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Decay-out of the yrast superdeformed band in*®Nd: Towards an experimental extraction
of the neutron pairing gap at large deformation
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A study of the 1*Nd nucleus has been performed with the EUROBALL Il multidetector to establish the
decay-out of the yrast superdeform@D) band. Three discrete linking transitio(i&4, 1456, and 1493 keV
have been discovered, establishing the position of the SD band at 7.03 MeV excitation energy with proposed
spin and parity 177 for the lowest observed SD state. Neutron pairing gap parameters for SD shapes have
been extracted in Nd isotopes, using the strong-coupling model and odd-even mass difference formulas. The
major conclusion of our phenomenological analysis is that the pairing correlations do subsist in the SD
configurations of nuclei in thé& =130 mass regio.S0556-28139)01312-4

PACS numbes): 21.10.Re, 21.10.Tg, 23.20.Lv, 27.69.

[. INTRODUCTION excitation energies with respect to the yrast line in the decay-
out region (-1 MeV). The SD bands in even-even Nd nu-
Since the discovery of a rotational band in the second weltlei, being based on two quasipartidlgp) configurations
of 132Ce[1] the study of nuclei in thé =130 mass region at including the intruder orbitali,3,) [10], are much weaker
high spin has been a fertile source of information for variougabout 1% of the total population of the nuclgtisan in the
phenomena concerning large deformation, like the coexistodd-even ones, which also involve a singlé 4, intruder
ence of normal-deformed\D) and highly deformed con- orbital. The identification of discrete linking transitions in
figurations, the role of shell gaps versus the occupation of theven-even nuclei is therefore as difficult as in the other re-
intruder orbitals stabilizing the large deformation and thegions of superdeformationA=80,150,190). Such transi-
identical bandg2-5]. In the following, for the reason of tions have been observed only recently'i®**Nd [10,11].
simplicity, we will use the term superdeformati¢8D) in ~ The resolving power achieved by the new generation of
order to describe the phenomenon in the second well in thig-ray spectrometers, like EUROBALL Ill, now allows ob-
mass region, although we are aware of the fact that the difservation of transitions with intensities around f0of the
ference in structure between the ND and SD states is mongopulation of the final residual nucleus, making feasible the
pronounced in other regions of the nuclear chart. The knowlebservation of linking transitions in these nuclei.
edge of the single-particle excitations in the second well has The study of the superdeformation phenomenon can also
improved dramatically, but the lack of experimentally deter-give information about pairing in states with high seniority
mined excitation energies, spins, and parities for the SCand its variation with frequency. Indeed, the SD bands in
states prohibited definitive conclusions. These quantities cadifferent mass regions cover large ranges of frequencies and,
be reached through the observation of discretieansitions  if we look at the moments of inertia of the SD bands as a
linking the lowest levels of the SD band to the ND ones. function of frequency, quite different behaviors are notice-
The first experimental breakthrough in the knowledge ofable for the different regions. In th&=190 mass region,
the decay-out process has been achieved in the oddhere the SD bands are seen down to very low spins and
133.13513d nuclei of theA=130 mass regiof6-9). In  frequencies, the moment of inertia increases with spin due
these nuclei the observation of discrete linking transitiondoth to the gradual alignment of neutrons and protons, and to
has been favored by the relatively high intensity of the SDthe reduction of the pairinfl2—16. However, there exists
bands(5-10 % of the reaction channels well as by the low experimental signatures of the pairing persistence in the SD
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configurations, like the observation of a proton blocking ef-four- and higher-fold events collected on tape. Calibration
fect in the oddZ °°TI nucleus[17]. On the other hand, for and relative efficiencies of the array were obtained using
the A=150 nuclei and even more for th&=80 nuclei, standard sources over the range of 80—3548 keV.
where the SD bands are observed at very high frequencies,
the rigid-body value is reached by the moment of inertia and
pairing correlations have almost disappeared. In the
=130 mass region a large variety of SD bands were identi- |n the analysis of the events detected by the clover and
fied which show different behavior both as a function Ofc|uster detectors the Compton Scattering in adjacent seg-
mass number and as a function of frequency, suggesting th@ients has been considered. The so-called “add-back mode”
possible presence of pairing in the SD configuratiisIt  in these composite detectors has been performed by sum-
is, therefore, interesting to study these nuclei in order to gefning the energies deposited in each involved segment. Con-
more precise clues on the pairing correlations. The strengtberning the clusters, only adjacent firing segments have been
of neutron(proton pairing correlations in the second mini- taken into account for the add-back, whereas nonadjacent
mum of SD nuclei can be estimated by a phenomenologicajnes have been treated as independent photons. We have
analysis from the knowledge of the excitation energies for gejected the case where more than two segments fired in one
given series of isotopefisotones. An extended series of detector. The gain in efficienciat 1.33 MeV) is then 1.29
nuclei where the SD bands were linked to ND states exists &br clovers and 1.26 for clusters when the add-back mode is
present only in theA=130 mass region, where in the se- ysed.
quence from™**Nd to **/Nd, only in **Nd the SD band was  From previous experiments with gold backed-targets in
not connected to low-lying states. The identification of link- the neighboring nucldi7,9,18, it results that the transitions
ing transitions for the yrast SD band fA®Nd will determine  of the SD band with energies higher thBn=800 keV are
its excitation energy and will offer the possibility to estimate Doppler broadened. On the contrary, the transitions de-
the neutron pairing gap in the second minimum by using axciting the lowest levels of the SD band appear as sharp
Taylor series expansion of the mass in powers of the nucleolnes in the y-ray spectra. As the transitions which link the
number of interest. SD band to states of normal deformation are expected to be
We have undertaken the study of the decay-out of themitted from stopped nuclei and also to be very weak, the
yrast SD band in**Nd. Sections Il and IIl contain the de- much better energy resolution achieved in a backed-target
scription of the experiment and the data analysis. Results ogxperiment will improve the signal-to-background ratio. In

