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Evidence for isovector neutron-proton pairing from high-spin states inNÄZ 74Rb
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High-spin states in the odd-oddN5Z nucleus37
74Rb37 were studied using the40Ca(40Ca,anp) reaction. A

previously observed odd-spinT50 band has been extended toI p5(311) and an even-spinT50 band has
been observed for the first time toI p5(221); both have ap(g9/2) ^ n(g9/2) structure. A strongly coupled

low-spin T50,K53 band has been interpreted as being based upon ap@312# 3
2 ^ n@312# 3

2 configuration.
Cranked relativistic Hartree-Bogoliubov calculations, which are corrected for thet51 np-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 comp
nent of contemporary nuclear structure models. Althou
proton-proton (pp) and neutron-neutron (nn) pairing is well
understood, there is currently a great deal of interest
studying the more exotic neutron-proton (np) pairing modes
@1–6#. Isovectornp ~isospinT51 andz-axis projectionTZ

50) pairs involve correlated nucleons in time-reversed
bits coupled to spinI 50. This is similar to like-nucleonpp
(T51,TZ511) and nn (T51,TZ521) pairs. Isoscalar
(T50) np pairs involve nucleons coupled toIÞ0.

Medium-mass odd-oddN5Z nuclei are an ideal experi
mental laboratory for the study ofnp pairing, but this pursuit
is severely hampered by the difficulty in populating su
systems. The advent of large, high-efficiency germanium
tector arrays and their use in conjunction with light fusio
evaporation particle detectors has recently permitted stu
of odd-oddN5Z nuclei withA.60; the heaviest nucleus i
which excited states are known is37

74Rb37. Work by Rudolph
et al. @1# established aT51 band toI p541 in this nucleus,
and a T50 band ~tentatively! to I 517. In this work we
reinterpret the known energy-level scheme of74Rb and ex-
tend it to high spins.

Frauendorf and Sheikh@7# have recently extended th
classification of rotational bands in terms of quasiparti
configurations in a rotating mean field such that isovec
np-pair correlations are included. In the framework of th
approach, we have carried out cranked relativistic Hartr
Bogoliubov ~CRHB! calculations@8#, corrected for thet
51, np-pair field by restoring isospin symmetry (t is the
0556-2813/2003/67~2!/021301~5!/$20.00 67 0213
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isospin of the pair field, as distinct fromT which is the total
isospin of the states!. The capability of these calculations t
successfully describe the observed excitation spectrum is
terpreted as new, independent evidence of the presenc
strong isovectornp-pair correlations, as suggested by Vog
@9# and Macchiavelli et al. @10# in their binding-energy
analyses. Significantly, we find that no isoscalar pair field
required, in contradiction to recent work by Satula a
Wyss @11#.

74Rb was populated in the40Ca(40Ca,anp)74Rb reaction
using a beam of energy 164 MeV incident upon
0.5 mg/cm2 enriched 40Ca target, sandwiched between tw
0.5 mg/cm2 layers of gold. Prompt gamma rays were co
lected over a period of 36 h using theGAMMASPHEREhyper-
pure germanium detector array@12# at the Lawrence Berke
ley National Laboratory. Events in which at least thr
gamma rays were detected within the 101 detectors pre
in this array were written to tape. The field-of-view of th
detector arrangement restricts the cumulative lifetime
observed states for the above reaction to&2 ns. The
MICROBALL charged-particle detector array@13# was used to
identify prompt alpha and proton evaporates from the co
pound nucleus decay.

Events associated with the one-proton, one-alpha reac
channel were used to construct a three-dimensional arra
gamma ray events and an asymmetric two-dimensional a
with the requirement that all events were in coincidence w
the 21→01478 keV gamma-ray transition in74Rb. Events
from detectors situated at angles,70° and .110° were
©2003 The American Physical Society01-1
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incremented on thex axis, those from other angles on they
axis. Where statistics permitted, intensities of peaks in
projected spectra from each axis were measured and
pressed as a directional correlation from oriented sta
~DCO! ratio @14#, RDCO5Intx /Inty . In this manner it was
possible to distinguish betweenI→I 22 ~stretched quadru
pole! and I→I 21 ~stretched dipole! transitions.

Figure 1~a! shows events in coincidence with any two
the 478, 493, and 695 keV transitions. The 21 and 41 states
at 478 and 1053 keV in band 1 of Fig. 2 are known fro
previous work@1#. All the other transitions in band 3 are ne
and in coincidence with one another.

