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The properties of the 94Mo nucleus, which is a typical representative of N = 52 nuclei, have 
been calculated in the cluster-field model in natural representation (without parameter fittingj. 
The competition between two-neutron valence-shell and vibrational degrees of freedom, 
giving rise to the coexistence of quasivibrational, quasirotational, and clustering phenomena 
has been demonstrated and conceptual problems have been discussed. 

São calculadas as propriedades  do núcleo de 94Mo, um representante típico de nucleos com 
N igual a 52, no modelo de chster-field e na representação  natural (sem ajuste de parâmetros). 
Demonstra-se a competição entre os graus de liberdade vibracionais e dos dois neutrons 
de valência, competição essa que dá origem à coexistência de fenômenos quasi-vibracionais, 
quasi-rotacionais e de clustering e discutem-se problemas conceituais. 

1. Introduction 

Experimental studies of   MO^, have been performed by Coulomb exci- 
tation lP3, decay e~per iments~-~  and by the reactions 94Mo (d, d') [Ref. 81, 
94Mo (p, p/) [Ref. 91, 94Mo (d, n)95 TC [Ref. 101, 92Zr (01,211~) 94Mo [Refs. 
11,121, 94Mo(p, d) 9 3 M ~  [Ref. 131, 9 4 ~ o ( d ,  t) 9 3 M ~  [Refs. 14,151, 9 4 ~ o  
(p, t) 92Mo [Refs. 16,171, 93Nb (3He, d) 94Mo [Ref. 181 and 95Mo (d, t) 
94Mo [Ref. 191. 

In theoretical considerations, 94Mo has been described by s'hell-model 
calculations using the effective interaction method with a rather restricted 
configuration ~ p a c e ~ ~ , ' ~ .  This nucleus has also been discussed in the 
framework of the collective asyrnmetric rotor m ~ d e l ~ , ~ ~ .  

The present description is based on coupling single-particle to collective 
degrees of freedom. 

'Permanent address. 



The 94Mo nucleus has two neutrons outsidc: the N = 50 closed shell, while 
the 28-50 proton shell is open. On the other hand, the neutron closed- 
shell 9 2 ~ ~  nucleus exhibits a pronounced low-frequency quadrupole 
mode (the B(E2) value is 10 spu.). Tfierefore, the properties of the 
N = 52 system are expected to be given by an interplay of two-neutron 
valence-shell single-particle and collective degrees of freedom. The me- 
chanism of the particle (or quasipartic1e)-vibration coupling generally 
appears to play an important role in creating the properties of spherical 
transitional n ~ ~ l e i ~ ~ - ~ ~ , ~ ~ -  

An analogous description has been successfully perfonnied for the correspon- 
ding nuclei having two proton particles (even ~ e ~ ~ , ~ ~ s " ~ , ~ ~  ) and holes (even 
1_1~32,33,35,39 ) in the 50-82 proton shells, with neutron shells being open. 

The 95Mo nucleus, having three neutrons o~tside the N = 50 closed shell, 
*4 has been successfully described within the same natural parametrization 

as used here for 9 4 ~ o ,  by coupling three valence-shell neutrons to the 
vibrations7. 

The effects of coupling a three-particle (hole) cluster to the vibrational 
field have also been successfully studied in the 50-82proton she1132,33~41~45~57. 

2. ~ifficulties Facing the Shell-Model Approach 

Although available shell-model cal~ulations"~ - 2 4 ~ 1  account satisfactorily 
for a number of properties of 9 4 ~ o ,  they are in disagreement with a few 
pronounced experimental facts: 

(i) The quasivibrational pattern of the electi-omagnetic propertiespf low- 
lying states. The experimental B(E2) value:; for the 2: + O:, 2, + 2:, 
and 4: + 2: stop-over transitions are strongly enhamced over the single- 
particle estimate, while the 22 + 0: crossover transition is reduced by 
alrnost two orders of magnitude relative to strong stopover transitions. 
The results obtained by the shell-model calculation2~' using the effective 
charges e!,, = 1.71 and e& = 1.81 are compared with experimental data 
in Table I. The B(E2) value for the shell-model crossover transition cai- 
culated in Ref. 23 is larger than the one for tht: 22 + 2: stopover transition, 
in contradiction to experiment; 



\ 

Experimenta Experimentb Shell model' Present model 

B(E2) (2, -+ 0,) (eb)' 0.054 f 0.008 0.044 1: 0.002 0.037 0.050 
B(E2) (2, -+ 0,) (eb)' 0.0011 + 0.0003 0.0006 + 0.0001 0.0046 0.001 
B(E2) (2, + 2,) (eb)' 0.031 O. 1 16 I 0.026 0.0035 0.033 
B(E2) (4, + 2,) (eb), large 0.067 f 0.010 0.057 
B(M1) (2, -+ 2,) 01,)' 0.235 0.020 0.007 3.76 0.041 

a) Ref. 1 ; b) Ref. 58; c) Ref. 15. 

Table I. Comparison of the B(E2) and B(M1) values available from experiment, results of 
of the shell-model calculations, and results of the present calculation. 

