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g factors of the first 2¿ states in the transitional 92,94,96,98,100Mo isotopes
and the onset of collectivity
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Theg factors of the 21
1 states of the stable, even-even Mo isotopes92,94,96,98,100Mo were measured using the

transient field method. While92Mo50 has ag factor consistent with that of thepg9/2
2 configuration, theg factor

of 94Mo is about 60% of the hydrodynamic model value,Z/A. As further pairs of neutrons are added, the
heavier isotopes96,98,100Mo show a monotonic increase ing(21) to values that exceedZ/A for 98Mo and
100Mo. The systematic behavior of theg(21

1) values for the Mo isotopes, as one moves away from the neutron
shell closure atN550, is compared with the shell model, a collective model with pairing corrections and
IBM-2 calculations.
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I. INTRODUCTION

The low-energy structure of the even-even Mo (Z542)
isotopes undergoes a change from spherical at the neu
closed shell nucleus92Mo50 to rotational-like at104Mo62, for
which E(21

1)5192 keV andE(21
1)/E(41

1)52.91. In addi-
tion, the excited 01 state observed at an energy near the1

1

state in both98Mo and 100Mo is a signature of shape coex
istence. Toward the proton drip line, theE(21

1) values drop
dramatically from 1510 keV in92Mo to 444 keV in 84Mo42,
the lightest even-even isotope of molybdenum for wh
g-ray data are available@1#. The systematics of the low
energy 01, 21, and 41 levels in the even-even Mo isotope
are given in Fig. 1.

The shell model has been applied quite extensively to
Zr and Mo isotopes nearN550. Pioneering work was per
formed by Talmi and Unna@2#, Auerbach and Talmi@3#, and
Vervier @4# in the 1960s. Model spaces with a few orb
outside 38

88Sr50 or 40
90Zr50 cores were considered. In the mid

1970s Gloeckner@5# determined effective interactions for th
Zr and Nb isotopes with88Sr taken as an inert core an
protons filling the (2p1/2,1g9/2) levels and neutrons in th
(2d5/2,3s1/2) levels. There has been ongoing interest up
the present time. For example, very recently Zhanget al. @6#
have studied nuclei withN>50 andA592–98 in the larger
model space p(1 f 5/2,2p3/2,2p1/2,1g9/2) and
n(1g9/2,2p1/2,2d5/2,3s1/2,2d3/2,1g7/2), and Holt et al. @7#
have considered the zirconium isotopes between90Zr and
100Zr with a large basis and realistic effective interaction
Also recently, Johnstone and Towner have calculated ef
tive charges in the mass 90 region@8#, and Lisetskiyet al. @9#
have performed shell model calculations for94Mo to inves-
tigate the nature of states assigned mixed symmetry in
proton-neutron interacting boson model.

A feature of the level spectra of the even Zr and M
isotopes nearN550 that has been emphasized@6,7#, is the
apparent weak coupling of the proton and neutron vale
0556-2813/2001/63~3!/034312~13!/$15.00 63 0343
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spaces. From the level spectrum alone, however, one ca
judge whether the coupling is weak or rather strong and s
independent. Certainly, the evolution of collective structu
implies increasing coupling between the proton and neut
excitations as the number of valence neutrons increa
Magnetic moments can probe this coupling through th
sensitivity to the relative contributions of protons and ne
trons to the angular momentum of the states.

The transitional nature of the molybdenum isotopes aw
from N550 has been the focus of several theoretical effo
Federman and Pittel@10# carried out Hartree-Fock
Bogoliubov calculations to explore the role of the neutro
proton interaction in inducing deformation in the Zr–Mo r
gion aroundA5100. They used an inert38

94Sr56 core and
considered the single-particle proton orbitals 2p1/2, 1g9/2,
and 2d5/2 and neutron orbitals 3s1/2, 2d3/2, 1g7/2, and
1h11/2. The single particle energies were determined
88Sr50 and then corrected to account for the additional
neutrons in the 2d5/2 orbital. The transition to more de
formed structures atN560 in both zirconium and molybde
num nuclei was attributed to a strongng7/2–pg9/2 neutron-
proton interaction as neutrons filled the 1g7/2 orbital beyond
N556.

Khasa, Tripathi, and Sharma@11# also systematically
studied the low-energy structure of the transitional, ev
even Mo isotopes within the shell model using a pairing p
quadrupole-quadrupole effective interaction. Starting with
76Sr38 inert core, their basis set included the proton and n
tron orbitals 2p1/2, 3s1/2, 2d3/2, 2d5/2, 1g7/2, 1g9/2, and
1h11/2. The 2p1/2 orbital was included to probe the effects
a N540 subshell closure on the low-energy structure of
molybdenum isotopes.

Heydeet al. @12# have studied the intruder nature of th
low-energy 01 states in the even-even Mo isotopes with
the shell model. They emphasize the effects of~i! a strong
monopole interaction between theng7/2 and pg9/2 orbitals
and ~ii ! a large quadrupole-quadrupole correction within t
©2001 The American Physical Society12-1



o

P. F. MANTICA et al. PHYSICAL REVIEW C 63 034312
FIG. 1. Low-energy level
structures of the even-even M
isotopes. Only the known 01, 21,
and 41 states below 2.5 MeV are
shown.
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valence neutron shellN556–82 on the low-energy structur
of the transitional Mo isotopes.

The concept of configuration mixing in the molybdenu
isotopes was pursued by Sambataro and Molnar@13#, who
used two different boson configurations within the intera
ing boson model~IBM-2! to reproduce the low-energy leve
structure of the Mo isotopes through the transition regionA
596–104. The first configuration assumed one proton bo
(Np51) outside aZ540 closed shell, while the second co
sidered the promotion of one proton-boson from below
Z540 shell closure, resulting in a total of three prot
bosons (Np53: two proton-particle bosons and one proto
hole boson!. Neutron particle bosons were counted with re
erence to theN550 closed shell for each molybdenum is
tope. Strong mixing was calculated for98Mo and 100Mo. The
ground state of98Mo was mostlyNp51, while for 100Mo
the wave function within the configurationNp53 was pre-
dominant. The favoring of the configurationNp53 above
N556 is suggested to be a result of a strong neutron-pro
ng7/2–pg9/2 interaction, as discussed in Ref.@10#.

