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Abstract

A high-spin rotational band with 1%-ray transitions has been observedific. The dynamical moment of inertia as well
as the transition quadrupole moment oiﬁzgeb measured for this band show the characteristics of a superdeformed band.
However, the shape is more elongated than in the neighbodria@0-90 superdeformed nuclei. Theoretical interpretations of
the band within the cranked Strutinsky approach based on two different Woods—Saxon potential parameterisations are presentec
Even though an unambiguous configuration assignment proved difficult, both calculations indicate a larger deformation and at
least three additional high- intruder orbitals occupied compared to the lighter SD nucle2000 Elsevier Science B.V. All
rights reserved.
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Since the initial discovery of a superdeformed escape-suppressed germanium detectors and the Mi-
(SD) rotational band int>?Dy [1], a multitude of  croball [17], a 4 array of 95 CsI(Tl) scintillation
SD bands have been identified in the mass regions, counters, were used to detegtrays and charged
A ~ 130, 150, 190 [2]. In addition nuclei ascribed particles, respectively, emitted in the reactions. The
to have triaxial superdeformed shapes have been re-charged particles were identified by using pulse shape
ported around mass 165 [3]. These bands were stud-discrimination on the signals from the Csl(Tl) scin-
ied with the aid of large high-purity Ge detector ar- tillators. With a trigger condition of three or more
rays [4,5]. The increased sensitivity obtained by com- escape-suppressed Ge detectors firing in coincidence,
bining the latest generation gf-ray spectrometers 3 total of 24 x 10° events were collected on magnetic
with charged particle detectors has made it possible tgpes.
to identify other regions of superdeformation. Sev- | the second experiment, a 185 MéQCa beam
eral SD bands have been found in the mass 80 re-provided by the ATLAS linear accelerator at the Ar-
gion [6,7] and, more recently, around mass 60 [8] gonne National Laboratory was used to bombard a
and mass 70 [9]. These experimental results have CON-gelf-supporting enriche®fNi target of 0.41 mgem?
firmed earlier theoretical predictions [10-13]. In are- ihickness. A beam charge state of-1®as used in or-
cent investigation ofA ~ %O nuclei, sups%rdeformed der to avoid the possible contamination of Ar ions in
bands were identified if®Mo [14] and **Tc [15]. the beam. The detector setup consisted of the GAM-
The SD states of these nuclei were reported to have MASPHERE array comprising 88 escape-suppressed
large quadrupole deformations with deformation pa- Ge detectors, the 95-element CsI(TI) Microball ar-

rameterspB; ~ 0.6. These findings were in agree- :
ment witr/?zCranke 4 Woo ds—Saxgn—Strutinsk %alcu- ray, 20 neutron detectors, and the FMA recoil separa-
lati hich dicted” — 42 and Z — 43 ty b tor [18]. The neutron detectors were placed in the for-
ations, which predictec = an . 0 be ward rings of the GAMMASPHERE array at angles
favoured particle numbers at SD shapedir 90 nu- . .
clei [14,15] between 17 and 50 degrees relative to the beam di-
Both’the. calculations and the experimental find- rection. The heavimet collimators were removed from
_ poth P "% the BGO shields in GAMMASPHERE so thatray
ings indicate that the SD mass 80 and 90 regions o . .
are different in character. In thé ~ 90 (46< N < multiplicity and sum-energymforma.tlonfrom both G(_a
54) region, the low-lying states are mainly based on a.”d BGO ((jj(.at'ect?rs %ou:jd be obtqlqu. A composite
particle—hole excitations at a near spherical shape. Intrlgger con ition for the at_a acquisition system was
contrast, the low-lying yrast states of nuclei in the set up in order to collect either at least one neutron
together with at least twg rays or three- and higher-

mass 80 § < 44) region exhibit collectivity with o &
rotational-like band structures of enhanced E2 transi- [0/d v-coincidence events. A total of Bx 10° events
were stored on magnetic tapes. By using the informa-

