying RNBs forms the major part of this lientiate work. Inaddition, so-alled K-isomers (see Se. 2.2) have been investigated.
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Figure 1.2: Comparison of the loation of the three doubly magi nulei 208Pb (a),132Sn (b), and 78Ni () relative to the line of �-stability. The large neutron exess of132Sn and 78Ni implies experimental diÆulties due to low prodution ross setions.
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Chapter 2Physis of the neutron-rih nuleiand theoretial preditionsLet us fous on the very neutron-rih side of the nulidi hart, whih is the subjetof the present study. The neutron-drip line is experimentally known only fromhydrogen (Z = 1) up to oxygen (Z = 8). In the neutron-rih isotopes of the lightnulides the so-alled halo phenomenon exists. The halo is formed by the looselybound neutrons surrounding the ore. The weak binding allows to distribute nulearmatter in regions not allowed lassially. Thus halo nulei are haraterized by verylarge radii. Seondly, they are very di�use and their properties are greatly dominatedby surfae e�ets. Halo phenomena are the subjet of study of many experimentaland theoretial groups.In heavier neutron-rih systems the weak neutron binding implies the existeneof a 'neutron skin' (i.e., a dramati exess of neutrons at large distanes). Theexistene of a neutron skin may lead to new vibrational modes in whih, for example,the neutron skin osillates out of phase with a well-bound proton-neutron ore [6℄.In those nulei we an have the opportunity to study in the laboratory nearly pureneutron matter.With inreasing the neutron number other e�ets start to play a role due to thedereasing neutron separation energy. Mean �eld alulations of the spherial single-partile levels by Dobazewski et al. [7℄, using Hartree-Fok (HF) and Hartree-Fok-Bogoliubov (HFB) models with Skyrme-type SkP interations, predit a dramatiderease of the N = 82 shell gap near the neutron-drip line. A quenhing of the shelle�ets at the neutron-drip line is expeted only in the systems with N � 82. Lateralulations by Werner et al. [8℄ predit the N = 82 shell gap to be onsiderablyredued for Z = 46. Weakening of shell e�ets with neutron number manifestsitself in the behavior of two-neutron separation energies. On the other hand HFBalulations with other standard Skyrme-fore parameterizations suh as SIII andSkM [9℄ show strong shell losures. Possible explanation of this fat is the lowe�etive mass in these fores [10℄. Thus di�erent models have di�erent preditionsnot only about the shell quenhing but also about the loation of the neutron-dripline. 4



2.1 The 132Sn regionThe sti�ness of the doubly-magi ore of 132Sn has been disussed in [1, 11℄. Theore exitation of 132Sn itself is studied in details and it is very well known. Asummary of the urrent experimental information is done in the work by Fogelberget al. [12℄, and no new experimental information has been added reently. The�rst exited state in 132Sn is at 4.0 MeV, whih suggests that the single-partilestates in the surrounding nulei should be rather pure. The simplest exitations indoubly-magi and in the neighboring nulei are partile-hole exitations. The p-hstates of these nulei form level multiplets where the individual states often havea very simple struture with regards to admixture of on�gurations. The mappingand identi�ation of suh multiplets may give immediate information on the nuleartwo-body matrix elements and single-partile energies, whih are ruial elementsin any theoretial model. Almost all single partile (hole) energies in the regionhave been measured as summarized by Grawe and Lewitowiz [13℄. A number ofempirial two-partile, two-hole, and partile-hole multiplets have been identi�ed aswell. The oupling of valene partiles and holes often gives rise to isomeri stateswith moderate spin and with lifetimes in the miroseond regime. This o�ers a goodpossibility for spetrosopy of the deay of the -asade below the isomer.Now it is interesting to extend the knowledge to more neutron-rih nulei andnulei with more valene partiles outside the doubly-magi ore to investigate theonset of deformation and development of olletivity. A hallenging experiment isthe systemati study of the N = 82 isotones below Z = 50 towards the nulei forwhih the shell quenhing was predited. Unfortunately, as already stated earlierthe more exoti the system is, the more diÆult the experiment is.2.2 K-isomers in the Hf/W/Os regionIn the A � 170 � 190 rare-earth nulei a spei� type of isomerism ours, origi-nating from valene partiles oupying high-j orbitals with a large projetion 
jof the angular momentum on the nulear symmetry axis. These nulei are axiallysymmetri. Therefore, the olletive rotation R takes plae about the short axis,perpendiular to the symmetry axis, and the olletive angular momentum is thuszero along the symmetry axis. The oupling of the single-partile angular momentais shown in Fig. 2.1. The projetion of the total angular momentum on the sym-metry axis is I3 = K + R = K, where K is built by the single partile momenta
j, K = Pj 
j, and is a onstant of motion (i.e. it is a good quantum numberharaterizing the system). The deay of suh a high-K states to low-K rotationalstates is often hindered due to the large di�erene �K. The only way suh high-Kstates an deay is via large alternation of the orientation of the total angular mo-mentum, whih is forbidden via low multipolarity transitions if the K projetion isa good quantum number. Thus, suh states beome long-lived, i.e. isomeri. Thehindrane fator grows exponentially with the degree of K-forbiddenness, �K � �[14℄, where � is the multipolarity of the transition.5



