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Is there np pairing in NÄZ nuclei?

A. O. Macchiavelli, P. Fallon, R. M. Clark, M. Cromaz, M. A. Deleplanque, R. M. Diamond, G. J. Lane, I. Y. Lee
F. S. Stephens, C. E. Svensson, K. Vetter, and D. Ward

Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
~Received 15 April 1999; published 10 March 2000!

The binding energies of even-even and odd-oddN5Z nuclei are compared. After correcting for the sym-
metry energy we find that the lowestT51 state in odd-oddN5Z nuclei is as bound as the ground state in the
neighboring even-even nucleus, thus providing evidence for isovectornp pairing. However,T50 states in
odd-oddN5Z nuclei are several MeV less bound than the even-even ground states. We associate this differ-
ence with theT51 pair gap and conclude from the analysis of binding energy differences and blocking
arguments that there is no evidence for an isoscalar~deuteronlike! pair condensate inN5Z nuclei.

PACS number~s!: 21.10.Dr, 21.30.2x
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Soon after the interpretation of superconductivity in ter
of a condensate of strongly correlated electron pairs~Cooper
pairs! by Bardeen, Cooper, and Schrieffer~BCS! @1# a simi-
lar pairing mechanism was invoked for the nucleus@2# to
explain, for example, the energy gap in even-even nuclei
the magnitudes of moments of inertia. For almost all kno
nuclei, i.e., those withN.Z, the ‘‘superconducting’’ state
consists of neutron (nn) and/or proton (pp) pairs coupled to
angular momentum zero and isospinT51. However, forN
5Z nuclei Cooper pairs consisting of a neutron and a pro
(np) may also occur due to the near degeneracy of the
ton and neutron Fermi surfaces~protons and neutrons occup
the same orbitals!. The np pair can couple to angular mo
mentumJ50 and isospinT51 ~isovector!, or, since they
are no longer restricted by the Pauli exclusion principle, th
can couple toT50 ~isoscalar! and angular momentumJ
51 or J5Jmax @3#, but most commonly the maximum valu
@4#. Charge independence of the nuclear force implies
for N5Z nuclei, T51 np pairing should exist on an equa
footing with T51 nn and pp pairing. Whether there also
exists strongly correlatedT50 np pairs, i.e., a deuteronlike
pair condensate, has remained an open question. Early
retical works @5# discussed the competition betweenT50
andT51 pairing within the BCS framework. Recent work
have focused on the solutions of schematic~or algebraic!
@6,7# and realistic shell models@8#, as well as on the proper
ties of heavierN5Z nuclei @9#, and the effects of rotation
@10,11#.

There are many experimental observables~signatures!
supporting the existence of a condensate ofnn andpp pairs,
but few have been discussed for the case of annp pair con-
densate. Recently, Vogel@12# ~following the work of Jan-
ecke@13#! used experimental binding energies (BE) and ex-
citation energies to study the role ofT51 pair correlations
and the symmetry energy inN'Z nuclei and showed that fo
odd-odd nuclei the two contributions are essentially eq
causing the observed near degeneracy ofT50 and T51
states in odd-oddN5Z nuclei. In this Rapid Communication
we present an independent analysis of experimental bin
energies ofN5Z nuclei and the relative excitation energi
of the lowestT50 and T51 states in self-conjugate (N
5Z, Tz50) odd-odd nuclei. We use, for the first time, th
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observedBE differences to exclude the presence of a sign
cantT50 deuteronlike pair condensate inN5Z nuclei, even
though theT50 interaction is an important component
the nuclear force. As expected from charge independe
and in agreement with Ref.@12# this same analysis provide
evidence for the existence of strongT51 np pairing in N
5Z nuclei. The relative excitation energies of the lowestT
50 andT51 states in odd-oddN5Z nuclei are then under
stood within a simple model that includes fullT51 pairing
and a symmetry energy term.

Let us start by recalling that pairing effects can be isola
by studying differences in binding energies@14#. Particu-
larly, the difference

BEeven-even2BEodd-odd'Dp1Dn'2D ~1!

is used as a measure of the pair gap,D, for both protons and
neutrons.1 Implicit in Eq. ~1! is the assumption that th
ground states have the same isospin, which is the case
nuclei with NÞZ since they aremaximally alignedin iso-
space, i.e.,T5Tz5

1
2 (N2Z) @14#. Equation~1! is also true

when comparingT50 states in even-even and odd-oddN
5Z nuclei.