tions (see [13] and references therein). Therefore, the ™ i
new A ~ 90 SD region resembles th& ~ 150 and tion from the particle detectors, events were sorted off-
A ~ 190 SD regions, with large differences in struc- i€ into a symmetrised’, —E;, correlation matrix for
ture and shape between SD and low-lying yrast states.€ach evaporation channel. However, the direct chan-
In this paper we report on the observation of a SD band Nl selection is limited by the efficiency of the par-
in 91Tc obtained as a result of a systematic investiga- ticle detector system and by the occasional misinter-
tion of SD shapes in ~ 90 nuclei. pretation of charged particle signals. The 1-alpha 3-
High-spin states i?'Tc were studied using the Pproton gatedyy matrix therefore contains contam-
58Ni(#9Ca a3p)°1Tc reaction in two separate experi- inations from other evaporation channels, i.e4f
ments. In the first one, #Ca beam of 185 MeV was  (°°Mo), 1a5p B°Nb), 2x3p 'Nb) and 2:2p &Mo),
provided by the 88-inch Cyclotron of the Lawrence Wwhere the contamination from the:2p channel was
Berkeley National Laboratory. A self-supporting caused by mis-identification of low-energyparticles
0.38 mgcn? enriched®®Ni target was used. It was ~ as protons. The contribution from other contaminat-
placed at an angle of 3@elative to the beam direction, ing reaction channels are negligibly small due to their
resulting in an effective thickness of 0.44 pogn?. low cross sections. A “cleaned’y correlation ma-
The GAMMASPHERE array [5] comprising 94 trix due to%Tc was produced by subtracting matrices
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from the contaminating channels with appropriate nor- the members of this band in the three- and higher-
malisation factors. fold data. They-ray peaks belonging to the band are

The high-spin level structure 8#Tc has previously  labelled by their energies and uncertainties in keV. The
been studied [19] up to the 12.2 MeV level. Both band isin coincidence with knowp-ray transitions in
positive and negative parity states were assigned up21Tc [19]. Symbols below 1.3 MeV indicate the peaks
to 47/2% at 10.505 MeV and (4®R7) at 9.717 MeV, of the previously reporteg rays from positive (open
respectively. circles) and negative (crosses) parity state$1fc,

In the spectral region from 1350 keV to 2424 keV, respectively. In the spectrum gated by the band/no
the present work has revealed a new rotational cascaderays originating from other evaporation channels were
with 11 transitions. Fig. 1 shows theray spectrum observed. This assigns the new band unambiguously
obtained by summing double coincidence gates set onto %1 Tc.
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Fig. 1. Coincidencey-ray spectrum obtained by double gating on all transitions of the new band (filled diamonds) w3h@dted data.
Previously reported transitions between low-lying positive (open circles) and negative (crosses) parity states appear in coincidence with the
band. The 566 and 1206 keV transitions depopulate states/®ita47/21 at 10.505 MeV and (42~) at 8.559 MeV, respectively. Inset (a)

shows the relative intensity profile of the new band. The summed energy spectra of charged particles obtained by ghttirigeon the

low-lying transitions (dashed line) and the new band (solid line) are shown in inset (b).
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The relative intensities of the in-band transitions
are shown in of Fig. 1(a). The general feature of this
intensity distribution is characteristic of SD nuclei.
The intensity gradually increases as theay energy
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lar magnitude to that observed #Tc. However, in

the 86Zr case the large moment of inertia was not at-
tributed to enhanced deformation. Instead, a possible
“multiple band crossing” scenario was suggested. The

decreases, flattens out at the maximum, and then dropsexperimentalQ; value of the®®Zr band was reported
rapidly as the band decays to the low-lying states. The to be 54722 ¢b [21].

plateau region corresponds te 1% of the channel
intensity.

