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Levels in the neutron-rich '°® Mo nucleus have been investigated by observing prompt ~-rays following the spon-
taneous fission fragments of 2°> Cf with the Gammasphere detector array. The yrast band has been confirmed and
updated. The other two collective bands with the band head levels at 870.5 and 1534.6 keV are newly observed,
and they are suggested as the candidates for one-phonon K = 9/2 and two-phonon K = 13/2 double y-vibrational

bands, respectively. Systematic characteristics of these bands have been discussed.

PACS: 21.10. Re, 23.20. Lv, 27. 60. +j, 25.85. Ca

In the study of nuclear structure, the existence
of one-phonon and two-phonon ~-vibrational bands
in deformed nuclei is an important subject. In the
A = 100 ~ 110 neutron-rich region, the rotational
band built on the one-phonon ~-vibrational state in
even—even nuclei has been observed in 102-108)\[o [1-5]
108-112Ry [6-9] upd 112-118pd [10,11] For the odd-A
nuclei, the one-phonon ~-vibrational band has also
been identified in Z = 45 195-111R} [12-15] However,
the experimental knowledge of the two-phonon y-band
is scarce, and it was only observed in the even—even
104,106\[6[1-5] jn A = 100 neutron-rich region. So
far, no two-phonon ~-vibrational band structure has
been found in odd-A nuclei. The '°°Mo nucleus is a
better candidate to search for such a structure with
its neutron number N = 63 lies between N = 62
(194Mo) and N = 64 (1°Mo). In previous publica-
tions, some collective band structures of 1°°Mo have
been reported.[>1617] In this Letter, we briefly re-
port on the observation of two new collective bands in
neutron-rich '°®Mo, which are proposed as the rota-
tional bands built on the one-phonon and two-phonon
~-vibrational states.

The identification of the prompt ~-rays from fis-
sion fragments produced by spontaneous and induced
fissions is an effective method to study the high spin
states of the neutron-rich A = 100 ~ 110 nuclei.
The high spin states of 1°°Mo were obtained by mea-
suring the prompt ~y-rays following the spontaneous
fission of 252Cf. The experiment was carried out at
the Lawrence Berkeley National Laboratory. A 22Cf
source of strength ~60 uCi was sandwiched between
two Fe foils of thickness of 10mg/cm?, mounted in
a 7.6-cm-diameter polyethylene ball to absorb g-rays

and conversion electrons, and was placed at the cen-
tre of the Gammasphere detector array which, for this
experiment, consisted of 102 Compton-suppressed Ge
detectors. A total of 5.7 x 10! triple- and higher-fold
~-coincidence events were collected. Thus, these data
have higher statistics than our earlier measurements
of Refs. [18-20] by a factor of about 15. More experi-
mental details can be found in Refs. [15,19-21].

The partial level scheme of °°Mo is shown in Fig. 1
and the collective bands observed are labelled on the
top of each band. The yrast band (1) was identi-
fied with spin up to 31/2h and we added three new
Al = 1M1 linking transitions of 165.2, 680.6 and
145.2keV inside this band comparing with those in
Refs.[5,17]. Two new bands, band (2) based on the
870.5keV level and band (3) based on the 1534.6 keV
level, have been identified for the first time. Many new
~-transitions have also been observed. As an example,
Fig. 2 shows a representative partial coincidence spec-
trum obtained by double gating on 94.9 and 775.6 keV
~-transitions. In this spectrum, one can see the main
y-transition peaks in bands (2) and (3) in %Mo and
in 142-144Ba, the partner nuclei of 1°°Mo.

Band (1) is the ground-state band with the band
head K™ = 5/2~ built on 5/27[532] orbital of the
vhiy)2 subshell.’17] The vhyy /2 negative parity band
structure has also been identified in N = 63 iso-
tones '937Zr,15 197Rul?? as well as in "°*Mol>23] and
107Mo.[24] These bands show decoupled characteris-
tics. They have large signature splitting between
a = +1/2 and @ = —1/2 components. The level en-
ergy difference of the vh;;,, bands as a function of
the spin I in the Z = 42 isotopes '°319%197)Mo and
N = 63 isotones 3Zr, %Mo and °"Ru are shown
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in Fig.3. One can see that in the Mo isotopes, they
show the similar behaviour. The signature splitting of
103Mo is larger, whereas those of the °>1°"Mo are al-
most identical. However, in '93Zr, 1Mo and °’Ru,
it increases with the increasing Z number. On the
other hand, the trend of signature splitting of the

vhy /o orbitals in odd-A nuclei is very sensitive to the
~v-degree of freedom, according to the particle-rotor
model calculations.!”] The ~-values are ~ 0° in Zr,
~ —19° in Mo, and ~ —22-—29° in Ru.[6:7:25] From
Fig. 3, we can see that the signature splitting of the
nuclei increases with the increasing y-value.
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Fig. 1. Partial level scheme of 1°°Mo obtained in the present work. Energies are taken in units of keV.

