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MULTI-PHONON SUPERDEFORMED STATESIN 240Pu�M. Hunyadia, A. Krasznahorkaya, M. Csatlósa, Y. Eisermannb,T. Faestermann
, D. Gassmannb, G. Grawb, J. Gulyása,D. Habsb, R. Hertenbergerb , H.J. Maierb, A. Metzb, Z. Mátéa,J. Ott2, and P. ThirolfbaInst. of Nu
l. Res. of the Hung. A
ad. of S
i.P.O. Box 51, H-4001 Debre
en, HungarybUniversität Mün
hen, Sektion PhysikGar
hing, Germany
Te
hnis
he Universität Mün
henGar
hing, Germany(Re
eived August 4, 1998)The �ssion probability has been measured in the 239Pu(d; pf)240Pu re-a
tion as a fun
tion of the ex
itation energy. A new resonan
e group wasfound in the ex
itation energy region of 4.4-4.8 MeV and was interpretedas superdeformed rotational bands with an observed rotational parametersof ~2=2� = 3.2 keV 
orresponding to the superdeformed nu
lear shape.PACS numbers: 21.10.Re, 21.10.Gv, 25.85.Ge, 27.90.+bThe study of multiphonon states be
ame an interesting resear
h �eldagain. In this work multi-phonon superdeformed states have been inves-tigated in 240Pu. After the �rst observation of the �ssion isomers in thea
tinide nu
lei [1℄ a whole region of �ssion isomers was established. Mea-surements of the moments of inertia and quadrupole moments showed that�ssion isomers are shape isomers with an axis ratio of 2 : 1 for the long toshort axis, respe
tively. They did represent the �rst superdeformed (SD)states [2℄. The high spin superdeformed states were dis
overed later on inthe A = 150 mass region [3, 4℄.The 
 and 
onversion ele
tron spe
tros
opy investigations of the SD ex-
ited states in the a
tinide region turned out to be very di�
ult. These� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1263)



1264 M. Hunyad et al.states (espe
ially highly ex
ited states) 
an more e�
iently be studied bymeasuring the transmission resonan
es a
ross the �ssion barrier like we ap-plied it in our earlier work [5℄.In the present work the states predominantly of � vibrational type (i.e.the stret
hing mode, whi
h leads to �ssion) have been studied by measuringthe �ssion probability as a fun
tion of the ex
itation energy. The levels inthe �rst well were populated by the 239Pu(d,p) rea
tion and we expe
tedenhan
ed �ssion probability (transmission resonan
es) for the ex
itation en-ergies in the �rst well, whi
h 
oin
ide with vibrational states in the se
ondwell.The experiment was 
arried out at the Muni
h Tandem a

elerator usinga Ed = 12.5 MeV deuteron beam. Enri
hed (99.9 %) targets of 239Pu wereused. The energy of the outgoing protons was analyzed by a Q3D magneti
spe
trograph set at �Lab = 130o relative to the in
oming beam. The posi-tion in the fo
al plane was measured by a light-ion fo
al-plane dete
tor [7℄.Fission fragments were dete
ted by two position-sensitive avalan
he dete
-tors (PSAD) whi
h were developed in Debre
en [8℄. They 
ontain two wireplanes (with delay-line read-out) 
orresponding to horizontal and verti
al di-re
tions. Protons were measured in 
oin
iden
e with �ssion fragments. Themeasured 
oin
iden
e proton spe
trum is shown in Fig. 1. for the ex
itationenergy region of 4.4-5.2 MeV. The two highly damped vibrational resonan
eswith 
entroids of 4.5 and 5.1 MeV, whi
h were previously known [9℄, haveni
ely been resolved into substates.The evaluated angular 
orrelation data of the �ssion fragments are alsoshown in Fig. 1. The values of the angular 
orrelation 
oe�
ients as wellas the energy di�eren
es of the peaks for the well separated resonan
es sug-gested that maybe the whole spe
trum 
an be des
ribed as a superpositionof rotational bands. It seems that the damping widths 
aused by underly-ing �-vibrational state(s) remain well below the experimental resolution of7 keV. This fa
t allows the 0+, 2+ and 4+ states to be observable as trans-mission resonan
es, and their intensity ratios depend on the �d;p(J�; j;K)population 
ross se
tions. The states with higher J� angular momentum
annot be observed this way be
ause they 
an hardly be populated in a(d,p) pro
ess.In order to prove the above idea, the spe
trum was �tted by rotationalbands 
onsisting of three Gaussians for the 0+, 2+ and 4+ members with�xed intensity ratios of 0.60, 1.00 and 0.26, respe
tively. Earlier 
onsider-ations suggested [9℄ to involve ex
lusively K=0 bands into the �tting pro-
edure. The widths of the Gaussians were determined by the experimentalenergy resolution. (The �ssion widths of the individual peaks were negle
ted
omparing to our experimental resolution of �7 keV.) Assuming the rota-tional parameter of ~2=2� = 3.2 keV 
orresponding to a SD nu
lear shape
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trum measured in 
oin
iden
e with the �ssion fragmentsand the 
orresponding a2 and a4 Legendre-polynomial 
oe�
ients of the experi-mentally determined �ssion fragment angular distributions. Theoreti
al values ofthe transfer angular momentum j are also shown [9℄.

