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Band structure in 79Y and the question ofT50 pairing
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Gamma rays in theN5Z11 nucleus79Y were identified using the reaction28Si(54Fe, p2n)79Y 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 additionalg-g coincidence data obtained
with Gammasphere, theseg rays 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 b2;0.4, are in excellent agreement with the properties of this band. Similar calculations for the
neighboringN5Z andN5Z11 nuclei are also in good agreement with experimental data. This suggests that
the presence of the putativeT50 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 number~s!: 21.10.Re, 21.60.2n, 23.20.Lv, 27.50.1e
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Heavy N;Z nuclei have recently become the subject
very intense experimental and theoretical studies. This
partly because they are amenable to a variety of theore
approaches, including the Monte Carlo shell model@1#,
symmetry-conserving models@2#, as well as mean-field o
algebraic methods@3,4#. Therefore, they provide excellen
laboratories to study both effective nuclear forces and m
ods, approximations, and coupling schemes. However, w
makes them truly attractive is the richness of physical p
nomena appearing in these nuclei. For example, shape c
istence, prolate-oblate mixing or shape transitions are c
monly encountered in the medium-mass nuclei. Due to
level density, these shape effects vary strongly with ma
spin, isospin, and excitation energy.

Closer to theN5Z line, one expects an enhancement
neutron-proton (np) pairing, including the exciting possibil
ity of observingnp superconductivity. However, despite vig
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orous investigation of this problem, we still face many que
tions and conceptual difficulties regarding the existence o
np-pairing phase, its fundamental building blocks, and
experimental signatures. For example, the shell model ad
rigorous definition of the Cooper pairs in terms of isosp
spin (T,J) quantum numbers, but lacks a natural definiti
of the order parameter. In contrast, the mean-field appro
offers a natural definition of the order parameterD, but is
less rigorous concerning parametrization of the pairing in
action. One of the possible manifestations of thenp pairing
is the extra binding energy inN5Z nuclei, known as the
Wigner energy~see, e.g.,@5,6# and references therein!. In-
deed, conventional mean-field models, which only allow
T51, uTzu51 pairing irrespective of its form, systematical
underbindN5Z nuclei @7#. But a generalized mean-field ap
proach, which also allows for theT50 np pairing, can natu-
rally account for this extra binding energy which is chara
terized by an;uN2Zu behavior @8#. Similarly, detailed
microscopic shell-model calculations that correctly rep
duce the Wigner energy show that the Wigner energy is
deed due toT50 interaction@5,6#. However, its structure is
very complex when expressed in terms of isoscalar nucleo
pairs of various angular momenta@6#.
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HeavyN5Z nuclei perhaps offer the most favorable co
ditions for the manifestation ofnp-pairing phase in nuclea
matter mainly because of the large number of valence p
tons and neutrons. A recent study of74Rb @9# has already
provided some evidence for the presence of~collective! T
51,Tz50 pairing in the even-spin band based on its sim
larity to the ground-state band in74Kr, its isobaric analog. It
seems, however, that the odd-spinT50 band in this nucleus
reflects mostly the~noncollective! coupling of a pair of
@431#3/2 neutron and proton orbitals. Although shell mod
Monte Carlo calculations@1# seem to support this interpreta
tion, it is not entirely clear whether the structure of74Rb
reflects collective or noncollective components ofnp pair-
ing. Therefore, systematic experimental studies of heavN
'Z nuclei are needed to provide more clear clues conc
ing the question of isoscalarnp pairing. The present study o
79Y is part of our systematic studies ofTz51/2 nuclei@10–
12#. Earlier reports of this work has been presented in R
@13,14#.

