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High-spin states in the odd-odd=Z nucleus }7Rbs; were studied using th&°Ca(*°Ca,anp) reaction. A
previously observed odd-spii=0 band has been extended|f®=(31") and an even-spiTf=0 band has
been observed for the first time td=(22"); both have am(ge,) ® ¥(gg,) Structure. A strongly coupled
low-spin T=0,K=3 band has been interpreted as being based up@1ﬁ3a2]§® V[312]§ configuration.
Cranked relativistic Hartree-Bogoliubov calculations, which are corrected fdr=ten p-pair field by restor-
ing isospin symmetry, reproduce the observed spectrum. These new results provide evidence for the existence
of an isovector pair field that contains a neutron-proton component with the proper strength for ensuring
isospin conservation.
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Nucleon-nucleon pairing correlations are a vital compo-isospin of the pair field, as distinct fromwhich is the total
nent of contemporary nuclear structure models. Althoughsospin of the statgsThe capability of these calculations to
proton-proton pp) and neutron-neutromf) pairing is well  successfully describe the observed excitation spectrum is in-
understood, there is currently a great deal of interest irierpreted as new, independent evidence of the presence of
studying the more exotic neutron-protomg) pairing modes strong isovectonp-pair correlations, as suggested by Vogel
[1-6]. Isovectornp (isospinT=1 andz-axis projectionT,  [9] and Macchiavelliet al. [10] in their binding-energy
=0) pairs involve correlated nucleons in time-reversed oranalyses. Significantly, we find that no isoscalar pair field is
bits coupled to spim=0. This is similar to like-nucleopp  required, in contradiction to recent work by Satula and
(T=1T,=+1) andnn (T=1T,=—1) pairs. Isoscalar Wyss[11].

(T=0) np pairs involve nucleons coupled te:0. "Rb was populated in thé°Ca(*°Ca,anp) “Rb reaction

Medium-mass odd-od8l=Z nuclei are an ideal experi- using a beam of energy 164 MeV incident upon a
mental laboratory for the study afp pairing, but this pursuit 0.5 mg/cnt enriched*°Ca target, sandwiched between two
is severely hampered by the difficulty in populating such0.5 mg/cnt layers of gold. Prompt gamma rays were col-
systems. The advent of large, high-efficiency germanium delected over a period of 36 h using tkaMMASPHERE hyper-
tector arrays and their use in conjunction with light fusion-pure germanium detector arrg¥2] at the Lawrence Berke-
evaporation particle detectors has recently permitted studidsy National Laboratory. Events in which at least three
of odd-oddN=Z nuclei with A>60: the heaviest nucleus in gamma rays were detected within the 101 detectors present
which excited states are known J§Rbs;. Work by Rudolph  in this array were written to tape. The field-of-view of this
et al.[1] established &=1 band tol "=4" in this nucleus, detector arrangement restricts the cumulative lifetime of
and aT=0 band (tentatively to I1=17. In this work we observed states for the above reaction 2 ns. The
reinterpret the known energy-level scheme’¢iRb and ex- MICROBALL charged-particle detector arry3] was used to
tend it to high spins. identify prompt alpha and proton evaporates from the com-

Frauendorf and Sheikh7] have recently extended the pound nucleus decay.
classification of rotational bands in terms of quasiparticle Events associated with the one-proton, one-alpha reaction
configurations in a rotating mean field such that isovectochannel were used to construct a three-dimensional array of
np-pair correlations are included. In the framework of thisgamma ray events and an asymmetric two-dimensional array
approach, we have carried out cranked relativistic Hartreewith the requirement that all events were in coincidence with
Bogoliubov (CRHB) calculations[8], corrected for thet the 2" —0"478 keV gamma-ray transition iffRb. Events
=1, np-pair field by restoring isospin symmetry (s the from detectors situated at angles70° and>110° were
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coincidence with any two of the 304, 478, 483, 520, 528, 824, 13014t 1053 3§ gﬁg 1007
2322, and 2779 keV transitions. The inset shows a region of the = |
same spectrum from 2.1 to 3.3 MeV. 575 528
2t 478 9

incremented on th& axis, those from other angles on the

axis. Where statistics permitted, intensities of peaks in the0+ 4!78 0

projected spectra from each axis were measured and ex-

pressed as a directional correlation from oriented states gG, 2. Energy level scheme derived from the current analysis.