In the present study, the linking transitions between
the band and known low-lying states were not ob-

The observed largé@-moment of inertia for the
new band of°'Tc accentuates the need to measure
the transition quadrupole momern®,, as a mean to
assess its deformation. This was achieved by using a

served. However, the high-spin nature of the band is residual Doppler shift method [14,22]. In Fig. 3 the
revealed by its decay into known high-spin states. The fractional Doppler shift valuesF (r), are plotted as

1206 keV and 566 keV transitions observed in coinci-
dence with the band originate from states with=
47/2" at 10.505 MeV and (427) at 8.559 MeV, re-
spectively.

Fig. 1(b) shows histograms of the sum of the particle
kinetic energies,T,, in the centre of mass frame,
obtained by setting doublg gates on the transitions
of the new band (solid line) and transitions between

a function of they-ray energy. Data points for low-
lying (filled circles) and SD (open squares) transitions,
respectively, are extracted from the residual Doppler
shifts of they-ray energies measured in the forward
and backward detectors. The deducgE¢r) values
were compared with calculated values based on the
known stopping powers [23]. In the calculation a side-
feeding cascade of two transitions into each state was

low-lying states (dashed line), respectively. The mean assumed. These side-feeding cascades are furthermore

T, value of 34.0 MeV for events gated by the band

assumed to have the san®e and moment of inertia

is 4 MeV below the average measured in coincidence as the band in question. The SD data are best fitted

with low-lying transitions. This indicates that the band
is populated by the components with the highest
excitation energy and the highest spin in #h€c entry
distribution.

Fig. 2(a) compares the dynamical moments of in-
ertia, J @, for the new band with those 8fMo [14]
and 8Tc [15] as a function of rotational frequency.
The J@ values of'Tc are almost constant at around
36 72/MeV up to 1.0 MeV of rotational frequency,

with O, = 8.1%]9 eb. The quoted uncertainties do not
include systematic errors arising e.g. from those in the
stopping powers. The deduc&l value corresponds
to a quadrupole deformation @b ~ 0.69, assuming
an axially symmetric prolate shape, and using the
expression foiQ, given in Ref. [24].

The deduced); value of the SD band ifTc is
compared with those measured in other mass regions
[25] in Fig. 4. In order to remove thed and Z

and increase above this frequency. On the other hand,dependences of the quadrupole moments, they were

the /@ values 0f®Mo and®Tc show a gradual de-
crease down to 26%/MeV around 1.0 MeV. The sig-
nificantly largerJ @ values for the band if'Tc may

suggest a larger deformation than in the neighbour-

ing SD nuclei,®®Mo and®Tc, which were reported
to have quadrupole deformationsgf~ 0.6.

TheJ@-moments of inertia ot Tc were also com-
pared with those of typical SD bands in other mass
regions in Fig. 2(b). In order to remove the mass de-
pendence, a scaling factor 0f4%2 [20] was applied.
The scaled/® values of°1Tc are comparable with
or even larger than those é?2Dy and significantly

divided by Z and R?, where R = rgAY3 and rp =

1.2 fm. The result supports the SD character of this
band and indicates a large deformation, comparable
to those in the S ~ 150 region and in the fission
isomer region. The deduce@, value is consistent
with the large J@-moment of inertia of the band
shown in Fig. 2(b).

The pronounced difference between the moments
of inertia of the SD bands if#Tc and in89Tc [15]
implies that the addition of two neutrons has a dra-
matic effect on the structure of the SD bands. In or-
der to investigate this theoretically, cranked Strutin-

larger than those in the mass 80 and 60 regions. Onesky calculations based on a Woods—Saxon (WS) po-

exception is the case 8fZr [21], where a SD band has
been observed with 4@-moment of inertia of simi-

tential [26] were performed. Pairing correlations were
taken into account by means of a seniority and dou-
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Fig. 2. Plots of dynamical moments of inerti&? , versus rotational frequency. (@} values for the new band #Tc and for the SD bands
in 88Mo and89Tc. (b) The scaled moments of inertid? /A%/3, for the SD bands if40Pu, 192Hg, 152py, 133Ce, 835y, 6271 [8,25] and the
new band iP1Tc. The dotted line represents the moment of inertia of a rigid rotor with quadrupole deformigtiod.5.

