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Level scheme study of *’Mo: Weak-coupling approximation in the N = 50 region
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The level scheme of *'Mo has been studied using the GALILEO y-ray spectrometer at Laboratori Nazionali
di Legnaro, INFN. Five transitions together with four levels are identified for the first time by the y-y coinci-
dence measurement, considerably enriching the negative band in °'Mo. The discrepancy in the previous parity
assignments for the states higher than 3807.5 keV has been clarified with the help of new experimental results.
A shell-model calculation employing the JUN45 interaction is performed in order to get a further understanding
of the level structure of *'Mo. Being close to N = 50 shell closure, the weak-coupling approximation between
the valence gq/> neutron-hole with the even-even core (®®Mo) is discussed in °'Mo.
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I. INTRODUCTION

The weak-coupling approximation, in which the discussion
starts 60 years ago [1], has recently attracted a lot of attention
for the study of nuclei in the semimagic region [2-5]. Special
attention is given to the early emergence of collectivity, i.e.,
larger B(E2) values, when adding only one valence particle
(or hole) to the even-even core, such as the cases of '>’Sb and
128Gn in Ref. [2], and N = 125 isotones compared with the
N = 126 ones around the 2*®Pb region [4].

"Mo(Z = 42, N = 49), with only one valence neutron
hole in go» orbit with respect to the even-even core Mo
(Z =42, N = 50), serves as a good candidate for the study
of weak-coupling approximation around the '°Sn region.
The low-lying states in the semimagic nucleus “>Mo below
~6 MeV are known to be pure proton configuration [6].
Therefore, the low-lying level structure of °'Mo is expected
to be very sensitive to the coupling or interaction between
the neutron hole and the proton configurations (dominated
by ng% /2 OF T8/ @ p1yp for positive and negative bands,
respectively) as mentioned in Ref. [7].

The investigation of the *'Mo began with the “>Mo(d, )
reaction [8], in which the ground state was assigned as 9/2%
unsurprisingly. The level scheme was later extended up to
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5.2 MeV in excitation energy using the *°Zr(x, 3ny) re-
action, identifying the positive states with spins of 13/2,
17/2F, 2172}, 23/2f, and 25/2]. The level structure
from 9/2] to 21/2] shares similar energy spacings with
those in yrast positive band in *>Mo, indicating a possible
weak-coupling between the neutron-hole and proton config-
urations [7].

Even though the level scheme of *'Mo was significantly
enriched by the following fusion-evaporation experimental
works [9,10] up to a spin of J = 39/2h with excitation
energy ~10 MeV, the information of negative states is
quite scarce before the current work. The aforementioned
Ref. [7] observed the yrast negative-parity states with spins
(17/27), (25/27), (27/27), (29/27), and (31/27). How-
ever, in Ref. [10], a polarization measurement was performed
with the Clover detector, and the results tentatively alternate
the parity of (25/27) level at 3807.5 keV, giving rise to a
(25/27) assignment. Subsequently all the band members on
top of the new (25/27) level becomes (27/27), (29/2}).
and (31 /2;“). Therefore, except for the (17/2]) state, no
negative state is known in °'Mo up to now, and it is even
more confusing that such a (17/2") state was not observed at
all in the polarization measurement [10]. More experimental
efforts are necessary in order to get further information on
the level scheme of *'Mo, especially for the negative-parity
states which are well established in the neighboring nuclei,
i.e., Mo (see Fig. 1 in Ref. [11]) and **Ru (see Fig. 7 in
Ref. [12]).

©2023 American Physical Society
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FIG. 1. Level scheme of *'Mo. The new levels measured in the current work are shown in red color. The width of the arrows indicates

y-ray intensities, while the energies are given in keV units.

It has to be mentioned here that the current paper shares
the same dataset with the one published before by Ren ef al.
in Ref. [13], but undergoes a completely independent analysis
and pursues quite a different physical goal. The current paper
employs both prompt- and delayed-coincidence methods, giv-
ing rise to a clear identification of several previously unknown
transitions on top of the isomeric states in °'Mo. The new
transitions include those at 409.3, 496.8, 609.3, 622.6, and
1032.1 keV, as shown in Fig. 1. The detailed discussion can
be found in Sec. III.

