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SHAPE COEXISTENCE IN 98Mo�M. Zieli«skaa;b, T. Czosnykaa, J. Choi«skia, J. Iwani
kiaP. Napiorkowskia, J. Srebrnyb, A. Osa
, Y. Utsuno
, Y. Toh
M. Oshima
, Y. Hatsukawa
, J. Katakura
, M. Koizumi
M. Matsuda
, T. Shizuma
, M. Sugawarad, T. Morikawaeand H. KusakarifaHeavy Ion Laboratory, Warsaw UniversityPasteura 5A, 02-093 Warsaw, PolandbInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland
Japan Atomi
 Energy Resear
h Institute, Tokai, Ibaraki 319-1195, JapandChiba Institute of Te
hnology, Narashino, Chiba 275-0023, JapaneKyushu University, Hakozaki, Fukuoka 812-8581, JapanfChiba University, Inage-ku, Chiba 263-8522, Japan(Re
eived De
ember 3, 2001)Quadrupole deformation parameters of the 98Mo nu
leus in two �rst0+ (ground and ex
ited) states are determined using Coulomb Ex
itationmethod. Matrix elements were determined using the GOSIA 
ode and thenanalysed using the Quadrupole Sum Rules formalism. Shape 
oexisten
ein 98Mo manifests in the very di�erent triaxiality of the two 0+ states. Theresults are 
ompared with previously known data on 72;74;76Ge isotopeswhere the similar trend of low-lying 0+ states is observed.PACS numbers: 21.10.Ky, 23.20.Js1. Introdu
tionOnly four even-even stable nu
lei with Z > 20, namely 72Ge, 90Zr, 96Zrand 98Mo, have a 0+ �rst ex
ited state. An easy interpretation withinthe framework of the 
olle
tive model would be that these levels are thebandheads of the �-vibrational bands. However, Coulomb ex
itation studiesof 72Ge [1℄ and 96Zr [2℄ proved that the ground state is deformed, while the�rst ex
ited state has a spheri
al shape and 
an be interpreted as an intruderstate. Due to the high ex
itation energies and non-
olle
tive stru
ture no� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (515)



516 M. Zieli«ska et al.information is available on the nature of the �rst ex
ited 0+ in 90Zr. 98Monu
leus is the best 
andidate for further investigation of the nature of theshape 
oexisten
e in this mass region.2. ExperimentsExperimental data were 
olle
ted with the GEMINI 
-ray dete
tion sys-tem [3℄, supported by four position sensitive s
intillators used for 
hargedparti
le dete
tion. 84Kr and 136Xe beams were provided by JAERI tandema

elerator at Tokai in Japan.Preliminary data were obtained in a simple experiment with a 20Nebeam, performed at the Heavy Ion Laboratory in Warsaw with the use ofthe CUDAC set-up [4℄.
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1432Fig. 1. Low-lying ex
ited states of the 98Mo nu
leus (adopted after [5℄). The tran-sitions observed in experiment with the 136Xe beam are marked with the arrows.All energies are given in keV. 3. Data analysisEx
ited levels s
heme together with available spe
tros
opi
 data wereadopted after an on-line database of NNDC Brookhaven [5℄ and 
ombinedwith measured 
-ray intensities. Those were used as an input to the CoulombEx
itation Least Squares Fitting 
ode GOSIA [6℄.A resulting set of redu
ed matrix elements was ri
h and pre
ise enoughto perform further analysis of the nu
leus shape. For example, the 
ru-
ial matrix elements 
onne
ting 0+ states with all observed 2+ states weredetermined with a

ura
y better than 15%.



