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Experimental Study of the (d, f) Reaction on Even-Mass Mo Isotopes*

H. Oawvm mu J. L. YNTEm

ArgorIse Nabob/ Laboratory, Argute, Illinois 6&OP

(Received 14 October 1968)

The (d, t) reaction on McP I' 96 98 was studied with the 23-MeV deuteron beam from the Argonne cyclotron.
The experimental angular distributions of triton groups were compared with the distorted-wave Born
approximation (D%BA) theory, and the l values and the spectroscopic factors were determined. The
level structure of the Mo" nucleus is very similar to that of ZP'. Evidence for core excitation in Mo~ was
found. The results for the other isotopes show that neutron orbits higher than the 2dg2 shell are admixed
in the ground-state configuration of these nuclei. These results are compared with previous data and with
shell-model calculations.

IOO-
Mo (d, l) Mo

elob' l9

lal??
x
M

SO

?
O
EJ

~ IO

~
~ ~ '+ ~4' ~ g

~'s

I I

e

I f

~ ~
pp p~W

I

-9.0 -8.5 -8.0 -7.5 -7.0 -6.S

~ ~

-6.0
0 tMsV)

Fro. 1. Spectrum of tritons from the Mos (d, t) Mo" reaction.

The excited states of Mo~ were studied by Ajzenberg-
Selove and Maxman. ' In their work, proton groups from
the Mo~(d, p) Mo'r reaction were analyzed by a mag-
netic spectrograph, and level energies in Mo" were
obtained. Moore et el.4 studied the analog resonances

e Work performed under the auspices of the U.S.Atomic Energy
Commission.' D. A. Hjorth and B.L. Cohen, Phys. Rev. 135, B920 (1964) .

s J. B. Moorhead and R. A. Moyer, Bull. Am. Phys. Soc. 13,
119 (1968).' F.Ajzenberg-Selove and S.H. Maxman, Phys. Rev. 150, 1011
(1966).' C. F. Moore, P. Richard, C. E.Watson, D. Robson, and J. D.
Fox, Phys. Rev. 141, 1166 (1966).

L INTRODUCTION

~ 1HE neutron structure of Mo isotopes has been the. - object of many experimental and theoretical papers.
Hjorth and Cohen' studied the (d, p) and (d, t) re-
actions on even-even Mo isotopes, and interpreted their
experimental results in terms of the pairing theory
with the neutron-proton interaction. Unfortunately, in
the work of Hjorth and Cohen only the ground state
could be observed in the Mo'4(d, t) Mog' reaction, and
the Mo~(d, t) Mo9' reaction was not studied. Recently,
these experiments have been repeated' with better
resolution.

in Tc isotopes and the results were compared with the
(d, p) results of Hjorth and Cohen. ' Excited states of
Mo" resulting from the Mo~(d, p) Mo" reaction were
investigated by use of a magnetic spectrograph' and
by the neutron decay of isobaric-analog resonances' in
the Nb"(p, n) Mo" reaction In .the latter work, spins
and parities of levels in Mo" were assigned by corn-

paring the intensities of neutron groups from different
resonances with the calculated transmissions. Besides
these reaction experiments, several studies' " of P
decays have yielded information on Mo isotopes.

However, there is very little experimental infor-
mation about the level structure of Mo". Recently, the
Zr~(p, d) Zr reaction was studied by Ball and Fulmer. "
Levels at 0, 588, 1094, and 1450 keV in Zr were
strongly excited and assigned to be the 1ge/2, 2pe/»

2p~/2, and 1f~/2 hole states, respectively. Similar results
were obtained from the studies" "of the Zr~(He' a) Zr
reaction. The level structure of the Mo" nucleus is
expected to be similar to that of Zr, since both nuclei
have the same neutron number, 49.

Several shell-model calculations have been done'~"
for the nuclei in this mass region. However, only the
2pp2 and 1g9/Q proton orbits and the 2'/s neutron
orbits were taken into account in these calculations.

'A. Yen, F. Ajzenberg-Selove, and B. Rosner, Nucl. Phys.
Al1 1, 100 (1968).' E. Finckh and U. Jabot, Nucl. Phys. Alll, 338 (1968).

7 Nuclear Data Sheets, compiled by K. Way et al. (Printing
and Publishing Ofhce, National Academy of Sciences-National
Research Council, Washington, D.C. 20025, 1960), NRC 60-5-70,
91, 120, 60-6-43.