(ii) Relative spectroscopic strengths to the first and second 2' state in the 
93Nb(3He,d) 9 4 M ~  stripping reaction. It has been experimentally ob- 
served that the first 2' state is more strongly excited than the second 
2' state by one order of magnitude. The prediction of the existing shell- 
model cal~ulat ion~~ is in disagreement with this experimental fact. The 
22 state in the shell-model ca l~ula t ion~~ is predicted to be more strongly 
excited than the 2: state, because the corresponding calculated states 
derive most of their parentage from the (lg9i2)22 proton and (2d512)22 
neutron group, respectively. The coupling of a transferred g912 proton 
with an unpaired g9,2 proton in the ground state of 93Nb should then 
preferentially excite the second 2' rather than the first 2' state in 94Mo; 

(iii) The presence of a noticeable amount of transfer strength to the 2d312r 
3sllz, lhlIl2, and lg7,;- neutron ~ r b i t a l s l ~ , ~ ~  and to the 2p3p and lfsI2 
proton orbitals18 in the low-lying part of the spectrum. These configura- 
tions have been neglected in the shell-model calculations performed so far. 

(iv) It should also be stressed that severa1 observed low-lying states in 
95Mo are not reproduced in the restricted shell-model c a l ~ u l a t i o n s ~ ~ ~ ~ ~ .  
This indicates the presence of collective modes which give rise to a mul- 
tiplet pattern. 

3. The Present Model 

The Harniltonian of the nuclear system is27,30,33 



Here HSH describes the motion of two valence-shell particles (holes) in 
the shell-model potential, and HVIB represents the free quadrupole vi- 
brational field. The residual interaction H1pS explicitly includes only the 
pairing force33. 

The bare particle-field coupling strength is defined by 

The Q-Q component of the residual force as well as high-frequency 
quadrupole modes and the isovector potential are included in the renor- 
malization of the bare particle-field coupling s t r e ~ i g t h ~ ~ , ~ ' , ~ ~ .  In the 
present case, the effects of the isovector potential arid of the bare Q-Q 
force act in opposite directions. 

The Harniltonian is diagonalized in the basis built from. I (1 J1, 12j2) J, NR ; I) 
states. Here N and R represent the number of phonons and the angular 
momentum of the N-phonon state, respectively. 

The electric quadrupole and magnetic dipc~le operators consist of a par- 
ticle (hole) and a vibrational part27,33 

Here a11 notation has the usual meaning. I is the total angular momentum 
of the nucleus, and J and S are the total angular rnomentum operator 
and the spin of the two-particle valence-shell state, respectively. 

The matrix elements of the electric quadrupole and magnetic dipole opera- 
tors are expressed in the f01 -m~~~  

Here the quantities A, B, C, D, and E are cdculated from the model wave 
functions, eXp. and evib are the effective single-particle and vibrator charge, 
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Fig. 1 - Calculated and experimental levels of 94Mo. 
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t! Table I1 - Wave functions of a few Iow-lying positive-parity states in 94Mo. Only those amplitudes which are larger than 1°/, 
are listed. 



respectively. The nuclear radius R, = 0.12 A 'I3 x 10- l2 cm is used. 
The quantities g ~ ,  gl, and g, are the gyromagnetic ratios. 

The bare charges apd the gyromagnetic ratios for neutrons are = 

h2 li$ 
= O, E"' = z ( ~ )  , g, = Z/A,  g, = O, anb g, = -3.82. 

vib 

Details of the present model are given in Refs. 32 and 33. 

4. Results of the Calculation 

The present approach is based on the assumption that 4:Mo50 plays the 
role of a basic vibr~tional fíeld to which a two-neutroin valence-shell cluster 
is coupled. The basic arguments are as lòllows: (i) B(E2) (2, + O,) in 
92Mo is appreciably enhanced over the single-particle estimate; (ii) N = 50 
is a rather good closed shell. 

In the present calculation we use the single-particle levels determined 
by the 92Mo(d,p) 9 3 M ~  reaction in Ref. 21, i.e., 

E (sli2) - E (d512) = 1.55 Mev, 
E (g7/2) - E (d5/2) = MeV, 
E (d312) - E (d512) = 1.89 MeV, 
E (hi - E (d512) = 2.22 MeV. 

The experimental phonon energy is takeri from 92Mo (bare value) 

The value for the effective pairing strength 

was estirnated in 'the usual ~ a y ~ ~ .  

In the Bohr-Mottelson approach, the base particle-vibration coupling is 
given by27,28 .. 

(47C)lI2 
aBM = (k) I (BVib (E2, 21 -+ 01) ]'I2. 

3ZeR0 

The radial matrix element (k) is estimated to be 50 MeV [Ref. 281, while 
the i3 ' j b  (E2, 2, -t 0,) value has to be taken from the nucleus vibrator 



(92Mo) [Ref. 281. This gives the estimate 

a,, N (0.73 $_ 0.06) MeV. 

In the present calculation we use the particle-field coupling strenght a = 0.8. 
This value gives over-a11 agreement with experirnent. 

