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Abstract. Superdeformed bands in %Mo and #Tc were populated using *°Ca-induced fusion-evaporation
reactions on °®Ni at a beam energy of 185 MeV. Gamma-rays emitted in the reactions were detected using
the Gammasphere spectrometer, in coincidence with charged particles detected by the Microball array. A
new superdeformed band was assigned to the nucleus 8¥Mo, leading to a revisit of earlier configuration
assignments for superdeformed structures in this nucleus. In particular, the theoretical interpretation of
a pair of identical (isospectral) superdeformed bands in ¥¥Mo/3*Tc is discussed. The configurations that
are assigned to the four SD bands belonging to Mo have properties that are predicted to be significantly

affected by pair correlations.

PACS. 21.10.Re Collective levels — 21.60.Cs Shell model — 23.20.Lv ~ transitions and level energies —

27.50.4+¢ 59 < A <89

1 Introduction

The striking phenomenon of isospectral superdeformed
(SD) bands has been observed in different mass regions [1].
More recently, the first case of isospectral SD bands in the
A = 80 mass region have been observed [2,3]. The energies
of the gamma-ray transitions between the highly excited
and deformed states of two such bands belonging to differ-
ent, usually neighboring, nuclei are very close to identical,
and the similarity often persists over a large range in rota-
tional frequency. The observed energy differences between
the gamma-ray transitions for two such bands are some-
times within 1-2 keV, which is of the order of one per mille
of the transition energies. Such extremely small energy
differences are not easily explained since the addition or
removal of one nucleon usually causes large deviations in
the gamma-ray transition energies. Many different effects
contribute to the nuclear moment of inertia, and in the
large body of experimental data for SD bands throughout
the nuclear chart, significant variations in the rotational
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moments of inertia are found. It is therefore a priori un-
likely that the sum of all the effects on the moment of
inertia will cancel when a nucleon is added to or removed
from an SD nucleus. Since isospectrality is a much stricter
constraint (requiring for identical moments of inertia also
a given spin alignment), the likelihood that the many oc-
currences of isospectrality found in, e.g., the A =~ 150 SD
region are purely accidental is even smaller.

The observations of identical SD bands have stimu-
lated a large number of theoretical efforts. These include
scenarios involving pseudospin symmetry [4-6], “super-
symmetry” [7] and relativistic mean-field theory [8], as
well as standard cranked shell model and cranked mean-
field calculations [9]. Common for most of the proposed
models is the absence of quantitative predictions for the
concurrence of identical moments of inertia and the proper
relative spin alignment. To date no generally accepted the-
oretical explanation for the systematic occurrence of iden-
tical SD bands is at hand.

In the present work we present new experimental infor-
mation on superdeformation in the neutron-deficient nu-
clei Mo and #9Tc, including the assignment of one new
SD band to 8 Mo. A pair of isospectral SD bands in these
nuclei is investigated and configuration assignments are
discussed for these and the other observed SD bands.
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Fig. 1. The four upper panels show spectra obtained by adding all combinations of double coincidence gates on the in-band
transitions of the SD bands in ®Mo. For bands 1, 2 and 4, two alpha-particles and one or two protons were also required. For
band 3, the stricter condition of two alpha-particles and two protons in coincidence with the gamma-rays was applied, due to the
existence of the identical band in #¥Tc, which was the 2a1p reaction channel in this experiment. A spectrum produced by triple
gating on the transitions of that band and requiring two alpha-particles and one or zero protons is shown in the bottom panel.
Note the difference in scale on the y-axis in the left and right part of the spectra. The spectra have been Doppler corrected
using a variable Doppler shift as a function of gamma-ray energy, and relevant background contributions have been subtracted.
The in-band gamma-ray transitions of each SD band are indicated by circles, and transitions between lower-lying states in %Mo

and 3Tc, respectively, are indicated by triangles.