The difference in binding energy betweenT50 states,
given by

BEee~N,Z!2
„BEoo~N21,Z21!1BEoo~N11,Z11!…

2
,

~2!

is shown in Fig. 1, where the binding energies are from R
@15#. Taking the average in Eq.~2! removes the smooth
variations due to volume, surface, and Coulomb energ
and any remaining differences can then be attributed to s
and/or pairing effects. The extra binding of the even-ev
nuclei is clearly seen in Fig. 1 and it follows remarkably we
the known 1/A1/2 dependence@14# for the T51 pair gap. It
would then appear natural to associate the observedBE dif-

1There is usually a correction term due to the residualnp interac-
tion. This term is of order 20/A MeV and we will not consider it
here.
©2000 The American Physical Society03-1
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ferences between the lowestT50 states inN5Z nuclei with
the full T51 pair gap, and therefore Fig. 1 suggests thaT
50 pairs do not contribute significantly to the pair corre
tion energy inN5Z nuclei. TheT50 states in odd-oddN
5Z nuclei then behave like those in any other odd-o
nucleus where the extran andp block theT51 pairing to the
same degree as any ‘‘standard’’ two-quasiparticle st
Note, if the ground states ofN5Z even-even nuclei con
tained an appreciable contribution fromT50 correlated
pairs~i.e., there was a deuteronlike condensate! then the ad-
dition of aT50 np pair would not give rise to a gap with
magnitude comparable to that of the full (2312/A1/2 MeV!
T51 pair gap, on the contrary, the gap for theT50 states
would have to be smaller. Indeed, for the situation where
ground state of anN5Z nucleus is a condensate of deute
onlike pairs the average binding energy of the two odd-o
N5Z neighbors is similar to that of the even-even nucle
and the observed gap, Eq.~2!, would be very close to zero
since the pairing energy is proportional to the number
deuteronlike pairs.

Is it possible that onlyT51 pairing is important for these
N5Z nuclei? If np T51 pairs form a correlated state, th
lowestT51 state in self-conjugate odd-odd nuclei should
as bound as that of the neighboring even-even ground s
and thus theBE difference is;0. However, in applying
Eqs.~1! or ~2! to determine the binding energy difference f
T51 states we need to include a symmetry energy te
because of the different isospins~i.e., T51 in odd-oddN
5Z nuclei andT50 for the ground state of even-evenN
5Z nuclei!. A detailed discussion on the symmetry term
given in Refs.@14,16#. Here, we extract the symmetry energ
(Esym52BEsym) by plotting the experimental binding ene
gies of several nuclei in the rangeA510264, as shown in
Fig. 2, after subtracting volume, surface, and Coulo
terms. They are plotted as a function ofT(T1x), for three

FIG. 1. The difference in binding energy between even-e
and odd-odd nuclei. Squares correspond toT50 states inN5Z
nuclei (T50 is the ground state forN5Z even-even nuclei and fo
N5Z odd-odd nuclei withA,40). This difference is interpreted a
a measure of theT51 pair gap,D. The solid line shows the con
ventionally adopted smooth dependence ofD on A (D
;12/A1/2 MeV).
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cases:~1! x54, corresponding to the SU~4! Wigner super-
multiplet expression@17#, ~2! x51, i.e., T(T11), and ~3!
x50, giving aT2 approximation. While any of these choice
can be used, theT(T11) expression provides a better a
count of the experimental data, as discussed in Refs.@12,13#.
In our analysis we use a symmetry energy given byEsym

5(75/A)T(T11) MeV which represents an average n
glecting the effects of shell structure and pairing.

The binding energy difference between the lowestT51
state in odd-oddN5Z nuclei and theT50 ground state in
neighboring even-evenN5Z nuclei is presented in Fig. 3
~squares!. If the only difference between the even-eve
ground state and the odd-oddT51 state were the symmetr
term, then the difference in binding energy is given by t
upper solid line. That is, the symmetry energy of theT51
state (75/A)T(T11)5150/A MeV subtracted from the
binding energy of the even-even nucleus provides the cor
reference to which the odd-oddT51 states should be com
pared.