As an alternative to configuration mixing calculatio
within the IBM-2, Cataet al. @14# investigated the effects o
proton-neutron interactions on the low-energy levels of
even-even Mo isotopes using the IBM-1 and an effect
boson number derived from previous IBM-2 parametriz
tions @13# and from NpNn systematics@15#. Although the
IBM-1 calculations reproduced the general features of
IBM-2 calculations with configuration mixing@13#, the mi-
croscopic relationship between the effective boson num
and neutron-proton interaction strength was not explored
detail. Dejbakhshet al. @16# also considered an alternative
configuration mixing calculations for the Mo isotopes in t
IBM-2 by employing different relatived-boson energies,ep ,
for protons anden , for neutrons. Considering two proto
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bosons outside aZ538 closed shell, or four proton hol
bosons in aZ550 closed shell, their IBM-2 calculations wit
epÞen reproduced well the low-energy levels andE2 tran-
sition rates of the even-even Mo isotopes aroundA5100.

It is evident that a variety of theoretical approaches c
reproduce the energy spectra of these transitional isoto
while the microscopic connection between the models is
always clear. Hence, to learn more about the single-part
structures underlying the emerging low-energy collect
properties of the even-even molybdenum isotopes in
transition region betweenA590 andA5100, we have mea-
sured theg factors of the first 21 states of the stable, even
even isotopes92,94,96,98,100Mo.

Some information on theg factors of 21
1 states in the

even-even molybdenum isotopes is available in the literat
The averageg factor for the first 21 states in98,100Mo was
deduced to be 0.34~18! by Heestandet al. @17# from early
ion implantation perturbed angular correlation measu
ments. This was a thick-foil measurement in which the M
nuclei experienced both static and transient fields. The tr
sient field was not well characterized at the time, so the re
must be taken as tentative. The individualg factors for the
21

1 states in the stable, even-even isotopes of molybden
were measured in an early transient field study at Ch
River @18,19#. This transient field measurement employed
sequence of targets of isotopically enriched M
;0.7 mg/cm2 thick, followed by 3.6–4.0 mg/cm2 thick an-
nealed Fe foils with Cu backings. A 130 MeV40Ca beam
was used to Coulomb excite the Mo target nuclei. Theg
factors, deduced from consecutive measurements, had e
in the range 14–17 %; these errors include statistical un
tainties and systematic uncertainties in the transient fi
calibration, the recoil energy loss, and the slope of the an
2-2
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TABLE I. Kinematics and predicted transient-field strengths for Mo in Fe.

Isotope ^Ei&
a ^Ee&

a ^v i /v0&
a ^ve /v0&

a ^v/v0&
a 2fRU

b 2fCR
c 2fPd

d 2fadopted
e

92Mo 63.8 11.3 5.29 2.22 3.49 24.2 24.8 20.5 22.7
94Mo 63.4 11.4 5.21 2.21 3.45 34.5 35.2 29.3 32.5
96Mo 62.9 11.6 5.14 2.20 3.42 35.2 35.8 30.1 32.9
98Mo 62.5 11.7 5.07 2.19 3.39 35.3 36.0 30.1 32.9
100Mo 62.1 11.8 5.00 2.18 3.35 36.8 37.3 31.3 34.0

aAverage energies with which the Mo ions enter into~exit from! the Fe foil,^Ei& (^Ee&), the corresponding
ion velocities,^v i /v0& (^ve /v0&), and the average ion velocity while in the Fe layer,^v/v0&. v05c/137 is
the Bohr velocity. These quantities were calculated with the stopping powers of Ziegleret al. @23#.
bThe integral transient-field strength, see Eq.~2!, predicted by the Rutgers parametrization@24#.
cThe integral transient-field strength, see Eq.~2!, predicted by the Chalk River parametrization@25#.
dThe integral transient-field strength, see Eq.~2!, predicted by a parametrization which fits transient field d
for Pd in Fe@26#.
eThe integral transient-field strength adopted for Mo in Fe which takes into account data on Rh and P
presented in Table III; see the text.
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lar correlation. As systematic errors can occur through
consecutive use of a sequence of different targets, a new
of simultaneous measurements is required.

Menzenet al. @20# have deduced theg factors of the first
excited 21 levels inb unstable102,104Mo by measuring the
perturbed angular correlations forgg cascades in the 02

1

→21
1→01

1 level sequence. The apparently differentg fac-
tors for the 21

1 states in 102Mo (g50.4260.07) and
104Mo (g50.1920.11

10.12) were considered not to deviate signi
cantly from the vibrational-rotational model predictions
Greiner @21# ~i.e., 0.34 and 0.32, respectively!. The g(21

1)
values for 102,104Mo were also used to extract an avera
proton bosong factor ^gp

ave&51.00(23) for theA5100 re-
gion based on an IBM-2 parametrization ofg(21) and as-
suminggn50, wheregn is the neutron bosong factor.

II. EXPERIMENTAL TECHNIQUE

The transient-field technique@22# was used to determin
the g factors of the first excited states of the stable, ev
even molybdenum isotopes,92,94,96,98,100Mo. A beam of 100
MeV 32S81 from the 14UD Pelletron accelerator at Austr
lian National University, having an average current of
enA, was made incident upon a multilayered target cons
ing of 0.757 mg/cm2 natMo, 2.57 mg/cm2 natFe, and a thick
~7.6 mg/cm2) Cu backing foil. The target was prepared b
first sputtering natural molybdenum onto one side of the
nealed Fe foil, followed by evaporation of Cu onto the o
posite side of the same Fe foil. The32S beam entered th
molybdenum side of the target, Coulomb exciting Mo nuc
The resulting Mog rays were detected using four high puri
Ge detectors placed atug5665° andug56115° relative to
the incident beam direction. The165° and265° detectors
were placed 7.3 cm and 6.7 cm, respectively, from the ta
position, to match their solid angles, while the two backwa
detectors were each placed 8.7 cm from this locati
Particle-g-ray correlations were measured by detecting
Mo g rays in coincidence with backscattered32S ions which
entered an annular Si detector covering an angular ra
03431
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from 150° to 167°, again relative to the incident beam dire
tion.

