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The propertiesdf the °*Mo nucleus, which is a typical representativedf N = 52 nuclei, have
been calculated in the cluster-field model in natural representation(without parameter fitting).
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.

S4o calculadas as propriedades do niicleo de®*Mo, um representante tipico de nucleos com
N igual a52, no modelo decksster-field e narepresentacdo natural (sem ajustede parametros).
Demonstra-se a competicio entre os graus de liberdade vibracionais e dos dois neutrons

de valéncia, competicdo gue da origem a coexisténciade fendmenosquasi-vibracionais,

quasi-rotacionais e de clustering e discutem-se problemas conceituais.

1. Introduction

Experimental studies of 33Mos, have been performed by Coulomb exci-
tation ! =3, decay experiments*~7 and by thereactions®*Mo (d,d) [Ref. 8],
%Mo (p, p) [Ref. 9], Mo (d, n)*° Tc [Ref. 10], **Zr (o, 2ny) **Mo [Refs
11,121, **Mo(p, d) *Mo [Ref. 131, **Mo(d, t) *Mo [Refs. 14,151, **Mo
(p,1) °*Mo [Refs 16,171, °*Nb (*He, d) **Mo [Ref. 18] and °*Mo (d,1)
%Mo [Ref. 19].

In theoretical considerations, **Mo has been described by shell-model
calculations using the effective interaction method with a rather restricted
configuration space?*?3, This nucleus has aso been discussed in the
framework of the collective asyrnmetric rotor model”-2¢.

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

"Permanent address.
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The Mo nudeus has two neutronsoutside: the N = 50 closed shell, while
the 28-50 proton shell is open. On the other hand, the neutron closed-
shel °*Mo nucleus exhibits a pronounced low-frequency quadrupole
mode (the B(E2) value is =10 s.p.u.). Therefore, the properties of the
N =52 system are expected to be given by an interplay of two-neutron
vaence-shel single-particle and collective degrees o freedom. The me-
chanism o the particle (or quasiparticle)-vibration coupling generaly
appears to play an important role in creating the properties of spherica
trangtiona nuclei®*~ 464851,

An anal ogousdescri ptionhas been successful |yp63r§ormeci for thecorrespon-
. 38,39
O e 218 RS S ST elron s SRy

The **Mo nucleus, having three neutrons oatside the N = 50 closed shell,
has been successfully described within the same natural parametrization™
as used here for **Mo, by coupling three valence-shell neutrons to the
vibration®.

The effects o coupling a three-particle (hole) cluster to the vibrational
field haveal so been successfully studied in the 50-82 proton shell32:33:41:4357,

2. Difficulties Facing the Shell-Model Approach

Although available shell-modd calculations*2~ 2412 account satisfactorily
for a number of propertiesof °*Mo, they are in disagreement with a few
pronounced experimental facts:

(i) The quasivibrational pattern o the electr omagnetlc propertles of low-
lying states. The experimental B(E2) vaue; for the 2] — 07, 2, - 2f,
and 4 — 2] stop-over transitions are strongly enhanced over the single-
particle estimate, while the 25 — 0f crossover transition is reduced by
almost two orders o magnitude relative to strong stopover transitions.
The results obtained by the shell-mode calculation®? using the effective
charges el; = 1.71 and e = 1.81 are compared with experimental data
in Table |. The B(E2) vaue for the shell-modd crossover transition cai-
culated in Ref. 23is larger than the onefor the 25 + 27 stopover transition,
in contradiction to experiment;

214



Experiment? Experiment®  Shell mode' Present model

B(E2) (2, - 0,) (b)> 0054 +0008  0.044+ 0.002 0037 0.050
B(E2) (2, — 0,) (¢b)> 00011100003 00006+ 00001  0.0046 0.001
B(E2) (2, — 2,) (b)* 0031 Q116 + 0.026 00035 0033
B(E2) (4, - 2,) (eb)?  large 0067 + 0010 0057
BMI) (2, = 2,) (uy* 0235 0020 + 0.007 376 0.041

a) Rd. 1; b) Ref. 58, ¢) Ref. 15.

