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Abstract. Neutron-deficient nuclei in the mass region A ~ 90-100 exhibit a large variety of phenomena.
In this region the heaviest N = Z nuclei are identified and enhanced neutron-proton correlations are
expected when protons and neutrons occupy identical orbitals. A variety of nuclear shapes are predicted
and observed for A < 91, including superdeformed shapes. The nucleus *°°Sn is the heaviest N = Z doubly
magic nucleus believed to be bound. Knowledge of the shell structure around °°Sn is of utmost importance
for understanding the nuclear shell model. New results on both the N = Z nucleus *®Ru, superdeformed
structures in A ~ 90 nuclei as well as the first result on the level structure in '°>Sn, and an extended level
structure in °2In are presented. The limitations of using stable beams and targets and the possibilities

with new radioactive beams are briefly outlined.

PACS. 21.10.Re Collective levels — 21.60.Cs Shell model — 27.50.4-¢ 59 < A < 89 —27.60.4+j 90 < A < 149

1 Introduction

The A ~ 90-100 mass region has attracted large attention
during recent years. A variety of phenomena are predicted
in nuclei far off stability and close to or at the N = Z line
in this region. Nuclei with N ~ Z are believed to show
enhanced neutron-proton correlations when neutrons and
protons occupy identical orbitals. The manifestation and
signatures of such correlations are still under debate. New

# In collaboration with groups 1-22.

theoretical attempts are being made to try to disentan-
gle the effects of enhanced neutron-proton correlations
on, e.g., masses, excitation energies, moments of inertia
and crossing frequencies. Of special interest is the nucleus
10081 which is the heaviest doubly magic self-conjugate
(N = Z) nucleus believed to be bound. Information on
the structure of nuclei close to '°°Sn is of utmost impor-
tance for studying residual interactions and single-particle
energies and testing the validity of the nuclear shell model
in this region. In addition these nuclei are located close to
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the proton drip line implying that coupling to continuum
states may influence the nuclear structure.

New highly effective arrays for ~-ray spectroscopy
like EUROBALL [1] and GAMMASPHERE [2] , com-
bined with state-of-the-art ancillary detectors and/or re-
coil mass separators, have allowed identification and in-
beam ~y-spectroscopic studies in heavy-ion—induced fusion
evaporation reactions of very neutron-deficient nuclei close
to the N = Z-line in this mass region. So far the results
have been obtained with stable beams and targets. The
access to radioactive beams with sufficient intensities are
believed to allow investigations of even more exotic nuclei
in this mass region.

2 N = Z nuclei

Until now, the heaviest doubly even N = Z nucleus with
known excited levels has been Mo in which the 2+ and
47 states are known [3,4]. In a new experiment at GASP,
Legnaro, excited states in the N = Z = 44 nucleus ®8Ru
have been observed for the first time [5]. A 105 MeV beam
of 32S from the Legnaro Tandem accelerator was used to
initiate fusion reactions on a 1.1 mg/cm? target of *®Ni
evaporated on a Au backing. The ~-rays were detected
with the GASP array [6] with 40 Compton-suppressed
HPGe detectors and an inner BGO ball. For reaction chan-
nel identification six NE213 neutron detectors and the
ISIS E-AF silicon ball were used. The v-rays following
the 2n reaction channel leading to 88Ru were observed
in a -y matrix sorted in coincidence with neutrons but
in anticoincidence with charged particles in the ISIS ball.
A summed coincidence spectrum obtained with gates on
three -transitions attributed to ®8Ru is shown in fig. 1.
The estimated cross-section for producing ®8Ru is 5-10 ub
(For more details and references, see [5]).
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Fig. 1. Sum of gates on the 616, 800 and 964 keV ~-lines in
~-v matrices obtained in coincidence with neutrons and (a)
in anticoincidence with charged particles, (b) in coincidence
with protons. Spectrum (c) shows the difference between the
two upper spectra taking into account the measured proton
efficiency.
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Fig. 2. Yrast states in even-even N = Z nuclei. The transition
energies are given in keV.