The results presented in this work have been obtaine
two separate experiments. In the first experiment,g rays as-
sociated with79Y were identified at the Holifield Radioactiv
Ion Beam Facility ~HRIBF! using the reaction
28Si(54Fe, p2n)79Y at 200 MeV and a beam intensity o
;10 particles nA. The target consisted of a layer
0.5 mg/cm2 28Si evaporated onto a 1 mg/cm2 Ta foil that
faced the beam. The emittedg rays were detected by an arra
of six segmented-Clover and four Compton-suppres
HPGe detectors. All events were tagged by information
garding the mass and atomic numbers of the recoiling nuc
This information was provided by the Recoil Mass Spe
trometer~RMS! @15# at HRIBF and its associated focal-plan
detectors. Recoils with a mass ofA579 constituted'70%
of all the recoils detected at the focal plane of the RMS
total of 1.53108 coincidences between one- and two-foldg
rays and the recoils were acquired.

In the off-line analysis of these data, fusion-evaporat
events were cleanly separated from those associated
beam scattering and pileup, by requiring that the recoils c
form to the appropriate gates in a two-dimensional matrix
kinetic energy vs mass-to-charge ratio (A/q) of the recoils.
We also required that the two energy-loss (DE) signals ob-
tained from the ionization chamber have the expected r
for the recoils. Finally, after removing the energy depe
dence of the energy-loss signals, a two-dimensional ma
of DE vs g-ray energy was formed. SinceDE signals pro-
vide information about theZ of the recoils, this matrix was
used to identify the characteristic gamma rays associ
with each of the reaction products.

The (A/q)-gated spectrum corresponding to massA579
contains four nuclei, namely79Rb (3p), 79Sr (2pn), 79Y
(p2n), and 76Kr (a2p). ~The last nucleus appears in th
gate due to the mass-to-charge ratio ambiguity.! With the
help of a two-dimensional gate on the total energy vs (A/q)
matrix, a large fraction of the76Kr events was removed. Th
relative intensities of79Rb, 79Sr, and 76Kr in the mass-79
spectrum were 67%, 26%, and 6%, respectively. To iden
the characteristicg rays associated with the weakly pop
lated nucleus79Y, we followed the following iterative pro-
cedure. First, using the knowng rays in the strongly popu
lated 79Rb and 79Sr nuclei, we projected out thei
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correspondingDE spectra. From both the shapes and ce
troids of these so-calledZ spectra, we could determine th
optimal DE gates for79Rb, 79Sr, and 79Y. In the second
step, using theseZ gates, we obtained totalg-ray spectra for
each of these three channels. The resulting spectrum for79Rb
was free of contaminants, and was used to subtract out
contributions from this channel to the79Sr spectrum. Finally,
a fraction of each of these two ‘‘purified’’ spectra were su
tracted from the79Y spectrum to identify the characteristicg
rays associated with this nucleus. The resultingg-ray spec-
trum is shown in Fig. 1~a!. In all, six g rays—184 keV, 227
keV, 318 keV, 411 keV, 467 keV, and 632 keV—were a
signed to79Y. Gamma-ray intensities as a function of th
energy-loss signal in the ionization chamber confirmed t
all of theseg rays belong to79Y. One such spectrum for the
184-keV transition is compared with those associated witg
rays in79Rb and79Sr in the inset of Fig. 1~a!. We may define
the quality factor forZ resolution as (P12P2)/FWHM,
whereP1 andP2 are the centroids of theDE spectra for two
isobaric nuclei withDZ51 and FWHM is the full width at
half maximum of these spectra. We obtained a quality fac
of 0.7 for the present experiment. The partial cross sec
for 79Y was estimated to be less than 200mb.

In order to establish the coincidence relationship betw
the identifiedg rays in 79Y, a g-g matrix and ag-g-g cube
were created from the data obtained in a second experim
using the reaction58Ni( 28Si, ap2n)79Y. The 130-MeV28Si
beam was provided by the 88-Inch Cyclotron at t

