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The (p, d) and (d, t) reactions on 'Mo and Mo have been used at bombarding energies of -40 MeV to
populate neutron hole states of Mo and 'Mo. Excitation energies and angular distributions were measured
for levels up to -5 MeV in excitation. A distorted-wave Born approximation analysis was used to make l
assignments and to obtain spectroscopic factors. Three distinct groups of weakly excited levels, one
corresponding to l = 4 and two corresponding to l = 1.were observed above 2.3 MeV excitation in both nuclei.
A quasiparticle~re coupling model is used to predict the properties of ' Mo nuclei and fair agreement with
the experiments is obtained.

NUCLEAR BEACTIONS, NUCLEAB STBUCTUBE +'96Mo(P d) @'+Mo(d &) E =40
MeV, measured 0(9), 93'~~No levels, deduced I, , &28„; calculated ~, &, S„, quasi-

particle-core coupling model.

I. INTRODUCTION

This paper concludes a series of nuclear struc-
ture studies of proton particle' and hole' states
and neutron hole states'4 of odd-A nuclei in the
A =90-100 region. The study of proton hole states
in "'"'"Nb populated by the (d, 'He) reaction' re-
vealed that in the ' ' Mo ground states, the
2p»3 and 2p, /, subshells are not completely filled,
the lg, l, orbit is about 25% filled, and there is a
small occupation of the 2d, /, orbital. Moreover,
there is little change in the proton configuration
as more neutrons are added above the 1g,/, neu-
tron orbit. The study of the isobaric analog
states' excited in neutron pickup reactions on the
Mo isotopes revealed a pronounced decrease in
the hole strength with increasing mass number as
well as fluctuations in the ratio of O'S„(P, d)/
C'8,(d, t).

In the studies' of neutron hole states of "Mo and
"Mo only about half of the 1g,/, 2p, /, and 2p, /
strengths were observed up to 4.5 MeV excitation.
The ground states of 9sMo and ~mMo contain sjgnj
ficant contributions from the 3sy/2 2d3/g 2d5/2,
and 1g,/, neutron orbits along with a small admix-
ture of the 1Ig»/, shell. Another interesting as-
pect of this study is that high-lying levels (above
2.V and 2.1 MeV in "Mo and "Mo, respectively)
could be divided into three distinct groups of
weakly excited levels, one corresponding to mainly
l =4 transfer and two corresponding to mainly I =1
transfer. The present work continues the studies
of neutron hole states into the lighter Mo isotopes
"Mo and "Mo, where similar effects are ob-
served.

The information on the level structures of "Mo
and "Mo has been compiled in the Nuclear Data

Sheets. "' Spectroscopic information on the neu-
tron hole states has previously been obtained up to
4.8 MeV in "Mo using the ~Mo(P, d)~'Mo reaction, '
and up to -2.5 MeV in "Mo using the "Mo(d, f)"Mo
reaction. " In the present study, nuclear struc-
ture information was obtained for levels up to 5.15
MeV in '3Mo and up to 4.8 MeV in "Mo using (p, d)
and (d, f) reactions on ~Mo and "Mo targets. The
resolution of -50 keV in the present work has en-
abled us to resolve several groups of levels in
"Mo which were not resolved by Moinester et ul. ,'
as their resolution was -100 keV. Finally, the re-
sults are compared with the predictions of a guasi-
particle-core coupling model which has been ap-
plied by us in our previous studies of neutron and

proton hole states" in this mass region.

II. EXPERIMENTAL PROCEDURE

The details of the experimental setup and data
analysis have been described elsewhere. "' Self-
supporting ~Mo and "Mo foils, enriched to greater
than 94% in the desired isotope, were bombarded
with 38.6-MeV protons and 40.6-MeV deuterons
accelerated by the Texas A 5 M University cyclo-
tron. The target thicknesses were approximately
l mg/cm', determined by weighing. Two silicon
detector telescopes spaced 5 apart were used
simultaneously to reduce data acquisition time and
selected data points were ch.eked by measure-
ments with both systems. The telescopes con-
sisted of 700 pm 4E, 3 mm E, and 2 mm veto
detectors for the forward stack with 1 mm &E, 3
mm E, and 1 mm veto detectors for the other
stack for the (P, d) reaction. For the (d, f) studies,
1 mm &E, 3 mm E, and 700 pm veto detectors
were used for the forward stack and 500 p, m 4E,
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described previously, ' was used in analyzing the
spectra.

