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Superdeformed band at very high spin in**Nd
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A new high-spin superdeformed band has been discoveriNidy,,. It was populated in th&zr(**Ca, 4n)
reaction and investigated using the EUROBALtray spectrometer array. The band is observed in the ap-
proximate spin range of=36 to 66. It is associated with shell gaps aror60 and atN=80 at large
deformation. These gaps produce a pronounced minimum in the calculated total Routhian surfaces at a quad-
rupole deformation ofe;=0.45. The new band which lies between the high-deformation bands i the
~130 region and the superdeformed band#\i 150 nuclei provides insight into the development of the
deformation between these two regions. Two possible configurations are suggested involving four neutrons of
i13/2 Origin (v6% and either six protons di;q,/ hgj, origin (758) or five protons ofhy/5/hg/» and one ofi1z;
origin (75°6%).
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[. INTRODUCTION gated extensively, both theoretically and experimentally.

Potential-energy surface calculations predict a variety of

The coexistence of excited states with different shapes is @inima and, indeed, spherical or low-deformation minima
well known phenomenon in atomic nuclei. In the mass reare found to coexist with oblate, triaxial, highly deformed or
gion of A=~130-150, shape coexistence has been investsuperdeformed minima. At high spins the second or third
wells in the total Routhian surfaces with very large deforma-

tion usually become more pronounced than at low spin. Fig-

. _ ure 1 shows an example of the calculationsftfNd which
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FIG. 2. Gamma-ray coincidence spectrum of the new superde-
formed rotational band ift*Nd. The spectrum was obtained by

0.4 . . summing all spectra obtained from combinations of double gates on
€ COSY transitions from the list of energies 1126, 1184, 1246, 1305, 1365,
1425, 1483, 1603, and 1661 keV. The transitions marked with as-
FIG. 1. Total Routhian surface dfNd, calculated with the terisks are low-lying transitions iH'Nd.
Ultimate Cranker code for angular momentum36 and(m,«a)

=(+,0). The energy difference between the contour lines is 0.2 Il. EXPERIMENTAL DETAILS
MeV. The superdeformed minimum wite,=0.45 becomes more '
pronounced at higher spins. High-spin states if*™Nd have been populated in the re-

action®®zr(*®Ca, 4) at 195 MeV at the Vivitron tandem ac-
celerator at IReS, Strasbourg. A self-supportifigr foil of

A large number of rotational bands that can be associatea?’s d’“g/ cn? thickness was dus?‘;'] arsl aé%rggéiipma—ray co-
with the different minima have been found throughout the'l'C!0€NCes were measure with the spectrom-