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

(ii) Relative spectroscopic strengths to the first and second 2* statein the
9*Nb(*He, d) **Mo stripping reaction. It has been experimentally ob-
served that the firs 2* state is more strongly excited than the second
2% state by one order of magnitude. The prediction of the existing shell-
model calculation®? is in disagreement with this experimenta fact. The
25 statein the shell-modé calculation?? is predicted to be more strongly
excited than the 2{ state, because the corresponding calculated states
derive most of their parentage from the (1go,,)*2 proton and (2ds;,)*2
neutron group, respectively. The coupling of a transferred go/, proton
with an unpaired g/, proton in the ground state of °*Nb should then
preferentially excite the second 2* rather than the first 2* state in **Mo;

(iii) The presence of a noticeable amount of transfer strength to the 2d;,,”

351/2, 1]’111/2, and 1g7/2 neutron orbitals!*?! and to the 2[)3/2 and 1f5/2
proton orbitals'® in the low-lying part of the spectrum. These configura-
tions have been neglected in the shell-model cal culationsperformed o far.

(iv) It should also be stressed that several observed low-lying states in
Mo are not reproduced in the restricted shell-modd calculations®?22.
This indicates the presence of collective modes which give rise to a mul-
tiplet pattern.

3. The Present Modd

The Harniltonian of the nuclear sysem is?7:3%:33
H=Hgs + Hyp + Hees + k Y. 3 o8 Y5* (0, ).
i=1 u
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Here Hgy describes the motion of two vaence-shel particles (holes) in
the shell-model potentia, and Hvyp represents the free quadrupole vi-
brational field. The resdua interaction Hyrs explicitly includes only the
pairing force®?.

The bare particle-field coupling strength is defined by
' ha, \M?
«= e 0 (52

The Q—Q component of the resdua force as wdl as high-frequency
quadrupole modes and the isovector potential are included in the renor-
malization of the bare particlefield coupling strength?®4'#2. In the
present case, the effects of the isovector potential arid of the bare Q—Q
force act in opposite directions.

TheHarniltonianisdiagonalized in thebasis builtfrom.' (I, 12j2) INR; 1)
states. Here N and R represent the number of phonons and the angular
momentum of the N-phonon state, respectively.

The eectric quadrupole and magnetic dipole operators consist of a par-
ticle (hole) and a vibrationa part®”33

3
4n

2 .
M*(E2) = z P12 Y40, )+ 4 ™ RE(B, + (=) b3h,

i

3 1/2
MM1) = (47) lgrl + (g9: — gr)T + (g — S |-

Hereall notation has the usua meaning. | is the total angular momentum
o the nudeus, and J and S are the total angular rnomentum operator
and the spin o the two-particle valence-shel state, respectively.

The matrix eementsd the electric quadrupol eand magneticdipoleopera-
tors are expressed in the forms®?

e*™ A +e"™ B) R§ eb,

I = (gRC + giD + ¢.E) .

Here the quantities A, B, C, D, and E are czlculated from the modd wave
functions, e and """ are the effective single-particleand vibrator charge,
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Fig. 1 - Calculated and experimental levels of °*Mo.
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respectively. The nuclear radius R, =012 A3 x 107 '?cm is used.
The quantities gg, g, and g, are the gyromagnetic ratios.

The bare charges anlc}zthe gyromagnetic ratios for neutrons are e =
= Q eVib = Z<2@£> y R = Z/A, g = O, and ds = —382
2 /i '

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 23Mos, plays the
roledf a basic vibrational field to which a two-neutron vai ence-shell cluster
is coupled. The basic arguments are as ldllows: (i) B(E2) (2, —0) in
22Mo is gppreciably 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 **Mo(d,p) °*Mo reaction in Ref. 21, ie.,
E(s1/2) — E(dsp2) = 1.55 Mey,
&(g72) — €(ds;2) = 1.50 MCV
E(dsp2) — Eds2) = 1.89 MeV,
E(hll/Z) - E(d5/2) = 2.22 MCV.
The experimental phonon energy is tekeri from °*Mo (bare vaue)
hw, = 1.51 MeV.
The vaue for the effective pairing strength
G=025
was egtirnated in 'the usual way*®.
In the Bohr-Mottelson approach, the base particle-vibration coupling is
given by?728 .
(4m)'?
98M = 370R3

The radial matrix element (k) is estimated to be 50 MeV [Ref. 28], while
the B " (E2, 2, — 0,) vaue has to be taken from the nucleus vibrator

(K) |(B"™(E2 2, - 0|
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(°*Mo) [Ref. 28]. This gives the estimate
a, ~ (0.73+ 006) MeV.

In the present cal cul ationwe use the particle-fieldcoupling strenght a = 0.8.
This vaue gives over-all agreement with experirnent.

