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SHAPES OF HOT AND ROTATING NUCLEISTUDIED WITH THE HECTOR ARRAY�Adam MajH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived February 5, 2001)Results from a number of GDR experiments aiming at the investigationof hot nu
lear shapes in two very di�erent mass regions and performed withthe HECTOR array are presented. ForA=46 Ja
obi shapes at high angularmomenta were observed. For A=216 indi
ations of large deformations atangular momenta 
lose to the �ssion limit were found.PACS numbers: 21.10.Re, 24.30.Cz, 25.70.Gh1. Introdu
tionThe Giant Dipole Resonan
e (GDR), 
oherent small-amplitude os
illa-tions of protons against neutrons, was found to be a very good probe ofnu
lear shapes. This is be
ause the shape of the GDR strength fun
tionre�e
ts the average nu
lear quadrupole deformation: in spheri
al nu
lei thestrength fun
tion 
an be des
ribed by a single Lorentzian fun
tion, whereasin deformed nu
lei the strength fun
tion splits into 2 or 3 
omponents, re-�e
ting the os
illations along the major axes of the nu
leus (see e.g. [1℄).The size of this energy splitting is proportional to the deformaton param-eter �. In addition, the 
-de
ay of the GDR from highly ex
ited states isvery fast, so it 
an 
ompete with other modes of nu
lear de
ay, and therefore
an provide the information on the initial stages of ex
ited nu
lei. Duringthe last 10 years the study of highly ex
ited and rotating nu
lei through theinvestigation of the 
-de
ay of the GDR has been developed 
onsiderably,both experimentally as well as theoreti
ally (see e.g. [2�7℄ and referen
estherein).� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(793)



794 A. MajA sizable 
ontribution to this progress was provided by the Copenhagen-Milan-Cra
ow 
ollaboration, based on ex
lusive experiments performed withthe HECTOR array (see Se
. 2). The 
arried investigations were 
on
en-trated mainly on the following aspe
ts: the shape and thermal shape �u
tu-ations, the origin of the GDR width, the properties of some �exoti
� nu
lei(super-deformation, heavy and super-heavy nu
lei, Ja
obi shapes) and on�entran
e 
hannel� e�e
t in 
ompound nu
leus formation. The main a
hieve-ments are summarized below.The hot nu
lei do not have a well de�ned shape, as it is the 
ase for the
old nu
lei, but they do �u
tuate. These �u
tuation 
an a�e
t the measuredquantities, as the GDR strength fun
tion and angular distribution. Theextend of this �u
tuations, their dependen
e on temperature and angularmomentum, and their in�uen
e on the measured quantities were investigatedin many nu
lei [8�12℄.The observed energy width of the GDR was found to arise from the in-terplay of two e�e
ts: the thermal shape �u
tuations, whi
h are 
ontrolledby the nu
lear temperature, and the deformation e�e
ts, 
ontrolled by theangular momentum. In addition it was found, that the �
ollisional damping�e�e
ts, giving rise to the intrinsi
 GDR width, does not depend on temper-ature [13�15℄.The GDR 
-de
ay from hot super-heavy nu
leus 272Hs was possible tobe observed for the �rst time [16, 17℄. The studies have shown, that the�ssion pro
ess is slow enough, so there is time for 
olle
tive modes to build-up. It was possible to extra
t the information on the lifetime of su
h hotsuper-heavy system, and on its e�e
tive shape.It was possible, for the �rst time, to observe the low energy 
omponentof the GDR built on the superdeformed dis
rete band in 143Eu [18,19℄. Fromthe intensity of this 
omponent it was 
on
luded, that the superdeformationis the property of rather 
old nu
lei.The in�uen
e of the entran
e 
hannel e�e
t of the 
ompound nu
leusformation was investigated [20,21℄. The experimental results suggest a pos-sibility of the pre-equilibrium emission of �-parti
les at high angular mo-menta in the 
ase of symmetri
 rea
tion. Su
h an emission populates the
ompound nu
leus at di�erent ex
itation energy and angular momentum, as
ompared to the 
ase of asymmetri
 rea
tion.This paper 
on
entrates on results 
on
erning the �exoti
� shapes at highangular momenta of nu
lei from two very di�erent mass regions. In Se
. 3are shown the results of the sear
h for Ja
obi shapes in 46Ti nu
lei. Se
. 4
ontains the preliminary results of the experiment 
on
erning the shapes of216Rn nu
lei.
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lei : : : 7952. The HECTOR arrayThe HECTOR (High-Energy 
-ray deteCTOR) array was built in 1989as a Danish�Italian 
ollaboration. The essential part of the array 
onsistsof 8 large volume s
intillators of BaF2 for the dete
tion of high-energy pho-tons and 38 smaller hexagonal BaF2 
rystals that serve as multipli
ity �lter(
alled HELENA) for the low-energy 
-transitions. The details 
an be foundin [8℄. HECTOR was originally lo
ated at the Tandem A

elerator Labora-tory of the NBI (Denmark). It has operated there until 1998, when it wasmoved to the LNL at Legnaro (Italy).

