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Is there np pairing in N=Z nuclei?
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The binding energies of even-even and odd-dtdZ nuclei are compared. After correcting for the sym-
metry energy we find that the loweBt=1 state in odd-odd\=Z nuclei is as bound as the ground state in the
neighboring even-even nucleus, thus providing evidence for isovegaqairing. However,T=0 states in
odd-oddN=Z nuclei are several MeV less bound than the even-even ground states. We associate this differ-
ence with theT=1 pair gap and conclude from the analysis of binding energy differences and blocking
arguments that there is no evidence for an isosddkuteronlike pair condensate ih=Z nuclei.

PACS numbd(s): 21.10.Dr, 21.30-x

Soon after the interpretation of superconductivity in termsobservedB E differences to exclude the presence of a signifi-
of a condensate of strongly correlated electron p@ioper cantT=0 deuteronlike pair condensateN= Z nuclei, even
pairy by Bardeen, Cooper, and Schrieff@CS) [1] a simi-  though theT=0 interaction is an important component of
lar pairing mechanism was invoked for the nucl¢@$to  the nuclear force. As expected from charge independence
explain, for example, the energy gap in even-even nuclei angnd in agreement with Reff12] this same analysis provides
the magnitudes of moments of inertia. For almost all knowrevidence for the existence of strofig=1 np pairing in N
nuc|ei, i_e_, those WItH\|>Z, the “Superconducting” state =Z nuclei. The relative excitation energies of the low&st
consists of neutronn(n) and/or proton pp) pairs coupled to =0 andT=1 states in odd-odtl=Z nuclei are then under-
angular momentum zero and isosfir= 1. However, forN stood within a simple model that includes fll= 1 pairing
=Z nuclei Cooper pairs consisting of a neutron and a protor@nd & Symmetry energy term. ,

(np) may also occur due to the near degeneracy of the proB Let us start _by recallmg_ thaf[ pairing eﬁeqts can be |_solated
ton and neutron Fermi surfacgeotons and neutrons occupy y studym_g differences in binding energigs4]. Particu-

. . larly, the difference
the same orbitajs The np pair can couple to angular mo-
mentumJ=0 and isospinT=1 (isovectoy, or, since they BEeven-ever BEoddoad=A p+ Ap=2A (1)
are no longer restricted by the Pauli exclusion principle, they
can couple toT=0 (isoscalar and angular momentund is used as a measure of the pair gapfor both protons and
=1 or J=Ja[3], but most commonly the maximum value neutrons: Implicit in Eq. (1) is the assumption that the
[4]. Charge independence of the nuclear force implies thaground states have the same isospin, which is the case for
for N=Z nuclei, T=1 np pairing should exist on an equal nuclei with N#Z since they arenaximally alignedin iso-
footing with T=1 nn and pp pairing. Whether there also space, i.e.T=T,=3(N—2Z) [14]. Equation(1) is also true
exists strongly correlate@i=0 np pairs, i.e., a deuteronlike when comparingr=0 states in even-even and odd-oNd
pair condensate, has remained an open question. Early theg-Z nuclei.
retical works[5] discussed the competition betwe&nr=0 The difference in binding energy betwedi=0 states,
andT=1 pairing within the BCS framework. Recent works given by
have focused on the solutions of schemdtic algebrai¢

[6,7] and realistic shell mode($], as well as on the proper- - (N.Z)— (BEoo(N—1,Z—-1)+BE;o(N+1,2+1))
ties of heavielN=2Z nuclei[9], and the effects of rotation ee 2 ’
[10,11. (2

