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The (((f, He} reactions on 98'98'~ Mo have been used at 40.7 MeV bombarding energy to
popul, ate proton hole states in the Nb isotopes. Ten groups of level, s were observed in each
nucl. eus and most of the expected strength in the 1g@2, 2p&y2, 2p3g2, and 1f&g2 orbits was ob-
served. Excitation energies and / values were obtained for nine new excited levels in 99Nb.

The Q value for the ~00Mo(d, 3He)99Nb reaction was measured to be -5.639+ 0.015 MeV, giv-
ing a 99Nb mass excess of -82 342 +15 keV. A hole-core coupling model is used to predict
the levels of the Nb isotopes, and fair agreement with experiment is obtained.

NUCLEAR REACTIONS, NUCLEAa. STRUCTURE '6 " "OMo(d 'He} Z =40 7

MeV; measured o(8}, ~00Mo(d, 3He) Q value; "5'87'9 Nb levels deducedl, S, n,
~ Nb mass excess; calculated J', 7t', S, particle-core-coupling model, pre-

dicted Q2+ for ~6' ~8'~00Mo.

I. INTRODUCTION

In recent years, although there have been sev-
eral experimental studies' ' of the proton con-
figurations of nuclei in the A = 90-100 region,
theoretical interest has been limited. Proton
pickup reactions on Mo isotopes' and Zr isotopes'
revealed little change in proton configuration as
neutrons mere added to the 2d, ~, shell. Little in-
formation existed on the ground state mave function
of '"Mo where neutrons are naively in the Ss,g,
shell. In addition, it has been recently suggested'
that ' Mo is a transitional nucleus, with a nem

deformed region around A = 104-106. Although
considerable information exists on the level struc-
ture of the lighter Nb isotopes, only scant informa-
tion was available for "Nb, obtained by measure-
ment of y-decay schemes following 9'Zr P decay. '

The only information available for the low-lying
proton hole states in the Nb isotopes is from the
study of Ohnuma and Yntema. ' Our recent study
of hole state analogs of Nb levels in the Mo iso-
topes' revealed a dramatic drop in analog state
strength, particularly for / =1 states as one pro-
gresses to higher Mo isotopes, even though the
results of Ref. 1 indicate that the parent state
strength is essentially constant up through "Nb
and drops only slightly in "Nb. The t,d, 'He) re-
actions on '"9'Mo mere studied to supplement the
data of Ohnuma and Yntema, who studied the""" "Nb nuclei with the same reaction at much
lower bombarding energy (23 MeV). The '"Mo-
(d, 'He)'~Nb reaction was also studied to provide
additional structure information about the "'Mo
and "Nb nuclei and to obtain parent state spectro-
scopic factors for a continuation. of the work de-
scribed in Ref. 8.

Calculations by Bhatt and Ba,ll' and Vervier'"

predict energy levels for the Nb isotopes assuming
proton occupation of the p,~, and g, ~, orbitals with
a "Sr closed core. Some success has been attained
in predicting" the negative parity hol. e states of
'Nb with a core-coupling model. The low-lying

proton hole states of the odd-A Nb nuclei can be
described by two types of models in mhich the
even-even Mo nuclei are coupled to proton holes
which may occupy the 2p,~„2p,~„and lf, i, shell
model orbits. In the first model, the hole-phonon
model, the basic states of the core are assumed
to be the quadrupole oscillations of a quantized
liquid drop, while in the second model, the hole-
core model, only a few basic states of the core
are considered, which are eigenfunctions of a core
Hamiltonian for which no explicit form is assumed.
%'e take the second model for the calculations in
this paper since it is both conceptually simple and

yet capable of considerable generality. In a later
communication" me shall present results of the
hole-phonon model mhere effects of dissociation
of phonons into particle-hole pairs mill be includ-
ed.

The experimental procedure is briefly discussed
in See. II, while the distorted-wave Born-approxi-
mation (DWBA) analysis is discussed in Secs. III
and IV. Section V is a brief discussion of the hole-
core-coupling model used to predict the energy
levels, J" values, and the spectroscopic factors.
The results are summarized and compared with

the experimental data in Sec. VI.

