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es4001 Debre
en, P.O. Box 51, Hungaryb Sektion Physik, Universität Mün
hen, Gar
hing, Germany
 Kernfysis
h Versneller Instituut, 9747 AA Groningen, The Netherlands(Re
eived November 2, 2000)Ex
ited states in the se
ond minimum of 240Pu were populated by the238U(�; 2n) rea
tion at E�=25 MeV. Conversion ele
trons from ele
tro-magneti
 transitions pre
eding the �ssion of the 3.7 ns 240fPu shape isomerhave been measured. In a 
ombined analysis of e� and high resolution 
-rayspe
tros
opy data previously established o
tupole bands 
ould be studied inmore detail. In order to study higher lying states in the se
ond and thirdminimum the 239Pu(d; pf)240Pu, and the 233U(d; pf)234U rea
tions havebeen studied with high energy resolution. The observed �ssion resonan
eswere des
ribed as members of rotational bands with rotational parameters
hara
teristi
 to super- and hyperdeformed nu
lear shapes. The level den-sity of the most strongly ex
ited states has been 
ompared to the predi
tionof the ba
k-shifted Fermi-gas formula and the energy of the ground statein third minimum has been estimated for the �rst time in 234U. The �ssionfragment mass distribution of the hyperdeformed states in 236U has alsobeen measured. The width of the mass distribution, 
oin
ident with thehyperdeformed bands, is signi�
antly smaller than the ones obtained in 
o-in
iden
e with ba
kground regions below and above the resonan
es, whi
hsuggests a pear-shaped di-nu
lear 
on�guration of 236U in the third well ofthe potential barrier.PACS numbers: 21.10.Re, 24.30.Gd, 25.85.Ge, 27.90.+b� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(657)



658 A. Krasznahorkay et al.1. Introdu
tionStudying nu
lei with exoti
 nu
lear shapes is one of the most vital �eldsin modern nu
lear stru
ture physi
s and espe
ially in the last few yearsstudying super- and hyperdeformed states in the a
tinide region be
ameone of the frontiers of this �eld.The nu
lear �ssion in this region presents a very ri
h variety of nu
learshapes whi
h 
an be des
ribed by a 
ontinuous sequen
e of nu
lear surfa
eshapes from a more or less spheri
al to one whi
h elongates, be
omes super-and/or hyperdeformed than ne
ks in and splits into two �ssion fragments.
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Fig. 1. S
hemati
 representation of the �ssion pathes of 236U a

ording toHambs
h [1℄.A very s
hemati
 representation of the energy surfa
e of 236U is shownin Fig. 1. At this beautiful pla
e we may 
ompare the potential energysurfa
es to the best pla
es of the Tatra mountain. We may 
hara
terizethe �ssion pro
ess in the following way. From the ground state minimuma 
ommon path 
limbs to the inner �rst saddle point and then des
ends tothe se
ond minimum. On further elongation the nu
leus may 
hoose to stayeither re�e
tion symmetri
 or asymmetri
. The symmetri
 path has to 
oastover a se
ond saddle point and slopes down a long valley until the s
issionpoint is rea
hed. For the asymmetri
 path there is, to start with, a se
ondsaddle, whi
h 
ontains two third minima. Again the nu
leus has to de
idewhi
h way to go. One path is moderately asymmetri
 and rather short,while the other path is more pronoun
ed asymmetri
 and somewhat longer.