III. DISTORTED-%AVE BORN APPROXIMATION
AND EXPERIMENTAL RESULTS

Distorted-wave Born approximation (DWBA) cal-
culations including finite -range and nonlocal (FHNL)
corrections were performed with the computer
code 0%UcK'0 usi.ng the optical model parame-
ters" ' given in Table I. The calculated and ex-
perimental cross sections are related by

dQ ~& 2'+ 1 dA D~UCK

where J is the transferred angular momentum, N
is the normalization constant detexmined from the
internal structure of the projectiles, and C~S is
the spectroscopic factor. We have used a value
of N =2.54 for the (p, d) reaction and 3.33 for the
(d, t) reaction.

A. 93 Mo

6 4 2 0
Ex(MeV)

FIG. 1. Spectra of the @Mo(p, d} Mo and ~Mo(P, d} Mo

reactions.

3 mm E, and 1.5 mm veto detectors for the other
stack. The veto detectors served to eliminate
pulses due to the elastically scattered particles.
The overall resolution obtained was about 50 keV
full width at half maximum. Typical deuteron
spectra are shown in Fig. 1 for ~Mo and "Mo.
Deuteron and triton spectra actually extend up to
about 15 MeV in order to extract information on
the isobaric analog states, the subject of previous
communications, ' where energy calibration and
cross-section normalization techniques are also
explained. Due to the high density of levels in the
high excitation region, a multipeak fitting program,

The information on enexgy levels, l-value as-
signments, and spectroscopic factors for "Mo ob-
tained in the present study is summarized and
compared with previous studies in Table Q. Our
energy locations, J' assignments, and the spectro-
scopic factors agree very well with previous
studies. The (d, t) and the ('He, a) reactions"'"
have been used to study "stxong" states up to 3.6
MeV, whereas the (P, d) reaction' has been used
to study states up to 4.V6 MeV. However, be-
cause of -100 keV resolution in the previous (P, d)
work, many levels could not be resolved.

Samples of some selected angular distributions
are shown in Figs. 2 and 3 for the (P, d) and the
(d, t) reactions, respectively. The state at 1.36
MeV is assumed to be a positive-parity state with
4=& in the Nuclear Data summary. s However,
neither the (P, d) nor the (d, t} angular distribu-
tion is fitted very well with an / =4 transfer. Al-
though Moinester et cl.' and Diehl et al.' assign

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

Particle +0 +30 a~ P~a

p C

dd
e

48.31 1.17
100.8 1.099
151.1 1.24

1.15

5.840.75
0.835
0.685 24.06
0.65

14.6
53.64

1.32 0.60
1.344 0.747
1.432 0.870

A, sp =25

1.30 14.6 1.01 0.75
1.30 13.06 1.099 0.835
1.30

0.85
0.54 0.695
0.25 0.845
0.85

~ Nonlocal parameter used in DwUcK.

Finite range parameters for (p, d} and (d, t} reactions, respectively, used in Deuce. .
c Wference 11.
~ Reference 12.
e Reference 13.
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TABLE II. Summary of experimental results for +Mo.

+Mo"

(MeV + keV)

0.0

gn' b

Present work

(p, d) (d, t)

1.28

C'~n
Previous work

(d, t) c (d, t) (p, d) (3He, 0)

1.25

Nuclear data '

(MeV)

0.947+ 7

1.364 + 10

1.490 + 12

2.305+ 12

2.413 + 12

(4)

(0.05) 0.09

0.2

(0.30) (0.30)

0.1

(0.5)

(0.2)

0.08

0.24

0.06

0.46

0.18

0.15

0.3

3.8

0.944

1.364

1.4774

1.493

1.521

1.696

2.182

2.249

2.305

2.362

2.409

g+

+(-)
g +

(q)
+

7 S+

g+

2

(l)+

2.695+15

2.857 + 15

3.064 + 15

3
2

3
2

0.08

0.03

0.08

0.28

0.32

0.04

0.09

0.07

0.20

0.24

0.53

0.11

0.14

0.41

0.42

2.6

2.443

2.484

2.529

2.536

2.576

2.645

2.673

2.69

2.705

2.734

2.763

2.825

2.842

2.872

2.881

2.9 04

2.93

2.98

3.03

3.04

3.08

3.160

+

(g. ~)
i 3-

i+
Y
f+

Y

(Y.Y)
s+

(- —)
i 3

(2 Y)'

(Y Y)
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(MeV+ keV)

3.211+15

3.303+ 17

1,0

3.38 + 20

3.434 + 17

3.51+20

3.59+20

0.20

0.30

3.65+ 20

3.72+ 20

3.79+ 20

3.98 + 20

4.07+ 20

0.09

0.07

~ Beference 5.
4' values are those which seem plausible on a shell-model basis; no assignments have been made.
Reference 8.

