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The emission of 7 rays from neutron-bound and neutron-unbound states in **Mo, populated in
the *Mo(d,p) reaction, has been investigated. Charged particles and + radiation were detected with
arrays of annular silicon and Clover-type high-purity Germanium detectors, respectively. Utilizing
proton-vy and proton-v-y coincidences, the ®Mo level scheme was greatly enhanced with 102 new
transitions and 43 new states. It agrees well with shell model calculations for excitation energies
below ~2 MeV. From proton-v coincidence data, a new method for the determination of spins of
discrete levels is proposed. The method exploits the suppression of high-angular momentum neutron
emission from levels with high spins populated in the (d,p) reaction above the neutron separation
energy. Spins for almost all Mo levels below 2 MeV (and for a few levels above) have been

determined with this method.

PACS numbers: 25.45.Hi, 21.10.Hw, 23.20.Lv, 27.60.+j, 21.60.Ka, 21.60.Cs

I. INTRODUCTION

Nuclei that have been studied extensively with
previous-generation detector systems can yield a surpris-
ing wealth of new information when investigated with
modern arrays. This is not limited to work at radioac-
tive ion beam facilities but applies also to studies of nuclei
along the valley of g stability. In addition to serving as
important benchmarks for nuclear structure theory, the
best possible knowledge of the discrete level structure and
its associated decay patterns improves the predictability
of statistical y-decay model calculations. These simula-
tions use available information on low-lying levels in the
region of low excitation energies (typically below ~ 2A,
where A is the pair-gap parameter) where statistical ap-
proaches fail due to low-level densities.

The competition between neutron and v-ray emission
of neutron unbound states does not only provide inter-
esting insight into nuclear structure effects, it also has
important implications for (n,y) reaction rates. These
rates are fundamental ingredients for calculations of ele-
mental nucleosynthesis [1], advanced fuel cycles [2], and
nuclear-waste transmutation [3].

The ratio of the emission probabilities for states above
the neutron separation energy, .S,, is dominated by the
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probability of neutron emission (characterized by the
neutron width I';,). This probability can be significantly
suppressed if the neutron has to carry high orbital mo-
mentum, while at the same time a mismatch of available
spin states in the A—n system exists [4]. The suppression
of neutron emission has been observed in neutron beam
experiments [5], as well as in 5-delayed neutron emission
studies [6-8]. More recently, this effect has also been
reported in measurements using the surrogate method
[9-12], and in studies of radioactive ion beam implan-
tations with Clover-type y-ray detection [13, 14] and a
total absorption spectrometer [15].

Nevertheless, according to our knowledge this suppres-
sion of neutron emission has never been suggested to be
used for the determination of spins of discrete levels in nu-
clei. In this paper, we present “*Mo(d,py) data that allow
for a determination of spins in Mo from an analysis of
this suppression. Specifically, we exploit the dependence
of the ratio of y-ray decay probability (characterized by
the total radiation width I'y) and T',+T,, as a function
of spin for states above S,,, and propose a novel method
for assigning spins to low-lying levels.

The same set of experimental data has already been
used to obtain results related to photon-strength func-
tions in %Mo [16], and to extract (n,y) cross sections
from the surrogate approach [17]. In Secs. IT and III the
experimental approach and data analysis are outlined, re-
spectively. Results related to the level and decay scheme,



as well as the novel method for spin determination are
presented and discussed in Sec. IV. The main results are
then summarized in the last section.

II. EXPERIMENTAL PROCEDURE

The measurement was carried out at the 88-Inch Cy-
clotron of the Lawrence Berkeley National Laboratory,
with Mo nuclei populated in the **Mo(d,py) reaction
at a beam energy of 11 MeV. The average beam current
during the 3 day experiment was ~5.5 nA. The ‘Mo
target thickness was 250(6) pg/cm?, as determined from
energy loss measurements of 22Ra « particles.

The STARS-LIBERACE detector array [18], consist-
ing of BGO Compton-suppressed Clover-type detectors
[19, 20] and annular silicon detectors of the S2 type [21],
was used to detect y radiation and charged particles from
the reaction, respectively. Two Clover detectors were
placed at 40°, one at 90°, and two at 140° relative to the
beam direction, at a distance of 20 cm from the target.
Hevimet shields were mounted on each BGO detector to
suppress false vetoes from high-multiplicity events. Two
identical particle telescopes were mounted upstream and
downstream of the target with 150-pm AE and 1000 pym
E detectors. In this work, only the downstream tele-
scope has been considered, which detected the majority
of particle events and was located 1.6 cm from the target,
providing an angular coverage of 28° to 56°. Suppression
of 9-electrons was accomplished with a 12.5-um-thick Al
foil and a 2-mm-thick Al plate spanning the front and
back of the particle telescope, respectively.

