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NUCLEAR STRUCTURE AND SELECTION RULES INTHE ROTATIONAL QUASI-CONTINUUM�S. Leonia;b, A. Braoa;b, S. Frattinia;b, G. Montingellia;b,E. Vigezzib, T. Døssing, B. Herskind, and M. Matsuoda Dipartimento di Fisia, Università di MilanoVia Celoria 16, 20133 Milan, Italyb Istituto Nazionale di Fisia Nuleare, sezione di MilanoVia Celoria 16, 20133 Milan, ItalyThe Niels Bohr InstituteBlegdamsvej 17, Copenhagen DK-2100 Ø, DenmarkdYukawa Institute for Theoretial Physis, Kyoto UniversityKyoto 606-01, Japan(Reeived January 13, 1999)The -deay of exited rotating nulei is studied as funtion of heatenergy through a statistial analysis of the �utuation of ounts in -oinident spetra. In partiular, making use of the ovariane tehniquebetween spetra gated by di�erent intrinsi on�gurations, one an �nd ifthere are similarities among asades feeding into di�erent seleted bands.This an be used to learn about the transition between order to haos inthe nulear many-body system, in terms of the validity of seletion rulesassoiated with the quantum numbers of the intrinsi struture. Experi-mental results on the nuleus 164Yb seem to indiate a possible weakeningof the seletion rules already at the moderate exitation energy � 1 MeVabove yrast, probed by the rotational deay-�ow.PACS numbers: 21.10.Re, 21.60.Ka, 23.20.Lv, 27.60.+q1. IntrodutionInformation on the properties of the rotational motion at �nite ther-mal exitation energy an be obtained through the study of the unresolvedquasi-ontinuum, forming ridge and valley strutures in -oinident energyspetra [1℄. In partiular, for a number of rare-earth nulei a statistialanalysis of the �utuation of ounts in double (2D) oinidene matries has� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998. (511)



512 S. Leoni et al.shown that the ridge strutures are formed by a rather low number (� 30) ofdisrete rotational bands, extending up to � 1 MeV exitation energy aboveyrast. In ontrast, a number of oinidene ombinations (� 104) muhlarger than expeted assuming that the rotational deay leads to a unique�nal state has been obtained from the statistial analysis of the entral val-ley, populated by rotational transition from the warmer exitation energyregion. These experimental �ndings demonstrate the fragmentation of therotational deay with inreasing heat energy, a phenomenon known as thedamping of the rotational motion [2℄.Theoretial investigation show that the onset of rotational damping isexpeted to be aompanied by an onset of haoti behaviour in terms ofnearest level distributions and distribution of transition strength [3,4℄. Thisindiates that the study of rotational damping as funtion of nulear tem-perature an be instrumental to understand the transition from the haotiompound nuleus region [5℄, desribed by random ombinations of the avail-able on�gurations, to the zero temperature region, haraterized by regularordered motion, with seletion rules and omplete sets of quantum numbersfor every state [6℄.In this paper a statistial method based on the ovariane tehnique [7℄applied to gated quasi-ontinuum spetra of 164Yb is used to measure thesimilarities between deay �ows originated from the same ompound nuleus
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Fig. 1. Shemati illustration of -deay �ows generated by the same ompoundnuleus region, and feeding into di�erent single partile on�gurations lose to theyrast line. While only the prinipal quantum numbers (E; I; �) haraterize theompound nuleus system, additional quantum numbers (K, ...) assoiated to thesingle partile on�gurations an be given to the nulear system at �0 temperature.A ovariane analysis of - oinidene matries gated by di�erent single partileon�gurations an be used to ompare the deay �ows as funtion of thermal energy(see text).



