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PROPERTIES OF HOT NUCLEI STUDIEDBY THE GDR 
-DECAYIN EXCLUSIVE EXPERIMENTS �A. Maj, M. Kmie
ikNiewodni
za«ski Institute of Nu
lear Physi
s, Radzikowskiego 152,31-342 Kraków, PolandA. Bra

o, F. CameraUniversita di Milano, Dipartimento di Fisi
a and INFN,via Celoria 16, 20133 Milano, ItalyJ.J. Gaardhøje and B. HerskindThe Niels Bohr Institute, Blegdamsvej 15-17, 2100 Copenhagen Ø, Denmark(Re
eived November 24, 1999)Three topi
s 
on
erning the 
-de
ay of the Giant Dipole Resonan
e inhot rotating nu
lei from re
ent ex
lusive experiments with the HECTORarray are dis
ussed. The �rst is the dependen
e of the GDR width inSn nu
lei as a fun
tion of angular momentum at 
onstant temperature.The se
ond is the sear
h for 
-de
ay of the GDR build on superdeformed
on�gurations in the 143Eu nu
leus. The third is the study of rea
tionentran
e 
hannel e�e
ts in the de
ay of the 
ompound 170W nu
leus.PACS numbers: 21.10.Tg, 21.10.Re, 21.60.Ka, 23.20.Lv1. Introdu
tionThe 
-de
ay of the Giant Dipole Resonan
e (GDR) in rotating 
om-pound nu
lei has provided valuable information on the nu
lear stru
tureat �nite temperature, espe
ially when the GDR properties were 
orrelatedwith other, simultaneously measured, nu
lear quantities. In this 
ontribu-tion some re
ent results from su
h ex
lusive GDR experiments are presented.� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1371)



1372 A. Maj et al.In parti
ular we fo
us on experiments where the high energy 
-rays from theGDR-de
ay were measured in 
oin
iden
e with other rea
tion produ
ts. Allthe sele
ted experiments were performed at the TANDEM+Booster a

eler-ator fa
ility of the Niels Bohr Institute in Risø. The heart of the experimen-tal set-up was the HECTOR array [1℄. It 
onsists of 8 large volume BaF2
rystals, used for measuring high energy 
-rays from the GDR de
ay. HEC-TOR was equipped with the e�
ient multipli
ity �lter HELENA (38 smallBaF2 
rystals) for measuring the multipli
ity of low energy 
-transitionsto give information on the angular momentum of the de
aying nu
leus. Insome experiments two position sensitive Parallel Plate Avalange Counters(PPAC) were employed, for the determination of the dire
tion and of timeof �ight of the re
oiling nu
lei. In other experiments HECTOR+HELENAwere 
oupled to high resolution germanium arrays NORDBALL (20 ger-manium dete
tors with anti
ompton BGO shields) or PEX (Pre-EuroballeXperiments), in whi
h the dis
rete line 
-transitions were measured in 
o-in
iden
e with the high energy 
-rays from HECTOR. PEX 
onsisted of 4large germanium 
luster dete
tors, ea
h 
omposed of seven hexagonal-fa
edhyperpure germanium 
rystals separately en
apsulated, and surrounded bya large BGO anti-Compton shield. In the 
ase of the PEX experiment de-s
ribed in se
tion 4 the energy deposited by the evaporated 
harged parti
les,protons and �'s, was measured with a Si-Ball array, 
onsisting of a dode
a-hedral sili
on wafer [2℄ of 31 elements surrounding the target. Coin
iden
esbetween events from all of dete
tor types were 
olle
ted, and in the o�-lineanalysis all the relevant possible 
ombinations of 
oin
iden
e matri
es were
reated.In this paper we dis
uss some of the results obtained in these experimentswith fo
us on 
hosen topi
s: (i) the damping me
hanisms of the GDR in hotnu
lei (Se
tion 2); (ii) the sear
h of the GDR-de
ay in superdeformed nu
lei(Se
tion 3); and (iii) the study of the �entran
e-
hannel e�e
t� in 
ompoundnu
leus formation (Se
tion 4).2. Origin of the GDR width in
rease in heated nu
leiOne of the most interesting problems 
on
erning the physi
s of hot nu-
lei are the damping me
hanisms whi
h give rise to the measured width ofthe giant dipole vibration. In parti
ular, by exploring the dependen
e of theGDR width as a fun
tion of another nu
lear parameter (as for example tem-perature or angular momentum) one 
an learn more about the me
hanismsthat a�e
t the damped motion. The main me
hanisms expe
ted to 
on-tribute signi�
antly to the observed GDR width of hot nu
lei are 
ollisionaldamping and thermal shape �u
tuations.The 
ollisional damping arises from the mixing of giant resonant state(mi
ros
opi
ally des
ribed as 1p�1h ex
itations) with more 
ompli
ated sta-