the decay-out are presented in Sec. IV and in Sec. V wen experiment with a backed target, the Doppler correction
discuss the decay-out of the yrast SD bands in the Nd serigsrmula reads

and the estimation of the pairing strength in the second well
from odd-even mass differences.

IIl. DATA ANALYSIS

Esetecte? 0)= E(;[ 1+F(7)Bocog 6)], (1)

Il. EXPERIMENT where ED**?*{¢) is the energy deposited in a detector

The experiment was performed at the Legnaro Nationaplaced at an anglé with respect to the beam axiEg is the
Laboratory with the XTU Tandem accelerator. We used thecenter-of-mass energy of the ray emitted by a recoiling
same reaction and beam enerd¥Pd(°Si,4n) at 130 MeV,  nucleus with a velocityF (7)By. B, is the initial velocity of
as in a previous experiment performed with the GASP arrayhe recoil nucleugand has been determined to be 2.06% in
[18]. The two most intense residual nuclei populated in thisour experimentand F(7) is the attenuation factor for each
reaction were™3Nd and ®'Nd, with a ratio ®*'Nd/***Nd ~ SD level. This factor reproduces the velocity decrease during
~20%. The target consisted of a foil of 1 mgwf 11%d  the de-excitation along the SD band. Starting from Fife)
deposited on a 15 mg/éngold backing. A backed target was values of 1*Nd and **'Nd obtained from a previous GASP
used to identify the transitions which depopulate the SDexperimenf20], we have adjusted these factors for our ex-
band. The y-ray transitions were measured with the periment.

EUROBALL Il array [19] which consisted of 239 germa- Various multiconditioned one-dimensional spectra and
nium crystals. More precisely EUROBALL Il consists ¢f  gated matrices have been constructed during the analysis. All
30 tapered germanium detectors placed on three rings at foone-dimensional spectra have been incremented taking into
ward angles(ii) 26 clover detectors each composed of fouraccount the intensity problems first exposed in [R2f] and,
germanium crystals in the same cryostat at medium anglesherefore, the unphysical spikes discussed in R&f]. Ac-

and (iii) 15 cluster detectors formed by seven germaniuntording to Eq.(1), the SD gating conditions have been ap-
capsules at backward angles. All these detectors are suplied by using a different Doppler correction for each SD
rounded by BGO scintillators used for Compton suppressiongate. Moreover the corresponding gate energy was deter-
The detector signals are processed through the VXI electromnined for each detector angle, allowing contamination to be
ics which send the data to three event collectors. Finally, avoided for certain combinations of angles and energies.
processor farm builds the EUROBALL event recorded onUsually two spectra have been obtained for each given set of
DLT tapes. A fold condition of eight unsuppressed Ge firinggates: one spectrum with variable Doppler correction and
in coincidence was required to start the acquisition. Afteranother withv/c=0. The former was used to check the SD
Compton suppression this resulted in a total of>218° gates and the latter to search for the linking transitions.
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FIG. 2. Experimental DCO ratios for ND, SD, and linking
SD-ND transitions of**®Nd. The solid and dashed lines correspond
to the theoretical DCO values of the stretched quadrupole-
quadrupole and dipole-quadrupole sequences, respectively.

FIG. 1. Schematic angular geometry of the EUROBALL Il
array showing the taperdd), clover(Q), and clusteXC) groups of

detectors. Limit angles are indicated with respect to the beam axii.7>< 15=105), multiplied by the number of clover crystals

i o (4%x26=104). We can, therefore, define a “generalized”
Gated matrices have also been built with the same angIeDCO ratio by

dependent Doppler correction. Three kinds of matrices have

been used to study the SD-ND decay pdthwith Doppler W(T+C,Q

correction on any axis to select the SD band itd@ly,with- RDCO:W' (3)

out Doppler correction to check the relationship between the ’

linking transmons and the ND, tranSItlolns, ah;d) with Dop- The theoretical DCO ratio derived for this geometry has been
pler correction on the first axis and without it on the second. - 1ated for a cascadg—|,— |3, starting from a com-
one to obtain coincidence information between the SD ban letely aligned state with, = 21. For each paifT+C,0Q), the

and the ND yrast states or SD band and the linking trans'éorresponding value lies in the interved.41,0.8q for a

tions. Directional correlations from oriented stat@&CO) stretched dipole-quadrupole sequence, depending on the con-

matrices have been built and DCO ratios have been ex; . . L
. .’sidered detector pair. Fdr>10 this DCO ratio is roughl
tracted, using the EUROBALL Ill geometry presented |n_I pal i ! 10 1S roughly