Looking at the systematics of the yrast levelsin N = Z
nuclei from %Ge to ¥Ru, fig. 2, one observes a decrease
in the energy of the 2% state with increasing mass num-
ber up to "9Sr indicating a more collective behaviour and
a deformed structure. At 89Zr this tendency changes and
the excitation energy of the 2% state increases again when
moving towards the predicted spherical shape of '°0Sn.
Also the ratio of E*T to E?* reaches a maximum of about
2.85 at 79Sr and 8Zr indicating a rotational-like structure.
The new results on 33Ru with £t = 616 keV and an E4+
to E%* ratio of 2.3, follow the observed tendency and indi-
cate a transitional structure of this nucleus. The theoret-
ical predictions of the ground-state deformation in 88Ru
vary from oblate to almost spherical to weakly prolate de-
formed (g2 = 0.1-0.2). A determination of the size and
the sign of the quadrupole moment of 88Ru would be of
great value for testing the various theoretical approaches,
especially those which take into account different types of
pairing interactions (see [5]).

In ™Kr [7,8] a shape change is inferred at low excita-
tions. In this nucleus, as well as in 89Zr [8] , which both
have been studied to high rotational frequencies, a delay in
the aligment of gg/, protons/neutrons is observed as com-
pared to standard TRS calculations. In 88 Ru no indication
of a backbend is observed up to a rotational frequency of
0.55 MeV. A delay in alignment frequency has been sug-
gested to be a signature of T' = 0 neutron-proton pairing
correlations or a coupling to vibrational degrees of free-
dom [7]. T = 0 neutron-proton pairs coupled to Jpax will
successively align with rotation whereas n-p pairs coupled
to J = 1 will break up with rotation like nn- and pp-pairs
but at a higher rotational frequency if Gp—g > Gp—1. Here
the importance of the various J-values will determine the
all over behaviour [9].

Other possible signatures of T = 0 neutron-proton
pairing have been discussed by many authors. Recently
Satula and Wyss [10] have demonstrated that the T'= 0
pairing field can give a microscopic explanation of the
Wigner energy in even-even N = Z nuclei. The same au-
thors have also studied in TRS calculations the influence
of T' = 0 pairing interactions on the dynamical moment of
inertia of the predicted superdeformed band in 8¥Ru [9].
In fig. 3 calculations without pairing, with only standard
T = 1 pairing and with the inclusion also of T' = 0 pair-
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Fig. 3. Theoretical dynamical moments of inertia 7® for the
SD band in 8¥Ru. The different curves show calculations with
no pairing (¢), with standard 7' = 1 pairing (o) and with the
inclusion of also T = 0, a-a pairing (e). The sharp rise at
0.3 MeV is due to a pairing phase transition from 7' = 1 to
T =0.

ing are shown. Note especially the different behaviours at
high rotational frequencies. Thus the behaviour of the dy-
namical moment of inertia in a SD band may also serve
as an indicator of T' = 0 pairing.

A further signature may be the excitation energy of
T =2, I =0 states in even-even N = Z nuclei. In studies
of isobaric analogue states in N = Z nuclei by means of
rotations in isospace, Satula and Wyss [11] have obtained
excellent agreement for the energies of the lowest excited
I =0,T =2 states in 20 < A < 56 nuclei when including
both T'= 0 and T" = 1 pairing. Calculations with only
T =1 pairing are about a factor of two off.