entire mass regiofi3-5]. The predicted shape coexistence eter array{15], consisting of 30 sing!e, tapered Ge detectors,
has been confirmed by lifetime measurements from whicH> Cluster and 26 Clover composite Ge detectors. Each of
quadrupole moments have been deduced. The bands whiéf¢m was surrounded by a BGO Compton-suppression
show small moments of inertia, and small quadrupo'e mosh|e|d. Out of a maximum total of 239 Ge CryStaIS, 230 could
ments, have been associated with low-deformation and/or triP€ used in our analysis. Multiplicity information was ob-
axial potential-energy minima; see e[¢~—§|. At the lower tained from the inner ball of 210 BGO detectors. Events
end of the mass region, neAr 130, the second wells have were written to tape with the requirement that at least 11
moderate deformations, but at the upper end, Weat50, BGO detectors of the inner ball and four Ge crystals before
these minima are superdeformeg= 0.6) corresponding to Compton suppression were in prompt coincidence. Presort-
nuclear axis ratios of about 2:1; see d9-13. A full un- ing of the data which included Compton suppression and
derstanding of the variation of the deformation of the seconcdd-back for the composite detectors resulted in a total of
well with increasingZ andN, going from theA=130 to the  1.5X 10° events with ay-ray coincidence fold of = 3.
A=150 region, is of great interest for nuclear structure phys- The y-ray coincidences were sorted into three- and
ics. While a lot of experimental information exists at both four-dimensional coincidence arraysube and hypercube,
ends of this mass range, data are lacking in the center of thespectively, and the analysis was carried out using the
region. The present work ofNd is an important contribu- RADWARE software packaggl6]. The analysis revealed a
tion in this respect. previously unknown[14] rotational band with a large mo-
This nucleus lies in the middle of this mass region wherement of inertia in**MNd. The y-ray coincidence spectrum of
it is interesting to locate the shell gaps that are responsiblthe new band is displayed in Fig. 2. The band is very regular
for the second well at large deformation. In the lighter nucleiwith an average energy spacing between the transitions of 61
the shell gaps around=60 (Ce,Nd andN=72,74 produce keV, except for one irregularity around a transition energy of
the highly-deformed minima, while in the heavier nuclei the 1550 keV. The assignment of the band48\d is unambigu-
gaps atZ=64 (Gd), 66 (Dy) andN=86,88 form the super- ous since transitions between levels up to spin 26 in this
deformed wells. It is, furthermore, important information on nucleus are observed in coincidence with the band. However,
the location of the deformation-driving intruder orbitals that no direct linking transitions between the band and the lower-
are occupied by excited nucleons in the second well. lying states have been found, probably due to the fragmen-
In this paper, we report on the first observation of a high-tation of the decay and the low intensity of the decay
spin superdeformed band H{9Nd. Previously, only low- branches. Note that the intensity of the band is estimated to
deformation states up to spin 17 were known in this nucleu?fq\lonly about 1% of the it reaction channel leading to
[14]. d.

moves to the oblate noncollective axis while the prolate su
perdeformed minimum becomes more pronounced.
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neighboring nuclei*®**Nd [18,19 and ***u [21]. How-
ever, it cannot be excluded that an alignment at lower spin
could change this value. If the spin assignment is correct, the
new band is observed from spin 36 to 66. The 1069 and 1985
keV lines, shown as tentative band members in Fig. 2, may
possibly be the 36-34 and 68- 66 transitions, respectively.
Thus, it differs from the bands in the lighter Nd isotopes in
two ways: the decay-out occurs at higher spins and, despite
its low intensity, it is observed to very high spins. The bands
in the lighter isotopes extend to much lower frequencies,
corresponding to spins 25/2, 17 and 26-28 ¥Nd [27],

0.03

214" mimev

ool 136N d [18] and'®¥Nd [19], respectively. With the present spin
L.y assignment, the excitation energy of the lowest observed
200 40 800 80 % Jevel of the band is estimated to be around 19 MeV from a
ho[keV] plot of the energies of all known levels #°Nd as a function

FIG. 3. Dynamic moment of inertia]®, for the new band in of spin. . . 0 thi
L40Nd compared to those of similar bands in neighboring isotopes S [N OUr eéxperiment a thin target of 73g/cnr thick-

