
PHYSICAL REVIE% C VOLUME 24, NUMBER 6 DECEMBER 1981
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E. R. Flynn, F. Ajzenberg-Selove, * Ronald E. Brown, J. A. Cizewski, and J. %'. Sunier
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

(Received 23 July 1981)

A systematic study of the molybdenum isotopes has been carried out by using the (t,p)
reaction with a 17-MeV incident triton beam. Energy levels up to excitation energies of
5.1, 4.7, 2.1, and 3.8 MeU in the isotopes A =94, 96, 99, and 100, respectively, were stu-

died, and numerous spin assignments were made. Of particular interest is the trend of
ground state and excited 0+ state transition strengths, which suggest a rapidly changing
structure of the molybdenum ground states as a function of neutron number. The in-

teracting boson approximation model is able to reproduce these trends only with the in-

troduction of configuration mixing.

NUCLEAR REACTIONS 2' ' Mo(t, p) measured cr(0) DWBA
analysis.

I. INTRODUCTION

The molybdenum isotopes represent a system of
nuclei which undergoes a significant change in
structure as a function of neutron number. The
lightest isotopes exhibit a rather simple shell model
behavior near the closed neutron shell at X =50 in

Mo. The heavier nuclei, with X & 60 appear to
be undergoing some type of phase transition, with
decay scheme data from fission fragments suggest-
ing the occurrence of a shape deformation. It is
possible to investigate these features over a large
range of nuclei by using the two nucleon transfer
reaction (.t,p) to determine the systematic trend and
magnitude of the transition away from simple shell
model behavior toward a deformed collective struc-
ture.

We have combined our present (t,p) reaction
studies at 17 MeV on targets of ' ' ' Mo with
previously published' ' Mo data to give the sys-
tematic study desired. Other fragmentary (t,p)
results are also available, ' but no study of the
lighter isotopes or any attempt to give a systematic
interpretation of the results had been done. In ad-
dition, there have been several (p, t) experiments
which complement the present (t,p) study and ex-
tend the systematics to lighter nuclei. The heaviest
isotopes are known from the decay of fission frag-
ments. ' The combination of these various sets of
data permits an extensive test of various models,
including the unified shell-model description of nu-

clear deformation and the interacting boson ap-
proximation (IBA) model. '

II. EXPERIMENTAL TECHNIQUE

The molybdenum targets were exposed to a 17-
MeV beam of tritons with an average intensity of
450 nA. The target thicknesses were between 180
and 220 pg/cm, and their isotopic enrichments
are shown in Table I. In addition, a natural Mo
target was used to establish more accurately rela-
tive cross sections among the isotopes. All of the
targets were rolled, self-supporting foils. , Their
thicknesses were obtained from weighing as well as
from the use of a monitor detector at 30' scattering
angle to measure elastic scattering cross sections of
the tritons. These latter results were compared
with optical model calculations to obtain the target
thicknesses. The optical model potential" is
shown in Table II.

The reaction protons were detected in a helical
cathode proportional chamber' in the focal plane
of a quadrupole-dipole-dipole-dipole (Q3D) spec-
trometer. ' Typical resolutions were 15 keV
(FWHM). Data were obtained at 11 angles in the
range 10' (or 12') to 60 with total integrated beam

currents of 0.3 —1.2 mC (= milli-Coulombs). The
one meter long detector encompassed a 15% bite in

energy, which corresponded to a 3.5-MeV range in

excitation energy. Two overlapping energy bites
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TABLE I. Isotopic enrichments and Q values. Percent enrichment in isotopes shown
below.

-Mo "Mo "Mo Mo "Mo ' Mo O eV)

Mo
'4Mo

Mo
"Mo

97.6
0.87
0.27
0.31

0.74
93.9
0.24
0.23

0.46
2.85
0.68
0.49

0.34
1.04
1.69
0.61

0.15
0.40

92.8
0.77

0.44
0.75
3.97

97.01

0.29
0.22
0.37'
0.59

9266+6
8044+5
6086+4
5735+7

'We are indebted to the Stable Isotopes Division of ORNL for the enriched isotopes.
Calculated for the (t,p) reaction on isotope shown in column 1 by using the masses derived

by A. H. Wapstra and K. Bos, At. Data Nucl. Data Tables 19, 177 (1975).

were taken for those targets where excitation ener-

gies up to 5 MeV are quoted, The focal plane was
calibrated using the well known excitation energies
of the low-lying states of ' ' ' Mo.

III. EXPERIMENTAL RESULTS

A. The ~2Mo(t, p)~4Mo results

The states populated in Mo are summarized in
Table III and Fig. 1 shows the spectrum at 35'.
The angular distributions are seen in Fig. 2. The
agreement between our results and those reported
previously is generally very good. It should be
noted, however, that:

(1) Since unnatural parity states cannot be excit-
ed in the (t,p) reaction by a simple direct process,
the intensity of the corresponding proton groups
should be very small. Many of the groups in Table
III which were previously observed but which we
did not populate, had been given unnatural parity
assignments. Some other groups, i.e., Mo(2.74,
2.93, 2.96, 3.08, 3.13 MeV) whose J have not been
definitely assigned, are not populated in the (t,p)
reaction; these may also be unnatural parity states.

(2) Some known states of Mo are too closely
spaced to be resolved in this (t,p) work. This is,

for instance, the case for Mo(2.870, 2.872 MeV).
Group 13, which corresponds to an excitation ener-

gy of 2872 keV, is too broad to be due to a single
state, but its angular distribution is in good agree-
ment with an L =2 shape, and therefore, the 6'+'
state does not appear to contribute substantially to
its intensity. At higher excitation energies the den-
sity of states increases, and it becomes more difH-
cult to associate the proton groups (i.e., groups 22
and 24) with known states in Mo. Although the
L =0 angular distribution is striking and can usu-
ally be readily identified, there is no indication that
the previously identified 0+ states Mo(3.308 and
3.700 MeV) are populated in the present study.

(3} Some of the proton groups observed in this
study have widths which are too large to be ac-
counted for by a single state. Some of these broad
groups (e.g., groups 25, 26, 29, 30, and 32} occur in
regions where only single states have been previ-
ously reported, suggesting that higher resolution
studies are necessary.

Furthermore, we report 18 additional states of
Mo with 3200 &E & 5060 keV, and we report 17

determinations of J which had not previously
been made. One of the new states [ Mo~(3.204);
J =4+) is one of the most strongly populated
(group 16) in this reaction.