The energy calibration of individual silicon detectors
was obtained from an a-emitting ??°Ra source. Ger-
manium detector energy and efficiency calibrations were
performed using a '»?>Eu ~-ray source at low vy-ray ener-
gies, and the 2C(d,py)3C and *C(d,py)“C reactions
for higher energies. The v-ray photo-peak detection effi-
ciencies in add-back mode were 1.0(1)%, 0.53(6)%, and
0.26(3)% at 1 MeV, 3.09 MeV, and 6.90 MeV, respec-
tively.

Several independent hardware triggers were recorded:
(i) particle-y, (ii) 7-v, and (iii) particle single events.
Particle-y coincidences of ~-ray multiplicity one or
greater were recorded if they were associated with a par-
ticle detected in the AE-E telescope within a 550 ns co-
incidence window. However, only the proton channel was
considered in the present analysis.

III. DATA ANALYSIS

The data were analyzed offline, with a reduced coinci-
dence window of 100 ns between « and proton events, us-
ing the TSCAN [22] and GNUSCOPE [23] packages. The
detected proton energies were corrected for recoil effects
and energy losses through the target and Al J-electron
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FIG. 1. Proton-energy spectrum gated by the 766 keV

7/27 — 5/27 transition in ®*Mo. The horizontal axis shows
the excitation energy which corresponds to the detected pro-
ton energy. The peak at the lowest excitation energy (highest
proton energy) is the direct population of the 766-keV level.
Strong peaks are labelled by their excitation energies and
states observed for the first time are marked with asterisks.
The location of the neutron separation energy is indicated by
the vertical dashed line.

shields. From well-resolved low-lying levels populated di-
rectly in the reaction, the energy resolutions (full width
at half maximum - FWHM) of the AE-E telescope was
measured to be ~ 200 keV.

The target contained some '2C and 6O contamination.
As the ~ decays of the corresponding reaction products
(13C and '70) are well known, the transitions from these
isotopes were removed from consideration.

A. Construction of level scheme

The ?°Mo level scheme was constructed using different
coincidence spectra:

1. We exploited proton-energy spectra in coincidence
with a well-known ~-transition de-exciting a dis-
crete level. This type of spectrum allows for a clear
identification of the excitation energy, directly pop-
ulated in the (d,p) reaction, and subsequently de-
cays (directly or via a y-ray cascade) to a lower-
lying level. An example of such a spectrum, gated
on the £, = 766 keV transition de-exciting the
JT =17/2% 766-keV level, is shown in Fig. 1.

2. We utilized ~-ray spectra from different excitation
energies of the nucleus which are defined by the de-
tected proton energies. Figure 2 shows three ex-
amples of such ~-ray spectra, gated by 200-keV
wide excitation energy slices. This illustrates the
dependence of the observed ~y-ray spectra on initial
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FIG. 2. Spectra of v rays from different initial excitation en-
ergies: (a) 0.9—1.1 MeV, (b) 1.9—2.1 MeV, and (c) 3.1 —3.3
MeV. Initial excitations are defined by the detected proton
energy with a resolution of ~ 200-keV FWHM. The strongest
high-energy transitions are labelled by their energies. Previ-
ously unknown transitions are marked by asterisks.

excitation energy, F;, and allows for a unique iden-
tification of transitions to the ground state (E; =
E. ), among others.

3. From p-y-vy coincidences, v-ray spectra gated on
well-resolved transitions decaying to discrete levels
were constructed. No specific proton energy was
required for the construction of these spectra. Ex-
amples of such spectra, in coincidence with the 204-
keV transition from the J™ = 3/2% 204-keV level
and the 1073-keV transition from the J™ = 7/2%
1073 keV-level, are shown in Fig. 3.

B. Spin Determination of Levels

1. Traditional Methods

Information on the spins of levels is traditionally ob-
tained using two different methods: (1) measurement of
angular distributions in transfer reactions, and (2) ap-
plying restrictions on spins from the low-lying y-decay
scheme using selection rules for v and 8 decay. It has also
been shown that spins of well-populated higher-lying lev-
els, where the level density is typically large, can be suc-
cessfully extracted from particle and v-ray gated angular
distribution measurements [24]. In the case of ?>Mo, the
spins of many low-lying levels have been determined ex-
tensively and repeatedly in many excellent measurements
[25]. None of the above mentioned methods will add sig-
nificantly improved or new information from our data.
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FIG. 3. Spectra of « rays in coincidence with a proton of
arbitrary energy and (a) the 204 keV 3/2] — 5/2] and (b)
1073 keV 7/23 — 5/27 transitions. Transitions unambigu-
ously assigned to the level scheme of Mo are labelled by
their energies. Previously unknown transitions are marked
by asterisks. The presence of the transition at 1056 keV in
panel (b) is indicative of the 1073 keV doublet nature and
that it originates from levels at 1073 and 2129 keV (see level
scheme for details).