FIG. 1. ~a! A spectrum of characteristicg rays in 79Y (N5Z
11) gated with the RMS and ionization chamber at HRIB
Gamma rays assigned to79Y have been marked by their energies
keV. Note that the 500 keVg ray is not placed in the level scheme
The inset shows theg-ray intensity as a function of the energy-los
signal (DE) for 79Rb, 79Sr, and79Y. ~b! A spectrum obtained by
summing several gates on transitions belonging to the favored
nature of the ground-state band in79Y.
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Lawrence Berkeley National Laboratory. Reactiong rays
were detected by 57 Ge detectors of the Gammasp
Phase-I array@16#, while charged particles were detected
95 CsI detectors of Microball@17#. The target consisted of a
enriched58Ni foil with a thickness of;0.4 mg/cm2. A total
of 1.53109 events with ag-ray coincidence fold of three o
higher were collected. The level structure obtained from
analysis of these data is shown in Fig. 2. Lenzet al. @18#
have previously reported a level structure for79Y. But, ex-
cept for the pair of 184 and 227 keV transitions, our analy
did not find theseg rays to be in coincidence with each othe
In accordance with theb-decay results given in Ref.@19#, we
have adopted 5/21 for the ground-state spin and parity. Th
is consistent with the theoretical assignment ofg9/2 for the
configuration of the ground-state band, as will be discus
below. Although lack of adequate statistics prevented
from confirming the tentative spin and parity assignme
shown in Fig. 2, the presence of several interband transit
that connect the two signature partners of the band sup

FIG. 2. A partial level scheme for79Y obtained in the presen
work.
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our assignments for levels up toI p5(17/21). The 1488 keV
(29/2→25/2) and 1267 keV (25/2→21/2) transitions in the
favored signature of the band are shown as dotted bec
their placement could not be confirmed with respect to
1058 keV (21/2→17/2) transition. However, our data ind
cate that they are in coincidence with other transitions in t
band. Similar arguments hold for the 1305 keV (23
→19/2) transition. Figure 1~b! shows sum of spectra gate
by 184, 227, 314, 318, 467, 632, and 847 keV transition

The experimental kinematic,J(1)@[I /v#, and dynamic,
J(2)@[dI/dv#, moments of inertia~MoI! for the positive
parity, positive signature@(p,a)5(1,11/2)# band in 79Y
are shown in Fig. 3~a!. Remarkably,J(1) andJ(2) are almost
constant and equal (J(1);J(2);19\2 MeV21) over the en-
tire frequency range. Their values are only slightly less th
the Jrig;22\2 MeV21 which corresponds to the MoI of a
rigid spheroidal nucleus of massA579 and deformation of
b250.4. Equality of kinematic and dynamic moments of i
ertia is a signature of rigid body like rotation. Furthermo
Pekeret al. @20# have previously noted thatJ(2);Jrig in 98Y
and have argued that this relationship signifies quenchin
pairing correlations in98Y. As we shall see below, our de
tailed theoretical calculations show the importance of pair
correlations in79Y despite the fact thatJ(2);Jrig .

Indeed, the near constancy of MoI in79Y is not unex-
pected and may be anticipated. The structure of the nuc

FIG. 3. ~a! Comparison of experimental~full symbols! and the-
oretical ~open symbols! moments of inertia for the favored signa
ture band in79Y as a function of\v. TheJ(1) andJ(2) moments of
inertia are marked by triangles and diamonds, respectively.
open squares show theJ(1) values from calculations with no pair
ing. The inset shows the pairing order parametersDLN for protons
~squares! and neutrons~triangles!, respectively.~b! Comparison be-
tween the experimental~full symbols! and theoretical~open sym-
bols! J(2) values for both signatures.
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79Y (Z539,N540) is governed by the large shell gaps th
appear at particle numbersN538 and 40 at a deformation o
b2;0.4. ~Please see Refs.@4,21# for a Nilsson diagram of
the single-particle energies in this mass region.! These two
gaps are separated by the Nilsson orbital@422#5/2 which is
occupied by the unpaired proton in79Y. The proton pairing
correlation in 79Y is, therefore, expected to be particular
weak because of both blocking and formation of an effect
super-gap atZ538– 40 after the@422#5/2 orbital is occu-
pied. However, a quantitative assessment of the pai
strength requires detailed theoretical calculations which
be presented below.

