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POPULATION OF HIGH SPIN STATESIN RELATIVISTIC FRAGMENTATION�M. Pfützner,Institute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolandP.H. Regan, P.M. Walker, Zs. Podolyák, M. CaamañoDept. of Physi
s, University of SurreyGuildford, GU2 7XH, UKJ. Gerl, M. Hellström, P. MayetGSI, Plan
kstrasse 1, D-64291 Darmstadt, Germanyand M.N. MinevaDiv. of Cosmi
 and Subatomi
 Physi
s, Lund UniversitySE-22100, Swedenfor the GSI ISOMER Collaboration(Re
eived April 24, 2001)The population probabilities of isomeri
 states in the 10 ns to ms regimehave been studied following their produ
tion via the fragmentation of a208Pb beam at 1 GeV per nu
leon. Gamma de
ays from approximately 20isomeri
 states, mostly in the A � 180 region, have been measured. Their
orresponding isomeri
 ratios were 
ompared with theoreti
al predi
tionsbased on the abrasion�ablation model of fragmentation, whi
h 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 Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2507)
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tionProgress in exploration of nu
lei with extreme N=Z ratios, observed inthe last de
ade (see for example Refs. [1�3℄) pro�ted to a large extend fromthe te
hnique of proje
tile fragmentation at intermediate and relativisti
 en-ergies, 
ombined with the unambiguous 
hannel sele
tion a�orded by stateof the art magneti
 separators and in-�ight identi�
ation of individual ions.As re
ently demonstrated by results from both GANIL and GSI, the ap-pli
ation of this te
hnique to the spe
tros
opy of �s isomer de
ays, allowsthe �rst identi�
ation of ex
ited states in nu
lei very far from stability, evenwith se
ondary beam produ
tion 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 rea
tions, hasnot been thoroughly studied. Re
ently, isomeri
 ratios of a number of mi-
rose
ond isomers produ
ed at GANIL in the quasifragmentation rea
tion of112Sn and 86Kr beams were published [6,7℄ followed by a systemati
al mea-surement of the population of angular momentum at energies of about 60MeV/nu
leon [8℄. However, for proje
tile energies above 100 MeV/nu
leon,the only reported results are population probabilities for a few isomers pro-du
ed at GSI Darmstadt [9, 10℄.A more systemati
 study of mi
rose
ond isomers has re
ently been per-formed at SIS/FRS fa
ility at GSI with a beam of 208Pb at 1 GeV/nu
leon.Some results, in
luding observation of a number of new isomers and isotopesas well as the dis
ussion of sele
ted 
ases, have already been published else-where [5, 11�13℄. In the 
urrent work we report on population probabilitiesdedu
ed for approximately twenty previously known isomeri
 states whi
hwere identi�ed in this experiment. A detailed des
ription of the experi-ment and data analysis, and their 
omparison with the theoreti
al modeldes
ribed below, is given in Ref. [14℄. In the present work, a brief summaryof the main results and the question of the dependen
e of the isomeri
 ratioson the parallel momentum of the fragmentation produ
ts will be addressed.2. Experimental 
onsiderationsInvestigated nu
lei were produ
ed by the fragmentation of a 1 GeV pernu
leon 208Pb primary beam, delivered by the SIS syn
hrotron, impingingon a 1.6 g/
m2 beryllium target, lo
ated at the entran
e of the GSI proje
tilefragment 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 typi
ally 4 and 10 s, respe
tively.The FRS was operated in the standard a
hromati
 mode with an alu-minium wedge-shaped degrader of 4.4 g/
m2 thi
kness lo
ated at the inter-mediate fo
al plane. Downstream of the target and the degrader niobium
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 Fragmentation 2509foils of thi
kness 221 mg/
m2 and 108 mg/
m2, respe
tively, were mountedin order to in
rease the ele
tron stripping e�
ien
y. As the result, the typ-i
al probability of an ion being fully stripped was found to be about 96 %and 88 % for the two strippers, respe
tively.The full in-�ight identi�
ation of ions arriving to the �nal fo
al planeof the FRS was a
hieved by measurements of the magneti
 rigidity (B�),time of �ight (TOF) and energy loss (�E) of ea
h ion. Two, 5 mm thi
k,plasti
 s
intillators mounted at the intermediate and the �nal fo
al planeserved for both the TOF and the horizontal position measurements. Thelatter, together with the magneti
 �eld values, yielded the magneti
 rigidityB� of the parti
les. The horizontal position at the �nal fo
al plane wasadditionally measured by means of two multi-wire proportional 
hambers.The position at the �nal fo
us was used as a measure of the energy lostby an ion in the materials at the intermediate fo
al 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 thi
kness to be implanted in a 4 mm thi
kaluminium 
at
her. An additional plasti
 s
intillator mounted in front ofthe 
at
her was used to suppress events resulting from nu
lear intera
tionsof ions during the slowing-down pro
ess. The 
at
her was surrounded byfour segmented 
lover germanium dete
tors from the EXOGAM 
ollabora-tion [16℄ and a large volume GSI `Super Clover'. Ea
h dete
tor 
onsisted of4 separate germanium 
rystals but out of 16 available gamma 
hannels only14 were used � two 
hannels were reje
ted due to bad performan
e.The main steps in the heavy ion identi�
ation pro
edure are illustratedin Fig. 1 showing a sample of data 
olle
ted 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 
al
ulated. Then, the horizontal po-sition at the intermediate fo
al plane, x1, is plotted against A=q (Fig. 1(a)).The three distin
tive groups of ions 
orrespond to three 
harge state di�er-en
es between the �rst and the se
ond FRS se
tions. The group marked bya polygon represents ions whi
h pi
ked-up one ele
tron while passing mate-rials at the intermediate fo
us. They 
onsist predominantly of fully strippedions in the �rst se
tion (target-to-degrader) and H-like in the se
ond se
-tion (degrader-to-�nal fo
us). On the other hand, the group to the left ofthose, represents ions whose 
harge state remained un
hanged while passingintermediate fo
us. These are mostly ions whi
h passed the whole FRS asfully stripped ions. For events sele
ted by the polygon in Fig. 1(a), the plotof horizontal position at the �nal fo
us, 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). Su
h sele
tion is further