TABLE II. Optical model parameters used in DW calculations. '

Particle
V

(MeV) (fm)
a,

(fm)

8'
(MeV)

8'D
(MeV) (fm) (fm)

~so
(MeV)

Qso~so

(fm) (fm)

166.7
57.2

1.16
1.17

0.752
0.75

17.1
2.6

0
8.0

1.498
1.32

0.817
0.51

6.0
6.2

1.10
1.01

0.83
0.75

'Triton parameters are from Ref. 11; proton parameters from Ref. 15.
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Group no.'

TABLE III. Energy levels of Mo.

Present work
L

Previous results'
Ex JS'

1

2
3
4
5

6
7
8

9
10
11

13

15
16
17

18
19

20
21

22
23
24

258'26
27 .

28
29
30

31
32
33
34
35
36
37

0
870+ 5

1573+ 5

1742+ 5

1864+ 5

2068+ 5

2294+ 5

2391+ 8

2422+ 5

2532+ 8
2564+ 8

2608+ 8

2772+12'

2872+12'

3014+12

3170+12'
.3204+10
3267+ 12

3320+20'
3340+ 15'

3380+20'
3392+15"

3452+10
3534+ 10
3620' 12

3714+ 1Q"

3790+12

3845+12
3895+12
3984+12
4032+10
4079+12
4120+ 12
4174+ 12

. 4223+12
4293+ 12'
4319+15'

2
4
0

2

2
6
3

(g)

23
2

(5)

(f)
2

4
(f)
2

5

4
2,3
6
4

0+
2+
4+
Q+

2+
2+
4+
2+
6+
3
4+

4+

3

6+
4+
1

2,3
2+

(5 )

(g)
2+

5
4+

2+, 3
6+
4+

1.05
1.14
0.88
0.06
0.11
0.58
0.07
0.01
8.7
0.54
0.21

0.14

0.36

0.35

5.5
0.27
0.016

0.53
(0.04)

0.11

0.16

0.41

0.17
0.30

3.9
0.087

0
871.0

1573.7
1742
1864.2
2067.4
2294
2393
2423
2533.7
2567
2610
2740
2768
2806"
2837"
2870
2872'
2930
2055
2965"
3012
3026"
3083
3132
3171

3264
3308
3320
3359
3366
3375
3401
3450
3462
3519
3602
3650
3700
3800
3805

3896
3995

4007
4095
4140
4189

Q+

2+
4+
Q+

. 2+
2+

(4)+
2+
6+
3
4+

(5)

m'= +
(3+)
(4)

6(+ )

8(+)

(3+)
(3+)
(4)

(3+ )

p+

(8+ )

(7 )

(2+)

Q+

(3 )

10'+'
(2+)

(2+)
(2+)
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TABLE III. (Continued. )

Group no. '
Present work

I.
Previous results

E JS

38,39
40
41
42
43
44
45
46
47
48
49
50
51
52

4388+ 15"'
4436+12
4475+12
4565+12"
4599+12
4636+12"
4729+15
4755+12
4804+12
4833+12'
4886+12
4921+12
4975+12
5059+15

(6
W
(2) {0.14)

'See Figs. 1 and 2.
Reference 26.

'Enhancement factor; defined in Eq. (1).
"The group is broad and presumably corresponds to unresolved states.
'The group is only partly resolved.
Angular distribution of this proton group shows that it corresponds to more than one state.
%here is no indication of a 0+ state in this unresolved group.
"Unnatural parity states would not contribute intense groups.

B. The Mo{t,p) Mo results

The states populated in Mo are summarized in
Table IV, with Fig. 3 giving the spectrum at 40'
and Fig. 4 the angular distributions (see also sub-
section A). Because of the relatively low enrich-
ment of the Mo target (93.8%), groups are ob-
served which can be identified with known states
in Mo reached via the Mo(t,p) reaction ( Mo
was present as a 2.85% component). Only the
groups which could not be identified as states in

Mo have been given numbers identifying them as
states of Mo. Groups 3 and 4, which correspond
to known states of Mo, may also include some
contributions from Mo(0.89, 1.09+ 1.12 MeV),
but the contributions do not appear to be impor-
tant. At higher excitation energies the states in

Mo become poorly known, and we arbitrarily de-
cided not to study weak groups, although in some
cases (see Table IV) states of Mo are known to
exist at corresponding energies. At still higher ex-
citation energies (above E„=4MeV) we have
chosen not to analyze rather strong groups (i.e., at
channels 242, 203, etc.), when the E„and the line
shapes were found to vary greatly from one angle

to another. It is clear that above E„=4MeV, the
density of states in Mo is such as to preclude a
meaningful study with our resolution ( —15 keV
FWHM). The groups corresponding to the higher
states listed in Table IV generally display angular
distributions amenable to distorted wave (DW)
analysis.

The agreement between our results and those re-
ported previously is generally very good, subject to
the caveats discussed in subsection A. The previ-
ously identified states Mo~(2.096, 2.219, 2.441,
2.594) [J =(2+), (4+), 6+, (3,4)+] were in re-

gions of the spectra, where they should have been
observed had they been populated with an intensity
comparable to those of nearby groups. %e see no
evidence for them above the level of weak struc-
tures which can be accounted for by known states
of Mo. The 6+ state at 2.441 MeV might possi-
bly have been missed in the tail of group 8; howev-
er, the angular distribution to that group (see Fig.
4) does not show an I. =6 contribution. Group 11
should correspond to the unresolved states

Mo~(2.750, 2.755) [J =0+, (6+)]. We observe
an angular distribution which is in reasonable
agreement with L =5, although an optimum rnix-
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FIG. 1. Spectra of the Mo(t, p) Mo reaction at 35'. The ordinate is the total number of counts in a two-channel
bin. The peak numbers refer to states in Mo; see Table III. Unnumbered peaks are due to other Mo isotopes or to
contaminants.

ture of strengths of a 0+ and a 6+ state might ap-
pear to yield an L =5 distribution. Groups 19 and
22 have angular distributions consistent with L =2
(and J =2+) and certainly not with the previously
assigned J =(8+) and (7 ). Either those assign-
ments are in error or we are populating different
states. Further, we report 16 additional states of

Mo with 2870 & E„&4720 keV, and we have
made 18 new J assignments.

C. The. Mo(t, p) Mo results

The states populated in Mo are summarized in
Table V with Fig. 5 giving the spectrum at 45' and
Fig. 6 the angular distributions (see also subsection
A). Because of the low enrichment of Mo
(92.8%%uo), proton groups are observed which are due
to known states in ' Mo [from Mo(t,p)' Mo; see
Fig. 7]; such groups are unnumbered in Fig. 5.
Group 3 occurs at the location where the ground

state of ' Mo would be expected. The angular dis-
tribution of group 3 (see Fig. 6), Mo(0.351 MeV),
is consistent with L =0+2, suggesting the un-

resolved admixture of the two states.
L =0 transfer can only populate a —, state in

Mo. L =2 transfer, in principle, can populate
1 9 + 5 +

states with J = ( —,—& —,)+ (but —, could also be
reached by L =0). L =4 transfer can populate

1 13
states with ( —,~—, )+.