To better understand the structure of the observed ba
we have performed deformation and pairing self-consis
total Routhian surface~TRS! calculations using a Woods
Saxon potential. The pairing channel includes seniority a
doubly stretched quadrupole pairing interactions to av
spurious shape dependence. To avoid a superfluid-to-no
phase transition due to the mean field approximation,
employed an approximate particle-number projection kno
as the Lipkin-Nogami method@22,23#. These calculations
reveal that correct treatment of pairing is crucial for a qu
titative understanding of the MoI despite the presence
large shell gaps that weaken pairing correlations. The rol
pairing is illustrated in Fig. 3~a! where we have compare
the calculatedJ(1) values for the paired~open triangles! and
unpaired ~open squares! systems. The calculated unpaire
J(1) overestimates the experimental MoI by 2 – 3\2 MeV21,
i.e., by more than 10%. The Lipkin-Nogami order para
etersDLN ~i.e., the seniority-type correlations! are shown in
the inset of Fig. 3~a!. They are weakly dependent on th
rotational frequency below the point whereng9/2 aligns and
areDLN

(p)'0.8 MeV andDLN
(n)'1.1 MeV for protons and neu

trons, respectively. These values may be compared with
estimate of the static pairing gap for this mass regi
namely,D'12/AA'1.3 MeV. Since Lipkin-Nogami orde
parameters take into account also the pairing fluctuatio
indeed the calculated values ofDLN indicate weakened pair
ing correlations.

Results of the paired calculations for MoI are in excelle
agreement with the data for both signatures as seen in
3~b!. The detailed TRS calculations fully confirm all the a
ticipated trends. The;10% difference between the unpaire
value of the MoI and the data may be attributed to the pr
ence of~weak! pairing correlations. The calculated deform
tion (b2;0.4) of the strongly coupled yrast band built on t
g9/2 proton orbital remains almost constant up to\v
'0.7 MeV. At this frequency, this band is predicted to
crossed by a less-collective, triaxial band ofb2'0.30 and
g5230°.

The agreement between theory and experiment in79Y
is remarkable. Our earlier studies in this mass reg
@10,11,21# have shown that the agreement is not acciden
Very good agreement between theory and experim
has been obtained also in the lighterTz51/2 nuclei75Rb @10#
and 77Sr @11#. It is noteworthy that the ground-state ban
in 77Sr (Z538,N539) shares many similarities with tha
in 79Y: Occupation of the@422#5/2 orbital by the unpaired
neutron creates a supergap atN538– 40 and deformation
of b2;0.40. Furthermore, the gap atZ538 in 77Sr closely
t
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resembles that atN540 in 79Y. Indeed, these two
bands were found to be nearly identical both experiment
and theoretically. Figure 4 shows the differences in the v
ues of J(1) for the ground-state bands in these two nuc
calculated from data and the theory. The agreement is a
excellent.

It is rather unexpected that our conventional TRS cal
lations, which do not explicitly include theT50 np interac-
tions, can explain the experimental data in theN;Z nuclei
so well. Two reasons may be suggested. First, such sim
observables as the moments of inertia may not be sensitiv
the presence ofT50 np interactions. Alternatively, effects
due to theT50 np interaction may manifest themselve
more clearly at very high spins where Coriolis antipairi
nearly quenches theT51 interaction. Therefore, high-spi
states in theN5Z nuclei may provide the best data set
look for T50 pairing correlation.

To summarize, by combining data from two separate
periments we have identified a strongly coupled band in
Tz51/2 nucleus79Y which shows a rigid-rotor-like behavior
The favored and unfavored members of this band extend
to spins of (29/2)\ and (23/2)\, respectively. Conventiona
TRS calculations, which do not invoke any explicitT50
proton-neutron correlations, are in excellent agreement w
the experimental data for this nucleus, as well as its nei
boring Tz51/2 nuclei 75Rb and77Sr. This suggests that th
presence of the putativeT50 neutron-proton pairing doe
not significantly affect such simple observables as the m
ments of inertia of these bands. However, high-spin state
N5Z nuclei may provide some sensitivity to the effects
T50 np interaction.