3 Superdeformed structures in A =~ 90 nuclei

The A = 80-90 region was early predicted to be favoured
for observation of superdeformed (SD) structures and a
number of SD bands have now been reported for nuclei
with A = 80-91. Large energy gaps at SD shapes for es-
pecially N = Z = 38,42,44, 46 stabilize these structures.
Theoretically the nucleus ®Ru, already presented above,
is predicted to have a “doubly magic” SD structure with
two protons and two neutrons in the lowest N = 5 intruder
orbitals (denoted as a w5%, 5% configuration). With rota-
tion the N = Z = 42 gap below the N = 5 orbitals gets
quenched and a new gap opens up at nucleon number 43
with one particle in the NV = 5 orbital. In the early inter-
pretations in e.g. [12], the SD structure in ®3Sr was be-
lieved to involve a w5, 5% configuration. Subsequent life-
time measurements for SD bands in the A ~ 80 region [13]
indicate deformations of B2 ~ 0.45-0.50 for 8°Sr-83Sr but
larger deformations (B2 = 0.55) for 33Y and 84Zr. The
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Fig. 4. Experimental dynamical moments of inertia 7 ? (sym-
bols) for the three SD bands in ®¥Mo compared to values
from a cranked Strutinsky calculation (lines). The experimen-
tal data correspond better to the (r,a) = (—,1) and (—,0)
(proton excitation) configurations (both with 82 ~ 0.5) than
to the two vacuum configurations (+,0)1 (82 ~ 0.5) and (4, 0)2
(B2 = 0.65).

40
| 89 |
B Tc i
35— —
o C ]
g - 1
~ 30 — ]
< - i
) B ]
20 E 1 1 1 1 1 1 1 1 1 1 B

0.6 0.8 1.0 12 14
hw (MeV)

Fig. 5. Experimental (filled circles) and theoretical (open
squares) dynamical moments of inertia J @ for the SD band
in 8Tc.

deduced transition quadrupole moments are supported by
new calculations in [13] indicating that the SD bands in
the Sr-isotopes have 75°, v5! configurations. In ®3Y and
847r, on the other hand, 75!, /52 structures are causing
the larger deformations. Our calculations also show that
it is possible to occupy a single N = 5 proton orbital only
for Z > 38.

Recently SD structures have been reported for
88Mo [14], 89Tc [15] and ?*Tc [16] which are the heavi-
est nuclei in this region with known SD structures. The
structures in the first two nuclei are quite well reproduced
in TRS calculations as seen in figs. 4 and 5 showing plots
of experimental and theoretical dynamical moments of in-
ertia J@. In 8Mo the observed SD structures are ex-
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Fig. 6. Summed coincidence y-ray spectrum obtained by dou-
ble gating in the 1a3p data on all transitions in the SD band
(filled diamonds) in °! Tc. Transitions in previously known pos-
itive and negative structures that appear in coincidence with
the new SD band are indicated by open circles and crosses,
respectively.
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Fig. 7. Dynamical moments of inertia I @ versus rotational
frequency of the SD bands in Mo, 8Tc and ' Te.

plained as two-quasi-particle proton configurations with
one proton excited to a N = b5 orbital rather than be-
ing built on the two vacuum configurations at Gy =~ 0.5
and 0.65, respectively. Two neutrons occupy the N =5
high-j orbitals. In 89Tc the configuration 75!, v52 gives a
rather good fit to the experimental data as seen in fig. 5.
The calculated increase in the 7 moment of inertia at
high frequencies in fig. 5 is due to a change in deformation
towards larger triaxiality and smaller G, and 34 values.

In ?Tc a SD band has been observed in a GAMMA-
SPHERE experiment [16]. Figure 6 shows a summed co-
incidence spectrum. The deduced transition quadrupole
moment of Q; = 8.171 eb for this SD band should be
compared to Q; = 6.0770 eb and Q, = 6.775 eb for the
SD bands in ®M and 3°Tc, respectively. By scaling ob-
served quadrupole moments in various mass regions with
Z R? [16], one finds that *1Tc shows values comparable to
those in the A =~ 150 region and considerably larger than
those deduced in other nuclei in the A =~ 80 region.
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Fig. 8. Scaled dynamical moments of inertia (j(Q)/A%)
versus rotational frequency of selected SD bands from vari-
ous mass regions.

Also the 7 moment of inertia of the SD band in 9 Tc
shows quite a different behaviour as compared to those
in 8Mo and ¥Tc (fig. 7). Comparing scaled moments of

inertia (J(Q)/A%) of SD bands from various mass regions
(fig. 8), one finds that the SD band in *!Tc reaches the
highest values together with 1°2Dy. Thus the SD band in
91T¢c shows unique properties as compared to other SD
bands in the A = 80-90 region and an addition of two
extra neutrons to 8 Tc radically changes the properties of
the SD band.