The calculated and experimental levels are compared in Fig. 1. The trun-
cation of a phonon space results generaly in the stretching of the theo-
retical spectrum*!. The wave functions for a few low-lying positive-parity
states are listed in Table II. The ground and first excited state are based
on the |(ds2)*0,00:0) and |(ds2)*0,12;2) components, respectively. Ho-
wever, admixtures to these components are rather large, especially those
configurations coming from the AN =1 nonspin-flip processes, such
as | (ds;2)?2,12:0) and | (dsj281/2)2,12,0) to the first component and
| (ds12)22,00;2) and |(ds)281/2) 2002 to the second component.

The static dectric quadrupole and magnetic dipole moments are given
in TableIIl. TablesIV and V list the calculated B(E2) and B(M1) vaues,

Q (&) B
A B C D E | II ' n

2, -—0461 -0409 1661 0970 0045 -027 -029 0.39 042
4 -0700 -0629 2365 3974 0217 -041 -045 010 0.21
2, 0.344 0444 0982 1118 0577 0.29 030 -134 -099
25 0025 -0050 0815 1411 0451 -003 -003 -103 -076
5 —-0411 -0452 259 6006 0271 -028 -030 0.03 0.16
14 0.132 0140 0318 0805 0074 0.07 007 -012 -0.07
4, 0441 0446 1224 4078 1253 -029 -031 -261 —198
6, -0979 -0963 2926 8325 0166 -058 -062 031 0.39
6, —048 0541 4560 5637 1219 -033 -034 -144 092
g8, —10% -0.832 6400 10505 0190 -046 -052 092 0.9
8, —0478 -0325 9054 6378 1662 -018 -021 -119 -055
10, -—-1195 -0592 10499 12789 0195 -031 -038 156 163
10, -0432 -0023 139%5 74% 1992 -001 -005 -074 -004

Tabl e III. Static electric quadrupol eand magnetic dipole moments of low-lying positive-
parity states in 2#Mo. S

The quantities 4,B,C,D, and E, defined in Sec. I, are caculated from the model wavefunc-
tions. The static quadrupole moments Q (eb) are given for two choicesof the effectivecharges
() €' =Q ¢'® =29 (bare vdues) and (II) €' = 05, ¢'™® = 26.

The magnetic dipole moments i (uy) are given for the following two choices of the effective
gyromagnetic ratios (1Y) gz = Z/A, g, =0, g, = g (n) (bare values) and (11" gz = Z/A,
¢ =0, g, =08 g (n).
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respectively, for transitions between low-lying positive-parity states and
for trangitions in the yrast region. The calculation reproduceslarge "'sto-
pover” and smal "crossover™ transitionsin the low-lying part of the spec-
trum, and gives strong ... 107 — 87 —» 6{ -4 —2f -0 E2 trans-
tions inside the ground-state " quasirotati~snaband”.

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

5. Coexistence of the Quasivibrational and Quasrotational Structures

The speciiic generd pattern produced ty the cluster-field mechanism
is the coexistence o quasivibrationa arid quasirotational characteris-
tics®>?*1, In the present paper we study these propertiesin the case of
?Mo. The quasivibrationd situation, with strong stopover and small
crossover transitions, is generally reestablished in the cluster-field system?®.
The theoretica 05 — 2f, 23 — 2{, and 4 — 2{ transitions are strong,
whilethe 23 — 0f crossover transition is appreciably weaker. The experi-
mental 25 — 2{, 47 - 2{, and 27 — 0{ trandtions in **Mo reved the
same quasivibrationa characteristics. It would be interesting to locate
the 0] state [earlier (p,p’) experiments indicate that the 2.066-MeV state
is a possible candidate] and to measure the B (E2) vaue for the 07 — 2
trangition. Although the quasivibrationzl Situation is established, the
05, 27, and 4 mode states are not based on two-phonon excitations,
as supposed in the pure vibrational picture, but are o a rather mixed
character, arising from zero-, one-, and zzro-phonon states, repectively,
asseen from Tablell. Stopover transitionsare generdly enhanced, because
o the coherence o the single-particle arid vibrational contributions to
transition moments [generdized vibrational selection and intensity rules,
GVISR3?]. Furthermore,the03, 25, and 47 modd states, which resemble
vibrational "triplet” states, may lie rather far apart from each other, since
they are of different character, already in zeroth order. Some other states,
therefore, can also appear in this energy region. In the case o **Mo,
the 07 state is systematically pushed up in natural representation. This
fact should be particularly emphasized, because it is sometimes used as
an argument againgt the presence o mcdes of the vibrationa type.

The reduction of the crossover transition is a consequence of the incohe-
rence of single-particle and collective contributions to the corresponding
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B(E2)(eb)® B(E2)(eb)?