Superdeformation, Hyperdeformation and Clustering in the : : : 659The main aim of this work is to study the ex
ited states in the se
ondand third minimum of the potential barrier but in addition to these exoti
shapes it is also an interesting and longstanding question, at whi
h pointsof the �ssion path the mass and energy distributions of the �ssion fragmentsare determined [1℄. Can we get di�erent mass distributions after the �ssionof the super- and hyperdeformed states as suggested by �wiok et al. [2℄?2. 
 and 
onversion ele
tron spe
tros
opy in the se
ond minimumThe �rst superdeformed (SD) states have been found in the a
tinide re-gion. They were the so 
alled �ssion isomeri
 states dis
overed by Polikanovet al. [3℄ almost 40 years ago. Their half-lifes go from a few ns's to a 
ouple ofms's. Ten years after the dis
overy of these interesting isomeri
 states Spe
htand 
oworkers [4℄ were able to prove spe
tros
opi
ally that they are reallySD states. They measured the �rst 
onversion ele
tron spe
trum 
ontaininga SD rotational band. Their interpretation of being the result of mi
ros
opi
shell 
orre
tions on top of the ma
ros
opi
 liquid drop potential was givenby Strutinsky [5℄. Up till now the se
ond minimum of the potential energysurfa
e is well established both theoreti
ally and experimentally [6, 7℄.The 
-spe
tros
opi
 studies of the SD states turned out to be very dif-�
ult in the a
tinide region be
ause of the low 
ross se
tions and the highba
kground produ
ed by the �ssion fragments. In spite of that, re
entlyni
e results have been obtained using six EUROBALL-type 
luster dete
-tors [8, 9℄.For an unambiguous interpretation of these data, espe
ially for the deter-mination of the multipolarity, a 
onversion ele
tron measurement was 
arriedout in Muni
h. We used the same 238U(�; 2n) rea
tion at E� = 25 MeV asSpe
ht et al. [4℄ in their pioneering 
onversion ele
tron work, whi
h led tothe identi�
ation of the rotational ground state band built on the �ssionisomer.The main experimental 
hallenge was to isolate an e�
ient trigger on de-layed �ssion events against a huge ba
kground of prompt �ssion dominatingby 5 to 6 orders of magnitude. This was a
hieved by using the re
oil shadowte
hnique introdu
ed by Spe
ht et al. [4℄, where the target was pla
ed insidethe 4mm hole of an annular Si-surfa
e barrier dete
tor. The (�; 2n)-rea
tiontakes pla
e where the dete
tor 
annot see the prompt �ssion produ
ts, whilethe re
oils in the isomeri
 state �y on the average 1.8 mm out of the targetand then de
ay in front of the dete
tor. The 
onversion ele
trons are guidedwith Mini-Orange magneti
 transport and �lter systems to nitrogen-
ooledSi(Li) dete
tors.
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Fig. 2. (a) 
-ray spe
trum in 
oin
iden
e with delayed �ssion of 240fPu from [9℄.The inserts show enlarged regions of transitions 
onne
ting the 
- and a-band andthe a- and ground-state-band, respe
tively. (b) Conversion ele
tron spe
trum fromthe present work in 
oin
iden
e with delayed �ssion of 240fPu shifted by the ele
tronbinding energy of EK=121.8 keV. The summed transmission e�
ien
y (weighedaverage of the two experiments) of the 3 Mini-Orange spe
trometers is representedby the solid line. (
) Enlarged parts of the ele
tron spe
trum with �tted line spe
traand transition assignments.The prompt 
-ray spe
trum from Ref. [9℄ and the ele
tron spe
trumshown in Fig. 2(a) and 2(b), respe
tively, were measured in 
oin
iden
ewith delayed �ssion of 240fPu.



Superdeformation, Hyperdeformation and Clustering in the : : : 661The same rea
tion and beam energy was used in both experiments. Ele
-tron lines from K-
onversion are lower in energy as 
ompared to the 
orre-sponding 
-ray transitions by the K-binding energy of 121.8 keV. This shiftis taken into a

ount by the displa
ement of Fig. 2(b).The dedu
ed level s
heme based on the 
-ray and 
onversion ele
tronspe
tros
opi
 studies is shown in Fig. 3.
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Fig. 3. Level s
heme of 240Pu in the se
ond minimum. The a

ura
y of the Doppler
orre
ted transition energy is given in round parenthesis ( ), the absolute 
-rayintensity with respe
t to the isomeri
 �ssion de
ay in re
tangular parenthesis [ ℄and the dominant multipolarity together with the absolute ele
tron intensity inround parenthesis ( ). Transitions observed in the ele
tron spe
trum are markedby thi
k arrows. Levels with energies in parenthesis were introdu
ed by a smoothextrapolation of the moment of inertia.