Fig. 1. By properly taking into account the angular symme-independent of spins. The average valuRigo=0.55 fora
tries of the correlation functionV(8y,0,,A b= d,— ;) stretched dipole-quadrupole sequence. It is, therefore, easily
[23], we can reduce thegg‘g=28 441 combinations of two distinguishable from any stretched quadrupole-quadrupole

detectors on EUROBALL Ill to 15 736 distinct geometries. sequence which has a DCO ratio of 1.00. For illustration we

However, the collected statistics was not enough to anaIyzBresent in Fig. 2 the extracted DCO ratios of several ND, SD,

the weak transitions of interest for all these individual geom-and SD-ND linking transitions. The results are also listed in

etries. The detectors of the EUROBALL Il array have beenTableI . I|<nownf_d|po(lje Snd quadrupole multlpolagtlﬁ%al] h
separated in two sets: one with the cloy&) detectors(lo- gre cegxlryt ant'rme t%’ ourltme?sgtremznts fatn \geD N"’B'e
Cied sround 80w respect o the e o the D57 81 0 elemine e mulpolrty e of o <0
second set with all taperel) and cluster(C) detectors, 9 ' '
located at forward and backward angles, respectively.
By notingW(det 1,det 2= W(6, ,6,,A ¢) the correlation IV. RESULTS
function between the two de_tectors detl and det2 at angles 11 decay-out spectrum of the SD band’8fNd, a by-
(61,¢1) and (6, ,), we define then the two average Cor- nroqyct of this experiment, is shown in Fig. 3. The same
relation functions: discrete linking transitions observed previously in a GASP
experiment[9] are seen here with better statistics, demon-
_ strating the power of the EUROBALL Il array.
W(T+C’Q)_det 1§T+C} dez‘{@ W(det 1,det 2/Neomp. Spectra with and without Doppler correction obtained for
136N d are presented in Figs. 4 and 5. We confirm all SD
transitions observed in the GASP experimgif], and up to
W(Q,T+C)= W(det 1,det 2Ny, the 1644 keV transition observed in the GAMMASPHERE
det 1 {Q} det2e { T+C} experimen{25]. The 1733 keV transition is at the observa-
(2)  tion limit of our experiment and we have not seen the last
transition with energy of 1815 keV tentatively proposed in
where N;omz=14 040 is the number of distinct pairfd Ref.[25]. In Fig. 4@ 7y rays with energies higher than 717
+C,Q), i.e., the number of taperdB80) and cluster segments keV are Doppler corrected, including the linking transitions
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TABLE I. Experimental intensities and DCO rati¢see text for
explanation for ND, SD, and SD-ND linking transitions if®Nd.

TABLE 1. (Continued.

Gates onE2 transitions have been used to extract the DCO value E, (keV) Intensity (%) DCO ratio  Assignation

for each transition. The DCO ratio of the transitions marked by an —

asterisk are displayed in Fig. 2. Intensities are normalized at 100050 ND transitions

for the 857 keV SD transition and correspond to the decay-out of ~ 754.43) 15(4) 12819 21190

the SD band as displayed in Fig. 8. 14561)* 11(4) 0.499) 19-) 18"
14931) 6(3) 19)18*

E, (keV) Intensity (%) DCO ratio Assignation
ND transitions
355.42)* 24(5) 0.664) 10" —9~
373.12)* 100(8) 1.01(3) 270"
390.12) 88(8) 1.034) 12F 10"
501.42) 20(4) 0.965) 9~ 7"
552.12) 6(2) 1.105) 12t 10"
602.712)* 100(9) 1.024) 4t 2"
661.33) 7009) 14t —12"
663.73) 68(9) 10t —8*
678.44) 15(4) 15" —13*
693.52)* 23(4) 0.594) 76"
711.83) 6(2) 14t —12+
714.52) 11(3) 0.994) 16t —14*
750.42) 6(2) 0.306) 17t 16"
768.16) 13(8) 13t 12t
770.42)* 100(10) 1.025) 6T —4"
784.92)* 11(4) 0.367) 15t —14*
809.93) 73 17t —15*
844.33) 5(2) 16" —14"
844.72) 45(7) 1.01(4) 16t —14*
886.02) 76(8) 1.045) 8T—6"
894.64) 4(2) 18" 16"
901.42) 9(3) 1.01(7) 18" —16"
999.712) 20(4) 0.91(6) 18" 16"
1135.713) 6(3) 0.955) 10t —8*
1169.23) 9(3) 1.058) 14t — 12+
1222.§4)* 11(4) 1.107) 16" —14"
1279.79) 5(3) 0.924) 18" —16"
SD transitions
656.63)* 14(4) 1.1712) 197) 5 17)
716.17) 52(15) 21) 197
795.05)* 95(14) 1.008) 23)5210)
857.95) 100(13) 257 —237)
918.46) 99(14) 27 257)
983.13) 101(13) 297)—277)
1050.14)* 103(13) 1.037) 31) 5 297)
1117.54)* 95(12) 1.199) 33)5310)
1186.24) 54(9) 357 -337)
1254.94)* 39(7) 0.978) 377)—357)
1325.35)* 23(4) 0.8210) 39) 377
1398.94)* 20(4) 1.0910) 417)—397)
1476.65) 12(3) 437)410)
1559.15) 6(2) 457)437)
1644.47) 3(2) 477) - 457)