The observation of isomeri deay by K forbidden transitions implies that theremust be some mixing of K values. Suggestions for the mehanism of \K-mixing"inlude Coriolis mixing, and -deformation tunneling [15℄. Coriolis mixing arisesbeause a rotating nuleus is not an inertial frame of referene, and the orientation ofa nuleon's orbit is modi�ed by the rotation of the nuleus. The -tunneling involvesshape utuations where the deformation of the nuleus hanges from prolate shape( = �120Æ) to prolate shape ( = 0Æ) through the intermediate oblate ( = �60Æ)shape.K-mixing raises the question of the limits of K-forbiddenness and the limits oftheK-isomerism. It has been predited that this region will extend into the neutron-rih Hf/W/Os region with A � 180� 200 [16, 17℄. These nulei are expeted to betriaxially deformed (i.e. the size of the nuleus along all three axis is di�erent), andthe isomers are expeted to have shorter lifetimes.
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Chapter 3Experimental tehniqueDepending on whih part of the nulidi hart and what parameters of the nuleione wants to study, di�erent prodution mehanisms an be applied. For the spe-trosopy of proton-rih and stable nulei the most suitable method is a heavy-ionfusion evaporation reation. In this reation nulei are produed in exited stateswith relatively high angular momenta and exitation energies [18℄. In projetilefragmentation the maximum yields and prodution ross setions are along the �-stability line, but this type of reation populates also proton-rih as well as neutron-rih nulei. Nulear �ssion is the most suitable method for produing neutron-rihnulei. This work is foused on -ray spetrosopy of isomer deays of neutron-rihnulei, produed in projetile fragmentation and in-ight �ssion. The following twosetions of the hapter will give more detailed explanation of the two produtionmehanisms.3.1 Projetile fragmentationWhen a heavy projetile, aelerated to energies muh above the Coulomb bar-rier, interats with a target nuleus, the probability for a fragmentation reationis very high. Depending on the atual energy of the bombarding ions and on theimpat parameter, several di�erent regimes are possible. At low energies (E=u < 20MeV/nuleon) there are several mehanisms ontributing to the reation, inludingCoulomb sattering, inomplete fusion, and fusion evaporation reation [19℄. Rea-tions ourring at muh higher energies (E=u > 200 MeV/nuleon) are onsideredto be \pure" fragmentation [20℄. In this energy regime depending on the impatparameter we an have projetile fragmentation in the ase of peripheral ollisions,and multifragmentation takes plae in the ase of a entral ollisions. The \pure"projetile fragmentation is a two step proess as disussed in [20℄.Figure 3.1 shows a shemati view of the two-step reation. In the peripheralollisions between the bombarding heavy ion and the target nuleus, the nuleons inthe overlapping area (\partiipants") beome very hot and exited nulear matter,whih is almost immediately abraded o�. This is a very fast proess whih ourswithin 10�21s. The remaining part of the projetile (\spetator") undergoes statisti-al evaporation (also known as \ablation") of partiles and light lusters, after whih7



we observe the �nal produts of the reation. This step takes about 10�16 s. Themomenta (or veloity) of the �nal produts is very similar to those of the projetile.Due to the high energy involved in the ollision we an have a rather extensive rangeof the mass of the �nal observed produts. Therefore it is suitable for spetrosopyof both proton- and neutron-rih nulei.

Figure 3.1: Projetile fragmentation at relativisti energies (E > 200 MeV/u, � >0.7). The �nal observed fragment has momentum very similar to the one of theprojetile.3.2 In-ight �ssionThe best method to produe (very) neutron-rih nulei is nulear �ssion. In thiswork the so-alled in-ight or projetile �ssion of heavy-ions at relativisti energieshas been used. In this reation the heavy ion (for example 238U) is aeleratedto relativisti energy. The target nuleus an be light (e.g. 9Be) or heavy (e.g.208Pb), induing �ssion by peripheral nulear interations for the U/Be system, orby dissoiation in the eletro-magneti �eld for the U/Pb system [21℄.The projetile splits into two relatively old fragments, whih are emitted in op-posite diretions from eah other in the referene system of the �ssioning nuleus(Figure 3.2). The produts are isotropially distributed in a sphere. In the labo-ratory frame the distribution transforms into a narrow one entered in the beamdiretion. The proess is shown shematially in Figure 3.3. The veloity of the�ssion fragments in the laboratory frame is the relativisti addition of projetile and�ssion veloities �0 and �F . Thus, the forward ying fragments get an additional'kik' in momentum. In that sense the projetile �ssion is an exothermal reationfor the produts distributed in the forward semi-sphere with respet to the beamdiretion. The relativisti harater of the proess has a great advantage omparedto the �ssion at rest. It allows the use of spetrometer for extration of a seondarybeam as explained in setion 3.3, and identi�ation of the reation produts event8
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Figure 3.2: Projetile �ssion at relativisti energies (E > 500 MeV/u, � > 0.8). Thetwo �ssion fragments are relatively old, and are emitted in a forward and bakwarddiretion in the referene system of the projetile.by event, as disussed in set. 4.1. Unfortunately, due to the limited aeptane ofthe spetrometer, not all reation produts an be transmitted and studied simul-taneously. The opening angle of the one is about �30 mrad, and the aeptaneangle of the spetrometer is �15 mrad.

