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The gyromagnetic factor of the low-lying E, = 684.10(19) keV isomeric state of the nucleus Mo
was measured using the Time Dependent Perturbed Angular Distribution technique. This level
is assigned a spin and parity of J" = 11/27, with a half-life of Ty ,, = 742(13) ns. The state of
interest was populated and spin-aligned via a single-neutron transfer on an highly enriched Mo
target. A magnetic moment piexp. = —0.627(20)un was obtained. This result is far from the Schmidt
value expected for a pure single-particle vhi;/, state. A comparison of experimental spectroscopic
properties of this nucleus is made with results of multi-shell Interacting Boson-Fermion Model
(IBFM-1) calculations. In this approach, the J™ = 11/2 isomeric state in **Mo has a pure vhiiye
configuration. Its magnetic moment, as well as that of other two excited states could be reasonably
well reproduced by reducing the free neutron spin g factor with a quenching factor of 0.45. This
low value is not appropriate only for this case, similar values for the quenching factor being also

required in order to describe magnetic moments in other nuclei from the same mass region.

PACS numbers: 21.10.Ky, 21.60.-n, 23.20.En, 23.35.4+g, 25.45.Hi

I. INTRODUCTION

The nuclear magnetic dipole moment is a highly sensi-
tive probe of the single-particle properties of the nuclear
wave function. The gyromagnetic factor (g factor) of a
state is the ratio of its magnetic moment () to spin (J),
g = pu/J. The knowledge of the g factor of a state can
allow confirmations of spin and parity assignments and
provide information on the valence-orbit occupancy. Be-
cause magnetic moments only depend on the wave func-
tion of the studied nuclear state, and not on the transi-
tion between states as for transition probabilities or spec-
troscopic factors, their knowledge is a good test for the
wave functions of different nuclear models. It has been
shown recently that the magnetic moments of states in
odd-mass nuclei are also sensitive to the nature of the
collective excitations (particle-vibration or particle-rotor
model) [1].

Magnetic moments for the neutron hy; /5 orbital at the
closed proton Z = 50 shell [2] display a smooth vari-
ation along the Sn isotopes with an extracted g factor
around g = —0.25. This result is in perfect agreement
with the effective Schmidt value [3] applying a common
quenching factor of 0.7 to the free single particle g factor

free

of the spin motion, ¢¢f = 0.7 g5°°, reflecting the effect
of the core polarization and the meson exchange current.
Measurements of the g factors for the same orbital be-
low the Z = 50 shell have been done for many isotopes
along the Cd, Z = 48, chain, above the neutron number
N =59 [2, 4]. Experimental values are still displaying a
smooth variation. For both cases, the smooth variation
of the occupation numbers has been attributed to strong
pairing correlations [5]. The g factors for the Cd isotopes
are found to be about 25 % below the Sn ones, around
g = —0.20. Here, one has to reduce the quenching factor
down to 0.6 to reproduce the measured g factors. It is
interesting to note that the same feature was observed
by reproducing the experimentally reduced transition
probability B(M2) values between the vhy1/, and vg7/s
configurations in %7%9Mo, “’Ru and °'Pd which were
satisfactorily described within the quasiparticle-phonon
model using g¢f = 0.6 gf*® [6]. Thus, the importance of
the core polarization depends on the filling of the proton
shell.

Farther away from Z = 50 only one g factor was mea-
sured so far for the J™ = 11/27 state in the '93Pd
isotope with Z = 46 and N = 57, where a value of
g = —0.19(1) [2] was reported. The uncertainty of this



result does not allow us to judge the evolution of the g
factor when going from 2 to 4 proton holes away from
a closed shell. Therefore, it is important to investigate
the g factor of the vh;; /o orbital for isotopes below Cd
and Pd in order to get information on the evolution of
the wave function, of the quenching factor and the role of
the core polarization when going away from closed proton
shell.