which should not be. In the uncorrected spectrum shown in
Fig. 4(b) the SD transitions appear as broad bumps while all
ND transitions look like sharp lines. This is the clear signa-
ture that the SDy rays have been emitted during the recoil-
ing time of the nucleus, while ND transitions have been
emitted by the stopped nucleus. In this last spectrum, linking
transitions, if they exist, should be sharp. The high-energy
part of the uncorrected spectrum given in Fig. 5 provides,
among the Doppler broadened SD transitions, three candi-
dates for the linking transitions, namely the 1456, 1603, and
1743 keV lines. In order to establish the position of these
candidates in a decay-out level scheme, we have studied the
coincidence relationships between SD and ND transitions.

The spectra obtained by double-gating on the 390 keV
12" —10" ND transition and one among two of the lowest
transitions of the SD band—either 717-795 Kd\g. 6(a)],
or 795-857 ke\[Fig. 6(b)]|—show a new sharp line at 1493
keV. This transition cannot be seen in Fig. 5, because it is
unresolved in the 1477 keV SD bump. The comparison be-
tween the spectra(@ and 6b) shows that the 1456 keV line
is weaker in the first one, while the 1493 keV intensity is
unchanged. This means that the 1493 keV transition is in
coincidence with the 717 keV SD transition whereas the
1456 keV one is not. Another new transition of 754 keV is in
coincidence with SD band members, but not with the 717
keV SD transition. A clear coincidence relationship between
the 1456 keV line and the 754 keV transition has been also
observed, as demonstrated by Fig&) and 7b).

This analysis shows that the linking transitions reach the

6000

4000 -

Counts

2000

0 1 1
1000 1200 1400

Ey (keV)

FIG. 3. Double-gated background subtracted spectrum of the
13'Nd SD band, obtained without Doppler correction. The broad
structures correspond to the SD transitions widened by the Doppler
effect. The energies of the linking transitions between the SD band
and the ND states are indicated.

064313-4



DECAY-OUT OF THE YRAST SUPERDEFORMED BAND . .. PHYSICAL REVIEW 60 064313

10000 500 T
8000 (a)
6000 EE EE
4000 1 8 i n
§ 250 1 /
2000 | =
£ <
=
S . -
2000 . . * SD transn'tl'ons
* ND transitions
6000 N
0 I I
4000 M 1200 1400 1600
E, (keV)
2000 -
W 500 ‘ ‘
0 (b)
500 1000 1500 2000
E, (keV) 5 %
— y—
FIG. 4. Double-gated background subtracted spectra of the - \
138\d yrast SD band. SD transitiori657, 717, 795, 857, 918, 984, *g 250
1050, 1117, 1186, 1255, 1325, 1399, 1477, 1559, and 1644 keV S
are indicated by down triangles and ND transitions by circles. The <
upper spectrunia) has been Doppler corrected, while the lower one
(b) has not been corrected. The relative intensity profile of the SD
band is also plotted in the inset.
0 L L
ND levels at the 18 level de-excited by the 1000 key 1200 1400 1600

line. The two parallely-ray cascades 1456-754 keV and Ev (keV)