(DCO) ratio [14], Rpco=Int,/Int,. In this manner it was | evels are labeled with assigned spin, parity, and energy. Arrow

possible to distinguish betwedn-1—2 (stretched quadru- widths are proportional to gamma-ray intensity and tentatively-

pole) andl —I|—1 (stretched dipoletransitions. assigned spins and parities are bracketed. There is a change of en-
Figure Xa) shows events in coincidence with any two of ergy scale going from bands 1 and 2 to bands 3 and 4.

the 478, 493, and 695 keV transitions. The &nd 4" states

at 478 and 1053 keV in band 1 of Fig. 2 are known from ) .

previous work 1]. All the other transitions in band 3 are new built on the[312]3 Nilsson orbital. In"r, the[312]3 and

and in coincidence with one another. [422)5 states are in the vicinity of the Fermi level. The only
DCO measurementishown in Table ) indicate that the  egative parity combination of protons and neutrons in these
219, 265, and 528 keV gamma rays are stretched dipole traRiates giving =3 hask =1, but this is highly unlikely since
sitions, in agreement Wlth previous wofk]. This leads to =1 andl =2 states have not been seen in band 2. Hence,
I=3, 4, and 5 spin assignments to the 1007, 1225, and 149Q¢ most plausible parity assignment for the states in bands 2
keV states, and the interpretation of this structure & a 5nq 4 js positive. The DCO value for the 581 keV transition
=3 band. The existence of suctKa= 3 band, built upon the suggests an assignment Igf=6(") to the 1806 keV state.
m(312]5®1[312]3 configuration, is supported by the recent The similarity in energy between this and thé Gtate(at
observation that the lowest rotational structuréir [16]is 1782 keVj in “Kr might suggest it belongs to thg&=1
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TABLE I. Gamma rays in“Rb and their corresponding direc- pete favorably with the 493 keV transition, but no gamma
tional correlation from oriented states ratid®yco). The assigned ray is observed at this energy. Energy level systematics sug-
spin and parity of the state deexcited and fed by each transition igest the most plausible assignment for states in band 3 is as
given. an even-spin signature extendingl fo= (22") with the qua-
siparticle configurationr(ge,) ® v(ge,). States up to 17)

E, (keV) Roco | n(initial) 1 (final) in band 4 had been observed in previous witkand we

219 0.46-0.03 459 3(H extend this structurgalso assigned ar(go) ® v(gg;) CON-

265 0.49-0.09 5(")—4(") figuration] to | = (31"). A spectrum showing transitions in
304 1.110.09 7{M 5" this band is presented in Fig(d.

483 1.810.17 5(H_3(" Prolate-oblate shape coexistence is a well known phe-
493 1.42-0.43 6, —4; nomenon in this mass region. The ground state bandkn

528 0.54-0.03 32 evolves from an oblate shape in the ground state to a prolate
575 0.95-0.05 4t 2 shape at higher spiri8]. Since band 1 inf“Rb is its isobaric

581 1.15-0.06 65— 45" analogue, the same behavior is expected. This is strongly
695 1.45-0.15 8/ —6; supported by the similar values for the kinematic moments of
1125 1.210.08 15— 13" inertia (J)). The much larger values &) in bands 2, 3,

and 4 (~18-25MeV'! vs ~6-10 MeV ! in band 2
strongly suggest that these bands are prolate or near-prolate.
The method of Frauendorf and SheikH for incorporat-
ing thenp-pair correlations into mean-field calculations uses
the fact that thé=1 pair field breaks isospin symmetry. Any
orientation in isospace is a legitimate intrinsic state—yhe
frection is chosen because the-field does not explicitly
appear for this orientation. With this choice one may carry
rl(But standard mean-field calculations that only take pilpe
and thenn-pair fields into account. Here the CRHB theory of
Afanasjevet al.[8] is employed. This uses the NL3 param-
. . etrization for the RMF Lagrangian, a Gogny D1S force for
tions arg_observech andE2 are commo_nly considered to 1,4 pairing, and the Lipkin-Nogami method for an approxi-
be significantly suppressed NM=2Z nuclei [15]. However, . e particle number projection. The isospin symmetry is
the transition strength depends upon the relative orientatiophsiored by adding the isorotational enefigl§f +1)/2] .., to
of th_e orbital angular momentum af?ﬁ the spir;oof the Single’the intrinsic energy calculated via the CRHB. Thelsiosorota-
particle states. In thé;, shell nuclei ** and *Mn these o energy contains the symmetry energy and the energy
vectors are parallel and the contributions of protons and neus; the np-pair field, for which we use the experimental value
trons to the transverse magnetic moment nearly cancel wit f 75T(T+1)/A M,eV [10]. Note that in order to conserve
one another, suppressing the intrabdvid transitions. In isospin, thet=1 np-pair field must be as strong as the-
"“Rb, for protons and neutrons in thg12]2 Nilsson orbital  and pp-pair fields.
these contributions do not cancel because the spin and orbital The lowest positive-paritff =0 configurations are gener-
angular momentum vectors are antiparallel andNtietran-  ated by placing the odd proton and neutron either in the
sition strength remains substantial between states of the sarmgvestgg,, or the lowest negative parity=3 quasiparticle
isospin. In the case of the neighboring stE301]2 there is  states[7]. The lowestgg, quasiparticle orbitals, which we
almost complete cancellation. Hence the observation of théeénote according to the standard quasiparticle pi¢tL@gby
M1 is a good evidence that the low sgi=3 band is in- A, B, and C for neutrons(a, b, and ¢ for protons have

