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1. Introduction 

Experimental studies of 9 4Mo- 2 and ^ M o / 1 - 1 7 / reveal 
the coexistence between the collective and single-particle 
effects. 

The earl ier theoretical approaches to 9 4Mo have been 
attempted in the framework of the shell-model 
calculations /18.19/, and of the collective asymmetric rotor 
model /17,20/, giving one-sided description of the physical 
situation. Specifically, shell-model calculation completely 
fails to predict the observed pattern of electromagnetic 
transitions, and the relative population of the 2 +states 
in the 9 3 Nb( 3He,d) 9*Jforeaction. In the shell-model cal
culations for 9 SMo /18,19 / the several observed low-lying 
excited states are not reproduced. Descriptions based on 
coupling of restricted particles or quasiparticles to vibra
tions, applied to 9 5 Mo, face the problem of the additional 
effects due to the neglected neutron configurations of 
seniority three. 

The 9 4Mo and 9SMo nuclei have two and three neutrons 
outside the N = 50 closed shell, respectively, while the 
28-50 proton shell is open. On the other hand, the 
neutron closed shell 9 2Mo nucleus axhibits a pronounced 
low-frequency quadrupole mode [B(E2) (2f->0|) - lOs.p.u. 1 
Therefore, we treat 94Mo and 95Mo on the same footing, 
by coupling valence-shell neutrons to quadrupole vibra
tion /24—Ш/ and within the same parametrization. The 
explicit neutron configurations of seniority two and three 
in 9* Mo and 9 S Mo, respectively, turn out to be significant 
as was also found for few-proton clusters in 25^" / 3 3 / , 

ж F e / W / - 30 Z n / 3 3 / > 3i Ga / 3 3 / , 4 7 Ag / 3 3 / , ^Cd /35.36/ , 

5 2Te/38,39/, и 1 / 3 3 / 7 9 A u /29.S2,34/ and ^ g / 3 0 , 3 6 / 
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In heavier Mo nuclei the particle configuration space 
becomes too large and one has to go to quasiparticle 
representation /24,26,41/ However, the explicit effect of 
clustering becomes less important, so a description in 
terms of only collective degrees of freedom can be 
attempted ' ' 1 2 / . 

2. The Model 

In the present approach odd and even-A nuclei are 
treated on the same footing. The Hamiltonian is /24,25/ 

Here H.sHdescribes the motion of n valence-shell particles 
in the shell-model potential, andHvm represents the free 
quadrupole vibrational field. The residual interaction 
HHESbetween n valence-shell particles explicitly includes 
only the pairing force. 

The bare particle-field coupling strength is 

" - J 4 ^ , " ~ < k > tBV"'(E2)(2+-.0T)i* • (2) 
3 Ze R g 

The radial matrix element-generally is estimated <k> = 
= 50 MeV /24/ and В vlH(E2)(2+[-> 0{ ) has to be taken from 
nucleus vibrator ( 92Mo in the case of^Mo and »5Mo ). 
The Q-Q component of the residual force, as well as high-
frequency quadrupole modes and the isovector potential 
can be included intherenormalizationofthebare particle-
field coupling strength /24,43/, The effects of the isovector 
potential and of the bare Q-Q force act in opposite direc
tions. 

The Hamiltonian is diagonalized in the basis built 
from K j , j 2 ) J.NR ;I •> and | [(j ,j 2 ) J 1 2 , j 3 ] J ,NR;I> states 
for n=2 andn=3 , respectively. Here N and R represent 
the number of phonons and the angular momentum of the 
N-phonon state, respectively. 
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The E2 and Ml operators consist of a particle and 
a vibrational part ' 2 *.25/ 

м'(Е2)Л е " р ^У^(в^.)4е т ^(Ь$1(-)"Ь^,(з) 

M(M1) - ( т М [g 1 + (g - g ) f +(g - g , ) S U N . ( 4 ) 

I is the total angular momentum of the nucleus, and 
J* and S are the total angular momentum operator 

and the spin of the valence-shell cluster state, respec
tively. e s-P-and e v 'H are the single-particle and vibrator 
charge, respectively, R 0 is the nuclear radius. The 
quantities g R , gj> and g s are the gyromagnetic ratios. 
The bare charges and gyromagnetic ratios for neutrons 

are e-•"••= 0 , eVlB = z ( ^ f L . ) « m ] g R = Z / A , g e = 0 and 

gs = -3.82 . 

3. The Calculation 

In the present calculation the parametrization is 
chosen in a most simple-minded way directly from 
experiment. In this way no free parameters are present, 
but in interpreting results one should keep in mind 
possible physical renormalizations of parameters. 