The Z = 42 Molybdenum isotopes, with mass num-
ber around 100, lie in a transitional region where dif-
ferent degrees of freedom influence the evolution of nu-
clear structure. The work of P. H. Regan and collabora-
tors [7] reveals the interplay between rotational motion
and vibrations in the Mo nuclei. The vhy/, intruder
orbital defines the collective properties in this mass re-
gion. Regular sequences of v rays which are built on
the vhyy/, orbital have been observed throughout the
region [8-13]. In %Mo, a second microsecond isomeric
level, located above the Ty, = 15.5 us, J™ = 5/27F,
E, = 97.785 keV one [14], at an excitation energy of
E, = 684.10 keV was first observed by the work of
Ref. [15]. This second isomeric state will be noted in
the following as °*™2Mo. A spin and parity assignment
was reported to be J™ = 11/2~ [15, 16], with an ex-
pected pure vhyy /5 configuration. The ™Mo state has
a weakly prolate shape and was identified as the head
of the decoupled band associated with the population
of the low-K components of the unique-parity vhyy /o or-
bital [10, 16]. The level scheme and decay path of the two
isomers are presented in Fig. 1a). ?°2Mo decays via the
448.6 keV M?2 transition to the J™ = 7/2% level with
a mainly vg;/, configuration with a reduced transition
rate of B(M2) = 0.103(8) Weisskopf units (W.u.) [17].
Further the v decay proceeds via a relatively prompt
137.7 keV M1 transition to the first isomeric state [18].

In order to gather more spectroscopic information on
the 11/2~ isomeric state and on the evolution of the
quenching factor, the g factor of this isomeric state has
been measured, results and interpretations are presented
in the following.

II. EXPERIMENTAL MEASUREMENTS

The experiment was performed at the tandem acceler-
ator of the CEA Bruyeres le Chatel, France. The Mo
isotope was produced in different excited states [20] and
spin-aligned [21] in a (d,p) reaction with a pulsed 6 MeV
energy deuteron beam impinging on an highly enriched
annealed Mo target. At the same time the target was
used as a non-perturbative host. The [ = 5 transitions
were found to be strong [22], allowing sufficient produc-
tion rate of the J™ = 11/27 state to be investigated.
The spin-oriented ensemble of an isomeric state induces
anisotropy in the ~-ray emission. The Time-Dependent
Perturbed Angular Distribution (TDPAD) method was
applied for the measurement of this anisotropy, leading
to the g factor determination of the metastable state

99m2\o, F, = 684.10 keV and J™ = 11/2~.

The TDPAD apparatus consisted of a single-crystal
host, namely the 8 Mo target, a dipole electromagnet,
and v-ray detectors. Under an external magnetic field
By perpendicular to the beam axis which corresponds to
the spin-orientation axis, the spin precesses the ensemble
with a Larmor frequency w; = —gunBo/h, where g is
the g factor, pun the nuclear magneton, and i the reduced
Planck constant. The observation of the y-ray anisotropy
synchronized with the Larmor precession enables us to
determine the g factor.

Data acquisition was made in an event-by-event mode
within a 3 us time range that was triggered by the ~ ra-
diation and stopped by the radio-frequency signal of the
pulsation of the tandem. The v-rays were observed with
four high purity germanium detectors (HPGe) positioned
in the horizontal plane at +£135° and +45° with respect
to the beam axis. Time spectra of each detector were
collected, having as T' = 0 the signal due to the prompt
~v ray peak, and as delayed T the ~y-rays coming from
the isomeric decay. The prompt 7 ray induces a peak of
about 100 ns width. The beam intensity was controlled to
avoid stopping of the acquistion by a forthcoming prompt
~ ray which might imply random coincidences [23]. The
worse timing resolution of the HPGe detectors for -ray
energies below 150 keV prompted us to only consider the
isomeric transition £, = 448.6 keV for the determination
of the g factor.

Angular distribution of the y-ray anisotropy was eval-
uated with the standard R(t)-function giving the differ-
ence in the intensities between two detectors positioned
at 90° with respect to each other as

I(t,0) — I(t,7/2+6)
CI(,0) + I(t,w/2+6)

R(t) (1)
where I(t, ) is the y-ray intensity at t-time for the de-
tector positioned at an angle §. The R(t) function allows
to extract the Larmor frequency as

R(t) 3A2Bs

T 44 AyBy
where As is the second-order angular distribution coeffi-
cient which depends on the multipolarity of the observed
~-transition and Bs is the rank-two orientation tensor
which depends on the spin orientation of the emitting
state. Here, higher-order terms are neglected.