Nulear Struture and Seletion Rules in the Rotational Quasi-Continuum 513region, and feeding into di�erent seleted bands, in order to test to whihdegrees seletion rules and omplete sets of quantum numbers are onservedby the -asades. In fat, as shematially illustrated in �gure 1, while inthe ompound nuleus region there are no additional onstants of motionbesides the energy E, the total angular momentum I and the parity �, ad-ditional quantum numbers haraterizing the single partile exitations of arotating mean �eld, an be given to eah nulear state at � zero tempera-ture, making the system very lose to be integrable [6℄.2. The experimental analysisA high statistis, high fold data set on 164Yb has been obtained throughthe reation 30Si+138Ba ! 168Yb, after 4n evaporation, using the multide-tetor system EUROGAM II. A stak of two targets, eah evaporated on athin Au foil of � 580�g/m2, has been used, with a total 138Ba thiknessof 450�g/m2. The initial veloity of the residual nulei in the middle ofthe target was alulated to be v= = 1:8%. A total of 220 M triple andhigher-fold events (with an average Ge-fold of 5) was olleted.The data have been sorted into three - oinident spetra G��(E1 ; E2) gated by high spin transitions whih exlusively selet the threebasi on�gurations of signature and parity (�,�) = (0;+); (0;�) and (1;�).A total statistis of �880 M , 650 M and 550 M events have been olletedin the gated matries respetively, before eah spetrum was orreted forthe bakground under the gate-seleted peaks, by subtrating a properlynormalized spetrum B��(E1 ; E2) obtained from narrow gates around thepeaks. The Compton and other unorrelated events have been redued bythe standard COR treatment [8℄.The �utuations of ounts in eah hannel of the two dimensional gatedspetra have been evaluated by the program STATFIT [1℄ and stored intotwo dimensional spetra, after all disrete bands known from previous analy-sis of the level sheme [9℄ have been subtrated from eah 2D matrix, makinguse of the Radware software pakage [10℄. This assure a better evaluationof the �utuations arising from weak unresolved paths [1℄.Figure 2 shows typial perpendiular uts with a width �E = 4~2==(2)� 60 keV at hEi= 900 keV on the �rst moment �1 spetra orrespondingto the (�,�) gated matries of 164Yb. The arrows in the �gure point to theridge strutures populated by weak unresolved disrete rotational bands.The similarities between the -deay �ows �nally populating the threedi�erent (�,�) on�gurations of 164Yb have been studied through the orre-lations in �utuations between two spetra, whih an be evaluated in terms
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Fig. 2. Perpendiular uts 60 keV wide at the average transition energy hEi = 900keV, on the �rst moment �1 spetra orresponding to the (0;+); (0;�) and (1;�)gated matries of 164Yb. The arrows point to the ridge strutures populated byunresolved disrete regular rotational bands.of ovariane of ounts, de�ned as�2;ov(a; b) = 1NhXj [Mj(a)� ~Mj(a)℄� [Mj(b)� ~Mj(b)℄ ; (1)where M(a) and M(b) refer to spetra gated by transitions from two dif-ferent (�,�) on�gurations, denoted by a and b. The sum is over a regionspanning Nh hannels in a two-dimensional setor, and ~M denotes an av-erage spetrum, found by the routine STATFIT as a numerial smoothedthird order approximation of the 2D spetrum. To determine the degreeof orrelation between the two spetra, the orrelation oe�ient r(a; b) is



Nulear Struture and Seletion Rules in the Rotational Quasi-Continuum 515alulated: r(a; b) = �2;ov(a; b)p[�2(a)� �01(a)℄[�2(b)� �01(b)℄ ; (2)where the �rst moments �01 are alulated as�01(��) = �1(G��) + g2���1(B��) : (3)The label �� refers to a given signature and parity on�guration, whileg�� is the bakground saling fator, whih is typially of the order of 0.5.The subtration of the �rst moments �01 from the denominator of (2) orretsfor the diret ontribution to �2 from ounting statistis, whih is linear inthe number of ounts.Correlation oe�ients (2), measuring diretly the similarities betweenthe M(a) and M(b) spetra, have been extrated from the analysis of bothridge and valley regions for ombinations of the seleted on�gurations, andthe results are shown in �gure 3. The shaded areas in the �gures indiatethe transition energy region overed by the gate seleted transitions, whilethe lines at r = 0 and 1 orrespond to the expeted values of the orrelationoe�ient in ase of ompletely di�erent or idential M(a) and M(b) distri-butions, respetively. In partiular, while the limit r ! 0 is expeted to bereahed when omparing the deay �ows at � 0 temperature, where the nu-lear system is governed by strong seletion rules, the opposite value r ! 1is expeted in a ompound nuleus limit. In fat, sine in this ase there areno strong seletion rules besides those assoiated to parity and signature,one expets that a given state an feed demoratially the other on�gura-tions, so that the asades populating di�erent low-lying on�gurations mayhave many transitions in ommon.As one an see from �gure 3a), the average value of the orrelationoe�ient r, as obtained from the analysis of the ridge struture for allpossible pairs of - spetra gated by the di�erent (�,�) on�gurations, isfound to be positive and of the order of 0.3, over the all transition energyregion. This result seem to indiate that only �30% of the deay pathsfollowed by the nuleus at moderate exitation energy above yrast, beforedamping sets in, is in ommon among all asades, as a onsequene ofthe existene of ross talk transitions between rotational bands based ondi�erent (�,�) on�gurations. In the remaining 70% of the ases, the -asades seem to be governed by strong seletion rules, whih will keep thedeay-�ow within a given (�,�) on�guration.As shown in �gure 3b) and ), the ovariane analysis of the valley givesinstead a orrelation oe�ient r lose to 0 in the transition energy regionovered by the gate seleted -rays, while at higher transition energies rseems to approah 1, suggesting a stronger sharing of deay paths among