Once again agreement with previous results is
satisfactory (but see subsection A). The unresolved

group 8 is characterized by an E and an angular
distribution consistent with the excitation of

Mo(0.698 MeV); the contribution of Mo(0.684
MeV), which should be populated through L =3
transfer, does not appear to be appreciable.

Mo(1.89, 1.91 MeV) should also be populated by
L =3 transfer, but while such transfers have been
observed in the other Mo isotopes, groups 32 and
33 do not show the shapes characteristic of L =3.

Altogether we observe three L =0 transitions to
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FIG. 2. Angular distributions of proton groups corresponding to Mo states identified in Table III. The solid lines

are the results of DW calculations using the parameters shown in Table II. Data points connected by dashed lines
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TABLE IV. Energy levels of Mo.

2481

Group no.'
Present work

L
Previous results

Ex J7T

1

2
3

10

12
13

14

0
777+ 3

1146+ 5

1497+ 8

1626+ 5

1866+ 8

2228+ 8
2421+ 8

2476+ 8

2536+10

2621+10

2755+10"

2819+10
2875+10

3020+10

2~4

(5)

4
(g)

0+
2+
0+
2+

4+
2+

4+

1.69
0.73
0.02
0.03

0.45

1.61
0.28

0.06
0.77

0.26

(0.07)

0.26

0.11

0
778.2

1147.9
1497.8
1625.9

1628.2
1869.5
1978.3
2095.6
2219.3
2234.5
2426.2
2438.3
2440.7
2481.1

2540.4
2594.5
2624.5

2700
2734.5
2750
2754.6
2786.9
2790.2
2818.5

2975.2
2979
2986.8
3024.6
3053.2
3087.2
3133.8
3179

0+
2+
0+
2+
2+

4+
4+
3+

(2+)
(4+ )

3

2, 3,4+
(5+)
6+

(4+)

(3,4)+
(4+ )

(5 )
0+

(6+)

(4+)

15

16
17
18
19
20
21
22
23
24
25
26
27
28

3184+10

3241+12
3281+12
3335+10
3375+10
3418+12
3434+12"
3473+ 10
3556+10
(3593+12)'
3646+10
3683+12
3709+12
3737+12

2
4
2
5
4

(2)
5

(g)

(g)
2
4

4+
2+
4+
2+
5
4+

(2+ )

5+

2+
4+

0.26

0.26
0.13
0.16
0.32
0.07
0.10
(0.18)
0.03

0.21
0.12

3187
3203

3284
3335
3370
3417
3442
3473
3551

3787

(4+)

(8+)

(2 )

(7 )

(34 )

(10+)
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TABLE IV. (Continued ).

Group no. '
Present work

I. E„
Previous results

JW

29
30

31
32
33
34

35
36

3847+ 12"
3867+12"

3959+12
4080+12
4205+ 12
4471+12

4594+12
4714+12

(5) (5 ) {0.05)

0.32
0.15

3916

4533
4584

/

'See Figs. 3 and 4.
Reference 26.

'Enhancement factor, defined in Eq. (1).
"The group is broad and presumably corresponds to unresolved states.
Not all groups observed in the spectra are listed above this excitation energy. The reason, relating to the presence of
'Mo(t, p) groups, is discussed more fully in the text (Sec. III 8).

"May be a contaminant group from 'Mo(t, p)97Mo

N'Angular distribution of this proton group shows that it corresponds to more than one state.
"This group is only partially resolved.
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FIG. 3. Spectra of the Mo(t,p) Mo reaction at 40'. See Table IV and the caption to Fig. 1.
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TABLE V. Energy levels of Mo.

Group no. ' Z„(keV)
Present work

JOT C E„
Previous resultsb

10

12

13

14

15

16

19

20

21

23

24

25

26

27

28

30

31

99+ 3

237+ 3

352+ 5

526+ 5'

552+ 5

617+ 8

635+ 8

698+ 5~

753+ 10

793+ 5

881+10

906+ 8

944+ 5

1042+ 8g

1164+ 8

1193+10'

1276+ 10g

1393+10

1432+ 8

1468+ 8g

1523+ 8g

1575+10

1618+10
1645+ 8

1661+158
1694+10
1721+10

1763+15~

1804+ 10g

1828+10

1865+10

0

(e)

(e)

0

(e)

2

4

(1)

4

( —~—)+1 9
2 2

5+
2

( —',-—", )+
2

( — —)+1 9
2 2

( —~—)+1 9
2 2
1 9

( —~—)+
2 2

(--—)+1 9
2 2

5+
2

1 9
( —~—)+

2 2
I 9

( — —)+
2 2
3 13(--—)+
2 2

( —~—)+3 13

2 2

( —~—)+3 13

2 2

( —~—)+1 9

2 2

0.34

1.04

0.06

0.02

0.06

0.02

0.03

0.18

0.10

0.06

0.08

0.03

0.03

0.05

97.8

23S.S

351.2

525.4

548.5

615.0

631.3

683.9

697.9

792.4

889.3

905.5
944 4

1025.4

1047

1166

12OO

1254

1280

1353

1390

1442

1550

1637+12

1672+ 5

1722+ 5

1755+ 5

1812+ 5

1845+ 5

1 +
2
5+
2
7+
2
3+
2

( —,')+

( —,
' )+

(
5 )+ h

11—
2

(-,')+"
( —', )+

(- )
I +

3 5 +
( —— )2'2

3 5+(- — )2) 2

3 5+
( —— )2'2

(
11 )1,
2

1 3
(——)272
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TABLE V. (Continued, )

Group no.' E„(keV) J1T C

Previous resultsb

32

33

34

35

36

37

38

1881+10

1909+10

1930+10

1948+15

2000+15'

2024+15

2059+15

(—~—)+1 9
2 2

3 7
( —~—)2 2

3 7
( —~—)2 2

0.04

0.04

0.08

1891+15

1910+20

1930+ 5

1948+ 5

1965+ 5

&
—k

2
&

—k

2
9+k
2
] +
2

1+
2

'See Figs. 5 and 6.
See footnote b in Table III; L. R. Medsker, Nucl. Data Sheets 12, 431 (1974) and P. K. Bindal, D. H. Youngblood,

R. L. Kozub, and P. H. Hoffman-Pinther, Phys. Rev. C 12, 1826 (1975).
'See discussion in subsection III C.
See footnote (c) in Table III.