The calculated and experimental levels are compared in Fig. 1. The trun- 
cation of a phonon space results generally in the stretching of the theo- 
retical spectrum4'. The wave functions for a few low-lying positive-parity 
states are listed in Table 11. The ground and first excited state are based 
on the 1 (d5i2)20,00;0) and 1 (d512)20,12;2) components, respectively. Ho- 
wever, admixtures to these components are rather large, especially those 
configurations coming from the AiV= 1 nonspin-flip processes, such 
as 1 (dSi2) 22,12;0) and 1 (d512~112)2,12;O) to the first component and 
\ (ds 12) '2,00;2) and 1 (d S12sl12) 2,00;2) to the second component. 

The static electric quadrupole and magnetic dipole moments are given 
in Table 111. Tables IV and V list the calculated B(E2) and B(M1) values, 

Q (e'4 1L h) - ---- 
A B C D E I I1 I' 11' 

21 -0.461 -0.409 1.661 0.970 0.045 -0.27 -0.29 0.39 0.42 
4, -0.700 -0.629 2.365 3.974 0.217 -0.41 -0.45 0.10 0.21 
22 0.344 0.444 0.982 1.118 0.577 0.29 0.30 -1.34 -0.99 
23 0.025 _0.050 0.815 1.411 0.451 -0.03 -0.03 - 1.03 -0.76 
5) -0.411 -0.452 2.599 6.006 0.271 -0.28 -0.30 0.03 0.16 
l1 0.132 0.140 0.318 0.805 0.074 0.07 0.07 -0.12 -0.07 
42 -0.441 -0.446 1.224 4.078 1.253 -0.29 -0.31 -2.61 - 1.98 
6, -0.979 -0.963 2.926 8.325 0.166 -0.58 -0.62 0.31 0.39 
62 -0.485 -0.541 4.560 5.637 1.219 -0.33 -0.34 -1.44 -0.92 
81 -1.095 -0.832 6.400 10.505 0.190 -0.46 -0.52 0.92 0.99 
82 -0.478 -0.325 9.054 6,378 1.662 -0.18 -0.21 -1.19 -0.55 

101 - 1.195 -0.592 10.499 12.789 0.195 -0.31 -0.38 1.56 1.63 
102 -0.432 -0.023 13.995 7.496 1.992 -0.01 -0.05 -0.74 -0.04 
---------------------------------------- - 

Table 111. Static electric quadrupole and magnetic dipole momints of low-l$ncp6silive- 
parity states in 94Mo. - - 

The quantities A$,C,ü, and E, defined in Sec. 111, are calculated from the model wave func- 
tions. The static quadrupole moments Q (eb) are given for two choices of the effective charges 
(I) e" = O, e"Ib = 2.9 (bare values) and (11) e" = 0.5, e"Ib = 2.6. 

The magnetic dipole moments p 01,) are given for the following two choices of the effective 
gyromagnetic ratios (I') g, = ZJA, g, = 0, g, = gJ'ee (n) (bare values) and (II') g~ = Z/A,  
g, = 0, g, = 0.8 g p  (n). 



respectively, for transitions between low-lying positive-parity states and 
for transitions in the yrast region. The calculation reproduces large "sto- 
pover" and small "crossover" transitions in the low-lying part of the spec- 
trum, and gives strong . . .10: + 8: + 6: + 4: i. 2: -+ 0: E2 transi- 
tions inside the ground-state "quasirotati~snal bancl". 

The calculated low-lying negative-parity states are also shown in Fig. I, 
and the dominant components in the wave functioris for these states are 
listed in Table VI. 

5. Coexktence of the Quasivibrational and Quasirotational Structures 

The speciíic general pattern produced tly the cluster-fíeld mechanism 
is the coexistence of quasivibrational arid quasirotational characteris- 
t i ~ s ~ ~ . ~ ' .  In the present paper we study these properties in the case of 
94Mo. The quasivibrational situation, with strong stopover and small 
crossover transitions, is generally reestablislied in the cluster-field ~ y s t e m ~ ~ .  
The theoretical 0; -+ 2:, 2; -+ 2:, and 4.: -+ 2: transitions are strong, 
while the 2; -+ 0: crossover transition is appreciab1.y weaker. The experi- 
mental 22 + 2:, 4: -t 2:, and 2; -+ 0: transitions in 94Mo reveal the 
same quasivibrational characteristics. It would be interesting to locate 
the 0; state [earlier (p,pr) experiments intiicate thai. the 2.066-MeV state 
is a possible candidate] and to measure t h e j  (E2) value for the 0: + 2: 
transition. Although the quasivibrationd situation is established, the 
02, 22, and 4: model states are not based on two-phonon excitations, 
as supposed in the pure vibrational picture, but are of a rather mixed 
chayacter, arising from zero-, one-, and zrro-phonon states, respectively, 
as seen from Table 11. Stopover transitions are generally enhanced, because 
of the coherence of the single-particle arid vibrational contributions to 
transition moments [generalized vibrational selection and intensity rules, 
GVISR~~]. Furthermore, the 0;,2;, and 4: model states, which resemble 
vibrational "triplet" states, may lie rather far apart from each other, sina 
they are of different character, already in s,eroth order. Some other states, 
therefore, can also appear in this energq region. In the case of 94Mo, 
the 0; state is systematically pushed up in natural representation. This 
fact should be particularly emphasized, because it is sometimes used as 
an argument against the presence of mcldes of she vibrational type. 