A B I I A B 1 1

2, -0, 0441 0581 0050 0053 “6, -5  —0059 —0062 0000 0000
2,0, 0051 —0079 0001 0001 6, > 6, —0174 —0293 0005 0.005
2,0, 0095 —0.182 0005 0003 6,4, —015 —0598 0020 0018
4, -2, —0759 —0826 0057 0063 6, >4, 0351 0229 0003 0.004
2, »2, —0351 —0473 0033 0035 6,4, 0446 0829 0039 0039
2, »2, —0108 —0235 0008 0008 8 —6, 0798 —1305 0075 0075
1, =2, —0003 0047 0001 0000 8 —6, 0I5 0009 0000 0.000
0,-2, 0122 0188 0026 0027 8 -6  —0006 0207 0002 0002
2, >4, —0105 —0019 0000 0000 8, —6, —0527 —1389 0085 0078
5.~ 4, —0005 —0.I56 0002 0001 8, > 8 —0132 —0223 0002 0002
2, ~4, —008 —0197 0006 0005 10, »8 —0718 —1560 0086 0.082
4, >4, —0238 —0.176 0003 0003 10, -8, 0052 —0260 0002 0002
6,4, 0866, 0945 0051 0057 10,~8, —0069 —0279 0003 0002
2, -2, 0019 —0042 0000 0000 10, »8, 0490 1584 0089 0.080
1, -2, —0092 —0121 0004 0004 10, > 10, 0026 0124 0001 0.001
0,52, 0037 0009 0000 0000

Table 1V- Caculated E2 transitionsin the low-lying part o the positive-parity spectrum
and in the yrast region. For description see Table III.

BMI) (uv)?

C D E T r

2, > 24 —0.113 0244 -0131 004 002
2; -2 —0.829 0.621 0208 026 0.19
Iy =24 —0.063 0139 —-0076 002 001
5; = 4 —0.108 0216 0108 001 001
23> 2 0511 0020 —0530 100 1065
6; - 5, 0344 —0573 0229 005 003
4, » 4 0.008 0461 —0470 036 022
6, - 6, —1.659 1.844 —0.185 000 0.00
8, - & —-1217 1398 —0.182 000 000
10, — 10, 0552 0509 —0043 001 001

Table V - Caculated M1 transitions in the low-lying
part o the positive-parity spectrum and in the yrast region.
For description see Table III.
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B(E2) value®®. The ground state is based on the (ds,,)?0 pair, while the
basic statefor theseoond 2+ stateisthe| (ds,,)*2,12;2) one-phonon broken-
pair state. In this case, lowest-order processes contributing to the B(E2)
value for the crossover transition are represented by first-order particle
and second-order induced collective diagramsin Fig. 2. To each single-
particle diagram drawn on the left-hand side correspond three induced
collective diagrarns drawn on the right-harid side, with all possible time-
orderings o the emisson or absorption of the virtua phonon. These
induced second-order diagrams give rise to a factorization of energy
denominators into two factors. The first factor corresponds to a first-
order parent particle diagram and the second to the induced collective
contribution. The second factor involves in the denominators the
difference between the initial- and final-state energies (— A —7%w) addel
to and subtracted from the phonon energy

1 1
(hw) [( A+2ha) A) for each line in Fig. 2|

thus expressing an "on-energy-shell” effect. HereA is the pairinggap. The
topological structure of thefirst-order parent particlediagram corresponds
to those of the induced collective processes and, therefore, the kinematical
structure]given by thecorrespondingJBV diagrams**] and therest of dyna-
micd structure areidentical. Thus, theinduced collective diagramslead only,
to a renormalization of the single-particle effective charge. The factoriza-

LA

Fig. 2 - First-order particle and second-order induced collective diagrams representing
leading-order processesfor the2; — 0] crossover transition in %Mo in natural repre-
sentation. Particle diagramsinvolvetheelectromagnetic field interacting with single-par-
ticle States.
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(s12h1112) 5,125 -0.202 ds;2hi1/2) 8,12% 0.372

