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Abstract

High-spin level structure of **Mo has been re-investigated using the modern multidetector array of GASP via the '0(%Se,

4ny)**Mo reaction at E(*2Se) = 459 MeV . The previously reported level scheme has been largely modified up to ~ 10 MeV in excita-

tion energy due to identifications of some important linking transitions. The level structure of **Mo has been compared with the shell

model calculations. It is suggested that the valence neutron excitation within ds,,, g7,,,and h;;,, orbitals should be taken into account

in order to adequately describe the high-spin level structure of **Mo above 1™ =147 .
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1 Introduction

The **Mo nucleus( Z = 42, N = 52) has four valence pro-
tons and two valence neutrons outside the neutron( N = 50)
and proton( Z = 38) subshell closure, and it is expected to be
spherical with similar level structures with neighboring nuclei
that can be interpreted in terms of shell model calculations.

Actually. it has been shown!!+?!

that the low-lying levels of nu-
clei with N = 50 are dominated by the proton excitations
within the 7(p1/5, go/2) or ©(f5/25 P3/25 P125 &/2) orbitals.
The medium spin levels in the N > 50 nuclei can thus be un-
derstood as the neutron excitations within the v( ds,, $1,,
&7,25 h11,2) orbitals coupled to the valence proton configura-

tions . Shell model calculations!?**' have shown that the neutron
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particle-hole excitation across the N = 50 shell gap must be
taken into account in order to adequately describe the high-
spin level structure of nuclei in the N = 50 region. Experi-
mental investigations of high-spin level structures in these nu-
clei can provide information on the interplay between proton
and neutron excitations across the subshell closure at Z =38
and N =50.

The high-spin states of ** Mo were investigated a long
time ago by Lederer et al"!, via the (a, xn7Y) reactions. The
level scheme has been extended recently up to [~ 16 at 12
MeV excitation energy by Kharraja and co-workers"*] using a
heavy-ion induced fusion-evaporation reaction and the early
implementation phase of the Gammasphere array.In a recent

experiment in GASP devoted to study the level structures of
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neutron-rich nuclei in the ®Se + ' 0s collision system, nu-
merous ¥ rays emanating from **Mo have been detected . This
is due to the oxidization of the thick ' Os target; the 160
(Se, 4ny) ** Mo fusion-evaporation reaction populated the
high-spin states of **Mo . Although , the production yield for the
%Mo isotope was rather low, important information could be
extracted with the help of high detection sensitivity of the
modern multidetector array of GASP. This paper presents the
high-spin level scheme of **Mo in which some important modi-
fications have been made. The revised level scheme seems to

be in a better agreement with theoretical predictions.

2 Experimental details and results

The high-spin states in ** Mo were populated via the
160 (%8¢ ,4ny)**Mo reaction at a bombarding energy of 459.3
MeV . The ¥Se beam was provided by the accelerator complex
of the Tandem-XTU and ALPI at the Laboratori Nazionali di
Legnero, Italy , and focussed on an isotopically enriched ***Os
target of 60 mg/cm’ thickness. The emitting ¥ rays from the
reaction products were detected by the multidetector array of
GASP which consists of 40 Compton suppressed large volume
Ge detectors and a multiplicity filter of 80 BGO elements. The
energy and efficiency calibrations were made using **% Co,
Ba, and "?Eu standard sources. Typical energy resolutions
were about 2.0 —2.5 keV at FWHM for the 1332.5 keV
line. Events were collected when at least three suppressed Ge
and two inner multiplicity filter detectors were fired . With this
condition about 1.5 x 10° coincidence events were recorded.
After gain matching, the data were sorted into fully sym-
metrized matrices and cubes for off-line analyses.

The coincidence events with one ¥ ray detected in one of
the 12 detectors placed at 31. 7°, 36°, 144°, and 148. 3°
(average angle is 34°/146° relative to the beam direction) and
the other one detected in one of the 8 detectors at 90° were
sorted into an asymmetric matrix. The 7Y ray intensities
Iy(34°) and I, (90°), used to determine the DCO ratios
Rpeo = I, (34°)/1 y (90°), were extracted from the coinci-
dence spectra by setting gates on the 90° and 34° axis of the
above-mentioned asymmetric matrix. In the GASP geometry,
stretched quadrupole transitions were adopted if Rpq, values
were close to unity, and dipole ones were assumed if Rpgo=~
0.5 using the stretched quadrupole transitions as the gates.
The DCO ratios depend on the multipolarity of the gating tran-

