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IDENTIFICATIONOF MIXED-SYMMETRY STATES IN 94Mo�C. Fransen, P. von Brentano, A. Gade, V. WernerInstitut für Kernphysik, Universität zu Köln50937 Köln, GermanyN. PietrallaA. W. Wright Nu
lear Stru
ture Laboratory, Yale UniversityNew Haven, Conne
ti
ut 06520-8124, USAU. Kneissl and H.H. PitzInstitut für Strahlenphysik, Universität Stuttgart70569 Stuttgart, Germany(Re
eived O
tober 31, 2000)The nu
leus 94Mo was investigated using a powerful 
ombination ofa photon s
attering experiment, an o�-beam 

 
oin
iden
e study followingthe �+ de
ay of 94mT
, and the fusion-evaporation rea
tion 91Zr(�; n)94Mo.We identi�ed the one-phonon 2+ Mixed-Symmetry (MS) state and two-phonon MS states in the nu
leus 94Mo from the measurement of abso-lute M1 and E2 transition strengths. These strengths were determinedfrom photon s
attering 
ross se
tions, Doppler shifts, bran
hing ratios, andE2/M1 mixing ratios. The experimental results are in reasonable agree-ment with the intera
ting boson model.PACS numbers: 21.10.Re, 21.10.Tg, 23.20.Js, 27.60.+jIn most low-lying 
olle
tive states in heavy nu
lei protons and neutronsmove in phase. However, the proton�neutron version of the Intera
tingBoson Model (IBM�2) predi
ts [1℄ a 
lass of low-lying states, whi
h 
ontainantisymmetri
 parts with respe
t to the proton�neutron degree of freedom.These states are 
alled Mixed-Symmetry (MS) states. From the IBM�2we expe
t the following signatures of MS states, whi
h are a

essible to� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(777)
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 spe
tros
opy: low ex
itation energy, weakly 
olle
tive E2 transitions tothe symmetri
 states, and strong M1 transitions to symmetri
 states withmatrix elements of the order jhJfsym k M1 k J iMSij � 1�N . Sin
e the low-lyingsymmetri
 states de
ay predominantly by 
olle
tive E2 transitions, large M1matrix elements are the key signatures for MS states. One example is the1+ MS state, whi
h is 
alled s
issors mode due to its geometri
al pi
ture indeformed nu
lei [2℄. It was investigated extensively during the last 15 yearsin ele
tron s
attering [3℄ and in systemati
 photon s
attering experimentsmostly in the rare earth region [4℄. This enabled systemati
 studies of thes
issors mode [5�7℄ in
luding data for weakly deformed nu
lei.The lowest 2+ MS state is interpreted as the MS one-phonon ex
itation,whi
h results from an antisymmetri
 
oupling of a proton and a neutronquadrupole ex
itation. It is orthogonal to the symmetri
 2+1 state. There arefew data about this fundamental 2+MS state: In some weakly deformed nu
leiJ� = 2+ MS states were identi�ed from lifetime measurements [8�10℄. OtherMS states are basi
ally unknown. In a vibrator like nu
leus we expe
t theexistan
e of a quintuplet of MS states with the stru
ture (2+1 
2+MS)(0+;:::;4+),if the boson spa
e is large enough. The s
issors mode is the 1+ member ofthis multiplet. The present work deals with the identi�
ation of the one-phonon 2+MS state and two two-phonon MS states in 94Mo. The 3+ MS statewas observed for the �rst time.In order to investigate MS states in 94Mo we performed a new powerful
ombination of 
lassi
al 
 spe
tros
opi
 te
hniques. From a photon s
at-tering experiment at the Dynamitron a

elerator in Stuttgart done withbremsstrahlung we got photon s
attering 
ross se
tions. A 

 
oin
iden
estudy at the Cologne Osiris 
ube 
oin
iden
e spe
trometer following the�+ de
ay of the J� = (2)+ isomer of 94T
 yielded multipole-mixing ratiosand exa
t values for bran
hing ratios be
ause of the very 
lean o�-beamspe
tros
opy. From a 
ombination with the results of the photon s
atter-ing experiment we obtained lifetimes of some dipole and quadrupole ex
itedstates. In 