Figure 3.3: Momentum distribution of the relativisti �ssion fragments in the labo-ratory system. The part of the distribution aepted by the separator is indiatedby the �lled areas.In his Ph.D. thesis Engelmann [22℄ investigates the reation kinematis and showsthat there is a gain fator with respet to the �ssion at rest: the high veloity of the�ssioning projetile nuleus (� 83% of the speed of light for a primary beam withE = 750 MeV/u) leads to an optimal transmission for those fragments, ying in9



either forward or bakward diretion with respet to the beam. This means that forequal �ssion rates one an observe nulei produed with ross setions up to threeorders of magnitude smaller than the one we an observe with �ssion at rest.3.3 Separation of the reation produts - the FRSIn both types of prodution mehanism desribed above up to 103 di�erent isotopesare reated in the target due to the high energy involved in the reation. To separateonly the ions whih we are interested in (to obtain a pure seondary radioativebeam whih then an be studied), we use a tool alled the FRagment Separator(FRS). It is an ahromati magneti forward spetrometer [23℄. Heavy-ion beamswith magneti rigidities from 5 to 18 Tm an be analyzed by the devie. Figure3.4 shows the main parts of whih the FRS onsists. There are four 30 deg dipolemagnets determining four independent stages of the spetrometer and a number ofquadrupole and sextupole magnets providing variable magneti �elds up to 1.6 Tesla.The quadrupole magnets before eah dipole are designed to ahieve a high resolvingpower by properly illuminating the �eld volume of the bending magnets. The ion-optial onditions at the four foal planes S1 to S4 are determined by the quadrupolesfollowing eah dipole. The funtion of the sextupole magnets plaed in front ofand behind eah dipole is to provide orretion for seond-order abberations. Aseondary-eletron detetor (SEETRAM) plaed upstream of the �rst target stationmeasures the beam intensities [24℄. In the target area and at eah foal plane, two-dimensional grids with gas ampli�ation and urrent readout are used for beamalignment and ount rate measurements. The partile detetion is performed byusing multi-wire proportional hambers [25℄ installed at all of the foal planes. Pairsof these detetors are used for partile traking to analyze the primary beam orseondary radioative beam with respet to position, angle, and B� value. Thereation takes plae in the target, ions are seleted by their mass to harge ratioA=q in the �rst stage of the separator. In this �rst step about 102 di�erent reationproduts are seleted. The separation is based on magneti analysis ombined withenergy losses in matter (B� � �E � B� method). Energy degraders with variablethiknesses are plaed at the di�erent foal planes of the separator. To introduedi�erent energy loss for the fragments with di�erent momenta a speial wedge-shaped degrader is plaed at the entral foal plane S2. The di�erent atomi energyloss of the ions penetrating the degrader provides an additional seletion riterion.The best spatial separation an be obtained with a degrader shape whih preservesthe ahromatism of the spetrometer. In this way at the �nal foal plane S4 weobtain a pure seondary beam onsisting of the ion for whih the separator wastuned and 10-15 neighboring isotopes. This will be alled \prodution setting" andthe fragment for whih the separator has been tuned is referred to as the \settingfragment".Seondary beams prepared by the FRS an be transferred to other experimentalareas for performing di�erent measurements. For the purpose of isomer -ray spe-trosopy the beam is stopped at the �nal foal plane of the spetrometer and the10
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monitored by a system of urrent grids, plus multi-wire position-sensitive detetorsmeasuring the beam position at the points of interest.