2 The experiment

Excited states in the neutron-deficient nuclei ®*Mo and
89T¢ were populated using a °Ca ion beam impinging on
a ®8Ni target during six days of irradiation time. The cor-
responding reaction channels were 2a2p and 2alp, respec-
tively. The beam, provided by the 88-Inch Cyclotron of the
Lawrence Berkeley National Laboratory, had an average
intensity of 4 pnA. Two different targets, consisting of 0.35
and 0.32mg/cm? highly enriched 58Ni on a 1 mg/cm? gold
backing, were used. In order to minimize the shadow ef-
fect of the target frame on the charged-particle detection
efficiencies, the targets were turned 10° with respect to
the beam axis. Charged particles and gamma-rays emit-
ted in the reactions were detected using the CsI(T1) de-
tector array Microball [10] and the Ge detector array
Gammasphere [11]. Gammasphere consisted in this set-
up of 102 large escape-suppressed coaxial n-type Ge de-
tectors. The targets were thin enough to allow the fusion-
evaporation residues to recoil out into vacuum, and the
detected gamma-rays were therefore Doppler shifted. The
twofold segmentation of the 46 Ge detectors placed clos-
est to 90° relative to the beam direction allowed for an
improved Doppler correction of the detected gamma-rays.
The particle identity and energy information provided by
the Microball Csl detectors was used to further improve
the energy resolution in the sorted gamma-ray spectra

by correcting for the additional recoil caused by emission
of charged particles from the compound nuclei. Heavimet
collimators are normally placed in front of the BGO sup-
pression shields that surround the Ge detectors, but in
the present experiment they were removed. This was done
to improve the reaction channel selectivity by applying
filters on the total detected energy and gamma-ray multi-
plicity of every event in addition to the gating criteria on
detected charged particles and gamma-rays [12,13].

Charged particles emitted from the compound nuclei,
in this experiment mainly protons and alpha-particles,
were identified using the pulse shapes of the scintilla-
tion signals from the 95 Microball detectors. The efficien-
cies for detecting and correctly identifying protons and
alpha-particles were 69% and 46%, respectively, in the
present experiment.

With an event trigger requiring coincidences between
five or more escape-suppressed Ge detectors, around
1.4 -10° raw events were stored on data tapes and an-
alyzed off line. The data were sorted into particle-gated
E,-E,-FE. coincidence cubes, which were used to search
for new superdeformed bands. The search resulted in the
assignment of one new SD band to 88Mo. The lifetimes
of the previously known states in the SD bands in Mo,
89T¢c and ?'Tc were also studied. These results are pre-
sented elsewhere [14].
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Table 1. Transition energies for the SD bands in 89Tc and 3Mo observed in the present experiment. Statistical uncertainties
are given within parentheses. The transition placed at the top of the SD band assigned to 8°Tc and the transition placed at
the top of band 4 in 3Mo are tentative. The SD band in 3Tc and the SD band 3 in Mo are a striking example of isospectral

bands.
89Tc 8 Mo (1) 85Mo(2) 88Mo (3)  ¥¥Mo(4)
1149.2(3)  1238.6(4)  1459.6(8)  1260.1(12) 1418.6(9)
1258.83(11)  1342.07(23) 1595.6(7)  1382.6(13) 1560.8(10)
1384.35(7)  1480.70(23) 1743.1(5)  1522.9(17) 1706.2(9)
1521.18(8)  1633.45(22) 1894.8(5)  1668.9(16) 1858.8(9)
1668.09(6)  1795.50(25) 2054.2(9)  1817.8(15) 1995.6(14)
1818.82(8)  1962.2(3)  2224.3(16) 1975.3(14)  (2088.5(20))
1974.57(9)  2133.4(5) 2134.7(14)
2136.01(10)  2306.5(11) 2297(3)
2298.34(13)
2462.0(16)
(2619(3))
L 89T ¢ been measured previously [2], and are consistent with the
osh in-band transitions having a stretched quadrupole charac-
'0 T T ter. One should note the “identical” (isospectral) relation-
N ship between the SD band in 3Tc and band 3 in 8¥Mo.
w T This feature was observed earlier [15], but is highlighted
g 05 by the higher accuracy in the present study. The level of
E - isospectrality is quite remarkable here; the energy differ-
E L ences between all the corresponding transitions in the two
% 0'3 L bands are 1-2keV. We have ruled out the possibility that
z N the observed gamma-ray cascades are due to proton de-
- cay competing with gamma decay at the bottom of the
051 SD band in 89Tc. The same gamma-ray sequence could
or then be observed in coincidence with one as well as two
N protons, and also with lower-lying transitions assigned to
051 ‘ ‘ ‘ both 8Mo and 39Tc. The experimental data do not, how-
600 800 1000 1200 1400 ever, leave room for this scenario. Protons emitted from
ho (MeV) a low-lying state in the band would be expected to fol-

Fig. 2. Relative transition intensities of the SD bands in Mo
and #Tc as deduced from the present work, as a function of Aw.