The Fe layer of the target was polarized by an exter
field of '0.08 T, the direction of which was reversed aut
matically, approximately every 20 min, to minimize possib
systematic errors. The energies and velocities with which
Mo ions entered and exited the Fe layer, as calculated w
the stopping powers of Ziegler, Biersack, and Littmark@23#,
are presented in Table I. After leaving the ferromagnetic f
the Mo nuclei were stopped in the Cu backing where th
experience no further magnetic perturbations. The Fe
magnetization was measured with the Rutgers magnetom
@27# to be M50.163(3) T for a polarizing field ofBext
50.04 T, M50.168(3) T for a polarizing field ofBext
50.06 T, and consistent with the full saturation value ofM
50.171 T at 300 K forBext50.08 T.

The precession angle of the Mo nuclei due to the inter
tion of their magnetic moments with the transient hyperfi
field in the Fe foil is

Du5gf, ~1!

whereg is the nuclearg factor andf is the integral strength
of the transient field

f52
mN

\ E
T1

T2
Btr~ t !e2t/t dt, ~2!

and the timesT1 and T2 are the entrance and exit time
respectively, for a Mo ion crossing the Fe foil. The streng
of the transient field for a Mo ion in Fe,Btr , varies with time
as the ion slows in the foil. This effective field strengthf is
insensitive to the level lifetime,t, provided the lifetime is
longer than the transit time, i.e.,t.T22T1; howeverf is
reduced ift is of the same order or shorter than the tran
time through the ferromagnetic layer.~In the present work
this is the case only for92Mo.!

The experimental precession angle is related to the fi
up/down counting asymmetrye by the expression
2-3
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Du5
e

S
, ~3!

whereS is the logarithmic derivative of the angular correl
tion at the detection angleug and

e5
12r

11r
. ~4!

The double ratior is related to the counting rates in th
detectors at6ug , N(6ug), for field up (↑) and down (↓)
conditions by

r5AN~1ug!↑
N~1ug!↓

N~2ug!↓
N~2ug!↑. ~5!

Unperturbed particle-g-ray angular correlations for th
21→01 transitions in each Mo nucleus were calculated
ing a version of the Winther–de Boer Coulomb exitati
code @28#. These calculations considered the finite angu
coverage of the particle detector, the beam energy loss in
target, and feeding from populated higher-excited states.
evant matrix elements for the Coulomb excitation calcu
tions were taken from Ref.@29#. To confirm the angular cor
relation calculations, the unperturbed particle-g-ray angular
correlations were also measured for the two forward de
tors. These detectors were successively placed at angle
630°, 645°, 655°, 660°, and665°, while the backward
detectors were kept at6115° and used for normalization.

III. RESULTS

A g-ray spectrum collected at265° to the beam direction
in coincidence with backscattered32S ions following Cou-
lomb excitation of thenatMo target is shown in Fig. 2. This
spectrum represents all of the data collected at this dete
position for both field up and field down conditions. A
g-ray transitions in this spectrum can be attributed to kno
transitions in the stable molybdenum isotopes. Theg rays

FIG. 2. g-ray spectrum for energies up to 1.7 MeV resultin
from the Coulomb excitation of thenatMo target with 100 MeV32S
ions. The spectrum includes all data collected at265° for both field
directions. The 21

1→01
1 transitions are labeled by isotope.
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deexciting the 21
1 states in96Mo and 98Mo, with energies

778 and 786 keV, respectively, were readily resolved in e
of the fourg-ray spectra. A significant Doppler broadenin
was observed for the 21

1→01
1 transition in 92Mo due to the

relatively short mean lifetime (t5537 fs @30#! of the 21
1

state. The intensities of the observed feeding transition
the first excited 21 states in the even-even Mo isotopes we
consistent with results from our Coulomb excitation calcu
tions.

The measured and calculated unperturbed particle-g-ray
angular correlations for the 21

1→01
1 transitions in

94,96,98,100Mo are shown in Fig. 3. The fitted angular correl
tion data confirm that the Ge detectors in the forward be
direction were indeed at the nominal angles at which th
were positioned. They also corroborate the statistical ten
extracted from the Coulomb excitation calculations. T
counting asymmetries,S values, and measured precessi
angles for the forward and backward detector pairs are
sented in Table II. Cascade feeding corrections to the sta
tical tensors become more significant with increasing neut
number. For example, in comparison with92Mo, 100Mo

FIG. 3. Particle-g-ray angular correlations for the 21
1→01

1 tran-
sitions in 94Mo, 96Mo, 98Mo, and 100Mo. The measured~filled
circles! and calculated~solid lines! correlations are given for the
g-ray detectors in the negative and positive forward quadrants.
2-4
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TABLE II. Measured counting ratios,S values, and precession angles from the forward and backw
detector pairs for the 21

1→01
1 transition in each stable, even-even Mo isotope.

Forward Backward

Isotope e (3103) S Du ~mrad!a e (3103) S Du ~mrad!a ^Du& ~mrad!