1712 122 fi ti - istent signatureq=1/2, —1/2,'and 1/2, respectively. The lowest
deed an[312]2@ (3122 configuration, and is consisten configuration i Aa], which corresponds to band 4. The next

with the observation of[312]2 as the lowest band if3Kr highest is the combinatiorf Ab]—[Bal)/+2, corresponding
[16]. An estimate based on the Nilsson model for theiy” the even-spin band 3. The even-linear combination,
7[312]3®1[312]3 configuration and using the CRHB cal- ([Ab]+[Bal])/\/2, is nonexistent because of isospin symme-
culated values foQy, 8=0.48, andy=—8.7°, yields a try (T, must be zero foN=Z [7] nuclej. If only nn- and
value of @,—gr)/Qp=0.1eb™1. This compares favorably pp-fields were present, this symmetry argument would not
with 0.05+0.02eb™ !, derived[17] from the experimental apply and one would expect a doublet of even-spin bands, in
branching ratio of the transitions from th&=5(") state. contrast to the experimental data.

The 493 keV transition is assigned asEa transition on Placing the odd proton and neutron in the lowest
the basis of its DCO ratio. The possibility of it beingla negative-parity quasiparticle orbital gives a second, low-
— | dipole is rejected as this would inhibit band 3 from com-lying T=0 configuration of positive parity, which we assign
peting energetically with band 4. Furthermore, were the 15480 band 2. The projection of total angular momentum on the
keV state actuallyy "™=4", one would expect a 1068 keV symmetry axis of this orbital is known to &= 3/2 because
transition from this state to the™2state at 478 keV to com- it is observed in"3Kr [16]. Therefore, band 2 should be a

band, but the lack of an in-barlR transition(of 753 keV)
totheT=1,1"=4" state at 1053 keV contradicts this, as it
should dominate over anyT=1 E2 transition out of the
band. Furthermore, the promig2 transition to the ) state
at 1225 keV and energy systematics suggest that this st
belongs to band 2.

The decay pattern of these states in band 2 is differe
from that previously observed in, for exampté/ [3] and
50Mn [6], insofar as only the intrabanbl 1 transitions are
seen, whereas in the other cases only interkdrid transi-
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strongly coupledK =3 band, in agreement with experiment. 6 - T
In the CRHB calculations the lowest negative-parity orbital | (a) RN
has=1/2, which points to inaccuracies in the calculated "*% . )

- < \‘4’

position of the single particle levels. For this reason only the 4 AT ‘\\ -
calculated moment of inertia is used to constrikiet 3 band i “x S/,.f"‘\. \;\ N |
2, with the energy difference between band 2 and band 48 5 YN N\

taken from the experimental data. The observation of ag 2[- @< ";..0" B S \\‘-\ N -
strongly coupled and an aligned band, both starting at a simi<*_ {') ’\.\ \\'\.\ N J

lar energy of about & (whereA is the pair gapabove the T
even-everN=Z quasiparticle vacuum is exactly what one O~
would expect from @=1 pair field. i
In this study we have used the calculated CRHB yrast

solution for theT=1 band in"*Kr for band 1 in "“Rb as they

are the isobaric analogues. We plaZéthe T=1,1=0 state

at T(T+1)/2);5,=11;s, above the N=2Z quasiparticle
vacuum T=0). Relative to thél =1 band, the band head of

the lowestT=0 band is expected atA—T(T+1)/2;, 2
~800 keV[7,10. Experimentally, theK =3 band starts at
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1007 keV, which is only 200 keV higher than this estimate, _ ,~'p
though 80 keV of this difference is due to the rotational T 0¢= 3 -
energy at the band heafi(I (I +1)—K?)/2)=K/2)J~80 \E;
keV]. Band 3 must start several hundred keV higher than< .,-”
band 2 since they cross betwden5 and 7. Alocation of the =.o A
chemical potential close to t{812]3 level, but somewhat % I - R
removed from thegg, level, would account for these ener- § AR o
gies. Hence the relative experimental energies of all band:«s -4 | AN -
are consistent with the assumption that or#yl pair corre- u t e
lations are present. i Sl