and isotones. For a better comparison the values are scalefby N€SS was used we cannot do a proper Doppler-shift lifetime
References are given in the text. analysis to derive the quadrupole moment from the transition
probabilities. However, the transition energies of the new
To determine the multipolarity of the in-band transitions, band are high, between 1126 and 1919 keV, and due tBthe
two gated matrices were sorted with all detectors on one axidependence of th&2-transition probabilities the lifetimes
and detectors at 90 degree and at forward/backward angledfe expected to be so short that a considerable fraction of the
respectively, on the other axis. Gates on the transitions of theg rays are emitted from nuclei which are still recoiling
band were set on the axis with all detectors and the intensitihrough the target. Therefore, along the band these transi-
ratio W(f, b)/W(90) was determined for several in-band tran- tions show different Doppler shifts corresponding to different
sitions from the resulting spectra. Although the errors arevelocities of the recoiling nuclei as they are slowed down in
large due to the low statistics, the results are consistent witthe target. This effect can be used to obtain an estimate of the
stretched quadrupole, probati2, transitions. lifetimes [28]. For this purpose, coincidence spectra of the
The dynamic moment of inertia of the new band is com-band were sorted with 13 different recoil velocities between
pared to those of known bands in Nd isotop&s-19, in the  the full velocity calculated from the reaction kinematics for a
isotonesé2Smy, [20] and %, [21] and in15Dy,, [22]in  beam energy of 191 MeV at the middle of the target,
Fig. 3. For a mass-independent comparison the moments @fnax €=0.0308, and the velocity of the recoils after they
inertia are scaled b#*3. The moment of inertia of th&Nd ~ have left the targety,;,/c=0.0284. The latter was deter-
band lies rather close to that of the isotd®Eu. At a rota- mined from transitions between low-lying states with longer
tional frequency ofhw=0.77 MeV, *Nd shows a band lifetimes decaying in vacuum. The full width at half maxi-
crossing with a gain in alignment of abouh avhich the =~ mum (FWHM) of the peaks in these 13 coincidence spectra
lighter Nd isotopes and the heavier isotones do not show. IWas then determined for 10 transitions in the band. The
the crossing region two levels of the same spin and parity arémallest FWHM corresponds to the correct average velocity
close in energy, shown 48=52" states in the inset to Fig. 2. v at the time of emission of the rays. The fractional shifts,
The mixing of these levels could explain the occurrence of/vmax are plotted as a function of transition energy in Fig.
the tentative transition of 1517 keV out of the band and the?- A fit of calculated shifts to these data results in a transition
one of 1564 keV into the band. The state with which thequadrupole moment o®=9.0"3(b. For a comparison the
band mixes probably belongs to a low-deformation band becurves for the upper and lower limits given by the uncer-
cause the energy-level spacing of 1762 keV is larger thafinty of the quadrupole moment are included. The stopping
that of the superdeformed band at the same spin and is propowers of Ziegleet al.[29] were used for these calculations.
ably even larger if the level repulsion was removed. Unfor-The uncertainty introduced by insufficient knowledge of the
tunately, a mixing calculation could not be performed be-Stopping powers is not included in the experimental error.
cause the intensity of the tentative 1517 keV transition could he side feeding was modeled by a rotational cascade with a
not be determined with sufficient accuracy. Due to the lowconstant quadrupole momeRg;, which was assumed to be
intensity no further levels of the low deformation band couldequal to that of the in-band transitior@s;=Q;. The intensi-
be observed. ties of the side feeding transitions were determined from the
Since the new superdeformed band is not linked to loweintensity profile of the band.
levels, the excitation energy, spins and parity cannot be de-
termined directly. To estimate the spins, we have used the
spin-fitting methods described in Ref23-24 which result Il DISCUSSION
in 1,=(36+2) for the lowest level of the band, that could be  Both the moment of inertia and the quadrupole moment of
firmly established. This is consistent with the spin-transition-the new band are larger than those for the lighter-mass Nd
energy relation of the other strongly deformed bands in thésotopes and more similar to the heavier isotones. In the
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FIG. 4. Fractional Doppler shifts determined for 10 transitions )

of the superdeformed band iNd (see text. Calculated shifts for FIG. 5. Energies of the new superdeformed bantfd com-