The paper is organized as follows. The experimental setup
is shown in Sec. II. Section III presents the data analysis and
results. The shell model calculations are discussed in Sec. IV
and a summary of the work will be finally given in Sec. V.

II. EXPERIMENTAL SETUP

In order to study the level structure of *'Mo, a SLi+*Y
experiment was performed at INFN-LNL, Italy. The °Li beam
was accelerated up to 34 MeV by Tandem-XTU accelerator
and impinging on a %Y target of 550 ug/cm? thickness.
The average beam intensity was 1.0 enA. A '?C foil with a

thickness of 340 pg/cm? was backed on the %Y target in
order to stop all the fusion-evaporation residues, including
9"Mo. The y rays emitted from the residues were collected
by the high-resolution detector array called GALILEO [14],
consisting of 25 Compton-suppressed high-purity germanium
(HPGe) tapered detectors during the current Phase-I config-
uration. Each HPGe detector is surrounded by eight BGO
crystals as the anti-Compton shield. All the HPGe detectors
were arranged into four rings with different angles with re-
spect to the beam direction: Ten detectors were placed at 90°,
and other fifteen detectors were mounted equally at 119° (five
detectors), 129° (five detectors), and 152° (five detectors),
respectively. Each detector was put 235 mm away from the
target position. The typical energy resolution of GALILEO
array was measured to be 0.17% at 1.3 MeV. The efficiency for
each detector was calibrated by 0o, 133Ba, 12Eu, %8y, and
241 Am sources with known radioactivity placed at the target
position. The typical efficiency for the whole array was 2.5%
at 1 MeV.

The data acquisition system of the GALILEO array was
fully digitalized based on the XDAQ framework [15,16].
Different digitizers were synchronized by a distributed clock
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FIG. 2. y-ray coincidence spectra with (a) a gate (time window:
4500 ns) on 1414.1-keV y ray, (b) a delayed coincidence gate (time
window: —500, —60 ns) on 211.2-keV y ray, and (c) a gate (time
window: £500 ns) on 531.4-keV y ray. All the new transitions are
labeled with asterisk(*). y rays labeled with (¥Zr) in (c) indicate y
rays belonging to ¥Zr.

using the global trigger system (GTS) with a frequency of
100 MHz, giving a common absolute time (timestamp) for
each y ray. In the following analysis, y rays measured by
different HPGe detectors were merged into a same event when
their absolute time difference was smaller than 500 ns, allow-
ing for a prompt or delayed y-y coincidence analysis which
would be discussed in details later. The detailed information
on the experimental setup can be found in the previous publi-
cations [14,17].

II1. DATA ANALYSIS AND RESULTS

The partial level scheme of °'Mo constructed in the current
work is shown in Fig. 1. In addition to the previous studies
in Refs. [7,9,10,13], five transitions together with four levels
are identified for the first time, marked with the color red
in Fig. 1. All these new transitions can be clearly observed
in the coincidence spectra gated by the 1414.1-keV y ray
(13/2f — 9/2f) in *'Mo, as shown in Figs. 2(a) and
3(a) with dlfferent energy regions. As mentioned in the In-
troduction, the current analysis employs both prompt- and
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FIG. 3. y-ray coincidence spectra with (a) a gate (time window:
4500 ns) on 1414.1-keV y ray, (b) a delay gate (time window:
—500, —60 ns) on a 199.1-keV y ray. All the new transitions are
labeled with an asterisk (*).

delayed-coincidence methods, giving rise to a clear identi-
fication of several previously unknown transitions in °'Mo.
The new transitions are mainly placed on top of the iso-
meric states which include the ones at 2279 keV with J* =
(17/27) and T/, = 38(4) ns [7]. The detailed differences
between the level scheme built in the current work and the
ones in Ref. [13] as well as other earlier works [7,9,10]
would be discussed in details in the current section and
Sec. IV A.