2. Nowvel Method

The spectra of proton energies, gated on a specific -
ray from low-lying levels, are not only suitable for gaining
information regarding the energies of levels and their de-
cay pattern, but also for the determination of the spins of
these levels. This determination can be accomplished by
examining the behavior of the energy dependence of the
proton spectra just above S, as shown in Fig. 4. The
different spectra in this figure were normalized just below
Syn. Evidently, the energy dependence of the number of
counts in the proton spectra above S,, depends on the
spins of low-lying levels. This effect has been observed
previously [5, 9] and was interpreted as the influence of
the centrifugal barrier on the emission of neutrons from
unbound states [4]. However, its application to assigning
spin to a low-lying level has, according to our knowledge,
never been discussed.

In Fig. 4, a bump near 9 MeV is visible in gates on the
582- and 852-keV transitions. This characteristic feature
is due to neutrons released from states in Mo above S,,,
populated in the (d,p) reaction. Some of these neutrons
undergo (n,n’) scattering in the Ge crystals of the v-ray
detectors. The effect on v rays emitted from the recoil-
ing Ge isotopes manifests itself as a high-energy tail of
~100 keV in the v-ray spectra [26]. As such, gated y-ray
transitions (582- and 852-keV in our case) that lie on the
recoil tails (from 834- and 563-keV 2] — 07 transitions
in 2Ge and "5Ge, respectively) will contain contributions
from these neutron-proton-- coincidence events.
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FIG. 4. (Color online) Proton-energy spectra, in the vicinity
of the neutron separation energy, gated on low-lying discrete
transitions. The horizontal axis shows the excitation energy
in %Mo deduced from detected proton energies. The increase
in the proton signals, peaking at =~ 9 MeV for the 852+1056
and 582 keV gated spectra is due to contributions from (n,n’)
reactions on the "?Ge and in "°Ge isotopes in the Clover crys-
tals, respectively (see text for details). The vertical line indi-
cates the location of the neutron separation energy, and the
signals were summed into 62 keV /channel bins.

The different shapes of the proton spectra above S,
in Fig. 4 are due to (i) different ratios of v and neu-
tron emission probabilities from levels with different spins
produced above S, (ii) high-level density in the region
around Sy, and (iii) low ~-ray multiplicity for feeding
low-lying levels, which is responsible for the different dis-
tributions of spins for levels above S,, that participate in
feeding the low-lying levels. These conditions are com-
bined with the fact that the initial distribution of spins
of levels populated in the (d,p) reaction is rather broad.
This is illustrated in Fig. 5, where predictions of the spin
distribution of populated levels in this reaction near S,
is obtained from TALYS simulations [27] utilizing the
level density model from Ref. [28]. Both positive- and
negative-parity states are expected to be populated with
very similar cross sections. This predicted spin distribu-
tion is similar for all excitation energies and is reasonably
consistent with experimental data, where we observe that
levels up to J = 11/2 are strongly populated in the (d,p)
reaction (we also observe a weak population of a J = 13/2
2058 keV level). The highest spin states, observed in our
data, are the J = 15/2 and J = 17/2 levels at E, = 2232
keV and 2580 keV, respectively, but these are entirely
due to indirect feeding from higher-lying states and no
direct population contribution could be identified.

Levels with energies up-to several MeV above S,, can
decay only by the emission of photons (described by the
probability I',) or neutrons (described by the probability
T,,), since charged-particle emission is negligible at these
energies. The different I',, or I',, emissions for levels with
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FIG. 5. (Color online) Spin distribution for the **Mo(d,p)
reaction at 11 MeV beam energy, populating states between
7.15 to 7.51 MeV excitation energies in **Mo, as calculated
with TALYS [27].
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FIG. 6. (Color online) Predictions of average «-ray emission
probabilities from TALYS [27] for five different initial spins
in the vicinity of S, for ®Mo. Levels of both parities are
included for each J. The results are displayed in 170 keV
wide bins.

different spins are a consequence of the relatively high
energies of the lowest-excited states in %*Mo: 871 and
1574 keV for the 2] and 4] states, respectively. This
implies that the probability for emission of a neutron
from %Mo significantly decreases with spin of the level
just above S,,, as it is not easy to emit neutrons with
high angular momenta [4, 29] to populate the low-lying,
low-spin states in **Mo. The expected probability of T,
with respect to I'y, + I'y was calculated with the TALYS
reaction code and is shown in Fig. 6. Higher-spin states
retain neutrons more efficiently beyond S,, as compared
to states of lower spins. It should be noted that the
TALYS calculations give the probability integrated over
all solid angle and include both parities for each value of
J.