662 A. Krasznahorkay et al.3. Study of the higher-lying states by measuringtransmission resonan
esIn a program whi
h aims at studying the super- and hyperdeformedstates in the a
tinides we have already studied the SD states in 240Pu [10℄and the HD ones in 231Th, 234U [11℄ and in 236U [12℄. We are presentingnow two examples for the SD and HD states in 240Pu and in 234U.Our method of studying the above exoti
 states is based on the resonan
etunneling through the �ssion barrier. The �ssion probability as a fun
tionof ex
itation energy shows sub-barrier transmission resonan
es in the range
lose to the top of the �ssion barrier at energies of quasi-bound states inthe se
ond and third minimum of the potential barrier. By measuring thisfun
tion one 
an map the SD and HD states. Early attempts of studyingthese transmission resonan
es 
riti
ally su�ered from either a limited energyresolution or statisti
al signi�
an
e.In order to study the transmission resonan
es proton��ssion fragment
oin
iden
e measurements have been performed in (d; pf) rea
tions. Theenergy of the outgoing protons from the di�erent (d; p) rea
tions was ana-lyzed with high energy resolution in 
oin
iden
e with the �ssion fragments.The experiments were 
arried out at the Debre
en 103 
m iso
hronous
y
lotron with deuterons of Ed = 9.73 MeV and in Muni
h with deuteronsof 12.5 MeV obtained from the Muni
h Tandem a

elerator. Enri
hed(97.6%�99.89%) 30�250 �g/
m2 thi
k targets were used.The energy of the outgoing protons was analyzed by a Split-pole mag-neti
 spe
trograph in Debre
en and by a Q3D magneti
 spe
trograph [13℄ inMuni
h, whi
h were set at �L = 130Æ and 140Æ with respe
t to the in
omingbeam dire
tion [12℄.The �ssion fragments were dete
ted by two Position Sensitive Avalan
heDete
tors (PSAD) [14℄ having two wire planes (with delay-line read-out)
orresponding to the horizontal and verti
al dire
tions. The solid angle ofthe dete
tors varied between 10% and 30% of 4� in the di�erent experiments.The mass distribution of the �ssion fragments has been determined byusing the time di�eren
e method. The �ssion fragments were dete
ted withtwo PSAD's having a
tive areas of 16x16 
m2 and distan
es of 23 
m fromthe target resulting in a relatively large solid angle of 4% of 4�. The angleof the dete
tors was 55Æ and 125Æ with respe
t to the beam dire
tion.3.1. High-lying super deformed states in 240PuIn order to study higher-lying multi-phonon vibrational resonan
es the�ssion probability of 240Pu has been measured with high energy resolutionusing the (d; pf) rea
tion. The spe
trum of out
oming protons in 
oin
iden
ewith the �ssion fragments is shown in Fig. 4(a).