92Mo 188641 22.71 232615 272653 12.88 225618 229612
94Mo 123.668.7 22.65 28.963.3 224.969.4 12.81 28.963.4 28.962.4
96Mo 131.763.2 22.36 213.461.4 235.964.5 12.50 214.461.9 213.861.1
98Mo 140.563.4 22.47 216.461.5 238.464.7 12.62 214.761.9 215.761.2
100Mo 134.462.8 22.03 216.961.5 240.564.4 12.16 218.762.1 217.561.2

aThe error onDu contains a 3% systematic error associated with the derived slope of the 21→01 angular
correlation (S values!.
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shows a 25% change in the logarithmic derivative of
angular correlation,S, for both forward and backward detec
tors, which can be attributed to substantial feeding of the1

1

state from the higher-energy 41
1 , 22

1 , and 01
1 states. As

feeding corrections only become significant for the heav
more collective isotopes, we have analyzed the data ass
ing that the averageg factor of the feeding states is the sam
as that of the fed 21

1 state. The extractedg factors are not
sensitive to this assumption to any significant extent.

To extract theg factors for the 21
1 states from the mea

sured precession angles, knowledge of the integral stre
of the transient field for Mo ions traversing magnetized Fe
needed. Stuchberyet al. @26# found that the transient field fo
Pd ions recoiling through magnetized Fe can be describe

B~Z,v !5aZ~v/v0!p, ~6!

wherea521.563.5 T andp50.4160.15. In a subsequen
study using the transient-field method and an Fe foil that w
the same thickness as the one used in the present work,
cession angles were measured for the first 21 states in three
even-even Pd isotopes,106,108,110Pd, as well as the first 3/22

and 5/22 states in103Rh @31#. Since theg factors were de-
termined in independent measurements@32–35#, experimen-
03431
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tal f values can be extracted for Pd and Rh in Fe using
~1!. We use these data to reevaluate the parametera in Eq.
~6!, adoptingp50.41. As shown in Table III, we obtaina
523.6561.01 T. Thef values for the Mo 21

1 states were
therefore calculated with Eq.~2! and the transient field scal
ing relation given by Eq.~6!, with these parameter value
This accounts for the differentZ value, as well as the slightly
different average velocity with which the Mo ions enter a
exit the Fe foil. The field calibration adopted for Mo in Fe
then equivalent to a small extrapolation from the experim
tal field strengths for Pd and Rh in Fe measured under v
similar conditions.

The adopted calibrationf values are listed in Table IV
along with the deducedg(21

1) values for 92,94,96,98,100Mo.
Note that the finite lifetimes of each of the 21

1 states, which
were taken from the compilation of Ramanet al. @30#, were
included in the evaluation off.

Other scaling relations for the transient field experienc
by ions traversing a ferromagnetic host as a function ofZ and
v/v0 have been proposed by groups at Rutgers@24# and
Chalk River@25#. In Table I, thef values for these param
etrizations are compared with predictions of the parametr
tion proposed for Pd in Fe@26# and the present adopte
TABLE III. Transient-field strengths for106,108,110Pd and103Rh.

Isotope Ji
p 2Du ~mrad!a g 2fexp 2fcalc

b fexp/fcalc

106Pd 21
1 16.161.1 0.40260.017d 40.163.2

108Pd 21
1 13.961.1 0.3660.03e 38.664.4

110Pd 21
1 12.461.5 0.3160.03e 40.066.2

^39.662.4&c 40.34 0.98260.059
103Rh 3/21

2 21.261.4 0.6960.13f 30.766.1 36.11 0.8560.17
103Rh 5/21

2 16.860.8 0.43560.018f 38.662.4 36.94 1.04560.066
1.00060.043g

aFrom Ref.@31#.
bTransient-field calculation using Eq.~6! with a523.65 T andp50.41; see text.
cWeighted average offexp for 106,108,110Pd.
dWeighted average ofg factors from Refs.@32# and @33#. g factors were reevaluted usingt(21

1) from Ref.
@36#.
eFrom Ref.@34#.
fFrom Ref.@35#.
gAverage value.
2-5
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TABLE IV. Integral transient-field strengths and absoluteg factors for the 21
1 states in92,94,96,98,100Mo.

Isotope Ji
p t ~ps!a Du ~mrad! fb gc

92Mo 21
1 0.53760.033 229612 222.6661.09 1.2860.5360.53

94Mo 21
1 4.0060.08 28.962.4 232.4561.39 0.27460.07460.075

96Mo 21
1 5.2760.10 213.861.1 232.9261.41 0.41960.03360.038

98Mo 21
1 5.0460.09 215.761.2 232.8661.40 0.47860.03760.042

100Mo 21
1 17.8960.35 217.561.2 233.9961.45 0.51560.03560.042

aLifetimes taken from Ref.@30#.
bf evaluated from Eq.~2! with the transient-field parametrized by Eq.~6! with a523.6561.01 T andp
50.41 ~see text!.
cg5Du/f. The first error, from the statistical error in the measured precession alone, represents the
the relativeg factors; the second, which includes the uncertainty in the field calibration, represents the
in the absoluteg factors.
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values that take account of more recent data for Pd and R
Fe @31#. First, to estimate the magnitude of the systema
error on the absoluteg factors due to the ion velocity depen
dence associated with our choice of transient-field param
zation, we calculated the ratiosf(Mo)/f(Pd) and
f(Mo)/f(Rh) using Eq.~2! with the Rutgers and Chalk
River parametrizations in place of that adopted. The extra
lation of the integral transient-field strength from Pd to M
varied by less than 4% between the three parametrization
the transient-field velocity dependence. The agreement in
trapolation from Rh to Mo was even better, of order 2
This small possible systematic error in the transient-fi
calibration is not included in the error estimates for the
solute g factors reported in Table IV. Second, it may b
noted from Table I that the different parametrizations ag
within ;69% of that adopted, and that the uncertainty
the Rutgers parametrization, for example, due to uncert
ties in the parameter values, is about 10%. We are abl
assign a smaller error to our absoluteg factors because we
have calibrated the transient field relative to neighboring
clei studied under nearly identical conditions.