sitions'®) , therefore , Y-ray anisotropies have been analyzed and

extracted from the coincidence data. This method has been de-
scribed in Ref.[7]; the advantage of this method is that the
extracted Y-ray anisotropies were not sensitive to the multipo-
larities of the gating transitions. Multipolarity information for
the emitting ¥ rays has been cross-checked using the two tech-
niques . However, one has to keep in mind that the uncertain-
ties still exist for the spin assignments on the basis of Y-ray
anisotropy and DCO ratio analyses. The stretched quadrupole
transitions cannot be distinguished from A7 =0 dipoles or cer-
tain mixed Al = 1 transtions. In such cases, crosschecks from
the parallel transitions and their branching ratios provide sup-
plementary arguments for the spin and parity assignments. In
fact, the combination of the high statistics and the superior ef-
ficiency for three-and higher-fold coincidence events make it
possible to identify many weak 7Y transitions. The selectivity
power of double-gating technique and presence of crossover
transitions provide many checks for the multipolarity, place-
ment and ordering of transitions in the proposed level scheme.
From the detailed analyses of Y-ray coincidence relation-
ships in the double-gated spectra, the level scheme of * Mo
has been established and shown in Fig.1.Two representative
double-gated coincidence spectra are given in Fig.2.The pre-
sent level scheme is consistent with the result of Kharraja et
al’® . below the (12*) and (137 )levels. In addition, several
new transitions of energy 504,671,1140,1168,and 1307 keV
connecting the negative-and positive-parity levels have been
newly identified due to the high statistics of the data. These
new transitions can be clearly seen in Fig.2.The 449 keV line
de-exciting the second 6* level™! ,which was not observed in
Ref.[5], has been confirmed in this work . The extracted Roco
values for the linking transitions support the spin and parity
assignments of Refs.[4,5].Based on the DCO ratio analyses,
we have assigned an E2 multipolarity for the 1168 and 1307
keV 7 rays, and an El transition for the 504 and 485 keV
lines . These assignments lead to an identification of the second
(8*) and (10% )levels at 3591 and 4262 keV excitations, re-
spectively. The assignment of (10* ) to the 4262 keV level is
further supported by the 366 keV,Al =0 dipole transition.
For the positive parity levels above the (12*) state,
some important modifications have been made in the present
level scheme as compared with the previous work of Kharraja
et al’®, First, the 1609, 1060, 973, and 714 keV transitions
were found to be quadrupole rather than dipole ones as pro-
posed in Ref.[5]. Second, the ordering of ¥ rays in the in-
tense 241-442-791-1244 transition sequence has been changed
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Fig.1. Level scheme of **Mo deduced from the present work.

in the present level scheme;this is supported by the observa-
tion of a new dipole (868 keV)and a new quadrupole (1658
keV) crossover transitions. Furthermore, the 1341 and 1740
keV lines') have not been observed in this work , and the 1367
keV line could be the 1370 keV 7 ray observed in our data;
the energy and the placement of this line in the level scheme
(19* )= (17" ) are supported by the new 928 keV(19*)—
(18 * ) transition. The 1609 keV line seems to be a triplet ; two
of them have been assigned in the level scheme, and the third
one may feeds to the yrast (19*) at 10266 keV since it ap-
pears in the coincidence spectra shown in Fig.2.

The cascade Y rays of energy 623,663,1062 and 2188
keV have been assigned to the present level scheme feeding
the negative parity levels. The ordering of these transitions is

quite different from that proposed in Ref.[5].One can see

from the double-gated spectrum of Fig.2(a) that the 623 keV
transition is much stronger than the 663 keV line. Therefore
we have placed this line to feed directly to the (137 ) level
and the latter on top of this cascade. This placement is strong-
ly supported by several crossover transitions shown in Fig.1.
On the other hand,the Ry, values for the 623 and 663 keV
lines are consistent with those of pure Al =2 quadrupole tran-
sitions, it is reasonable to assign these two lines as the (157)
—(137) and (197 )— (17" ) transitions, respectively.
Finally,it is worth noting that the Y-ray energies mea-
sured in this work were found different up to 4 keV from the
previous results'™ ; for example the previously reported 2389
keV line should be the 2384.6 keV 7Y ray observed in this
work . Numerous ¥ rays emitted from the target-like, projectile-

like , and fusion-evaporation residues have been identified , and
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Fig.2. Representative double-gated coincidence spectra for **Mo.

their energies determined in this work are consistent with the
adopted values within an uncertainty of 0.5 keV. The larger
uncertainties in Y-ray energies of Ref. [5] may be due to the

thin target used in their experiment.
3 Discussion

As the **Mo nucleus has two valence neutrons outside the
N = 50 shell closure, the excited level structure can be de-
scribed by the simple shell-model configurations. Given the re-
duced 2* —0" energy spacing in **Mo with respect to E,(2*
—>0%) =1510 keV in 9208 ,one has attributed the first 2*
and 4" states to the seniority-2 neutron(vds,,)3, 4. configu-
ration. The first 6% state at 2423 keV was assigned to the
(vds)) (vgrn)e. excitation™! based on the low logft value
for the B* /EC decay from the (vds,,)(7go,,);, ground state
of **Tc . The next 6, at 2872 keV and the 8, could be related
to the predominant proton configuration(rgs,, )3, ¢, - The g-
factor of the first 8* in ®* Mo has been measured™® to be
1.317 £ 0.015 ;this value is close to the ones for the first 8*
in ®Zr and Mo, and the 9/2* in ®*Nb indicating that the on-
ly components of non-zero seniority in the dominant configura-
tion of these levels are of gg/, protons. To form the higher spin
states shell model configurations of seniority-4 should be in-

volved; the yrast 10* and 12* levels may correspond most

probably to the (rtgg,,)?(vds,,)?* configuration.