Properties of Hot Nu
lei : : : 1373tes at the same energy. At �nite temperature there are two di�erent pre-di
tions for the 
ollisional damping, one giving results basi
ally independentof temperature (see [3, 4℄), in 
ontrast to the other, whi
h gives a markedtemperature dependen
e (see [5℄).Thermal shape �u
tuations may be understood in simple terms by as-suming that the nu
lei at �nite temperatures form an ensemble of shapes,in whi
h ea
h shape is populated with a probability given by a Boltzmannfa
tor. To understand the role played by thermal �u
tuations in the GDRwidth it is important to in
lude the 
oupling of the dipole os
illation to thequadrupole nu
lear deformation. In a spheri
al nu
leus the GDR strength
an be well des
ribed by a Lorentzian fun
tion, with a width equal to theintrinsi
 GDR width. In a deformed nu
leus, the GDR strength splits intodi�erent 
omponents as a result of the di�erent GDR resonan
e frequen
iesalong the longer and shorter axes. At higher temperatures the nu
leus is
hara
terised by a distribution of deformations, with superposition of thedi�erent GDR strength fun
tions. This gives rise to an e�e
tive strengthfun
tion with a larger width. Sin
e the deformation of the heated nu
leus,on
e the role of the shell stru
ture has been weakened, is expe
ted to in
reasewith rotation (
entrifugal �attening), one expe
ts that the e�e
tive GDRwidth will be proportional to the angular momentum. In addition, sin
e theextent of thermal shape �u
tuations in
reases with the temperature, onealso expe
ts a width in
rease at higher temperatures. Consequently it isimportant to try to disentangle temperature and angular momentum e�e
tswhen dis
ussing the GDR width.The �rst data from systemati
 studies made for Sn nu
lei [6,7℄ in heavyion fusion rea
tion show that the GDR width in
reases as a fun
tion ofthe ex
itation energy. The width in
reases from the ground state value (5MeV) up to the value of about 11 MeV at E� = 130 MeV and from thereit essentially remains 
onstant. However, sin
e these data were obtainedin in
lusive experiments for di�erent bombarding energies, where both thetemperature and mean angular momentum were in
reasing, it was not 
learat that time whether the width in
rease mainly was indu
ed by temperatureor by angular momentum. In [6,7℄ it was suggested that the dominant partof this e�e
t must be 
aused by angular momentum, sin
e the in
rease andsaturation of the width is 
orrelated with the in
rease and saturation ofthe angular momentum. Nevertheless the need for other experiments, inwhi
h the e�e
ts of the temperature and the angular momentum 
ould be
learly separated, was evident. More re
ently, results for the GDR widthwere obtained in experiments where the Sn 
ompound nu
leus was formedat spe
i�
 ex
itation energies and 
orresponding narrow angular momentumintervals. In that 
ase the temperature asso
iated to the sele
ted angularmomentum intervals was almost 
onstant (only 
hanging by the amount



1374 A. Maj et al.related to the energy bound in rotation). These results [8, 9℄ are shown inthe left part of Figure 1 as �lled squares. It is seen how the GDR widthin
reases from 8.5 MeV at hIi = 24 ~ up to 13 MeV at hIi = 54 ~. In order to�nd out, whether this in
rease is due to an in
rease of the intrinsi
 width orto deformation e�e
ts, we made use of angular distribution measurements.As was shown in [8℄, if the in
rease of the intrinsi
 GDR width is the mainsour
e of the GDR strength fun
tion broadening, the magnitude of the A2-
oe�
ient in the W (�) angular distribution fun
tion for the low energy
omponent should be either un
hanged or slightly de
reased. This is be
ausethe overlap between the high energy and low energy GDR 
omponents, whi
hhave di�erent A2-
oe�
ients, will be larger. If the broadening is due toa larger nu
lear deformation, the magnitude of A2-
oe�
ient for the lowenergy 
omponent should in
rease. This is be
ause the overlap between thedi�erent GDR 
omponents is smaller. The right hand side of �gure 1 showsthe 
orresponding magnitudes of the A2-
oe�
ient. We 
an see that the A2in
reases with spin in a very pronoun
ed way. It 
an be 
on
luded that the
ombined measurement of the strength fun
tion and of the A2 indi
ates thatthe in
rease of the width is mainly 
aused by the in
rease of the equilibriumdeformation of the ensemble indu
ed by angular momentum.
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Fig. 1. Left: The measured values of the GDR width in Sn nu
lei at T � 1:8 MeVfrom fusion rea
tions (solid squares) and from the inelasti
 s
attering of �-parti
les(open 
ir
le). Right: The absolute value of the A2-
oe�
ients obtained for the lowenergy GDR 
omponent in the fusion rea
tion experiments.In another type of experiments, using inelasti
 s
attering of �-parti
les[10℄, the GDR width in Sn nu
lei was measured as a fun
tion of tempera-ture for 
onstant and low (I < 10 ~) spin. Also in that 
ase a signi�
ant