ég?ﬁ; gnﬂthkee:/hi?gt?c?\:\lli;ir? S :{Ia?;g)c/)fd;ﬁ(;resn[c):ebgfngZ;LIO slz)?r\( FIG. 6. Spectra in coincidence with the 390 keV ND transition
21-) and the 18 of band 3. Figure 8 displays the level and with one among two of the lowest SD transitions, namely 717
. . keV or 795 keV(a), and 795 keV or 857 ke\b).
scheme associated with the decay-out of the yrast SD band In
138Nd. The DCO ratios of the linking transitiorisee results
in Table | and Fig. 2 show that the 1456 keV transition is the decay scheme of the SD band but we could not establish
dipolar (Al =1), while the 754 keV transition is quadrupolar any clear coincidence relationship with individual transitions
(Al=2). If we assume a negative parity for the SD b&asl  and, therefore, we could not place them in the level scheme.
suggested also in®>**Nd [10,11]), the decay-out proceeds In Fig. 8 are indicated the observed linking transitions and
via E2 andEL1 transitions. Therefore, the lowest observedalso the intensities of the decay-out flow, the reference being
state of the SD band at an excitation energy of 7028 keV isaken for the 857 keV transitiofll00%. The intensities of
tentatively proposed to have spin and parity 27The 1603  all transitions involved in the decay-out of the SD band are
and 1743 keV transitions mentioned above are involved inisted in Table |I.
The observed discrete linking transitions collect about
1500 ' 20% of the SD decay-out intensity via the two transitions of
754 and 1493 keV. As detailed previously, clear coincidence
relationships have been observed, establishing unambigu-
ously the position of the three linking transitions 754, 1456,
1000 - ] and 1493 keV. Concerning the order of the 754—-1456 keV
sequence, where the 754 keV transition is more intense than
the 1456 keV transitiorfsee Table ), we have chosen the
order displayed in Fig. 8 because it gives a non-yrast inter-
mediate level in agreement with its weak population. It is
worth noting that the same argument has been us¢dGh
for the decay-out of the yrast SD band BfNd which pre-
sents a very similar pattern to tH&Nd one. The 197 level
%000 1500 2000 populated by the 754 keV transition decays also by means of
E, (keV) other unseen transitions with relative intensity of around 4%.
Y The extracted intensities provide also information on the
FIG. 5. High-energy part of Fig.(#). Broad peaks are the SD fragmentation of the decay-out. One can see that the decay-
transitions widened by the Doppler effect. The energies of the linkout flow of the SD band is distributed towards the three
ing transition candidates are indicated. structures called bands 3, 4, and 5 in Rgfk3,24], with

Counts
1456
1603

1743

500
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FIG. 7. Spectra in coincidence with two SD transitions plus the
1456 keV linking transition@, and with two SD transitions plus
the 754 keV transitiorgb).

~30% each. A fourth bandabeled band )’receives only
about 4% of the decay-out. Note that these bands are ex
pected to have triaxial shapes and are assumed to involv
one pair of alignech;4,, neutrons(at y=—90°) or protons
(at y=+30°) [18]. The full SD intensity is completely re-

covered at spin 1516%. FIG. 8. Level scheme associated with the decay-out of#fdd

yrast SD band. Displayed intensities are normalized at 100% for the
V. DISCUSSION 857 keV SD transition. Band labels 3, 4, 5, and 7 are the same used

in Refs.[18,24). Dashed arrows indicate the intensity received by

One of th? most challenging.questions concerning the SUhe ND levels directly fed by the SD decay-out. The widths of the
perdeformation phenomenon is the decay-out of the SO ows are indicative of the intensities listed in Table I.

bands and the understanding of their main features: decay

through discretey rays to low-lying ND states or through a v cl . | ; he eff f
continuum of states, properties of the preferentially popuP!Y closed SD magic nucleus at zero frequency. The effect o

lated ND states, pairing effects in the SD bands. The Nc}he deformati_on ta_lkes its orig_in from the occupatiqn of the
series represent a very appropriate laboratory for such studi€9Wn-slopingiyz, intruder orbital. The neutron orbitals as
because the evolution of the decay out with the neutron nurftnction of the axial quadrupole deformation obtained in
ber N can now be analyzed, including the results of theStandard Nilsson calcu_latlons L;, presented in Fig. 9. The va-
present paper, in six Nd isotopes with neutron number fromence SD neutron orbitals fof*Nd at ,~0.3 arehy,
N=72 toN= 77, namely,1327 137Nd [6—1];' [523]7/2, hg/z [541]1/2, 9712 [402]5/2, andg7/2 [404;'7/2 be-
low the Fermi level, andhyq, [514]9/2, T4, [530]1/2, hgj,

[532]3/2, andi 3, [660]1/2 above the Fermi level. For large
deformations a sizable gap appears clearlyNer72 (*3%Ce

The SD magic numbers in tha=130 mass region are and *2Nd) around8,=0.35-0.40, whereas smaller gaps
Z=58 andN=72, which correspond to th&*Ce nucleus, remain forN=74 andN=76 aroundj,=0.30-0.33 and
stabilizing elongated shapes with an axis ratio 3/2 afgha B,=0.28-0.30, respectively.
value around 0.35-0.4. A sizable proton gap exists also for The axial deformation is predicted to be slightly larger in
Z=60 at somewhat smaller deformatioB,0.30), which  *Nd than in*3Nd or even in**®Nd. We have to notice that
associated to the =72 neutron gap, give$Nd as the dou- these shell gaps are predicted in all static mean-field calcu-

A. SD decay-out in the Nd isotopes
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) ) ) FIG. 10. Comparison of the SD states excitation energies versus
FIG. 9. Valence neutron orbitals as function of axial quadrupoley,q spin, for even-eveta) and odd-even Nd isotopeb).
deformation obtained in standard Nilsson calculations, ffa6j.