II. EXPERIMENTAL PROCEDURE

The experimental details are similar to those
described previously. ' A 40.7 MeV deuteron
beam from the Texas A@M cyclotron mas used
to bombard self-supporting ~ " '"Mo foils en-
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FIG. 1. The spectra of the ~' 9 ' OMo(d, aHe)8~'97' ~ Nb reactions. The excitation energies of observed states are indi-
cated in MeV.

riched to greater than 95% in the desired isotope.
The targets were approximately 600 pg/cm'
thick, with thicknesses determined by weighing.
Two silicon detector telescopes spaced 5' apart
were used simultaneously, and selected data points
mere checked by measurements with both systems.
The telescopes consisted of 500 p, m ~, 3mm E,
and 1.5 mm veto detectors for the forward stack
mith 200 p, m ~, 1 mm E, and ZOO gm veto detec-

"Mo(d,'He) "Nb

tors for the other stack. The veto detector served
to eliminate pulses due to the elastically scattered
deuterons. Helion ('He) and triton ('H) pulses
were selected using power lam identifier circuits
for each telescope and the total energy pulses
were routed into analog to digital coverters inter-
faced to the IBM 7094 computer. Helion spectra
from each of the targets are shown in Fig. 1 and
extend to an excitation energy of 8 MeV. The over-
all resolution obtained mas about 50 keV full midth
at half maximum. The triton data will be included
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FIG. 2. Angular distributions for the +Mo(d, He)@Nb
reaction. The errors shown are statistical only. The
curves are DWBA calculations for the l transfers indi-
cated.
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Nb of -82 342 + 15 keV which may be compared
with the estimated value" of -82 860 keV. The
bulk of the uncertainty is due to inability to repro-
duce Q values of known peaks from run to run
(+10 keV, primarily in the "N and "Bstates)
and accumulated uncertainties in the energies of
the calibration peaks (+5 keV). Ten groups were
identified with each reaction and angular distribu-
tions were obtained for laboratory angles from
8.3 to 40.8' (Figs. 2-4) with an absolute normaliza-
tion uncertainty of about 10%%u&&.

III. DISTORTED-%AVE BORN-APPROXIMATION

CALCULATIONS

Distorted-wave Born-approximation (DWBA)
calculations including finite-range and nonlocal
(FRNL) corrections were performed using the
computer code DWUCK "and optical-model param-
eters from the literature. ' "These parameters
as well as the form factor and FRNL parameters
are listed in Table I. The calculated and experi-
mental cross sections are related by

r
do NC'S dv

exp 2~ 1 ~ 0%UcK

0 10 20 5040 5060 70

I), (deg)

0 IO 20 50 40 50 60 70

II, (deg )

FIG. 4. Angular distributions for the OMo(d, 3He) Nb
reaction. See Fig. 2 caption.

where J is the transferred angular momentum,
N is the normalization constant determined from
the internal structure of the projectiles, and
O'8 is the spectroscopic factor. %e have adopted
a value of 2.30 for ¹

in other communications on the neutron hole states
in the Mo isotopes.

All of the data were accumulated in one experi-
mental period. The ' Mo data were taken between
the "Mo and ' Mo runs, and absolute energy cali-
brations mere established for both detector stacks
from the (d, 'He) reaction on "Mo and "Mo as
mell as on "0 and "C contaminants present in all.

three Mo targets. The Q value thus measured for
the '"Mo(d, 'He)"Nb reaction was -5.639+0.015
MeV, with less than 2 keV spread between results
for 10 different angles at which the measurement
was made. This results in a mass excess for

IV. EXPERIMENTAL RESULTS

A. Nb

A summary of the experimental results for "Nb
is given in Table II. Angular distributions and
DNBA predictions are shown in Fig. 2. The data
are fitted reasonably well for most of the states,
but the 1.623, 1.98, and 2.328 MeV states could
not be fitted assuming a unique l value. The angu-
lar distribution foe' the 1.623 MeV state mas best
fitted with a mixture of / = 1 and l = 2 transfers.
States with these l assignments were observed
at about this energy in the ('He, d) reaction. ' The

TABLE I. Optical-model and FBNL parameters used in DWBA calculations (MeV fm units).