ble stretched quadrupole pairing force [27]. Approx-
imate particle number projection was performed via
the Lipkin—Nogami method [28,29]. Each quasiparti-
cle configuration was blocked self-consistently. The
energy in the rotating frame of reference was min-
imised with respect to the deformation paramefers
Ba andy.

For both 8Tc and °'Tc, the most favoured SD
configurations were calculated to be based on a single
hi11/2 proton and twohi1, neutrons, due to the
presence of a large shell gapat= 43 [14,15]. This
configuration is similar to those of the other SD bands
in this mass region [16]. Adopting the convention
of Ref. [30], it is denoted asg5'5?, reflecting the
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number of particles occupying high- orbits. The
moments of inertia of these two bands are calculated
to be quite similar. However, whereas the calculated
and experimentally deduced moments of inertia agree
rather well for8°Tc [15], they certainly do not for
the case oP1Tc. The observed SD band HTc can
not be assigned to the5'v52 configuration which is
predicted to be energetically most favoured. To check
the sensitivity of these results to the details of the WS
potential, calculations were performed with different
potential parameterisations.
L N B | . The predicted energies of favoured spherical and
. [k?\(/)? SD configurations fof°Tc and®Tc are shown as a

7 function of spin in Fig. 5. We may note that the SD
Fig. 3. Fractional Doppler shiftF(r) as a function ofy-ray band observed fofTc is among the most intense
energy. Data points for low-lying transitions (filled circles) and SD bands known, with an intensity ratio of SD to
SD band tr_ansitions (open squa_res)_ are extracted from the residual ngrmal deformed (ND) states of approximately 15%
dDOpp'er shifts of they-ray energies in the forward and backward 11 5) The calculations are in fair agreement with the
etectors. The solid line represers = 8.1¢b, and the dashed lines X X
correspond to the quoted uncertainties. observed low-lying states, and show that in the low-
spin regime, the yrast SD states YfTc are about
3 MeV higher in energy than those 8fTc, with
respect to the spherical states. For both nuclei, the
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Fig. 4. Scaled quadrupole moments for SD bands in the mass 60, 80, 130, 150 and 190 regions and those of the fission isomer region.
Qo indicates transition or intrinsic quadrupole moments from lifetime (DSAM or RDM) data [25]. In order to remoxeatitZ dependences
of the quadrupole moments, they were dividedzdgnd R? (R = rgAL/3).
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Fig. 5. Energy as a function of spin for the calculated spherical and SD configurati@ﬁﬁdr(a) and91Tc (b). The WS parameterisation

of Refs. [14-16] was used for these plots. Dotted and dot-dashed lines correspond to favoured SD configuﬁétiﬁﬁandn521;53(61),
respectively. Solid and dashed lines indicate spherical positive parity and spherical negative parity states, respectively. The experimentally
observed low-lying positive parity (open circles) and negative parity (crosses) states are also plotted.

available spin within theN = 3 shell is limited, The predicted scenario fé®Tc shown in Fig. 5,
having a maximum of 4@# for °Tc and 572#% may not easily be reconciled with the observation of
for 89Tc. In91T¢, particle—hole (ph) excitations across SD states at all. However, the calculations may qualita-
the N = 50 gap can compete with the SD states as tively lend an interpretation to the observed SD struc-
opposed to the situation i°Tc. For the case of ture. Abovel = 43k a more deformed (“enhanced”)