DCO measurements~shown in Table I! indicate that the
219, 265, and 528 keV gamma rays are stretched dipole t
sitions, in agreement with previous work@1#. This leads to
I 53, 4, and 5 spin assignments to the 1007, 1225, and 1
keV states, and the interpretation of this structure as aK
53 band. The existence of such aK53 band, built upon the

p@312# 3
2 ^ n@312# 3

2 configuration, is supported by the rece
observation that the lowest rotational structure in73Kr @16# is

FIG. 1. ~a! Gamma-ray spectrum of events in coincidence w
any two of the 478, 493, and 695 keV transitions.~b! Events in
coincidence with any two of the 304, 478, 483, 520, 528, 824, 13
2322, and 2779 keV transitions. The inset shows a region of
same spectrum from 2.1 to 3.3 MeV.
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built on the@312# 3
2 Nilsson orbital. In73Kr, the @312# 3

2 and

@422# 5
2 states are in the vicinity of the Fermi level. The on

negative parity combination of protons and neutrons in th
states givingI 53 hasK51, but this is highly unlikely since
I 51 and I 52 states have not been seen in band 2. Hen
the most plausible parity assignment for the states in ban
and 4 is positive. The DCO value for the 581 keV transiti
suggests an assignment ofI p56(1) to the 1806 keV state
The similarity in energy between this and the 61 state~at
1782 keV! in 74Kr might suggest it belongs to theT51

1,
e

FIG. 2. Energy level scheme derived from the current analy
Levels are labeled with assigned spin, parity, and energy. Ar
widths are proportional to gamma-ray intensity and tentative
assigned spins and parities are bracketed. There is a change o
ergy scale going from bands 1 and 2 to bands 3 and 4.
1-2
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band, but the lack of an in-bandE2 transition~of 753 keV!
to theT51, I p541 state at 1053 keV contradicts this, as
should dominate over anyDT51 E2 transition out of the
band. Furthermore, the promptE2 transition to the 42

(1) state
at 1225 keV and energy systematics suggest that this
belongs to band 2.

The decay pattern of these states in band 2 is diffe
from that previously observed in, for example46V @3# and
50Mn @6#, insofar as only the intrabandM1 transitions are
seen, whereas in the other cases only interbandM1 transi-
tions are observed.M1 andE2 are commonly considered t
be significantly suppressed inN5Z nuclei @15#. However,
the transition strength depends upon the relative orienta
of the orbital angular momentum and the spin of the sing
particle states. In thef 7/2 shell nuclei 46V and 50Mn these
vectors are parallel and the contributions of protons and n
trons to the transverse magnetic moment nearly cancel
one another, suppressing the intrabandM1 transitions. In
74Rb, for protons and neutrons in the@312# 3

2 Nilsson orbital
these contributions do not cancel because the spin and or
angular momentum vectors are antiparallel and theM1 tran-
sition strength remains substantial between states of the s

isospin. In the case of the neighboring state@301# 3
2 there is

almost complete cancellation. Hence the observation of
M1 is a good evidence that the low spinK53 band is in-

deed ap@312# 3
2 ^ n@312# 3

2 configuration, and is consisten

with the observation ofn@312# 3
2 as the lowest band in73Kr

@16#. An estimate based on the Nilsson model for t

p@312# 3
2 ^ n@312# 3

2 configuration and using the CRHB ca
culated values forQ0 , b50.48, andg528.7°, yields a
value of (gk2gR)/Q050.1 eb21. This compares favorably
with 0.0560.02eb21, derived @17# from the experimenta
branching ratio of the transitions from theI p55(1) state.

The 493 keV transition is assigned as anE2 transition on
the basis of its DCO ratio. The possibility of it being aI
→I dipole is rejected as this would inhibit band 3 from com
peting energetically with band 4. Furthermore, were the 1
keV state actuallyI p541, one would expect a 1068 keV
transition from this state to the 21 state at 478 keV to com

TABLE I. Gamma rays in74Rb and their corresponding direc
tional correlation from oriented states ratios (RDCO). The assigned
spin and parity of the state deexcited and fed by each transitio
given.

Eg ~keV! RDCO I n
p(initial)→I n

p(final)

219 0.4660.03 42
(1)→31

(1)

265 0.4960.09 51
(1)→42

(1)

304 1.1160.09 71
(1)→51

(1)

483 1.8160.17 51
(1)→31

(1)

493 1.4260.43 61
1→41

1

528 0.5460.03 31
(1)→21

1

575 0.9560.05 41
1→21

1

581 1.1560.06 62
(1)→42

(1)

695 1.4560.15 81
1→61

1

1125 1.2160.08 151
(1)→131

(1)
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pete favorably with the 493 keV transition, but no gamm
ray is observed at this energy. Energy level systematics s
gest the most plausible assignment for states in band 3
an even-spin signature extending toI p5(221) with the qua-
siparticle configurationp(g9/2) ^ n(g9/2). States up to 17(1)

in band 4 had been observed in previous work@1# and we
extend this structure@also assigned ap(g9/2) ^ n(g9/2) con-
figuration# to I p5(311). A spectrum showing transitions in
this band is presented in Fig. 1~b!.