In order to include systematic errors, mainly due to
the distribution of the magnetic field over the beam spot,
we have measured the Larmor precession under identical
conditions for the ®®Cu isotope, using as target an an-
nealed copper host. The R(t) function of the J™ = 6~
isomer having a known g factor of g = 40.173(2) [24]
has been done and By = 0.630(12) T was extracted
for the applied magnetic field. Both crystals have non-
perturbative cubic structures, namely Centered Face Cu-
bic for Cu and Centered Cubic for Mo. The deduced
magnetic field measured by Cu in Cu is assumed to be
similar within error bars of Mo in Mo.

cos[2(0 — wrt)], (2)
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FIG. 1. a) The decay scheme of the 11/2~ isomer in **Mo. b) Typical delayed y-ray spectrum from the **Mo(d,p)°?Mo reaction
at 6 MeV. Observed isomeric transitions are labeled with open triangles. ¢) Time spectrum of the 448.6 keV transition.

A typical delayed energy spectrum for the
9%Mo(d,p)?"Mo reaction is presented in Fig. 1b),
where the isomeric transitions are clearly observed. The
extracted half-life T} /o = 742(13) ns, shown in Fig. 1c), is
in good agreement with previous measurements [15, 17]
leading to a more precise reduced transition probability
B(M2) = 0.104(3) W.u. value. Figure 2 represents
the evaluated R(t) function with a 32 ns binning.
Assuming a pure M2 transition for the £ = 448.6 keV
~v-ray, an amount of spin-alignment of the order of
15% is deduced. The attenuation of the amplitude of
the R(t) function is due to the peak-to-background
evolution from beta-gamma decay and random gamma
contributions into the energy gate of the isomeric
transition. The g factor of %*™2Mo is determined to be
Gexp. = —0.114(3)stat. (2)syst., thus, knowing the spin of
this isomeric state to be J = 11/2, its magnetic moment
is calculated to be piexp. = —0.627(20) pn. This result is
far from the magnetic moments observed in the Cd chain
and in '3Pd. In order to obtain a deeper insight into
the structure of this state theoretical calculations were
performed in the framework of an algebraic collective
model as described in the following.

III. DISCUSSION AND INTERPRETATION

The even-even Mo isotopes around N ~ 58 exhibit
a shape coexistence phenomenon (see, e.g., [25-27]), i.e.,
the occurence of two configurations (structures) with dif-
ferent shapes. This situation is understood microscopi-
cally by the competition between the normal 2p — Oh
configuration that shows a vibrational structure, and an
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FIG. 2. R(t) function associated with the 448.6 keV delayed
y-ray.

7intruder” 4p—2h configuration, corresponding to proton
excitation across the Z = 40 subshell closure, showing a
deformed character [26]. The mixing of the two config-
urations into the low-spin states varies with the number
of neutrons. Close to N = 50 the normal configuration
dominates in the ground state regime, the nuclei show-
ing a vibrational character, and after N = 60 the in-
truder configuration is the lowest and the nuclei become
deformed. In between, for N = 56 and 58, the mixing
is the strongest. Such a situation was described within
the Interacting Boson Model (IBM) [28] by mixing two
configurations with boson numbers differing by 2 (IBM-
CM) [29]. This model was applied to the Mo isotopes
with N from 54 to 62 in ref. [25], showing that the two
configurations cross in energy between the neutron num-



bers 56 and 58, where the low-lying states have a spheri-
cal/deformed mixing with percentages of about 60/40 for
N =56 and 38/62 for N = 58, respectively.