lations (Woods-Saxorj4], Hartree-Fock-BCS with Slll or  topes and 1% for even-even ones. This behavior can be un-
SkM* parametrizations of the effective for§27]). The fast  derstood by an increase of the excitation energy wittas
rotation alters these static shell effects, leading to a gap fotan be seen in Fig. 10, which presents the excitation energy
N=73 at a frequency of about 0.5 MeV. When the nucleusof the SD states as a function of spin in the Nd isotopes,
rotates, thei s, [660]1/2 orbital splits into two signature including the results of this work7—11]. A simple explana-
partners, which we will denote as &nd 6,. In the second tion of this pattern can be given in terms of the shell struc-
minimum of the Nd isotopic series the intruder orbital ture atN=72,73 and the evolution of the shape of the ND
[660]1/2 is occupied, and the SD bands are built on onestructures in the Nd isotopes. As is well known from other
quasiparticle(1-qp configurations in odd-even isotopes and regions of the nuclear chart and discussed in detail in Ref.
2-gqp configurations in even-even isotopes. F8fNd the  [30], the quadrupole deformation of the heavy Nd isotopes is
yrast SD band is built on the 2-gp configuratip®60]1/2  decreasing with increasiny, and becomes spherical at the
®[541]1/2 at low spin and 660]1/2®[523]7/2 at higher N=82 shell closure. More deformed structures, involving
spins. For the®®Nd and *3Nd yrast SD bands, the 2qp the occupation of the forbital, are therefore becoming more
configurations[ 660]1/22[541]1/2 or [660]1/2®[530]1/2  costly in energy with respect to the ND ground state, despite
have been proposdd0,18|. the increase iN. Moreover, the excitation energy of the SD
Total routhian surfac€éTRS) calculations have been per- bands is systematically higher in even-even isotopes than in
formed in this mass regiof4—6,1§, that suggest the SD the odd-even ones, a fact which can be related to the nature
bands in the even-even Nd isotopes are built upon 2-gp coref the SD configuration, which is 2 gp in even-even and 1 gp
figurations. This is in contrast to the structure of the SD bandn odd-even nuclei. The cases 5%3*Nd are particular be-
in 137Ce, which involves a pair ofi3,. The moment of cause the SD bands seem to survive at extremely low spins,
inertia of the bands with such a configuration exhibits a pro+eflecting their strong mixing with the ND bands and, in fact,
nounced band-crossing associated with the alignment of thine last SD states are probably mixtures of low and high
i13/2 Orbital [4]. The absence of that band-crossing in all of deformations.
the Nd isotopes strongly supports thezthe,/f,, configu- The nature of the decay-out mechanism involved in the
ration. The difference between the Nd and Ce SD nuclei cad= 130 mass region, namely in the Nd series, has been dis-
partly be accounted for by the more deforned 58 gap. A cussed in Refl2] and very recently in Ref31], where new
similar situation can be found in th&= 150 region, where, experimental information on the decay-out of two SD bands
e.g., the lowest SD bands #8Gd is interpreted in terms of in 3213Nd was reported. The observ&® linking transi-
a 2-gp configuratio28,29. tions of the SD bands with assigned positive parity were
We will now shortly discuss the different properties of the explained by the crossing of the SD bands with observed
decay-out in the Nd series, like the intensities of the discret@onyrast bands of normal deformation; in this case large in-
linking transitions, the excitation energy of the SD bands,teraction matrix elements (30 keV) and large mixing am-
and the nature of the decay-out mechanism. plitudes (20-30% between the interacting SD and ND
The most striking feature of the discrete linking transi- bands were deduced. These new results clearly show that the
tions discovered in the Nd series is that the total intensity obarrier between the SD and ND minima disappears at low
the observed discrete decay-out transitions decreases wieipin. The decay-out in th&=130 mass region differs thus
increasing mass number, with a stronger absolute value fatrongly from that of theéd=190 mass region as observed in
odd-even isotopes: 100% fdF3Nd, 65% for *Nd, 30% for  '®Hg and '%Pb isotopeg32-34. In these nuclei, the SD
B3'Nd and 100% for'32Nd, 50% for **Nd, 20% for 138Nd.  de-excitation is dominated by a statistical componé@]
One has to remember that the absolute intensity of the SRnd the discrete high-energy lines8 MeV) contribute to
bands is 5—-10 % of the reaction channel for odd-even isoenly a few percent of the decay spectrum, whereas in the Nd
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isotopes the decay-out is dominated by discrete lines with SO(29p-145) (—)N+L
much lower energies<1.5 MeV) and reach 100% of the AZPEIP AP =
band intensity for the lightest isotopes.