P. Alexander and G. Scharf-Goldhaber, Phys. Rev. 151, 964
(1966}.
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{N.Y.) 10, 312 (1965)."Von W. Collin, H. Daniel, and H. Schmitt, Ann. Phys. (N.Y.)
lsj 383 (1965).
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Physiol. Acad. Sci. Hung. 23, 67 (1967).
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~ D. E. Rundquist, M. K. Brussel, and A. I. Yavin, Phys. Rev.
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FIG. 2. Spectrum of tritons from the Mo~(d, t) Mo~ reaction.

It had already been pointed out" that such calculations
might be inadequate because very-low-lying states with

large 2p3/Q and 1'/Q proton-hole strengths were ob-
served'9' in the (d, He') reaction on even-even Zr
and Mo isotopes. Neutron particle and hole strengths
from higher orbits than 2ds~~ were also observed' " in

the (d, p) and (d, t) reactions on Zr and Mo isotopes.
In spite of these experimental observations, however,
the shell-model calculations with these oversimplified
assumptions do, in general, reproduce the properties of
nuclei in this region fairly well.

In contrast to the rather abundant experimental
data on the (d, p) reaction, data on the (d, t) reaction
are relatively scarce. Hence, it appeared worthwhile to
reinvestigate the neutron pickup reaction on Mo iso-

topes, since much information on the levels of these
nuclei has been accumulated since the experiment of
Hjorth and Cohen. In this paper the results of the
(d, t) reactions on Mo~ "~ ' are reported.
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FIG. 3. Spectrum of tritons from the Mo~(d, t) MW reaction.

'9 H. Ohnuma and J.L. Yntema, Phys. Rev. 177, 269S (1969).
~ B. M. Freedom, E. Nevvman, and J. C. Hiebert, Phys. Rev.

156, 21S6 (1968).
'~B. L. Cohen and O. V. Chubinski, Phys. Rev. 131, 2284

(1963).
~J.L. Yntema and H. W. Ostrander, Nucl. Instr. Methods 16,

69 (1962).

II. EXPERIMENTAL PROCEDURES AND
ANALYSIS

In this study, performed with the 60-in. scattering
chamber, " the reaction was induced by the 23-MeV
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Fro. 4. Spectrum of tritons from the Noes(d, t) Mo» reaction.

(DWBA) theory. The deuteron optical-model param-
eters used in the DKBA calculations are the same as
mentioned above. The bound-state parameters were
r0=1.2 F, r, =1.4 F, @=0.65 F, and 'A =25. A normali-
zation factor" of 3.3 was used for the (d, t) reaction.
No ento& was used. In the analysis of the (d, He')
reaction on Mo isotopes, the zero-range nonlocal calcu-
lation Lwith the local-energy approximation" and the
nonlocalities P(d) =0.54 and P(He') =0.2j consistently
gave spectroscopic factors which were close to the sum-
rule limit. %hen the triton parameters were kept the
same as the He' parameters used for the (d, He')
reaction and the spectroscopic factors were calculated
in the same way and with the same nonlocalities, the
results for the ground state and the first excited state
of Mo" were about 90% of the sum-rule limit. However,

~ J. L. Yntema, H. Ohnuma, and H. T. Fortune (to be
published) ."R.H. Bassel, Phys. Rev. 149, 792 (1966).

~ J. C. Hafele, E. R. Flynn, and A. G. Blair, Phys. Rev. 155,
1238 (2967) .

deuteron beam from the Argonne cyclotron. The tritons
were detected by a (dE/dx)-E telescope which con-
sisted of surface-barrier silicon detectors. Self-support-
ing metallic Mo foils, usually 500-1000 pg/cm' thick
and enriched to 93-99%, were used. Typical spectra
obtained are shown in Figs. 1—4. The over-all resolution
width was about 80-100 keV, mainly due to the target
thickness. The peak-shape fitting program was used to
analyze spectra when it was necessary. Uncertainties
in the energies obtained are about 30 keV. The absolute
cross sections were estimated by comparing the angular
distributions of the elastically scattered deuterons with
the calculated angular distributions from the optical-
model-potential parameters given in Table I. These
parameters were obtained from the analysis" of the
elastic scattering of deuterons on Fe~ between 12 and
18 MeV, Uncertainties in the absolute cross sections
for the (d, t) reaction are about 25%.