As mentioned before, in the current work, an delayed
coincidence y-ray spectrum collected in a time window of
60-500 ns earlier than the 211.2-keV transition (depopulat-
ing the isomer) is shown in Fig. 2(b). The newly observed
transitions at 409.3, 496.8, 609.3, 622.6, and 1032.1 keV are
clearly seen in the delayed coincidence spectrum, leading
to the fact that all the aforementioned transitions should be
placed on top of the long-lived isomer. The detailed position
of each transition can be fixed by the further y-y coincidence
analysis as well as their energy and intensity relationships
as listed in Table I. Figure 2(c) shows the coincident y-ray
spectrum with a gate on 531.4-keV transition. In addition to
the previously known branches such as 264.2- and 869.1-keV
y rays, the newly observed 409.3-keV transition is also clearly
seen, firmly confirming the current level scheme as shown in
Fig. 1. The relative intensities of strong transitions at 1414.1,
653.5, 211.2, and 199.1 keV are directly derived from the
single y-ray spectrum, and for all the other weak transitions,
the intensities are obtained by the 1414.1-keV y-ray gated
spectrum.

Because of the low statistics for most of the newly observed
transitions in this work, only 409.3-, 622.6-, and 1032.1-keV
y rays can be analyzed in terms of y-ray angular distribution
ratio from oriented nuclei (ADO ratio) [18]. The ADO ratio of
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TABLE 1. y transition energy (E, ) in keV, relative intensity of y
ray (I,), y-ray angular distribution from oriented nuclei (ADO) ra-
tios, spin-parities for the initial and final states of observed transitions
in *'Mo. The quoted errors on intensity and R4po encompass errors
due to the background-subtraction, fitting and efficiency correction.
The new transitions are indicated with an asterisk (*), the blank
indicates no relative information in the current work.

E, I,

(keV) (relative) Ripo J' — J}T
61.0(3) 1.3(2)* 17/27) — (15/27)
149.6(1) 2.0(5)* (15/27) — 17/2*
199.1(1) 55.3(17) 1.56(9) 21/2% — 17727
211.2(2) 13.1(4) 1.66(17) (17/27) — 17/2*
264.2(1) 1.2(2)* (25/27) — 25/2%
283.9(1) 1.5(2)* (31/27) — (29/27)
327.6(1) 6.8(5)* 1.03(12) (19/2%) — 21/2%
333.1(1) 0.7(1)* (17/27) — (15/2")
346.2(1)* 1.6(2)* 1.58(28) (17/27) — (17/27)
409.3(1)* 4.6(4)* 0.81(11) (21/27) — (19/27)
496.8(1)* 1.1(2)* (25/27) > (21/27)
531.4(1) 4.1(4)* 1.08(16) (27/27) — (25/27)
604.9(1) 7.9(8)* 25/27 — 23/2F
609.3(1)

616.0(1) (29/27) — (27/27)
622.6(1)* 8.1(6)* 0.82(16) (19/27) — (17/27)
653.5(1)° < 76.323)  1.62(9) 17/2% — 13/2*
671.7(1) 28.2(17)* 1.07(13) 2372t — 21/2%
803.3(1) 7.3(5)* 0.9921) (15/27) — 13/2%
869.1(1) 7.2(6)* 1.17(17) (25/27) — 23/2°
878.1(1) 5.7(5)* 1.32(32) (15/2%) — 13/27
1032.1(1)*  3.1(3)* 1.80(39) (21/27) — (17/27)
1272.4(1) 1.2(2)* (17/2,19/2,21/2) — 21/2*
1414.1(1) 100(3) 1.68(11) 1372t — 9/2%
1471.6(1) 1.2(2)* (17/2,19/2,21/2) — 17/27

@Estimated from coincident data gating on 1414.1-keV y ray.
®Doublets in *'Mo.