Fig. 1. The HECTOR set-up in LNL Legnaro (photo by F. Camera).It was there upgraded by the Milano�Cra
ow�Copanhagen 
ollaboration,and operates sin
e then. Fig. 1 shows the photography of the present set-up.Four 
arriages, ea
h of them 
arrying two BaF2 dete
tors, pla
ed on the
orrelation table, 
an be pre
isely moved around the target and �xed atany angle. A pair of dete
tors in ea
h 
arriage 
an be arranged either inhorizontal plane (� = 0Æ) or out of horizontal plane (� = �18Æ), dependingon the experiment's needs. Su
h a 
onstru
tion gives the �exibility to setup di�errent types of experiments.
Fig. 2. The extension of the HECTOR set-up used for the re
oil-
at
her experi-ments.



796 A. MajIt 
an also be easily extended by inserting additionally auxiliary dete
-tors. Fig. 2 shows, for example, the 
at
her set-up added to the standardHECTOR 
on�guration for the experiment dis
ussed in Se
tion 4. TheHECTOR dete
tors were also used in 
onju
tion with the large Ge-arrays(NORDBALL, PEX, EUROBALL) [18, 19℄.3. Sear
h for Ja
obi shapes in light nu
leiIn the sear
h for exoti
 nu
lear shapes, the light- and medium-mass nu
leiare of spe
ial interest. This is be
ause these nu
lei are expe
ted to undergoa Ja
obi shape transition (from oblate via triaxial to very elongated prolate)at values of the angular momentum whi
h are relatively low and below the�ssion limit. For example for nu
lei with mass A � 45 the 
riti
al angularmomentum for the Ja
obi transition is expe
ted to be around 29 ~.The experimental signatures for Ja
obi shapes for A � 45 nu
lei wouldbe a pronoun
ed high energy bump at E
 � 25 MeV in the strength fun
-tion of the GDR together with a rather large anisotropy. In parti
ular theanisotropy should be 
hara
terized by negative values of the A2 
oe�
ientbelow E
 � 18�19 MeV and by positive values at higher transition energies.The �rst experimental eviden
e for the Ja
obi shape transition was ob-tained by the Seattle group [23℄ for the 45S
 
ompound nu
lei and it wasbased on in
lusive spe
tra. In the photon absorption 
ross-se
tion a shoul-der at E
 � 25 MeV was found whi
h be
omes more and more visible within
reasing bombarding energy. This has suggested large e�e
tive deforma-tion of the 
ompound system at high rotational frequen
ies. However, the
orresponding A2 
oe�
ient of the angular distributions did not show theexpe
ted behavior.In order to sear
h for the Ja
obi transition e�e
t, and to explain theunexpe
ted behaviour of the measured angular anisotropy, we have stud-ied the GDR de
ay from the hot and rotating 46Ti nu
leus populated inthe 18O+28Si rea
tion at 98 MeV, using the a