Figure 3.5: Photo of the �nal foal plane of the separator. The aluminum Z-shapedather of thikness 4-6 mm is surrounded by Ge lover detetors.3.4 ExperimentsThe thesis is based on two experiments performed at the FRagment Separator (FRS)at GSI, Darmstadt using the tehnique desribed above. In April 1999 we usedprojetile-fragmentation of 208Pb at 1 GeV/u to produe neutron-rih K-isomers.In Deember 1999 we studied neutron-rih nulei in the 132Sn region produed inprojetile-�ssion of 238U at the energy of 750 MeV/u. Table 3.1 summarizes sometehnial details about the experiments.Table 3.1: Tehnial data about the experimentsBeam Energy Target Reation Isomer searh in208Pb 1000 MeV/u 1.6 g/m2 9Be projetile fragmentation n-rih Hf/Os/W238U 750 MeV/u 1.0 g/m2 9Be projetile �ssion viinity of 132Sn12



Chapter 4Analysis and results
4.1 Identi�ation of the reation produtsThe identi�ation of the reation produts is done in the seond stage of the sep-arator. It is based on measurements of time-of-ight and energy loss, ombinedwith information from position-sensitive detetors and the magneti �elds of theseparator dipole magnets.The time-of-ight (TOF) of the fragments is measured with plasti sintillatorsSC21 and SC41, plaed at the middle foal plane after the S2 degrader, and at the�nal foal plane S4 after the vauum window of the last magnet (f. Figure 3.4).Normally the position traking is done with the multi-wire proportional ounters,but the sintillators an be used for position measurements in the horizontal diretionas well. The position information from the sintillators is obtained from the timedi�erene between signals from the left and right readout of the detetor.The veloity v of eah ion is alulated from the TOF and the ight path. Po-sition traking is very important not only for the purpose of using the spatial sep-aration of the ions, but to ahieve the proper geometrial orretions to the TOF- respetively veloity, and to the magneti rigidity of the seond stage, B�2. TheB�2 an be alulated from the expression:B�2 = B�0(1� x4�V2x2D2 ) , (4.1.1)where B�0 is the magneti rigidity of partiles at the ion-optial axis. V2 andD2 are properties of the ion optis of the FRS seond stage, namely magni�ationand dispersion. x2 and x4 are the positions of the ion in the x-diretion at theintermediate and the �nal foal planes respetively.Combining the veloity and B�2 information we an de�ne the mass-to-hargeratio A=q for eah fragment via the expression:A=q = eu B�2� , (4.1.2)where e is the elementary harge, u is the atomi mass unit, � = v= is theratio of the veloity of the ion to the speed of light, and  is the Lorentz fator13



( = 1= p1� �2). The proton number Z of eah ion an be estimated under theassumption:�E = Z2f(�), (4.1.3)where the energy loss �E is measured in a MUltiple-Sampling Ionization Cham-ber (MUSIC) [29℄. The funtion f whih depends on the ion veloity is deduedfrom the primary beam alibration measurements. Figure 4.1 shows the �E spe-trum measured during the 131Sn prodution setting from the 238U �ssion experiment.When analyzing only the fully stripped ions (i.e., ions whih did not hange theirharge state) the following relation is valid:Aq = AZ , (4.1.4)With the help of this information partile identi�ation in terms of A, Z, andposition is ahieved on an event-by-event basis for eah ion. In addition, we have datafrom whih we an estimate the transmission losses, a problem whih is disussedin the following Setion 4.2. In Figures 4.2 and 4.3 examples of identi�ation mapsare given.
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Figure 4.1: Energy loss measurement in the MUSIC detetor for all fragments reah-ing the �nal foal plane of the separator in the 134Sn setting (238U �ssion experi-ment). A small fration of light �ssion fragments is also being transmitted but laterexluded in the analysis.
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Figure 4.2: Identi�ation plot from the 134Sn setting in the 238U �ssion run. Theproton number Z is plotted versus the mass-to-harge ratio A/q for fragments reah-ing the �nal foal plane of the separator during the setting for 134Sn. Eah grouprepresents a di�erent isotope. For eah Z several isotopes an be identi�ed.
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Figure 4.3: Events from the same setting as in Fig. 4.2 with Z seletion, presentedin di�erent oordinates. The X position of the fragments at the �nal fous is plottedversus the mass to harge ratio A=q. The Z=50 group is seleted and better massseparation is ahieved.4.2 Transmission and lossesThere are several fators whih a�et the transmission of the reation produtsthrough the separator. First of all, one should distinguish the term optial transmis-15



sion, Topt, from the total transmission, Ttot. The �rst is a measure of the eÆienyof the ion-optis to transmit and fous the beam without losing partiles in theproess. The total transmission inludes additional proesses suh as nulear ab-sorption, hanges of harge states, and seondary reations. The total transmissionthrough the separator is typially � 50% for fragmentation and � 2% for �ssionproduts. The seond proess has a muh lower transmission due to the spei�kinematis of the in-ight �ssion reation (Chapter 3.2).When passing di�erent materials, or already in the target, some produts mayhange their harge state q. Thus we an transmit simultaneously fully stripped,H-like, and He-like harge states of the ions. To redue the number of the fragmentswhih hange q by piking up an eletron, a niobium stripping foil an be plaedafter the target, and after eah degrader. This problem is espeially important forheavy fragments (Z > 50), as in the ase of the K-isomer study. This ould leadto misidenti�ation. However, there are methods to solve this problem. Ions whihhave hanged their harge state annot be spatially separated from the ones whihhave kept their harge state, but an be separated in the A=q spae in the seondstage of the spetrometer. In Figure 4.4 the separation of the di�erent groups isillustrated. Three groups of ions an be learly seen in (a) - those whih have nothanged their harge state (�q = 0), those whih have hanged it with one unit(�q = 1), and with two units (�q = 2). The �rst group predominantly orresponds