~ Beference 9.
Reference 7.

~ Reference 14
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FIG. 2. Angular distributions for the +Mo(P, d)93Mo

reaction. The errors sho~n are statistical only. The
curves are D%BA calculations for the l transfers indicat-
ed.

FIG. 3. Angular distributions for the @Mop, t ) 93Mo

reaction. See Fig. 2 caption.
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it 1=4, their angular distributions are also
not fitted mell. This is a rather weak state
and its excitation could involve higher-order pro-
cesses.

The tmo strong /=4 states at 2.41 and 2.52 MeV
(presumably v9 ) exhaust half of the expected
strength for the 1g,&, orbital, while a weaker state
at 1.4'tv MeV (possibly f') and a group of states
between 3.3 and 5.2 Me& exhaust about 30'fo of the
strength. Although no distinction can be made be-
tween —,

' or —', states in the present experiment,
about 60-65/q of the total expected wave strength
has been observed.

In all me identified 33 groups of states in "Mo
in both the (P, d) and (d, t) reactions. Our analyses
show that 22 of the states observed in the (P, d)
reaction and 25 in the (d, t) reaction could be fitted
by a single 1 transfer. The main difference in the
tmo studies occurs for highly excited levels, viz. ,
E ~ 4 MeV. The angular distributions for the
states at 4.07, 4.63, and 5.00 MeV obtained by the

(p, d) reaction are fitted by a mixture of two l-
transfers, w'hereas one / value is found to be ade-
Iluate for the (d, t) reaction. The state at 5.0"t

MeV could not be fitted in the (p, d) reaction by a
mixture of two l transfers; however, the (d, t)
data can be fitted reasonably mell by E =1 and 4.
The results of the tmo analyses for the remaining
states in this region are in agreement with each
other, as the states at 4.71 and 4.78 MeV re-
quired tmo E transfers and the states at 4.24, 4.37,
4.45, 4.52, and 5.15 MeV mere fitted with an E = 1
transfer in both reactions. The state at 4.17 MeV
mas observed in both reactions but only at a fem

angles and no meaningful angular distribution
could be obtained for spectroscopic analysis.
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All the angular distributions obtained along mith
the D%'BA fits for the states analyzed in the
"Mo(d, t)9'Mo reaction are shown in Figs. 4-6.
Sa111ples of tile f1ts to the Mo(p, d) Mo 1'eact1011
are shown in Fig. 7. The information on energy
levels, /-value assignments, and spectroscopic
factors for "Mo obtained in the present study is
summarized and compared with previous studies
in Table III. Our excitation enex'gies and spectro-
scopic factors agree mell with other studies ex-
cept for the weakly excited —,"states at 0.786 and
1.039 Me& which we did not observe. Vfe have
analyzed 28 groups of levels in the 2.6~ E„~4.8
MeV region observed in the (p, d) and (d, t) data.
The enex'gles E assignments, and spectx'oscoplc
factors are in agreement in both reactions. Most
of these levels correspond to an /=1 transfer, al-
though about 25% of the expected g» strength also
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FIG. 4. Angular distributions for the 9~Mo(d, t )~~No

reaction. Bee Fig. 2 caption.
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~&+ states in O'Mo and 95Mo by coupling of the neu-
trons in the 38'/2 M3/2, 2d, /2, 1g, /2, and 1ge/2
orbitals w'ith the 0' ground state and the first 2'
excited state of "Mo and O'Mo, respectively.
Quasiparticle energies and occupation numbers
are given in Table DI". The values of Hamiltonian
parameters g„g„and (, defined in Ref. 4, are
shown in Table V.
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FIG. 7. Angular Oistributions for the Mo(p, d) Mo
reaction. See Fig. 2 caption.