The angular distributions of triton groups were
measured between 13' and 33' (lab) in 2' steps, and
compared with the distorted-wave Born approximation
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TABLE I. Optical-model parameters used in the DWBA calculations.

V W ro
Particle (MeV) (MeV) (F) (F) (F) (F) (F)

S" V„
(MeV) (MeV)

t(1)

t(2)

105

173

152

1.06 0.86

18 1.14 0.723

19.6 1.24 0.684

1.3 1.42 0.65

1.4 1.55 0.8
1.25 1.48 0.771

54 6.0

it was suggested by Hafele et al." that the magnitude
of the imaginary term of the optical potential is smaller
for the triton than for the He3 particle. BasseP~ intro-
duced an isospin-dependent surface-absorption term in
the opticaj potential for a mass-3 particle. If one uses
1.55 instead of 1.65 F for the radius of the imaginary
potential of a triton [t(1) in Table I], the spectroscopic
factors for the above-mentioned two states of Mo '
are about 70% of the sum-rule limit for the zero-range
nonlocal calculation, 55% for the finite-range nonlocal
calculation, 75% for the finite-range local calculation
(range parameter 1.54 F in both finite-range cases),
and 90% for the zero-range local calculation. The
"150-MeV" triton parameters obtained by Hafele et cl.
(t(2) in Table Ij gave calculated cross sections 14%
larger than before under all assumptions, and therefore
the spectroscopic factors were 14% smaller. In all
cases, calculated angular distributions and the relative
cross sections for the different values of l and Q do not
change appreciably in the angular range over which the
experimental data were taken. Therefore, we assumed
that this ambiguity in the spectroscopic factors comes
from the over-all normalization and took the values
obtained in a zero-range local calculation with the
parameters t(1) of Table I.

III. RESULTS AND COMPARISONS WITH
OTHER DATA

A. Mo" (d, t)Mo" Reaction

The angular distributions for the Mo44(d, t) Mo" re-
action are shown in Fig. 5 together with the calculated
curves. Table II summarizes these results and compares
them with those from the Zr~(p, d) Zr reaction'4 and
the Zr44(He', a) Zr44 reaction. ""

The ground state and the metastable state at 0.63
MeV were excited by an l=4 and an l=1 neutron
pickup, respectively. They are presumed to be the gop&

and the p~~2 neutron-hole states. The proton configur-
ation of the ground state of Mo" may be described"
by the wave function

70%2(pr~2) 0'(g4tm) 4'j+30%L(g4tm) 'j
In other words, there are 2.6 protons in the F2 orbit

"R.M. Drisko, P. G. Roos, and R. H. Bassell, J. Phys. Soc.
Japan Suppl. 24, 347 (1968).

and 1.4 protons in the p~~4 orbit. Then the sum of the
spectroscopic factors for the T& states in Mo" is 9.7
for the g4&2 hole states and 1.8 for the pq~2 hole states.
The remarkable similarity between the level structure
of Mo" observed here and that of ZrN suggests that
the g9/2 and p&~2 strengths are almost exhausted by the
ground state and the Grst excited state. The fact that
no other state with L=4 strength was observed in the
present experiment supports this conjecture. As dis-
cussed in Sec. II, the spectroscopic factors (Table II)
obtained in a zero-range local calculation with the
triton optical-model parameters t(1) of Table I are
about 90% of the sum-rule limit.

Another I,=i transfer leads to a level at 1.20 MeV,
which is probably a p4~& hole state. The sum-rule limit
of the p4~2 strength in Mo4' is 3.6 if the p@2 proton
orbit is Glled. The spectroscopic factor for the 1.20-MeV
state observed experimentally is 2.1; this is to be com-
pared with the value 2.4 for the spectroscopic factor of
the 1.094-MeV state in Zr9. Both states carry roughly
60% of the total p4~2 strength.

A transition to a state at 1.58 MeV was assigned to
be an t=3, most likely a if&~2 neutron pickup. Its
energy is again very close to the energy (1.450 MeV)
of the +~ state in Zr". If this is a ~ state, it contains
approximately half of the tots, l f4tm strength.