Figure 4.4: All fragments reahing the entral foal plane of the separator. Theevents whih have hanged their harge state an be separated in the A=q spae.Plot (a) is from 19174 W prodution setting in the 208Pb fragmentation run, and plot (b)represents all fragments from the 13150 Sn setting during the 238U �ssion experiment.to fully stripped ions, to some extent ontaminated by some H-like ions and withnegligible ontribution from He-like ions. The seond group onsists mainly of ions16



whih have piked up an eletron at the intermediate fous. In Figure 4.4 panel(b) an be seen that this problem was ompletely negligible for lighter Z produts.Indeed, 99% of the Sn ions were fully stripped from prodution to the �nal vauumwindow of the spetrometer. The program GLOBAL [30℄, developed at GSI, anbe used to alulate the harge states of the primary and seondary beams. Itsapability to simulate the real proesses has been tested and exellent agreementbetween the alulated and measured values has been found [31℄.Additional losses in transmission are aused by seondary reations of the frag-ments in the materials, espeially in the thik S4 adjustable degrader. It is situatedafter the identi�ation set-up and, therefore, there is a danger that fragments whihhave been identi�ed as 'good fragments' are destroyed before being implanted, butstill set a trigger for -detetion. Therefore we are using a pair of plasti sintilla-tors plaed before and after the S4 degrader to ompare the energy released by thefragments in the detetors before and after passing the degrader, and suppress 'bad'events (up to 30% for a given isotope). This is illustrated in Figure 4.5.

Figure 4.5: Energy loss in SC41 and SC42 sintillator detetors (f Fig. 3.4) inarbitrary units. Only 136Sb ions are seleted. The group indiated by the ellipserepresents ions whih have not been destroyed in the S4 degrader.4.3 Delayed -ray spetrosopyA spei� part of this experimental method is the slowing down and stopping of theseondary beam in the proess of implanting in the aluminum ather. This problemis widely being disussed urrently in onnetion with the new projets taking plaeat the GSI faility - namely the \Stopped Beam" part of the RISING projet [32℄.17



The veloity of the produts after the target is � 80% of the speed of light.In the seond stage of the FRS after the S2 degrader v= is still � 0:75. In orderto implant the produts of interest in the aluminum ather we use an adjustabledegrader at the S4 �nal foal plane for slowing down the ions whih is typially 5-7g/m2 aluminum. The interations of the heavy ions with the degrader materialauses a prompt burst of X-rays and low energy bremsstrahlung oming togetherwith the heavy ion. Due to the prompt \ash" the e�etive -detetion eÆieny isredued. This e�et, whih is highly dependent on the Z of the heavy ion, is underinvestigation but an be quite signi�ant.A big advantage of the method is the tagging of -rays with a spei� ion whihstrongly redues the bakground and makes possible studies of very weak hannels(< 100 ions per day). In addition this method is very onvenient in searh for newisomers, beause during the ight through the separator all the prompt transitionshave deayed. If one plots the matrix of the energy of the deteted -rays from apartiular isotope versus the time of their detetion (Fig. 4.6), one an learly seethe pattern of the isomeri transition. The advantage of isomer spetrosopy is thatthe spetra an be \leaned" by requiring the detetion of delayed -rays assoiatedwith a given heavy ion. This is illustrated in Figure 4.7. All examples are from the238U �ssion experiment.

Figure 4.6: Energy-time matrix from one of the Clover detetors gated by 136Sbions identi�ed in the FRS. The delayed pattern of the 173 keV isomeri transitionis learly seen.If one makes a ut in the time-energy matrix (f. Fig. 4.6) around a given peakand projets on the time axis the half-life of the orresponding transition an bemeasured. In Figure 4.8 two examples are presented. Aording to a riterion inRef. [33℄, page 252, if the slope of the measured time spetrum is 1.5-2.0 times the18



prompt slope, then simple slope �tting gives an aurate result. The results aresummarized in Table 1 in Paper III.
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Figure 4.8: Time distribution urves of the (a) 325 keV line from the deay of thewell-known I� = 19=2� isomer in 135Te, and (b) the 173 keV line identi�ed in 136Sb.The prompt part of the time distribution has been subtrated.4.4 Results4.4.1 The 238U �ssion experimentIn the 238U �ssion experiment we overed three prodution settings, optimized for131Sn, 134Sn and 130Cd. The �rst setting was aimed for alibration of the partileidenti�ation. During this experiment we observed some 35 isotopes in the neutron-rih Ag to Te isotopes with neutron numbers varying from 76 to 88. One newisomer was observed in 136Sb (Paper III). In fat it was the �rst observation ofan exited state in this isotope, whih makes it the most neutron-rih Sb isotopefrom whih -rays have been observed so far. In the last, most exoti setting, 136Snand 130Cd were identi�ed with about 1200 and 700 ions implanted in the aluminum20