Particle 4WD al +c

CLT
c

3Hed

p

100.8 1.099 0.835
157.8 1.174 0.706 11.71

1.15 0.65

53.64 1.344 0.747 1.3 6.53 1.099 0.835 0.54 0.77
1.596 1.032 1.4 0.20

A,~ = 25 1.25 0.85

' Nonlocal parameter used in oeucx.
Finite range parameter for (d, 3He) reactions used in nwucx.
Reference 15.
Reference 2.
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TABLE II. Su~~ary of the experimental results for 95Nb.

95Nb+

(MeV+ keV)
Present

work

C2$

Ohnuma and
Yntema'

"Zr('He, d) "Nb '

(MeV) L~ 6

0.0

0.232 + 5

0.792 ~ 7

1.000 +8

1.221 + 12

1.623 +12 1+ 2

1.98+25 1+ 3

2.328 ~12 1+3
2

gW
2

2.54

1.50

1.74

1.98

1.72

0.14

0.06

0.07

0.59

1.12

2.9

1.6

2.1

0.0

0.236

0.728

0.799

1.223

1.274

1.590

1.645

1.810

1.913

2.070

2.121

2.165

2.373 (0)

0.60

0.84

0.40

0.12

0.10

0.18

(0.14}

0.18

0.36

0.42

0.72

2.481 + 12

2.786 + 15

1.17

1.12

2.406 (0+ 2)

(2)

2.967 0.30

'Reference 4.
J values are those which seem most plausible on a shell model basis; no as-

signments have been made.
'Reference 1.
6), = C~S )~(2Jy+1)/2 J;+1).

data for the 1.98 and 2.328 MeV states could be
fitted by assuming that they were doublets popu-
lated by /= 1 and l= 3 transfers. The results for
low-lying states are in good agreement with those
of Ghnuma and Yntema' obtained at 23 MeV bom-
barding energy. Most of the expected 1g, ~„
2pg2, 2p3(2, and 1f,y, strength is observed. For
the purpose of comparison, we have included
results of the "Zr{'He, d)95Nb reaction' in Table
II. None of the states observed in the present
experiment above 1.623 MeV in excitation were
observed in the ('He, d) reaction.

B. Nb

The experimental results for "Nb are compared
with other studies in Table III. Satisfactory DNA
fits to the angular distributions (Fig. 3j were ob-
tained for most of the levels. The present results
differ from those of Ohnuma and Yntema' primari-
ly for the 0.746 MeV l=1 and 1.438 MeV l=3 states
where the spectroscopic factors we obtain are
about a factor of 2 larger. The angular distribu-
tion obtained for the 1=3 sta. te by Ohnuma and
Yntema was rather nondescript and poorly fitted
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by the calculation, which could be the source of
this discrepancy, but the fits from both experi-
ments to the l= 1 first excited state are good.

The states at 1.764 and 2.090 MeV could not
be fitted assuming a unique l value. States as-
signed l=2 were observed at these energies in
the 98Zr('He, d)"Nb reaction. ' The angular dis-
tributions for these states could be fitted assuming
they were doublets populated by l = 1 and l =2 trans-
fers for the 1.764 MeV state and l=2 and l = 3
transfers for the 2.090 MeV state. In the stu-
dies"'" of P decay of 'Zr to states in Nb, states

at 1.751 MeV, assigned (-,",-", ), and at l. f65 MeV,
assigned (—,', ~+), were observed. An assignment
of L=1+2 was also made in a study of the "Zr-
(d, n)97Nb reaction" for a state at 1.74 MeV.
decay work" indicates positive parity and a J =-,'
or ~ assignment for a state at 2.107 MeV while
the ('He, d) results' indicate l = 2 assignments for
states at 2.092 and 2.114 MeV.