The reduction of the crossover transition is a consequence of the incohe- 
rence of single-particle and collective contributions to the corresponding 



Table IV-  Calculated E2 transitions in the low-lying part of the positive-parity spectrum 
and in the yrast region. For description see Table 111. 

Table V - Calculated M1 transitions in the low-lying 
part of the positive-parity spectrum and in the yrast region. 
For description see Table 111. 



B(E2) value3'. The ground state is based on the (dIji2)'0 pair, while the 
basic state for the second 2' state is the 1 (d512)22,12;2) one-phonon broken- 
pair state. In this case, lowest-order processes contributing to the B@2) 
value for the crossover transition are represented by first-order particle 
and second-order induced collective diagrams in Fig. 2. To each single- 
particle diagram drawn on the left-hand ~iide correspond three induced 
collective diagrarns drawn on the right-harid side, with a11 possible tirne- 
orderings of the emission or absorption of the virtual phonon. These 
induced second-order diagrams give rise to a factorization of energy 
denominators into two factors. The fírst factor corresponds to a first- 
order parent particle diagram and the second to the induced collective 
contribution. ?%e second factor involvt:~ in the denominators the 
differencg between the initial- and final-st,lte ~ e r g i e s  (- A- ho) addeú 
to and subtracted from the phonon eqergy 

for each line in Fig. 2 , I 
thus expressing an "on-energy-shell" effect. Here A is the pairing gap. l h e  
topological structure of the first-order parent particle diagram corresponds 
to those of the induced collective processes and, therefore, the kinematical 
structure [given by the corresponding JBV diagrarn~~~-l and the rest of dyna- 
mical styucture are identical. -- -- --  Thus, the induccd collect&e diagrams lead only, 

- - -  

to a renormalization of the single-particle effective charge. The cactoriza- 

Fig. 2 - ,First-order particle and second-order intiuced collective diagrams representing 
leading-order processes for the 2; + 0: crossover transition i n  94Mo in natural repre- 
sentation. Particle diagrams involve the electromagiietic field interacting with single-par- 
ticle states. 



Table VI- Wave functions of a few negative-parity rnodel states. Only 
chose components are listed which are larger than 4'1,. 

tion theorem used here can be generalized to higher 0rde1-s~~. It is of 
the same type as the Bethe-Brandow-Petschek factorization theorem, 
giving rise to "on-energy-shell" insertions to hole lines in nuclear-matter 
calc~lations~~. In the present situation, the effective charge for the crossover 
4ransition 

5 1 1 
e.,, i2, i O,) = 2'. + - evib 1 n 1 [ - -1 

Jn A + 2 h  A 

is small, because the collective part involves interna1 incoherence. Fur- 
thermore, when eSeP. > 0, additional reduction results from the incohe- 
rena of single-particle and collective contributions to the effective charge. 

The qualitative result for the reduction of the crossover transition is rather 
general, independent of the particular zeroth-order ~ i tua t ion~~ .  



The general quasirotational feature of thc cluster-field coupling scheme 
is the appearance of the ground-state quasirotational band. The calculation 
for 94Mo clearly reproduces the 10: 4 8: + 6: -+ 4: + 2: -, 0: band, 
with strong E2 transitions inside the band and negative quadrupole mo- 
ments of the members of the band, thus reflecting a kind of prolate defor- 
mation produced by the cluster-field mechanism41. Iii the present calcula- 
tion higher-spin states are expected to be stretched aiid the corresponding 
B(E2) values overestimated because of the truncation of the phonon space 
and possible phase transitions. 

We shall briefly describe the physical picture of the quadrupole moment 
of the first-excited state which is a one-phonon multiplet state in zeroth 
order. 'I'he leading-order contributions to the quadrupole moment come 
from second-order particle processes involving a single particle inter- 
acting with the electromagnetic field and fr13m third-order induced collec- 
tive processes with the absorption or en-ission of virtual phonons by 
the electromagnetic field. The correspondin? diagrams are drawn in Fig. 3. 

The factorization theorem mentioned pre~iously can be applied to the 
four induced diagrams in each line. The induced collective terms again 
give rise to an effective charge taken "on t le energy shell", i.e., the confi- 
guration-independent effective charge corresponding to the quadrupole 
moment of a single-particle state. This theorem also applies to higher- 
-order processess7. The general result is illustrated in Fig. 4. Consequently, 
the quadrupole moment is given by the suni of a11 E2 contributions of the 
single-particle (cluster) type, while the ind~ced E2 terrns of the collective 
type are incorporated into the effective charge 

which is independent of the shell-model configurations. 

This gives rise to an appreciable enhancenient of the cluster quadrupole 
moment. 