Shell model calculations had been performed earlier by
Lederer et al™*). under a limited configuration of (7p,,)?
(1gop)* ®(vds )% . The calculated results are compared with
experiment in Fig. 3. One can see that the newly identified
8, ,10, ,and 11" states are in very good agreement with the
theoretical predictions both in level ordering and spacing. The
high-spin level structure of **Mo has been investigated recent-
ly by Kharraja and co-workers using the Code OXBASH'™!,
taking ®8Sr as the inert core and the model space of[ x(p,,,,
gos2) 3V(dssys s15) 1. The calculated results are presented in
Fig.3 from which good agreement between theory and experi-
ment can be found up to 16* and 15~ if the present spin-as-
signments are accepted. The yrast 14" level could not be re-
produced by this theory. This discrepancy could be attributed
to the contributions which were not incorporated in this re-
stricted model space. Given single particle excitation ener-
gies[w’n] of E.(v(ds;,) =0,E . (v(g7,) =766 keV,and the
(rgos)a, (vds,)i, configuration for the lowest 12 level,
the yrast 14* state could be generated predominantly by the
(ngos)s, (vg/2)%, (with possible admixture of (7 go,, )3,
(vds/yvg7/2)2, ) configuration. The excitation energy for such
a fully aligned 4-particle state may be estimated as E, =2 X
E.(vg,,) = 1532 keV.This is consistent with the experimen-
tal observation that the 14" state is 1609 keV higher than the
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Fig.3.

Comparison of level structure of **Mo with simple shell model calculations of Refs.[4,5].

See text for details.

12* level. Same mechanism of vds,—>vg;,, neutron excita-
tions may be involved for generating the yrast levels up to 18 *
and 177 . In fact, with the limited configuration space of
[Tt(pl/z s &os) 3v(ds/y s 31/2)] ,the maximum angular momen-
tum for **Mo( with four valence protons and two valence neu-
trons)is I" = 16" (157 ) for positive-parity ( negative-parity)
levels. The vds,,—vg;,, neutron excitation in **Mo may easily
provide 2 angular momentum unit leading to the maximum an-
gular momentum up to I" = 18* (177).

It has been pointed out that the vgg, neutron-hole exci-
tation across the V =50 shell gap is responsible for generating
the higher-spin states for the N ~ 50 nuclei’?***! . Theoretical
calculations show that the excitation of a single neutron across
N =50 gap comes to play for the levels above /™ =12* and
14~ in Mo and *Ru'?. The same interpretation has been
proposed for %Mo"*!; this seems not consistent with our inter-
pretation. In fact, if the core-breaking dominate the level
structure above 1™ = 12" in Mo, the two extra ds,, neutrons
in *Mo could easily provide 4 angular momentum unit, and

thus augment the critical spin up to I = 16. Furthermore, this

critical spin can reach to 18* and 177 if the vds,—>vgs,,
neutron excitations are involved. Good agreement between
theory and experiment (see Fig.3) seems to suggest that the
single neutron excitation across the N =50 shell gap may not
dominate the high-spin level structures up to 18* at ~ 9
MeV.We did observe a gap of about 2 MeV for the negative
parity level at ~ 9 MeV and several parallel high-energy ¥
transitions . This has been regarded as the indication of a vgg,,
neutron-hole excitation (or the N = 50 shell breaking) . How-
ever,one has to note the fact that the predicted energy gap is

[5]

much larger than 2 Mev'®’ observed in **Mo and the %, neu-

tron orbital was not practically included in their theoretical
calculations'*?’; the valence neutron excitation in the hii
orbital might be important for generating the higher-spin levels

.94
in “"Mo.

4 Summary

The high-spin states of **Mo has been re-investigated in

a thick-target experiment of the heavy-ion-induced *0(®Se,

)94

4nY)”" Mo fusion-evaporation reaction. With the help of high
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detection sensitivity of the multidetector array of GASP and the
double-gating technique , a much revised level scheme of **Mo
has been constructed. The level structure has been compared
with the shell model calculations within the limited model
space of [7x( py/as 89/2) 3V(dsys 51,2) 1. It is found that the
observed yrast levels up to 16* and 15~ can be well repro-
duced with only an exception of the first 14* . This yrast state

may be understood, at least qualitatively, when considering the

vds,,~>vg7,, valence neutron excitation. Good agreement be-
tween simple theory and experimental observations suggests
that the single neutron excitation across the N =50 shell gap
may not dominate the high-spin level structures up to 18,
17~ .Instead, the valence neutron excitation within the ds,,,
g7, and hy,,, orbitals may play an important role in generat-

ing high-spin states above 16* and 15~ .
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