3 Experimental results

Three SD bands have previously been assigned to %Mo [2]
and one to #Tc [15]. The SD bands were confirmed in the
present work, and one new SD band was assigned to 88Mo,
based on coincidences with known lower-lying transitions
in 8Mo [16]. No discrete gamma-ray transitions linking
these bands to the lower-lying parts of the level schemes
have been observed, and the absolute spins and excita-
tion energies of the bands therefore remain unknown. The
new SD band in ¥Mo (band 4) is populated with an in-
tensity of around 0.3% relative to the total population of
the 2a2p reaction channel. This can be compared with the
corresponding intensity of around 1% for the strongest SD
band (band 1) in this nucleus. In fig. 1 are shown coinci-
dence spectra that are double gated by the transitions in
the SD bands assigned to 3Mo. The measured transition
energies are given in table 1, and the relative gamma-
ray intensities as a function of hw are shown in fig. 2.
The angular distribution ratios for band 1 in 3Mo have

low an energy distribution with a lower mean energy than
that of the protons evaporated from the “hot” compound
nucleus. A search for proton decay out of band 3 did not
reveal any evidence for such an effect. The search was
performed by examining proton energy spectra with the
requirement that two gamma-ray transitions from band
1 or band 3 of 88Mo, respectively, were present in each
event (the former for reference purposes), in coincidence
with two alpha-particles and two protons. Band 3 in 33Mo
exhibits the typical intensity profile of an SD band, with a
flat “plateau” in the intensity versus rotational-frequency
curve and a rapid decay out in the low-spin part of the
band. Any significant proton decay out of this band must
therefore proceed via the lowest states in the band. There-
fore, energy spectra for the proton with the lowest de-
tected energy in each event were studied in particular. No
qualitative differences between the proton energy spectra
gated by transitions between states in the bands 88Mo (3)
and ®8Mo (1) were found.

4 Discussion

As was first pointed out by T. Bengtsson et al. [17], the ro-
tational properties of SD bands systematically depend on
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Fig. 3. Single-proton Routhians calculated for B2 = 0.488,
B4 = 0.034, v = 2.8°, valid around Z = 42. The solid lines in-
dicate (m,a) = (+,+3), dotted (+, —3), dash-dotted (—,+3),
and dashed (—,—3). The Z = 42 shell gap is indicated in

1
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the figure.

the “high-A intruder” content of the nuclear wave func-
tion. In this context, “high-A intruder” denotes high-j
orbitals emanating from major spherical shells above the
Fermi surface which are downsloping in energy as a func-
tion of increasing quadrupole deformation. The classifica-
tion of SD bands according to the number of occupied
high-A/ intruder orbitals has been quite successful. How-
ever, it has also been demonstrated that in the presence of
pair correlations, this simple picture needs to be modified
due to the alignment of quasiparticles [18]. In particular,
in the A ~ 190 region, paired alignment is of greater im-
portance for the change in the moment of inertia than the
number of intruder orbitals [19].