ather, respetively. No delayed -rays ould yet be assoiated with these nulei.In addition, we have an indiation for the observation of several new isotopes. Theanalysis of the data is still in progress. One important question whih is still to beinvestigated is the population of isomeri states in the projetile �ssion reation.
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Figure 4.9: Part of the nulidi hart showing the region overed in the 238U �ssionexperiment. All known �s isomers in the region, all isotopes and new isomers ob-served in this experiment are shown on the plot. For all the Cd and Ag isotopes inthe plot, only the ground state has been observed so far. The grey squares representandidates for isotopes potentially observed for the �rst time.4.4.2 The 208Pb fragmentation experimentThe results from the neutron-rih K-isomer searh experiment are summarized inFigure 4.10. During this experiment several prodution settings were investigatedand many neutron-rih isotopes were identi�ed varying from Tb (Z=65) to Hg(Z=80), with neutron numbers ranging between 100 and 126. There was one settingon the proton-rih side as well, entered around 14066 Dy. A number of known andnew isomers with lifetimes from nanoseond to milliseond ranges were observed,e.g. the K� = 35=2� isomers in 179W [34℄, 175Hf [35℄, and 181Re [36℄. This is thehighest angular momentum observed to be populated in projetile fragmentation sofar. The shortest lifetime measured in this experiment, belonging to the K� = 7�isomer in 200Pt, was 14 ns [37℄. This time is muh shorter than the ight time troughthe separator. Our explanation is that this is due to the primary transition energy21



being less than the K-shell binding energy in platinum (78 keV). Thus the deay anonly our via eletron onversion. Hene it is only when the ion is implanted in theather that the isomeri state an be depopulated and attain its natural half-life.A number of new isomers were disovered in this experiment and are indiated inFigure 4.10. Some new and very neutron-rih isotopes were also identi�ed inluding187;188Ta, 191W, 193;194Re (see Paper I and Ref. [37, 38℄), on�rming the work ofReferene [39℄.
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Figure 4.10: Part of the nulidi hart showing the region whih has been overed inthe 208Pb fragmentation experiment. The isomers known from before and observedalso in our experiment are marked as well as the new isomers whih have beenobserved for the �rst time in this experiment.
4.5 Isomeri ratioThe isomeri ratio R is by de�nition the ratio between the number of ions whihhave been produed in an isomeri state, to the total number of ions reated in thereation per given speies. It is the probability that in the reation a nuleus isprodued in an isomeri state. The population probability of �s isomer in eitherprojetile fragmentation or in-ight �ssion is of great importane from a reationmehanism study point of view. The knowledge of this ratio and its dependene onthe spin and exitation energy of the isomer, will make planning of future experi-ments more expedient and realisti. The ratio R an be determined in the following22



way:R = N isom(t=0)N tot(t=0) , (4.5.1)The shemati plot in Fig. 4.11 helps to understand the determination proedure.
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Figure 4.11: Shemati plot of the FRS.The total number of nulei produed in the reation, N tot, and the number of nu-lei produed in an isomeri state, N isom, an be determined from the experimentaldata we measure at the �nal foal plane S4, if we take in aount the transmissionT from the target to S4.N tot(S4) = N tot(t = 0)T(target�S4) , (4.5.2)N isom(S4) = N isom(t = 0)T(target�S4)F , (4.5.3)where F takes into aount the in-ight deay.From (4.5.1), (4.5.2) and (4.5.3) we determineR = N isom(S4)T(target�S4)F T(target�S4)N tot(S4) = N isom(S4)FN tot(S4) , (4.5.4)The total number of ions at S4, N tot(S4), we determine from the identi�ation(ID) plot. The ions in an isomeri state we an determine from the number of de-teted -rays N at the atherN(ather) = N isom(ather)G"bP , (4.5.5)where " is the absolute eÆieny for deteting -rays of energy ", P is theorretion fator for e�etive eÆieny, whih takes in aount the bloking of thedetetors during the low energy prompt ash, b is the branhing ratio for  transi-tions. G is a orretion for the �nite time window seleted in the analysis proedure23