The decay paths of levels directly populated in the
(d,p) reaction above S, to specific low-lying levels might
be complicated. However, our experimental data (Fig. 4)
indicate that an overall “memory” of initial spin is re-
tained, which is in agreement with the expectation that



the average multiplicity to reach a low-lying level is rel-
atively small [30, 31]. The feeding of low-lying levels
has been investigated by performing statistical simula-
tions with the Monte Carlo vy-ray cascade simulation code
DICEBOX [32]. The parameters of the photon strength
function and nuclear level density in these calculations
correspond to the best choice parameters from the anal-
ysis of (n,y) data in **Mo [30, 33] and *®Mo [34]. Instead
of calculating the average multiplicity of the cascades, we
investigate the fraction F' of events from initial states i,
with spin and parity J7* near .S,, which feeds a selected
low-lying level. The advantage of this quantity lies in its
complete independence of the experimentally unknown
cross sections of levels with JT in the (d,p) reaction.

The absolute values of F' can be expected to substan-
tially decrease with the excitation energy of a low-lying
level. In thermal neutron capture [35] and (v,7’) experi-
ments [36], the feeding of low-lying levels with the same
spin and parity decreases exponentially with their exci-
tation energy. This exponential dependence is also pre-
dicted in the DICEBOX simulations of our experiment,
although not shown here explicitly. However, we are not
interested in the absolute values of F', but the depen-
dence of F on the JT of levels populated in the (d,p)
reaction above S,. The spin dependence from DICE-
BOX simulations is visualized for several low-lying levels
in Fig. 7. For the purpose of this comparison, the value
of F' for each level has been renormalized to allow for a
qualitative comparison of the evolution of F' with J].

From Fig. 7(a), it is apparent that the predicted de-
pendence of F on J] differs rather significantly for low-
lying levels with different spins; this is consistent with
our experimental data. As could be expected, the low-
lying levels with higher spins have a substantially higher
feeding from states of higher JI, populated in the (d,p)
reaction above S,,. At the same time, Fig. 7(b) indicates
that the distribution of F is similar (but not identical) for
all low-lying levels with the same spin. Here, the more
“localized” distribution of F' with increasing excitation
energy of a low-lying level comes from the fact that lev-
els with very low excitation energy can collect transitions
from a broader distribution of initial spins J;. However,
the predicted difference in the distribution of F' for low-
lying levels with the same spin is in all cases significantly
smaller than the difference in distributions of low-lying
levels with different spins. Furthermore, simulations in-
dicate virtually no dependence of F for a fixed low-lying
level on initial excitation energy between 7.3 and 9 MeV.
These calculations support our approach to utilize the re-
gion around S, to determine the spin of low-lying levels
in ?5Mo.

The shape of the v-ray gated proton-energy spectra
just above Sy, shown in Fig. 4, is given by a folding of:
(i) distribution of initial spins from the (d,p) reaction
(Fig. 5), (ii) the emission probability for v transitions
(Fig. 6), (iii) the fraction F feeding corresponding low-
lying levels (Fig. 7), and (iv) the experimental proton
energy detection resolution.
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FIG. 7. (Color online) Simulated dependence of the fraction
of events, F', from initial states to selected low-lying levels, as
a function of spin of initial levels J;. A 100-keV wide interval
around 7.7-MeV excitation energy was used for the initial lev-
els. The values of F for (a) different low-lying spin levels, and
(b) low-lying levels of the same spin have been normalized for
the purpose of a better comparison. The normalization fac-
tors (norm) are given in the legends. Each pair of points near
an initial spin corresponds to positive and negative-parity lev-
els with J;. Uncertainties are due to different nuclear realiza-
tions of the level scheme [32].

The determination of spins of low-lying levels from the
shape of proton spectra above S, is complementary to
the methods mentioned in Sec. ITI.B.1. Since the present
method involves an integral of counts over all detection
angles, it may be used even if the population of a state is
weak or the angular distribution cannot be measured for
other reasons. The proposed method can be used to de-
termine the spins of levels in many nuclei prepared in any
direct reaction (i.e., not only through the (d,p) reaction),
which populates a broad range of spins above S,,, as long
as the coincidence between the outgoing charged particle
and a ~v-ray line de-exciting the level of interest is mea-
sured. The only strong restrictions on the applicability
of the novel method are:

1. The particle energy resolution has to be better than
the energy differences between low-lying levels in



the residual nuclei which are populated following
neutron emission. The presence of a suitable nu-
clear structure of low-lying levels in the residual
nuclei is necessary. Good candidates for determin-
ing spins are even-Z, odd-N nuclei, for which the
even-even nuclei (i.e., after neutron emission) have
27 and 4] excitation energies of at least several
hundred keV.

2. In order to obtain the characteristic spin-dependent
feature in the vicinity of S,, the level density
has to be high enough to result in a smooth
spin-dependent distribution. For nuclei with large
proton-to-neutron asymmetries and for systems
with few active nucleons where the level density is
small, fluctuations of neutron widths in combina-
tion with the distribution of reaction cross sections
may be problematic. In this regime, our method
of spin determination may not be applicable and
other approaches will have to be considered.