elerator fa
ility of the NielsBohr Institute at Risø (Denmark). The 
ompound nu
leus 46Ti was pro-du
ed with the ex
itation energy of 81 MeV, and with angular momentumdistribution with lmax � 32 ~. The high-energy 
-rays were measured asa fun
tion of the multipli
ity �lter's fold at di�erent angles [27℄.Fig. 3 shows the experimental results for the 2 fold regions. The upperrow displays the measured spe
tra in the logarithmi
 s
ale, together with theresults of the statisti
al model �t. The 
al
ulations assumed that the GDRstrength fun
tion is of double Lorentzian type. To examine the details of theGDR strength fun
tion, the experimental spe
tra were 
onverted into ourbest estimate of the photon absorption 
ross-se
tion and shown in a linears
ale in the middle row of Fig. 3. This GDR 
ross-se
tion is represented by
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Fig. 3. Results from the measurement of the GDR 
-de
ay from 46Ti�. Upper row:experimental spe
tra (in logarithmi
 s
ale) for low (5�6) and high (9�11) fold re-gions (points) and results of the CASCADE 
ode �ts (lines). Middle row: thephoto-absorption 
ross-se
tion determined from the �ts (solid lines) together withthe two Lorentzian 
omponents (dashed lines); and photo-absorption 
ross-se
tionextra
ted from the measured spe
tra (points). Bottom row: experimental spe
traof the A2 
oe�
ient of the angular distributions.the expression F2L � Yexp=Y�t. In this expression Yexp is the experimentalspe
trum and Y�t is the 
al
ulated spe
trum assuming that the GDR de
ay
an be represented by the double Lorentzian fun
tion F2L, the latter beingthe best �t to the experimental spe
trum. For the data gated by highfolds one 
an note a shoulder at around E
 � 24MeV, similar to that seenin the 45S
 nu
leus [23℄. The quadrupole deformation parameter dedu
edfrom the 
entroids of the 2 �tted Lorentzian 
omponents is � � 0:4. Su
ha splitting 
ould be 
onsisted with the Ja
obi shapes. The spe
tra of theA2 
oe�
ient from the angular distribution extra
ted from the data aredisplayed in the bottom row of Fig. 3. For the low folds data the data



798 A. Majare negative in both regions of the low and high energy GDR 
omponents,showing a similar behaviour found in 45S
. In 
ontrast, for the highestfold window, the behaviour of the A2 
oe�
ient 
hanges and follows theexpe
tation namely of being negative for the low energy 
omponent andpositive for the high one. A possible explanation for the pe
uliar behaviourof the A2 distributions for lower folds (and for the in
lusive data of Seattlegroup) 
ould be existen
e in the spe
tra of low multipli
ity 
omponent, forexample from in
omplete fusion.In order to understand why only for the highest folds the data are show-ing both the expe
ted shoulder in the GDR strength fun
tion, and the 
or-re
t angular distribution behaviour, one has to note that in light nu
lei thepreferred de
ay is via evaporation of 
harged parti
les. This 
an removesubstantial amounts of angular momentum from the 
ompound system.This is illustrated in Fig. 4, where the 
al
ulated population distributionsof the residual nu
lei are shown. In the 
al
ulations it was assumed thatthe initial 
ompound nu
leus was populated at given angular momentumbin. For the heavier nu
leus, as for example 147Eu (upper row), the di�erentinitial spins of 
ompound nu
leus are 
orrelated with di�erent angular mo-mentum distributions of �nal nu
lei (hen
e di�erent measured folds). For

Fig. 4. Cal
ulated population distributions of residual nu
lei in the dominant evap-oration 
hannel on E� vs I plane, as a fun
tion of the initial angular momentum Iiof the 147Eu (upper row) and 46Ti 
ompound nu
lei. One 
an see that in the 46Ti
ase the population distribution (whi
h determines the measured fold distribution)is almost insensitive to Ii.
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lei : : : 799the light nu
leus 46Ti (bottom row) however, the �nal distributions are al-most the same. Therefore the measurement of high-energy 
-rays asso
iatedwith low-fold and medium-fold 
oin
iden
es of low-energy 
-rays is ratherinsensitive to the angular momentum of the de
aying system, and 
ontains
ontribution both from low and high angular momenta. Only when gatingon very high-fold 
oin
iden
es (
orresponding to high 
-multipli
ity) one isfavouring the sele
tion of the events originating mainly from the highest an-gular momenta of the 
ompound nu
leus. The high folds region 
orrespondsto angular momentum of 30� 5 ~, indeed probing the region where Ja
obitransition is expe
ted to appear.A simple estimate of the type of the e�e
tive shape probed by the giantdipole os
illation 
an be obtained by 
omparing the measured quantities(strength fun
tion and A2) with the 
al
ulations 
orresponding to the �xeddeformation parameter � = 0:4, as obtained from the statisti
al model �t.These 
al
ulations, representing a �rst level analysis, are shown in Fig. 5 in
omparison with the experimental quantities. Two of them 
orrespond toaxially symmetri
 shapes: 
 = 0Æ (
olle
tively rotating prolate shape) and
 =�60Æ (oblate, non-
olle
tive rotation). The third 
al
ulation is for the3-axial shape with 
=�30Æ. In the 
ase of the GDR strength fun
tion one
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Fig. 5. Experimental 
ross-se
tion and A2 spe
tra for the highest fold windowtogether with simple 
al
ulations assuming 3 di�erent nu
lear shapes, with thesame deformation parameter �, but di�erent non-axiality parameters. Also theresults from the thermal shape �u
tuation model of Y. Alhassid are shown.