(dsinhi12) 822 —0.239

87

(SI/Zhl 1/2) 6,12> 0.204 41_

(ds;2h11/2) 8,00 —0.634 (dsj2h1172) 3,12 —0.396

(dsyahi1) 8,12 0.554 (dsyahy12) 400 0622

{dsiah11p2) 8,20 —0.203 (@si2h112) 512 0.211

(dsizhi1) 8,24 —0.237 ds)2h1172) 6,12 0.274
57 * 75

(ds;2h1172) 3,12; -0.372 dsizh1p2) 5120 —0.266

(d5/2h1 1/2) 5,00 0407 (51/2h1 1/2) 5,12> —0250

(51/2h112) 5005 0355 (ds)2h1172) 7,00 0.551

(dss2h1172) 5,125 —0.208 (dayahi1rz) 7,00 ~0.286

(SIIZhII/Z) 5,12> —-0.313 (dS/Zhll/Z) 7,12 —0.338

{dsiahi12) 7,123 —0214 (dahi15) 7.12 0.279
101

(51/2h1 1/2) 6,24> —0.258

(ds;2h11)2) 8,12 0.695

(dsjahr1) 8,Z2§ ~0.336

{dsi2h11:2) 8,24 —0411

Table VI- Wavefunctions of a few negative-parity model states. Only
those components are listed which are larger than 4%/,

tion theorem used here can be generaized to higher orders®”. It is of
the same type as the Bethe-Brandow-Petschek factorization theorem,
giving rise to "on-energy-shel" insertions to hole lines in nuclear-matter
calculations*’. In the present situation, theeffectivechargefor thecrossover
{ransition
5 1 1

im0y oot S en o) [ L 1]

(2, >0) =e ﬁ , ’[A+2hw A
is small, because the collective part involves internal incoherence. Fur-
thermore, when ¢ > 0, additional reduction results from the incohe-
rence of single-particleand collectivecontributionsto the effective charge.

The qualitativeresult for the reduction of the crossover transition is rather
genera, independent of the particular zeroth-order situation®®.
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The genera quasirotational feature of the cluster-field coupling scheme
is the appearance of the ground-state quasirotational band. Thecalculation
for Mo clearly reproduces the 10f — 8 — 61 — 47 — 21 — 0f 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 mechanism**. In the present calcula-
tion higher-spin states are expected to be stretched and the corresponding
B(E2) vdues overestimated because of the truncation of the phonon space
and possible phase transitions.

We shall briefly describe the physical picture of the quadrupole moment
o the first-excited state which is a one-phonon multiplet state in zeroth
order. The leading-order contributions to the quadrupole moment come
from second-order particle processes involving a single particle inter-
acting with the electromagneticfidd and from third-order induced collec-
tive processes with the absorption or en-isson o virtual phonons by
the electromagneticfield. The corresponding diagramsaredrawn in Fig. 3.

The factorization theorem mentioned previously can be applied to the
four induced diagrams in each line. The induced collective terms again
give rise to an effective charge taken "on tae energy shel”, 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 processes™. Thegeneral result is illustrated in Fig. 4. Consequently,
the quadrupole moment is given by the sum of all E2 contributions of the
single-particle (cluster) type, while the induced E2 terms of the collective
type are incorporated into the effective charge

5 i 1
— PSP vib T
eerr (21) = € 4—77[1, 4 |a| o
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| (*)2 | << 0 diagonal and Q| (j1j2)2| <
<0 (j; =j» = 2 0r j; = %, = 3) nonspin-flip off-diagonal contributions
from the valence-shell clusters. This gives rise to a simple rule for thesign .
and magnitude of the quadrupole moment (GVISR)*°. The same feature
isalsodominant in thestructuredf the quadrupole moment in the represen-
tation based on complete averaging over the shel structure®®,
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Fig. 3 - Second-order particle and third-order induced coliective diagrams giving lea-
ding contributions to the quadrupole moment of the first excited state.
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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 effectivecharge. The points of phonon destruction (Fig. 4b) and creation
by the electromagnetic field (Fig. 4c) may take on all possible time orderings.

TheGVISR schemein thecased **Mo isgivenin TableVIl. Thediagona
term in leading order giving a postive contribution to the quadrupole
moment comes from the lowest available (ds;,)*2 two-neutron configura-
tion, while the leading off-diagona term contributing a negative part
to the quadrupole moment is due to the (ds;2s1,2)2 configuration which
is the only available nonspin-flip pair containing the lowest valence-shell
single-particle state ds;,. Thus, the quadrupole moment is a result of the
competition between the positive (diagona) and negative (offdiagonal)
terms, with off-diagond terms being predominant for experimentd single-
particleenergiesfrom Ref. 21. Thequadrupcle moment o **Mo is, therefore,
very sendtive to details of calculation (parametrization and truncation),
especidly to the s, single-particle energy since it determines the magni-
tude of the dominant off-diagona term. Table VIII illustrates this effect.