In the Chalk River measurements@18,19# the transient-
field parametrization adopted was of the same form as
~6!, but with a510.961.0 T andp51. It turns out that the
03431
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integral field strengths obtained in their measurements w
their linear-velocity parametrization are almost identical w
the nonlinear one we adopted. Nevertheless, for a pro
comparison, we have reevaluated the Chalk River result
correspond to our adopted field parameters. Details of
reevaluation are presented in Table V. We have added
extra 5% to the final uncertainties in these sequential m
surements to allow for possible systematic errors due to
certainties in the thicknesses of the different Fe foils, wh
magnify uncertainties in the velocity dependence of
transient-field strength, and possible variations in other f
tors such as the magnetizations of the foils. Table VI sho
a comparison of the present and previousg factors.

On the whole, the presentg factors for the first excited 21

states of the stable, even-even molybdenum isotopes c
pare favorably with the earlier results of Ha¨usser et al.
@18,19#. However, the present results reveal a steady incre
in the g(21

1) values with increasing neutron number in th
rangeA594–100 that is not apparent from the older me
surements. In particular, the previousg factor for 100Mo ap-
pears to be smaller than the present value. Given that
state is relatively long lived and that the exit velocity in th
Chalk River measurement was rather low, there is a cha
second
r each
TABLE V. Reevaluation of previous even-even Mog factor measurements@18,19#.

Isotope ^v i /v0&
a LFe (mg/cm2) ^ve /v0&

b Du ~mrad! fc gd

92Mo 6.19 3.95 1.67 232.762.0 228.6361.22 1.1460.0960.14
94Mo 5.94 3.58 1.87 214.161.5 243.3561.85 0.32560.03760.053
96Mo 6.17 3.70 2.01 215.461.4 244.2161.89 0.34860.03560.052
98Mo 6.20 3.75 2.01 222.261.7 244.8761.92 0.49560.04360.067
100Mo 5.87 3.96 1.69 221.261.4 252.5362.24 0.40460.03260.052

aAverage ion velocity entering the Fe foil taken from Ref.@19#. v05c/137 is the Bohr velocity.
bAverage ion velocity exiting the Fe foil calculated using the stopping powers of Ziegleret al. @23#. v0

5c/137 is the Bohr velocity.
cf evaluated from Eq.~2! with the transient-field parametrized by Eq.~6! with a523.6561.01 T andp
50.41 ~see text!.
dFirst error includes uncertainty in the measured precession and the transient-field strength, the
includes an estimate of the potential systematic error introduced through use of different targets fo
isotope.
2-6
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TABLE VI. Adopted g factors for the 21
1 states of even-even Mo isotopes.

Isotope E(21
1) ~keV! g factor

Refs.@18,19# Present Adopted

As reported Reevaluateda

92Mo 1509 11.0760.19 11.1460.14 11.2860.53 11.1560.14
94Mo 871 10.3360.06 10.32560.053 10.27460.075 10.30860.043
96Mo 778 10.3460.05 10.34860.052 10.41960.038 10.39460.031
98Mo 787 10.4960.08 10.49560.067 10.47860.042 10.48360.036
100Mo 536 10.4360.06 10.40460.052 10.51560.042 10.47160.033
102Mo 297 10.4260.07b

104Mo 192 10.1920.11
10.12b

aSee Table V and text.
bReference@20#.
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that a smaller precession was observed because a fracti
the 100Mo ions stopped in the Fe foil~rather than the Cu
backing! where they experience the static hyperfine fie
which, for Mo in Fe, is225.6(5) T@37#. On the other hand
this effect on its own is unlikely to fully account for th
difference in the measuredg factors and the two measure
ments almost agree within the assigned errors. For the
lowing discussion we therefore adoptg factors that are the
average of the present and~reevaluated! previous work.
These values are shown in the final column of Table VI.

IV. DISCUSSION

Häusseret al. @18# compared theirg factor results with the
theoretical calculations of Greiner@21#, Kisslinger and So-
renson@38#, and Lombard@39#. Greiner’s model provides a
rough correction to the collective modelg5Z/A to include
different pairing between protons and neutrons in a giv
nucleus and cannot meaningfully be applied to theN550
nucleus92Mo. For 94Mo and the heavier isotopes, we purs
a more accurate way to correctZ/A for pairing in terms of
the Migdal approximation@40# below.

Kisslinger and Sorenson@38#, and Lombard@39#, both
applied pairing plus multipole interactions to study the c
lective features of even-even nuclei. Given the simplifyi
assumptions in these models, the results must be consid
somewhat schematic. Nevertheless Lombard correctly
dicted the fall in g factor value between92Mo and the
heavier isotopes, and the Kisslinger and Sorenson result
vealed a monotonic increase in theg(21

1) values for the
even-even Mo isotopes after92Mo, although the moments
predicted for94Mo and 96Mo are much too small.

We will discuss our results in terms of several mode
beginning with the shell model for the isotopes near92Mo,
and then turning to collective models for the heavier is
topes, namely the Migdal-corrected geometrical model
IBM-2.

A. Shell model calculations

As noted in the Introduction, there have been several
cent shell-model studies of the Zr and Mo isotopes neaN
03431
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550 @6–8# and attention has been drawn to the appar
weak-coupling of the proton and neutron excitations whe
few valence nucleons are added to theN550 closed shell.
While there is now extensive data@41–43# on the magnetic
moments in this region, these have not been calculate
recent work. The present calculations were undertaken
examine the magnetic moments predicted by previously p
posed interactions, particularly those with limited valen
spaces. A comprehensive set of calculations with large b
spaces is beyond the scope of the present work.