IV. RESULTS AND DISCUSSION
A. Levels and y-Ray Transitions

The use of high-resolution ~-ray detectors allows for
a significant improvement in resolving and determining
level energies, particularly at high-excitation energies.
The comparison of the observed levels to those from pre-
vious works is challenging above an excitation energy of
~ 3 MeV, due to the high level density and general large
experimental uncertainties of earlier measurements. Our
identification of levels is mainly based on previous (d,p)
reaction studies. Matches were not attempted for states
populated and reported from other reactions above ~ 3
MeV. Whenever ~-ray transitions were reported previ-
ously, these were also utilized to identify and match lev-
els. All reported branching ratios were determined from
our data. The level scheme is summarized in Table I,
and includes all levels and transitions observed in this
work. Comparisons to previous results as compiled in the
Evaluated Nuclear Structure Data File (ENSDF) [25] are
made where possible. For clarity, important features of
low-lying levels that differ from the ENSDF [25] are elab-
orated on in more detail in the text. The uncertainties
in y-ray energies range from 1 keV for transitions below
1 MeV, and gradually increase to 3 keV for the highest
observed transition energy at 6064 keV. The uncertain-
ties in excitation energies are expected to be of the same
order.

Several transitions with previously uncertain place-
ment within the level scheme, level energies, and spin
assignments, were confirmed, removed, or corrected. Al-
most all spins for levels below excitation energies of 2.1
MeV were determined with the novel method described
in Sec. ITI.B.2. Discrete states of high-excitation energies
are plentiful. However, the corresponding high-energy -

ray transitions, which have a larger FWHM, overlap in
the spectrum with other transitions, prohibiting a clean
spin assignment. Generally, the only spins that could be
determined from high-lying levels are those that decay
through low-energy transitions.

1. Level: 1056 keV

This level is directly populated in our measurement.
It has also been reported in other (d,p) measurements
[37, 38]. For reasons unknown, this level has not been
included in the ENSDF [25]. A 237-keV transition, with
a large branching ratio of 70% was reported in a fusion-
evaporation reaction measurement [39] and tentatively
assigned to the 1056-keV level [25]. This 7-ray decay
branch could not be confirmed in this work.

2. Level: 1073 keV

Although, the 1073-keV level has never been reported
in a (d,p) measurement, a peak is clearly visible in the
particle spectra of Ref. [37]. Tt is also observed to be
directly populated in our (d,p) study. A 253-keV ~-ray
with intensity of 32(32)% has been reported to originate
from this 1073-keV level [39], but this transition could
not be observed in our measurement.

3. Level: 1426 keV

Although the ENSDF database tentatively assigns J =
5/2 to the 1426-keV level [25], it was previously reported
as J™ = 3/2% in Refs. [37, 40, 41]. A J = 3/2 spin
assignment agrees with the present analysis.

4. Level: 1661 keV

The 1660-keV level and a F,=1660-keV ~-ray transi-
tion were assigned tentatively in Ref. [25]. While the
level is observed in our experiment, we cannot identify a
1660-keV transition. However, a transition £2,=1457 keV
to the first-excited 204-keV level was clearly observed.
The energy dependence of the proton spectrum above
Sy exhibits J = 3/2 characteristics which is consistent
with the assignment of J < 5/2 [25].

5. Level: 1676 keV

We clearly observe a level at this energy which we iden-
tify with the J™ = 7/2%,9/2% level at 1667(8) keV [25].
Our spin assignment yields J = 9/2 for this level, which
is consistent with the observation of a 262-keV transition
to the J =11/27 1937 keV level.



TABLE I. Comparison of the level scheme from the ENSDF [25] with our (d,p) experiment. Excitation energies of levels F,
level spins and parities J”™, energies of y-rays de-exciting a level E,, as well as the final level Ef are provided. Spins from our
measurement (5th column) are exclusively obtained from the novel method described in Sec. II1.B.2. The measured branching
ratios, BR, are normalized to the strongest transition originating from each level. The spin and parity of the final level J7
(last column) is inferred from a combination of our results and ENSDF assignments. All previously reported levels and ~-ray
transitions are included, as long as these were observed in this work and could be matched to previous measurements. Blank
entries indicate the absence of data.