800 A. Maj
an rule out the oblate shape (upper part of Fig. 5) while in the 
ase of theA2 
oe�
ient (bottom part of Fig. 5) one sees that the prolate shape is theone that gives the worst �t to the data. Consequently, altogether these verysimple estimates suggest that these 46Ti nu
lei have an e�e
tive deformationwith � � 0:4 and of triaxial type with 
 � �30Æ, 
orresponding to the ratioof major axes 1:6 : 1:25 : 1. These shapes are those expe
ted for nu
leiundergoing the Ja
obi shape transition. Additionally, the predi
tion basedon the model in
luding thermal shape �u
tuations and in whi
h the Ja
obiinstability is visible [24℄, are shown in the Fig. 5 as long dashed line. Theyalso 
an reprodu
e the experimental �ndings, supporting the indi
ation ofJa
obi shapes present at high angular momenta.4. Shapes of hot Radon nu
lei 
lose to the �ssion limit� isomer tagged GDR spe
traNu
lei possessing large angular momenta, in the vi
inity of the �ssionbarrier, are expe
ted to have large deformations. So far, the problem ofshapes in �ssioning nu
lei has been studied with measurements in whi
hGDR 
-de
ay was dete
ted in 
oin
iden
e with the �ssion fragments (post-�ssion) and from the �ssioning nu
lei (pre-�ssion) [16, 17, 25℄. The analysisand the interpretation of su
h experiments is however di�
ult, sin
e themeasured spe
tra 
ontain 
ontribution both from the GDR de
ay in the�ssioning nu
leus and in the �ssion fragments.It is therefore 
lear that measurements asso
iated with nu
lei 
lose to the�ssion barrier but surviving the �ssion 
ompetition are extremely interestingsin
e they allow to study the nu
lear shapes in a new regime and in spe
trafree from �ssion fragments 
ontribution. In addition, measurements of thistype are important to test the model of thermal shape �u
tuations in thisextreme regime 
lose to the �ssion, not yet explored.In the experiment performed with the HECTOR array in LNL-Legnarowe made use of long-lived high-spin isomeri
 states in 212Rn (I� = 30+;T1=2 = 154 ns) and 211Rn (I� = 63=2�; T1=2 = 201 ns) to tag the GDR de-
ay from the angular momentum region 
lose to the �ssion limit [27℄. Thebasi
 idea of the experiment was to use the re
oil-
at
her geometry te
h-nique, similar to that previously employed in dis
rete 
-spe
tros
opy of thePolonium isotopes [28℄ or in the GDR studies of Dysprosium isotopes [29℄.The 
ompound nu
leus 216Rn was formed in the 96 MeV 18O on 198Ptrea
tion with the angular momentum distribution with Imax � 40 ~. Thevalue of the maximum angular momentum imparted by the rea
tion ex
eedsslightly the �ssion limit expe
ted to be around 35 ~. Therefore one 
anexpe
t that the de
ay path of the 
ompound nu
leus in 
ompetition with�ssion feeds strongly those isomeri
 states. Consequently, the dete
tion
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lei : : : 801of high-energy 
-rays in 
oin
iden
e with the delayed radiation from theisomers allows to sele
t Rn nu
lei at the angular momenta 
lose to the �ssionlimit, but still surviving the �ssion 
ompetition.Fig. 2 illustrates the 
at
her set-up added to the standard HECTOR 
on-�guration. A self-supported target 198Pt (1�g/
m2 thi
k), where 
ompoundnu
leus was formed and the prompt 
-radiation took pla
e, was surroundedby the HECTOR array (8 large volume BaF2 dete
tors and a multipli
-ity �lter). The residual nu
lei, eje
ted from the target, were stopped ina thin (� 6�m) Mylar 
at
her, having 
entral 6mm hole for the beam. The
at
her was positioned in the forward dire
tion at a distan
e of 40 
m fromthe target, rea
hed by the re
oiling nu
lei in about 150 ns. The delayedradiation emitted by the stopped residues was dete
ted in a BGO dete
tor� a 
onventional BGO anti-Compton shield inserted on the beam tube, sothat it was surrounding the 
at
her in order to maximize the dete
tion e�-
ien
y. A germanium dete
tor in a BGO shield, installed at 146Æ, measuredthe dis
rete 
-radiation. The prompt high-energy 
-rays from the targetwere re
orded on tape only when followed by the delayed radiation dete
tedin the 
at
her set-up. In order to measure the 
oin
iden
es between theprompt and delayed radiation we used a pulsed 18O beam, with a repeti-tion period of 400 ns and a pulse width of 10 ns. Additionally, we measuredthe time between the rea
tion and the isomeri
 de
ay, and the sum energyof the delayed 
 transitions. Fig. 6 shows the time spe
trum of the radia-tion from the 
at
her relative to the prompt radiation from the target, so it
orresponds to the re
oils time of �ight 
onvoluted with the isomeri
 de
ay
urve. In order to sele
t the high-energy 
-rays feeding the longest isomeri
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trum of the 
-radiation measured in the BGO dete
tor surround-ing the 
at
her, relative to the prompt radiation. The gate used for Ge and BaF2spe
tra is indi
ated as horizontal arrow.