Calculations were performed using the codeOXBASH @44#
for several different basis spaces and interactions. In all
culations the effective charges of the proton and neut
were taken to beep

eff51.77 anden
eff51.19, consistent with

values suggested in Refs.@5,8#. The intrinsic sping factors of
the nucleons were quenched to 0.75 times the bare nuc
values, i.e.,gs(p)514.19, gs(n)522.87, while the orbital

FIG. 4. Adoptedg(21
1) values~filled circles! as a function of

neutron number for the even-even Mo isotopes compared witg
factors predicted from shell model calculations using a90Zr core
with valence orbitalsp1g9/2 andn2d5/2 ~calculation I, dotted line!,
a 88Sr core with valence orbitalsp(2p1/2,1g9/2) andn(2d5/2,3s1/2)
~calculation II, dashed line!, and a more extended bas
space which includes p(1 f 5/2,2p3/2,2p1/2,1g9/2) and
n(1g9/2,2p1/2,2d5/2,3s1/2,2d3/2,1g7/2) ~calculation III, solid line!.
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TABLE VII. Shell model calculations of moments in Zr isotopes.

Theory

Isotope (Jp) Quantity Experimenta Ib II c III d

90Zr (52) Ex 2319 2221 2847
g 11.2560.03 11.213 11.084

90Zr (81) Ex 3589 3473 3797
g 11.35660.007 11.355 11.295
Q 5163e 245 260

B~E2; 81
1→61

1) 5764 52 46

91Zr (5/21) Ex 0 0 0
g 20.521 44860.000 001 20.574 20.557 20.555
Q 22161 218 222 223

91Zr (15/22) Ex 2288 2019 2882
g 10.7060.01 10.617 10.594

91Zr (21/21) Ex 3167 3141 3476
g 10.93560.008 10.895 10.868
Q 28665 262 296

92Zr (21) Ex 934 934 878 979
g 20.18060.010 20.574 20.444 20.388

92Zr (41) Ex 1495 1495 1526 1595
g 20.5060.11 20.574 20.548 20.436

94Zr (21) Ex 919 934 885
g 20.32960.015 20.574 20.537

B~E2; 21
1→01

1) 112613 71 123
B~E2; 41

1→21
1) 22.660.6 49 46

95Zr (5/21) Ex 0 0 0
g 0.45260.008e 20.574 20.571

96Zr (21) Ex 1750 1927
g 20.082

aEx is the excitation energy in keV,g is the gyromagnetic ratio from Refs.@41–43#, Q is the quadrupole
moment in fm2, and theB(E2)↓ values have unitse2 fm4.
b90Zr core withp1g9/2 andn2d5/2. Missing entries indicate states outside the model space.
c88Sr core withp(2p1/2,1g9/2) andn(2d5/2,3s1/2).
d66Ni core with p(1 f 5/2,2p3/2,2p1/2,1g9/2) andn(1g9/2,2p1/2,2d5/2,3s1/2,2d3/2,1g7/2); no more than two
proton holes are allowed inp(1 f 5/2,2p3/2) and the neutron orbitsn (1g9/2,2p1/2) are filled. This calculation
was not performed for94,95,96Zr.
eThe sign ofQ or g has not been determined experimentally.
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or
g factors weregl51(0) for protons~neutrons!.
Following Vervier @4#, we first took 90Zr as the core

nucleus and confined the valence nucleons top1g9/2 and
n2d5/2. Single particle energies were taken from the grou
state binding energies of91Nb and 91Zr. Effective two-body
interactions were determined from the low-excitation ene
spectra of92Mo, 92Zr, and 92Nb. The spectra, moments an
transition rates were calculated for91,92,94,95Zr and
03431
-

y

92,94,95,96Mo. This calculation represents about the simpl
approach one can take. Results are presented in Tables
and VIII in the column labeled I. Note that a number
states, including some of those for which moment data
available, are outside the model space.~For further compari-
sons of the level spectra, which are quite well described,
Ref. @4#!. We refer to this as calculation I. Theg(21

1) pre-
dictions of this and the following shell model calculations f
2-8
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TABLE VIII. Shell model calculations of moments in Mo isotopes.

Theory

Isotope (Jp) Quantity Experimenta Ib II c III d

92Mo (21) Ex 1509 1509 1457 1489
g 11.1560.14 11.354 11.354 11.315

B(E2; 21
1→01

1) 212610 165 182 209

92Mo (81) Ex 2761 2761 2642 2652
g 11.41360.006 11.355 11.355 11.350
Q 234 245 238 236

B(E2; 81
1→61

1) 3261 52 39 35

94Mo (21) Ex 871 919 838 853
g 10.30860.043 20.439 10.185 10.226
Q 21368 or 1168 117 122 123

B(E2; 21
1→01

1) 39165 188 319 340

94Mo (81) Ex 2956 2759 2776 2628
g 11.30860.009 11.345 11.307 11.298
Q 4761e 248 257 261

95Mo (5/21) Ex 0 0 0
g 20.3656860.00004 20.562 20.417
Q 22.260.1 10.8 12.1

95Mo (3/21) Ex 204 250 152
g 20.26360.006 20.563 20.448

96Mo (21) Ex 778 927 920
g 10.39460.031 20.492 10.071
Q 22068 or 1468 211 22

B(E2; 21
1→01

1) 54068 137 362

aEx is the excitation energy in keV,g is the gyromagnetic ratio from present work and Ref.@41#, Q is the
quadrupole moment in fm2, and theB(E2)↓ values have unitse2 fm4.
b90Zr core withp1g9/2 andn2d5/2.
c88Sr core withp(2p1/2,1g9/2! andn(2d5/2,3s1/2!.
d66Ni core with p(1 f 5/2,2p3/2,2p1/2,1g9/2! andn (1g9/2,2p1/2,2d5/2,3s1/2,2d3/2,1g7/2!; no more than two
proton holes are allowed inp(1 f 5/2,2p3/2) and the neutron orbitsn (1g9/2,2p1/2) are filled. This calculation
was not performed for95,96Mo.
eThe sign ofQ has not been determined experimentally.
a-
cu
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n
re
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nt.
92,94Mo are compared with experimental values in Fig. 4.
Despite the simplicity of the basis, calculation I qualit

tively tracks the main trends in the moment data. In parti
lar, the moments of the 81 states in92,94Mo, which remain
nearly purep(1g9/2)81