[MSB(N+1)—2MSP(N)

+MSB((N—-1)]. (6)

B. Pairing correlations in the superdeformed configurations . ) L
Up to now this formula has no direct application in the

The knowledge of the SD absolute excitation energy for—130 Sp matter because SD bandhead excitation energies
an extended series of Nd isotopes, enables the pairing gap {pe not known and we have to estimate the rotational contri-
be estimated in the second minimum. Indeed, it is wellyytion between the SD ground state and the lowest experi-
known for ND matter that an estimation of the neutron pair-mentally observed SD states. Nevertheless, for the Nd series
ing gapA,, (or proton pairing gap ;) can be obtained from i js possible to correlate under different assumptions the
the odd-even mass differences using a first-order Taylor ex;qq-even mass differences to the pairing gap. In the strong-
pansion[see in the Appendix, EqA5)] [38—4. The ex-  coupling scheme limit of the particle-plus-rotor mogé0],
p_enmental neutron pairing gap takes the following exprestq, axial symmetry the excitation energy of a state at ${in
sion. the sum of the collective rotational energy?/271(1+1)

(—)N —K?], where7is the moment of inertia and the projection
[M(N+1)—2M(N)+M(N—1)]. (4) of | on the symmetry axis, and of the intrinsic energy, which
2 is the sum of the individual quasiparticle energies. In this
limit we have neglected the Coriolis interaction. FKr
=1/2 orbitals we also neglect, when applying the mass for-
mula, the difference of the contributions coming from the
decoupling factor terms in the odd-(1 qp and everN (2

Ap=

In fact, it has been shown experimentally tidgt is smaller
for nuclei with odd neutron numbef$ than those with even
N numbers. FoN=Z nuclei this odd-even staggering has ; A AT
been related to the pairing and also to the deformation of th g)ernucilgé Irlrtge ;isdeKiflﬁNi Eufigitlﬁi/e; ;h?nllr:;]rénsw
mean field[41]. In order to smooth possible local disconti- 9y 15k, TEx, 1=l 9 P
nuities a third-order Taylor expansion with five points can bgMass of an even SD nucleus is given by
similarly derived. 52

A similar procedure to estimate the neutron pairing gap MISD(Z qp)ZM(?E(O ap + =—=[1(! +1)_K2]+EK +Eg..
can be applied to the SD nuclei, for instance to the 2J v
192,193,19pp nyclei, where candidate and definite linking tran- @)
sitions have been proposggb,42,43. In this case, for even- E£q; the oddN SD nucleus with 1 qp in the orbitad, the
even nuclei the ground state in the SD minimum is the 0 9Rquation is
vacuum, labeled 0 gp,, while the ground state of odd nuclei
is a 1 gpp state. The expression for the neutron pairing b b 72 )
strength derived with the three point formula is then M7 (lap = Mgs(lqp)—’_ﬂ[l (I+1)-K°. (8

If we assume that the rotational contribution is the same for
three Nd isotopes, that is to sa) a similar deformation
leading to the same moment of inertidand (i) K2 and Kf
negligible in comparison tof?/2.7)1 (1 + 1), it is justified to
suppose that the same formulas remain valid at a given spin
I:

_\N
AﬁmoW*mm=£EL{MS%N+1)—2MSWN)

+MSB(N-1)], (5

whereMSP is the nuclear mass in the ground-state SD mini- (—)N+1
mum. The same is valid for the proton pairing gap, which ~ ASP@ qulqp)(I)=T
can be estimated from the serié$Hg, °°TI, %Pb. The
extraction ofA, andA, for the A=190 SD mass region will + M,SD(N— 1)], 9
be discussed in a separate pajgkt].

The situation for the SD Nd isotopes is different. As com-choosing for each nucleus SD states at the samelspr
monly adopted and discussed above, the yrast SD bands proximately.
evenN isotopes are basecha 2 qpp state, and in oddi The application of the strong-coupling scheme is valid
ones m a 1 qpp state. Indeed, as shown by potential energyonly for moderate spin values up to 30 and for large
curves versus deformation, obtained in constrained Hartreeleformations. In the Nd series it is therefore reasonable to
Fock+BCS calculationg27], there is no well-defined SD apply this simple model instead of the cranking model.
minimum corresponding to 0 gp. However, a SD minimumis  The 7 dynamical moments of inertia have quite similar
stabilized by the addition of twene quasiparticles includ- values in the spin range 20—4Q compatible with the simi-
ing the [660]1/2 orbital for even(odd nuclei. For such a lar deformation assumption. The SD bands in odd-even Nd
case of SD nuclei involving 2 gp and 1 gp in even and oddhuclei are based on tH€60]1/2 orbital (K, =1/2) and those
isotopes, respectively, it is possible to derive the followingin the even Nd are based on a 2-gp state, one being the same
formula from Eq.(A8): [660]1/2 intruder orbital K;=1/2) and the other having the

[MPP(N+1)—2MPYN)
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scheme has been established. From DCO analysis, we pro-
pose that the lowest observed SD state, located at the exci-
tation energy of 7.03 MeV, has a spin-parityt 17 The total
decay-out flow is collected at spin 15-l@&n mainly four