Properties of Hot Nu
lei : : : 1375in
rease of the GDR width from 5 MeV at T = 1 MeV up to 13 MeV atT = 3 MeV was found. The experimental point, 
orresponding to the tem-perature T = 1:8 MeV, is shown in the �gure 1 (left hand side). One seethat this value is the same as that at spin 24~ obtained in our fusion rea
-tion measurement. Consequently, the general behaviour of the GDR widthwith spin at 
onstant temperature is suggesting that below a 
ertain 
riti
alangular momentum thermal �u
tuations wash out the e�e
t of the angularmomentum responsible for the in
rease of the equilibrium deformation [9℄.In parti
ular, when the equilibrium deformation is smaller than the varian
eof the distribution of shapes in an ensemble, the observed e�e
tive width isproportional to the varian
e. In 
ontrast, when the equilibrium deformationis larger than the varian
e, the width is proportional to the equilibrium de-formation (whose rate of in
rease is inversely proportional to the moment ofinertia). Indeed, thermal shape �u
tuation predi
tions for the GDR widthin the adiabati
 limit [9,11℄, as indi
ated by solid line in �gure 1, show thisbehaviour and are in rather good agreement with the data. In these 
al
u-lations the intrinsi
 GDR width was equal to the ground state value. Thesame 
al
ulations [11℄ were able to des
ribe the temperature dependen
eof the GDR width measured in [10℄, pointing that the observed in
rease isdue to in
reasing e�e
t of thermal shape �u
tuations. Consequently one
an 
on
lude that the 
ollisional damping, giving rise to the intrinsi
 GDRwidth, is almost independent of temperature.3. GDR de
ay in superdeformed nu
leiThe existen
e of the nu
lear superdeformation, 
hara
teristi
 of a nu-
leus having an ellipsoidal shape with the long to short axis ratio 2:1, hasbeen veri�ed in many nu
lei. However, the population of the superdeformed
on�gurations is not yet understood in detail. It has been suggested [12℄that the de
ay of GDR might play a major role, due to the large splittingof the 
omponents.For a superdeformed nu
leus the low energy 
omponent of the GDR isexpe
ted at 9�10 MeV in medium heavy nu
lei. For the GDR built on yrastor low lying superdeformed states, the strength fun
tion of this 
omponent,if lying below the neutron binding energy (10�11 MeV), enhan
es the 
-de
ayto these SD states, 
ompeting favourably with the neutron de
ay. Conse-quently, one would expe
t an in
rease of GDR strength around 10 MeV,when gating on superdeformed transitions.The sensitivity of standard equipment is in general not su�
ient to ad-dress this question dire
tly, namely by measuring the high energy 
-raysfrom the GDR de
ay in 
oin
iden
e with the dis
rete transitions along thesuperdeformed bands. In the 
ase of 143Eu it was possible to sear
h in a