A weak transition with an l=2 angular distribution
was observed at 1.41 MeV; it probably corresponds to
a 2d5p neutron pickup. This indicates that there is a
weak core excitation in the Mo~ nucleus. Such a core
excitation was also found in the Zr~(p, d) Zr" reaction
by Ball and Fulmer. "They interpreted the transition
to the 1.626-MeV state in Zr as a pickup of one of a
pair of 2d~p neutrons present in the ground state of
Zr~ in the form of a two-particle two-hole excitation.

B. Mo'4 (d, t)Mo4' Reaction

In the work of Hjorth and Cohen, ' only the ground
state was observed in the Mo~(d, t) Mo" reaction. Six
strong peaks were seen in the present work, one of
which is probably a doublet. The angular distributions
are shown in Fig. 6, and in Table IIl the results are
summarized and compared with the previous (d, t)
data of Hjorth and Cohen. ' In Fig. 7, our observed
levels in Mo" are compared with the results from other
reactions.

The ground state of Mo" is known to be ~+, and the
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measured angular distribution for this state is 6tted
very well by an /=2 transfer. The 6rst excited state,
which was assigned'6 to be y+, was weakly excited in
the present experiment. This indicated that there is an
admixture of the s~~P component in the ground state of
Mo'4. There was some indication that the $+ state at
1.362 MeV is also excited in the (d, t) reaction, but
the peaks were very weak and a satisfactory angular
distribution could not be obtained.

A peak near 1.5 MeV probably includes contributions
from the $+ state observed' at 1.477 MeV in the P
decay of Tc"and the 1.486-MeV state which is strongly
excited' by an l=2 transfer in the (d, p) experiment
and therefore assigned to be ~~+. Moore et ul. ' observed
an 1=2 resonance at E~=5.89 MeV (E =1.51 MeV
in Mo~) in the study of the analog resonances of Tc".
Finckh and Jahnke' interpreted the results of the
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TABLE II. Summary of the results for the Mof (d, t) Moo' reaction and comparison with the Zrse data.

1859

Mo(d, t) Mo9~ reaction
Present results Vervier'

Zr (p, d)Zr and Zr (He', a)Zr
Ohnuma and

Yntemab Preedom ef al.o

-6.33

-7.00

-7.53

-7.74

-7.91

0.63

1.20

1.41

1.58

4 $+

1 ($)
(4+)

(4 )

Q Eaxo
(MeV} (MeV) l j Sum

PS rule

8.7 9.7
1.7 1.8
2.1 3.6
0.2 0

2.4 5.5

Eexo
(MeV)

0.588

1.094

1.626

1.450

1.513

1.740

1.866

2.098

$+ 9.6
1.7
2.4

$+ 0.05

3.0
$+ 0.33

(L k)
0.24

(k, k)
0.42

0.66

Eaxo
(MeV) j PS

0 $+ 10.0

0.59 ($ ) 1.7
1.07 (V) 2.6

1.44 ($ ) 2.7

(1.52)

1.72 ($ ) (0.4)

1.84 ($ ) 0.9

2.06 ($ ) 0.9
8.10 $ 0.7

(9 60} (4 ) (1 3)

Eaxo
{MeV) j OS

0 $+ 3.41

0.58 (V) 2.07

1.08 (4 ) 2.41

1.45 (Q) 2.59

1.82 (4 ) 1.08

Reference f3.
b Reference 14.

Reference f5.

TABLE III. Summary of the results for the Mo (fg, t)Mo
reaction and comparison with the previous data of Hjorth and
Cohen. a

Present results

Q Eaxo
(MeV} (MeV)

Hjorth and Cohen

Eaxo
C S (Mev)

—3.44

-4.39 0.95

—4.94 1.50

—5.88

—6.00
—6.69

2.44

2.56

3.25

2 $+

0 $+ 0.1

4+ (o 5)

2 $+ (0.2)4)+35
(k-)

(4-) 1.0

$+ 2.29

a Reference 1.