y ray in the present setup is defined as

I, at 152°, gated with y» at any angle

Ravo = I,,at 90°, gated with y, at any angle

Here, y; and y, are assumed to be cascading transitions in one
oriented nucleus, and /, represents the intensity of transition
after efficiency corrections. By comparing with the Rypo val-
ues of y rays whose multipolarities are well known in *'***Mo,
92Nb, 3Zr produced in the same work as shown in Fig. 4,
the 409.3- and 622.6-keV transitions are determined to be
dipole y rays, while the 1032.1-keV transition is a quadrupole
nature. Therefore, the spin-parities of newly established lev-
els at 2901.2 and 3310.6 keV are assigned to be (19/2))
and (21/27), by assuming a M1 characters for 409.3- and
622.6-keV y rays, and E2 character for the 1032.1-keV one. It
should be noticed here that the assignments of spin-parity for
the newly observed states are still tentative due to the lack of
polarization measurement in the current work. Nevertheless,
very similar structure on top of the negative-parity isomer
can be found in the neighboring odd-even **Ru, see Fig. 7
in Ref. [12]. The underlying physics, especially the coupling
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FIG. 4. R4po plotted for y-ray transitions of "Mo. The Ripo
values of y rays whose multipolarities are well known in *’Mo,
92Nb, ¥7Zr produced in the same work are also shown here for
comparison. The lines correspond to the value of R4po for the known
quadrupoles and dipoles. The quoted error includes the error due to
the background subtraction, fitting, and efficiency correction.

between valence neutron-hole and even-even core, will be
discussed in the following section.

The current work also modifies the parities of the states
at 2217.3 and 2292.2 keV according to the new experimental
results. Since the Rypo ratio of 878.1-keV transition, which
connects 2292.2- and 1414.1-keV (13/ 2?') levels, is measured
to be 1.32(32) in this work. Such value stands between the
limitations of stretched dipole and quadrupole transitions, be-
ing most likely a mixed M'1/E2 nature. As a result, the parity
of the 2292.2-keV state is modified to positive, giving rise
to a (15/2) level. On the other side, the R4po ratio of the
803.3-keV transition is well consistent with the stretched
dipole nature as shown in Fig. 4, giving rise to a E'1 as-
sumption. Therefore, the J™ of initial state at 2217.3 keV is
modified from (15/2?) to (15/27). The current assignment
can be well reproduced by shell model calculation, which
would be discussed later in next section.

A new state at 3539.1 keV was identified in °'Mo by
the replacement of previous known transitions at 1471.6 and
1272.4 keV [13]. The comparison between Figs. 3(a) and (b),
the coincidence spectra with a gate on 1414.1 keV and a
delayed gate on 199.1 keV (due to the existence of the isomer
at 2266.7 keV) transitions, respectively, shows that both of
them see 1272.4-keV line clearly, but the 1471.6-keV peak
only exists in the former one. Considering the energies of
these three y rays, a cascading 199.1-1272.4-keV transitions
are put in parallel with 1471.6-keV y ray, giving rise to a
new state at 3539.1 keV as shown in Fig. 1. Figure 3(b)
also stresses the fact that the decay of 199.1-keV transition
must be happened later than that of 1272.4-keV one, being
consistent with the current assignment, but impossible for
the one established in Ref. [13] where a second 199.1-keV
line was put on top of 1272.4-keV transition. The Rypo ratio
information for the 1272.4- and 1471.6-keV transitions is not
available, therefore the spin for the 3539.1-keV level might be
17/2,19/2, or 21/2 due to the fact that it can decay towards
the 21/2] and 17/2] states simultaneously.

044309-4



LEVEL SCHEME STUDY OF °*'Mo: ...

PHYSICAL REVIEW C 107, 044309 (2023)

120~ %Mo, 21/2* B0 *\Mo, 17/2"
L (a) T =491 = (b) T,,=47(4) ns
100]— 1 =49(1) ns 14— V2
- 1414.1+653.5+199.1-keV(start)-671.7-keV(stop) HE 211.2-keV(start)-409.3+1032.1-keV(stop)
7] - -
[ - -
< o 10—
S~ - -
fg - -
= 60— 8[—
8 - C
(@) 40:— °F
- 4
20
i 2
0H\HH\HH\HH\HH\HH REann il o O\\‘\\\\‘\\\\‘\\\\‘\\\\\\ mﬂ‘ﬂ‘mﬂ””[
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time difference (ns)

Time difference (ns)

FIG. 5. The delayed time distribution spectra. Time difference of y rays populating and depopulating (a) 21/2" and (b) 17/2" states.