E (keV) J" E, (keV) E (keV) J E, (keV) BR (%) Ey (keV) J7
[25] [25] (25] (dp) (dp) (dp) (dp) (dp)  [25]+(dp)
204.1163(16) 3/2T 204.1161(17) 204 3/2 204 100 0 5/2T
765.803(8) 7/2" 765.791(9) 766 7/2 766 100 0 5/2F
786.201(3) 1/2t 786.198(4) 786 /2 786 30(5) 0 5/2F
582.08293) 582 100 204 3/2"
820.628(4) 3/2F 820.624(5) 820 3/2 820 100 0 5/2F
616.49(3) 617 27(4) 204 3/27"
947.685(16) 9/2" 947.677(19) 947 9/2 947 100 0 5/2F
1039.269(4) 1/2" 1039.264(7) 1039  1/2 1039 11(2) 0 5/2%
835.149(5) 835 100 204 3/2%
253.067(9) 253 3(1) 786 1/2"
218.640(8) 219 <1 820 3/27
1056.771(20) 5/2F 1056.798(25) 1056*  5/2 1056 43(7) 0 5/2F
852.61(4) 852 100 204 3/2"
1073.727(16) 7/27" 1073.72(4) 1073* 7/2 1073 100 0 5/2F
869.60(3) 870 17(10) 204 3/2%
1369.75(12) (3/2) 1369.76(13) 1369  3/2 1369 100 0 5/2F
1165.5(3) 1165 48(8) 204 3/2%
1425.992(24) (5/2)* 1426.11(15) 1426  3/2° 1426 2(1) 0 5/2F
1222.00(3) 1221 100 204 3/2F
640.0(3) 640 30(5) 786 1/2F
1540.801(13) 11/2% 774.989(11) 1541  11/2 775 66(13) 766 7/2"
593.15(5) 593 100 947 9/27"
1551.772(18) (9/2)*" 1551.71(5) 1551 1551 5(2) 0 5/2%
785.929(20) 786 48(8) 766 7/2"
604.02(6) 604 100 947 9/2"
(495.19) 495 <1 1056 5/2F
477.7(4) 478 6(2) 1073 7/27"
1620.26(3) 3/2F 1620.20(4) 1619  3/2 1619 100 0 5/2F
1416.09(8) 1415 5(2) 204 3/2%
799.60(15) 799 4(1) 820 3/2%
563.48(6) 563 19(3) 1056 5/2F
(1645.1(6)) 7/29) (1645.0(9)) 1644  7/2 1644 87(14) 0 5/2F
(1441.0(9)) 1439 100 204 3/2"
(1660.3(3)) (<5/2)* 1661  3/2° 1457 100 204 3/2%
1667(8) 7/2%,9/2% 1676 9/2% 1676 85(19) 0 5/2F
728 100 947 9/2%
602 82(17) 1073 7/2%
1842 7/2 1638 54(11) 204 3/2T
1021 100 820 3/2"
1888.54(22)* (9/2)* 1880 ¢ 9/2* 933 100 947 9/2"
(337.3(3))" 338 @ 20(4) 1541 11/2%
1937.47(7) 11/2- 990.4(3) 1937 11/2 990 23(4) 947 9/2%
396.46(17) 396 13(2) 1541 11/2%
(385.82(9)) 386 100 1551 (9/2)*"
262 28(5) 1676 9/2"
1963 3/2% 521 1968%  5/2% 895 100 1073 7/27"
1984(15)* 3/2% 521 1978 1212 13(3) 766 7/27"
1032 100 947 9/2
2045(3) (3/2)* 2046 2046 100 0 5/2F
1261 16(3) 786 1/2%
2049 1/2% 2055 1/2 1851 100 204 3/2"
2058.51(7) (13/2%) 1110.75(10) 2058 > 13/2 1111 100 947 9/2"
2089 (3/2)* 2093 2093 16(3) 0 5/2F
1889 100 204 3/2%
2118 7/2t.9/2F 2123 2123 100 0 5/2%
1357 19(4) 766 7/2"
2129 1073 100 1056 5/2F

“ See text for details.



TABLE I continued.