The neutron single-particle levels are taken as deter
mined by the 9 2Mo (d,p) 9 3 Mo reaction in ref. «^Л 

<r(s l /2)-<r (d s / 2)=1.55MeV, e (g 7 / 2 ) - f (< l 5 / 2 )= 1.50 MeV, 

«(d 3 / g)-e(dg /g)-1.89MeV, < ( h l l / 2 ) ~<(d s / 2 )=2.22MeV. 

The experimental phonon energy is taken ггопГШ:Ьш2 = 
= 1.51 MeV. The pairing energy is estimated in the usual 

way G = 0.25 MeV. The bare value (2) is used for the 
particle-vibration coupling strength: a -0 ,8 . 
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Fig. 1. Calculated and experimental levels of 9 4 Mo. 
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In this parametrization, without any adjustable para
meter, we diagonalize Hamiltonian (1) in the corresponding 
basis for n«2 and n=3 .The resulting calculated spectra 
for 9*Mo and 9SMo are presented in figs. 1 and 2, 
respectively, and compared to experiment. The electro
magnetic properties are obtained by calculating matrix 
elements of the operators (3) and (4) by using wave 
functions obtained by diagonalization. In tables 1 and 2 
some B(E2) and В (Ml) values are presented for 9*Mo 
and 9 5 Mo, respectively, and compared to experiment 
and to the calculated values of different models. 

The vibrator charge e V I B =2.6 and gyromagnetic ratios 
g R=Z/A, gt = 0 have bare values, while es>P- =0.5 and 
g s = 0.8gf ee a r e renormalized in order to account for 

truncation and neglected velocity dependent forces, r e s 
pectively ' 2 S ' . 

4. Static Moments 

The 2f state of '* Mo is in zeroth-order a one-
phonon multiplet state |(d 5 / 2 ) 2 0,12 ; 2 > . The leading 
order contributions to the quadrupole moment come from 
second-order particle processes involving a single par
ticle interacting with the electromagnetic field, and from 
third order induced collective processes with the ab
sorption or emission of virtual phonons by the electro
magnetic field /35,36/ . The corresponding diag
rams /36,37,38/ a r e drawn in fig. 3. To the four induced 
diagrams in each line, with all possible time-orderings 
of the phonon- electromagnetic field interaction, we apply 
the factorization theorem /37/ln this way, the 24 induced 
terms in fig. 3 can be incorporated in the "on the energy 
shell" effective charge 

e e f f < Z * ) - e - P - + - 5 - e v m | a | 1 ( 5 ) 

(я) l ' z hu>2 

which is independent of the shell-model configurations. Its 
effect is to enhance the shell-model effects. Therefore, 
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Fig. 3. Second-order particle and third-order induced 
collective diagrams giving leading contributions to the 
quadrupole moment of the first excited state. 
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generally the quadrupole moment is essentially the shell-
effect resulting from the competition between the 
QciJ(J) 2 ]>0 diagonal and QciKj, j 2 ) 2] < ° nonspin-flip 
( i i = i 2 t .2 or j i+ j 2 = 2) off-diagonal contribution from 

the valence-shell clusters. This gives a simple rule 
(GVISR) for the sign and magnitude of the quadrupole 
moments '35,36/. i n

 9*Mo the quadrupole moment is mainly a 
result of competition between the two terms: Q c i l ^ s / a ' 2 2 ^ 
and Q C L l(d 5 / 2 S ] / 2 )2] <0. For the experimental single-
particle energies 

/ 8 / the off-diagonal terms prevail, 
so the quadrupole moment is predicted to be negative 
(Q = - 0.27eb).By increasing the s | / 2 position, the off-
diagonal terms become smaller and diagonal ones prevail. 
For ((sl/2)-e(d./2)=5 MeV we get Q = 0.02 eb. In the 
presence of only d s / 2 single-particle state, the off-
diagonal terms are absent, and the result is Q = 0.21 eb. 

Generally, nuclei exhibiting competition between dia
gonal and off-diagonal terms, a re predicted to have quadru
pole moments very sensitive to some single-particle 
positions. Classical examples of this type are Cd and 

Те /35,36/ . 
The other static moments, calculated for low-lying 

states i n ' *Moare : Q(4f) = -0.45 eb. Q(2p= 0.29 eb , 
^(2+)=0.42^N, /x(4t)=0.21, l N , / 1(2+) = -6 .99p N . 