Shape Coexisten
e in 98Mo 5173.1. Quadrupole sum rulesThe E2 operator expressed in the prin
ipal axes frame of the nu
leusmay be parameterized using two parameters Q and Æ:E(2; 0) = Q 
os Æ;E(2; 1) = E(2;�1) = 0;E(2; 2) = E(2;�2) = 1p2 Q sin Æ:The Q parameter is a measure of an overall deformation, while the Æparameter is a measure of triaxiality. Q and Æ are equivalent to 
ommonlyused deformation parameters � and 
, ex
ept that they are related to the
harge distribution rather than mass distribution.An invariant is needed to evaluate intrinsi
 deformation parameters usingquantities measured in the laboratory frame.Zero-
oupled produ
ts of E2 operators are rotational invariants. Thesimplest produ
t may be expressed as:hij [E2� E2℄0 jii = Q2p5 :Operator produ
ts may be expressed using the intermediate state expan-sion formula:hik [E2� E2℄0 kii = 1p(2Ii + 1)Xt hikE2ktihtkE2kii� 2 2 0Ii Ii It � :(1)To get information on triaxiality, the expe
tation value of the Æ param-eter must be determined. Therefore the higher order invariant is needed:hijf[E2� E2℄2 � E2g0jii =r 235Q3 
os 3Æ:The similar evaluation using the intermediate state expansion formulayields: hijf[E2� E2℄2 � E2g0jii =1(2Ii + 1)Xt;u hikE2kuihukE2ktihtkE2kii� 2 2 2Ii It Iu � : (2)Sums over intermediate states in equations (1) and (2) extend over allstates of the system, whi
h may be rea
hed by a single E2 transition fromthe state of interest i.Redu
ed matrix elements in the above equations are determined experi-mentally.



518 M. Zieli«ska et al.4. Shape parameters of 0+1 and 0+2 statesFigures 2 and 3 show the quadrupole deformation parameters, 
al
ulatedfor both 0+ states in 98Mo nu
leus, in 
omparison with available data fromsele
ted Ge isotopes [1, 7, 8℄ whi
h also have a low-lying se
ond 0+ state.
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os 3Æ parameter found for the two �rst 0+ states in 98Moand 72;74Ge nu
lei.



Shape Coexisten
e in 98Mo 519In 
ase of Ge isotopes the ground state is deformed, while the se
ond0+ state tends to be spheri
al. For 98Mo nu
leus overall deformation is thesame for both 0+ states.The triaxiality remains the same for ea
h of Ge isotopes. On the 
ontrary,the ground state of 98Mo is triaxial, while the �rst ex
ited state has a prolateshape. 5. SummaryThe 
olle
tive properties of the �rst 0+ states in 98Mo nu
leus have beeninvestigated in a model-independent way using multiple Coulomb ex
itation.The result shows a 
lear shape 
oexisten
e of the ground and the �rst ex
ited0+ states. While the overall quadrupole deformation (intrinsi
 Q moment)remains almost 
onstant, the nu
leus undergoes the transition from triaxial(0+1 ) to prolate (0+2 ) shape. The result is in sharp 
ontrast to those obtainedfor Ge isotopes, although their energy-level stru
tures are similar.REFERENCES[1℄ B. Kotli«ski, T. Czosnyka, D. Cline, et al., Nu
l. Phys. A519, 646 (1990).[2℄ D. Cline, A
ta Phys. Pol. B30, 1291 (1999).[3℄ K. Furuno, M. Oshima, T. Hayakawa et al., Nu
l. Instrum. Methods Phys. Res.A421, 211 (1999).[4℄ J. Iwani
ki, J. Choi«ski, T. Czosnyka et al., A
ta Phys. Pol. B28, 153 (1997).[5℄ National Nu
lear Data Center On-line Servi
e, Brookhaven National Labora-tory, USA, 2001.[6℄ T. Czosnyka, D. Cline, C.Y. Wu, Bull. Amer. Phys. So
. 28, 745 (1983).[7℄ Y. Toh, T. Czosnyka, M. Oshima et al., Eur. Phys. J. A9, 353 (2000).[8℄ Y. Toh, T. Czosnyka, M. Oshima et al., J. Phys. G27, 1475 (2001).