There are many experimental observablsgnatures
Supporting the existence of a condensata m)‘bndpp pairS, is shown .in Flg 1, where the blndlng energies are from Ref.
but few have been discussed for the case ofippair con-  [15]. Taking the average in Eq2) removes the smooth
densate. Recently, Vogél2] (following the work of Jan- variations due to volume, surface, and Coulomb energies,
ecke[13]) used experimental binding energi®E) and ex- and any rer_naining differences can t_he_n be attributed to shell
citation energies to study the role &= 1 pair correlations and/or pairing effects. The extra binding of the even-even
and the symmetry energy M~ Z nuclei and showed that for nuclei is clearly seen in Fig. 1 and it follows remgrkably well
odd-odd nuclei the two contributions are essentially equalhe known 1AY? dependencgl4] for the T=1 pair gap. It
causing the observed near degeneracyTef0 and T=1 would then appear natural to associate the obseB/edlif-
states in odd-od8ll=Z nuclei. In this Rapid Communication
we present an independent analysis of experimental binding
energies ofN=Z nuclei and the relative excitation energies There is usually a correction term due to the residuainterac-
of the lowestT=0 and T=1 states in self-conjugateN(  tion. This term is of order 2@ MeV and we will not consider it
=Z, T,=0) odd-odd nuclei. We use, for the first time, the here.
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FIG. 1. The difference in binding energy between even-even FiG. 2. The symmetry energyEq,m=— BEqym=Eexp— Evol
and odd-odd nuclei. Squares correspondlteQ states inN=2Z — Eeurtace Ecoulom, fOr nuclei in the rangeA=10—64 as a func-
nuclei (T=0 is the ground state fdi=Z even-even nuclei and for tjon of T(T+x), as discussed in the text; whereE,,
N=Z odd-odd nuclei witA<40). This difference is interpreted as — _ 150 MeV, E, o= 17A%3 MeV, and Ecoyioms=0.7(Z%/AY)
a measure of th&=1 pair gap,A. The solid line shows the con- ey, Lines are to guide the eye.
ventionally adopted smooth dependence d&f on A (A
~12/AY2 MeV).

cases: (1) x=4, corresponding to the S Wigner super-
ferences between the lowest 0 states ilN=Z nuclei with muIUpIgt_expregsmr[l?]z (2)_)(_ L e, T(T+1), and (3?
the full T=1 pair gap, and therefore Fig. 1 suggests fhat x=0, giving aT< approximation. Wh|le any of these choices
=0 pairs do not contribute significantly to the pair correla-can Pe used, th&(T+1) expression provides a better ac-
tion energy inN=Z nuclei. TheT=0 states in odd-odd\ count of the experimental data, as discussed in R&&513.

—Z nuclei then behave like those in any other odd-oddn our analysis we use a symmetry energy giventayn

nucleus where the extraandp block theT=1 pairing to the ~ =(75/A)T(T+1) MeV  which represents an average ne-
same degree as any “standard” two-quasiparticle statedlecting the effects of shell structure and pairing.
Note, if the ground states dfi=Z even-even nuclei con-  The binding energy difference between the lowgst1

tained an appreciable contribution frofi=0 correlated state in odd-oddN=2Z nuclei and theT=0 ground state in
pairs(i.e., there was a deuteronlike condenséten the ad- neighboring even-eveiN=Z nuclei is presented in Fig. 3
dition of aT=0 np pair would not give rise to a gap with a (squares If the only difference between the even-even
magnitude comparable to that of the full X22/AY? MeV) ground state and the odd-odd=1 state were the symmetry
T=1 pair gap, on the contrary, the gap for the-0 states term, then the difference in binding energy is given by the
would have to be smaller. Indeed, for the situation where theipper solid line. That is, the symmetry energy of fhe 1
ground state of alN=Z nucleus is a condensate of deuter-state (75A)T(T+1)=150/A MeV subtracted from the
onlike pairs the average binding energy of the two odd-oddhinding energy of the even-even nucleus provides the correct

N=Z neighbors is similar to that of the even-even nucleuseference to which the odd-odi=1 states should be com-
and the observed gap, E@), would be very close to zero 5eq.

since the pairing energy is proportional to the number of |, 5qdition, it is also possible to use the even-eTenl

deutgronlike_ pairs. o (T,=—1,1) isobaric analog states as a “local” reference,
Is it possible that onlyf =1 pairing is important for these rather than the global expression (AT(T+1) MeV. Af-

= i? = i
N=2 nu_c|e|. Ifnp =1 pairs form a correlated .state, the ter correcting for the Coulomb energy, the binding energies
lowestT=1 state in self-conjugate odd-odd nuclei should be . S L s
f the isospin triplet are very similar, often within a few

as bound as that of the neighboring even-even ground staje s .
and thus theBE difference is~0. However, in applying ﬁundred keV. The average binding energies of the even-even

Eqgs.(1) or (2) to determine the binding energy difference for T=1 (T,=—1.1) isobaric analog states, relative to the even-

T=1 states we need to include a symmetry energy tern?venT:O ground state, are also shown in Fig.(dotted
because of the different isospifise., T=1 in odd-oddN line). These values are extremely close to those of the corre-

=Z nuclei andT=0 for the ground state of even-evéh  SPondingT=1, T,=0 state in the odd-odd nucleus. Sirce