In odd nuclei the induced collective processes can 
also be incorporated in the effective charge (5), so the 
quadrupole moment is a shell-effect. The situation is 
greatly simplified for N = 0 states, because in leading 
order there is on'y one contributing shell-model cluster. 
The corresponding contribution for the ground state of 9 5 Mo 
is Qcii(d 5/2 ) 3 5/2]=0 , so the quadrupole moment is 
a higher-order, partly incoherent effect, and consequently 
small. This qualitative prediction is in agreement with 
the experimental result Q(5/2/)=-t0.12 eb/H/ The cal
culated magnetic moments of low-lying states are^(5/2])= 
=-0.55/iNand /i (3/2 ̂ - 0 . 2 6 p N , and the corresponding ex

perimental values -0 .91/ / N and -0.39/ijv|44respectively. 
Magnetic moments are rather sensitive to the choice 
of g B . 
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5. Coexistence between Quasirotational 
and Quasivibrational Properties 

The coexistence of quasivibrational and quasirotatio-
nal characteristics is the general pattern produced by 
the cluster-field mechanism /зо-39/ 

In even nuclei, for low-lying states the quasivibra
tional situation is established, with strong stop-over 
(0+-2, + , 2+ - 2 + , 4 | - 2 | ) a n d small cross-over (2+-0+) 
transitions. The2^->2t E2 transition appears theoretically 
to be somewhat retarded with respect to the other two 
stop-over transitions /зб/lt should be stressed, however, 
that the 0$ , 2 J and 4f model states are not based on 
two-phonon excitations, as supposed in the pure vibrational 
picture, but are of rather mixed character, involving 
different clusters and zero-, one-, and two-phonon com
ponents: for 9* Mo there are no individual components 
larger than 20-30%. Therefore, these states may lie rather 
far apart from each other, and other states can also 
appear in the same energy region. 

The cluster-field mechanism generally reproduces the 
ground-state quasirotational band. The calculation for 

94Mo reproduces the...l0,+-8+->6t ->4 j-.2,+->0 + band, with 
strong E2 transitions inside the band, and negative 
quadrupole moments of the members of the band, thus ref
lecting a kind of prolate deformation produced by the clus
ter-field mechanism. For higher-spin states we expect 
additional stretching and reduction of B(E2) values 
(phase transition). The present model reproduces also the 
elements of the second band in the yrast region, but of 
a less pronounced quasirotational character. 

For low-lying states in odd nuclei, due to cluster-
field interaction, the multiplet pattern is partly broken. 
In 95Mo the 9/2,*» 5/21 E2 transition is strong, although 
both states ar ise from t'.;e single-particle clusters 
K<f5/2) 39/2,00;9/2>and|(d s/ 2)35/2,00; 5/2 >, respecti

vely. Namely, for close-lying clusters the cluster-field 
interaction enhances the shell-effect, similarly as in 
the case of quadrupole moment ' 3 6 ' . The 7/2 j-5/2 f E2 
transition is forbidden due to spin-flip selection rule 
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(7/2} state is based on the|[(d ^ г ^ О . о д ) 7/2,00;7/2>confi
guration), and therefore retarded. The 1/2+ - 5/2+ , 
3./21-« 5/2+1 and 7/2t, - 5/2 + transitions a re strong 
because they a re of 4 N - 1 type, and there is no lower-
lying nonspin-flip cluster state of the same spin as initial 
state /зз ,зб/ . 

Typical quasirotational elements in odd nuclei, pro
duced by the cluster-field mechanism, a re the quasiro
tational band and the I - j - 1 anomaly. The general result 
are the strong Д1 - 2 E2 transitions inside the two 
sequences ...21/2 f- 17/2+.-13/2+.-9/2+. -5/2+ and... 23/2+,-
- 19/2"f - 15/2*, - l l / 2 + , - 7/2 2 -5 /2 + , of the ground state 
band. This feature is based on the mechanism of maximum 
alignment, which is the geometrical effect as in the 
deformed region. The calculated quadrupole moments of 
the numbers of the ground-state band a re negative, 
as for the neighbouring even 9 4 Mo. For higher spins 
additional effects due to appearance of phase transition 
are also expected. 

The 1» j - 1 anomaly, i.e. the lowering of the one-
phonon multiplet state I ( d s / 2 ) 3 5/2 , 12 ; 3 / 2 > relatively 
to the other states of the multiplet is an explicit effect 
of Pauli principle between the three valence-shell neut
rons, enhanced due to mechanism of the cluster-field 
coupling / 3 3 Л The pronounced collective character of the 
Ы2\ state is reflected in strong 3/2^-5/2^ E2 transition. 
For higher spins and stronger coupling the state is more 
lowered and decreases even below the cluster state 
j ( 5 I . 5 5 M n > 107 , l«9J l k g e t c ) / 3 3 / . 