bands, full and open symbols are used for even and odd spins,
chain of the lighter Nd isotopes, the quadrupole moments areespectively, and full and dashed lines indicate positive and nega-
decreasing with increasing mass numf&4]. This trend has tive parity, respectively. In addition to the two superdeformed
been explained by an increasejimleformation of the highly  bands, typical “close-to-spherical” and triaxial lower-spin bands are
deformed minima at,~0.30 fromy=0° towards 30731]. shown. The experimental band is plotted assuniin@6 for the
Most recently, a band was found ieNd [19] which was lowest observed level. The absolute energy scale is arbitrary. Thus,
associated with the minimum a;=0.28 andy=30°. For the only the slope and curvature are relevant when comparing experi-
new band in**®Nd with the larger moment of inertia and the ment with theory.
larger quadrupole moment we suggest that it belongs to the
axially symmetric superdeformed minimum gt=0.45 ob-  within +2 1, both alternatives are possible candidates for the
served in the total Routhian calculations, see the exampleonfiguration. The slope of ther, @) =(+,0) m(5)? configu-
displayed in Fig. 1. This minimum is well pronounced atration compares well to that of the observed band in the
high spin, but lies higher in energy and becomes less prdower spin region. In total, this configuration contains four
nounced at lower spins. It should be noted that the lowesteutrons in the strongly deformation-drivirigs, orbitals
spin to which we can actually observe the band in our ex{6* and six protons inhy;/, orbitals (5%). The change in
periment isly=(36+2). slope in the calculation around spin 40 is caused by the ex-

For a configuration assignment to the new band we haveitation of anhy,, proton into the loweshgy, orbital. In
performed  configuration-dependent cranked  Nilsson-

Strutinsky calculations[32,33, using the same single- AR AR UL UM RS
particle parameters as in R¢B1]. In Fig. 5 the excitation R ; e
energy of the experimental band relative to a rigid-rotor ref- v
erence is compared to the result of these calculations. As thi
calculations do not include pairing, they cannot be used tog
calculate the ground state and, therefore, do not predict thes. 6.
excitation energy of the high-spin bands and the absolutez;
energy scale between calculations and experiment is arbi& 58
trary.

From the calculations, two low-lying superdeformed con-
figurations and several normal-deformed triaxial configura- &
tions are shown. The labeling of the normal-deformed bandsg® 5.4
in Fig. 5 is as explained in Ref33]. The first number in the
square brackets gives the numbergf;, protons, while the 52
three numbers after the comma define the neutron configu
ration: first the number df;1,» neutron holes followed by the 5.0
number of (hy,, f7/2) andiqs, neutrons, respectively. Two
superdeformed bands appear at low energy in the calcula

6.2

5.6

article e

Sing

00 01 02 03 04 05 06 07

tions. They are labeled by thg-shells of the two protons &[4 = (€2)210]
above theZ=58 gap ate,~0.4 seen in Fig. 6x(5)? for a
positive-parity even-spin band ant5)1(6)! for a negative- FIG. 6. Calculated single-particle energies as a function of quad-

parity odd-spin band. Since the parity of the SD band is notupole deformatione,, with a small hexadecapole deformatien
determined experimentally and the spin values are uncertaiwhich is proportional tde,)?.
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Nilsson quantum numbers, this may be expressed as an ear in the down-slopingN=5 or N=6 orbitals leading to the
citation from the[532]5/2 to the[541]1/2 orbital with a two Z=60 gaps indicated in Fig. 6. When combined with the
small gain in alignment. Experimentally, this crossing is ob-neutron orbitals, the small deformation gapZat60 appears
served ahw=0.77 MeV, see Fig. 3, with a gain in alignment to be preferred for the lighteg,Nd isotopes up tdN=78,
of 2 h. It lies at higher spin than in the calculation, but the resulting in a moderate deformation and with a tendency
crossing frequency is strongly dependent on the relative pctowards triaxiality. InlggNdSO, however, a large gap at
sition of theh,,,, andhg,, proton subshells which is not well =80 opens up at a large deformation. When combined with
established. Indeed, the present crossing is a good measuhe Z=60 gap, it leads to the superdeformed band discussed
of this distance and, thus, could be used to improve thé&ere. Going up in proton and neutron numbers into Ahe
single-particle parameters in the calculation. This crossing is 150 region, theZ=64,66 andN=86, 88 shell gaps are close
neither observed in the heavier isotones nor in the lighteto the Fermi level at very large deformation. Here, quadru-
isotopes. In the heavier isotones with>60 the[541]1/2  pole deformation parameters of about 0.6 and axis ratios of
orbital is already occupied and, therefore, the excitation is:a~2:1 are observed. The nucl;Gdys and 22Dy are
blocked. In the lighter isotones this excitation takes morewell-known example$13]. In Fig. 6, one notes the crossing
energy, because at lower deformation and wjtlk 30° the  aroundZ=60 between thg541]1/2 and[532]5/2 orbitals. It
strongly down-sloping[541]1/2 orbital lies rather high is the interaction between these orbitals at a finite rotational
above the Fermi level. frequency which explains the crossing in the band observed
At high spins, the(w,a)=(-,1) superdeformed configu- in **Nd. One can then note the analogous crossing one shell
ration 7(5)1(6)* appears even lower in energy than theup between theg642]5/2 and[651]3/2 neutron orbitals
(+,0) band in the calculation. In total, it contains five protonswhich in a similar way explains the alignments observed in
in the h,1,, orbital (5% and one in the,z, orbital (6%) in  *****Gd [36]. Thus, the result presented in the present work
addition to the four neutrons i3, orbitals (6%). The is animportant link that was missing in the understanding of
observed a“gnment may in this case also be exp|ained bShe prOpeI’tieS and, in p.articular, the different defqrmations of
the excitation of anh;;, proton ([532]5/2) into an superdeformed bands in t#e=130-150 mass region.
hy/> ([541]1/2) orbital. The calculated slope agrees well with
the observed slope in the upper part of the band. This is the IV. SUMMARY