 
oin
iden
e experiments with the fusion�evaporation rea
tion91Zr(�; n)94Mo at two di�erent beam energies of E� = 12MeV and 15MeVwe determined lifetimes of ex
ited states using the Doppler shift attenuationmethod (DSAM) [11℄. Moreover the level s
heme of 94Mo was expanded andwe got multipolarities of transitions from the measurement of angular 
or-relations. At 2067.4 keV we observed the 2+3 state. Our data [12℄ yieldeddetailed information about the de
ay properties of this state: It has a weakly
olle
tive E2 transition to the ground state with a de
ay transition strengthof 1.8(2)W.u. The E2/M1 multipole mixing ratio Æ = 0:15(4) gives evi-
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e that the 2+3 ! 2+1 transition has predominantly M1 
hara
ter. The2+3 ! 2+1 M1 transition matrix element amounts to 1:5(1)�N . Our data [12℄show that the 2+3 state is the only of the observed 2+ states, whi
h de
aysvia an enhan
ed M1 transition to the 2+1 state. The enhan
ed 2+3 ! 2+1 M1transition and the weakly 
olle
tive 2+3 ! 0+1 transition agree with the MSinterpretation of this state [12℄.The 1+1 state was observed at 3128.6 keV. The de
ay transition strengthsof this state give 
lear eviden
e for the interpretation of this state as the1+ MS two-phonon state, the s
issors mode: We obtained a strong M1transition to the symmetri
 two-phonon 2+2 state with a transition matrixelement of jh2+2 k M1 k 1+1 ij = 1:14(7)�N as expe
ted from the IBM�2 for atwo-phonon MS state. A weakly 
olle
tive E2 transition to the 2+1 with anE2 transition strength of B(E2; 1+1 ! 2+1 ) = 1:2(4)W.u. 
omparable to the2+MS ! 0+1 transition strength was determined. We got a strong 1+1 ! 2+MStransition of B(E2; 1+1 ! 2+MS) = 24:4(28)W.u., if pure E2 
hara
ter isassumed. This value is in the same order of magnitude as the strength ofthe 2+1 ! 0+1 de
ay [12℄. The de
ay transitions of the 1+ state are shown inFig. 1 to visualize the two-phonon 
hara
ter. At 2965.4 keV the 3+2 state wasobserved. Fig. 1 represents the de
ay transitions of this state. All de
ays
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Fig. 1. Partial level s
heme of 94Mo (from [13℄). The numbers denote B(E2) valuesin Weisskopf units. For B(M1) values see Table I.



780 C. Fransen et al.are 
onsistent with the interpretation of this state as a two-phonon MSstate: Our data yield strong M1 transitions to the symmetri
 two-phononstates with M1 matrix elements of the order of one nu
lear magneton givingeviden
e for the MS interpretation: jh4+1 k M1 k 3+2 ij = 0:72+0:19�0:10 �N andjh2+2 k M1 k 3+2 ij = 1:30+0:33�0:21 �N . The E2 transition to the 2+1 state maybe weakly 
olle
tive with a transition strength of about one Weisskopf unit.The 3+2 ! 2+MS transition is 
onsistent with a 
olle
tive E2 strength withtens of Weisskopf units. The un
ertainties of the mixing ratios in both 
asesprevent de�nite numbers. Table I shows a 
omparison of the measured M1TABLE IComparison of analyti
al IBM�2 predi
tions using the 
ore 100Sn with N� = 4for M1 strengths (in �2N ) of MS states with experimental data on 94Mo. Orbitalvalues, g� = 1�N and g� = 0�N , are used for the boson g-fa
tors.Observable U(5) O(6) Experimental Ref.B(M1; 1+MS ! 0+1 ) 0 0.16 0.16(1) [12℄B(M1; 1+MS ! 2+2 ) 0.33 0.36 0.43(5) [12℄B(M1; 2+MS ! 2+1 ) 0.23 0.30 0.48(6) [12℄B(M1; 3+MS ! 2+2 ) 0.16 0.18 0.24+0:14�0:07 [13℄B(M1; 3+MS ! 4+1 ) 0.12 0.13 0.074+0:044�0:019 [13℄transition strengths of MS states in 94Mo with the results of theoreti
al
al
ulations in the U(5) and O(6) limit of the IBM�2. The good agreementgives 
lear eviden
e for the MS interpretation of the 
orresponding states.Due to the 1+1 ! 0+1 strength U(5) symmetry has at least to be broken.This work was supported by the DFG under Grants No. Br 799/9-1,No. Pi 393/1-1, and No. Kn 154/30.REFERENCES[1℄ F. Ia
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