6. Transfer Properties 

Transfer-reactions involving 9 4 Mo, 9 5 Mo and neigh
bouring nuclei / б - п / reveal appreciable single-particle 
clustering, i.e. deviations from a simple vibrational 
picture. 

The 5/2+ ground state of < J S Mo is strongly and the 
higher states weakly excited in the ^'Wo(d,t)93^^o transfer 
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reaction / ' / .The ground states of 9 3Mo and 9*Mo are 
based on the | d 5 / 2 ,00;5/2>and | (d 5 / a ) 2 0,00; 0> zeroth-
order configurations, respectively. The ground state of 
9 3 Mo is therefore populated by zeroth order processes 
in both (d , t ) and (d,p) reactions. The states based on 
other single-particle states, namely 1/2 J" , 3/2 f and 
7/21 are populated by first order pairing processes in 

the (d,t) reactions, whereas in the (d,p) reaction they are 
directly excited. The states based on single-particle 
multiplets are populated by higher-order processes. 

In the "™o(p,t) 2Mo reaction the ground state of 
9 2Mois rather strongly excited, and the other low-lying 
states are weakly populated/ 9 / The ( d 3 / 2 ) 2 O / S J / J ) 2 ^ 
( g 7 / 2 ) 2 0 , ( d

3 / / 2 ) a 0 a n d ( h 1 | / 2 ) 2 0 neutron pairs in the 
ground state'wave function contribute coherently to the 
form factor for the Oj1" -> Of two-particle transfer. The 
ratio of the ( s , / j j 2 0 to the(d 3 / . , ) 2 0 strength obtained in 
our calculation is 0.1. The 0+ ->~2f (p,t) transfer in the 
present model follows mainly from one-phonon compo
nents in the ground state of 94Mo with the (d s / 2 )22, 
(d 5 / 2 S[/ 2 )2 and(S | / 2 d 3 / / 2 )2broken neutron pairs. 

The 9 3Nb( 3He,d) 9 4Mo reaction yields a pronounced 
experimental result: the lowest 2 [ state is more strongly 
excited than the second 2 J state by one order of mag
nitude /lo/,which contradicts to the shell-model calcula
tions / '8 ,19 / . xhe present approach naturally accounts 
for the experimental situation, The 9 3 Nb ground state 
in zeroth order ar ises from a g9/ 2 quasiproton coupled 
to a ( d 5 / 2 ) 2 0 neutron pair.In this way the 9 3Nb( Hie,d)9'Mo 
reaction mainly excites the [ (d 5 / 2 ) 20,12;2 > component 
through the ( g ( J / 2 ) 2 2 two-quasiproton configurations, 
creating a phonon by a first-order process. The 2f and 
2+ states in 9 4Mo arise from the | (d 5 / / 2 ) 20,12;2 •> and 

| (d 5 ' 2 )22,12;2> basic configurations, respectively. There
fore, the basic component of the 2.+ state is populated 
by the first-order and that of the 2+ state by the third-
order process, being an order of Tnagnitude smaller. 

The 95Mo(d,t) "̂ Mo and94Mo(p,p ' у ) reactions reveal 
appreciable excitation of the Of , 2 j and 4f states, 
the 4f state being more strongly excited than the 

13 



2 + state l x x l . In the present approach the 0, + and 4\ 
are based on | ( d 5 / 2 )20,00;0> and | ( d 5 / 2 )24,00; 4> zero-
phonon components, respectively, while the 2 + state 
is based on the | (d 5 / 2 ) 2 0 , 1 2 ;2> one-phonon component. 
The ground state of »5Mo ar ises from the |(d /2)%/2,00;5/2> 
component. Therefore, in zeroth order 5/2 + -» 0+ and 
5/2 + -• i \ transfer is allowed and Ь/2*у->_2* forbidden. 

Pairing correlations increase the population of the 0 + 

state, and first-order particle-vibration coupling pro
cesses contribute to the excitation strength of the 2 + 

state. 
In the 9*Mo(d,p) 9 5 Mo reaction the experimental 

spectroscopic factors of the low-lying states are 5/2j"(0.59), 
3/2+ (0.02), 7/2+,(0.18) and 1/2+ (0.37)/«/ The cor
responding direct components (populating K d s / 2 )20,00;0> 
configuration in 9*Mo ) in our wave functions for 9 5Mo 
give 0.56, 0.03, 0.36 and 0.40, respectively. It should 
be stressed that (d, P ) experiment clearly shows that the 

3/2t state is not of one-particle or one-quasiparticle 
character, i.e. that its origin lies in 1 = j - l anomaly, 
which is due to neutron cluster of seniority three. 