Theoretical and experimental results for O'Mo

are shown in Fig. 8. There are seven known states
below 2 MeV in excitation. Six have been observed
in pickup reactions while the seventh state at
1.696 MeV has been observed in the (p, f) reaction"
and (P, ny) type reactions (see, for example, Ref.
21). The spine and parities of all these levels are
reasonably certain. The present calculations also
predict seven levels below 2 MeV which agree in
J' assignments and give reasonable spectroscopic
factors for l =0 and l =2. However, the weak —,"
state predicted at 1.98 MeV pxobably corresponds
to the known —,"state at 1.696 MeV. Furthermore,
a weak —,

"state is predicted at 2.10 MeV which
couM corxespond to the state at 2.182 MeV pre-
sumed to be (-,')'. The model predicts a very
strong & level at 2.46 MeV which exhausts about
V4% of lg9&, Strength but the splitting into two
levels observed in the experiment is not repro-
duced in the calculations. A weak —,

'+ level pre-
dicted at 2.50 MeV could correspond to the ~" level
at 2.4$V MeV observed in the (d, P) work. At higher
energy, the fit is not expected to be good, as one
would need to couple several core states to the
neutron states to reproduce the large level density
for the l =1 and 4 states.

lies in this energy region. The levels in this re-
gion appear to fall into four groups, the first
ranging from 2.V2 to 3.06 MeV corresponding to
l =1 transfer, the second from 3.17 to 3.31 MeV
with an l =2 transfer, the third from 3.38 to 3.63
MeV with an l =4 transfer, and the fourth from
3.96 to 4.81 MeV with an l =1 transfer.

IV. STRUCTURE CALCULATIONS

ell-model calculations 6 8 using 2px/gy 1g9/2
proton and 2d, /, neutron configurations and core-
coupling model calculations, "where a two- or
thxee-phonon core is coupled to valence neutrons,
have been done with some success for low-lying
levels in "'"Mo. Recently we used a quasiparti-
cle-cox'e coupling model to pxedict the proton hole
states of the Nb isotopes2 and neutron hole states~
of 7' Mo, with reasonable success. %'e have also

B. 9~MD

Experimental and calculated results for "Mo are
shown in Fig. 9. There are nine known positive-
parity states below 1.2 MeV in excitation. The
calculations pxedict eight levels below this enexgy.
There is one weak —,"state predicted at 0.53 MeV
in this energy region, whereas two weak ~+ states,
at 0.79 and 1.04 MeV, are known. Four definite
l =2 states are known from previous work in this
energy region, whereas our analyses of both the
(d, f) and (P, d} reactions indicate another f = 2 level
at 1.09 MeV. The theory predicts these levels
very nicely except for the lowest —,"level at 0.20
MeV. This level is excited very weakly both in the
pickup reactions (C'S„~0.06} and in the stripping
reaction (C~S„=0.02)3' The known properties of
l =4 levels in this energy region are predicted
very well.
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TABLE III. Summary of experimental results for ~Mo.

"Mo
Ex

(MeV + keV) Ln Jm b
Present work
(p, d) (d, t)

C ~n

Previous work
(d, g) ~ (d t) d (3He, ~) ~

Nuclear data '
E„(MeV) J"

0.0

0.201+ 6

0.769+ 6

0.816+ 7

0.945+ 7

1.044+ 10

1.092+ 12

+2

5+
Y
3+
2
7+
2

3+
2
9+
2

5+
2
7+
2
5+
2

1.98

0.05

(0.88)

0.16

0.26

0.18

0.06

0.04

2.54

0.04

0.89

0.16

0.18

0.18

0.05

0.04

2.54

(0.07)

0.81

0.15

0.21

0.33

0.20

0.19

1.7
0.1

0.2

0.5

0.2

2, 58

0.10

0.45

0.14

0.22

0.10

0.0

0.204

0. 766

0.786

0.821

0.948

1.039

1.059

1.074

5
+

Y
3+
Y
7+
2

f +

(—', , ~)
9+

f +

2

3 5+
(——)

(y)