=Z nucle). A detailed discussion on the symmetry term isthe binding energy difference between tfie=1, T,=0,
given in Refs[14,16. Here, we extract the symmetry energy (0dd-odd and T=0, T,=0 (even-evenstates is described
(Esym= — BEgym) by plotting the experimental binding ener- by the symmetry energy term only, afig) the T=1 (T,=

gies of several nuclei in the range=10—64, as shown in —1,1) states are the ground states of the even-even isobaric
Fig. 2, after subtracting volume, surface, and Coulombanalogs, then the binding energy differen@E.(T=0)
terms. They are plotted as a function ©fT +x), for three —BE,,(T=1)) cannot be associated with a difference in
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FIG. 3. The difference in binding energy between even-even FIG. 4. The difference in level energies betweks1 and T
and odd-oddN=2Z nuclei. TheT=1 states in odd-odN =Z nuclei =0 states in odd-oddN=Z nuclei. ForA<40 these nuclei have
(squarepare compared with th&=0 ground states in neighboring T=0 ground states, except’Cl, above this mass they have
even-even nuclei. The upper solid line represents the energy diffeff =1ground states, excepfCu. The solid line represents the iso-
ence due to the difference in isospins<1 andT=0). The dotted  spin correction term\E, = 150/A MeV and corresponds to the
line was obtained from an average energyTef1 isobaric analog expected energy difference betweés-1 andT=0 states if the
states(see text The isospin correction term is seen to account foronly difference between these states were due to the isospin correc-
the observed binding energy difference. The difference in bindingion. Inset: Squares denote the effective_, gap derived from the
energy is also shown for odd nucléii=Z+1 (starg, compared relative excitation energies of tile=0 andT=1 states in odd-odd
with the even-even neighbor and the corresponding symmetry erN=2Z nuclei after correcting for the isospin difference as illustrated
ergy is given by the lower solid curve. in the main figure. The solid line shows the result of a simple BCS

. . ) o ) calculation(see text for details
pairing. Rather, it is due to the difference in isospin for
\év:;g;he smooth overall behavior is given by the symmetrypair correlations, and at the same time no evidenceTfor

These result§Fig. 3 indicate that the lowest =1 state IT) v(\)/e(r:oé:leelftedthgarl:rtsﬁa-{h?;/:r% bstatthees :hrﬁtrﬂgt:higrrl;e ::liif
in a self conjugate odd-odd nucleus is as bound as the neigt-e T-1 %)i/rin ener gwere Zuﬁicieztl lar ye trTe,= 1
boring even-eveN=Z ground statdafter correcting for the P 9 gy y large,

symmetry energy In other words, there is no difference in state may lie lower than the 0 state. The experlmental
- : e . energy differences are shown in Fig. 4 along with the ex-
pairing, and just as the addition of am or pp pair to an S
. . ... pected contribution from the symmetry energy. The energy
even-even nucleus does not block pair correlations, neither . ; : o
" - L . Separation between the states of different isospin is clearly
does the addition of anp T=1 pair in N=Z nuclei. How-

ever, as expected, adding a singl@r p to the even-even less than that predicted by the symmetry term. This is con-

core does reduce the pair energy and results in a bindinﬁé:Stent with the pairing arguments presented above, and sug-

! . ests that whether thE=0 or T=1 state is lower depends
energy difference in excess of the symmetry energy, as se argely on the relative magnitudes of the symmetry and pair-
by the fact that the data pointstars in Fig. 3 for an odd gely 9 y Y b

nucleus N=Z+1) lie higher than the symmetry energy ex- ing energies. We further note that while the near cancellation

pected for al = 1/2 nucleudlower solid curve in Fig. B In of the symmetry and pairing termffor T=1 compared with

view of the charge independence of the nuclear force thes-lézo) appears to be accidental we cannot rule out, at this

e . . time, a deeper physical origin.
results are not too surprising, indeed isobaric analogues were Assuming the reduced separation is only due to the effects

useq .by JaneckEL3] to extract the pairing tgrm N asem- pairing then, in the language of the BCS model and taking
empirical mass formula. Nevertheless, it is important to dis-,

cuss theT=1 states within the framework of this analysis th ded ﬁ@? itt?éléirsmcgobzcicn (zgpt;;g %: gsS;a:\?v(;r.' T:S;) c::t-icle
since it enables a consistent picture to be developed whicR%C N~ . L pretec g P