802 A. Majstates, a gate on the TOF spe
trum was set, as shown in Fig. 6. To 
he
k,whether su
h a gate 
auses an enhan
ement of feeding to high-spin states,it was also used for gating Ge spe
tra.
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(�>NH9@Fig. 7. Ge spe
tra: gated by the delayed 
-radiation (upper spe
trum in the toppanel), total (lower spe
trum in the top panel) and their di�eren
e (bottom panel).Fig. 7 shows Ge spe
tra: the total and the TOF-gated (normalized to854 keV line) and their di�eren
e. In the latter spe
trum the expe
tedenhan
ement of the high-spin states feeding is 
learly seen. Indeed, the1062 keV line whi
h feeds the 63=2� isomer in 211Rn and 924 keV whi
hfeeds the 30+ isomer in 212Rn [26℄, are 
learly enhan
ed.Fig. 8 shows the total, ungated high-energy 
-spe
trum (
ir
les). Inaddition, the result from the statisti
al model �t to the total spe
trum,assuming a single Lorentzian, is shown with the solid line. The 
al
ulationresulted in the GDR width of 10MeV (see the inset in the Fig. 8), whi
h ismu
h larger than the ground state value (� 4MeV). This indi
ates, that evenin the total spe
trum larger deformations and thermal �u
tuation e�e
ts areseen.In the same �gure the preliminary spe
trum of high-energy 
-rays gated(as indi
ated in Fig. 6) by the isomeri
 de
ay is shown (squares). In addition,
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Fig. 8. High energy 
-spe
tra from the de
ay of 216Rn�: 
ir
les � ungated spe
-trum; squares � spe
trum gated by the delayed radiation; line statisti
al model�t to the ungated spe
trum. In the inset: GDR photo-absorption 
ross-se
tion asobtained from the statisti
al model �t to the ungated spe
trum.to obtain this spe
trum it was required that the sum energy measured inthe BGO dete
tor was high enough to dis
riminate the low spin isomersand the ba
kground from the radioa
tivity. Both, gated and total spe
trawere normalized at 6MeV. One noti
es, in spite of low statisti
s that thegated spe
trum has relatively higher yield in the region E
 = 12�16 MeV.This might indi
ate a larger 
ontribution of prolate deformed shapes, as onewould expe
t for nu
lei on their way to �ssion.However, a 
on�rmation of that interpretation needs an analysis basedon a Monte Carlo version of the statisti
al model 
ode CASCADE. Su
hanalysis is in progress and is expe
ted to provide more quantitative infor-mation on the shapes of de
aying 216Rn nu
lei at very high spins.5. SummaryThe sear
h of exoti
 shapes of nu
lei indu
ed by very fast rotation hasbeen one of the very interesting subje
t both at T =0 and at �nite temper-ature.The data here presented, obtained using the HECTOR array and 
on-
erning the 46Ti and 212Rn nu
lei, have both shown the presen
e of largedeformation. In parti
ular, indi
ation for the Ja
obi transition is found in



804 A. Majthe 46Ti 
ase at high angular momenta. The high-energy spe
tra from the
-de
ay of the GDR in hot Rn nu
lei, gated by the isomers to enhan
e thefeeding from the angular momentum region 
lose to the �ssion barrier, alsoexhibit large e�e
tive deformations.The more 
omplete analysis of the present results together with the 
om-parison with model predi
tions are expe
ted to give a deeper insight to theinteresting problem of nu
lear shapes at �nite temperature and very highspins.This work is based on many experiments performed together with my 
ol-leagues from the HECTOR 
ollaboration: A. Bra

o, F. Camera,M. Mattiuzzi, B. Million and S. Leoni from Milano University; B. Herskindand J.J. Gaardhøje from the Niels Bohr Institute, Copenhagen;and M. Kmie
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lear Physi
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i«ska-Habior,Z. �elazny and J. Kowna
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ienti�
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ien
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