Since the 622.6- and 1032.1-keV y rays, which directly
feed the J™ = (17/2]) isomer, are observed for the first
time, the lifetimes of the (17/2]) isomer in Mo can be re-
measured with the y-y time-difference method. Figures 5(a)
and (b) show the time difference spectra between transitions
directly feeding and de-exciting the 21/2] and (17/2) states,
respectively. The deconvolution fitting [19] gives a half-life of
47(4) ns for the (17/27) state, which is higher than 38(4) ns
obtained from the aforementioned «-y time-difference mea-
surement [7]. On the other hand, half-life of the 21/21+ is
measured to be 49(1) ns in this work, being not only higher
but also more precise than the previous result of 40(4) ns from
Ref. [7].

IV. SHELL MODEL CALCULATION AND DISCUSSION

In order to get a further understanding of the experimental
level structure in °'Mo, a shell-model calculation using the
JUN4S5 interaction [20] was performed using the KSHELL code
[21]. Both proton and neutron valence spaces include the p3,,
/52, P12, and go/> orbits with the *°Ni as the inert core. The
interaction is firstly obtained with a realistic one based on the
Bonn-C potential and then modified empirically in order to
reproduce around 400 experimental levels of 69 nuclei with
mass numbers A = 63-96. The JUN45 calculated results are
compared with the selected experimental levels as shown in
Fig. 6. Table I summarizes the main configurations for each
predicted level. It can be seen that the shell-model calculation
reasonably reproduces the experimental levels in *'Mo, and
the deviation even gets smaller for the higher-spin states.
For the new levels as well as the states with new spin-parity
assignments, including the (15/2?), (15/27), (19/27), and
(21/27) levels (marked red in Fig. 6), the shell-model calcu-
lation succeeds not only in predicting their position, but also
in their ordering with respect to the neighboring states.

In this section, the discussion firstly focus on the spin-
parity assignment for the 3807.5-keV state. Later on a special
attention is given to the weak-coupling approximation in *'Mo
level structure, in terms of a coupling between a valence gg/»

neutron hole with the core-excitation from the neighboring
even-even core of >Mo.

A. The spin-parity of the 3807.5-keV state

As mentioned in the introduction part, the states at 3807.5-,
4338.9-, 4954.9-, 5238.8-keV were firstly found in the « +
07r fusion evaporation reaction [7]. In that work, according
to the Doppler-shift analysis, the 869.1-keV y ray which de-
excites the 3807.5-keV level to the 23/2% state should have
a E'1 nature (since the lifetime of the initial state is roughly
estimated to be within 107!'-10~% s range), giving rise to a
(25/27) assignment for the initial state. This assignment was
confirmed later by another experimental work [9], in which
the half-life of the 3807.5-keV state was measured to be 17(3)
ps, being consistent with the Doppler-shift analysis.

However, Ray et al. [10] tentatively assigned a J”
25 /2;r ) to the 3807.5-keV state based on a possible mixed
M1/E?2 nature of the 869.1-keV transition by a Clover mea-
surement. As can be seen in Fig. 4 of Ref. [10], the asymmetry
parameter for the 869.1-keV transition, which is employed
to distinguish electric and magnetic nature, stays very close
to zero, and indeed the large error bar can even cross zero.
However, at the same time, the 244.3-keV transition in the
neighboring °’Mo, which was also produced in the same
experiment [22], shows nearly the same asymmetry parame-
ter (close to zero). The 244.3-keV transition was confirmed
to be the transition between the 5 and 4T states, being a
E1/M?2 nature (see Ref. [11] for the detailed discussion).
Therefore, the nearly zero value of asymmetry parameter for
the 869.1-keV transition could also predicts a E'1/M?2 nature.
If considering the measured lifetime of 3807.5-keV level, the
E1/M?2 assumption for the 869.1-keV transition would give
a strong hinderance factor (larger than 10%) for E1 strength
which is quite common in this region, since no single-particle
orbits near the Fermi surface can be connected by E'1 operator
(see Refs. [7,11,23] and references therein).