1.367+ 15

1.428 + 12

1.542+ 10

1.618+ 10

1.674+ 10

1.879+ 12

1.942+ 12

1.984+ 15

2.050+ 15

f
Y
3+

9+
Y
3+
Y
9+.
2

9+
2

fi
2
5+
2

5+
2

y+
2

0.02 0.02

0.014 0.014

0.034 0.018

0.079 0.084

0.35 0.31

0.11

0.33

0.084

0.24

0.03 0.04

0.033 0.012

(0.024) 0.023

0.02

0.13

0.46

0.29

0.054

0.09

0.1

0.19

0.39

(1.223)

1 ~ 310

1.376

1.433

1.533

1.620

1.683

1.707

1.938

1.981

2.057

2.067

2.107

f+
Y

3 5+
(——)

3 5
(——)2' 2

9 +
(—)2
3 5+(- —)2'2

9+
( —-)2'2

+
(—)

2.130+ 15

2.179+ 15

2.240+ 15

2.319+12

2.375+ 15

+2

9+

3+
2

1
2

g+
2

1
2

x+
2

5+
2

0.06

0.02

0.03

0.04

0.33

(0.13)

(0.05)

0.047

0.03

0.03

0.18

0.042

0.027

0.040

0.3 0.5 0.37

2.136

2.181

2.221

2.260

2.330

2.337

2.383

2.396

9+
(y y)

g+
2

2.441+ 12

2.501+ 15

2.531+ 12

2.718+ 15

2.769+ 15

(4)

g+
2
9+
2
9+
2

1
2

1
2

1.81

(0.18)

1.37

0.22

0.13

0.15

0.11

1.18 0.88

1.82

1.38

2.1

1.3

0.3

1.30

0.92

2.441

2.508

2.539

2.78

9+
(gs g)
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TABLE III (Continued)

g5Mo

Ex
(MeV + keV) ln Jm b

Present work
(p, d) (d, t)

C ~n

Previous work
(d, t) ~ (d, t) d (3He ~) e

Nuclear data ~

E» (MeV) J"

2.890+ 15

2.986 + 17

3.063+ 17

3.17+20

3.20+ 20

3.26 + 20

3.31+20

3.380 + 17

3.443 + 17

3.494+ 17

3.551+ 17

3.625+ 17

3.96 + 20

4.01+20

4.07+ 20

4.17+ 20

4.24 + 20

4.31+20

4.35+20

4.40+25

4.45+25

4.50 + 25

4.56 + 30

4.63 +30

4.74 + 30

4.81+30

(2)

(2)

3+
2

3+

3+
2

3+
2

1
2

g+
2
g+
2
g+
2

3

3
2

3
2

3
2

3+

0.18

0.17

0.35

0.06

0.07

0.04

0.59

0.20

1.0
0.65

0.31

0.12

0.13

0.29

0.07

(0.04)

0.07

0.21

0.99

0.63

0.33

0.084 0.065

0.14

0.15

0.13

0.12

0.12

0.14

0.09

0.14

0.13

0.03

0.12

0.10

0.11

0 ~ 12

0.11

0.06

0.08

0.08

0.09

0.04

(0.02) (0.03)

0.08 0.05

0.04 0.03

0.2 3.1

0.36

0.20

0.81

0.25

3.48

(2.2)

' Reference 6.
J values are those which seem plausible on a shell-model basis; no assignments have been made.

c Reference 8.
~ Reference 9.
~ Reference 15.

V. DISCUSSION

According to a simple shell-model picture, the
neutron orbits up through the 1g»2 orbit are com-
pletely filled in "Mo (N= 50}, and higher orbitals,
viz. , 2d, f„3sy/2 1g, (2, etc. , start getting filled
as more neutrons are added. Pickup reactions
serve to measure the occupancies of the levels in
and below the Fermi surface, whereas stripping
reactions provide complementary information
about the vacancies of the levels in and above the

Fermi surface. In Table VI, we present the aver-
ages of the total strengths of the various orbitals
observed for 92'~'"'8'o Mo targets using (P, d)
and (d, f} reactions at this laboratory' 4'" and (d, P)
reactions from the literature. 2' " We identify the
subshells by their l values, since definite Jassign-
ments cannot be made in the one-particle trans-
fer reaction studies. The information on the par-
ticle states of "'Mo is very scanty, so little can
be said about the unfilled levels of '~Mo.

From Table VI one finds immediately that almost
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TABLE IV. Quasiparticle energies and occupancy num-
bers used in the calculations for +Mo and Mo.