We wish to thank the staff of the HRIBF for excellen
help during the experiment. Oak Ridge National Laborato
is managed by Lockheed Martin Energy Research Corp.
the U.S. DOE under contract DE-AC05-96OR22464. T
work was supported in part by the U.S. DOE under contr
numbers DE-FG02-88ER-40406~Washington University!,
DE-AC03-76SF00098~LBNL !, DE-FG02-96ER40963~Uni-
versity of Tennessee!, and DE-FG05-87ER40361~JIHIR!,
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FIG. 4. Comparison of the experimental~solid diamonds! and
theoretical~open diamonds! differences of the moments of inertia
DJ(1)5J(1)(77Sr) –J(1)(79Y), as a function of rotational frequenc
for the positive-signature bands.



rt
33

nd
lso
e-

RAPID COMMUNICATIONS

PRC 58 R3041BAND STRUCTURE IN 79Y AND THE QUESTION OF . . .
tract No. 2 P03B 040 14. This research was also suppo
by the DOE through contract Nos. DE-AC05-760R000
~Oak Ridge Institute for Science and Education!. The Oak
Ridge National Laboratory Postdoctoral research program
hy

s.

. S

d

an

re

-
r-
ed

is

administered jointly by Oak Ridge National Laboratory a
the Oak Ridge Institute for Science and Education. We a
acknowledge travel support from a NATO collaborative r
search grant.
e
by

-

.

-

,

B.
y-

tt.
@1# D. J. Dean, S. E. Koonin, K. Langanke, and P. B. Radha, P
Lett. B 399, 1 ~1997!.

@2# A. Petrovici, K. W. Schmid, and A. Faessler, Nucl. Phy
A605, 290 ~1996!

@3# P. Bonche, H. Flocard, P. H. Heenen, S. J. Krieger, and M
Weiss, Nucl. Phys.A443, 39 ~1985!.

@4# W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson, an
Ragnarsson, Nucl. Phys.A435, 397 ~1985!.

@5# D. S. Brenner, C. Wesselborg, R. F. Casten, D. D. Warner,
J.-Y. Zhang, Phys. Lett. B243, 1 ~1990!.

@6# W. Satuła, D. J. Dean, J. Gary, S. Mizutori, and W. Naza
wicz, Phys. Lett. B407, 103 ~1997!.

@7# W. Myers and W. Swiatecki, Nucl. Phys.81, 1 ~1966!.
@8# W. Satuła and R. Wyss, Phys. Lett. B393, 1 ~1997!.
@9# D. Rudolphet al., Phys. Rev. Lett.76, 376 ~1996!.

@10# C. J. Grosset al., Phys. Rev. C56, R591~1997!.
@11# C. J. Grosset al., Phys. Rev. C49, R580~1994!.
@12# C. J. Gross, W. Gelletly, M. A. Bentley, H. G. Price, J. Sim

pson, B. J. Varley, J. L. Durell, O” . Skeppstedt, and S. Rastike
dar, Phys. Rev. C43, R5 ~1991!.

@13# S. D. Paulet al., Bull. Am. Phys. Soc.43, 1134~1998!.
s.

.

I.

d

-

@14# S. D. Paulet al., in Book of Abstracts of the Conferenc
Nuclear Structure ’98, Gatlinburg, Tennessee, 1998, edited
C. Baktash~unpublished!, Vol. I, p. 101.

@15# J. D. Cole, T. M. Cormier, J. H. Hamilton, and A. V. Ra
mayya, Nucl. Instrum. Methods Phys. Res.B70, 343 ~1992!.

@16# I.-Y. Lee, Nucl. Phys.A520, 641c~1990!.
@17# D. G. Sarantiteset al., Nucl. Instrum. Methods Phys. Res

A381, 418 ~1996!.
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