In addition, it is also possible to use the even-evenT51
(Tz521,1) isobaric analog states as a ‘‘local’’ referenc
rather than the global expression (75/A)T(T11) MeV. Af-
ter correcting for the Coulomb energy, the binding energ
of the isospin triplet are very similar, often within a fe
hundred keV. The average binding energies of the even-e
T51 (Tz521,1) isobaric analog states, relative to the eve
even T50 ground state, are also shown in Fig. 3~dotted
line!. These values are extremely close to those of the co
spondingT51, Tz50 state in the odd-odd nucleus. Since~i!
the binding energy difference between theT51, Tz50,
~odd-odd! and T50, Tz50 ~even-even! states is described
by the symmetry energy term only, and~ii ! the T51 (Tz5
21,1) states are the ground states of the even-even isob
analogs, then the binding energy difference„BEee(T50)
2BEoo(T51)… cannot be associated with a difference

n FIG. 2. The symmetry energy,Esym52BEsym5Eexp2Evol

2Esurface2ECoulomb, for nuclei in the rangeA510264 as a func-
tion of T(T1x), as discussed in the text; where,Evol

5215A MeV, Esurface517A2/3 MeV, andECoulomb50.7(Z2/A1/3)
MeV. Lines are to guide the eye.
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pairing. Rather, it is due to the difference in isospin f
which the smooth overall behavior is given by the symme
energy.

These results~Fig. 3! indicate that the lowestT51 state
in a self conjugate odd-odd nucleus is as bound as the ne
boring even-evenN5Z ground state~after correcting for the
symmetry energy!. In other words, there is no difference
pairing, and just as the addition of annn or pp pair to an
even-even nucleus does not block pair correlations, nei
does the addition of annp T51 pair in N5Z nuclei. How-
ever, as expected, adding a singlen or p to the even-even
core does reduce the pair energy and results in a bin
energy difference in excess of the symmetry energy, as s
by the fact that the data points~stars in Fig. 3! for an odd
nucleus (N5Z11) lie higher than the symmetry energy e
pected for aT51/2 nucleus~lower solid curve in Fig. 3!. In
view of the charge independence of the nuclear force th
results are not too surprising, indeed isobaric analogues w
used by Janecke@13# to extract the pairing term in a sem
empirical mass formula. Nevertheless, it is important to d
cuss theT51 states within the framework of this analys
since it enables a consistent picture to be developed w
favors the existence of full~i.e., nn, pp, andnp) isovector
pairing correlations inN5Z nuclei with little if any room for
a condensate of deuteronlike pairs.

We now consider the relative energies of theT50 and
T51 states in odd-oddN5Z nuclei ~for a similar discussion
see also Ref.@12#!. If there were nonp pairing of any type
(T50 or T51) the T51 state should lie above theT50
state at an excitation energy given by the symmetry te
However, the analysis of the experimental data presen
above shows strong evidence for the existence ofT51 np

FIG. 3. The difference in binding energy between even-e
and odd-oddN5Z nuclei. TheT51 states in odd-oddN5Z nuclei
~squares! are compared with theT50 ground states in neighborin
even-even nuclei. The upper solid line represents the energy d
ence due to the difference in isospins (T51 andT50). The dotted
line was obtained from an average energy ofT51 isobaric analog
states~see text!. The isospin correction term is seen to account
the observed binding energy difference. The difference in bind
energy is also shown for odd nuclei,N5Z11 ~stars!, compared
with the even-even neighbor and the corresponding symmetry
ergy is given by the lower solid curve.
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pair correlations, and at the same time no evidence foT
50 correlated pairs. TheT51 states should then lie at
lower energy than that given by the symmetry term, and
the T51 pairing energy were sufficiently large, theT51
state may lie lower than theT50 state. The experimenta
energy differences are shown in Fig. 4 along with the e
pected contribution from the symmetry energy. The ene
separation between the states of different isospin is cle
less than that predicted by the symmetry term. This is c
sistent with the pairing arguments presented above, and
gests that whether theT50 or T51 state is lower depend
largely on the relative magnitudes of the symmetry and p
ing energies. We further note that while the near cancella
of the symmetry and pairing terms~for T51 compared with
T50) appears to be accidental we cannot rule out, at
time, a deeper physical origin.