Superdeformation, Hyperdeformation and Clustering in the : : : 663Two enhan
ed stru
tures of highly damped vibrational resonan
es atE� = 4.5 MeV and 5.1 MeV ex
itation energies have been resolved with goodstatisti
s into sub-states due to the underlying 
ompound states 
oupled tothe �-vibrations. For the �rst time rotational bands with spins 0+, 2+, 4+
ould be identi�ed for transmission resonan
es in 240Pu [10, 15℄.
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trum from the 239Pu(d; pf)-rea
tion at Ed =12:5 MeV. The superimposed solid line is the result of the �t to the observedresonan
e stru
tures with K� = 0+ rotational bands, dashed markers indi
ate theambiguous presen
e of some additional bands. (b) and (
) Experimental and 
al
u-lated a2 and a4 
oe�
ients of the �ssion fragment angular 
orrelation as a fun
tionof the ex
itation energy. The 
al
ulated values resulted from 
ombining theoreti
al
oe�
ients with the obtained �t from the spe
trum. See Ref. [10, 15℄ for details.Their moment of inertia is typi
al for a superdeformed nu
lear shape and
lose to that of the ground state rotational band in 240fPu. The assignmentof K� = 0+ as the quantum number of the rotational bands is supported bythe analysis of peak distan
es, intensity ratios and �ssion fragment angular
orrelations. The level density of the most strongly ex
ited 2+-states hasbeen 
ompared to the predi
tion of the ba
k-shifted Fermi-gas formula andthe energy of the ground state in the se
ond minimum has been estimatedto be EII =2.25�0.2 MeV in good agreement with the value known fromex
itation fun
tion measurements.3.2. High-lying hyperdeformed states in 234UIn order to investigate the HD bands the ex
itation energy was 
ho-sen between the energy of the inner and outer barriers of the se
ond well(Fig. 5). In this energy range the widths of the SD resonan
es in the se
-



664 A. Krasznahorkay et al.ond well should be mu
h broader than those of the HD states due to thestrong 
oupling to the normal deformed states. The widths of the HD statesdue to the higher outer barriers of the third well remain below the a
tualexperimental resolution of �5 keV.
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234Pu 236Pu 238Pu 240PuFig. 5. Potential energy as a fun
tion of the quadrupole deformation parameterfor a few U isotopes. The energy and lo
ation of the saddle points and minima(ex
ept for the third one) were taken from Ref. [16℄ while the energy of the thirdminimum for the less re�e
tion � asymmetri
 HD minimum (�3 � 0:4) was takenfrom Ref. [2℄. The whole energy s
ale was slightly shifted in order to reprodu
e theenergy of the ground states in the �rst well. The best ex
itation energy region forstudying the hyperdeformed states is marked by the darkest shadowed regions.Part of the proton spe
trum measured in 
oin
iden
e with the �ssionfragments is shown in Fig 6(a).Assuming overlapping rotational bands with the same moment of inertia,inversion parameter and intensity ratio for the members in a band, we �t ourspe
trum using simple Gaussians for des
ribing the di�erent band membersin the same way as we did it previously [12℄. The result of the �t is also shownin Fig. 6(a). In order to get information on the spins and K values of theobserved rotational bands, or to 
he
k our assumptions made for �tting theenergy spe
trum, the angular distribution 
oe�
ients of the �ssion fragmentshave been 
al
ulated and 
ompared to the experimental ones (Fig. 6(b)).For details of the �tting pro
edure see our previous work [11℄.
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trum was divided into two parts at E = 5150 keV for the �tting; (b) Experi-mental �ssion fragment angular-distribution 
oe�
ients as a fun
tion of ex
itationenergy 
ompared to the 
al
ulated ones using K = 1 (upper 
urve) and K = 3(lower 
urve) for all of the bands.The density of J = 3 states has been determined from our experimen-tal data and 
al
ulated as a fun
tion of the ex
itation energy using theba
k-shifted Fermi-gas des
ription with parameters determined by Raus
heret al. [17℄. In order to estimate the depth of the third well we 
omparedthe experimentally obtained and 
al
ulated densities. We assumed that thesame parametrization of the level density formula is valid in the third well,as it was determined by Raus
her et al. [17℄ by �tting the level densities inthe �rst well of the potential barrier and whi
h we have already 
he
ked alsoin the se
ond well in 
ase of 240Pu. By 
omparison we �nd a value of 3.1 �0.4 MeV for the energy of the ground state in the third well.�wiok et al. [2℄ predi
ted two di�erent HD minima for 234U with verydi�erent �� (�= 3�7) values. The experimental value ofEIII = 3:1� 0.4 MeVobtained in the present work is between two predi
ted values with an errorbar, whi
h overlaps both theoreti
al values. Re
ently, Shneidman et al. [18℄found the depth of a potential well keeping the two 
lusters together to be3.4 MeV. This value agrees also very well with the depth of the third wellwhi
h we have determined experimentally.