The (-,', —,
'

) assignment of Megli et g/. "for the
2.247 MeV state is in agreement with ours. The
angular distribution for the group at 2.948 MeV
could be best fitted by a mixture of l = 1 and l = 3

TABLE IG. So~~ary of experimental results for I~Nb.

a~Nb~

(MeV + keV)

C2Sp

Present Ohnuma and ~Nb*
J" work Yntema~ (MeV)

"Zr('He, ct) "Nb '

0.0

0.746 + 5

1.251 + 8

1.438 + 9 5.8

2.2

2.5

2.5

0.0

0.746

1.253

4 8.8

1 0.27

1 0.26

1.434 (1,3) (0.074, 0.031)

1.764 +10 1+ 2

2.090 +10 2+ 3

2.244 + 10

2

x+
2

0.12

0.06

0.08

1.0

1.554

1.754

1.776

1.856

1.945

2.048

2.092

2.114 {2) {0.19)

1 0.024

0.66

{0.17)

0.32

0.37

(0.066)

0.41

2.386 + 12 (1)

2.550 ~20

(0.29)

0.37

2.357 (0, 2)

2.525

{0.15, 0.24}

0.20

2.948+15 1+3 0.15

2.676

2.702

2.727

2.748

2.792

{2)

(0)

0.17

0.29

(0.12)

(0.045)

2.981

3.067

{0)

(2)

{0.03)

(0.12)

'Reference 5.
b Assumed from shell model consideration.
~ Reference 1.
~ 6) .= C2S) .{2 ' +1}/(2J;+1).
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transfers, as shown in Fig. 3. Essentially all
of the expected hole strength is observed, although
our measured 1f,~, strength exceeds the sum rule
limit but remains within the approximately 20%
uncertainties associated with DVfBA analyses.

C.

Mo(d, He) Nb

I.957

l.746

l.573

Zr(P } Nb

TABLE IV. Su~mary of the experimental results for
Nb Mo(d, He) Nb Q =-5.639+0.015 MeV; Mass

excess 9Nb = -82342 + 15 keV.

99Nb~

(MeV+ keV)

0.0
0.369 ~ 5

0.562 + 5

0.816 + 7

0.970 + 10

1.271 ~10

1.413 + 15

1.573+12

1.746+ 15

1.967 ~12

2

2

2

g+
2

(L, )

(2 )

2

2

2

2.65

1.55

2.52

0.16

(0.11)

(0.72)

1.0
0.56

2.30

1.00

(0.27)

'Assumed from shell model considerations.

Table IV summarizes the experimental results
obtained for 9Nb, while angular distributions ob-
tained are shown in Fig. 4 along with 0%HA cal-
culations. The levels of "Nb have also been stu-
died by looking at the P decay of "Nb itself and
of 'Zr into 99Nb with subsequent y emission. ' The
P-decay Q value obtained for "Nb (3.7+0.2 MeV)
leads to a mass excess of -82260+ 200 keV, in
agreement with our value of -82342+15 keV. The
energy levels deduced in the two experiments are
shown in Fig. 5. The (—,

'
) isomeric level referred

to by Eidens, Roeckl, and Armbruster' mould very
likely be the 0.369 MeV l=1 level observed in the
present experiment. Otherwise there is little
apparent overlap between the two experiments.
One might postulate that the y lines involved a,c-
tually represent transitions between some of the
levels observed in the present experiment, if at
least one additional level is postulated. However,
such schemes would have the decay terminating
in the (~ } level at 0.369 MeV which has a 2.4 min
half-life, whereas data from the fission decay
chain' indicates that these decays proceed instead
to the ground state. The logft values of approxi-
mately 4 obtained in the P-decay experiment' imply

l.4l 3

l.27 I

0.970

0.815 (I+3),2

I.OI6

0.562
)r g.595

0.468

0.369

0.0

FIG. 5. The 9 gb levels observed in this reaction are
compared with those reported in Ref. 7. The excitation
energies are in Mev with l values obtained in the present
study indicated.

TABLE V. Quasiparticle energies (in MeV) used for
calculations.

2p i /2 2P3/2

Nb
szNb

0.33
0.85
0.47

1.01
1.50
0.70

1.90
1.90
1.46

an allowed transition which, since the "Zr ground
state almost certainly has positive parity (no nega-
tive parity shell model levels are available for the
odd neutron) indicates positive parity for these
levels. So it is not surprising that none of these
levels were excited with the (d, 'He) reaction.