; . . excitation (“broken-pair” with seniority 2 relative to the
favors the existence of fulli.e., nn, pp, andnp) isovector T=1 correlated pair state)0, seniority 0. In complete
pairing correlations itN=Z nuclei with little if any room for b ' y o P

a condensate of deuteronlike pairs. analogy with Eq/(1) we have

We now consider the relative energies of the0 and
T=1 states in odd-od=Z nuclei(for a similar discussion (BEr=1—BEgym) —BEr—g~2A1_4, (©)
see also Refl12]). If there were nanp pairing of any type
(T=0 or T=1) the T=1 state should lie above tHE=0
state at an excitation energy given by the symmetry term.
However, the analysis of the experimental data presented
above shows strong evidence for the existenc&oflL np Esym— (Ev=1—E7-0)~2A1_4, 4
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in terms of the difference between the excitation energies oémpirical fits to the binding energies suggested that for odd-
the lowestT=1 andT=0 state in the samB=Z odd-odd oddN=2Z nuclei beyond the fi;,, shell, pairing correlations
nucleus. It is important to realize that the situation is differ-will result in T=1 ground states.

ent in an even-evetN=Z nucleus. In this case th&=0 In summary, we have argued that binding energy differ-
ground state ha3=0, seniority 0, while theT =1 state has €nces indicate that the Iovye“ét= 1 states in. odd-oddl =_Z
seniority 2 since it is the isobaric analogue of the groundnuclei are as bound as their even-even neighbors, which pro-
states in the neighboring odd-odd,& + 1) nuclei. There- vides strong evidence for the presence of isoves{ppair-

fore, the energy differenceEg_,—E;_o) is now the sum NY: We have then shown by simple arguments, and for the

and not the difference of the symmetry enetggoA Mev)  first time, thfat there isl nodsimilar ?_\liidenc_e to sulpp_ort the
and theT =1 pairing gap (2442 MeV). existence ofnp isoscalar(deuteronlike pair correlations

The effective gap &1_,) extracted using Eq4) is pre- even though ther=0 channel is an important part of the

sented in the inset to Fig. 4, together with the result of a BC uclear force. T.he fact tﬁat the nucleus does not appear to
. . . ) avor the formation of & =0 condensate may be related to
calculation that includesn, pp, andnp T=1 pairs. For the

BCS calculation we adopted standard single-particle Ievelghe destructive influence of the spin-orbit interaction and the

from a spherical Nilsson potential and a pairing strength o educed number aj>0 pairs compared with=0. Finally,
20/A MeV. This figure illustrates that the magnitude of Wi conS|dEred the re!atwe excnat_|on energies of the lowest
23 exiacted from oxperment using EG) compares [ 9.1 S 1 0000 ke e s e
favorably with that obtained from a BCS calculation using afrom T-0 tz ngl grc’)und states in odd-oddiz ?wclei
realistic spectrum of single?particle Ievels._ While the gaparises from a competition between the symmetry energy and
(difference in binding energyis not necessarily related only full isovector pairing correlationgwithout the need to in-

to a pairing interactiorf18], the agreement is remarkable.

Due to the presence of shell gaps the simple BCS modeql.Ude an |stﬁscalar pal[r condenéatéc:j)rt,;\;()ﬂf?,Ijlbpamng
gives a characteristic oscillation ix. In this calculation, the Wins over the Symmelry energy an state becomes

single-particle levels were truncatedN= Z=50, which led EEE Straot?cndasi:iarl]te c?(;(rcrggt’iopnosssalrbelyéxneeirtecéoi) egesP:dlljc\év(;]ere
to an artificial quenching o at A=100. The reversal of the Future zx er?ments on heaviti— anuclei to determine ’
favored isospin fronT=1 to T=0 at *Cu coincides with it P

being onenp pair above theN=2Z=28 shell closure and, the binding energies and the relative excitation energies of

within the pairing interpretation given here, this reversal oc—T: 1 andT=0 stateqin odd-odd nuclei as well as studies

curs because the shell gap reduces the magnitude of the i -1C0 A SRS BETRE FHOREE S BE S PR TECEEN
=1 pair gap. For heavier nucle>60, theT=1 state is P P 9

favored and we would expect that this is likely to remain thetlons inN=Z nuclei.

case until theN=Z=50 shell gap is reached, where f&in This work was supported under U.S. DOE Contract No.
(N=2Z=49) the ground state may well revertie=0 once = DE-AC03-76SF00098. We are grateful to A. Goodman for
more. The competition between pairing and symmetry endiscussions on the use of BCS equations that inclage
ergy was also discussed in Ré#]. In this work, semi- pairs.
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