There is a well-known metastable state at 2.43 MeV
in Mo93. This state is probably (22/2)+. The existence
of such a high-spin state was 6rst explained by Auerbach
and Talmi. ' The shell-model calculations also predict
the existence of a $+ state in the vicinity of the (21/2)+
state. Finckh and Jahnke found $+ states at 2.401 and
2.532 MeV and possibly at 2.242 and 2.664 MeV. %e
observed a level at 2.44 MeV to be excited by an l =4
transfer. This state must be $+, since it is very unlikely
that such a strong g7/2 component is admixed in the
ground state of Mo". However, this state does not
necessarily correspond to any theoretical prediction; a

SP' core was assumed in the theoretical calculations
and g9/Q neutron-hole conigurations were not taken into
account, but the experiment shows that this state has
a large component of such a hole con6guration.

Two other states were strongly excited in the present
experiment. One is at 2.56 and the other at 3.25 MeV;
both are itted by l=1 transfer. They are probably
p&~& hole states which were not predicted by the calcu-
lations nor observed in the (d, p) experiments. Alex-
ander and Scharf-Goldhabed found a ($-, II ) state at
2.645 MeV in their study of the P decay of the isomer
of Tc~, and Finckh and Jahnke assigned $ to a state
at 2.639 MeV, which is likely to be the one found in
the P decay.

C. Mo'~ (d, t)Mo" Reaction

The angular distributions for the Mo~(d, t) reaction
are shown in Fig. 8. A summary of the results and a
comparison with the (d, t) data of Hjorth and Cohen'
are given in Table IV. The comparisons with the
various experiments are given in Fig. 9.

The ground state was strongly excited and its angular
distribution shows the typical /=2 character. This is
consistent with the $+ assignmentsr for this state. The
first excited state was not seen in the (d, p) and (d, t)
experiments of Hjorth and Cohen. ' It is known' to
be $+ and its energies were well reproduced' ' by the
shell-model calculations. According to the wave function
given by Bhatt and Ball,"the predominant component
of this state is (d5qP) at~. In the present experiment the
first excited state was weakly excited. The angular
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distribution for this state can be Gtted by an l =2
DWBA curve, although the statistics are not very
good. This fact may indicate that the excitation of this
state is not a secondary process and the d~~e component
is present both in the ground state of Mo~ and in the
first excited state of Mo~.

The angular distribution for a peak at 0.79 MeV
can be 6tted either by an l=0 or by an l=2 pickup.
It is known' "that there are many states in this region.
Hjorth and Cohen' observed unresolved l=O and l=2
transitions at 0.806 MeV in the Mo~(d, p)Mo" re-
action, and states at 0.79 and 0.87 MeV in the
Mo~(d, t)Mo" reaction. They interpreted the l=2
transition in the (d, p) reaction as due to d@2 neutron
stripping. It is not clear whether one or both of those
states are excited in the present experiment. In any
case, the present results again indicate the presence of
either an s~~m or a de~2 component or both in the ground
state of Mo".

Two l=2 transitions to the states at 0.94 and
1.63 MeV and an l=0 transition to the state at 1.06
MeV probably correspond to those Hjorth and Cohen'
observed at 0.970, 1.63, and 1.055 MeV, respectively,
in the Mo"(d, p)Mo" reaction and at 0.99, 1.63 and
1.09 MeV in the Mo~(d, t) Mo" reaction. Weak tran-
sitions to states at 1,20 and 1.44 MeV in the
Mo~(d, t)Mo" reaction were reported in the latter
paper, but these transitions are not seen in our work.

Besides these peaks, many triton groups to higher
states were observed. Six strong transitions could be
analyzed. Four of these are 6tted by l =1 transfers and
are tentatively assigned to be 2p&~2 neutron pickups.
The other two groups show l=4 angular distributions
and are presumably 1g9~2 neutron pickups. Three prob-

able l =1 transitions were observed in the (d, p) work
of Hjorth and Cohen. ' The excitation energies of these
states were 2.39, 2.62, and 3.150 MeV. The erst and
the last of these may be the 2.35- and 3.11-MeV states
observed in the present experiment.