In this way the quadrupole moment is essentially a shell effect resulting 
from the competition between the Q ( (j2)2 ( <: O diagonal and Q I (jij2)2 I < 
< O (jl = j2 f 2 or jl = $jZ = 3) nonspin-flip off-diagonal contributions 
from the valence-shell clusters. This gives rise to a súnple rule for the sign . 

and magnitude of the quadrupole moment (GvISR)"~. The same feature 
is also dominant in the structure of the quadrupole moment in the represen- 
tation based on complete averaging over the shell structure4*. 





Fig. 4 - General structure of the quadrupole moment of the multiplet state. A set of 
induced collective diagrams 4b and 4c corresponds to each particle diagram 4a, giving 
rise to the effective charge. The points of phono~i destruction (Fig. 4b) and creation 
by the electromagnetic field (Fig. 4c) may take on a11 possible time orderings. 

The GVISR scheme in the case of 94Mo is given in Table VII. The diagonal 
t e m  in leading order giving a positive contribution to the quadrupole 
moment comes from the lowest available ld512)22 two-neutron configura- 
tion, while the leading off-diagonal term contributing a negative part 
to the quadrupole moment is due to the (d512~112)2 confíguration which 
is the only available nonspin-flip pair conxaining the lowest valence-shell 
single-particle state d512. Thus, the quadrupole moment is a result of the 
competition between the positive (diagonal) and negative (offdiagonal) 
terms, with off-diagonal terms being predoninant fo:r experimental single- 
particle energies from Ref. 21. The quadrupclle moment of 94Mo is, therefore, 
very sensitive to details of calculation (parametrization and truncation), 
especially to the sl12 single-particle energy since it determines the magni- 
tude of the dominant off-diagonal term. Table VI11 illustrates this effect. 

The sensitivity of the quadrupole moment in the so-called vibrational 
nuclei to certain shell-model confígurations is considered to be neither a 
virtue nor a shortcoming of the model. 'i'his pr~n~ounced shell effect is 
generally expected to be prcsent in any type of microscopic or semimi- 
croscopic approach 'O. 

Heavier Te nuclei, where g:12 and g712d312 are the zeroth-order diagonal 
and the zeroth-order nonspin-flip off-diagonal terms, respectively, are 
classical examples of an unstable situation with off-diagonal terms being 
somewhat larger. Cancellation of the main terms leads to rather unstable 
negative quadrupole m ~ r n e n t s ~ ~ , ~ ~ .  In Cd nuclei, the diagonal terms 
are dominant [g,i; is the only zeroth-orde~ term]. The off-diagonal terms 
Pi/iP& pi/& are admixed due to pairing, I-educing somewhat the diagonal 
contribution. Therefore, the quadrupole moment is expected to be negative 



Table VII- GVISK scheme for the quadrupole 
moment of the first excited state of 94Mo. l h e  
2: state is based on the basis state containing 
a (dSI2)' single-particle cluster. The zeroth- 
-order diagonal term is denoted by * and the 
available nonspin-flip off-diagonal zeroth-or- 
der term by **. For particles the diagonal 
terms are always positive, and the nonspin- 
-flip off-diagonai terms negative. 

[generally, the diagonal term for a two-hole cluster is negative, while for 
a two-particle cluster it is positive], with the magnitude sensitive to the 
p ~ ; ,  p& and f;i; single-hole p o s i t i o n ~ ~ ~ , ~ ~ , ~ ~ .  Nuclei exhibiting no 
competition between diagonal and off-diagonal terms are expected to 
have rather stable and, therefore, large quadrupole moments. Such exam- 
ples are Hg [s&; is the main off-diagonal term] and Fe is the main 
diagonal term], which are therefore predicted to have large, rather stable 
positive and negative quadrupole moments, r e s p e c t i ~ e l y ~ ~ . ~ ~ . ~ ~ .  

The present calculation also reproduces the elements of the second band in 
the yrast region, the quasirotational character of which is less pronounced. 
Transitions between the fírst and the second band are rather weak, while 
transitions inside the second band are moderate or strong [for example, 
62 -+ 42 and 8; -+ 6$, respectively]. In the low-lying part of the 
spectrum, the quasirotational pattern breaks into the quasivibrational 
structure. The quadrupole moments of the members of the second band 
are also negative, indicating that this band does not correspond to 
the y band or to the second-potential minimum41. 

The qualitative discussion can be generalized to higher-spin states in the 
yrast region41. The present calculation, however, is limited by the trun- 
cation of the configuration space. For higher-spin states, the correlations 
which have been neglected may also become more important and phase 
transitions might occur. 



The experimental situation in 94Mo confirms the existence of thc 6: + 

-, 4: -, 2: -, 0: band, but the existence of possiMe higher-3pin mem- 
bers has not yet been clarified experimenklly. The tentative (10') state 
at 3.894 MeV and the (8') state at 2.953 MeV are relatively low-lying. 
Furtherrnore, if the (8') -+ 6: transition is of the E2 type, the retardation 
should be appreciable, while the experimeiital (8') -+ (6F) (at 2.870 MeV) 
transition seems to be rather strong12. The experimental (102) and (8') 
states, therefore, do not seem to correspond to the 10: and 8: states in 
our model. It is not clear whether such st,ltes do exist but have not been 
populated in existing experiments, or the mod,el band structure breaks 
down for higher spins. 