'The angular distribution of this proton group shows that it corresponds to more than one state.
The group is only partly resolved.
IThe group is broad and presumably corresponds to unresolved states.
"This group is very weak at all angles.
'The angular distribution of this group (see Fig. 6) cannot be fitted by DW.
'Assignment from Bindal et al. (see footnote b, above).
"See the text for this assignment.
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FIG. S. Spectrum of the 97Mo(t,p)9 Mo reaction at 45'. See Table V and the caption to Fig. l.
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states in Mo at 99, 944, and 1164 keV, only

the first of which had been assigned. We do not
observe in this reaction (in contrast to the even-

mass target measurements), I. =3, 5, and 6
transfers, which would tend to occur at higher ex-
citation energies. We decided not to probe higher
E„states because of the increased density of states
for Mo, an even-odd nucleus. Further we report
six new states of Mo with 1.62 &E„&2.06 MeV.
In a number of cases our L determinations add ad-
ditional information on the possible J of Mo
states. One interesting feature is the large number
of states described by a single L transfer, even

though L mixtures are allowed. This feature is
characteristic of a particle-vibration weak-coupling
structure, where the transfer in the odd-mass nu-

cleus is characteristic of the transfer to the corre-
sponding vibration in the even-even core.

D. The 9sMo(t, p)' Mo results

The states populated in ' Mo are summarized in
Table VI, with Fig. 7 giving the spectrum at 50'
and Fig. 8 the angular distributions. As in the
other reactions our results are in good agreement
with those determined earlier (see also subsection
A). We have made no attempts to identify all the
proton groups which would correspond to E„&3.7
MeV in ' Mo: the density of states is such as to
preclude meaningful results. Of particular note in
the spectrum of Fig. 7 is the strength of the 0+
state at 694 keV, which is 10 times the strength of
the first excited 0+ state of Mo given in Table
IV. This is in contrast to the 2+ transition
strength which has dropped a factor of 3 and the
4~+ strength which has dropped a factor of -20.

summarized in Table II were based on a systematic
study of triton" and proton' elastic scattering.
The resulting DW predictions are shown in the an-

gular distributions in Figs. 2, 4, 6, and 8. From
these results the two-nucleon spectroscopic factors
e were obtained using the relation

(do/dQ), „p, 9.7——eN(der/dQ)Dw,

where (d o /d Q) are the experimental and DW cal-
culated cross sections, and N is an empirical nor-
malization factor' taken here as equal to 22. The
calculations were done at 1 MeV excitation energy
intervals, and the resulting e values quoted in
Tables III—VIII thus represent energy-mass in-

dependent quantities for the purpose of relating
transition strengths. Primarily (d5/2)o 2 4, (g7/2)6,
and (d5/2hii/2)5 5 7

configurations were used to
1

calculate the DwUcK form factors and determining
the e values in Tables III—VIII.

In a pairing or shell-model formalism, more
complex form factors can be constructed from the
two-particle coefficients of fractional parentage or
the occupation numbers. These latter quantities
can be obtained either from theory or single parti-
cle transfer reactions. In particular, the even-even
ground-state transition spectroscopic amplitudes
are given by'

B~ =~Qj Uj Vj~, (2)

where j is the spin of the transferred orbital, U~

and VJ are the emptiness and fullness of the target
(A) and final nucleus (8), respectively, and

1

QJ =j + —, is the degeneracy of the orbital. For the

(t,p) reaction on an odd-mass target, the jq ——js
transition with L =0 is given by'

(3)

E. Levels in Mo and ' Mo

The Mo( t,p)9 Mo and ' Mo( t,p)' Mo reac-
tions have recently been studied and reported in
Ref. 1. We present in Tables VII and VIII a more
complete set of data from the measurements of Ref.
1, including e values for transitions not reported in
the earlier publication.

IV. DISTORTED WAVE ANALYSLS

The present Mo(t,p) data were compared with
distorted wave (DW) analyses using the computer
code DwUcK4. Optical model parameters as

which for j = —,, l =2 becomes

~5/2 O g64U5/2V5/2+Q5/2 '
B

(4)

For j+5/2 the same spectroscopic amplitudes as
in relation (2) are obtained.

Calculations for ground-state transitions were
performed using neutron pickup reaction re-
sults' ' and the relations'

2j+1 (5)

where S~ is the spectroscopic amplitude and the
sum is over all levels (i) of the same j. The values
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TABLE VI. Energy levels of ' Mo.

Group no. ' E„(keV)
Present work

L
Previous results

E ' J'IF

8
9

10
11
12

, 13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

0
535+ 5
694+ 5

1063+ 5
1136+ 5
1464+ 5

1502+ Sd

1907+ 5

2035+10
2082+10
2102+10
2186+15
2281+15
2312+15
2334+20"
2634+15
2392+15
2413+15
2518+15'
2561+15'
2602+15
2652+15'
2733+15
2803+15
2835+15
2873+15
2923+15
2968+ 15j
2994+15'
3039+15
3065+15
3106+20
3119+20'
3148+15'~
3235+15
3263+15"

0
2
0
2
4
2

pd

(e)

3,4
(f)
0
1

(4)

(g)
2

(g)

3
(2)k

23
(g)

(g)
5,6
2
2

(4)
(4)

(4)

(g)

Q+

2+
p+
2+
4+
2+
Q+

3-,4+

0+
1

(4+ )

3
(2+ )

2+, 3

5+,6
2+
2+

(4+ )
(4+ )

(4+)

4+, 5
2+

1.41
0.22
0.20
0.03
0.02
0.05
0.013

0.09
0.025
(0.08)

0.06

0.04
(0.14)

0.13
0.11
(0.10)
(0.08)

(0.14)

0.08

0
535.6
694.4

1063.7
1136.1
1463.3
1503
1765.7

1770.4
1908.1

(1976)
2033
2085.6
2101.4
(2200+ 10)

2340+ 1Q

2415.6
2470+10
2563.2
2590+10
2670+10
2720+10

2830+10

2920+10

3030+10

3150+10

p+
2+
p+
2+
4+

(2+ )

0+

of VJ used are given in Table IX. The resulting
values of ez are given in Table X, along with the
spectroscopic amplitudes.