The J™ = (25/2) assignment for the 3807.5-keV level is
consistent with the JUN45 calculation not only on the en-
ergy side (shell-model prediction is at 3776 keV, as shown
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FIG. 6. Comparison between the observed excitation energies and the shell-model calculations for °' Mo. The excitation energies are shown
in keV unit. Experimental results suggested by the current work are shown in red color. It should be noted that the 4444-keV level was not

observed in the present work, see text for details.

in Fig. 6), but also on the decay pattern as discussed be-
low. In the current work, a 496.8-keV transition is observed
for the first time, connecting the 3807.5-keV state and the
(21/27) state. With the assumption of J* = (25/2] ) for the
3807.5-keV level, the 496.8-keV y ray should be a pure E2
transition with B(E2) = 3.4(8) W.u. obtained with the help
of the previously measured half-life of the initial state [9] and
the current branching ratio information. Here, the branching
ratio between 264.2-, 496.8-, and 869.1-keV y rays is mea-
sured to be 17.7(25) : 9.8(16) : 100.0(91), which is extracted
from Fig. 2(c). The JUN4S5 calculation predicts a B(E2) value
of 3.1 W.u. for the 25/2] — 21/2] transition, being well
consistent with the experimental result.

However, if assuming a (25/ 2; ) nature for the 3807.5-keV
state, then the corresponding 496.8-keV transition would be
a M2 character with B(M?2) around 225 W.u. Such enhanced
M?2 transition is very difficult to be explained in the current
Z ~ 40, N =~ 50 region. On the other hand, the JUN45 cal-

culation predicts two 25/27 levels as shown in Fig. 6. The
first one matches with the experimental observed 25/ ZT state
at 3543.3 keV. If the experimental level at 3807.5 keV has
J' =25/ 22+ ), the deviation between the experimental data
and the theoretical calculation would be around 600 keV
for this level, which is significantly larger than the normal
discrepancies around 300 keV for the other low-lying levels
in *'Mo. In fact, the calculated 25/2F state would match
another previous known experimental state at 4444 keV (not
found in the current work owing to the limited statistics)
which mainly depopulated by a 2177.8-keV transition to
the 21/2] state, the details information on this 4444-keV
state can be found in Fig. 5 from Ref. [9] and Fig. 5 from
Ref. [10].

As a short summary, based on the aforementioned
arguments, the 3807.5-keV state is reassigned as J* =
(25/27) in the current work, along with the (27/27),
(29/27), and (31/27) assignments to the states at 4338.9,
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TABLE II. Main configurations (=10%) of wave func-
tions for each level in °'Mo. Each partition is form of P =
[ (p(D), p(2), p(3), p(4)) @ v(n(1), n(2), n(3), n(4))]. Here, p(i)
represents the number of protons occupying the p3, f5,2, pi/2, and
8o2 orbits, and n(i) represents the number of neutrons occupying the
P3/2 f5/2> P1/2> and gop orbits.