Bands (2) and (3) are newly established in the
present work. According to the level spacings com-
paring with the neighbouring nuclei and the transition
selection rule from band (2) to band (1), the possible
spin of the band head level of the band (2) could be
9/2 or 11/2. The excitation energy at 870.5keV of
the band head level indicates that this level possibly
originates from the single-neutron orbital or belongs
to the one-phonon ~v-vibrational state. If it belongs to
a single-neutron excitation, we can exclude the 9/2%
or 11/2" states as one can not find a suitable orbital

in Nilsson diagram around the Fermi surface.[26] For
the consideration of negative-parity state, the possi-
ble choice is 9/27[514] or 11/27[505] orbital excita-
tion. However, these two orbitals may be still too far
from the Fermi surface to be possible. Thus the band
(2) must probably be an one-phonon ~v-vibrational
band with K = 9/2 and the state of the 870.5 keV
level could be assigned as 9/27. Band (3) has the
band head excitation energy at 1534.6 keV. The pos-
sible spin of the band head level can be assigned as
11/2 or 13/2. Based on the same reason, we can
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exclude the single-particle configuration. Moreover,
as the band head energy of 1534.6keV is well below
the neutron pairing gap 24, ~ 2.1 MeV and the pro-
ton pairing gap 2A, ~ 1.7 MeVI[H we can rule out
the three quasiparticle configuration for it. Thus we
think that this band must belong to a two-phonon -

vibrational band with K = 13/2 and the state of the
1534.6keV level could be assigned as 13/27. These
double ~v-vibrational bands can be explained as the
coupling of the single-particle 5/27[532] orbital with
one- and two-phonon ~v-vibrational cores in the neigh-
bouring even—even Mo nuclei.
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Fig. 2. Portion of coincidence ~v-ray spectrum obtained by double gating on 94.9 and 775.6 keVy-rays of 19°Mo.

40
20t

=

T~

>

o

&

ey

N

=~ or

=

40

=

&

I

=

B o0r 1
0_ 4

5 10 15 20 25 30 35
Spin 2I ()

Fig. 3. Signature splitting of the vh;;,; bands as a func-
tion of the spin I (a) in '3Mo (square),[721] 195Mo (cir-
cle, present work) and '97Mo (triangle),[??! and (b) in
1037y (square),l”) 1%5Mo (circle, present work) and °7Ru
(triangle).[23]

Figure 5 shows a systematical level comparison of

the ground state bands and the one- and two-phonon
~y-vibrational bands in °*Mo,3! %Mo (the present
work) and '°Mo.[¥! One can see that the two new
bands in 1Mo have similar level feature with the
one- and two-phonon v-vibrational bands in '%4Mo
and '9Mo. They have closed band head excitation
energies: 812keV in %Mo, 871keV in 1%*Mo and
710keV in Mo for the one-phonon ~v-band, and
1583 keV in '%4Mo, 1535keV in %Mo and 1818keV
in 196Mo for the two-phonon y-band. The band head
energy ratios of Es,/FE1, are 1.95, 1.76, and 2.56 for
104Mo, 195Mo, and %Mo, respectively. It seems that
the characteristics of the y-bands in '°®Mo are more
similar with 1°*Mo. The similarity of the linking de-
excitation transitions between the one-phonon y-band
and the ground state band as well as between the one-
phonon and the two-phonon y-bands in 104:105,1067\fq
may give another evidence for our assignment.

The kinematic moments of inertia J; as a func-
tion of the rotation frequency hAw for the one- and
two-phonon v-vibrational bands in 104195106\ are
presented in Fig.6. The curves have similar slopes
with the Aw increasing in the y-bands in each isotope.
Such a feature has been suggested as a characteris-
tic of multi-phonon ~v-vibrational bands.[!! However,
they are rather flat in 1Mo, medium in %Mo and
largest in '%“Mo. The phenomenon of nearly stable
moments of inertia J; with the frequency variation in
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105Mo may be attributed by the blocking effect from
the hy;/, single neutron, which was also observed in
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Fig. 4. Systematical comparison of the levels of the yrast bands, one- and two-phonon vy-vibrational bands in
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Fig. 5. Plot of moment of inertia J; versus frequency hw
for the -vibrational bands in 1°*Mo, 1°°Mo and %®Mo.

In summary, high spin states in neutron-rich %Mo
nucleus have been re-investigated. The Yrast band
based on the 5/27[532] Nilsson orbital has been con-
firmed and updated. Two new negative parity bands
are observed and they are suggested as one- and two-
phonon ~-vibrational bands, respectively. This is the
first observation of such kind of v-vibrational collec-
tive band structures in the odd- A nuclei in this region.
Systematical band characteristics have been discussed.

the yrast band.
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