V. DISCUSSION

L =0 transitions

The two-nucleon spectroscopic factors e for
ground-state transitions for the Mo nuclei are sum-

marlzed in Table XI. Using a simPle (d5&z)o
figuration for the form factor yields a widely vary-
ing value for e, indicating that the configuration of
the ground states is changing rapidly and/or the
strong pairing correlations, as in the tin region, are
not realized, which tend to give equal e values for
the even-even ground-state transitions. Use of
mixed wave functions, as obtained from the occu-
pation numbers of Table IX yields less fluctuation
in e, although it overpredicts the overall cross sec-
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TABLE VI. (Continued. )

Group no.' E„(keV)
Present work

L
Previous results

J1T

36
37
38
39
40
41
42
43
44
45
46
47m

3282+ 2~

3306+20"
3354+15
3409+15
3445+15
3475+15
3535+15
3557+ 15j

3587+15
3652+15
3674+15"
3771+15g

2

(g)

(g)
(1)

(g)

(3)
5,6

5,6

2+
(3 )

5,6+

5-,6+

0.08

0.04

3280+ 10

3360

3440

3510

3650
3720

'See Figs. 7 and 8.
See footnote b in Table III and D. C. Kocher, Nucl. Data Sheets 11, 279 (1974).

'Enhancement factor; defined in Eq. (1).
Observed clearly at five forward angles.

'A group is observed for 0&40' which might be due to these two (unresolved) states. The intensity of the group is
& 5%%uo of the intensity of group 7 at the same angle.
'Not observed at any angle: I & 2% of group 7.
gThe angular distribution of this proton group cannot be analyzed using DW.
"Clearly resolved only for 0)45'.
'The group is broad and presumably corresponds to unresolved states.
The group is only partly resolved.
"Consistent with L =2; not plotted because poorly resolved at several angles.
'Observed for 25' & 0 & 55'.

Groups corresponding to higher E„were not analyzed because of the density of states.
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FIG. 8. Angular distributions to the Mo states identified in Table VI. See also the caption to Fig. 2.
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TABLE VII. Energy levels of Mo.

Group no. (keV)

Present work' Previous results
&x

(keV) J11'

7
8

9

10

11
12

13

0
735+5
787+5

1432+5
1510+5

1965+5
2018+5

2207+5
2224+5
2336+5

2419+5

2530+5
2573+8

2617+8

0
0
2

(4)

2
4

(2+ 6)

Q+

p+
2+
2+

(4+)

p+

3

2+
4+

(2++6+)

2+
4+

0+

1.65
0.02
0.52

0.05
0.59

0.20
0.12
0.37(2+ )

0.05

0.15
0.32

0.16

Q

735
787

1432
1510
1758
1812

(1881)
1965
2018
2039
2105
2207
2224
2333
2344
2420
2458
2506
2530
2562,2571
2573
2620

0+
p+
2+
2+
4+
2+

p+

3

(2+)
(3,4+ )

6+
(3 )

p+

'Results are a more complete tabulation of data originally given in Reference 1.
"Reference 26.
'Enhancement factor defined in Eq. (1).
Doublet but dominated by 2333 keV state.

tions by a factor of 2. Thus, aside from the
disagreement in the absolute value of e, the
changes in occupation numbers, as measured from
single neutron pickup reaction studies, account for
most of the changes in cross section for the
ground-state transitions.

Of particular interest is the correction for the
small value of e in the odd targets which is ob-
tained in the full wave function calculation. That
the dq&2 orbital is blocked by a factor of 0.864 [Eq.
(4)], does seem to account for this reduction in
section and is approximately the same for both

Mo and Mo targets.
Examination of the e values in Tables III—VIII

shows a gradually decreasing value of e for the .

even-A ground-state transitions above A =98. At
the same time, increasing L =0 strength is seen to
excited states in ' Mo and ' Mo. Thus, as noted
in Ref. 1, there is a tendency to preserve the

overall L =0 strength, or in the language of ele-

mentary excitations, the total pairing excitation is
conserved. This rule is met here as well by the
sum of the L =0 e values in Mo, 'Mo, ' Mo
being equal to each other to within 20%. This
tendency is supported by a smooth trend in two-
neutron binding energies as a function of A, which
accounts for the empirical values to within 100
keV when the energy centroids of the 0+ states are
used.

B. N =52 and 54

The ' Zr level structure and two-neutron
transfer strengths have been well described by shell
model calculations. ' The behavior of their isotones

Mo seems very similar and indicates that the
shell model might describe the light mass Mo nu-
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TABLE VIII. Energy levels of ' Mo.

Group no.
E„

(keV)

Present results' Previous results

(kev)

7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22

0
296+5
699+5

850+5
1251+5

1334+5
1881+5

2120+5
2239+5
2321+8
2389+8
2416
2504
2523
2545
2617
2662
2705
2745
2855
2875
2972
3011

(4)

0+
2+
0+

2+
2+

0+
3

(4+)

1.28
0.28
0.60

0.12
0.04

0.11
0.16

0.10

0.52

296
696
743
850

1251(2+)

1305
1334
1880
1957
2120
2240

2390
2420
2500
2520
2540
2620
2670
2700
2740
2860
2880
2970
3010

0+
2+
0+

(4+ )

(6+ )

(o+)

'Re.,ults are a more complete tabulation of data given in Reference 1.
"Reference 26.
'Enhancement factor in Eq. (1).

clei as well. In particular, the 2j+ states in ' Mo
occur at essentially the same excitation energy as
the 2&+ states in ' Zr, namely -800 keV for Mo
and -900 keV for Zr. Similarly, the 4~+ states oc-

cur in the X =52 and N =54 nuclei at 1.5 —1.7
MeV in excitation. A comparison of Zr with

Mo is shown in Fig. 9.
The transition strengths to the ground, 2+~, and

TABLE IX. Occupation probabilities VJ .

Isotope

MD
'4Mo
"Mo
98Mo

'~Mo

Reference 2d 5/2

0
0.25
0.52
0.48
0.66

3$1/2

0
0.10
0.19
0.20
0.53

Orbital
2d 3/2

0
0.07
0.15
0.18
0.34

0
0.02
0.21
0.20
0.35

0
0
0.03
0.02
0.09

'Reference 18.
"These values are an average of values quoted in Refs. 4 and 19.
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TABLE X. Spectroscopic amplitudes and e values for mixed ground-state configurations.

d 5/2 $1/2

4t

J
d3/2 g7/2 h11/2

Mo~ Mo
"Mo~ Mo
Mo-+ 'Mo
Mo-+ Mo
Mo~ Mo
Mo~' Mo
Mo~' Mo

0.866
1.082
0.746
0.831
0.74
1.015
0.790

0.316
0.414
0.347
0.402
0.347
0.651
0.346

0.374
0.528
0.606
0.553
0.606
0.747
0.600

0.283
0.907
0.817
0.795
0.817
1.058
0.820

0
0.424
0.541
0.341
0.541
0.727
0.542

0.45
0.44
0.42
0.65
0.42
0.46
(0.33)

'The BJ. values were obtained using Eq. (2) and the VJ values of Table IX, except for ' Mo targets where an average
of Mo and 'Mo V; (with d5q2 blocked by 0.864 as indicated in the text) have been used. For ' Mo~'p Mo, an ex-
trapolation of the VJ values were used for ' Mo, thus the e value is only suggestive.