Q
(MeV)

Present results

Eaxo
(MeV) l

Hjorth and Cohen

Eoxo
O'S (MeV) j

—2.90

—3.09

—3.69

-3.84

—3.96

—4.57

—5.25

—5.36

—5.47

—5.68

—6.01

—6.38

0.19

0.79

0.94

1 ~ 06

i.67

2.35

2.46

2.57

2.78

3.11

3.48

2 $+

2 $+

(k+)

Q $+

(4+)

Q $+

(k+)

(k )

4 (4+)

4 (4+)

1 (k)
(k )

(k )

1.7 0

0.1

$+ 3.90

0.5 0.79 $+ 0.230

0.2 0.87 $+ 0.097

0.2 0.99 $+ 0.193

0.2 1.09 $+ 0, 174

1.20 $+ 0.097

1.44 $+ 0.088

0.1 1.63 $+ 0.157

0.5
2. 1

1.3
0.3
0.2
0.2

4 Reference 1.

TABLE IV. Summary of the results for the Mo (4, t) Mo
reaction and comparison with the previous data of Hjorth and
Cohen. 4
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D. Mo" (d, t)Mo" Reaction

The angular distributions for this reaction are shown

in Fig. 10. The results are summarized and compared
with those of Hjorth and Cohen' in Table V. The
information about the level structure of the Mo'7

nucleus from various sources is collected in Fig. 11.
The ground state of Mo'7 is well known to be ~5+,

and the measured angular distribution for this state is

well fitted by an l=2 transfer. Hjorth and Cohen'
concluded that there are three states at 0.699 MeV
and they are excited by l =0, 2, and 4 neutron transfers
in the Mo"(d, p) Mo" reaction. Ajzenberg-Selove and
Maxman' analyzed proton groups from the same re-
action and resolved two levels at 0.683 and 0.727 MeV.
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Fro. 8. Angular distributions obtained for the Moo(d, t) Moo'
reaction. The solid and dashed curves show the DWBA
predictions.

TABLE V. Summary of the results for the Mo~ (d, t) Mo~
reaction and comparison with the previous data of Hjorth and
Cohen. '

Present work Hjorth and Cohen

Q ~ezo
(MeV) (MeV) l j hexa

C'S (MeV) j
0 2 $+ 2. 1 0 g+ 5.82

0.68 (0) ($+) (0.3) 0.695 ($+) 0.79

(2) (5+) (0 2)

—2.39

—3.07

0.900 $+

1.56

1.71 g+

1.78 g+

2.06 $+

2.17 $+

0.082

—3.51

—3.67

1.12 2 (f+) 0.2 1.136 $+

1.28 2 ($+) 0.4 1.288 $+ 0.61

0.25

2.04

0.059

0.248

—4.79 2.40 1 ($ ) 0.4
—4.92 2.53 4 (5+) 1.5
—5.22 2.83 1 ($ ) 0.2

e Reference 1,

They observed that the 0.683-MeV level was strongly
peaked in the forward direction. This observation
agrees with the analog-resonance experiment by Moore
et al. ,

4 who found an /„=0 resonance in Tc'7 at an energy
corresponding to an excitation E,=0.67 MeV in Mo".
Another resonance of an l„=2character, found in Tco'

in this vicinity, corresponds to an excitation energy of
0.76 MeV in Mo~. Recently, GraeGe and Siivola"
studied the P decay of Nb27 in detail. They assigned

(&~, q)+ to a state at 658 keV, and also suggested the
existence of a state at 720 keV. The shell-model calcu-
lation by Vervier" predicted three states in this region
With SpinS 2a+, —',+, and 2+. In the preSent (d, t) eXperi-

ment, a sum of l=0 and l=2 distorted-wave curves
gives the best fit for the angular distribution for the
peak at 0.68 MeV as shown in Fig. 10. Therefore, this
peak most likely corresponds to a doublet of -', + and
~+ states. However, the possibility that there is a slight
admixture of an l=4 transition in the angular distri-
bution obtained here cannot be excluded.

The state near 900 keV, which Hjorth and Cohen'
saw both in the (d, p) and in the (d, t) experiment,
was not strongly excited in our work. Transitions to
the states at 1.12 and 1.28 MeV can be fitted by l=2
neutron pickups. They possibly correspond to states
that Hjorth and Cohen' observed at 1,136 and 1.28
MeV. They assigned ~+ and —,'+, respectively, to these
states. If that is correct, there is a strong dg~ com-
ponent in the ground state of Moo'.
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Although several states are reported between 1.3 and
2.4 MeV in Mo~, none of them was excited strongly
enough in the present experiment to allow detailed
analysis. At least three states were seen in our spectra
between 2.4 and 2.9 MeV. Two of them, the states at
2,40 and 2.83 MeV, can be 6tted by /=1 D%SA
curves and are tentatively assigned to p~/o hole states.
Another one at 2.53 MeV is an /=4 transition and most
likely goes to a gs~m hole state. Hjorth and Cohen'
found possible /=j. transitions to states at 2.35 and
2.46 MeV in their (d, p) measurements. Levels at 2.52
and 2.561 MeV were reported in Ref. 3. The former,
which was excited only weakly, might be the gs~2+

state observed here.
There is evidence that more states at higher energies

were excited in the present (d, t) experiment, but the
spectra were so complicated in that region that we
could not analyze them.