J (h) E, (keV) Wave function Partitions (%)
9/2% 0 7(4,6,2,2)®v(4,6,2,9) 42.11
7(4,6,0,4)®v(4,6,2,9) 19.34
7(2,6,2,4)®v(4,6,2,9) 13.82
13/2% 1099 7(4,6,2,2)®v(4,6,2,9) 54.41
7(4,6,0,4)®v(4,6,2,9) 11.25
7(2,6,2,4)®v(4,6,2,9) 9.73
17/2% 1883 7(4,6,2,2)®v(4,6,2,9) 55.61
7(4,6,0,4)®v(4,6,2,9) 12.29
21/2% 2066 7(4,6,2,2)v(4,6,2,9) 55.64
7(4,6,0,4)®v4,6,2,9) 12.73
15/2% 2103 7(4,6,2,2)®v(4,6,2,9) 56.64
7(4,6,0,4)®v(4,6,2,9) 11.27
19/2% 2310 7(4,6,2,2)®v(4,6,2,9) 59.57
7(4,6,0,4)®v(4,6,2,9) 11.33
23/2% 2754 7(4,6,2,2)v(4,6,2,9) 54.82
7(4,6,0,4)®v(4,6,2,9) 16.19
7(2,6,2,4)®v(4,6,2,9) 10.68
25/2f 3261 7(4,6,2,2)v(4,6,2,9) 4991
7(4,6,0,4)®v(4,6,2,9) 20.56
7(2,6,2,4)®v(4,6,2,9) 12.42
25/2F 4283 7(4,6,0,4)®v(4,6,2,9) 57.95
7(2,6,2,4)®v(4,6,2,9) 9.85
15/27 1938 7(4,6,1,3)®@v(4,6,2,9) 61.61
7(2,6,1,5)®v(4,6,2,9) 8.17
17/27 2107 m(4,6,1,3)®v(4,6,2,9) 69.97
7(2,6,1,5)®v(4,6,2,9) 9.57
19/2- 2865 7(4,6,1,3)®v(4,6,2,9) 72.73
7(2,6,1,5®v4,6,2,9) 11.09
17/25 2907 7(4,6,1,3)®v(4,6,2,9) 68.64
7(2,6,1,5)®v(4,6,2,9) 10.15
21/2~ 3064 m(4,6,1,3)®v(4,6,2,9) 75.27
25/2- 3776 7(4,6,1,3)®v(4,6,2,9) 76.61
272~ 4396 7(4,6,1,3)®v(4,6,2,9) 80.64
29/2~ 4975 m(4,6,1,3)®v(4,6,2,9) 82.57
31/2- 5258 7(4,6,1,3)®v(4,6,2,9) 81.62

4954.9, 5238.8 keV, being consistent with the previous
two experimental works [7,9]. The similar level structure
systematically exists in the neighboring **Ru (Z = 44, N =
49) which can be found in Fig. 7 of Ref. [12].

B. Weak-coupling approximation

In this section, we want to investigate to what extent the
low-lying states in *'Mo comply with the weak coupling
approximation between a valence go/» neutron hole and the
core-excitation of the neighboring even-even °>Mo. The basic
description of weak-coupling approximation and its effect on
level structure of odd-A isotopes can be found in Ref. [1].

Assuming an E2 transition in the odd-even nucleus, in
which both the initial (J;) and final (J;) states can be viewed as
the coupling between the same valence j nucleon and different
core-excited states of J. and J/, the corresponding B(E2) can
be written as

B(E2:J; > Jy)

o

= aTil)' <G IANQPN Ti > P
Here, the o, is a constant value and Q® represents the elec-
tric quadrupole operator. In the weak-coupling approximation,
there is no interaction between the valence particle (hole) and
the core excitation, thus the quadrupole operator could be sep-
arated into two parts. One works only on the core and the other
on the valence particle (hole), namely, Q® = Q® 4+ Q).
Therefore, the E2 transition matrix element can be also sepa-
rated into two parts as listed below:

L IAIRE + Qe i)
— (_I)Jé+,i+‘// [(zjf + l)(z][ + 1)]1/2

, 7T
| <amen = {57 4]

Ji—J o J Jr I
+ (D" < jlIS2; ||]>{]i i 2}5&/;]

As mentioned before, the initial and final states correspond to
different core states, and the second term on the right-hand
side vanishes accordingly. Thus the B(E?2) of assumed transi-
tion becomes

B(E2;J; — Jy)

VA b

c g / 2 2

= (2 + ”{J,» i 2} | < NP e > .
On the other side, in the even-even core the corre-

sponding transition should has B(E2;J. — J)) = 5 J"?H| <

JUIQP||J, > |*. The difference between B(E2;J. — J!) in

even-even core and B(E2;J; — Jy) in odd-A nuclide only

exists between coefficients before the transition elements,

, 2
ie., (2Jf + l){} ? 1} and 21_1+1 In the special case

of =J.+j, Jr=J.+j, and |J; — J¢| = 2 (stretched E2
transition), the {5‘ ff

i

{}" can be proven to be equal to
WI(ZJ,-H) with the help of online 6-j symbol calculator
[24], giving rise to the fact that the stretched E2 strengths
in odd-A nucleus should be exactly the same with that in
corresponding J, — J! transitions in neighboring even-even
core under the weak-coupling approximation.