The sengtivity of the quadrupole moment in the so-caled vibrational
nuclel to certain shell-model configurationsis considered to be neither a
virtue nor a shortcoming of the mode. This pronounced shel effect is
generally expected to be prcsent in any type of microscopic or semimi-
croscopic approach’™.

Heavier Te nudle, where g3,, and g-,.ds;» are the zeroth-order diagonal
and the zeroth-order nonspin-flip off-diagonal terms, respectively, are
classica examples of an unstable situation with off-diagona terms being
somewhat larger. Cancellation of the main terms leads to rather unstable
negative quadrupole moments®4°, In Cd nude, the diagona terms
aredominant [g/3 is the only zeroth-order term]. The off-diagonal terms
PiAp3, piafss areadmixed dueto pairing,reducing somewhat thediagonal
contribution. Therefore, the quadrupol emoment isexpected to be negative
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Table VII- GVISK schemefor thequadrupole
moment of the first excited state of **Mo. The
2{ state is based on the basis state containing
a (ds;2)* single-particle cluster. The zeroth-
-order diagonal term is denoted by * and the
available nonspin-flip off-diagona zeroth-or-
der term by **. For particles the diagonal
terms are aways postive, and the nonspin-
-flip off-diagonai terms negative.

[generdly, the diagonal term for a two-hole cluster is negative, while for
a two-particleclugter it is pogtive], with the magnitude sensitive to the
pis, p3, and f34 single-hole positions3#+2%4°. 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 [ s1,3d5;5 is themain off-diagonal term] and Fe [f,3 is themain
diagonal term], which are therefore predicted to have large, rather stable
positive and negative quadrupole moments, respectively®-39:4°.

The present calculational so reproducesthe eementsadf the second band in
the yrast region, the quasirotational character of which is less pronounced.
Transitions between the first and the second band are rather weak, while
transitions insde the second band are moderate or strong [for example,
65 — 45 and 85 — 65, respectively]. In the low-lying part o 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 minimum®*.

The qualitative discussion can be generalized to higher-spin states in the
yrast region*!. 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 aso become more important and phase
transitions might occur.
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The experimental situation in ®**Mo confirms the existence of the 67 —
— 4 - 2 - 0f band, but the existence of possible higher-spin mem-
bers has not yet been clarified experimen-ally. The tentative (10*) state
at 3.894 MeV and the (8+) state at 2953 MeV are relatively low-lying.
Furtherrnore, if the (8+) — 67 transition is of the E2 type, the retardation
should be appreciable, while the experimental (8+) - (6+) (at 2870 MeV)
transition seems to be rather strong!?. The experimental (10*) and (8*)
states, therefore, do not seem to correspond to the 107 and 8; states in
~ our model. It is not clear whether such states do exist but have not been
populated in existing experiments, or the model band structure breaks
down for higher spins.

There are two possibleexplanations for the observed (10) and (8 *) states.
If the states are of positive parity, they should be based on explicit two-
~-quasiproton excitations'?, which are not included in the present calcula-
tion. If they are of negative parity, they are based either on (ngo2)* (np;2)
(vds;») (Ref. 12) or on the (ds;2hy4)2) two-neutron configuration®®. Our
calculation of negative-parity states indicates the possibility of the second
explanation.

The present calculation predicts the lowes group of negative-parity states
to bebased onthe(ds, hy1,2)37,4,57,67,77,8™ two-neutronclusters. If
the 2.870- and 2.953-MeV states observed in experiment are of negative
parity, the predicted group of negative-parity states seems to be confirmed
experimentally: the3,(51), (61),(81),and (4;) statesliein theenergy range
o about 400 keV, and the (71 ) state liesa féw 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 MeV above the lowest
3~ negative-parity state, the calculation predicts the pronounced 10~
negative-parity state with arather strong E2 transition to the 8™ state. This
. state might obvioudly correspond to the experimental (10+) state at 3.8%4
MeV, with a pronounced transition to tke (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 moments. An analogous type of
interaction in the case of M1 transitions would also involve velocityde-
pendent potentials. Especidly, in the case of [-forbidden transitions,
these correlations may become important®!.
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Q (eb)

A ‘ B I i
a - 0461 - 0.409 - 027 ~0.29
b -0.382 - 0.304 ~020 -0.21
c -0.272 . =0.202 . =013 ~0.14
d ~0.011 0.037 0.02 0.03
e 0.104 0.149 0.10 0.10
f

0.216 0.302 0.21 - 022

<

Table VIII - Dependence of the quadrupole moment on the position of the s,z single-
particle level

In cases (a)-(e) the following energies of the s; , single-particle state have been used
(a) sy 2) = 155 MeV, (b) (s 2) = 2 MeV, (¢) &(sy2) = 25 MeV, (d) &(s1,2) = 5 MeV,
(e) s1;2 not included in the configuration space The other parameters are the same
as used n Sec IV

In case (f), only the ds;, state has been included in the single-particle configuration

space to illustrate the influence of the predominantly off-diagona 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
%Mo. Because of this incoherence the B(M1) values are more sensitive
to parametrization and might provide evidence for renormalizations of
the bare gyromagnetic ratios.