0.01
0.01

40—
+Mo 95Mo

009 7
O. I I

Energy
(MeV)

Energy
(MeV) 0.20p'2 0.0 t

0.01
0.03

p2State 0.36
0.08

0.24 0.01
3 i/2
2d3/2
2d 5/2
1g't/2
1g9/2

1.6
2.1
0.0
1.5
2.4

0.1
0.03
0.25
0.2
0.8

2.0
2.0
0.0
1.0
2.9

0.15
0.15
0.35
0.16
0.97

3.0—
0.10

2.0
2.8

0.05
737

g

ED .-----(I)
2.0— O.O2

0.07

0.16all the l =0 and 2 strength has been accounted for
in the Mo isotopes except for "Mo and ' Mo,
where 40% of l = 2 strength is still unobserved up
to 4.5 MeV in excitation. Although some l =3
strength is observed in lighter isotopes, no definite
level corresponding to l =3 has been observed in
pickup reactions on "' '~Mo. This indicates that
1f levels are very far away from the Fermi sur-
face a,nd the strength is probably very diluted.
With the exception of "Mo, much of the /=4 (pos-
sibly Ig, &,) strength has not been accounted for,
and only small amounts have been seen in stripping
reactions. The results of pickup reaction studies
indicate that much of the l =4 hole strength (pos-
sibly 1g,&,) has been observed for light Mo iso-
topes but less than half is observed for '"Mo.

The hole strength distributions for l =1 and 4 are
displayed in Fig. 10 for all the Mo isotopes. It is
apparent from this figure that the states corres-
ponding to lgg/2 2Py/2 and 2P, /, orbitals, which
are the first three discrete states in "Mo, are
split into many levels as neutrons are added. In
all Mo isotopes it appears (see also Table VII) that
the l =1 levels are split into two groups separated
by a group of levels corresponding to l =4, al-
though level density and the width of each group
increases and the strength is diluted in the heavier
isotopes. It is expected that most of the lower l =1
group corresponds to 2Py/2 and most of the higher
l =1 group corresponds to 2P, /, . If such is the
case, most of the strength corresponding to 2py/2
has been observed in all the Mo isotopes, whereas
much of the 2P, &, strength is yet to be seen, par-
ticularly in the heavier isotopes. Less than half
of the 1gg/, strength has been observed in "Mo,

0.2 0.06 7
0.07 05 9 001 g

(O.3) " i.25 7

1.0 -(0.07)
I 0.12

I

0.0—
Expt. Theo.

1.3 5 1.38 5
Expt. Theo. Expt. Theo.

I=4
FIG. 8. Comparison of the experimentally observed

l =0, 2, and 4 energy levels with the theoretical predic-
tions for 93Mo. The experimental and calculated spec-
troscopic factors are indicated in the middle of the lines
and the theoretical predictions and experimental assign-
ments for 2 &4 (wherever known) are indicated on the
right of the line. Known levels not observed in this work
are indicated by dashed lines.

"Mo

4.0— 0.06

0.31
r0065-

I.O
0.59

023 3
0.01
o.oi 3

0.04 5

0.04
joOov..0.04
0.06

O. I I

0.08 73.0

6.20 g
0.22 7

I.o
(0.05)
0.04
0.03

~0
OQ2
0.02

(0.13) 1.6
O. I I

0.02& 2.O

0.06 0.05 70.13
O. I

0.33
0.260.08

0.014

0.15

0.15 0.06
0.22 g
0.89 7

0.04 0,12

0.23 g
0.85 7

1.0 O. 18
0.16 0.10

0.06TABLE V. Parameters for the hole-core coupling
model. 0.05 3

2.3 5 1.87
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(MeV)
Xg

(MeVfm 2)
X2

(MeV fm )
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FIG. 9. Comparison of experimentally observed posi-

tive-parity states with theoretical predictions for 9 Mo.
See Fig. 8 caption.
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TABLE VI. Summary of neutron stripping fh = (2&+1)C2&„]and pickup (P =C28„) spectros-
copic factors for the Mo isotopes. The sum (T= h+P) is the total strength accounted for in
the l orbital, and the shell-model T value is shown in brackets ( ) at the top of each column.