There are two possible explanations for the observed (10') and (8 ') states. 
If the states are of positive parity, they should be based on explicit two- 
-quasiproton excitation~'~, which are not included in the present calcula- 
tion. If they are of negative parity, they arí: based eil her on (-ng9i2)3 (nplIz) 
(vdgi2) (Ref. 12) or on the (d5/2h11/2) two-neutron conf igura t i~n~~~.  Our 
calculation of negative-parity states indicates the possibility of the second 
explanation. 

The present calculation predicts the lowesi group of negative-parity states 
to be based on the (d512, h1 3-, 4-, 5-, 6- ,7-, 8- two-neutron clusters. If 
the 2.870- and 2.953-MeV states observecl in experiment are of negative 
parity, the predicted group of negative-parity states seems to be confirmed 
experirnentally : the 3;, (5;), (h;), @r), and (4;) states lie in the energy range 
of about 400 keV, and the (7;) state lies a fèw hundred keV higher. Howe- 
ver, the ordering of the calculated states in the lower group differs some- 
what from the experimental ordering. At about 1.5 IMeV above the lowest 
3- negative-parity state, the calculation predicts the pronounced 10- 
negative-parity state with a rather strong E2 transition to the 8- state. This 

. state might obviously correspond to the experimen1.al (10') state at 3.894 
MeV, with a pronounced transition to tl-e (8') state at 2.953 MeV. 

Calculations indicate that negative-parity states also exhibit a quasiro- 
tational feature. The electromagnetic properties reproduce the elements 
of two negative-parity in the particle-field system is the one which produces 
dominant collective effects in the E2 m12ments. An analogous type of 
interaction in the case of M1 transitions would also involve velocityde- 
pendent potentials. Especially, in the case of Lforbidden transitions, 
these correlations may become importarit51. 
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Table VI11 - Dependence of the quadrupole moment on the position of the i r , z  single- 
particle level. 

Tn cases (a)-(e) the following energies of the v,  2 single-particle state have been used 
(a) r(sl 2) = 1 55 MeV, (b) i(sl Z )  = 2 MeV, (C) t(sv2) = 2 5 MeV, (d) t(sIl2) = 5 MeV, 
(e) T , , ~  not included in the configuration space The other parameters are the same 
as used in Sec IV 

In case (0, only the d5,, state has been included in the single-particle configuration 
space to illustrate the influence of the predominantly off-diagonal terms arising from 
other single-particle configurations 

The strong incoherence between the collective and single-particle part 
is a characteristic neutron effect appearing in some M1 transitions in 
94Mo. Because of this incoherence the B(M1) values are more sensitive 
to parametrization and might provide evidence for renonnalizations of 
the bare gyromagnetic ratios. 

The coexistence of the quasirotational and quasivibrational pattern, 
established in the cluster-field system, seems to be in agreement with' 
experiments. Further experimental studies are desirable to realize the 
extent and limits of the present concepts in actual situations. 

6. ~iscussion of Transfer Reactions 

In this Section, a qùalitative discussion of transfer experiments is given 
in the framework of the cluster-field coupling model. 



The (512)' ground state of 93Mo is strongly excited in the 94Mo (d, t) 93Mo 
transfer r e a c t i ~ n ' ~ , ' ~ .  Higher states in 931vIo are appreciably less popula- 
ted by this transfer reaction than by the coi.respondirig (d, p) r e a ~ t i o n s ~ ~ . ~ ~ .  
The ground states of 93Mo and of 94Mo are based on the I d5,2,00; 512) 
bands with pronounced 9; -i 7; -+ 5; -. 3; and 10; -+ 8; + 6; tran- 
sitions inside the band and with the same sign and similar magnitudes of 
the quadrupole moments. The quadrupole momirnts are rather large 
and negative, and generally increase with spin. However, for even-spin 
negative-parity states the band is strongly distorted. Of the remaining 
E2 transitions between negative-parity states, the 4; -, 3; transition 
is rather strong, reflecting a kind of quasivibrational structure. The cal- 
culated 6; -+ 5;  transition is of the pretlominantly M1 type. 

The negative-parity rnodel states are expeci:ed to be appreciably populated 
by the 93Mo (d, p) 9 4 M ~  transfer reaction, becau:je the corresponding 
processes are allowed [going through zeroth-order components]. In the 
93Nb (3He,d) 94Mo reaction these states are predicted to be populated 
by first-order processes proceeding through rather pronounced one- 
-phonon components. 

However, additional types of negative-puity states based on octupole 
phonons and explicit two-quasiproton configurations are also expected 
to exist in this energy region. These states, which are outside of the scope 
of the present calculation, may mix with negative-parity model states. 
Our results for negative-parity states are, therefore, Iess reliable than those 
for positive-parity levels. 