Self-consistent mean-field calculations [20,21] based on
a Woods-Saxon potential and the Lipkin-Nogami pairing
formalism were performed in order to interpret the ex-
perimental information on superdeformation in Mo and
89T¢. For protons in 38Mo and 3?Tc, the orbitals predicted
to be closest to the Fermi surface at SD shapes are those
with the asymptotic Nilsson quantum numbers [431}% and
[422]%, emanating from the spherical g7/, and gg,5 sub-
shells, respectively, and the 5; orbital, which has hqy /o
parentage (see fig. 3). The notation 5; indicates that this
is the lowest-lying orbital from the shell with principal
quantum number 5. The energy levels originating in the
g7/2 and hqy /3 subshells have pronounced negative slopes
as a function of increasing quadrupole deformation. Due
to a shell gap of &~ 1MeV at neutron number N = 46,
we expect only one neutron configuration to be of impor-
tance in the frequency range of interest. This configuration
has two A/ = 5 high-j orbitals occupied [2]. In an earlier
work [21 the SD bands 1-3 in ¥Mo were assigned to the
m([431]5) "' ® 5, (band 1) and 7([422]3)~! @ 5; (bands 2
and 3) 2-quasiproton configurations, and the SD band in
89T¢ was assigned to the m5; configuration. The isospec-
trality of the band in 89Tc and band 3 in %Mo was, how-
ever, not addressed explicitly in the previous work. This
fact, in combination with the observation of a new SD
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Fig. 5. Left panel: experimental 7® moments of inertia of
the SD bands discussed in this work as a function of rotational
frequency. Right panel: the corresponding curves as predicted
by our calculations for the Mo proton vacuum configuration
as well as the m([422]2) 7' ® 5" and 7([431]3) "' ® 5" 2qp con-
figurations.

band in Mo, has prompted a revisit of the configuration
assignments for SD structures in this nucleus.
These SD bands have a few distinct features:

i) The striking level of isospectrality of the SD band 3
in 8Mo and the SD band in 3Tc, as illustrated in
the incremental-alignment plot of fig. 4. The incremen-
tal alignment can be deduced from the transition ener-
gies obtained in the experiment and is defined as A; =
2hAE, /AEY, where AE, is the difference between the
gamma-ray energy of a transition in a band and the tran-
sition closest to it in energy in the reference band. AES is
the energy difference between two adjacent transitions in
the reference band. In the present work, the SD band in
89T¢ is chosen as the reference.

ii) Bands 2 and 3 in 8¥Mo have transition energies close to
each other’s midpoints. This is visible in the incremental-
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alignment plot, where the alignment difference between
the two bands is close to 1. This might point to signature
partner bands built on the same strongly coupled quasi-
particle (qp) configuration.

iii) The dynamical J®) moment of inertia values (see
fig. 5) are very similar for bands 2-4 in 3¥Mo and the band
in 89Tc¢, whereas they are significantly lower for band 1 in
88Mo.

As stated above, it is reasonable to assume that the
lowest SD configurations for 3Mo are based on the neu-
tron vacuum configuration (7 : +,« : 0); i.e., a configu-
ration lacking an excited quasineutron. In contrast, due
to the large signature splitting of the lowest A/ = 5 or-
bital, which crosses the N' = 4 orbitals at hiw ~ 0.6 MeV
(see fig. 3), the lowest proton configurations are based
on “particle-hole excitations” from a N = 4 orbital to
N =5 (7 : —,«a: 0,1). Therefore, we expect five low-
lying configurations: four proton particle-hole excitations
from the [431]5 and [422]2 Nilsson orbitals into the 5;
orbital and one based on the proton zero qp configura-
tion (7 : 4+, a : 0). For the latter configuration, the proton
intruder 5; orbital is empty at low frequencies. This con-
figuration is crossed at hw ~ 1MeV by a configuration
with two aligned protons in this orbital.

The isospectrality of band 3 in ®¥Mo and the band
in 89Tc places several constraints on configuration assign-
ments. Due to the pronounced shell gap at Z = 43, we will
here consider 89Tc as the “core” nucleus (in the notation of
the particle-rotor model) and the different bands in Mo
then involve different proton “hole” configurations rela-
tive to this core. Isospectral bands have been observed in
particular in the A = 150 region. These bands have been
explained in terms of the odd particle occupying an or-
bital with a decoupling factor of exactly a = 1 [6,22,23],
i.e. contributing %h to the alignment relative to the core.
For 8Mo, no such orbitals are available close to the Fermi
surface. Furthermore, an additional constraint is placed by
the properties of the SD band 2, which has transition en-
ergies near the “half-points” of band 3 (i.e. an incremental
alignment of close to 1 unit relative to band 3) in %Mo.
Hence, the two constraints appear to contradict each other
requiring that the configuration is both i) decoupled and
ii) strongly coupled.