Cranked Strutinsky calculations based on the Woods-
Saxon potential have been performed to try to explain the
structure of the SD band in ! Tc¢ [16]. Pairing correlations
were taken into account by means of a seniority and double
stretched quadrupole pairing force [17] and approximate
particle number projection was performed by means of the
Lipkin-Nogami method [18,19]. Two different parametri-
sations of the Woods-Saxon potential have been used but
no firm conclusions can be drawn about the detailed struc-
ture of the SD band in ' Tec. The 75!, 52 configuration,
giving a rather good explanation of the SD structure in
89T¢, is predicted to be the lowest in energy but fails to
describe the J®) moment of inertia as obvious in fig. 9.
The best agreement for part of the frequency range is ob-
tained for the 752, 5% configuration with 35 ~ 0.7, thus
involving three additional N = 5 orbitals as compared
to the SD band in 3°Tec. This would imply one of the
most deformed structures observed. More accurate life-
time measurements are needed to more firmly confirm this
interpretation.

4 The '%°Sn region

The first °°Sn nuclei were identified a few years ago.
So far no excited states are known in '°°Sn. The clos-
est neighbours of '°°Sn with known excited states are
9%Cd [20] and '°2Sn [21] with two proton-holes and two
neutron particles, respectively, outside the doubly closed
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Fig. 9. Calculated and experimental J? moments of iner-
tia. The two calculations use different parametrisations of the
Woods-Saxon potential.

core. Those nuclei were produced at NBI, Denmark, in
heavy-ion fusion reactions with cross-sections of a few b
utilizing EUROBALL cluster detectors and NORDBALL
ancillary detectors for channel selection. Gamma-rays fol-
lowing the decay of the isomeric (us-range) 8T and 6T
states in "Cd and 192Sn, respectively, were recorded at
a catcherfoil 60 cm downstreams the target. For 102Sn a
complementary measurement of conversion electrons [22]
at the FMA in Argonne, has revealed the previously un-
observed 48 keV 6T-47 transition.

With the structure of the closest odd-A neighbours
of 1%998n still unknown, information on single-particle en-
ergies outside of '°°Sn has relied on shell model calcu-
lations for more distant odd-A nuclei with known struc-
tures. Those estimates are afflicted with large uncertain-
ties. The second best estimate of neutron single-particle
energies outside of 1°°Sn, after '°'Sn, is provided by 193Sn.
An experiment aimed at identifying the level structure
in 1938n [23] has therefore been performed at Legnaro,
Italy, using the EUROBALL detector array equipped with
15 cluster detectors and 26 clover detectors and supple-
mented with the ISIS charged particle E-AFE Si ball and
a H0-element neutron wall covering 17 in the forward di-
rection. A 1.4 mg/cm? 54Fe target, evaporated on an Au-
backing, was bombarded with a beam of 240 MeV %®Ni
ions. The 2aln channel leading to 1%3Sn was identified by
selecting a-particles in the E-AFE spectra and neutrons in
time-of-flight (TOF) versus zero-cross-over (ZCO) time
spectra. The estimated cross-section is 5 £ 3 ub. Several
candidates for v-lines belonging to '°>Sn were found. De-
spite low statistics, it was possible to establish coincidence
relations between those candidates in a prompt -7y coinci-
dence matrix obtained with proper particle gates, fig. 10.
For some transitions it was also possible to deduce in-
formation on angular distributions from intensity ratios
obtained at different detectors angles. The level scheme
constructed from these data is shown in fig. 11.

A new shell model calculation has been performed
within the neutron single-particle basis 1g7 /2, 2d5 /2, 2d3 2,
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Fig. 10. ~v-ray spectra obtained in coincidence with the
168 keV (upper spectrum) and 1318 keV (lower spectrum)
transitions in '°3Sn. Expanded parts are shown as inserts.
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Fig. 11. Level scheme of '°*Sn. The widths of the arrows
indicate the y-ray intensity.