In the present model, the description of the magnetic properties is expected 
-to be poorer than that of the electric properties. The reason is that the 
interaction used and ( (d5,2)20,00;0) zeroth-order configurations, respective- 
ly. The ground state of 93Mo is populated by zeroth-order processes in 
both (d, t) and (d, p) reactions. The states based on other single-particle 
states, namely (112): (312): and (712): are populated by first-order pairing 
processes in the (d, t) reaction, whereas in the (d, p) reaction they are direc- 
tly excited. The states based on single-particle multiplets are populated 
by higher-order processes, including particle-vibration coupling vertices. 
The (d, t) experiment provides evidence for the ( S , ~ ~ ) ~ O ,  (d312)20, (g7,2)20 
seniority-zero admixtures in the ground state of 94Mo, associated with 
pairing correlations. On the other hand, thl: low-lying (912)' state in 93Mo 
reveals the presence of ground-state correkitions [2 particle 1 hole state . 
This is a phenomenon characteristic of the vicinity of closed ~ h e l l s ~ ~ , ~  1 



In the 94Mo (p, t) 9 2 M ~  reaction, the ground state of 92Mo is rather stron- 
gly excited, and the low-lying states of this nucleus are weakly popula- 
ted16,17. This means that in a simple shell-model picture the ground state 
of 94Mo contains configurations of higher seniority in addition to proton 
and neutron configurations of seniority zero17. In the present semimi- 
croscopic model, the ground state of 94Mo contains admixtures of 1 12) 
one-phonon, 1 20), 1 22), and 1 24) two-phonon states, etc. However, 
additional channels are also open because of the correlations nenlected 
in this approach. The (d5i2)2Ô, ( S ~ , ~ ) ~ O ,  (g7;2)20, (d3i2)20, and (h;l,2)2~ 
neutron pairs contribute coherently to the form factor for the 0: -+ 0: 
two-particle transfer. The main part comes from the basic configuration 

The ratio of the ( S ~ , ~ ) ~ O  to the (dS,2)20 strength obtained in our 
calculation (Table 11) corresponds to the one (u 0.1) from the shell-model 
calculation in Ref. 16. In addition, we obtain weak contributions from 
the (g712)20, (d312)20, and (h1112)20 pairs which were neglected in the shell 
model calculation. The O: -+ 2: (p, t) transfer in the present model follows 
mainly from one-phonon components in the ground state of 94Mo with 
the ([IS 2)22, (d5,'2~1,'2)2, and ( ~ ~ , ~ ( 1 ~ ~ ~ ) 2  broken neutron pairs. 

At higher excitation energies, pairing phonons are expected to become 
a pronounced feature of the (p, t) and (t, p) excitation mechanism, espe- 
cially for O+ states. They may appreciably mix with two-phonon s t a t e ~ ~ ~ , ~ ~ .  

The 93Nb (3He,d) 94Mo stripping reaction yields a pronounced experi- 
mental result : the lowest 2: state is more strongly excited than the second 
2; state by one order of magnitude1*. This contradicts the existing shell- 
-mode1 calculations which take "Sr or 90Zr as a  ore'^,^^. These cal- 
culations describe the 2: and 2: states as deriving most of their parentage 
from the (2d512)22 neutron and (lg9,2)22 proton group, respectively. The 
coupling of a transferred g9,2 proton to an unpaired g9,2 proton in the 
ground state of 93Nb should then preferentially excite the second 22 
rather than the first 2: state in 94Mo. This result of the shell-model calcula- 
tion is probably due not only to the restricted configuration space but 
also to the inadequate effective interaction [the zeroth-order situation 
has to be changed]. The present approach accounts naturally for the 
experimental situation. The 93Nb ground state in zeroth-order arises 
from a 9912 quasiproton coupled to a (d5/2)20 neutron pair. In this way, 
the 93Nb(3He, d) 94Mo reaction mainly excites the ( (d512)20,12) compo- 
nent through the ( L J ~ ~ ~ ) ~ ~  two-quasiproton configuration, creating a phonon 
by a first-order process. In our approach, the 2: and 2; states in 94Mo 
arise from the 1 (d512)20, 12;2) and ((ds,2)22,12;2) basic configurations, 
respectively. The pattern of the experimental proton transfer, therefore, 



is qualitatively well understood. The basic component of the 2; state 
is populated by a first-order process (Fig 5) and that of the 2; state by 
third-order processes (Fig. 6). The 2: state in leading order is predicted 
to be more strongly excited than the 2; state by about 30 times. Higher 
order processes give rise to the excitation of zero- and two-phonon states 
and/or different valence-shell neutron configurations. 

Fig. 5 - The leading process for popula- Fig. 6 - Illustration of the leading-order 
ting the 2: state by the 93Nb(3He, d)94Mo process for populating tlie 2; state by 
reaction. the "3Nb(3He, d)04Mo reaction. 