1376 A. Maj et al.more indire
t way for a signal from the 
-de
ay of the GDR in a superde-formed 
on�guration by use of some of the pe
uliar features known for thisnu
leus.In parti
ular, the low spin stru
ture of this nu
leus is 
hara
terised by
oexisten
e of two 
on�gurations, one almost spheri
al and the other show-ing triaxial deformation. At high spins, a rather intense population of su-perdeformed bands (yrast and ex
ited in the 
ontinuum region) has beenfound [13�15℄. In addition it was shown [15℄, that both the yrast and theintense superdeformed quasi-
ontinuum de
ay to the spheri
al states only,by-passing the triaxial shape. Consequently, by 
omparing the high energyspe
tra gated by 
-transitions among spheri
al states (fed both by normallydeformed and SD 
ontinuum) and gated by 
-transitions among triaxiallydeformed states (fed only by normally deformed 
ontinuum), one expe
ts tosee the 
ontribution from the 
-de
ay of the GDR in superdeformed states.
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Properties of Hot Nu
lei : : : 1377Su
h spe
tra, obtained [16℄ in the rea
tion 165 MeV 37Cl on 110Pd arepresented in Figure 2 (upper part). The lower part of this �gure shows theratio of the spe
tra and 
omparisons with the statisti
al model. The 
al-
ulations were made for 2 sets of level density parameters [16, 17℄. Indeed,in spite of the statisti
al un
ertainties, this ratio shows an ex
ess of 
ountsexa
tly in the region where one expe
ts to �nd the low energy 
omponentof the GDR built on superdeformed 
on�gurations. One 
an also noti
ethat this ex
ess falls between the 2 statisti
al model predi
tions. Also shortexperimental runs were performed for ex
itation energy 4 MeV lower (thebombarding energy of 37Cl was 160 MeV) and 4 MeV higher (170 MeV) [18℄,in order to see whether this e�e
t will persist. The statisti
s was smaller,but one 
an indeed see that this e�e
t exist, further 
on�rming the obser-vation. The bump is smaller for the lower ex
itation energy. For the higherex
itation energy it is similar to the one found at 165 MeV bombarding en-ergy. It is indi
ated that the high energy 
ut-o� for the low energy GDR
omponent seems to shift towards higher 
-energies with the bombardingenergy. This is not yet understood, but may be related to an in
rease inavailable phase spa
e (both in ex
itation energy and angular momentum)for the superdeformed 
on�gurations.4. Entran
e 
hannel e�e
tsWithin the last 15 years, several experimental data, mainly 
on
erningthe highest spins and massive proje
tiles, have indi
ated the existen
e ofan entran
e 
hannel e�e
t in the de
ay of the same 
ompound nu
lei(e.g.[20, 21℄). Thoenessen [19℄ suggested that these e�e
ts may result from theentran
e 
hannel dependent formation time of the 
ompound nu
leus. Forthe mass-asymmetri
 target-proje
tile 
ombination the formation time isshort, and the parti
les are evaporated from the fully equilibrated system.For the mass-symmetri
 entran
e 
hannel, however, the time 
ould be solong, that parti
les (and GDR 
-rays) may be emitted before equilibrationis rea
hed. This would mean that the 
ompound nu
lei in the rea
tions aredi�erent: they 
an have di�erent ex
itation energy and angular momentumdistributions. Guided by these ideas, we have investigated this problemexperimentally, by measuring the de
ay properties of the 170W 
ompoundnu
leus, formed in di�erent rea
tions (48Ti on 122Te and 60Ni on 110Pd), butat �identi
al� ex
itation energies and angular momenta [22℄. For 
omparingthe available ex
itation energies of the fully equilibrated systems 
reated inboth rea
tions, we used the average numbers of emitted neutrons [22℄. Thisquantity shows whi
h neutron evaporation 
hannel is, in average, dominantat a given angular momentum, and is related to the available energy forthe de
ay pro
ess. Figure 4 shows su
h quantities for both, asymmetri
 andmore symmetri
, rea
tions leading to 170W with the ex
itation energy E� =
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Fig. 3. Same as in the bottom part of Fig. 2, but for 3 bombarding energies:160 MeV (top), 165 MeV (middle) and 170 MeV (bottom). The verti
al dashedline indi
ates the 
-ray energy equal to the neutron binding energy.61 MeV and with the angular momentum distribution having Lmax = 68 ~(a