4&+ states in ' Zr have been reproduced using the
shell-model calculations of Ball and Bhatt. ' In
these calculations, the ground states are mixtures
of (2d5/2)p (2d3y2)p and (3s»2)p orbitals, which
are the same orbitals that dominate the structure of
the ' Mo isotones, as seen in Table X. Given the
similar structure of the ground states of the Zr and
Mo N =52 and N =54 isotones and the similarity
in excitation energy for the 2i+ and 4~+ states in
these nuclei, a correspondence in the microscopic
structure of these low-lying excitations probably
also exists. In our present measurements, the e
values for the 2+ and 4+ states in Mo were deter-
mined by assuming a simple (d5~2)q 4 configura-
tions for the D% form factor. Except for the 4&+

state in Mo, the e values given in Tables III and
IV for the 2+i states in ' Mo and the 4~+ state in

Mo are approximately equal to 1.0, indicating
that the (ds~z) component is dominant, in agree-
ment with the more detailed shell-model calcula-
tions for ' Zr, which also give good agreement
with experimental strengths. Although the 2~+

and 4i+ states in Zr are still dominantly a (ds~q)
configuration, the fraction is less, and shell-model
orbitals other than (d&&2) are probably being re-
flected in the smaller e value for the 4&+ state in

Mo
The comparison between the N =52 and 54 iso-

tones can be extended to higher excited states as
well. In Zr there are two 2+ states, at 2071 and

TABLE XI. Two-neutron transfer strengths for ground-state transitions in Mo(t,p) reac-
tions.

Final'
nucleus

(d 5/2) Transfer
(Ere1 (ds/2)"

Mixed transfer'

&re]

'4Mo

Mo
Mo

SMo
"Mo

100Mo

102MO

1.05
1.69
0.35
1.65
0.34
1.41
1.28

—= 1.00
1.61
0.33
1.57
0.32
1.34
1.22

—:1.00
1.67

0.45
0.44
0.42
0.65
0.42
0.46
0.33

—:1.00
0.98
0.93
1.44
0.93
1.02
0.73

'The results are taken from Ref. 1 ( ' Mo) and the present study, where the Mo result
was obtained from the comparison of ground-state strengths observed with the natural Mo
target.
"e values obtained using a (ds/2) form factor which are compared to the predictions of a
(ds/2)" shell model configuration.
'e values obtained using the B~ spectroscopic amplitudes of Table X.
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FIG. 9. Comparison of Zr and Mo as well as Zr
and Mo low-lying levels.

FIG. 10. Systematics of low-lying states of Mo iso-
topes. The data are taken from Refs. 8, 26, and the
present study.

3063 keV, which have large (t,p) transition
strengths. In the shell-model calculations their
dominant configuration is (2d5&23s i~2)2, which has
a large (t,p) cross section and accounts for much of
the empirical strength. In Mo two intense L =2
transitions populate states at 2068 and 2872 keV.
It would appear likely that these two states corre-
spond to the configurations observed at similar en-

ergies in Zr. Although there is considerable
L =4 transfer observed in Mo in the 2.5—3.5
MeV energy region and although L =4 strength is
also observed in Zr, the lack of a complete
analysis of the Zr measurement in this energy
range limits the comparison one can make.

The lowest (6+) state in Zr is at 2958 keV,
compared to 2422 keV in Mo. The 'Zr(d, p)
data indicate the 6+ state in Zr is dominated by
the (d~&2g7&i)6 configuration. The Mo 6+ state
is rather intensely populated in the (t,p) reaction
and may be of similar configuration [the e value of
Table III assumes a (g7/2)Q configuration].

In Mo, 2+ states at 2421 and 2536 keV are po-
pulated with high intensity, with the 2536 keV
transition being stronger than the 2&+ state transi-
tion. Similar structure exists in Zr, with strongly
populated 2+ states at 1675 and 2374 keV. In the
shell-model calculations, these states in Zr are
predominantly of (d5&2si&2)2 configuration, al-
though these calculations only explain the empiri-
cal strengths to within a factor of 2. A compar-
ison between the considerable L =5 strength in

Mo at 2.5 —3.5 MeV and similar strength in Zr
is difficult because of the limited analysis of the
higher-lying states in Zr.

C. N =56—60

In Zr the subshell closure of the d5&2 orbital is
attained, and the 2&+ state occurs much higher in
the spectrum, with the 4&+ state lying even higher

and the 4+ strength greatly reduced compared to
Zr. This type of behavior does not occur in

Mo (see Fig. 9). Rather, as seen in Fig. 10, for
Mo the 2~+ state drops in energy, and the 4&+

state stays near 1.5 MeV, as in ' Mo. The low-

lying 2+ transfer strength also differs for the
N =56 isotones; in Zr the strength is nearly that
of Zr, while in Mo the strength is only half that
of Mo. Both the systematics in energy and
transfer strengths of the 2&+ states for N =56 indi-
cate that, while Zr is still following many of the
trends expected from the shell model, the character
of Mo is deviating from a simple shell-model
description and may be more indicative of a transi-
tional structure towards deformation.

It is also at X =56 that excited L =0 strength
starts to become important. One very interesting
point is that both nuclei have a 0+ state as their
first excited state, which is an unusual occurrence
in nuclei. However, these states are excited com-
pletely diAerently by the (t,p) reaction, indicating
that they have quite different properties. The 735-
keV state in Mo has only 1.5%%uo of the ground-
state transition strength, whereas the 1594-keV
state in Zr, at twice the excitation energy of the

Mo state, contains 40% of the corresponding
ground-state transition strength. The Zr state ex-
hibits properties similar to a pairing vibration state
formed due to the strong subshell closure of the

d5&2 orbital, whereas the Mo state has properties
more similar to states in a transitional nucleus (see
Ref. 1) as it is excited with 17' of the ground-
state transition strength in the ' Mo(p, t) Mo reac-
tiori. The behavior of the 2~+ and 0+' state sys-
tematics indicate that an increasing trend towards
deformation in the Mo isotopes washes out the
subshell closure which is so dramatically illustrated
in Zr.