Prolate-oblate shape coexistence is a well known p
nomenon in this mass region. The ground state band in74Kr
evolves from an oblate shape in the ground state to a pro
shape at higher spin@18#. Since band 1 in74Rb is its isobaric
analogue, the same behavior is expected. This is stro
supported by the similar values for the kinematic moments
inertia (I(1)). The much larger values ofI(1) in bands 2, 3,
and 4 (;18–25 MeV21 vs ;6 –10 MeV21 in band 1!
strongly suggest that these bands are prolate or near-pro

The method of Frauendorf and Sheikh@7# for incorporat-
ing thenp-pair correlations into mean-field calculations us
the fact that thet51 pair field breaks isospin symmetry. An
orientation in isospace is a legitimate intrinsic state—thy
direction is chosen because thenp-field does not explicitly
appear for this orientation. With this choice one may ca
out standard mean-field calculations that only take thepp-
and thenn-pair fields into account. Here the CRHB theory
Afanasjevet al. @8# is employed. This uses the NL3 param
etrization for the RMF Lagrangian, a Gogny D1S force f
the pairing, and the Lipkin-Nogami method for an appro
mate particle number projection. The isospin symmetry
restored by adding the isorotational energyT(T11)/2Jiso to
the intrinsic energy calculated via the CRHB. The isoro
tional energy contains the symmetry energy and the ene
of thenp-pair field, for which we use the experimental valu
of 75T(T11)/A MeV @10#. Note that in order to conserv
isospin, thet51 np-pair field must be as strong as thenn-
andpp-pair fields.

The lowest positive-parityT50 configurations are gener
ated by placing the odd proton and neutron either in
lowestg9/2 or the lowest negative parityN53 quasiparticle
states@7#. The lowestg9/2 quasiparticle orbitals, which we
denote according to the standard quasiparticle picture@19# by
A, B, and C for neutrons~a, b, and c for protons! have
signaturea51/2, –1/2, and 1/2, respectively. The lowe
configuration is@Aa#, which corresponds to band 4. The ne
highest is the combination (@Ab#2@Ba#)/A2, corresponding
to the even-spin band 3. The even-linear combinati
(@Ab#1@Ba#)/A2, is nonexistent because of isospin symm
try (Ty must be zero forN5Z @7# nuclei!. If only nn- and
pp-fields were present, this symmetry argument would
apply and one would expect a doublet of even-spin bands
contrast to the experimental data.

Placing the odd proton and neutron in the lowe
negative-parity quasiparticle orbital gives a second, lo
lying T50 configuration of positive parity, which we assig
to band 2. The projection of total angular momentum on
symmetry axis of this orbital is known to beV53/2 because
it is observed in73Kr @16#. Therefore, band 2 should be

is
1-3
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strongly coupledK53 band, in agreement with experimen
In the CRHB calculations the lowest negative-parity orbi
hasV51/2, which points to inaccuracies in the calculat
position of the single particle levels. For this reason only
calculated moment of inertia is used to constructK53 band
2, with the energy difference between band 2 and ban
taken from the experimental data. The observation o
strongly coupled and an aligned band, both starting at a s
lar energy of about 2D ~whereD is the pair gap! above the
even-evenN5Z quasiparticle vacuum is exactly what on
would expect from at51 pair field.

In this study we have used the calculated CRHB yr
solution for theT51 band in74Kr for band 1 in74Rb as they
are the isobaric analogues. We place@7# theT51, I 50 state
at T(T11)/2Jiso51/Jiso above the N5Z quasiparticle
vacuum (T50). Relative to theT51 band, the band head o
the lowestT50 band is expected at 2D2T(T11)/2Jiso
'800 keV @7,10#. Experimentally, theK53 band starts a
1007 keV, which is only 200 keV higher than this estima
though 80 keV of this difference is due to the rotation
energy at the band head@„I (I 11)2K2

…/2J5K/2J'80
keV#. Band 3 must start several hundred keV higher th
band 2 since they cross betweenI 55 and 7. A location of the

chemical potential close to the@312# 3
2 level, but somewhat

removed from theg9/2 level, would account for these ene
gies. Hence the relative experimental energies of all ba
are consistent with the assumption that onlyt51 pair corre-
lations are present.

