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Band structure in "% and the question of T=0 pairing
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Gamma rays in théN=Z+1 nucleus™Y were identified using the reacticSi(>*Fe, p2n)™®Y at a 200
MeV beam energy and an experimental setup consisting of an array of Ge detectors and the Recoil Mass
Spectrometer at Oak Ridge National Laboratory. With the help of additipnacoincidence data obtained
with Gammasphere, thegerays were found to form a strongly coupled rotational band with rigid-rotor-like
behavior. Results of conventional Nilsson-Strutinsky cranked shell model calculations, which predict a defor-
mation of 8,~0.4, are in excellent agreement with the properties of this band. Similar calculations for the
neighboringN=2Z andN=2Z+1 nuclei are also in good agreement with experimental data. This suggests that
the presence of the putatie=0 neutron-proton pairing does not significantly affect such simple observables
as the moments of inertia of these bands at low spins.
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PACS numbds): 21.10.Re, 21.606:n, 23.20.Lv, 27.50te

Heavy N~Z nuclei have recently become the subject oforous investigation of this problem, we still face many ques-
very intense experimental and theoretical studies. This isions and conceptual difficulties regarding the existence of a
partly because they are amenable to a variety of theoreticalp-pairing phase, its fundamental building blocks, and its
approaches, including the Monte Carlo shell modlg], experimental signatures. For example, the shell model adapts
symmetry-conserving mode[2], as well as mean-field or rigorous definition of the Cooper pairs in terms of isospin-
algebraic method$3,4]. Therefore, they provide excellent spin (T,J) quantum numbers, but lacks a natural definition
laboratories to study both effective nuclear forces and methef the order parameter. In contrast, the mean-field approach
ods, approximations, and coupling schemes. However, whaiffers a natural definition of the order parameterbut is
makes them truly attractive is the richness of physical pheless rigorous concerning parametrization of the pairing inter-
nomena appearing in these nuclei. For example, shape coeaetion. One of the possible manifestations of thepairing
istence, prolate-oblate mixing or shape transitions are coms the extra binding energy iNN=Z nuclei, known as the
monly encountered in the medium-mass nuclei. Due to lowVigner energy(see, e.g.[5,6] and references therginin-
level density, these shape effects vary strongly with massjeed, conventional mean-field models, which only allow for
spin, isospin, and excitation energy. T=1,|T,|]=1 pairing irrespective of its form, systematically

Closer to theN=2Z line, one expects an enhancement ofunderbindN=Z nuclei[7]. But a generalized mean-field ap-
neutron-protoniip) pairing, including the exciting possibil- proach, which also allows for thE=0 np pairing, can natu-
ity of observingnp superconductivity. However, despite vig- rally account for this extra binding energy which is charac-

terized by an~|N—2Z| behavior [8]. Similarly, detailed
microscopic shell-model calculations that correctly repro-
*Present address: State University of New York, Stony Brook,duce the Wigner energy show that the Wigner energy is in-

NY 11794. deed due ta =0 interaction[5,6]. However, its structure is
"Present address: Department of Physics, Lund University, Svery complex when expressed in terms of isoscalar nucleonic
22100 Lund, Sweden. pairs of various angular momenjé).
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HeavyN=Z nuclei perhaps offer the most favorable con- 500.0 o000
ditions for the manifestation afp-pairing phase in nuclear @
matter mainly because of the large number of valence pro-
tons and neutrons. A recent study BRb [9] has already
provided some evidence for the presence(adllective T
=1,T,=0 pairing in the even-spin band based on its simi- 8000 | 27 314318 '%oo w00 | sa00
larity to the ground-state band /iKr, its isobaric analog. It AB1 (chamncls)
seems, however, that the odd-spis 0 band in this nucleus 2000 |
reflects mostly the(noncollective coupling of a pair of an 467 632
[431]3/2 neutron and proton orbitals. Although shell model
Monte Carlo calculationfl] seem to support this interpreta- 1000 |
tion, it is not entirely clear whether the structure GRb
reflects collective or noncollective componentsngd pair- 00 ‘ , ‘ ‘ , ‘ ,
ing. Therefore, systematic experimental studies of hedvy 00 1000 2000 3000 400.0 5000 6000 700.0 800.0
~Z nuclei are needed to provide more clear clues concern-
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ing the question of isoscalamp pairing. The present study of ® i 22;4/318
%Y is part of our systematic studies &f=1/2 nuclei[10— 500