ND structures. We have also estimated the neutron pairing
gap in the SD matter, using the strong-coupling model with
restrictive hypothesis, which led to the conclusion that pair-

ing correlations still exist in the SD bands of tie=130
mass region. This result is confirmed by extended TRS cal-
05 *+—e A (SD) 1 . . . .. . . .
n culations including pairing. Microscopic self-consistent
oo A (ND) cranked Hartree-Fock-Bogoliubov calculations should be
00 ‘ . . . ‘ performed in order to confirm and quantify the quenching of
’ 130 135 140 145 150 the neutron pairing gap in this region.
A
FIG. 11. Experimental neutron pairing gaps fd% 13®Nd at SD ACKNOWLEDGMENTS

shapes and for?”"'*Nd in their ND ground states. SD points . .
correspond to the mean values &f,, extracted within the spin | We are greatly mdebted, to th? EUROBALL IlI aquISI-
range of the SD bands. tion staff members for their continuous support during the

experiment. We also thank J. Sharpey-Schafer and J. Meyer

o for illuminating discussions.
projection K,=1/2 (from the [541]1/2 or the[530]1/2 or-

bital). So for spins around 20 the contributions kf? and
K,? are really negligible.

The complete results fot** *Nd are shown in Fig. 11 In an isotopic series of nuclei characterized DHyet us
for ND and SD shapes. The most striking feature of ourconsider the three isotopes with neutron numbersl, N,
results is that the pairing gap parameter for the SD shapes @d N+ 1, with N even. The total binding energg*H(N
reduced by a factor of 2 with respect to the ND valug’{ ~ +1), defined negative, of the nucledst+1 in its ground
~0.7 MeV), indicating that pairing correlations still exist in Stat€ (which correspc())nds to one quasiparticie related to
the SD matter. For 2-qp statéas discussed by Jaiet al. e binding energys™ (N of the nucleusN in its ground

[45]) a reduction by about 20% is expected due to the bIock—State("e" with zero quasmartlc]ethe Fermi energi and
ing effect, but here the quenching is stronger. However, bet—he lowest quasiparticle energy of the odd neutk) by
cause of the crude assumptions, our extraction is very rough

and the estimated values have maximum errors of about 1q _ROq

50%, half of it being due to the experimental ND mass val- BEAN+L)=B" TN +A+ Exy: (A
ues used. We have also to note that the gap values remain ) ) ) )
rather constant with increasing spin, having a reversed oddD the BCS formalismEy is related to the single-particle
even staggering due to the use of the 2 qp—1 gp formula foenergyey, and the neutron gap parameterby the relation
SD nuclei instead of the 0 gp—1 gp formula for ND nuclei.

The results of the present phenomenological analysis are in

perfect agreement with our extended TRS calculations, Ex,= (e, ~ M)+ A% (A2)
which yield the following values of the neutron pairing gap

for the series of Nd isotope@n MeV): 0.65 (**Nd), 0.86  The total binding energp!9(N— 1) of the nucleus\—1 is
(**Nd), 0.67 ¢3Nd), 0.78 ¢3Nd), 0.75 3°Nd), 0.88 expressed as

(**'Nd), at the frequencyiw=0.25 MeV. We can notice
that both the absolute values of the pairing gap and the odd-
even effect leading to lower values for even-even isotopes
are well reproduced. The experimental results are also in
agreement with the cranked Hartree-Fock-Bogoliudd¥B)  Therefore, the gap parametar characterizing the pairing
calculations of Ref[46], which predicted that the neutron term can be derived from the usual odd-even mass differ-
pairing gap remains finite even at spin 60 in th&Nd SD  ences a$38,39

band.

APPENDIX

B'9(N—1)=B° ®N)—\+Ex,. (A3)

VI. CONCLUSION %[M(N+1)—2M(N)+M(N—1)]

We have observed for the first time, by using the
EUROBALL Il array, discretey-ray linking transitions de-
exciting the SD band in*%Nd, accounting for 20% of the
decay-out flux. The position of the SD band in the level

1
=§[qup(N+1)—ZBO 9AN)+BLPRN-1)]
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The same formula with an opposite sign can be derived for 1 , L
odd N [40]. We can, therefore, write the generalized formula > [MHAN+1)—2M* FN) + M= RHN-1)]
for the neutron pairing gap:

1
(—)N =_[B®(N+1)—2B? "(N)+B*®N-1)]
5 [M(N+1)—2M(N)+M(N—1)]. 2

(A5) =—Eg,=—A. (A7)

A0 ap-1ap)—

If we consider now the nucleud in an excited state corre- 54 similarly, extending to anyN value the neutron gap
sponding to a two-quasiparticle state of ener&yl(Jr EKz)’ parameter is ,then

one of the two quasiparticles being that of the odd neutron in
the N+1 andN—1 nuclei, the total binding energy for the
nucleusN is the sum:

_\N+1
A2 ap-1 qp):%[Ml PN+1)—2M? R(N)

B? M(N)=B (N)+ E, +Ek,- (AB) +MLIRAN-1)]. (A8)

The odd-even mass differences can then consequently be rdowever, because two quasipartickesandK, are blocked,
lated approximately to an average gap parameter as a reduction of the pairing gap is expected.
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