The ground state is fitted well by i=4 transfer
mhile the first two excited states are fitted mell
by 3=1 transfer. The state at 0.816 MeV is best
fitted by l=2 transfer. The shape of the theoretical
curve obtained by a mixture of /=1 and 3=3 trans-
fers would fit the data if the curve is shifted by
about 3 (Fig. 4). The levels at 0.970 and 1.271
MeV are fitted mell by L=1, while the states at
1.413 and 1.573 MeV are fitted well by I,= 3 and
represent the major components of the —,

' hole
strength. The distribution for the 1.573 MeV
level appears similar to the ground state but due
to Q dependence is fitted much better by l= 3 than
1=4. The states at 1.746 a,nd 1.967 MeV are best
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fitted by an /=1 transfer, but the quality of the
fit for the 1.967 MeV state prevents a definitive
assignment. As was the case for" "Nb, most
of the expected hole strength was observed in
"Nb, although only about half of the available
1f,g, strength was observed.

V. PARTICLE&ORE-COUPLING MODEL

In a simple minded shell model prescription,
one would expect that for the Mo isotopes (Z = 42),
the proton 2p&„2p, ~„and 1f,~, subshells are
completely filled and there would be two protons
in the 1g,~, shell. The splitting of the negative
parity 2p~» 2p, ~» and 1f,~, states into just a
few levels suggests a description where the single-
hole states are coupled with the ground and low-
lying excited states of the even-even Mo isotopes.
The total Hamiltonian H for the odd-mass nucleus
is written as

H =Ho+H +H, ,

where H, is the core Hamiltonian, H~ the single-
particle Hamiltonian for the extra nucleon„and
H. , describes the interaction between the extra
nucleon and the core.

In the present calculations, we have taken the
interaction between the core and the particle
given by"

component M.
The negative parity levels —,', —,', —,', -', , and
of Nb isotopes were assumed to be given by

the coupling of proton holes in the 2p~» 2p, ~» and

lf, ~, subshells with the 0' ground state and the
2' first excited state of the Mo isotopes. The
single-particle energies for the 2p,~» 2p, ~» and

If,~, orbitals used in the calculation are shown in
Table V. Since the spectroscopic information ob-
tained here indicates that 2p and 1f orbits are not
completely filled, a quasiparticle formalism was
used in the present calculations where 1g,~»
2p~„2p, ~„and If,~, orbits were assumed to be
30, '10, 80, and 90% full, respectively, for each
nucleus. The Hamiltonian matrices for these
states were diagonalized to obtain the energy
eigenvalues and eigenfunctions by varying the val-
ues of ], y„and y, from 0.0 to 0.5. It was found
that the best agreement with the experimental data
was obtained with the parameters listed in Table
VI. Some of our calculations are with ( = 0.0 im-
plying the dipole-dipole interaction has been turned
off. The actual presence of this jj term in the
Hamiltonian is rather questionable. In our cal-
culations, w'e have found that this term is in
general weak and in some cases can be completely
neglected leaving only the quadrupole-quadrupole
term.

where T~ and T~ are arbitrary spherical tensors
of rank k acting in the spaces of the core and the
particle, respectively. Only two terms in this
interaction" a.re kept, yielding

](g (&)g (&)
) ~(q (2) q (2)

) (4)

where J and Q are the angular momentum and the
mass quadrupole moment operators, respectively.
There are three parameters of the model, viz.
E, the strength of the dipole-dipole interaction;
X„defined as ))(0 )[ Q,

')
~~ 2) and )(„defined as

))(2 II Q, II 2) In the philosophy of the present mod-
el, it is assumed that the detailed structure of the
core states is unknown. The reduced matrix ele-
ments of Q~' are evaluated by using harmonic
oscillator wave functions with an oscillator param-
eter given by

v = 41M/ h 'A 'i'

VI. RESULTS AND DISCUSSION

A. Nb

In Fig. 6, the energy levels obtained in the
present experiment are shown in column b with
the theoretical predictions in columns a ($ =0.0)
and c ($ =0.05). The spin and parity predictions
for the first four excited states are in agreement
with the experimental data. The spectroscopic
factor for the first excited state agrees very well
with the predicted value. The spectroscopic fac-
tor for the /=1 second excited state at 0.792 MeV
is somewhat smaller than that predicted (assum-
ing —,

'
), whereas the I = 1 fourth excited state (also

assumed —,
'

) at 1.221 MeV has a larger spectro-

TABLE VI. Parameters for the hole-core coupling
model.