The 95Mo (d,t) 9 4 M ~  and 9 4 M ~  (p,pfy) reactions19 give rise to an appre- 
ciable excitation of the O:, 2:, and 4: states, the 4: states being more 
strongly excited than the 2: state. This experimental situation, consi- 
dered in the framework of the present model, is a consequence of the cha- 
racter of the states involved. The O: anlj 4: states are based on the 
/ (di,2)2~,00;O) and l(d5,2)244,0;4) zero-phonon components, respectively, 
while the 2: state is based on the 1 (d5,,)20,12;2 one-phonon component. ? The ground state of 95Mo arises from the I 5/2,00; 512) zero-phonon 
component. Consequently, the excitation in zeroth-order is allowed for 
the 0: and 4: states, while it is forbidden for the 2: state. First-order 
processes involving pairing vertices increase the population of the 0: 
state, and fírst-order particle-vibration ~coupling processes contribute 
to the excitation strength of the 2: statc 

It should be mentioned that the present approach involves interferent 
effects in processes proceeding via isobaric analogue resonances. The 
usual type of analysis might be too rigid in the situations where a few- 
-partide cluster appears in the valence shell. Results for the 94Mo (p,pl/) 
94Mo reaction are expressed in the usual way in terrns of the relative c.f.p.s. 
of the 5/2+ground state - in 95Mo for the configurations I d5 z, 2'; 5/2), 



I d3,,2, 2+ ; 5/2), 1 dj12, 4' ; 5/2), etc., where 2+ and 4' are the first and 
second excited states of 9"Mo, respectively19. However, the process may also 
proceed between different components of the cluster-phonon system in 
both the initial and final states. This gives rise to interference effects, 
neglected in the usual type of analysis. This comrnent also applies to 
the analysis of the (d, t) transfer reaction. 

A similar type of cluster-field competition is expected to play an irnpor- 
. eoretical approaches to tant role also in inelastic s ~ a t t e r i n g ~ ~ , ~ ~ ' ~ ~  Th 

inelastic scattering are usually based on either a collective or a microscopic 
description of nuclear states. In the framework of the cluster-field model, 
inelastic scattering is an interferent scattering process in collective and 
single-particle cluster channels. 

7. Shell-Model, Single Particle Cluster - Vibration, or Single-Par- 
ticle Cluster - Rotation Coupling ~ h d e l ?  

The above three approaches can be used in microscopic or semimicros- 
copic theoretical attempts to understand odd and even nuclei in the sphe- 
rica1 and transitional regions. It is obvious that the same physical phe- 
nomena are described by different representations. 

Shell-model calculations could, in principle, give the proper description, 
provided the full space of a11 active configurations contributing noticeably 
to the properties of the nuclear system is taken into account. However, 
this goal usually lies out of reach of computing possibilities. One is, the- 
refore, 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 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 have been succes- 
sfully used in a number of transitional n ~ ~ l e i ~ ~ , ~ ~ , ~ ~ .  

Additional explicit shell effects could then be included by coupling the 
dominant valence-shell few-particle clusters to the collective field. This 
method allows to account for a much larger effective space than in the 
corresponding shell-model calculations. The two simple choices of the 
basic representations are as follows: 



( i )  Spherical representation, i.e., coupling c ~ f  single particles in shell-model 
spherical configurations to vibrations; 

. (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 transitional nuclei, which is characterized by 
the coexistence of the quasirotational and q~iasivibrational pattern41345353,56 
The cluster-field interaction introduces quasirotational elements into (i), 
while the Coriolis coupling introduces quasivibrational elements into (ii). 

7. Interpretation of Model Predictions 

Correlations taken into account in the present approach lead to a type 
of quasivibrational, quasirotational, and clustering structure, but leave 
a certain degree of flexibility in quantitative predictions. 

A certain amount of data available ro~ighlj determine the parametrization 
[single-particle positions, phonon energy, zero-point amplitude, and 
gyromagnetic ratios]. On the other hand, one should be aware of renor- 
malization effects on propagators and vertices associated with the trun- 
cation of the configuration space, isovector potential, bare residual Q-Q 
force, etc. Consequently, a certain degree of freedom remains in the para- 
metrization in actual calculations. 

In addition, types of residual interactions and coupling to higher modes 
which cannot be included in renormalizai:ions, Yelocitydependent terms 
in operators, etc., would introduce additional correlations, partly chan- 
ging results or giving rise to new phenenena. 

For these reasons one should not take the q~antitative results of the cluster- 
-field coupling model too rigidly. Specifically, quantities based on large 
interna1 incoherence are unstable and, therefore, the choice of parame- 
trization and the correlations which have bt:en neglected in this calculation, 
might appreciably influence the quantitative results. On the other hand, 
the model exhibits definite qualitative features, reflecting the basic under- 



lying cluster and multiplet structure and generalized vibrational selection 
and intensity rules (GVISR)39. 

The pronounced qualitative (coexistence) and, to some extent, also quan- 
titative successreflects the irnportance of physical correlations accounted 
for in the present type of approach. However, quantitative results should 
be considered within the frarnework of limitations discussed in this Section. 
In such a situation, fitting of parameters and optimization have not bem 
attempted. 
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