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98Mo AND THE NEUTRON�PROTON MODEIN COLLECTIVE PAIRING VIBRATIONS� ��Krystyna Zaj¡
Institute of Physi
s, M. Curie-Skªodowska Universitypl. M. Curie-Skªodowskiej 1, 20-031 Lublin, Poland(Re
eived O
tober 31, 2002)The low�lying 
olle
tive ex
itations of 98Mo were investigated withinmi
ros
opi
 
olle
tive Bohr Hamiltonian modi�ed by the 
oupling withpairing vibrations. Some dis
repan
ies with experimental data 
on
erningthe 0+2 ex
itation and the interpretation of this state in terms of isos
alar(T = 0) and isove
tor (T = 1) bosons suggest that the 
olle
tive Hamilto-nian should be 
ompleted with proton�neutron pairing vibrations.PACS numbers: 21.60.Ev, 23.20.�g, 27.60.+jThe stru
ture of low-lying ex
itations of 98Mo has been re
ently investi-gated in some experiments using the multiply Coulomb ex
itation [1℄. Theaim of the present work is to show that in the mi
ros
opi
 des
ription of thisisotope one has to look more 
arefully at possible new 
olle
tive ex
itationmodes in
luding the proton�neutron pairing degrees of freedom.The re
ently developed [2�5℄ mi
ros
opi
 approa
h whi
h takes into a
-
ount the in�uen
e of pairing 
orrelations was su

essfully applied in thewide range of transitional nu
lei from neutron-ri
h Ru to transurani
 iso-topes. It was obtained from the 
omplete �quadrupole + pairing� Hamilto-nian whi
h for a given nu
leuswithZ protons and A�Z neutrons reads asĤCQP = ĤCQ(�; 
;
 ;�p;�n) + ĤZCP(�p; �; 
)+ ĤA�ZCP (�n; �; 
) + Ĥint : (1)The operator (1) a
ts in the 
olle
tive spa
e of Bohr deformation parameters�, 
, Euler angles 
 and variables des
ribing the pairing 
orrelations, that is:� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.�� The work is partly supported by the Polish State Committee for S
ienti�
 Resear
h(KBN) under 
ontra
t No. 2P03B 04119.(2241)
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�p and �n � the proton and neutron pairing gap parameters (the proje
-tion onto the 
orre
t parti
le numbers eliminates appropriate gauge angles).In our approximation we negle
t the term Ĥint mixing the quadrupole andpairing vibrations. Then at ea
h (�; 
) deformation point the eigenproblemsof proton ĤZCP and neutron ĤA�ZCP 
olle
tive pairing [6℄ terms are solved andlooking at the proton- and the neutron ground-state fun
tions we 
an �ndthe most probable values of the proton and neutron energy gaps �p0 and�n0 . Be
ause of the strong anharmoni
ity of ĤZCP and ĤA�ZCP the values of�p0 and �n0 are shifted towards smaller gaps from the equilibrium pointsdetermined by the BCS formalism. We take into a

ount the zero-pointpairing vibrations and, therefore, [2, 3, 5℄ the Hamiltonian (1) is approxi-mated by the operator whi
h takes the form of the usual generalized BohrHamiltonian [7, 8℄ĤCQ = T̂vib(�; 
; �p0;�n0 )+ T̂rot(�; 
;
; �p0;�n0 )+V
oll(�; 
; �p0;�n0 ) : (2)Here the 
olle
tive potential V
oll is 
orre
ted by the ground-state energiesof ĤZCP and ĤA�ZCP pairing terms. The e�e
t of zero-point pairing vibrationsmodi�es all inertial fun
tions appearing in vibrational T̂vib and rotationalT̂rot terms as well as in the 
olle
tive potential � they are 
al
ulated us-ing the most probable values of proton and neutron energy gaps �p0 and�n0 instead of the equilibrium (BCS) ones [2℄. In this way the average ef-fe
t of the 
oupling with pairing vibrations is in
luded into the mi
ros
opi
des
ription of quadrupole nu
lear ex
itations and no adjustable parame-ters are introdu
ed. The inertial fun
tions and the potential are obtainedusing the 
ranking and the mi
ros
opi
�ma
ros
opi
 method with the stan-dard single-parti
le potential (Seo�Nilsson) and the standard strengths ofmonopole pairing intera
tion.The model sket
hed above was su