2510 M. Pfützner et al.

200Pt

A/Q

a)

b)

x 2 
[m

m
]

x 1 
[m

m
]

-75

-50

-25

0

25

50

75

2.52 2.54 2.56 2.58 2.6 2.62 2.64 2.66 2.68

-100

-75

-50

-25

0

25

50

75

100

2.58 2.59 2.6 2.61 2.62 2.63Fig. 1. Illustration of heavy ion identi�
ation pro
edure. (a) Horizontal position atthe intermediate fo
us vs. A=q ratio measured at the se
ond stage of the FRS. A
ontour line shows the sele
tion of ions whi
h pi
ked-up one ele
tron while passingmaterials at the intermediate fo
us. (b) Horizontal position at the �nal fo
us vs.A=q for ions sele
ted in (a). Events 
orresponding to 200Pt are indi
ated by a
ontour line.puri�ed by means of energy loss signals from the ionization 
hamber and thes
intillator in front of the 
at
her. For the detailed des
ription of the fullpro
edure, the reader is referred to Ref. [14℄.For ea
h ion identi�ed at the �nal fo
al plane, the ele
troni
 gate forgamma dete
tion was opened for a period of 80 �s and all subsequent sig-nals from gamma dete
tors, prompt and delayed, together with the signalsfrom parti
le dete
tors were stored as a single event. For ea
h 
hannel, thegamma ray energy as well as the time between the implantation and gamma
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tion was registered. The duration of the gate was mu
h shorter than theaverage time between 
onse
utive ions. Thus, delayed gamma radiation 
anbe unambiguously asso
iated with the identi�ed ion. Su
h a gamma spe
-trum, 
orrelated with 200Pt events and summed over all dete
tors, 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. Sin
e the energy of the isomeri
 transition in this
ase is lower than the K-ele
tron binding energy, the 
onversion bran
h isblo
ked even in the H-like 
harge state and, 
onsequently, the half-life of thehighly stripped ion in �ight is mu
h longer than that of neutral atom at rest.
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trum 
orresponding to 200Pt ions summed over 14 Ge-
rystals. The time 
ondition was applied that a gamma ray was dete
ted less than200 ns after the arrival of the ion in
luding the prompt radiation.The stopping of heavy ions in the 
at
her was a