Assuming the reduced separation is only due to the effe
of pairing then, in the language of the BCS model and tak
the symmetry term into account, theT50 state in the odd-
odd N5Z nucleus can be interpreted as a two-quasipart
excitation ~‘‘broken-pair’’ with seniority 2! relative to the
T51 correlated pair state (J50, seniority 0!. In complete
analogy with Eq.~1! we have

~BET512BEsym!2BET50'2DT51 , ~3!

or,

Esym2~ET512ET50!'2DT51 , ~4!

n

r-

r
g

n-

FIG. 4. The difference in level energies betweenT51 andT
50 states in odd-oddN5Z nuclei. ForA,40 these nuclei have
T50 ground states, except34Cl, above this mass they hav
T51ground states, except58Cu. The solid line represents the iso
spin correction termDEsym5150/A MeV and corresponds to the
expected energy difference betweenT51 and T50 states if the
only difference between these states were due to the isospin co
tion. Inset: Squares denote the effectiveDT51 gap derived from the
relative excitation energies of theT50 andT51 states in odd-odd
N5Z nuclei after correcting for the isospin difference as illustrat
in the main figure. The solid line shows the result of a simple B
calculation~see text for details!.
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in terms of the difference between the excitation energie
the lowestT51 andT50 state in the sameN5Z odd-odd
nucleus. It is important to realize that the situation is diffe
ent in an even-evenN5Z nucleus. In this case theT50
ground state hasJ50, seniority 0, while theT51 state has
seniority 2 since it is the isobaric analogue of the grou
states in the neighboring odd-odd (Tz561) nuclei. There-
fore, the energy difference (ET512ET50) is now the sum
and not the difference of the symmetry energy~150/A MeV!
and theT51 pairing gap (24/A1/2 MeV!.

The effective gap (DT51) extracted using Eq.~4! is pre-
sented in the inset to Fig. 4, together with the result of a B
calculation that includesnn, pp, andnp T51 pairs. For the
BCS calculation we adopted standard single-particle lev
from a spherical Nilsson potential and a pairing strength
20/A MeV. This figure illustrates that the magnitude
2DT51 extracted from experiment using Eq.~4! compares
favorably with that obtained from a BCS calculation using
realistic spectrum of single-particle levels. While the g
~difference in binding energy! is not necessarily related onl
to a pairing interaction@18#, the agreement is remarkabl
Due to the presence of shell gaps the simple BCS mo
gives a characteristic oscillation inD. In this calculation, the
single-particle levels were truncated atN5Z550, which led
to an artificial quenching ofD at A5100. The reversal of the
favored isospin fromT51 to T50 at 58Cu coincides with it
being onenp pair above theN5Z528 shell closure and
within the pairing interpretation given here, this reversal o
curs because the shell gap reduces the magnitude of tT
51 pair gap. For heavier nuclei,A.60, theT51 state is
favored and we would expect that this is likely to remain t
case until theN5Z550 shell gap is reached, where for98In
(N5Z549) the ground state may well revert toT50 once
more. The competition between pairing and symmetry
ergy was also discussed in Ref.@4#. In this work, semi-
04130
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empirical fits to the binding energies suggested that for o
odd N5Z nuclei beyond the 1f 7/2 shell, pairing correlations
will result in T51 ground states.

In summary, we have argued that binding energy diff
ences indicate that the lowestT51 states in odd-oddN5Z
nuclei are as bound as their even-even neighbors, which
vides strong evidence for the presence of isovectornp pair-
ing. We have then shown by simple arguments, and for
first time, that there is no similar evidence to support t
existence ofnp isoscalar ~deuteronlike! pair correlations
even though theT50 channel is an important part of th
nuclear force. The fact that the nucleus does not appea
favor the formation of aT50 condensate may be related
the destructive influence of the spin-orbit interaction and
reduced number ofJ.0 pairs compared withJ50. Finally,
we considered the relative excitation energies of the low
T50 to T51 states in odd-oddN5Z nuclei and, as also
discussed by Vogel@12#, concluded that the intriguing switch
from T50 to T51 ground states in odd-oddN5Z nuclei
arises from a competition between the symmetry energy
full isovector pairing correlations~without the need to in-
clude an isoscalar pair condensate!. ForA.40, T51 pairing
wins over the symmetry energy and theJ501 state becomes
the ground state except, possibly, near closed shells w
the static pairing correlations are expected to be reduced

Future experiments on heavierN5Z nuclei to determine
the binding energies and the relative excitation energies
T51 andT50 states~in odd-odd nuclei!, as well as studies
of their high-spin rotational properties, are clearly importa
to provide further information on the role of pairing correl
tions in N5Z nuclei.

This work was supported under U.S. DOE Contract N
DE-AC03-76SF00098. We are grateful to A. Goodman
discussions on the use of BCS equations that includenp
pairs.
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