The normal extension of the IBM to odd-mass nuclei
is the Interacting Boson-Fermion Model (IBFM) [30, 31],
where the nuclei are described by coupling the odd parti-
cle to an even-even core described by the IBM. For Mo,
the core nucleus may be chosen as one of the two neigh-
boring even-even nuclei **Mo or 1Mo that should be de-
scribed by the IBM-CM. The presently available IBFM
codes, however, do not contain yet an option for such
a core nucleus. We decided, nevertheless, to study the
99Mo nucleus within the IBFM-1 model, which does not
distinguish between neutrons and protons, and considers
a core described by IBM-1. To this end, we chose as a
core °°Mo which, as discussed above, has a low-energy
regime dominated by the deformed configuration that
has a moderate quadrupole deformation 8y = 0.234 [32].
Up to about 2.5 MeV excitation [33], its structure (the
quasi-ground and quasi-gamma bands) comprises mostly
states originating from the deformed configuration [25];
exception are the low-lying state 03 (695 keV) and 27
(1492 keV) state, which originate from the spherical con-
figuration. For our IBFM-1 calculations, 1“°Mo was de-
scribed with IBM-1 [28], which provided a good descrip-
tion of its ground and quasi-gamma bands. In study-
ing the Mo nucleus within IBFM-1 with this core, we
hoped that many characteristics of the low-lying states
will be reasonably well understood, but one should be
aware of the fact that the neglect of the influence of the
spherical states may cause a worse agreement for certain
states. Thus, the comparison between experimental data
and those calculated with the IBFM-1 should be consid-
ered with caution.

A. IBFM-1 calculations

The available ODDA, PBEM, and SPEC pro-
grams [34], were used to calculate the energy levels,
electromagnetic transition rates and moments, and one-
neutron transfer spectroscopic factors, respectively. The
details of the calculations are similar with those for its
neighbour isotope “"Mo [9], where, however, the Mo
core had a g.s. quasi-vibrational configuration that was
much less mixed with the deformed one. The odd fermion
was allowed to occupy the single particle orbits from the
50 to 82 major shell, namely, ds,2, g7/2, S1/2, d3/2, and
hi1/2. For the single-particle (s.p.) energies of these or-
bitals we started from the values of ref. [35] and finally
chose the values relative to the ds /9, of 2.4 MeV (g7/2),
1.1 MeV (81/2), 3.0 MeV (dg/z), and 2.7 MeV (h11/2)7 re-
spectively, which describe well the energies of the lowest
states in this nucleus. The strengths of the boson-fermion
interaction are Ay = —0.05 MeV, I'y = 0.34 MeV,
and Ag = 1.30 MeV? for the monopole, quadrupole,
and exchange interactions, respectively [34]. Both the
positive- and negative-parity states were calculated with
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FIG. 3. Comparison between experimental levels and IBFM-
1 calculated ones. The IBFM levels are arranged according
to their dominant s.p. component of the wave-function. The
experimental energy levels are labeled with the order number
of the assigned calculated state of the same spin. See also
discussion in the text. Experimental levels from [18].

this Hamiltonian. The calculated negative-parity levels
are entirely due to the hyy/5 orbital.

Figure 3 shows a comparison of the experimental low-
energy level scheme with positive-parity states up to
about 1 MeV, and negative-parity states up to about
2 MeV [18], with the results of these calculations. The
positive-parity experimental levels are labeled with the
level number of the assigned calculated partner. The
correspondence between the calculated and experimen-
tal levels was based on all known spectroscopic proper-
ties: energy levels and their electromagnetic decay mode
(branching ratios, known B-values) [18], spectroscopic
factors for one-neutron pickup (p,d) and (d,t) reactions
[19], and magnetic moments ([18] and the present mea-
surement).

For the positive-parity states the agreement is rea-
sonable, one may state that most low-spin levels up to
FE, =~ 0.7 MeV originate mainly from the coupling of the
odd-particle to the moderately deformed configuration of
the core. There are some discrepancies for the B-values



(the B(E2) of the 5/2] state is overestimated by a fac-
tor of 10, and the B(M1) of the 7/2] state is under-
estimated), that may indicate the necessity of including
the mixing of configurations in the core description. A
good description of the known magnetic moments was
achieved with a neutron spin g factor GS = —1.721uy
(see discussion below), experimental/calculated values
(in px): for the 1/2 state: +0.375(3)/-0.719; 5/27
state: -0.775(5)/-0.769; 11/2~ state: -0.627(16)/-0.626.