Xg X2

Nucleus Set {MeV) {MeV fm 2) {MeV fm )

The excitation energies and the wave functions
of the odd-A Nb isotopes were obtained by diago-
nalizing the total Hamiltonian between the basis
states

~
n 1,n, Z, ~ IM), in which the quasiparticie

state
~ n,Z ~) is coupled with a core state

~ n, Z, )
to a state with total angular momentum I and Z-

A
B
A
B
A

0.0
0.05
0.0
0.05
0.0
0.10

0.14
0.13
0.14
0.13
0.15
0.14

0.090
0.080
0.100
0.090
0.125
0.120



P. K. BINDAL, D. H. YOUNGBLOOD, AND R. L. KOZUB 10

2.933 ' 5/2
2.882 ' 7/2

2 726 0 26 3/2
2.786

2.705- 0 0 '9/2
36 oo28

3.054, 0.32,5/2-
3-002' 0.016 r3/2
2,994' 0.018 I/2

2.844 ' 7/2

scopic factor than predicted.
There is however a large discrepancy between

theory and experiment with the spectroscopic
factor for the 1=3 (assumed -', ) state at 1.00 MeV.
The state at 1.633 MeV (not fitted very well as-
suming a unique I-value assignment) could be as-
sociated with the —,

' state predicted at 1.8-2.0
MeV. The sixth excited state observed at 1.98
MeV is very weak and could be a composite of the

and -,
' states predicted in this energy range.

Next there are three excited f=3 (assumed —,
'

)

levels, the 2.328 MeV state being a possible doub-
let with /=1 and l=3. The predicted —,

' levels at
about 1.8 and 2.0 MeV have an energy difference
approximately the same as the 2.33 and 2.48 MeV
l= 3 levels, but are predicted much too low in
excitation by this model. The third member of
this group at 2.786 MeV may correspond to the
state predicted at 2.93 MeV for $ = 0 and at a
slightly higher energy for g =0.05. There are a
few more weak states predicted which would be
hard to observe. In general, the model is fairly
successful in predicting l=1 states, but fails to
predict the energies and spectroscopic factors for
some of the l=3 levels.

Nb
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FIG. 6. Comparison of the experimental energy levels
{column b) with the theoretical predictions, column a
with parameter set A and column c with set 8 of Table
VI, for +Nb. The excitation energies {in MeV) are
shown to the left of the lines while the spectroscopic
factors are i&icated on the line, and L& experimental
assignments or J~ theoretical predictions are indicated
to the right of the line.

0.0 ' 9/2+ 0 0 ' 4 0.0 ' 9/2~
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FIG. 7. Comparison of the experimental data with the
theoretical predictions for 9 Nb. See Fig. 6 caption.
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B. Nb

Theoretical and experimental results for "Nb
are shown in Fig. 7. Both calculations are in re-
markable agreement with the experimental data
for the first five excited energy levels except for
the spectroscopic factors for some of the states.
As indicated earlier, the sum of the spectroscopic
factors for the l = 3 states is higher than what one
expects from the sum rule. The predicted spec-
troscopic factors for the first, two l=1 states are
in reasonable agreement with the experimental
numbers. The spectroscopic factors for the l= 3
states at 1.44 and 2.09 MeV are interchanged in
the theory relative to the data. The l= 1 state
at 1.76 MeV is much weaker than predicted. The
next three l=1 states are observed with small
spectroscopic factors. For ]=0.0 three l= 1 states
are predicted at almost the energies corresponding
to the experimental energies with small spectro-
scopic factors. Vhth )=0.05 this feature is not
reproduced. The highest experimental level ob-
served (2.848 MeV) is a possible doublet with a
mixture of l= 1 and l =3. Calculations with $ =0.0
predict an l=3, J'=-,'level at 2.85 MeV with a
spectroscopic factor in reasonable agreement with
the l= 3 component for this state. On the other
hand, the calculations with $ =0.05 predict two l=1
states and one l=3 state in the 2.90-2.96 MeV
region with spectroscopic factors in fair agree-
ment with the experimental data.