ompanied by a burst ofprompt radiation. Sin
e the dete
tion of prompt rays was allowed, and onlythe �rst gamma ray in every 
hannel was re
orded, the e�
ien
y for delayedradiation was signi�
antly redu
ed. This problem is illustrated in Fig. 3where the multipli
ity distribution of prompt gamma events 
orrelated with179W ions is shown. It is seen that on average about 9 dete
tors out of 14dete
ted a prompt gamma ray less than 400 ns after arrival of a 179W ion.This means that the e�e
tive e�
ien
y for gamma rays delayed more than400 ns is redu
ed in this 
ase nearly by a fa
tor of 3.
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tor multipli
ity distribution of gamma rays de-te
ted less than 400 ns after arrival of a 179W ion.For the quantitative analysis of isomeri
 de
ays, the e�
ien
y of ea
h
rystal as measured with 
alibration sour
es was 
orre
ted for this prompt-blo
king e�e
t. This 
orre
tion was done separately for ea
h sele
ted isotopeand for ea
h 
rystal and involved 
al
ulating probabilities for dete
ting aprompt gamma ray. 3. Analysis and resultsIn the 
ourse of the experiment, de
ays of about 20 previously knownisomers were dete
ted. For these 
ases, where details of the isomer's de
ays
heme are known, one 
an determine the isomeri
 ratio, de�ned as theprobability of populating the isomeri
 state in a given nu
leus. The isomeri
ratio 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�e
tive e�
ien
y, b
 is the probability that the de
ay pro
eeds throughthis transition (i.e., the absolute bran
hing ratio), Nimp is the number ofimplanted heavy ions, and F and G are 
orre
tion fa
tors for the in-�ightisomer de
ay losses and for the �nite dete
tion time of gamma radiation,
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tively. The fa
tor F is given by:F = exp ���0 �TOF1
1 + TOF2
2 �� ; (2)where TOF1 (TOF2) is the Time Of Flight through the �rst (se
ond) stageof the FRS, 
1 (
2) is the 
orresponding Lorentz fa
tor (
 = 1=p1� �2). Itis assumed here that ions are fully stripped in both stages of the FRS. Thentheir in-�ight de
ay 
onstant �0 
ould di�er 
onsiderably from the value foran ele
tri
ally neutral atom, �. For the fully stripped ion the relation is:�0 = �Xi b
i1 + �itot ; (3)where the summation is over all the de
ay bran
hes depopulating the isomer.If the analyzed gamma spe
trum is produ
ed with the delay-time valuesbetween ti and tf , the 
orre
tion fa
tor G is equal to:G = exp(�� ti)� exp(�� tf ) : (4)The results of this analysis are shown in Fig. 4 where the dedu
ed iso-meri
 ratios are plotted as a fun
tion of spin J . The data 
over a broad rangeof angular momentum from 5 ~ to 35=2 ~. The latter value is presently thehighest dis
rete angular momentum observed in a produ
t of the fragmen-tation rea
tion.The measured isomeri
 ratios are 
ompared with a simple predi
tionbased on the abrasion�ablation model of the fragmentation rea
tion. Asshown by de Jong, Ignatyuk and S
hmidt [18℄, the probability that thefragmentation produ
t is formed in an initial state of angular momentum J
an be approximated by a simple analyti
al 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 proje
tile mass number, �A is the mass di�eren
e betweenthe proje
tile and the fragment and � is the quadrupole deformation param-eter. The approximation holds for �A � 10 and fails for fragments 
lose tothe proje
tile.
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Fig. 4. Measured isomeri
 ratios as a fun
tion of isomer's spin J in units of ~.The full points indi
ate yrast states. Predi
tions of the simple sharp 
ut-o� modelare shown for two values of mass di�eren
e between the proje
tile and the isomer.In 
ases where two or more isomers were observed in the same nu
leus, only theuppermost state is 
onsidered here.Now, the probability that a statisti
al gamma 
as
ade 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 de
ay tothe isomer. This lead to the following predi
tion for the isomeri
 ratio:Rth = 1ZJm PJ dJ = exp"�Jm (Jm + 1)2�2f # : (7)Sin
e the predi
ted 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 to
ompare with the measured values. We observed however, that a majorityof data points are from nu
lei with masses between A = 185 and A =174. Predi
tions for these two masses, assuming quadrupole deformationparameters of � = 0:23 [19℄, are shown in Fig. 4. We note that the sharp
ut-o� model appears to represent an upper limiting value for the isomeri
ratio. The assumption that all states with the higher angular momentumde
ay to the isomer should rather overestimate the predi
tion, espe
ially for