The heaviest Zr-Mo isotopes which can be com-
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pared in the (t,p) reaction are 9sZr and '~Mo. The
Zr nucleus. , as excited by the (t,p) reaction, ap-

pears to be quite distinct from the lighter isotopes
and again exhibits behavior expected from Zr be-

ing a closed neutron subshell nucleus. No low-

lying 0+ states were seen, not even the 0+ state at
850 keV reported in fission fragment decay scheme
studies. In contrast, the lowest observed 0+ state
in ' Mo is at 694 keV and is seen with 14% of the
ground-state transition strength. Again the ' Mo
2i+ energy follows the systematic trend towards
lower excitation energies, whereas the 2~+ state en-

ergy of Zr remains high at 1224 keV, 2.3 times
the ' Mo energy. There is very little correspon-
dence between the two nuclei, emphasizing again
the breakdown in subshell cAects by the addition of
two more protons.

Although their two-neutron transfer properties
cannot be compared, the level spacings of ' Zr and

Mo are quite similar, with the 2~+ state quite low
in energy and a low-lying excited 0+ state. In

Mo the 699 keV 0+ stae is populated in the (t,p)
reaction with -50/o of the ground-state strength.
These trends are indicative of a more collective, de-
formed structure becoming dominant, in contrast
to the shell-model structure of the lighter Zr and
Mo isotopes. A systematic picture of the low-lying
states of the Mo isotopes is shown in Fig. 10.

The low-lying 2&+ state of ' Mo may indicate a
rotational nucleus, but the data given in Ref. 1 do
not indicate a corresponding 4+ state belonging to
this band. Fission fragment decay scheme results
do suggest a 4+ state at 743 keV, which gives an
energy ratio of E +/E + ——2.5, somewhat below

the rotational limit of 3.3. It is possible to conjec-
ture the existence of excited deformed bands in the
lighter Mo nuclei, but such ideas are highly specu-
lative given the present knowledge of these levels.
The absent or weak excitation of the 4&+ state in

Mo by the (t,p) reaction does correspond to
behavior typical of a rotational band.

D. I.=3 transitions

The 3i states in the Mo isotopes show a gradual
decrease in energy from 2533 keV in Mo to 1881
keV in ' Mo. The transition strengths to these
states are characterized by @=0.5~0.7 from Mo
to ' Mo, but e drops significantly at ' Mo to
0.16. The energy trend agrees quite well with that
of octupole states in the Zr isotopes and indicates
that these octupole states are quite collective and,
thus, relatively independent of subshell effects both

in Zr and Mo. The sharp drop in strength at
Mo is not completely understood, but may result

from a change in deformation between target and
final state.

E. Possible multiplet structure of ~~Mo

The (t,p) reaction on odd targets has proven to
be a useful tool to study particle-vibration multip-
lets. In such cases, the spin of the target nu-

cleus, —, for Mo„couples to the spin of the

, transferred pair to produce the multiplets in the fi-
nal nucleus. In the present Mo(t,p) reaction, the
ground-state spin of Mo is —, , so the ground

state and the multiplets based on coupling of the
Mo collective core states to a —, single-particle

state will not be the multiplets excited by the (t,p)
reaction. Many pure L transfers are seen in this
reaction indicating particle-vibration coupling is
still important.

The lowest multiplet excited by the (t,p) reaction
will be the (2+ 8 —, ), + +. Of these states,

all except the —, are able to mix easily with near-

by single-particle levels, so that a pure particle vi-

bration is not expected. The centroid of this mul-

tiplet should be around 600 keV, which is near the
positions of the 2+ states in ' Mo and Mo. This
structure will be further complicated because the
nature of this core state is changing from spherical
to deformed. There is a group of states in the 600
keV region in Mo, of which the strongest is the
L =2 transfer at 698 keV. This state is not seen in
(d,p) or (d, t) reactions' and is listed in the litera-
ture as ( —,, —,)+. We suggest that it is the —,

member of the (2+ 8 —, ) multiplet. The
strength should be fragmented according to
(2J~+ 1)(2J~+ I) '(2l- + I) ' or, for the —, state,
one third of the total strength to the 2&+ state in
the even core. As stated above, the nature of the
2&+ state is changing, and the e value goes from
0.52 in Mo to 0.22 in ' Mo. The value of e for
the 698 keV state is 0.18, which is one third of
that of the Mo 787 keV state. Other states of
this multiplet are diAicult to identify because of
probable mixing with single-particle states. A
group of L =3 transitions from the
(3 8 —, ),&~

„multiplet should be seen
5 +

near 2 MeV excitation energy, but none can be de-

finitely identified.

F. IBA-2 calculations

Recently, the structure of the Ru and Pd iso-

topes has been successfully investigated using the
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two-boson interacting boson approximation AIBA-2j
model. In the IBA-2 model, neutron and proton
bosons are treated separately and interact via a
quadrupole interaction. The calculations of Ref. 27
were able to reproduce the systematics of the low-

lying 2+ and 4+ states in Ru and Pd. The Ru nu-
clides are known to become ra'ther deformed, with

the 2+I state dropping rapidly in energy as a func-
tion of increasing neutron number, while in Pd the
2I+ state energy is more constant and the shape
change does not occur. The IBA-2 calculations
reproduce these differences between Ru and Pd as
well.

The Hamiltonian used in Ref. 27 was of the
form

I.O—
0.8—
0.6—
04—

0.00—

-O. l 0—
O~ -020—

0.0—

-1.0 —~
H=E(ng„+nd„)~aQ Q„

+V~~+V +~~v

where

Q =(d d )"'+X (s d +d~ )'"
V V V V V V V V

is the quadrupole proton-neutron interaction. The
V terms are interactions only between pairs of neu-
tron bosons or pairs of proton bosons, and M is the
Majorana term, taken to be constant, that pushes
up the states that are not fully symmetric combina-
tions of neutrons and protons. As noted in Ref. 27
the effects of adding V are negligible, and the
V term affects only minor details of the spectra.
Therefore, the important parameters are E', K, g,
and g . The calculations were done for the neu-
tron numbers 54—78. X„will be the same for a
series of isotones and X~ will be the same for a
series of isotopes, so that only e and sc values need
to be determined for the Mo isotopes.