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

6. Discussion of Transfer Reactions

In this Section, a qualitative discussion of transfer experiments is given
in the framework o the cluster-field coupling model.
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The(5/2)* ground state of *>Mo is strongly excited in the **Mo (d, t) **Mo
transfer reaction'®'5. Higher states in **Mo are appreciably less popula-
ted by thistransfer reaction than by the corresponding (d, p) reactions?°-?!.
The ground states of **Mo and of **Mo are based on the | ds,,00; 5/2)
bands with pronounced 9; -7 — 57 —3 and 10f -8 — 6 tran-
sitions inside the band and with the same sign and similar magnitudes of
the quadrupole moments. The quadrupole moments 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; trangition is of the predominantly M1 type.

The negative-parity model states are expected to be appreciably populated
by the °*Mo (d,p) **Mo transfer reaction, because the corresponding
processes are alowed [going through zeroth-order components]. In the
23Nb (*He, d) **Mo reaction these states are predicted to be populated
by first-order processes proceeding through rather pronounced one-
-phonon components.

However, additional types of negative-perity states based on octupole
phonons and explicit two-quasiproton configurations are also expected
to exist in thisenergy region. These states, which are outside of the scope
d the present calculation, may mix with negative-parity model states.
Our resultsfor negative-parity states are, therefore, less reliable than those
for positive-parity leves.

In the present model, the description of the magnetic propertiesis expected
-to be poorer than that of the electric properties. The reason is that the
interaction used and ( (ds;2)*0,00;0) zeroth-order configurations, respective-
ly. The ground state of ?*Mo is populated by zeroth-order processesin
both (d,t) and (d,p) reactions. The states based on other single-particle
states, namely (1/2)%, (3/2)% and (7/2)% 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;,2)%0, (d3/2)*0, (g7,2)*0
seniority-zero admixtures in the ground state of °*Mo, associated with
pairing correlations. On the other hand, ths low-lying (9/2)* state in **Mo
reveds the presence of ground-state correlations [2 particle 1 hole state)].
This is a phenomenon characteristic of the vicinity of closed shells*#
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In the **Mo (p, t) **Mo reaction, the ground state of °>Mo is rather stron-
gly excited, and the low-lying states of this nucleus are weskly popula
ted!!7. Thismeansthat in a simple shell-model picture the ground state
of Mo contains configurationsof higher seniority in addition to proton
and neutron configurations of seniority zero'”. In the present semimi-
croscopic model, the ground state of **Mo contains admixtures of | 12)
one-phonon, |20), |22), and |24) two-phonon states, etc. However,
additional channels are also open because of the correlations nenlected
in this approach The (d5/2)20, (51/2)20, (g7/2)20, (d3/2)20, and (h11/2)20
neutron pairs contribute coherently to the form factor for the 07 — 07
two-particle transfer. The main part comes from the basic configuration
(ds2)*0. The ratio of the (s;,2)?0 to the (ds;,)*0 strength obtained in our
calculation (TableII) corresponds to the one (~ 0.1) from the shell-model
calculation in Ref. 16. In addition, we obtain wesk contributions from
the (g7,2)%0, (d3/2)*0, and (hy,,,)*0 pairs which were neglected in the shell
model calculation. The0f — 27 (p,t) transfer in the present model follows
mainly from one-phonon components in the ground state of **Mo with
the (ds »)*2. (ds;251,2)2, and (s;,2d3,2)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-
cialyfor 0* states. They may appreciably mix with two-phonon states>%+2.