2 configurations, are close to exper
ment and the dramatic decrease in theg(21

1) value as neu-
tron pairs are added to92Mo is predicted qualitatively. The
difficulties are that~i! the g factors of the low spin states i
94,95,96Mo are too negative, i.e., too close to the pu
n(2d5/2)21

n configurations; and~ii ! the quadrupole transition
rates are increasingly underestimated as the number o
lence neutrons increases.
03431
-

a-

In the second calculation~calculation II! we applied the
basis space and interactions of Gloeckner@5# to
90,91,92,94,95,96Zr and 92,94,95,96Mo. The core was taken as88Sr,
with protons filling the 2p1/2 and 2g9/2 orbitals and neutrons
filling the 2d5/2 and 3s1/2 orbitals. The moments and trans
tion rates are shown in the column labeled II in Table V
~Zr! and Table VIII~Mo!. Generally, the moments in the Z
isotopes are very well described. The main indication t
the basis space is truncated too severely is that theg(21

1)
values in92,94Zr are too negative compared with experime
On the other hand, the 41

1 state in 94Zr has a theoreticalg
factor that agrees very well with experiment.
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The description of the magnetic moments andE2 transi-
tion rates in the Mo isotopes is much improved compa
with calculation I; the undesired trends in moments and tr
sition rates are much weaker, although still present.
pointed out by Johnstone and Towner@8#, a more extended
model space for the neutrons, which includesn2d5/2, 3s1/2,
2d3/2, and 1g7/2 orbits, is required to get the negative qua
rupole moments that are observed experimentally.

In the third case~calculation III! we used the approach o
Zhang et al. @6# and applied it to 90,91,92Zr and 92,94Mo.
This calculation has a more extended basis spa
p(1 f 5/2,2p3/2,2p1/2,1g9/2) and n(1g9/2,2p1/2,2d5/2,3s1/2,
2d3/2,1g7/2), although the proton excitations are constrain
by the requirement that no more than two protons can
excited across theZ538 subshell gap intop2p1/2 and
p1g9/2. It also does not allow particle-hole excitation
across theN550 shell closure. Overall, the calculated m
ments are in better agreement with experiment, but the
provement is not universal and theg(21) values in theN
552 isotones are still underestimated. Simply extending
basis space is clearly not a panacea for the problems with
calculated magnetic moments.

All of the shell model calculations imply a weak couplin
between the valence proton and valence neutron excitati
as has been discussed recently@6,7#. It gives rise to the smal
predictedg factors of the 21

1 states in92,94Zr and 94,96Mo
which, in the models, are predominantly~if not pure!
n(d5/2)

n excitations. The measuredg factors show that the
weak-coupling scenario is only approximately correct for
21

1 states, but seems to become a better approximatio
higher spins. In fact, the sharp fall ing(21

1) between92Mo
(N550), for which the 21

1 state is essentially ap(g9/2)
n

excitation, and94Mo (N552), for which the 21
1 state has a

dominantn(d5/2)
2 contribution, stems from the weakness

the interaction between the valence protons and neutrons
the fact that valence neutron excitations tend to be favo
over valence proton excitations which have a contribut
from the repulsive Coulomb interaction. We can conclu
that the weak-coupling picture is appropriate, at least
proximately, for even the 21

1 states. On the other hand, th
measuredg factors in theN552 isotones are always near
to Z/A than predicted by the shell model calculations. T
lowest 21

1 states can be expected to show more pronoun
collective features than the higher-spin states. With this
mind, we estimate the collectiveg factors of 942104Mo in the
following section.

It is worth noting that then2d5/2 subshell closure is pro
nounced in the Zr isotopes, making96Zr a quasiclosed-shel
nucleus. In the Mo isotopes, however, the effect of this s
shell closure is much more subtle. A vestige of the subs
closure is seen in that theN556 nucleus98Mo has a slightly
higher 21

1 excitation energy than96Mo, contrary to the
marked trend toward more collective and deformed str
tures beyond100Mo. From a shell model perspective, th
neutron subshell closures atN556 andN558 could contrib-
ute to the observed maximumg factor values in98,100Mo by
increasing the neutron excitation energies and allowing
protons to carry proportionately more of the spin.
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B. Collective g factors in the Migdal approximation

The Migdal approximation@40# has been employed rathe
successfully to describe theg-factor systematics of collective
nuclei in the rare earth region@45#. We have made a simila
set of calculations for the94,96,98,100,102,104Mo isotopes. The
pair gaps required were calculated microscopically using
standard Woods-Saxon potential and pairing parameters
ommended for this region in Ref.@46#. Since the quadrupole
moment data do not extend across all of the isotopes of
terest, the deformations were taken from the intrinsic qu
rupole moments computed by Mo¨ller and Nix @47#. Relevant
parameters and results are presented in Table IX. Given
simplicity of this model, the calculatedg(21

1) values are in
very good agreement with experiment~see Fig. 5!. In par-
ticular, the rise ing value to a maximum at100Mo is well
described. In this model, theg factor tends to increase as th
neutron pair-gap,Dn , increases and/or the proton pair-ga
Dp , decreases. The pair gaps are determined largely by
level density near the Fermi surface. While the behavior
Dn reflects the general increase in level density that o
would intuitively expect as the Mo isotopes become mo
deformed, the behavior of the proton pair gap is count

TABLE IX. Deformations, pair gaps, and gyromagnetic ratios
even-even Mo isotopes.

Dp

~keV!
Dn

~keV!

g

Nucleus b2
a «2

a Theory Experimentb

94Mo 0.01 0.01 1148 989 0.345 0.30860.043
96Mo 0.09 0.09 1144 1217 0.428 0.39460.031
98Mo 0.17 0.16 1060 1219 0.445 0.48360.036
100Mo 0.22 0.20 966 1301 0.483 0.47160.033
102Mo 0.32 0.28 823 1239 0.479 0.4260.07
104Mo 0.34 0.30 810 1202 0.460 0.1920.11

10.12

aEstimated from Ref.@47#.
bAdopted values from Table VI.