IV. DISCUSSION AND CONCLUSIONS

The spectroscopic factors for Mo", Mo~, and Mo~
obtained here are only about half those quoted in Ref. i.
The absolute cross sections may have errors of about
25% in this experiment, as mentioned earlier. The
di8erent assumptions in the DWBA calculations lead
to diGerent calculated cross sections, and consequently
the spectroscopic factors vary by almost 50%.However,
similar procedures" were followed and consistently gave
spectroscopic factors close to the sum-rule limit in the
case of the (d, He') reactions on Mo isotopes. The
spectroscopic factors that we obtained for the
Mo~(d, t) Moo' reaction are close to the sum-rule limits,
as discussed above. The sum of the (d, t) spectroscopic
factors given in Ref. 1 exceeds the sum-rule limit in all
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Fj:G. 10. Angular distributions obtained for the Mo's(d, t) Mo~
reaction. The solid curve for the transition with Q= —3.07 MeV
represents the sum of the two dashed curves.

cases. Moreover, it is very likely that the neutron
strength is spread out among many levels and some of
these are too weak to have been observed. Therefore, we
believe that the spectroscopic factors obtained in the
present work are closer to the correct values than are
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those obtained by Hjorth and Cohen. If that is the
case, then in the present experiment roughly 70% of
the total strength of the neutrons outside the X=50
core was observed for Mo" and Mo~, and roughly
50% for Mo". Several states observed in the previous
measurement' were not seen here. If we are correct in
our assumption that we have missed a signihcant num-
ber of levels, it would not be meaningful to obtain the
centroid of the hole strengths or the occupation num-
bers of the target nuclei from the results of this experi-
ment.

It is safe to say, however, that the neutron con-
hgurations of the ground states of Mo~, Mo", and
Mo" are not pure (2de~e)" conhgurations but contain
considerable 2d3~2 and 3s~~2 components, This means
that one has to take the higher neutron orbits as well
as higher proton orbits" into account in discussions of
the properties of these nuclei. Signihcant admixtures of
higher neutron orbits have also been observed" in the
ground state of Zr~. So far, all shell-model calculations
for nuclei in this region have included only the p&~z

and g9j2 orbits for protons and the d&~2 orbit for the
extra neutrons. Such calculations'~" could explain
many properties, especially energy-level schemes, of
these nuclei. The predicted spectroscopic factors for the
neutron pickup reactions are available in some cases.
Vervier" calculated 2d~t2 spectroscopic factors for the
reactions studied in this paper except for the
Mo~(d, t)Moe' reaction. In each case the calculated
results show that most of the strength is concentrated
in the ground-state transition. The spectroscopic factors

calculated from the wave functions of Mo 4 and Mo I

given by Bhatt and Ball" are almost 2 for the ground
state and 0.05 for the state predicted at 1.84 MeV.
These predictions are in qualitative agreement with
the present observation that the ground state carries
the largest part of the d5~2 strength in Mo", Mo+, and
Mo". Naturally, these calculations could not give any
de~& or s&~& strength in the (d, t) reaction. No 1gr/Q

transition was observed. in the present experiment.
Most l=4 transitions were strong and therefore as-
signed to be 1geie neutron pickups. In one case (the
1.50-MeV level in Mo"), the spin of the state is known
to be ~+. A few 1g7/g transitions were found in the
Zr~(p, d) Zr" reaction" and Zr(He', a) reactions. "
Cross sections for the l =4 pickups were much less than
for pickups with the other l values, and weak gq~2

transitions probably could not be detected in the present
experiment.

The assumption of shell closure at S=50 seems very
good, although a weak l =2 transition was found in the
Mo~(d, t)Mo" reaction. This transition may be a
pickup of one of the 2d5~2 neutrons in the X=SO
nucleus Mo~.
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