In the following we propose an interpretation that
resolves these apparently contradicting results. Two ex-
treme cases are usually considered for identical bands; full
decoupling generating isospectral bands or bands at the
midpoints of the even-even “core”, and strongly coupled
bands, lying at the quarter points or three-quarter points
with respect to the core. In order to account for the re-
markable behavior of bands 2 and 3, we here propose a
third scenario based on the midshell orbital [422]5 of gg /2
parentage. For a single j-shell, the core rotation results in
a shift of the quantization axis from the symmetry axis
toward the rotation axis of the nucleus. In this simplified
picture, the midshell 2 = 5/2 levels will asymptotically
acquire an alignment of £1/2 at high rotational frequen-
cies. For Mo, the band resulting from a proton particle-
hole excitation from the negative signature of the [422]2
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orbital to the 5; orbital has a = 0, and can be described
as resulting from a hole in the [422]3 orbital relative to
the 89Tc SD core. This orbital has an alignment that is
rather close to the asymptotic value of —1/2% in the rel-
evant spin region (fig. 3). A proton hole in this orbital
thus provides the additional alignment necessary to repro-
duce the aligned spin sequence of the core nucleus, and
offers an explanation for the observation of the isospec-
tral bands. However, the positive signature of the same
orbital is quite far from its asymptotic alignment of —|—%,
due to mixing with other positive-parity configurations. In
fact, it is close to parallel to its negative-signature part-
ner level in the frequency range of interest (fig. 3). This
results in an “accidental” difference in alignment of ap-
proximately one unit between the bands based on the two
signatures of this orbital, in agreement with the experi-
mental alignment difference (fig. 4) between bands 2 and
3. Furthermore, the slight curvature that is present for
band 2 in the incremental-alignment plot can be ascribed
to a change in alignment with rotational frequency for the
o = +1/2 signature of the [422]2 orbital. Hence, we as-
sign bands 2 and 3 in 3Mo to the configuration resulting
from a proton particle-hole excitation into the 5; orbital
from the positive and negative signatures of the [422]5
orbital, respectively. To our knowledge, this would be the
first experimental example of a band exhibiting both the
phenomena i) and ii) above. One should also note that the
[422]2 orbital has very little polarizing effect on the nu-
clear shape, as it is totally flat in energy as a function of
quadrupole deformation, in contrast to the other orbitals
near the Fermi surface. It is therefore not unreasonable to
assume that a difference in the occupation number of the
[422]2 orbital does not appreciably affect the moment of
inertia, in accordance with the observations.

The [431]% orbital has, due to its £2 = 1/2 charac-
ter, a large signature splitting (see fig. 3), and we expect
only the positive signature of this configuration to be pop-
ulated appreciably within the rotational-frequency range
of interest. The particle-hole configuration based on this
orbital lacks one proton in the spherical g, orbital, which
is an N = 4 intruder orbital. A band based on such a con-
figuration can be expected to be characterized by a lower
moment of inertia than the bands based on an odd par-
ticle in the spherical gg,, orbital, where two g7/, orbitals
are occupied. The difference between the moments of in-
ertia of configurations built on orbitals of g7/, and gg/o
origin are maintained in the calculations irrespectively of
whether pair correlations are present and hence reflect the
difference in AV = 4 intruder content.

As mentioned above, the moments of inertia of SD
bands can usually be characterized quite successfully in
terms of the number of occupied intruder orbitals. On the
other hand, pair correlations strongly influence the mo-
ment of inertia. Our calculations show that pair correla-
tions continue to play a role up to ~ 1 MeV in rotational
frequency. As shown in fig. 6, the positive-parity configu-
rations align at hw ~ 1.1 MeV. However, the interaction
in the crossing regime is very strong (> 1MeV). There-
fore, in the presence of pairing we expect these orbitals
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Fig. 6. Theoretical quasiparticle Routhians calculated for a
Woods-Saxon potential and including quadrupole pairing as a
function of rotational frequency. The calculations were made
at a deformation of (82 = 0.488, B4+ = 0.034, v = 2.8°).
The pairing equations were solved self-consistently at each fre-
quency. The resulting drop in the pair gap starting at w ~ 0.6
leads to a change in the slope of the quasiparticle Routhians.
(B2 = 0.488, B4 = 0.034, v = 2.8°). (7, a): solid = (+,+3),