3s1/2 and 1hy; /o with matrix elements from the Bonn A
potential. Some empirical corrections have been applied to
obtain the best overall fit to °2°114Sn. The new data on
1038n | with the 7/2" state 168 keV above the 5/2% ground
state, gives further constraints on the single-particle en-
ergy difference €lgy/o — €2ds/, which is an important re-
sult. The deduced value is €1g7/ — €2d5/2 = 0.11(4) MeV.
In addition the single-particle energy differences €3s /5 —
62d5/2 = 16(2) MeV7 €2d3/2 - 62d5/2 = 20(2) MeV and
€lhy1/2 — €2d5/2 = 2.3(2) MeV are obtained. The calcu-
lations give in general a good agreement with the experi-
mental results with some exceptions. The spacing between
the yrast 47 and 2% levels in '°Sn is underestimated with
about 200 keV in the calculations which might be due to
a coupling to core excitations across the N = Z = 50 gap.
An identification of the 17/2% and 15/2% levels in 1°3Sn
might shed light on this discrepancy.

The level schemes of several other final nuclei pop-
ulated in the same experiment have been extended. In
102Tp | produced via the 2alpln reaction, the level struc-
ture was earlier established up to spin (11) [24] at about
2 MeV. In this experiment the level scheme has tentatively
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Fig. 12. Preliminary extended level scheme of °2In. The
widths of the arrows indicate the «-ray intensity.

been extended up to 5.85 MeV [25]. The preliminary level
scheme is shown in fig. 12. The levels up to 2040 keV
are reproduced with an accuracy better than 100 keV in
the framework of a shell model calculation within the ba-
sis 7ng_/121/(g7/2, d5/2, d3/2, S1/25 hll/g)s. A band-like struc-
ture consisting of low-energy M1 transitions was also ob-
served above 4 MeV. One possible interpretation is that
the 1/95/121/(615/2, g7/2)+1 core excitation is a main ingredi-

ent in the (117) band head. The 1/997/12 and wg;/12 holes can

couple to a very stable 97 hole structure. Coupling this
structure to a fully aligned 1/[g7/2,d5/2}§+ particle state
at =~ 90° for minimal energy, a spin of ~ 11 is obtained.
Assuming such a configuration, it is possible from the ex-
citation energies of the M1 band to deduce a measure of
the E(vds)e) — E(vgy)2) single-particle energy difference
defined as the difference between the neutron separation
energies of 19°Sn and '°1Sn. After some corrections taking
into account various interactions, the N = 50 shell gap is
estimated to be 4.6(5) MeV (see further [25]).

5 Summary and perspectives

New experimental techniques together with stable beams
and targets have allowed investigations of the nuclear
structure of many neutron-deficient nuclei in the A =
90-100 region. Levels in even-even N = Z nuclei up to

88Ru have been observed and we are approaching °°Sn.
The limits using fusion evaporation reactions with sta-
ble beams and targets seem today to be set by reactions
involving emission of up to two neutrons. That means
that the heaviest even-even N = Z nuclei that might be
reached in this way are ??Pd and °°Cd. To reach even
more neutron-deficient nuclei and especially get closer to
1008y, we most probably need radioactive beams. There-
fore, the access to radioactive beams that can bring us
to 199Sn and its closest neighbours, as well as out to the
proton drip line over a wide mass range, is of great impor-
tance for extending our knowledge in this region where
such a richness of phenomena are expected. In the first
step, beams of large interest for fusion evaporation reac-
tions in the A = 80-100 region are, e.g., °°Ni, ">™Kr and
34 Ar which are soon becoming available at RIB facilities.
However, low beam intensities and very low relative cross-
sections may still make such investigations very difficult.

In this overview results from several groups and colleagues are
presented and the author likes to thank all the involved per-
sons. Special thanks go to N. Marginean et al. for the permis-
sion to show results on ®8Ru prior to publication.
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