516 S. Leoni et al.

600 800 1000 1200 1400 1600

Eγγ (keV )

0.0

0.5

1.0

1.5

2.0

2.5

r GA TE
REGI ON

V all ey
(0 , +) - (0 , -)

0.0

0.5

1.0

1.5

2.0

2.5

<
r>

Ridges

GA TE
REGI ON

0.0

0.5

1.0

1.5

2.0

2.5

r

(0 , -) - (1 , -)

GA TE
REGI ON

V all ey

a )

b )

c )

Fig. 3. The orrelation oe�ient r extrated from the experimental analysis of164Yb. Part a) shows the average value of r, as obtained from the analysis of theridge struture for all possible pairs of (�,�) gated spetra, while b) and ) referto the ovariane analysis of the valley for the ombinations (0;�) � (1;�) and(0;+) � (0;�), respetively. The shaded area indiate the energy region overedby the transitions seleted as gates.
asades whih �nally feed into di�erent intrinsi on�gurations. This anbe taken as an indiation of a ompound behavior of the part of the deaywhih lies at heat energy �1 MeV, with rotational frequeny between 500and 650 keV. This an be explained assuming a statistial nature of theE1, M1 and possibly unstrethed E2's feeding transitions onneting thedi�erent (�; �) on�gurations. However, the large error bars on r at thehighest transition energies, related to the poor ounting statistis in thevalley region of the gated - matries, suggest that further investigationsare neessary to obtain more �rm onlusions.



Nulear Struture and Seletion Rules in the Rotational Quasi-Continuum 5173. ConlusionsStatistial analysis of the �utuation of ounts in - spetra an beused to obtain general information on the rotational deay of exited nuleieven in the region a few MeV above the yrast line. In the present paper theovariane tehnique between pairs of 2D spetra, gated by di�erent intrinsion�gurations lose to the yrast line, has been presented and disussed inonnetion with the experimental analysis of the quasi-ontinuum of 164Yb.The method an give information on the transition between order to haosin the nulear system, in terms of loss of quantum numbers and validity ofseletion rules. The obtained results seem to indiate a possible weakening ofthe seletion rules already at the moderate exitation energy � 1 MeV aboveyrast, probed by the rotational deay-�ow. The analysis enourages furtherexperimental and theoretial studies for the understanding of the omplexmehanism of mixing between single partile on�gurations, as funtion ofthermal energies.The support of I.N.F.N. and of the Danish Natural Siene ResearhCounil is aknowledged. REFERENCES[1℄ T. Døssing et al., Phys. Rep. 268, 1 (1996).[2℄ B. Lauritzen, T. Døssing, R. A. Broglia, Nul. Phys. A457, 61 (1986).[3℄ M. Matsuo et al., Nul. Phys. A617, 1 (1997).[4℄ M. Matsuo et al., Nul. Phys. A620, 296 (1997).[5℄ R.U. Haq, A. Pandey and O. Bohigas, Phys. Rev. Lett. 48, 1086 (1982).[6℄ B.R. Mottelson, Nul. Phys. A557, 717 (1993).[7℄ P. Bosetti et al., Phys. Rev. Lett. 76, 1204 (1996).[8℄ O. Andersen et al., Phys. Rev. Lett. 43, 10 (1979).[9℄ A. Nordlund et al., Nul. Phys. A591, 117 (1995).[10℄ D.C. Radford, Nul. Instrum. Methods A 361 297 (1995).