region where the calculation should be more reliable since |, summary, we have observed a new rotational band with
pairing is neglected. The negative parity and odd spins 0f |51q6 moment of inertia and a large quadrupole moment in
t_hls configuration mlght_seem strange, but such a configurasoyq |t is associated with the superdeformed minimum
tion has also been assigned to the yrast SD bantBm 50 in potential-energy calculations. Two possible configu-
(34]. The _calculated average quadrupole moments for_ botltions are suggested involving four neutrons @f, origin
configurations,Q=10.9 and 11.1 b for the positive-parity/ (v6% and either six protons diy /gy, Origin (5% or five

even-spin and the negative-parity/odd-spin band, rESpe(ﬁrotons ofhy 15/ e, and one ofi 14, origin (75%6Y). It shows

tively, are slightly larger than the value estimated from thea small alignment gain around spin 52 which is probably

Doppler shifts, but are both in agreement with the experi- o ; .
C S n excitation of roton into thehg,, orbital.
mental value within the limits of error. The calculated quad—Caused by an e 172 P 912

L .The properties of the band confirm the expectation that the
rupole moment is similar to those observed and calculated iNeformation of the bands increases from #e130 to the

; ; 14
SD bands in the isotoné$°sm [20] and **Eu [35]. A=150 mass region because the shell gaps responsible for

The development of the deformation in the second well i . - ] ;
- , h I- asing deforma-
the total Routhian surfaces going frol+ 130 toA=150 can nt- Oenspotentla energy minima appear at increasing

nicely be explained by the location of the shell gaps in the '
single-particle Routhians and by the occupation of the differ-

ent deformation-driving orbitals. The single-particle energy
diagram shown in Fig. 6 is calculated for neutrons but can The authors are grateful to the technical staff at IReS
also be used for protons to illustrate the development of thénvolved in running the Vivitron accelerator and the
orbitals as a function of deformation and particle numberEUROBALL array. The work was supported by BMBF, Ger-
The energy gaps pointed out in the following are also seen imany, under Contract No. 06 BN 907, by the EU under Con-
the calculated single-particle Routhians. For th€e iso- tract No. HPRI-CT-1999-00078, by the Italian National In-
topes the large gap @=58 and the gaps &=72,74 deter- stitute of Nuclear Physic§INFN), by the Danish Science
mine the large deformation. When two protons are addedroundation, by the Swedish Science Research Council and
they can either be placed in the up-slop[@@®4]9/2 orbital by DOE under Contract No. DE-AC03-76SF00098.
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