12). Earlier reports of this work has been presented in Refs. 2

[13,14. 8

The results presented in this work have been obtained in
two separate experiments. In the first experimemnays as-
sociated with’®Y were identified at the Holifield Radioactive
lon Beam Facility (HRIBF) using the reaction 00 5000 10000
285j(54Fe, p2n)7?Y at 200 MeV and a beam intensity of Gamma ray Energy (keV)
~10 particles nA. The target consisted of a layer of
0.5 mg/cnt 28Si evaporated onto a 1 mg/énTa foil that
Lafcesciixthg et;err?;nﬁtlg-ecelg\q/lét?d a?; V}’g&f dgf)enﬁ:aetgr?- ﬁﬁgp?;?g c§amma rays assigned tor have been marked by their energies in
HPGe detectors. All events were tagged by information re- eV..Note that the 500 k'.ew ray Is not placeql in the level scheme.

. . - The inset shows the-ray intensity as a function of the energy-loss
gardlng the mass and atom.|c numbers of the reconlng ”uue%ignal (AE) for °Rb, 7Sr, and’. (b) A spectrum obtained by
This information was provided by the Repoﬂ Mass Spec'summing several gates on transitions belonging to the favored sig-
trometer(RMS) [_15] a_t HRIBF and its assoua_ted focal-plane . ,ture of the ground-state band %Y.
detectors. Recoils with a mass Af=79 constituted~70%
of all the recoils detected at the focal plane of the RMS. AcorrespondingAE spectra. From both the shapes and cen-
total of 1.5 10% coincidences between one- and two-fgld troids of these so-called spectra, we could determine the
rays and the recoils were acquired. optimal AE gates for°Rb, °Sr, and’®Y. In the second

In the off-line analysis of these data, fusion-evaporationstep, using thesg gates, we obtained totatray spectra for
events were cleanly separated from those associated wittach of these three channels. The resulting spectrurfifdr
beam scattering and pileup, by requiring that the recoils conwas free of contaminants, and was used to subtract out any
form to the appropriate gates in a two-dimensional matrix ofcontributions from this channel to tHéSr spectrum. Finally,
kinetic energy vs mass-to-charge rati/q) of the recoils. a fraction of each of these two “purified” spectra were sub-
We also required that the two energy-logsH) signals ob- tracted from the’®Y spectrum to identify the characteristic
tained from the ionization chamber have the expected ratioays associated with this nucleus. The resultiagay spec-
for the recoils. Finally, after removing the energy depen-trum is shown in Fig. @a). In all, six v rays—184 keV, 227
dence of the energy-loss signals, a two-dimensional matrikeV, 318 keV, 411 keV, 467 keV, and 632 keV—were as-
of AE vs y-ray energy was formed. SinaeE signals pro- signed to’®Y. Gamma-ray intensities as a function of the
vide information about th& of the recoils, this matrix was energy-loss signal in the ionization chamber confirmed that
used to identify the characteristic gamma rays associateall of thesey rays belong td®Y. One such spectrum for the
with each of the reaction products. 184-keV transition is compared with those associated with

The (A/q)-gated spectrum corresponding to mass79  rays in’°Rb and’°Sr in the inset of Fig. (B). We may define
contains four nuclei, namely®Rb (3p), “°Sr (2pn), ®Y  the quality factor forZ resolution as P1—P2)/FWHM,
(p2n), and "*Kr (a2p). (The last nucleus appears in this whereP1 andP2 are the centroids of th&E spectra for two
gate due to the mass-to-charge ratio ambiguiyith the  isobaric nuclei withAZ=1 and FWHM is the full width at
help of a two-dimensional gate on the total energy A half maximum of these spectra. We obtained a quality factor
matrix, a large fraction of thé%Kr events was removed. The of 0.7 for the present experiment. The partial cross section
relative intensities of °Rb, 7°Sr, and "®Kr in the mass-79 for 7°Y was estimated to be less than 20P.
spectrum were 67%, 26%, and 6%, respectively. To identify In order to establish the coincidence relationship between
the characteristicy rays associated with the weakly popu- the identifiedy rays in ’®Y, a -y matrix and ay-y-y cube
lated nucleus’®Y, we followed the following iterative pro- were created from the data obtained in a second experiment
cedure. First, using the knowprays in the strongly popu- using the reactio®Ni(8Si, ap2n)’®Y. The 130-MeV?2Si
lated "°Rb and “°Sr nuclei, we projected out their beam was provided by the 88-Inch Cyclotron at the