when extrating delayed -ray spetrum for the given isomeri transition.The number N isom(ather) is di�erent from the one we measure, andN isom(ather) = N isom(S4)T(S4�ather) , (4.5.6)orN isom(S4) = N(ather)T(S4�ather)G"bP , (4.5.7)Combining (4.5.4) and (4.5.7) we obtain for the isomeri ratio RR = N(ather)T(S4�ather)FG"bPN tot(S4) , (4.5.8)The transmission T(S4�ather) an be estimated from the MOCADI ode [27℄.The fator F is alulated fromF = exp[�Pi( ln2 (TOF )iiT qi1=2 )℄ , (4.5.9)where i=1 to 4 are the four stages of the FRS, T qi1=2 are the half-lives of the ionin the orresponding harge state, and  is the Lorentz fator.The orretion fator G is alulated from:G = exp[� ln2 t0T1=2 ℄[1� exp[� ln2�tT1=2 ℄℄ , (4.5.10)where t0 and �t are the start of the -ray detetion and the time window inwhih data were olleted, respetively.The determination of the isomeri ratio is a very ompliated proedure, whihrequires an absolute eÆieny alibration. This is not an easy task onsidering thegeometry of the Ge detetor set-up and the large size of the beam spot. For thispurpose we have measured alibration spetra with standard soures plaed at tendi�erent geometrial points in the x{diretion at the ather. The analysis of theisomeri ratios of the 208Pb fragmentation experiment was ompleted reently andthe results will be submitted for publiation [31℄. The analysis of isomeri ratiosfrom the 238U �ssion experiment is still in progress.The experimental results an be ompared with isomeri ratios predited bytheoretial models. The abrasion-ablation model has been applied [40℄ to desribethe distribution of angular momenta populated in projetile fragmentation rea-tions. Using the model distributions the isomeri ratio an be alulated underthe extreme simplifying assumption that R is equal to the probability that the �nalreation produt is produed with an angular momentum larger than that of the iso-mer. Results of suh a omparison are available in Ref. [41℄, where the experimentalisomeri ratios of neutron-rih isotopes in the Pb region produed by projetile frag-mentation of 238U are shown to be in very good agreement with the ones preditedby the model. For the in-ight �ssion reation, the fragment angular momentumdistribution populated in the reation is still under investigation.24



Chapter 5Disussion
5.1 Neutron-rih antimony isotopesFigure 5.1 shows the neutron and proton single-partile levels around the N = 82and Z = 50 losures. The lowest exitations for the nulei having few valenepartiles or holes above or below the losures will be determined by the orbitalsavailable for these valene partiles (holes).
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Figure 5.1: Single-partile orbitals for neutrons (�) and protons (�) around theN = 82 and Z = 50 losures.In nulei around 132Sn the oupling of the valene partiles and holes oupying25



relatively high-j orbitals often gives rise to low-spin isomers. One example is theisomer newly identi�ed in 136Sb reported in Paper III.The sti�ness of the 132Sn doubly-magi ore promises that the single-partilestates in the surrounding nulei should be rather pure. In Paper III we investigatethe development of the shell struture omparing the two valene partile nuleus134Sb (one proton and one neutron above the doubly-magi ore) with the isotope136Sb, whih has four valene partiles. The development of olletivity and therole of high-j orbitals is disussed when adding a pair of neutrons. We performedshell model alulations for both 134Sb and 136Sb, using two di�erent approahes -namely, the Kuo-Herling shell model (KHSM), and an empirial shell model (ESM).Two sets of interations have been used to alulate the exitation energies for thelowest multiplets - �g7=2�f7=2 in 134Sb, and �g7=2�f 37=2 in the ase of 136Sb.The results of the alulations are plotted in Figures 4 and 5 in Paper III. TheKHSM model uses realisti two-body matrix-elements from the 208Pb region butsaled down by A�1=3 in the full Z = 50 to 82 and N = 82 to 126 model spaewith mixing. The empirial shell-model uses two-body matrix-elements from 210Bi,saled from the �h9=2�g9=2 multiplet to the �g7=2�f7=2 multiplet, and f 27=2 two-bodymatrix-elements from 134Sn. Pure on�gurations are assumed. Surprisingly, theKHSM and ESM alulations agree almost perfetly, both for 134Sb and for 136Sb.Therefore, inluding of mixing (KHSM), does not a�et strongly the alulations.This means that if there were other orbitals involved in the lowest exitations inthose two nulei, their ontribution should be very small, i.e., the on�gurations arerather pure. The agreement with the experimental data is very good in the aseof 134Sb. Sine we observe only one -ray transition from 136Sb it is diÆult toompare the data with the alulations, but the ground state of I� = 1� preditedby both alulations is in agreement with the ground state spin and parity deduedexperimentally by Ho� et al. [42℄.On the other side, the distribution of the level exitation energy as a funtion ofangular momentum in the lowest multiplets looks very di�erent for the two nulei.While for 134Sb the lowest and the highest spin members of the multiplet are lowerin exitation energy relative to most of the levels in between, the orrespondingstates are loated higher in 136Sb and the level distribution is nearly at. This'parabola', whih attens from 134Sb to its neighbour 136Sb, reminds very muhon the behaviour of the lowest multiplets in the orresponding ounterparts in the208Pb region, 210Bi and 212Bi, disussed by Alexa et al. [43℄. The authors studythe reverse of the energy versus spin parabola as one goes from 210Bi by addingpairs of neutrons and/or protons to 212Bi, 212At, 216At, 216Fr. With and withoutmixing they alulate the sequene of shell-model on�gurations in these odd-oddnulei. The alulations without mixing show that the paraboli struture reversesas one goes from partile-partile on�gurations to partile-hole or hole-partileon�gurations. We expet that in the neighbouring odd-odd antimony isotopes withlarger neutron exess, with the inreasing oupation of the neutron f7=2 orbital, thepartile-partile proton-neutron interation in 134Sb will hange into a partile-holeinteration in 140Sb, whih will invert the parabola distribution via the rather atdistribution alulated for 136Sb. 26