FIG. 5. Adoptedg(21
1) values~filled circles! as a function of

neutron number for the even-even Mo isotopes. The solid line c
nects theg factor values from the hydrodynamical model with pa
ing corrections in the Migdal approximation.
2-10
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intuitive at first sight. However,Dp is affected by a lowering
of the level density with increasing deformation due to
shell gap that occurs atZ538 for deformations neare2

50.4 @48#. It is probably fortuitous thatg(21
1) in 94Mo is so

well predicted by this collective model since other featu
of the level spectrum have a clear single-particle nature.

C. Interacting boson model calculations

We have seen that the shell model calculations with tw
body interactions, that imply a weak coupling between
proton and neutron excitations in the valence space,
qualitatively explain the sharp fall ing(21

1) between theN
550 isotope92Mo and theN552 isotope94Mo. In addition,
the trends in theg(21

1) values between94Mo and 104Mo are
well described by the collective model with microscop
pairing corrections based on the Migdal approximation. W
now consider another approach to collective excitations w
microscopic connections, in terms of the interacting bos
model.

We have reproduced the bosonic configuration mix
calculations performed within the IBM-2 by Sambataro a
Molnar @13# using the codeNPBOS @49#. The goal was to
assess whether the mixing of different configurations in
ground states of98Mo and 100Mo, which was shown by Sam
bataro and Molnar@13# to reproduce the low-energy leve
and E2 transition probabilities in the transitional Mo iso
topes, could account for the regular increase ing(21

1) values
up to A5100. Taking bosong factorsgn50.0 andgp51.0,
theg factors for the first excited 21 states in962104Mo were
calculated. The resultingg factors do indeed follow the tren
in the adopted values for the Mog factors reported here, an
a maximumg(21

1) value is predicted for98Mo. A better
correspondence between data and theg factors extracted
from the IBM-2 mixing calcuations is attained by conside
ing gn50.05 andgp51.0 as proposed by Halse@50# for this
region ~see Fig. 6!.

For completeness, we also reproduced the IBM-2 calc
tions of Dejbakhshet al. @16# using NPBOS to test if the al-
ternative approach of consideringenÞep could reproduce
the measured Mog factors. Using effective bosong factors
gn50.0 andgp51.0, the results for both theNp52 and
Np54 calculations are shown in Fig. 6. Although it wa
demonstrated that this approach was able to reproduce
low-energy level structure andB(E2) data for the even-eve
Mo isotopes in the rangeA596–104, the trend in the mea
sured 21

1 g factors is not reproduced.

V. SUMMARY

The gyromagnetic ratios of the first 21 states in the
stable, even-even molybdenum isotopes have been mea
using the transient-field method. The presentg factors com-
pare favorably with earlier measurements by Ha¨usseret al.
@18,19#, however, a steady increase in theg(21

1) values be-
tween 94Mo and 100Mo is observed that was not apparent
the older measurements.

The Migdal-corrected geometrical model, successful
mapping the trends ing(21

1) values of collective nuclei in
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the rare-earth region, also reproduces well the adop
g(21

1) values for the even-even Mo isotopes withA>94
discussed here.

The results of shell model calculations using a very
stricted basis outside a90Zr core track well the moments o
the nearly purep(1g9/2)81

2 configurations in92,94Mo. This
simple calculation, however, underpredicts theg factors of
low-spin states in94,95,96Mo. The extension of the shel
model calculations to include more valence orbitals be
reproduces the experimentalg(21) values nearN550. Al-
though the 21

1 magnetic moments are nearer toZ/A than
predicted from the shell model, the collective contributio
are not dominant nearN550, supporting a picture in which
the valence proton and neutron spaces are weakly coup
However, as one adds neutrons beyondN556, then1g7/2–
p1g9/2 neutron-proton interaction becomes significa
Khasaet al. @11# predicted that thep2p1/2 orbital is com-
pletely empty except for92Mo and 90Zr, and that for
1002106Mo the valence protons are equally distributed b
tween the 2d5/2 and 1g9/2 orbitals. Indeed the IBM-2 calcu
lations with configuration mixing support such a pictur
where the ground state of98Mo is a mixed two proton par-
ticle and four proton particle–two proton hole configurati
and the ground state of100Mo is predominately of four pro-
ton particle–two proton hole character.

Finally, we draw attention to the similarity in the trend
observed forg(21

1) in the molybdenum isotopes as neutro
pairs are added to92Mo and the trends displayed forg(21

1)
in the 1422150Nd isotopes, where neutrons are added to
N582 nucleus142Nd @51#. The sharp fall ing(21

1) between
the closed neutron shell nuclei (92Mo and 142Nd) and those
with two valence neutrons (94Mo and 144Nd) evidently origi-
nates from the weak coupling of the proton and neutron
lence spaces, noted above. However the spin dependen
the g factors in 94Mo and 144Nd is expected to be different

FIG. 6. Adoptedg(21
1) values~filled circles! as a function of

neutron number for the even-even Mo isotopes. Theg factors pre-
dicted from the IBM-2 calculations withNp51 andNp53 mixed
configurations@13# with gn50.05, gp51.0 are connected by the
solid line. The dot-dashed and dotted lines connect theg factor
values calculated using the IBM-2 parametrization of Dejbakh
et al. @16# for Np52 andNp54, respectively.
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g(81
1) in 94Mo is relatively large and positive due to it

dominantp(g9/2)
2 configuration, whileg(61

1) in 144Nd is
negative, originating from a predominantlyn( f 7/2)

2 configu-
ration. It would be of considerable interest to measure thg
factors as a function of spin in the Mo isotopes nearN550
since the shell model predicts that there are strong variat
in the spin-dependence of theg factors due to competition
between the available proton and neutron configurations
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