0.0

1500.0

FIG. 1. (8 A spectrum of characteristig rays in "%y (N=2Z
+1) gated with the RMS and ionization chamber at HRIBF.
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ture band in®Y as a function ofiw. The J® andJ® moments of
inertia are marked by triangles and diamonds, respectively. The
open squares show thEY values from calculations with no pair-
ing. The inset shows the pairing order parameterg for protons
(squaresand neutronstriangles, respectively(b) Comparison be-

0 0.2 0.4 0.6 0.8 1
Rotational Frequency (MeV)
(17/2%) } 1014
38 F_IG. 3. (&) Comparison of experir_nent_aﬂull symbolg and the-
a7 5/2+) oretical (open symbolsmoments of inertia for the favored signa-

0
7
4

1
46
(13/24) 781
sao 31’ }(11/2+)
318
(9/2LH 545
207
411 #(7/2”

52%  § 184

tween the experimentdfull symbolg and theoreticalopen sym-
bols) J@ values for both signatures.

our assignments for levels up t&6=(17/2"). The 1488 keV
(29/2—25/2) and 1267 keV (25/221/2) transitions in the

favored signature of the band are shown as dotted because
their placement could not be confirmed with respect to the
FIG. 2. A partial level scheme fof°Y obtained in the present 1058 keV (21/2-17/2) transition. However, our data indi-
work. cate that they are in coincidence with other transitions in this
band. Similar arguments hold for the 1305 keV (23/2
Lawrence Berkeley National Laboratory. Reactignrays ~— 19/2) transition. Figure (b) shows sum of spectra _g_ated
were detected by 57 Ge detectors of the Gammasphely 184, 227, 314, 318, 467, 632, and 847 keV transitions.
Phase-l arra§16], while charged particles were detected by _The experimental kinematic[=1/w], and dynamic,
95 Csl detectors of MicroballL7]. The target consisted of an J®@[=dl/dw], moments of inertiaMol) for the positive
enriched®Ni foil with a thickness of~0.4 mg/cri. A total ~ parity, positive signatur§(m,a)=(+,+1/2)] band in "%y
of 1.5x 10° events with ay-ray coincidence fold of three or are shown in Fig. @). Remarkably )™ andJ(®) are almost
higher were collected. The level structure obtained from theconstant and equal{t~J~19:2 MeV™?) over the en-
analysis of these data is shown in Fig. 2. Letzal. [18] tire frequency range. Their values are only slightly less than
have previously reported a level structure f8v. But, ex-  the J,g~224% MeV~! which corresponds to the Mol of a
cept for the pair of 184 and 227 keV transitions, our analysigigid spheroidal nucleus of mags=79 and deformation of
did not find thesey rays to be in coincidence with each other. 8,=0.4. Equality of kinematic and dynamic moments of in-
In accordance with thg-decay results given in Ref19], we  ertia is a signature of rigid body like rotation. Furthermore,
have adopted 5/2for the ground-state spin and parity. This Pekeret al.[20] have previously noted thaéz)~J,ig in %8y
is consistent with the theoretical assignmentggf, for the  and have argued that this relationship signifies quenching of
configuration of the ground-state band, as will be discussegairing correlations iP®. As we shall see below, our de-
below. Although lack of adequate statistics prevented ugailed theoretical calculations show the importance of pairing
from confirming the tentative spin and parity assignmentscorrelations in”®Y despite the fact thal®~J;, .
shown in Fig. 2, the presence of several interband transitions Indeed, the near constancy of Mol Y is not unex-
that connect the two signature partners of the band suppopected and may be anticipated. The structure of the nucleus
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¥y (z=39,N=40) is governed by the large shell gaps that 8

appear at particle numbels= 38 and 40 at a deformation of ~ 6

B>~0.4. (Please see Ref$4,21] for a Nilsson diagram of > N

the single-particle energies in this mass regidrhese two NE »

gaps are separated by the Nilsson ordig2]5/2 which is § 27 ’