E (keV) Jr E, (keV) FE (keV) J E, (keV) BR (%) Ey (keV) J7
[25] [25] [25] (dp)  (dp) (dp)  (dp) (dp)  [25]+(d,p)
2169(15) (3/2)" 2173 2173 100 0 5/27
1968 21(4) 204 3/27"
1387 16(3) 786 1/2%
1116 25(4) 1056 5/2F
2213(4) 1/27,3/2 2212 2008 100 204 3/2F
2232.27(7) (15/2)* 691.45(9) 2232 > 13/2 691 100 1541 11/2%
2244 (3/2)*" 2249 2249 100 0 5/2F
1484 32(6) 766 7/27"
1192 18(3) 1056 5/2F
1176 74(12) 1073 7/27"
2285 1499 100 786 1/2F
2291 1525 16(4) 766 7/2F
1344 100 947 9/2%
2315(8) 1/27,3/2 2321 2117 100 204 3/2%
2349 1402 100 947 9/27"
2357 1/2% 2361 2361 9(2) 0 5/2F
2157 100 204 3/27"
2383 (3/2)t 2386 2386 100 0 5/2F
1438 16(3) 947 9/2"
2396(10) (3/2)* 2396 2192 100 204 3/2%
2400 2196 100 204 3/2%
1032 82(14) 1369 (3/2)
2428(13) 7/2%.9/2F 2432 1485 100 947 9/2"
2474 1401 100 1073 7/27F
2483  9/2 424 100 2058 (13/2(4))
2511 1564 100 947 9/2"
2528 2324 100 204 3/2"
1581 21(4) 947 9/27"
2544 (1/27,3/27) 2552 2348 100 204 3/2F
2580.08(10) (17/2)* 347.89(9) 2580 > 13/2 348 100 2232 (15/2)*
2590 1824 100 766 7/2"
2595 /2t 2600 1814 100 786 /2"
1561 43(7) 1039 1/2%
981 20(4) 1619 3/27"
2611.14(12) (15/27) 673.88(20) 2611 > 13/2 674 100 1937 11/27
552.45(16) 552 23(5) 2058 (13/21))
2626 1860 100 766 7/2"
2695 (3/21) 2697 2697 100 0 5/2F
2745 (3/21) 2751 2547 100 204 3/2"
1931 63(11) 820 3/2"
2754 3/2" 2759 2759 100 0 5/2F
2830 (3/2)* 2816 2050 100 766 7/2"
2843 (3/2)* 2834 2834 91(16) 0 5/2F
1888 100 947 9/2%
1760 94(16) 1073 7/2"
2961 2014 100 947 9/2"
3037 3/27" 3043 3043 100 0 5/2F
2257 30(5) 786 1/2%
2004 42(7) 1039 1/2F
1987 24(3) 1056 5/2F
1674 16(3) 1369 (3/2)
3142 (3/2)* 3141 2375 100 766 7/27"
3147 2380 59(10) 766 7/2"
2327 100 820 3/2"
3155 3/2%,5/2F 3160 3160 100 0 5/2"
3198 2432 100 766 7/2"
3216 3216 100 0 5/2F
3233 3233 100 0 5/2F
2413 99(19) 820 3/2"
3277 3277 100 0 5/2F
3288 3288 68(13) 0 5/2F
2522 100 766 7/2%
3333 3333 100 0 5/2"

% See text for details.



TABLE I continued.

E (keV) J* E, (keV) E (keV) J  E, (keV) BR (%) E; (keV) J7
25]  [25] [25] (dp)  (dp) (dp)  (dp) (dp)  [25]+(dp)

3427 3427 100 0 5/27
3495 3495 100 0 5/2F
3600 3600 100 0 5/2%
3746 3746 100 0 5/2F
2082 51(9) 766 7/2"

3877 3877 100 0 5/2%
3944 3944 100 0 5/2%
3992 3992 100 0 5/2%
4092 4092 100 0 5/2F
4140 4140 100 0 5/2F
4195 4195 100 0 5/2F
4239 4239 100 0 5/2%
4329 4329 100 0 5/2%
4407 4407 100 0 5/2F
4461 4461 100 0 5/2F
4565 4565 100 0 5/2F
4675 4471 100 204 3/2"
4791 4791 100 0 5/2F
4847 4847 100 0 5/2%
5583 5583 100 0 5/2%
5678 5678 100 0 5/2%
5889 5889 100 0 5/2%
5972 5972 100 0 5/2F
6064 6064 100 0 5/2F

6. Level: 1880 keV

A level at 1879(12) keV with J™ = 9/2% was previ-
ously reported [40]. The tentative assignment of J = 9/2
and its 338-keV transition has been confirmed. In Ref.
[25] a 337.3-keV transition was assigned to the level at
1888.5(2) keV. However, based on our observation, which
is also corroborated by Ref. [39], the 1888.5-keV level has
been either misplaced or mislabelled. The correct level
energy is 1880 keV.

7. Level: 1968 keV

We observe a level at 1968 keV with J = 5/2, in agree-
ment with previous results from a (d,p) reaction [37].

This level likely corresponds to the previously reported
J =3/27,5/2% level at 1963 keV [25].

8.  Level: 1978 keV

We assume that this level is the 1984(15)-keV state
with J™ = 3/2%,5/2% observed using (p,t) and (d,t) re-
actions [25]. We were unable to determine the spin with
our novel method, but the observed ~-ray decay to the
J = 9/2% 947-keV level strongly favors the J™ = 5/27
assignment to the 1978-keV level.

Level: 2386 keV

If we assume that this state is equivalent to the 2383-
keV level previously observed in several (d,p) reactions
[25], then the tentative J = 3/2 assignment from Ref.
[25] is not consistent with the observed E,=1438-keV
transition to the J™ = 9/2% 947-keV level.

10. Level: 2528 keV

Although we could in principle assume that the ob-
served level is the same as the one reported at 2531(12)
keV with J™ = 9/2% [25], the newly observed ~y decay to
a 3/2% level does not support a J™ = 9/2F assignment.
The strong experimental evidence for a J™ = 9/2% as-
signment to the 2531(12)-keV level from several other
measurements [40-42], together with our observation of
a y-ray decay to a 3/27 levels indicates that there is a
close doublet structure at this energy. As such, the state
at 2528 keV observed here is a new addition to the level
scheme.