Figure 3a) shows the aligned angular momentdignmi- 6 s L s L s L
nus a rigid-rotor referenced (=1,—20.17). The difference 0 10 | 20 30
in alignment of about # between the strongly coupled band
2 and band 4 is the expected contribution of gigg midshell FIG. 3. Comparison between experimental d@agmbol$ and

guasiparticles. The CRHB calculations agree well with theCRHB calculationgno symbol$. Labels correspond to band num-
experiment, supporting our configuration assignments. lbers.(a) Aligned angular momentum {) minus a rigid rotor refer-
particular, they reproduce the difference in alignment beence versus angular frequendy«). TheT=1 band in"/Kr [20] is
tween the two signatures of the(gg,) ® ¥(gg,) bands and shown as hollow circles and a dot-dashed lifi.EnergyE minus
the drastic change of the slope 7ab=0.85 MeV. This ir- @ rigid-rotor reference versus Dot-dot-dashed lines are CNS cal-
regularity was predictefi7] and is caused by the crossing culations adjusted to experimental band 3 at 4pir20.
between the quasiparticle RouthiagBgb) andC (c), which
is well known to be the delayed first band crossing in odd- Cranked Nilsson-Strutinsk21] and cranked relativistic
odd nucleiwhere theAB andab crossings are blockédThe  mean field(CRMF) [not shown in Fig. &)] calculations
alignment ath »=0.65 MeV in theT=1 band is caused by [22], which assume zero pair correlations describe the region
the simultaneous crossing &f with B anda with b, which |20 well, indicating that thé¢=1 pairing becomes negli-
are Pauli blocked in th& =0, 7(gg/) @ ¥(ge2) bands. This  ginle at high spin. This is consistent with CRHB, which in-
crossing is clearly observed in te=1 band of “Kr (the gjcates that the=1 pairing becomes negligible at high spin.
analogue to band 1 iA'Rb). A similar crossing is expected Similar behavior is found i3r [16] where unpaired cal-
in the T=0 band 2. o . culations show excellent agreement with the experimental
Figure 3b) shows the level energies minus a rigid-rotor gata at high spins, suggesting a comparable suppression of
reference. Themr(gg;) @ v(gg) Structures have nearly the pairing.
same energy as t€=3 band at low spin and are energeti-  The general agreement between the calculations and our
cally favored at high spin because of the alignment of thehew data suggests that there exists=d, np-pair field with
Jorz Protons and neutrons. Both the splitting between the twgy strength that conserves isospin which is quenched by rota-
signatures and their spin dependence are well reproduced Bn at high spin. The strongest evidence in support of this
the CRHB calculations. The agreement must be CO“Sidereiﬂterpretation is that only one evénsequence based on a
as satisfying because the theoretical estimate is based ON:Ag,,) ® v(dgy) configuration is observed. It is an immedi-
global fit of the quantity 2 —T(T+1)/2];s, to a range of  ate consequence of the presence of trel np-pair field,
nuclei, the assumption that the Fermi level lies on[tB&2] 3 which restores the isospin symmetfy]. With only t
state and that there is no residuap-interaction in the =1 pp-andnn-pair fields present, there atwo event con-
particle-hole channel. figurations[Ab] and[Ba] with the same energy. However,
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only the combination[(Ab]—[Ba])/y2 hasT,=0, whichis ~ vation of only one even-spiT=0 sequence based on a
required by isospin-conserving=1 pairing. Most signifi-  T(Jer2) ® ¥(dgy2) configuration, together with the energy dif-
cantly, we know that isospin is conserved el pairing ference between th=0 and T=1 bands, represent the
must have as manyp correlations asn andpp in order to strongest evidence in favor of this interpretation. These re-

ensure this symmetry. The agreement between the calcul ults are consistent with the existence of an isovector pair
tions and the data is as good as for nuclei far from Khe leld that contains a neutron-proton component with the

=Z line. Therefore, our data are consistent with the assumpl °P€" strength for ensuring isospin conservation and no

tion that there is na=0 np-pair field present. isoscalar pair field.

In summary, states ii“Rb have been observed up It® We thank the staff of the 88 Inch Cyclotron, A. Lyon of
=(31"). Four different bands were identified and were clas-LBNL, and J. Greene of ANL for their work in preparation of
sified as quasiparticle excitations in the presence of a suhiargets for this experiment. This work was partially sup-
stantialt=1 pair field at low spin, which becomes negligible ported by the U.K. EPSRC, the NSERC of Canada, the
at high spin (=20). In order to reproduce the observed Swedish NSRC, and the U.S. DOE under Contract Nos. DE-
spectrum of states the calculations must incorporatet the FG02-95ER-40934, DE-AC02-76SF-00098, DE-FG02-
=1 np-pair field by restoring isospin symmetry. The obser-88ER-40406, and W-31-109-ENG38.
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