The present IBA-2 calculations were initiated to
see whether or not the ground-state two-neutron .

transfer strengths observed for the Mo nuclei can
be reproduced. No attempt was made to fine tune
the parameters, especially since it was recently
shown in a Pt(t,p) study that ground-state two-
neutron transfer strengths are relatively insensitive
to parameters of the IBA or other models. A
question to be resolved, however, was what number
of proton bosons, N, characterize the Mo isotopes.
N~ is usually taken as the number of pairs of
valence protons, so for Mo N would equal 4,
representing eight protons from Z =50. However,
Z =40 is a reasonably good proton subshell clo-
sure, so we have also done calculations for Mo
with N =1. Our parameter choices are summa-
rized in Fig. 11.

l.O—

O.O—

-!.0—
I

2
I I t

4 5 6
Np

As seen in Fig, 12, the present IBA-2 calcula-
tions are in reasonable agreement with the known
systematics of the lowest 2+ and 4+ states for both
the N =4 and N =1 calculations. Clearly, the
strong trend of the falling 2&+ state is reproduced.
The main problem in the energy predictions in the
present calculations is that we cannot reproduce
the location of the lowest excited 02+ state.

The comparison between IBA predicted and em-

pirical ground-state e values is shown in Fig. 13,
and no agreement is seen. The predictions were
normalized to the Mo(t,p) Mo ground-state
value, but any other normalization would still not
reproduce the data, which are clearly down slop-

ing, while the calculations are clearly up sloping.
The key to understanding the reasonable fit to

the energy spectra, while no agreement is found for
two-neutron transfer strengths, may be in the 02+

state. This state may be an intruder configura-
tion, a state from outside the IBA framework,

FIG. 11. Parameters used in the present IBA-2 calcu-
lations, plotted as a function of neutron boson number
N„. The solid lines are values used in the N =4 calcu-
lations; the dashed lines for N =1. Values for g„were
taken from Ref. 27. The g value for the N =4 calcu-
lations is a natural extrapolation of values used for Ru
and Pd calculations in Ref. 27; the N =1+ value is of
opposite sign, as expected from Ref. 28.
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FIG. 12. Comparison of empirical energy systematics

for 2~+, 2q+, 4~+, 6~+, and 02+ states in ' Mo and
IBA-2 calculations for N =4 (solid) and N =1
(dashed). The calculations are discussed in the test and
Fig. 11. The data are taken from Ref. 8 and the present
work.

such as a particle-hole excitation across the Z =40
proton subshell closure. In IBA language, this
would mean that the boson number X would not
uniquely characterize the level spectra, but rather
states with different numbers of bosons would
coexist in the same nucleus, and mixing between
the'configurations would result. Recently, this ap-
proach was used in a study of ' ' Hg and the
coexistence of vibrational states and rotational
bands in these nuclei was reproduced. '

Concurrent with the present study, calculations
of the Mo isotopes have been performed using the
method of Ref. 31. The ground-state regions of the
lighter Mo isotopes, such as for Mo, are predom-
inantly due to X =1 configurations and, hence,
are fairly spherical in structure. For the heavier
Mo isotopes, such as ' Mo, the ground-state re-
gions are predominantly N~ =3. [N~ =3 from the
particle boson above Z =40 plus two bosons from

FIG. 13. Comparison between empirical and IBA
calculated ground-state relative e values in Mo(t, p).
The e values are plotted versus the mass of the final nu-

cleus. The empirical e values were taken from Table XI
with a 10%%uo relative error; the calculations were arbi-
trarily normalized to the Mo(t, p)9 Mo g.s. value. The
solid and dashed curves are our IBA-2 calculations with
N =4 and N =1, respectively. The dotted curve is the
extended IBA calculation from Ref. 30.

the particle-hole (boson) excitation across the sub-
shell closure. ] The intruder state in the lighter Mo
isotopes would be a predominantly 1V =3 excita-
tion, and in the heavier isotopes the intruder would
be N =1. The transition between X =1 and
X =3 ground-state configurations then occurs
around A =100. Since mixing is included in these
calculations, an N =3 component would also oc-
cur in the Mo ground state and an N~=1 com-
ponent in the ' Mo ground state. These calcula-
tions were able to reproduce the trends in the
low-lying excitations and, in particular, reproduced
the energy systematics of the 02+ states.

Obtaining two-neutron transfer strengths in the
extended ISA-2 calculations is not as straightfor-
ward as calculating energy values and y-ray transi-
tion probabilities. As noted in earlier studies of
two-neutron transfer in the IBA framework,
different limiting symmetries have different analyti-
cal expressions for the transfer strengths. An ini-
tial attempt to study the two-neutron transfer
strengths in Mo(t,p) used the following relation

I(N„~N„+1)~a„(N„+1)(Q„—N, ) [c&(N„)c,(N„+1)] + [cq(N„)c&(N„+1)]
3 2N+1
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where Q is the degeneracy of the neutron shell,
c

~ (N„) is the amplitude of the N = l component
in the ground state of the nucleus with N„, and

c3(N„) is the amplitude of the N~ =3 component.
A comparison between the relative intensities
predicted by Eq. (8) and our Mo(t,p) e values is
shown in Fig. 13. The agreement is quite good be-
tween these extended IBA-2 predictions and our
empirical values, indicating that these extended
calculations are able to reproduce the change in the
ground-state configurations in the Mo isotopes.

VI. CONCLUSIONS

This systematic study of the Mo isotopes by the
(t,p) reaction has clearly shown the effect of the
onset of a phase transition which occurs near
A =100. The lighter Mo isotopes compare favor-
ably with the Zr isotopes and a shell-model
description. As more neutrons are added there is a
distinctive change between the two elements, and
the strong d5/2 subshell closure at N =56 seen in
Zr is completely washed out in the Mo isotopes by
the onset of the transition. Finally, in the heavier
Mo isotopes there is increasing L =0 strength to
excited states, which is a characteristic sign of a
nuclear phase transition.

Federman and Pittel have suggested that the
onset of deformation in the heavier Zr and Mo nu-

clei may be due to the increasing interaction be-
tween the g9/2 proton and g7/2 neutrons. Certainly
the g7/2 neutron strength is occurring lower in ex-
citation energy and becoming a dominant part of
the low-lying spectra of the odd nuclei. This may
indeed explain the difFerence between Zr and Mo,
where the latter has two more protons to interact.
It would be extremely useful to have a more quan-

titative measure of the importance of this degree of
freedom in understanding the properties of these
nuclei.

Until recently the interacting boson approxima-
tion model has not been applied in nuclei only one
proton pair removed from closed shells. Our
present calculations within the standard IBA-2
framework indicate the limits to which this model
can be applied in the molybdenums, which are
close to a proton subshell closure. Concurrent to
the present study, however, considerable work has
gone into understanding intruder configurations
in the IBA framework, and these extended IBA
calculations have been successful in explaining the
structure of Mo and Hg isotopes. It would be in-
teresting to see if similar techniques can be success-
fully applied to other nuclei in the Zr-Mo region.
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