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 Fragmentation 2515isomers lying far above the yrast line. Indeed, the yrast isomers, marked inFig. 4 with the full 
ir
les, are generally populated with larger probabilitiesand are in reasonable agreement with the model. The two ex
eptions are206Hg and 179Ta. The former 
ase, di�ering from the proje
tile only by twomass units, 
annot be des
ribed by Eqs. (5) and (6). The redu
tion of theisomeri
 ratio in 
ase of 179Ta might be explained by the existen
e of a long-lived isomer (T1=2 = 11 ms, I� = 21=2+) lo
ated just above the observed21=2� state [20℄ whi
h may trap a substantial part of the gamma 
as
ade.Consequently, the feeding of the 21=2� isomer, observed in the relativelyshort time (< 80 �s) may be redu
ed. This suggests that although theex
itation energy of the isomer with respe
t to the yrast line is of someimportan
e for the population probability, the stru
tural fa
tors, like thepresen
e of long-lived states or detailed bran
hing s
heme, parti
ularly 
loseto the yrast line where the level density is low, may strongly a�e
t the �nalresult in individual 
ases.4. Dependen
e of isomeri
 ratios on the fragment momentumA re
ent study of isomer population in fragmentation-like rea
tions atintermediate energy [8℄ revealed that for the fragments 
lose to the proje
tilethe isomeri
 ratios depend strongly on the momentum of the fragment witha pronoun
ed extremum value at the momentum of the beam. On the otherhand, for fragments more than 6 nu
leons away from the proje
tile no su
hdependen
e was found. Moreover, su
h a behavior was found to be in aqualitative agreement with the kinemati
al 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
 produ
ed in the fragmentation of 500MeV/nu
leon 46Ti beam [9℄. Again, the very strong dependen
e on themomentum was found � in the wing of the momentum distribution theisomeri
 ratio was 15 times larger than in the 
enter.To sear
h for similar phenomena in our data, we sele
ted four 
aseswhere isomeri
 de
ays with high statisti
s were observed: two 
ases 
loseto the proje
tile (206Hg and 200Pt) and two far from it (181Re and 177Ta).The information on the momentum of the fragment is given dire
tly by thehorizontal position at the intermediate (dispersive) fo
al plane, measuredby the plasti
 s
intillator. By imposing software 
uts, events 
orrespondingto di�erent parts of the momentum distribution were sele
ted and isomeri
ratios were determined separately for ea
h 
ut. The results of this analysisare shown in Fig. 5. Sin
e the data a
quisition was triggered by ions whi
harrived at the �nal fo
us, the observed yield distribution at the interme-diate fo
al plane is 
ut by the FRS transmission. A 
omparison with the
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Fig. 5. Produ
tion yields (top) and isomeri
 ratios (bottom) for four nu
lei mea-sured as a fun
tion of horizontal position x1 at the intermediate fo
al plane of theFRS whi
h is proportional to the parallel momentum of the nu
leus. The spin andparity of the analyzed isomer is indi
ated. The yield distributions for 206Hg and200Pt are not symmetri
al be
ause they are 
ut by the FRS transmission.
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 Fragmentation 2517ion-opti
al Monte Carlo simulations [22℄ showed that in 
ase of 200Pt ap-proximately 80 % of the full momentum distribution is seen, while in other
ases this number is larger than 90 %. Although the error bars are large,no strong dependen
e of isomeri
 ratio on the momentum (as reported inRefs. [8,9℄) is observed. In 
ase of 206Hg, whi
h is the 
losest nu
leus to theproje
tile we have studied, an in
rease of isomeri
 ratio at low momentumis seen but it amounts only to about a fa
tor of two.5. SummaryThe population of isomers produ
ed in the relativisti
 fragmentationof a 208Pb beam has been systemati
ally investigated. Isomeri
 ratios werededu
ed for approximately 20 de
ays, in nu
lei ranging is mass number fromA = 136 up to A = 206, and up to 35=2 ~ in angular momentum. A simpletheoreti
al pres
ription, based on the statisti
al abrasion�ablation model ofthe fragmentation me
hanism was found to give a good representation ofthe upper limit for the isomer population probability. No 
lear dependen
eof the ratio on the momentum of the fragment was observed.This work was supported by EPSRC (UK), the Polish State Committeefor S
ienti�
 Resear
h (KBN) under grant 2 P03B 036 15, Department ofEnergy 
ontra
t DE-FG02-96ER40983 (USA), and the EU A

ess to LargeS
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