dotted = (+, —3), dash-dotted = (—,+1%), dashed = (—, —3).
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Fig. 7. Top panel: calculated proton pair gap as a function
of rotational frequency for the vacuum (circles) and proton
(m: —,a:0) (squares) configurations. Bottom panel: the con-
tribution to the J ) moment of inertia for the same configura-
tions. The steeper slope in the pairing energy for the vacuum
configuration compensates for the lower number of occupied
intruder orbitals compared to the (7 : —, « : 0) configuration,
thus explaining the similarity in the J @ moments of inertia.

to align smoothly. The Coriolis anti-pairing effect also
contributes to the increase of the moment of inertia. For
the case of Mo, the (7 : +, a : 0) “proton vacuum”
band has stronger proton pair correlations at low frequen-
cies than the corresponding 2qp configurations, due to the
blocking effect (see fig. 7). Due to the strong interaction
between the paired and aligned positive-parity configura-
tions, the alignment of protons in these orbitals gives rise

The European Physical Journal A

to a smooth contribution to the J® moment of inertia
for the SD band with the strongest pair correlations. Fur-
thermore, the rapid decrease in the pair gap (see fig. 7) for
the vacuum band also serves to increase the J (2 moment
of inertia of the band. Consequently, although no N’ =5
orbitals are occupied in the (7 : +, a : 0) configuration
in the frequency range of interest, the moment of inertia
of that band is boosted by the gradual alignment and de-
creasing pair fields. Therefore, it is as large as those of the
bands built on the m([422]3)~! ® 5! configuration. The
vacuum configuration is furthermore predicted to exhibit
a sharp rise in the J (2) moment of inertia at fiw ~ 1 MeV
(see fig. 5). This crossing is related to a change in configu-
ration from 75° to 752. Experimentally, band 4 has a sim-
ilar 7@ moment of inertia to those of bands 2 and 3, and
there is a hint of a rise in the 73 curve at the top of the
band, which may be an indication of this band crossing.
The other three bands show no signs of such band cross-
ings at medium and high rotational frequencies. Therefore,
we assign band 4 to the SD vacuum configuration.

The drop in the moment of inertia at low frequencies
experienced by all the bands is calculated to originate from
a paired alignment of hy1/, neutrons. The somewhat dif-
ferent slopes of that alignment reflect the slightly different
deformations associated with the relevant configurations.

The main features of all the observed SD bands in
88 Mo and 3Tc are thus reproduced by our calculations,
with the suggested configuration assignments.

5 Conclusions

Superdeformation in 88Mo and 3°Tc was studied experi-
mentally, resulting in the observation of one new SD band
in 8Mo as well as improved measurements of the in-band
transition energies and improved values for the deduced
transition quadrupole moments for three of the bands.
The SD band in 3Tc has previously been assigned to the
751 configuration. One of the bands in Mo (band 3)
has transition energies that are very close to identical to
those of the band in #Tec. In addition, band 3 appears,
together with band 2 in the same nucleus, to exhibit the
qualities of a strongly coupled band structure. We assign
bands 2 and 3 to the positive and negative signatures of
the bands resulting from a proton particle-hole excitation
from the [422]2 orbital to the 5; intruder orbital, respec-
tively. The assignment is based on the theoretically pre-
dicted alignments for these bands relative to that of the
SD band in 3Tc. The most intense band in the same
nucleus, band 1, is assigned to the 7([431]3)! ® 51 con-
figuration. The configuration assignment of the zero qp
configuration depends significantly on the predicted rota-
tional properties induced by pair correlations. The previ-
ously proposed configuration assignments of bands 1-3 in
8 Mo have thus been confirmed, and found to be consis-
tent with the presence of isospectral bands. In addition,
the new band observed in this work is assigned to the SD
“yacuum” configuration in 88Mo.
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