11.  Levels between 3200 and 4860 keV

We observe many levels in this energy range, but we
are unable to reliably match these with levels from previ-
ous measurements. The majority of the levels previously
reported above 3200 keV were observed in (p,t) [40] and
(p,d) [41] reactions, albeit with uncertainties up to 30
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FIG. 8. (Color online) Comparison of levels in ®*Mo predicted
by the Shell Model (squares) and populated in the (d,p) re-
action (circles). Positive-parity and negative-parity levels are
indicated by filled and open symbols, respectively. The lev-
els are separated into columns depending on their spin value.
The last column J = UNK includes experimental levels of
unknown spins.

keV in the level energies. This large energy uncertainty;,
together with the high-level density in this energy re-
gion, makes a definitive comparison between our results
and previously observed levels impossible. The analysis
is further complicated, due to the absence of informa-
tion on levels populated in previous (d,p) measurements
above an excitation energy of 3.16 MeV.

B. Comparison with Shell Model Predictions

We now compare experimental data at low-excitation
energies (< 2.3 MeV) with predictions from the m-
scheme Shell Model code CoSMo [43]. For protons, our
model space contains the 2p;/, and 1gg,2 valence orbits
which are below the Z=50 magic number. For neutrons
the valance space includes 3s; /5 and 2d; /5 orbits that are
above N=50. The calculations are based on the gl inter-
action [44], and the results are compared to experimental
energy levels in Fig. 8.

This simple shell model calculation is intended to only
provide a brief overview of the underlying structures of
some low-energy gross features. The model correctly pre-
dicts the ordering of low-lying levels, beginning with the
ground state J™ = 5/27 followed by the first-excited
state of J™ = 3/2%. Overall, the first level of any spin
value is predicted correctly within an energy range of less
than ~300 keV, except for the first 7/27 level and 11/27
where differences between theoretical and experimental
values of 463 keV and 431 keV are observed, respec-
tively. The shell model reveals the exclusive population
of positive-parity states for energies below 2 MeV.

Predicted negative-parity states start to appear just
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above 2 MeV. Experimentally, the first negative-parity
level is observed at 1937 keV with J™ = 11/2, and calcu-
lated at an energy of 2174 keV. Above excitation energies
of ~ 2.3 MeV, negative-parity states are being populated
approximately as frequently as positive-parity levels, up
to the highest calculated energy of 3.5 MeV. The over-
all good agreement in the low-energy level structure is
indicative that the gl interaction provides a satisfactory
description of the single-particle levels in ?>Mo.

The ground state of Mo can be described as a N=>50
closed shell with the three remaining neutrons in the
2ds /5 orbit, while the protons are found in the 1gg /5 orbit;
this explains the good agreement with the shell model re-
sults. As discussed in Ref. [45], levels with J > 13/2 are
predominantly due to the alignment of mixed proton-
neutron configurations. As such, the low-lying excited
states are due to neutron configurations with wave func-
tion components predominantly from the 2ds/3, 1g7/2,
3s1/2, and 2dgz/, orbits. To some extent this is con-
firmed by our limited shell model study. The emergence
of the experimentally observed first negative-parity state
J™ =11/27 has been linked to the 1hy; /o intruder con-
figuration [46]. A lowering of level energy due to the ad-
mixture of intruder configurations explains why the shell
model predicts this and some other states to be higher
in energy. Configurations specific to the low-lying lev-
els and particle occupations of the various single-particle
levels have been discussed in detail [37-42, 45, 46].

V. SUMMARY

Levels in Mo were populated in the (d,p) reaction at
a beam energy of 11 MeV. Protons and ~ radiation were
detected with silicon particle telescopes and an array of
Clover detectors, respectively. The ~-decay properties
of %Mo were investigated using proton-y(-y) coincidence
information. The level scheme was significantly expanded
for excitation energies up to about 6 MeV, and 102 new
transitions and 43 new states were observed. The low-
lying levels are reasonably well described with shell model
calculations using the gl interaction.

The spacing of the lowest excited states in “*Mo leads
to a significant suppression of neutron emission from
high-spin levels populated just above S, in ®Mo. This
effect is responsible for a strong spin dependence in the
population of low-lying levels in ®*Mo. Using data from
proton-vy coincidences, we utilized these differences to
propose a new method for spin determination. We were
able to determine spins of almost all “Mo levels below
2 MeV, and for a few levels above this excitation en-
ergy. This technique is complementary to other spin-
determining methods and could be used for many nuclei
produced in a variety of direct reactions, as long as the
coincidence between the outgoing charged particle and a
v ray de-exciting the level of interest is measured.
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