C. Nb

The results for "Nb are presented in Fig. 8.
This nucleus has been the subject of an earlier
communication, " so we shall discuss it only brief-
ly. The calculations in column c ((=0.1) are taken
from Ref. 11. Calculations with ]=0.0 and $ =0.1
predict a —,

' level at about 0.8 MeV. A level at
0.816 MeV is best fitted by l= 2 transfer, but as
pointed out in See. IV C an l= 3 component cannot
be completely ruled out. The calculation with (
=0.0 predicts the presence of a —,

' level at 1.12
MeV with C'S=0.79 which a,grees with the l= 1

state observed at 0.970 MeV with O'S= 1.0. The

]=0.1 calculation predicts in this region only a
state (at 0.95 MeV) which should not be excited

strongly. Otherwise, on the whole, the calcula-
tions with $ = 0.1 seem to be superior to those
with ( = 0.0.

VII. CONCLUSIONS

The energy level scheme for the proton hole
states for "Nb, "Nb, and "Nb are obtained by
the (d, , 'He) reaction. The results for low-lying
levels in "Nb and "Nb agree with those obtained
by Ohnuma and Yntema'; however, the spectro-
scopic factors for "Nb a.re larger and several
new levels are observed at higher excitation. For
"Nb, we observe nine new levels which appear to
be different from the levels obtained in the study
of P decay' of ' Zr and "Nb which probably popu-
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B(E2,0'-2') for Mo isotopes" and the corres-
ponding values of X, and X, from Table VI, the
absolute value of the spectroscopic quadrupole
moments of the first 2' level in "Mo, 'Mo, and
"'Mo are 0.26, 0.29, and 0.47 b, respectively.
These va, lues lie between the predictions using
the collective vibrational model and the rotational
model. The former model predicts 0.0 b for all the
three Mo isotopes whereas the latter model gives

I Q, +~=0.488, 0.484, and 0.657 b for "Mo, "Mo,
a.nd '~Mo, respectively.

D. Predictions for the quadrupole moments

The para, meters listed in Table VI show a very
consist;ent trend for the three nuclei. The value
of X, decreases from "Nb to "Nb showing a smal-
ler quadrupole moment for 9'Mo compared to '"Mo.
Using the values of the transitional probabilities

0.0 9/2+ 0.0
0

Theo

2 65 4 0 0 2 8 9/2+
b C

Expt Theo

FIG. 8. Comparison of the experimental data with the
theoretical predictions for ~ Nb. See Fig. 6 caption.
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lated only positive parity levels. Most of the ex-
pected 1g,~„2p~„2p,~„and 1f,~, strengths have
been observed in each of three Nb nuclei except
for "Nb where only about half of the expected lf, y,
strength was observed. A small /~= 2 strength is
observed in each of the Nb isotopes indicating that
the proton configurations in the Mo ground states
have a small 2d, ~, admixture.

The energies and the J' values for the low-lying
states in these nuclei are predicted rather well by
a core-coupling model using a quasiparticle forma-
lism. However, the spectroscopic factors for some
of the states in "Nb and "Nb are not predicted well
and some of the —,

' states in "Nb are not well re-

produced. The agreement with "Nb is very good.
The predicted spectroscopic quadrupole moments
for the 2' state are about 72% of the rotational
model limit for "OMo, 61% for 9'Mo, and 52%%uq for
"Mo. This indicates that perhaps "" '"Mo form
a series of transitional nuclei leading to a new
deformation region around A = 104-106 in agree-
ment with Taketani et al. '
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