5.2 K-isomers in the A =180-200 mass regionIn the A �180 mass region the nulei are deformed and axially symmetri. There-fore, they are good rotors, i.e. they show olletive rotational bands with exitationenergies proportional to I(I + 1). The isomeri state is normally the band head ofa rotational band and the isomer deays to a band with lower K. Sine many va-lene partiles ontribute to the on�guration of the K-isomeri state, it is diÆultto perform shell-model alulations in an appropriate model spae to explain theexitations in suh nulei.For example, in the ase of the newly observed -ray asade in 190W (see Fig. 2 inPaper I) we have performed bloked BCS (Bardeen{Cooper{Shrie�er) alulationsin the way desribed in Ref. [17℄. The quasi-partile energies and the strength of thepairing fore were �tted to known states in the neighbouring 190;191;192Os and 191Renulei. The alulations suggest a low-lying two-quasipartile state with K� = 10�and a �[505℄9=2� 
 �[615℄11=2+ Nilsson on�guration.An isomer with the same struture has been suggested in the N = 116 isotone192Os. The N = 116 isotones 192Os and 194Pt are well known examples of -softnulei [44, 45℄. In a simple model, the ratio of the exitation energies of the �rst4+ and 2+ states an be used to distinguish between an axially symmetri deformedrotor (for whih the ratio is 3.33), a spherial, vibrational nuleus (the ratio is 2.0),and a -soft nuleus (� 2:5). The dedued ratio of the energies of the 4+ and 2+in 190W is 2.72, whih is lose to the asymptoti limit of 2.5 for a -soft nuleus[46, 47℄.We have also performed on�guration-onstrained potential-energy-surfae al-ulations, aording to the mehanism of Ref. [48℄, for the K� = 10� state in 190W.The results, plotted in Fig. 4, Paper I, predit almost idential shapes for the iso-meri state and the ground state, and suggest signi�ant -softness, whih is inagreement with the onlusion from the 4+=2+ energy ratio.Further examination of the ratio of the 4+ and 2+ energies in omparison withseveral even-even nulei in the neighbourhood was done as illustrated in Fig. 5 inPaper I. The experimental data point for 190W deviates strongly from the generaltrend. While the energies of the �rst two exited states of 190W an be explained interms of triaxiality, their ratio ompared to the systematis is not fully understood.The question ould be related to a breakdown of the Z = 64 shell gap for N < 78and N > 88 [47, 49℄, and to the possibility of a sub-shell gap for proton number 76proposed by Mah [50℄ in a disussion of the alteration of e�etive shell gaps in thisneutron-rih region.It should, however, be noted that the disussion above is based on the levelsheme presented in Fig. 3, Paper I. The sheme was onstruted on the basis of-ray singles information (the statistis did not allow a  oinidene analysis) andomparisons with neighbouring nulei. It is therefore possible that the level orderingould be di�erent.
27



Chapter 6ConlusionsProjetile fragmentation and in-ight �ssion of relativisti heavy ions are highlysuessful mehanisms for produing seondary radioative nulear beams of exotinulei. The ombination of a fragment separator with a germanium detetor arraymounted at the �nal foal plane of the spetrometer is a powerful tool for spe-trosopy studies of nulear systems at the limits. The separator allows for in-ightevent-by-event identi�ation of seleted exoti ions. In this way previously inaes-sible areas of the nulidi hart have been opened up for -ray spetrosopy. In twoexperiments performed at the Fragment Separator at GSI, Darmstadt, using thistehnique, we searhed for isomeri states around the doubly-magi nuleus 132Sn,and in the neutron-rih Hf/W/Os isotopes. We have found a number of new isomersextending the experimental knowledge towards the neutron-rih side of the nulidihart. Still many questions remain open and from the spetrosopi informationobtained for neutron-rih neighbours of 132Sn, as well as in the Hf/W/Os region it islear that further studies of the evolution of low-lying single-partile and olletiveexitations as a funtion of the neutron number is needed.The information from a purely tehnial point of view provided from these ex-periments and the experiene gained in the ourse of them is also an importantissue, whih is very helpful in the proess of designing and the development of newradioative nulear beam failities.
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