For the negative parity states, the favored
11/2=, 15/2—, 19/2~ sequence is reasonably well
reproduced, although with a slightly smaller moment
of inertia than the experimental one. The lowest spin
members of the calculated multiplet ZICOW X hi1y9,
7/27 and 9/27, may correspond to known experimental
states. The experimental low-lying 3/2~ and eventually
(5/27) states are not accounted for by the calculations,
as the first calculated states with these spin values are
rather high in energy.

B. Magnetic moments and g factor quenching

The M1 transition operator contains, in its simplest
form [34] used in our calculations, three effective g fac-
tors: the d-boson one (GD) and the single-particle angu-
lar momentum and spin effective g factors (GL and GS,
respectively). A GD value of 0.47 px was determined
from the g factor of the 2] state of the core [33]. Since
the odd fermion is a neutron, GL = 0, while G\S is deter-
mined from the experimental data. For a free neutron,
GS = —3.826 un. However, in theoretical calculations
it was found that one must use an effective GS value
smaller than the free value. In most IBFM calculations a
quenching factor of 0.7 was used (GS = —2.678 ux). By
using this customary value the calculated magnetic mo-
ment of the 11/2 state was —1.2 uy, almost the double
of the measured —0.627 uy.

This large difference was first attributed to the possi-
bility that the 11/27 level is not a pure vhy;/, state.
There were two possibilities. (i) The contribution of
other negative-parity orbitals in the calculation of the
negative-parity states. To test this, we have included the
J7/2 and hg /o orbitals from the next major shell, above
the N = 82 gap. Because these orbitals are rather dis-
tant, their influence was very small, resulting in a few
percent contribution in the wave-function and very small
changes of the magnetic moment of the 11/2~ state. (ii)
The 11/27 state has, besides the single-particle hyy /s
dominant configuration, some components resulting ei-
ther from coupling the positive-parity orbitals ds,, or
g7/2 to the 1.908 MeV, 37 state of the core, or from cou-
plings of the four positive-parity orbitals to the 4=, 5~
states resulting from proton excitations like (pl_/12gé /2).
However, both these cases are not energetically favoured,
therefore their contributions are not expected to be large.

The only possibility to improve the description of the
magnetic moment within the present IBFM-1 approach,

in which the 11/27 has a pure hy /5 single-particle char-
acter, was to change the quenching of the free neutron
spin g factor. It was found that the magnetic moments
are very sensitive to this quantity, and that for a quench-
ing of 0.45 (GS = —1.721 ux), one can match exactly
the experimental magnetic moment of the 11/27 state.
This is more than a simple ”normalisation” (fit of one
experimental value) because a similar improvement was
simultaneously obtained for the magnetic moment of the
5/2] state, and some improvement was also obtained for
the magnetic moment of the 1/2% ground state, where
with the customary quenching of 0.70 the calculated val-
ues were around —1.2 uy for both these states.

This result prompted us to investigate the value of the
quenching factor for other nuclei in the mass ~ 100 re-
gion. We did this for the following nuclei for which simi-
lar IBFM-1 approaches were published, within the same
50-82 shell space: 9Zr [36, 37], 9"Mo [9], the Ru iso-
topes 99 to 105 [38], and 13Cd [39]. Similar to the case
of 99Mo, the magnetic moments were found to be rather
sensitive to the value of the quenching factor, while the
M1 transition rates were generally less sensitive.

For all these nuclei the published IBFM-1 calculations
were made with the usual prescription of 0.7 for the
quenching factor, which provided a qualitative agreement
with the experimental values (although sometimes mag-
netic moments were not considered). Figure 4 displays
a synthesis of experimental magnetic moments for states
of different spins in these nuclei compared with IBFM-
1 calculated values for quenching factors of G.S between
0.70 and 0.45. One can see that out of eighteen exper-
imental magnetic moments fourteen are best described
for quenching factors in the range 0.45 to 0.55. In the
case of 9°Zr, where one can see that a compromise value
of the quenching factor of ~ 0.5 provides an optimum
description of all three known magnetic moments, it was
checked that the M1 transition rates were rather insen-
sitive to the variation of G\S and thus the conclusions of
refs. [36, 37] do not change. One should note the simi-
larity (in magnitude and sign) of the IBFM description
of the magnetic moments of five states in '3Cd (graphs
(n) to (r) in Fig. 4) with that provided by a particle-
rotor model based on the Nilsson potential for a small
deformation of the core [1]. This shows that both these
models are able to produce the orbital mixings needed to
explain the magnetic moments.