L

2 0 4 5 1 3 E„
Target (10) (2) (18) (12) (6) (6) (MeV) Reference

3.23
8.34

(11.6)

9~NO P 0.20 0.02 9.15
10.26 2.12 3.60

T (10.5) (2.1) (12.8)

"Mo P 1.74 0.07 8.3
824 16 28

T (10.0) (1.7) (11.1)

~MO P 7.1
1.8 (11.7)

T (1.8) (18.8)

4.08 3.42

0.18 3.72
3.12

0.28 2.6
4.75 {0.085) (0.52)

& 3.46
& 3.23

& 5.15
&3.18

&4.81
&4.2

Present work
23

Present work
24

"Mo P

T

p
Itt

T

3.61 0.22 4.27
2.32 1.22
(5.9) (1-4) (4.27)

3.62 0.44 6.18
4.18 1.60 5.12
(7.8) (2.0) (11.3)

0.30 2.32
1.68

0.07 2.29

&44
&] 9

(0.26) &4.24
& 0.898

93 I. . It t s i i. . II

t i. &i I

l Iti. S i ~ ~ ~ II ~

s. t t aa ~ I let ~ ~ 4 I ~ 4 lljl ~

E)( {MeV)

indicating that 1g,f, strength is distributed over
a large energy range. This could be explained in
a particle-hole quadrupole coupling model where
the occupied positive-parity states (such as Lg, &,)

are influenced by the existence of positive-parity
valence particles, whereas the negative-parity
states (such as 2p, &~) are not since there are no
negative-parity valence particles. This effect
will increase the spreading of ig, &, states as the
collectivity increases.

Much of the unobserved strength lies presumably
in the higher excitation energy region. Analysis '
of the continuum for E„~5 MeV in "Mo has sug-
gested the presence of considerable / =1 strength.
For example, the data in the region of excitation
energy of 7-8 MeV are consistent with an / =1
strength corresponding to O'S„~0.24. More com-
plete analysis may permit the identification of
missing strengths.

VI. CONCLUSIONS

9l

tlat,

a I it l

99-

Er {MeV)

FIG. 10. The hole strength distributions for / = 1 and
4 for the odd Mo isotopes.

The (P, d) and (d, f) reactions have been used to
excite the neutron hole states of 9'Mo and "Mo.
A D%BA analysis was used to make assignments
and to obtain spectroscopic factors for levels up
to 5.15 MeV in 93Mo and 4.81 MeV in "Mo. The
results for the low-lying levels agree with pre-
vious studies but many new states have been
identified, in particular for "Mo. Most of the
f =2 and 4 and part of the / = 1 strengths have been
observed Some f =2 .strength has been located
in O'Mo but no definite 1=3 assignment could be
made in "Mo.

A simple core-coupling model using a quasi-
particle formalism was used to predict energies,
j"' values, and spectroscopic factors for the hole
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TABLE VG. Summary of groups of 2p and 1gsg2 hole strength.

A Jga

91 g

93 j.

s5

97

99

1

(MeV)

0.65(1)

2.5-3.3(8)

2,3-3.4 (7)

2.1-3.4(12)

1.9-3.4(14)

2$' JTI"

1.58 9+
2

1.93 8+
2

1.57 9+
2

1.74

1.75 9+
2

(MeV)

0.0 (1)

3.3-3.V(4)

3.3-3.7(4)

3.1-3.8(6)

3.1-3.8 (5)

Q 2$ JTf cL

7.9

2.11 2

2.55 2

2.27 2

0.82

C2S

3.8-4.5(V)

3.6-4.3(7) 0.45

1.15(1) 1.94

3.6 -5,2(15) 1.90

3.9-4.8(12) 1.19

~ J' value assumed from location (see text).
h The number of levels in each group is indicated in parentheses beside the energy region.

states in "Mo and "Mo. Reasonably good agree-
ment was obtained for low-lying states in both
nuclei. Analysis of higher excited states would

require a more sophisticated model.
Some interesting trends are observed from the

systematics ot the strength distributions of /=i
and 4 in Mo isotopes. It is noted that the almost
unfragmented 1g,&„2p,&„and 2p, &, levels seen

in "Mo are split into many levels as neutrons
are added. The 2p strength is clustered in two
separate regions with a group of l =4 levels lo-
cated between them. Most of the 2P, &, strength
has probably been observed in all the Mo isotopes
but part of the strength corresponding to 1g,&,
and 2P, I, is still missing, particularly in the
heavier isotopes.
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