occupied by the unpaired proton fRY. The proton pairing :2 0 ’7’4—0/:‘/

correlation in "% is, therefore, expected to be particularly 5

weak because of both blocking and formation of an effective “ , , , ,

supergap atZ=38-40 after theg 422]5/2 orbital is occu- 0 062 04 06 08 I

pied. However, a quantitative assessment of the pairing Rotational Frequency ( MeV)

strength requires detailed theoretical calculations which will

be presented below. FIG. 4. Comparison of the experimentalolid diamonds and

To better understand the structure of the observed bandgleoretical(open diamondsdifferences of the moments of inertia,
we have performed deformation and pairing self-consistenftd=3("sn-J("®Y), as a function of rotational frequency
total Routhian surfacéTRS) calculations using a Woods- 0" the positive-signature bands.

Saxon potential. The pairing channel includes seniority and
doubly stretched quadrupole pairing interactions to avoidesembles that atN=40 in %Y. Indeed, these two

spurious shape dependence. To avoid a superfluid-to-normghngs were found to be nearly identical both experimentally
phase transition due to the mean field approximation, Weynq theoretically. Figure 4 shows the differences in the val-
employed an approximate particle-number projection knowr]Jes of IO for the ground-state bands in these two nuclei

as the Lipkin-Nogami methocﬂ22,2?;. T_hese g:alculatlons calculated from data and the theory. The agreement is again
reveal that correct treatment of pairing is crucial for a quan-

titative understanding of the Mol despite the presence OFxce!Ient. .
large shell gaps that weaken pairing correlations. The role olf .It 'S rather unexpected. t.hat.our conven_'uonal .TRS calcu-
pairing is illustrated in Fig. @& where we have compared ?.thI"lS, which dq not epr|C|t!y include th‘E.—O np mterac.—
the calculated™® values for the pairedopen trianglesand tions, can explain the experimental data in t_theZ nucle|_
unpaired (open squardssystems. The calculated unpaired SO Well. Two reasons may be suggested. First, such simple
JM) overestimates the experimental Mol by 223MeV 2, observables as the mom_ents of _|nert|a may nqt be sensitive to
i.e., by more than 10%. The Lipkin-Nogami order param-the presence oT=0_np mteractlons. Alten_watlvely, effects
etersAy (i.e., the seniority-type correlationare shown in ~ dué to theT=0np interaction may manifest themselves
the inset of Fig. ). They are weakly dependent on the more clearly at very high spins where Coriolis antipairing
rotational frequency below the point whergg, aligns and ~ nearly quenches thé=1 interaction. Therefore, high-spin
areA{T~0.8 MeV andA{})~1.1 MeV for protons and neu- States in theN=Z nuclei may provide the best data set to
trons, respectively. These values may be compared with a@ok for T=0 pairing correlation.
estimate of the static pairing gap for this mass region, To summarize, by combining data from two separate ex-
namely, A~12/JA~1.3 MeV. Since Lipkin-Nogami order periments we have identified a strongly coupled band in the
parameters take into account also the pairing fluctuations],= 1/2 nucleus’®Y which shows a rigid-rotor-like behavior.
indeed the calculated values #f indicate weakened pair- The favored and unfavored members of this band extend up
ing correlations. to spins of (29/2% and (23/2}, respectively. Conventional
Results of the paired calculations for Mol are in excellentTRS calculations, which do not invoke any explidit=0
agreement with the data for both signatures as seen in Figroton-neutron correlations, are in excellent agreement with
3(b). The detailed TRS calculations fully confirm all the an- the experimental data for this nucleus, as well as its neigh-
ticipated trends. The-10% difference betw_een the unpaired horing T,=1/2 nuclei ”®Rb and’’Sr. This suggests that the
value of the Mol and the data may be attributed to the prespresence of the putativE=0 neutron-proton pairing does
ence of(weak pairing correlations. The calculated deforma- ot significantly affect such simple observables as the mo-
tion (B2~ 0.4) of the strongly coupled yrast band built on the yments of inertia of these bands. However, high-spin states in

Jop _proton orbital remains almost constant up #»  N_z nyclei may provide some sensitivity to the effects of
~0.7 MeV. At this frequency, this band is predicted to beT=Onp interaction

crossed by a less-collective, triaxial band @f~0.30 and
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