Figure 3~a! shows the aligned angular momentumI x mi-
nus a rigid-rotor reference (i x5I x220.17v). The difference
in alignment of about 4\ between the strongly coupled ban
2 and band 4 is the expected contribution of theg9/2 midshell
quasiparticles. The CRHB calculations agree well with
experiment, supporting our configuration assignments.
particular, they reproduce the difference in alignment
tween the two signatures of thep(g9/2) ^ n(g9/2) bands and
the drastic change of the slope at\v50.85 MeV. This ir-
regularity was predicted@7# and is caused by the crossin
between the quasiparticle RouthiansB ~b! andC ~c!, which
is well known to be the delayed first band crossing in od
odd nuclei~where theAB andab crossings are blocked!. The
alignment at\v50.65 MeV in theT51 band is caused by
the simultaneous crossing ofA with B anda with b, which
are Pauli blocked in theT50, p(g9/2) ^ n(g9/2) bands. This
crossing is clearly observed in theT51 band of 74Kr ~the
analogue to band 1 in74Rb). A similar crossing is expecte
in the T50 band 2.

Figure 3~b! shows the level energies minus a rigid-rot
reference. Thep(g9/2) ^ n(g9/2) structures have nearly th
same energy as theK53 band at low spin and are energe
cally favored at high spin because of the alignment of
g9/2 protons and neutrons. Both the splitting between the
signatures and their spin dependence are well reproduce
the CRHB calculations. The agreement must be conside
as satisfying because the theoretical estimate is based
global fit of the quantity 2D2T(T11)/2Jiso to a range of

nuclei, the assumption that the Fermi level lies on the@312# 3
2

state and that there is no residualnp-interaction in the
particle-hole channel.
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Cranked Nilsson-Strutinsky@21# and cranked relativistic
mean field~CRMF! @not shown in Fig. 3~b!# calculations
@22#, which assume zero pair correlations describe the reg
I .20 well, indicating that thet51 pairing becomes negli
gible at high spin. This is consistent with CRHB, which i
dicates that thet51 pairing becomes negligible at high spi
Similar behavior is found in73Kr @16# where unpaired cal-
culations show excellent agreement with the experime
data at high spins, suggesting a comparable suppressio
pairing.

The general agreement between the calculations and
new data suggests that there exists at51, np-pair field with
a strength that conserves isospin which is quenched by r
tion at high spin. The strongest evidence in support of t
interpretation is that only one even-I sequence based on
p(g9/2) ^ n(g9/2) configuration is observed. It is an immed
ate consequence of the presence of thet51 np-pair field,
which restores the isospin symmetry@7#. With only t
51 pp- andnn-pair fields present, there aretwo even-I con-
figurations@Ab# and @Ba# with the same energy. Howeve

FIG. 3. Comparison between experimental data~symbols! and
CRHB calculations~no symbols!. Labels correspond to band num
bers.~a! Aligned angular momentum (I x) minus a rigid rotor refer-
ence versus angular frequency (\v). TheT51 band in74Kr @20# is
shown as hollow circles and a dot-dashed line.~b! EnergyE minus
a rigid-rotor reference versusI. Dot-dot-dashed lines are CNS ca
culations adjusted to experimental band 3 at spinI 520.
1-4



u

m

s
u

le
d
e

er

a
f-
e
re-

pair
the

no

f
f
p-
the
E-

2-

RAPID COMMUNICATIONS

EVIDENCE FOR ISOVECTOR NEUTRON-PROTON . . . PHYSICAL REVIEW C67, 021301~R! ~2003!
only the combination (@Ab#2@Ba#)/A2 hasTy50, which is
required by isospin-conservingt51 pairing. Most signifi-
cantly, we know that isospin is conserved sot51 pairing
must have as manynp correlations asnn andpp in order to
ensure this symmetry. The agreement between the calc
tions and the data is as good as for nuclei far from theN
5Z line. Therefore, our data are consistent with the assu
tion that there is not50 np-pair field present.

In summary, states in74Rb have been observed up toI p

5(311). Four different bands were identified and were cla
sified as quasiparticle excitations in the presence of a s
stantialt51 pair field at low spin, which becomes negligib
at high spin (I>20). In order to reproduce the observe
spectrum of states the calculations must incorporate tht
51 np-pair field by restoring isospin symmetry. The obs
l

02130
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vation of only one even-spinT50 sequence based on
p(g9/2) ^ n(g9/2) configuration, together with the energy di
ference between theT50 and T51 bands, represent th
strongest evidence in favor of this interpretation. These
sults are consistent with the existence of an isovector
field that contains a neutron-proton component with
proper strength for ensuring isospin conservation and
isoscalar pair field.
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