7. Conclusion 

Shell-model calculations could, in principle, give the 
proper description of so-called spherical and transitional 
nuclei, provided the full space of all active configurations 
contributing noticeably to the properties of the nuclear 
system is taken into account. However, one is forced to 
truncate the space rather severely, which leads to a loss 
in amount of physical information. 

Alternative approaches are based on describing the 
nuclear system in terms of only collective variables 
obtained by averaging over the shell-model structure. 
Such approaches are applied, when the averaging is 
expected to be a fair representation of the actual situation, 
and no explicit shell-model configurations are important. 

Explicit shell effects could then be included by coupling 
dominant valence-shell few-particle clusters to the col-
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lective field. In this way much iarger effective space is 
included than in the corresponding shell-model calcula
tions. The two simple choices of the basic representations 
are: 

i) Spherical representation, i.e. coupling if single 
particles in shell-model spherical configurations to vib
rations. 

ii) Deformed representation, i.e. coupling of single 
particles in Nilsson orbitals to rotations. 

Both representations can be used to describe an 
intermediate physical situation in spherical and transi
tional nuclei, which is characterized by the coexistence 
of the quasirotational, quasivibrational and clustering 
patterns. The cluster-field interaction and Pauli principle 
introduce quasirotational elements into (i), while the 
Coriolis coupling introduces quasivibrational elements 
into (ii). 

In the present paper wehavedemonstratedtheapproach 
(i) on 9*Mo and 95що. However, in the light of simple-
minded parametrization and of the neglected correlations, 
the quantitative results should not be interpreted too 
rigidly. 

Possible generalizations can be attempted in two 
directions: a) including additional types of correlations, 
b) extension to larger clusters. In the case b) transition 
to the BCS basis seems to be appealing. However, the pre
sent approaches to n=2 and n=3 systems indicate the 
importance of higher-seniority configurations. 
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Table 1 
Comparison of available experimental and theoretical 

B(E2) and B(M1) values for **Mo 

THEORY 

EXPERIMENT VERVIER* PRESENT 

BfoMfoft 
0 . 0 5 4 + 0 . 0 0 B a 

0 . 0 4 4 + 0 . 0 0 2 ° 
0 .037 0 . 0 5 0 

*&№*$) 
0 . 0 0 1 1 ± 0 . 0 0 0 3 a 

0 . 0 0 0 6 + 0 . 0 0 0 1 Ъ 

0 . 0 4 6 0 .001 

№@*П) o.o3i a 

0.116+0О26 Ъ 
0 . 0 3 5 о.озз 

ewftfO 0 . 0 6 7 + 0 . 0 1 0 Ъ 0.057 

Bfo0(4-*,*> 0 . 0 2 0 + 0 . 0 0 7 Ъ 3 . 7 6 0.021 

"Hef./l/ V f . / 5 / , °ReW18/ 
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Table 2 
Comparison of available experimental and theoretical 

B(E2) and B(Ml)values for 9 5Mo 

EXPERIMENT 
THEORY 

EXPERIMENT 
СНОИШГОГСГ 
CLEMENS* 

REEHAL 
S0REMSEHg 

KISSMIIOEB 
KUlUBh 

PRESE» 

В(«Х»*,*-*5Й?> 
0.053+0O05 a 

0.059+0.004° 
0.064+0.007° 

0.057 0.024 0.015 0.05? 

B(ei)&A,+-»5/2t) 
0.005+0.003 d 

<0 .0003° 

<0 .0005° 

0.042 0.012 0.007 0.005 

Bfa)(i/it-*s/2t) 0. 060+0. Oii'' 
0 . 0 0 9 ± O.OO*3 

0.045 0.121 0.042 0.021 

KEi)CC^sej)-»«0 0.0006+0.0002 b 0.000 

Bffl)(9A<

+-»ff/j+) 
0.019+0.005 е 

0.032+0.003° 
о.озо+о.ооз0 

0.026 

m^/4-*5izt) 0.015+0.003° 0,004 



N> 

Table 2 (cont.) 

в<коса*:,»й>*8йй 0.013±0.002Ъ 

B(fi>(wt-*shf) 
0.022+0.005* 

о.оаэ+о.оозь 

0.030*0.004° 

to"00uf~&t) 
0 .0044 a 

0.0045*9.0008 b 

"*.f./12/, Vf . /13 / , °Ref./44/, Hef./H/, 

0.017 

'./15/. f Hef./a/, 4tt./ZZ/,\t 