ording to the re
ent model of Winther [23℄). They were extra
ted fromthe relative evaporation residue 
ross-se
tions, obtained from the dis
reteline intensities, and plotted as a fun
tion of 
-fold (whi
h is proportionalto the angular momentum of the de
aying nu
leus). The average numberof emitted neutrons is extra
ted for pure neutron evaporation 
hannel xn,for �; xn 
hannels and for 
; xn 
hannels, that involve 
-rays with energyhigher than 7 MeV (mostly from the GDR de
ay). One 
an observe a gradualde
line of all measured quantities with in
reasing fold as expe
ted, re�e
tingthe spin dependent energy of the yrast line. In the 
ase of pure neutronevaporation 
hannel the values for both rea
tions are very similar both inmagnitude and behaviour. The error bars for the h
; xni-quantities are large,but within the 
overed fold range these quantities are also similar. For the
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hannel, however, one 
an noti
e that above fold 8 (
orrespondingto the average angular momentum hIi � 40 ~) an apparent dis
repan
y
an be observed, in
reasing with the 
-ray fold. This ��-e�e
t� 
an beexplained by assuming a higher fra
tion of �-parti
les in the more symmetri
system is emitted during the formation phase, thus removing more energyby the � parti
les. An alternative explanation of this observation 
ouldbe that emission of � parti
les from nu
lei with very elongated shapes, will
ompete more favourably with the �ssion pro
ess in the 
ase of longer fusiontimes. Su
h pre-equilibrium ��-
ooling� e�e
t may 
ause the residues to bepopulated at higher spin, than given by the 
onventional �ssion limit forangular momenta. The population 
ross-se
tion after � emission will havea longer tail extending up to higher angular momenta, where more energyis bound in the rotation, and therefore the e�e
tive ex
itation energy willbe smaller. The fold dependen
e of this di�eren
e 
ould be as
ribed to thedependen
e of the formation time on the angular momentum.
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Fig. 4. Average number of emitted neutrons, as a fun
tion of 
-ray fold. Openpoints are for ni
kel indu
ed rea
tion, solid � for titanium. The hxni indi
ates theresults for pure xn evaporation 
hannel, the h�; xni � 
hannels involving emissionof 1 �-parti
le and neutrons, the h
; xni � 
hannels involving emission of a highenergy (>7 MeV) 
-ray with neutrons or �-parti
les.Sin
e the 
-de
ay of the GDR was proven to 
onstitute a good probefor the time s
ales of nu
lear pro
esses [24℄, it would be very interestingto study the GDR shape in both rea
tions, in the 
ases that GDR de
ayappears in the xn or in the �; xn 
hannels. One 
ould expe
t, that GDRstrength fun
tion 
an provide information on the temperature and the shape



1380 A. Maj et al.of de
aying nu
leus. Figure 5 shows the high energy 
-ray spe
tra, gatedby dis
rete transitions in residua formed in the pure neutron xn and in�; xn evaporation 
hannels. However, even in the more e�
ient xn 
hannelthe statisti
s is small, the spe
trum stops at 14 MeV. One may not noti
ethe di�eren
e between the rea
tions. The 
al
ulations performed with theMonte-Carlo version of the CASCADE evaporation 
ode are also shown inthe �gure. A good agreement in the slope of the statisti
al part of thespe
tra is seen. One 
an also noti
e that the slope for the �; xn 
hannel islarger, indi
ating a lower e�e
tive temperature, whi
h may be due to thefast emission of �-parti
les.
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Fig. 5. High energy 
-ray spe
tra gated by dis
rete transitions in 3n; 4n and 5nevaporation residua (left); 
ompared to �n, �2n and �3n evaporation residua(right). 5. SummaryIn the 3 di�erent topi
s dis
ussed above we try to show that ex
lusiveGDR experiments 
an indeed provide sensitive tools for studying the prop-erties of hot rotating nu
lei and the dynami
s of the nu
lear rea
tions. Bydisentangling the angular momentum e�e
ts from the thermal e�e
ts, it waspossible to prove, that the behaviour of the GDR width as a fun
tion ofangular momentum results from the interplay between spin indu
ed defor-mation e�e
ts and temperature indu
ed shape �u
tuations. In addition, the
omparison to the thermal shape �u
tuation model suggest that the e�e
tof 
ollisional damping is almost independent on temperature.In a very ex
lusive measurement it was possible to sele
t in a very uniqueway de
ays that 
ould be attributed to the GDR build on the superdeformed
on�gurations, whi
h in turn is responsible for the enhan
ed population ofSD states generally observed.
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lei : : : 1381As far as the problem of entran
e 
hannel is 
on
erned, one 
ould seea small, but signi�
ant e�e
t for the highest angular momenta in the �; xnevaporation 
hannel only. This e�e
t 
ould be as
ribed to a longer formationtime of a more symmetri
 entran
e 
hannel. The statisti
s of the high energyspe
tra is, unfortunately, too low to provide any �rm 
on
lusion on the GDRshape in these evaporation 
hannels.These results also point to a 
on
lusion, that experiments with moree�
ient dete
tion systems are needed, to 
ompletely resolve the interestingproblems mentioned in this paper.This work was partially supported by the the Polish State Committeefor S
ienti�
 Resear
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