Fig. 2. Low ex
itation energy part of the measured proton energy spe
trum �ttedwith rotational bands with a 
ommon rotational parameter of ~2=2� = 3:2 keVwith �2 = 0.6 [2℄ the distan
es of the rotational members were kept �xed.The �tting variables were the following: (1) the position of the 0+ bandhead, (2) the absolute intensity of the band. As 
an be seen in Fig. 2 thestru
ture of the spe
trum 
ould ni
ely be reprodu
ed with the superpositionof K=0 SD rotational bands.In the high ex
itation energy part of the spe
trum around E� = 5.1 MeVanother resonan
e group appears, whi
h was already seen in the work of



1266 M. Hunyad et al.Glässel et al. [9℄. A

ording to our angular 
orrelation data we have foundthis group having mostly J�=2+ 
hara
ter like Glässel stated. However, thisgroup 
ould have been also ni
ely de
omposed by assuming the above SDrotational bands. A

ording to the 
-ray spe
tros
opy work in the se
ondminimum [10, 11℄ the energy of the quadrupole phonon in 240Pu should behigher than 0.8 MeV, be
ause the �rst ex
ited 0+ state at 0.806 MeV hasonly 0.1 W.U.. As the energy of the SD ground state is Eg:s:(SD) = 2.4�0.2MeV these states around E� = 5.1 MeV might 
orrespond to three-phononSD vibrational states.This work has been supported by the Hungarian OTKA FoundationNo.T23163 and the DFG under IIC4-Gr 894/2.REFERENCES[1℄ S.M. Polikanov et al., Sov. Phys. JETP 15, 1016 (1962).[2℄ H.J. Spe
ht et al., Phys. Lett. B41, 43 (1972).[3℄ P.J.Twin et al., Phys. Rev. Lett. 57, 811 (1986).[4℄ D. Habs, Nu
l. Phys. A502, 105
 (1989).[5℄ A.Krasznahorkay et al., Phys. Rev. Lett. 80, 2073 (1998).[6℄ W.M. Howard, P. Möller, At. Data and Nu
l. Data Tables 25, 219 (1980).[7℄ E. Zanotti et al., Nu
l. Instrum. Methods A310, 706 (1991).[8℄ M. Hunyadi, PhD Thesis, Lajos Kossuth Univ. Debre
en 1999, unpublished.[9℄ P. Glässel et al., Nu
l. Phys. A256, 220 (1976).[10℄ P. Reiter et al., in Low Energy Nu
lear Dinami
s, eds. Y. Oganessian, R.Kalpak
hieva, W. Ortzen, St. Peterburg, World S
ienti�
, 1995, p. 200.[11℄ D.Pansegrau, PhD Thesis, 
-Spe
tros
opy in the Se
ond Minimum of 240Pu,Heidelberg MPI H-V16-1998.