The *>Nb (*He, d) **Mo stripping reaction yields a pronounced experi-
mental result: thelowest 27 state is more strongly excited than the second
27 state by one order of magnitude™ . This contradicts the existing shell-
-model calculations which take #%Sr or °°Zr as a core?*?3. These cal-
culations describe the 21 and 25 states as derivingmost of their parentage
from the (2ds;,)*2 neutron and (1go/2)*2 proton group, respectively. The
coupling of a transferred gy, proton to an unpaired go,, proton in the
ground state of °>Nb should then preferentially excite the second 23
rather than thefirst 21 statein ®**Mo. Thisresult 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 naturaly for the
experimental situation. The ?*Nb ground state in zeroth-order arises
from a go;, quasiproton coupled to a (ds;2)*0 neutron pair. In this way,
the **Nb(*He, d) *Mo reaction mainly excites the | (ds/2)70,12) compo-
nent through the (go,2)*2 two-quasi proton configuration, creatinga phonon
by a first-order process. In our approach, the 2{ and 23 states in **Mo
arise from the |(ds2)%0,12;2) and |(ds;2)*2,12;2) basic configurations,
repectively. The pattern of the experimental proton transfer, therefore,
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is qualitatively wel 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 25 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.

jra—

Fig. 5 - The leading process for popula- Fig. 6 - lllustration of the leading-order
tingthe2; stateby the *Nb(*He, d)**Mo  process for populating tlie 25 state by
reaction. the "3Nb(3He, d)**Mo reaction.

The Mo (d,t) **Mo and **Mo (p,p'y) reactions'® give rise to an appre-
ciable excitation of the 0f, 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 dof the cha
racter o the states involved. The 07 and 4] states are based on the
| (@s/2)70,00 O> and [(ds,2)?4,00:4) zero-phonon components, respectively,
while the 2 stateis based on the | (ds;,)*0,12;2 one-phonon component.
The ground state of **Mo arisesfrom the | (ds,)* 5/2,00; 5/2) zero-phonon
component. Consequently, the excitation in zeroth-order is alowed for
the 07 and 4{ states, while it is forbidden for the 27 state. First-order
processes involving pairing vertices increase the population of the 0f
state, and first-order particle-vibration coupling processes contribute
to the excitation strength of the 2 state.

It should be mentioned that the present approach involves interferent
effects in processes proceeding via isobaric analogue resonances. The
usua type of analysis might be too rigid in the situations where a few-
-particle cluster appears in the valence shell. Resultsfor the **Mo (p.p’y)
%Mo reaction are expressed in the usual way in terms of the relativec.fp.s.
of the5/2* ground state in **Mo for the configurations |ds 5, 2*; 5/2),
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ldsj2, 27 55/2), | dsp, 4% 5 5/2), etc., where 2% and 47 are the first and
second excited statesof **Mo, respectively'®. However, the processmay 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 usua type of analysis. This comment also applies to
the analysis of the (d,t) transfer reaction.

A similar type of cluster-field competition is expected to play an impor-
tant role also in indagtic scattering®3-3*-3*, Theoretical approaches to
inelastic scattering are usually based on either a collectiveor 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 Cluser — Vibration, or Single-Par-
ticle Cluser — Rotation Coupling Model?

The above three approaches can be used in microscopic or semimicros-
copic theoretical attempts to understand odd and even nuclei in the sphe-
rical 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 all active configurations contributing noticeably
to the properties of the nuclear system is taken into account. However,
this goal usualy 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-

Sully used in a number of transitional nuclei*®-27-%,

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

(i) 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
thecoexistenceof thequasirotational and quasivibrational pattern*!+43-33:5¢
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
o quasivibrational, quasirotational, and clustering structure, but leave
a certain degree of flexibility in quantitative predictions.

A certain amount of data availableroughly 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 residua Q-Q
force, etc. Consequently, a certain degree of freedom remainsin the para-
metrization in actual calculations.

In addition, types of residud interactions and coupling to higher modes
which cannot be included in renormalizations, Y elocitydependent terms
in operators, etc., would introduce additional correlations, partly chan-
ging results or giving rise to new phenomena.

For these reasonsone should not take the guantitative resultsof thecluster-
-field coupling model too rigidly. Specifically, quantities based on large
internal incoherence are unstable and, therefore, the choice of parame-
trization and the correlations which have been neglected in thiscal culation,
might appreciably influence the quantitative results. On the other hand,
the model exhibits definite qualitative features, reflecting the basic under-
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lying cluster and multiplet structure and generalized vibrationa sdection
and intensity rules (GVISR)*°.

The pronounced qualitative (coexistence) and, to some extent, aso quan-
titative successreflects the irnportance of physica correlations accounted
for in the present type of approach. However, quantitative results should
be consdered within the framework of limitationsdiscussed in this Section.
In such a situation, fitting of parametersand optimization have not been
attempted.

The author would like to expresshisgratitude to Professor G. Alagafor initiatingand stimu-
lating this work and for many ideas and explanationsconceming the physica background.
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