91Tc, even the spherical states involving the—2h SD configuration built on a larger number of occu-
excitation into theds,>—g7,> shell as well ashii/2 pied highA intruder orbits crosses the5v5% SD
occupation, having a maximum spin &f= 73/2#, configuration. The more deformed SD configuration

are lower in energy than the corresponding SD states. has properties which are in better agreement with the
Additional ph excitations also compete favourably experimental/ ®-moment of inertia, as discussed be-
with the SD structures. Consequently, none of the SD low. This mightindicate that th&Tc SD band is fed at
configurations i?1Tc become yrast in the calculated spins abovd = 437, which in fact is in rough agree-
spin range as can be seen in Fig. 5. ment with the observed depopulation of the band. In

In contrast, the calculated SD configuratior?8fc the spin/ > 40# region, the SD configuration corre-
becomes yrast around~ 37#%. This is in reasonable  sponding to the dot-dashed line in Fig. 5 is one out
agreement with the observed depopulation of the SD of several configurations close to the Fermi surface.
band [15], where the highest spin value was estimated There is no pronounced shell structure and which con-
to be 7924. In °1Tc the highest spin of low-lying  figuration is lowest in energy depends sensitively on
states populated in coincidence with the SD band is the details of the potential parameters. Therefore, it is
47/2h. By assuming an average spin cost df B difficult to unambiguously assign a particular quasi-
connect the lowest SD state with the/27 state, the particle configuration to the newly discovered band.
highest spin of the SD band can be estimated to be Below, results based on two different parameterisa-
95/2h. tions of the WS potential are shown.
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For the WS potential parameterisation employed in is present in the strongly up-sloping,2, £2 = 7/2
recent studies of this mass region [14-16], the lowest orbit. Such a structure would in principle give rise
SD structure atf > 434 corresponds to a hole state to a pair of strongly coupled signature partner bands.
in the protongg,> orbit, two protons being promoted However, in the high angular momentum regime, the
into the N = 5 orbits. For the neutrons, thréé =5 two signatures are split due to mixing with other
orbits are occupied. Compared to the SD band in orbitals and, perhaps, only one of the signature partner
89T¢, two moreN = 5 orbitals are predicted to be bands is populated with sufficient intensity to be
occupied and the quadrupole moment is calculated observed. The calculated moment of inertia is in
to be Qo ~ 6.5¢b, i.e. 1eb larger than in8Tc. reasonable agreement with our data, see Fig. 6(b).
The minimum starts out at axial symmetrgs(= The deformation of this structure is calculated to
0.57), but becomes very soft with increasing spin. be B2 ~ 0.7, corresponding to &g ~ 9e¢b. This
At Aiw ~ 1.2 MeV the shape becomes triaxiat & would imply the largest deformation of a SD band
15°) induced by the occupation of thé = 6 intruder discovered so far. The large hump in the calculated
orbital. In this scenario the rise of th&#?-moment moment of inertia atio ~ 1.2 MeV is caused by a
of inertia, starting atiow ~ 1.0 MeV (Fig. 6(a)), is similar occupation of theV = 6 orbital as for the
caused by the occupation of the= 6 orbital, which other potential. Due to a weaker spin—orbit coupling
polarises the nucleus towards slightly larger and in the Chepurnov parameterisation, this band crossing
positivey values. occurs at a larger rotational frequency, although the

For the Chepurnov parameterisation of the WS deformation is considerably larger. In terms of high-
potential, previously used in a study of SD shapes in N intruder orbits, one can classify this structure
the A ~ 190 region [31], the lowest configuration in as anx52v5* configuration, below theV = 6 band
the regime off > 40# also has negative parity, arising  crossing.
from the proton orbitals in this case. Here, tg/» In both potential parameter sets, thé = 6 or-
protons are calculated to be occupied and a hole statebital is close to the Fermi surface at the highest
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Fig. 6. Calculated/ @ _moments of inertia with two different parameterisations of the Woods—Saxon potential, (a) [14-16], (b) [31], and
experimentally deduced @ values.
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