In conclusion, for odd-neutron nuclei in the mass A ~
100 region, IBFM-1 calculations with the odd nucleon oc-
cupying the orbitals from the 50 - 82 shell, and a quench-
ing of the free neutron spin g factor of about 0.5, offer the
best description of the experimental data, in particular of
the magnetic moments which are rather sensitive to this
quantity. One should remark that adjusting the quench-
ing factor improves the agreement between the (IBFM)
calculations and experiment, but, unfortunatly, it does
not give an insight into the nuclear structure causing the
quenching.

Effective values for the neutron spin g factor, therefore
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determined with sign, thick dash-dotted (blue) for those determined without sign, and thin dashed lines for the limits of the
error bars. The calculated values are the black continuous lines. The experimental values were taken from [37] (*°Zr), [1]
(*13Cd), and [2, 40] (for the rest of the nuclei) and refer to ground states and first excited states with the given spin values,
except for ''*Cd which include also the second excited states with J™ = 3/2% and 5/27 (graphs (q) and (r)). See text for the

articles with IBFM-1 approaches of the nuclei from this figure.

the use of a quenching factor, are also common to other
theoretical model approaches, including the shell model.
The main reason of this quenching is the inadequacy of
the lowest-order shell-model wavefunctions [41]. Calcu-
lations of the core polarization and meson-exchange cur-
rent effects lead to equivalent effective one-body M1 op-
erators [41]. The completeness of the shell-model space
used, as well as its associated effective interaction de-
termine the effective operator, therefore the quenching
of the free nucleon g factor. Thus, in calculations for
the sd shell [42] and fp shell [43] nuclei the use of the
free-nucleon g factors provided a good description of the
experimental data. In contrast, in the f5pgg shell, cor-
responding to nuclei between ®’Ni and °Pd, a good de-
scription of the magnetic moments definitely required a
quenching factor of 0.7, which reflects the incomplete-
ness of the model space with respect to the spin-orbit
partners, that is, the 5Ni core is not LS closed [44, 45].

Large-scale shell-model calculations for 111Cd provided
a good description of both signs and magnitudes of ex-
perimental magnetic moments for six states using a stan-

dard quenching factor of 0.7 [46]. It is interesting that
Refs. [1, 46] suggest that the good agreement between
the particle-rotor and the shell model descriptions for g
factors in Cd isotopes is a result of the fact that the Nils-
son wave functions at small deformation provide a good

approximation of the shell model, as observed by Lawson
[47].

IV. CONCLUSIONS

The 11/27 isomeric state of Mo was carefully in-
vestigated via the g factor measurement. The measured
magnetic moment pexp, = —0.627(20) pn is rather far
from the value expected for a pure single-particle vhyy /o
configuration. To shed light on the configuration of this
isomeric state, multi-shell IBFM-1 calculations were per-
formed with a 1%°Mo core and the odd fermion allowed to
occupy the orbitals from the N = 50 — 82 shell, although
this approach is rather simplistic in view of the shape



coexistence phenomenon present in this mass region.
Experimental g factors of three states in this nucleus,
including that of the pure vhyy/, 11/27 state, were
reasonably well reproduced by using a quenching factor
of 0.45 for the free neutron spin g factor. The need of
such a low value of the quenching factor was confirmed
by examining a set of nuclei from the A ~ 100 region
for which IBFM-1 parameterisations in the same shell
orbit space were available. Most of the known magnetic
moments in these nuclei clearly asked for a quenching
of the free neutron spin g factor of about 0.5. It would
be interesting to investigate this quenching in the
same nuclei for shell-model calculations with different

truncation schemes. The large-scale shell-model cal-
culations for 111 Cd [46] represent a move in this direction.
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