Now we change to the comparison between the experimen-
tal levels in °'Mo (see Fig. 1) and 2Mo (see Fig. 1 in Ref. [6]
for instance). It can be found that the excitation energies
of the 9/27, 13/2}, 17/2], 21/2} states in *'Mo are very
similar with the 0], 27, 4], 6] states in 2Mo. Same situation
exists for the (17/27), (21/27), (25/27) states in Mo and
the 57, 77, 9] states in 92Mo. Therefore, simply considering
the level energies, the weak-coupling between a valence go/»
neutron hole with the core-excitation of even-even *>Mo still
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preserves in low-lying states of °'Mo, at least for the level
with excitation energy lower than 3.8 MeV.

However, the B(E2) value for the 21/2] — 17/2 transi-
tion is deduced to be 33.9(7) ¢2fm* in °'Mo from the current
lifetime measurement (see Sec. III), being 2 times smaller
than the corresponding B(E2;6;r — 41+) = 81.9(14) *fm* in
“Mo (measured in Ref. [6] within the same experiment).
This discrepancy destroys the weak-coupling approximation
between the 21/2] state in *'Mo and the 6] state in **Mo.

Now we change discussion to the higher-lying states, fo-
cusing on the 23/2] (2938.4 keV) and 25/2/ (3543.3 keV)
states in *'Mo which were interpreted as members of multi-
plets formed by the coupling of g9/ neutron hole with the 8}
state in ®>Mo in the previous work [7]. Meanwhile, the 25/ ZT
state decay solely via a M1 transition towards the 23 /2 level
which belongs to the same multiplets, and there is no stretched
E2 transition connecting the 25/2 state and the 21/2] state
which is supposed to be the member of next multiplets, being
very different with the expectation of weak-coupling approxi-
mation.

As a result, even though the energy level scheme is quite
similar between °'Mo and **Mo (especially for the low-lying
parts), the reduced transition probability as well as the de-
cay pattern, which are very sensitive to the overlap between
wave-functions of the initial and final states, suggest that
states higher than 2.2 MeV in °'Mo deviate from the weak-
coupling approximation. It is even more interesting to notice
that, within a simple consideration, the coupling of a neu-
tron hole to Mo would induce a fragmentation of wave
function, if the interaction between the valence neutron hole
to the even-even core is not negligible. Thus an enhanced
collectivity should be expectation in *'Mo compared with
92Mo. However, as mentioned before, the experimental result
shows that B(E2) value in °' Mo becomes smaller, which may
indicate some deconstructive interference between different
contributions after involving the strong or weak coupling
effect. In order to have a further understanding of coupling
effect in this nuclear region, more efforts from the exper-
imental side, including the lifetime measurement of more
comparable states in odd-even and even-even nuclei are highly
demanded.

V. SUMMARY

In the current work, *'Mo was produced using the
®Li+ %Y fusion evaporation reaction performed at LNL-
INEN. The level scheme of *'Mo, in particular the negative-
parity part, was considerably enriched by the y-y coincidence
measurement employing the GALILEO spectrometer. The
lifetimes of two isomeric states in °' Mo were also remeasured
using the same y-y time-difference method with the help
of newly observed transitions. Angular distribution ratios of
y rays emitted from oriented *’Mo were obtained in order
to get the multipolarity information. The problem of parity
assignment for the 3807.5-keV level was clarified based on
the new experimental result. The partial level scheme of °'Mo
proposed in this work can be well reproduced by JUN45
calculation. In *'Mo, the weak-coupling approximation be-
tween the valence neutron hole and the °>Mo core seems to
be fine for low-lying states if one just looks at the similarities
in energy levels. However, regarding the discrepancy at the
experimental B(E2), the weak-coupling approximation breaks
down for states higher than 2 MeV. More lifetime information
for the low-lying states in *'Mo is highly desired so as to
investigate the potential drop in collectivity or B(E2) values.
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