essfully used in the A = 100 nu
learregion. However, applying it to low-lying ex
itations of 98Mo one 
an �ndsome 
hara
teristi
 disagreements with the experimental data. The 
ompar-ison of the data obtained with the Hamiltonian (2) and the observed ones ispresented in Fig. 1. The experimental data are well reprodu
ed ex
ept the0+2 band (marked out by the dashed frame). In the experiment the 0+2 ex
i-tation is the lowest one and moreover, it 
orresponds to the prolate shape [1℄of the nu
leus. Su
h a shape 
oexisten
e does not appear in our 
al
ulations(see the right side of Fig. 2). In the same �gure (left side) some matrixelements of E2 operator (grey points) are 
ompared to the experimentalvalues (bla
k ones) and to the results of a pure phenomenologi
al IBM-1approximation (
ontained also in the Ref. [1℄) assuming two di�erent kindsof �s-bosons� 
onne
ted with two possible 
on�gurations of valen
e protons.
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k) [9℄ and theoreti
al (grey) band stru
ture of 98Moisotope.
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Fig. 2. On the left side: the experimental [1℄ E2 matrix elements (bla
k) andtheoreti
al ones resulting from the presented model (grey) and IBM [1℄ (emptypoints). On the right side: experimental [1℄ (bla
k) and theoreti
al (grey) triaxialitymeasure of the 98Mo shape in ground and 0+2 states.In the frame of the shell model of 98Mo the valen
e neutrons o

upy theg9=2 subshell while the valen
e protons � the g7=2 one, so the �deuteron-like�pair with the orbital momentum L = 0, spin S = 1 and the isospin T = 0is easily formed. In order to take into a

ount this possibility a simpli�edversion of the IBM-4 approximation [10℄ 
an be applied and we believe that it
an point out some hidden symmetries. Let us assume that 
olle
tive 0+ and
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Fig. 3. Experimental [9℄ (bla
k) binding energies of two �rst 0+ and 1+ states ofA = 98 isobars 
ompared with values 
al
ulated (grey) within isospin boson model(T means the isospin of boson system).1+ ex
itations of an A = 98 isobar 
an be des
ribed in terms of the systemof N = intera
ting isos
alar L = 0, S = 1, T = 0 bosons 
orrespondingto the �deuteron-like� nu
leon pairs and isove
tor L = 0, S = 0, T = 1bosons representing pairs of identi
al parti
les. The total number of bosonsis 
onne
ted with the number of nu
leons outside the 
ore (in
luding thef�p proton shell).In so 
alled �vibrational limit� (the numbers of isos
alar and isove
torbosons are preserved) the Hamiltonian of the boson system 
onsists of theCasimir operators following the group 
hain [10℄U(6) � US(3)
UT (3) � SOS(3)
 SOT (3) ; (3)and the simplest formula des
ribing its eigenenergies reads asE(n; S; T ) = un+ vS(S + 1) + wT (T + 1) +E0 ; (4)where n is the number of isos
alar bosons, S means the total angular mo-mentum (spin) and T the total isospin of the boson system. This formulawith parameters u = 0:370 MeV, v = 1:433 MeV, w = 0:483 MeV andE0 = �88:966 MeV reprodu
es unexpe
tedly well (Fig. 3) the binding en-ergies of 0+ and 1+ levels of A = 98 isobars 
orresponding to the third
omponents of the isospin. The 0+2 and 1+2 states a

ording to boson de-s
ription are built from 0+1 and 1+1 states by 
hanging two isove
tor bosons



98Mo and the Neutron�Proton Mode in Colle
tive . . . 2245into isos
alar ones. It means that the energy distan
e between the �rst andthe se
ond 0+ as well as between the �rst and the se
ond 1+ level is due tothe 
oupling of two proton�neutron pairs and, therefore, it should be 
on-stant for all A = 98 isobars. The experimental data seems to 
on�rm su
ha statement in spite of dis
repan
ies (98Ru) 
aused by other (quadrupole)ex
itation modes.It is rather hard to believe that the agreement of observed and 
al
ulatedbinding energies presented in Fig. 3 is 
ompletely a

idental, so it seems thatthe proton�neutron pairing intera
tion in�uen
es the 98Mo band stru
tureand it should be in
luded in the Hamiltonian (1). In 
on
lusion, the 
om-petition between isos
alar and isove
tor mode of pairing vibrations 
ouldplay a non negligible role in the des
ription of the 
olle
tive ex
itations indi�erent regions of nu
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