666 A. Krasznahorkay et al.4. Clustering in the a
tinide regionThe 
lustering phenomenon is a dramati
 manifestation of the shell stru
-ture at very large deformations. From su
h a di-nu
lear system one mayexpe
t a strong �ssion de
ay to the 
omponents similarly to the 
ase of theenhan
ed � de
ay of the light �-parti
le nu
lei.Re
ently, we have repeated the 235U(d; pf)236U experiment [12℄ in Debre-
en and measured the mass distribution in 
oin
iden
e with the HD bandsfound previously at 5.28, 5.37 and 5.47 MeV.
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ted theresonant and non-resonant parts of the spe
trum, whose mass distributions were�tted by two Gaussians. The resulted widths of the mass distributions are shownin the lower �gure.The mass distribution in 
oin
iden
e with the HD bands has been foundsigni�
antly sharper (FWHM � 5 amu) 
ompared to the other distributionsmeasured above and below the peaks (FWHM � 15 amu). The width ofthe mass distributions in 
oin
iden
e with the HD bands is mostly 
ausedby our mass resolution. Better mass resolution is required to determine thereal widths of the mass distributions.
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h states the �ssion 
anonly o

ur through a limited number of �ssion paths resulting in a sharpermass distribution.This work has been supported by DFG under IIC4-Gr 894/2 and TheHungarian A
ademy of S
ien
es under HA 1101/6-1, the Hungarian OTKAFoundation No.T23163, N26675 and N32570 and the Nederlandse Organ-isatie voor Wetens
hapelijk Onderzoek (NWO).REFERENCES[1℄ F. Habs
h et al., Nu
l. Phys. A491, 56 (1989).[2℄ S. �wiok et al., Phys. Lett. B322, 304 (1994).[3℄ S. M. Polikanov et al., Sov. Phys. JETP 15, 1016 (1962).[4℄ H. J. Spe
ht et al., Phys. Lett. 41B, 43 (1972).[5℄ V.M. Strutinsky, Nu
l. Phys. A95, 420 (1967).[6℄ S. Bjørnholm, J.E. Lynn, Rev. Mod. Phys. 52, 725 (1980).[7℄ V. Metag et al., Phys. Rep. 65, 1 (1980).[8℄ D. Pansegrau, Ph.D. Thesis, Universität Heidelberg 1998; D. Pansegrau,Diploma Thesis, Universität Heidelberg 1994.[9℄ D. Pansegrau et al., Phys. Lett. 484B, 1 (2000).[10℄ M. Hunyadi et al., to be published.[11℄ A. Krasznahorkay et al., Phys. Lett. B461, 15 (1999).[12℄ A. Krasznahorkay et al., Phys. Rev. Lett. 80, 2073 (1998).[13℄ H.A. Enge, S.B. Kowalsky, Pro
. 3rd Int. Conf. on magnet te
hnology, Ham-burg 1970.[14℄ P.C.N. Crouzen, PhD Thesis, Rijksuniversiteit Groningen 1988, unpublished.[15℄ M. Hunyadi, PhD Thesis, Lajos Kossuth University Debre
en 1999, unpub-lished.[16℄ W.M. Howard, P. Möller, At. Data Nu
l. Data Tables 25, 219 (1980) andreferen
es therein.[17℄ T. Raus
her, F.K. Thielemann, K.L. Kratz, Phys. Rev. C56, 1613 (1997).[18℄ T.M. Shneidman et al., Nu
l. Phys. A671, 119 (2000).


