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We study the isoscaldiT=0) and isovectofT=1) pairing correlations ilN=Z nuclei. They are estimated
from the double difference of binding energies for odd-d&eZ nuclei and the odd-even mass difference for
the neighboring odd-mass nuclei, respectively. The empirical and BCS calculations baset=énaad T
=1 pairing model reproduce well the almost degeneracy of the loWweStandT=1 states over a wide range
of even-even and odd-odd=Z nuclei. It is shown that this degeneracy is attributed to competition between the
isoscalar and isovector pairing correlationdNrZ nuclei. The calculations give an interesting prediction that
the odd-oddN=Z nucleus®Nb has possibly the ground state wikl0.
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There is a current topic with increasing interests in study- We begin with the estimation af=1 pairing correlations
ing isovector(T=1) and isoscala(T=0) proton-neutror{pn) in N=Z nuclei. A typical indicator forT=1 pairing correla-
pairing correlations ifN=Z nuclei [1]. At present, it is not tions is the following three-point odd-even mass difference:
clear whetherpn pairing correlations are strong enough to -
form a static condensate. It is well known that an experimen- , 3 _\=
tal signature of like-nucleon proton-prot¢pp) and net?tron- Ag N = 2 [B(Z.N+1)-2B(Z,N)+BZN-1)],
neutron(nn) J=0 pairing correlations in nuclei with neutron (1)
excess is the odd-even mass difference, which is extra bind-
ing energy of even-even nuclei relative to that of odd-massvhere B(Z,N) is the negative binding energy of a system.
nuclei. However, the odd-even mass differences. for evensince B(Z,N+1)~B(Z,N)+A+\ based on standard BCS
evenN=Z nuclei are larger than those of the ne|ghbor|ngtheory with pairing gap\ leads toAf’)(Z,N)xA, the indi-

even-everN=Z+2 nuclei, and it reflects the gain in pairing torA® is often int ted f th irical
due to strongemn correlations[2]. It has recently been catora,” IS often interpreted as a measure of Ine empirica
jpairing gap. However, it is well known that values of

shown[3,4] that the three-point odd-even mass difference fo 3
an odd-mass nucleus with neutron excess is an excelleft, (Z=€evenN) are large for eveN and small for oddN. It
measure ofpp and nn pairing correlations in neighboring was discusse3] thatAff’)(Z:even N=odd is an excellent
even-even nucleus, although it is still controverg@l This  measure off=1 pairing correlations, and the differences of
conclusion suggests that the andnn pairing correlations in - A® at adjacent even- and oddnuclei reflect the mean-field
N=Z even-even nuclei also can be estimated from the oddcontributions. From a view point of the semiempirical mass
even mass difference of neighboring odd-mass nuclei withormula, the above indicator is well known to be affected by
N=Z+1. On the other hand, then pairing can be estimated he symmetry energy term in the liquid-drop model. In the
from the double difference of binding energ{@}. When we 4 cr65copic-microscopic shell model, however, the curva-
assume isospin symmetry M~Z nuclei, theT=1 pn pair- .o contribution cancels out the symmetry energy contribu-
ing and like-nucleoripp andnn) pairing are classified in the 1, a5 nointed out by Satultt al. [3]. What does the mag-
sameT:ﬁ pzlac;ntr)wg (r:]orrelatlons, (:]mdI the former correlation nitude of the pairing gap in th.(N:IZ hat does the mag
energy should be the same as the latter one. 3 )
Odd-oddN=Z nuclei are an ideal experimental laboratory gs;l;?(?:;tz:gaﬁ}r)e(i ' aZi;nlg; gggdigl_—r;a:jjgggﬁuij:Og\I/(:;anr:Z-
for the study ofpn pairing correlations. It is well known that odd-odd nuclei. For thél=2 nuclei, the four and five point

the lowestT=0 andT=1 states in odd-odN=Z nuclei are . di be ad db hev include |
almost degenerate and exhibit the inversion of the sign of thidicators cannot be adopted because they include large con-
tributions from mean-field angn correlationg2,5]. Figure 1

energy differencéer-;—Er—o, while all even-everN=Z nu- i 3) . s
clei have theT=0 ground states and tfie=1 excited states SNOWS ex([:s))enmental values af? in odd-mass nuclei, where
with large excitation energies. Several authérs1] already ~ We plotA "(Z,Z+1) for 16<A<60. When there is no data
pointed out that this degeneracy in odd-dddéZ nuclei re-  of Af)(Z,Z+ 1) for 60<A< 110, we adoptAf’) for nearest
flects the delicate balance between the symmetry energy amdiclei with N=Z+1. The expected quenching of neutron
the pairing correlations. Th@=0 and T=1 ground-state pairing at magic(or semimagig particle numberN or Z
binding energies oN=Z nuclei were calculated by using an =14, 28, 40, and 50 is clearly seen in the figure.

algebraic model based on IBM-fL2]. In this paper, we The standard curve 222 is also shown as a guide eye
study theT=0 andT=1 pairing correlations from a phenom- in Fig. 1. We can see that the average pairing gap is smaller
enological point of view, and analyze them in the BCS cal-than the values of the curve A2Y2. The global trend can be
culations within a schematic model that includes1 and fitted by the curve 5.18 3 MeV, as discussed in recent
T=0 pairing interactions. analyseg11,13, whereT=1 pairing gapA1-, obtained from
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A FIG. 2. Thepn pairing gaps estimated from the double differ-

ences of experimental binding energies. The solid circles denote the
FIG. 1. The experimental odd-even mass differenad¥(z T=0pn pairing gap, and the solid triangles the 1 pn pairing gap.
—evenZ+1) (solid diamonds in odd-mass nuclei witiN=Z+1, The odd-even mass differences in odd-mass nucl§|MmE+1 are
and the pairing gapéopen circle$ obtained by the BCS calcula- shown_ _by the open squares. The dashed curve is the half df the
tions. The solid curve is 5.282 and the dashed curve denotes =0 Pairing force strengtk’.
12A_l/2.
isospinT in odd-oddN=Z nuclei. Figure 2 shows the double
some binding energy difference is fitted by the mass depenjifference of binding energies calculated from the experi-
denceA™' different from the standard one A2 The dif-  mental binding energies. The odd-even mass differences for
feﬁnc_iz _betwet?lnfthehtwo curvels _'519#”3 large for light nucleiggy-mass nuclei are also displayed. Then we can see that the
while it is small for heavy nuclei. The average gap was re-, (3),5_ ; T=1 :
cently analyzed14] by Aza+,8A_1/3 which hags tr?egretical Ay (Z—even_z+1) agrees with thed,, (_Z+1’Z+.l)' This
foundation. This analysis also supports the weaker mass gaeans thaﬂ'—_l pn pairing for Oddde(N_Z nUC|ETI.haS the
' ) . L Y%ame correlation energy as the like-nucleonpairing, A,
pendence. We now consider the following pairing Ham|l—:AT:1 when assuming isospin symmetry. Thus
. . - - c ot 0 : ,
tonian to describe th&=1 pairing correlations: thepindicatorAgﬁl gives theT=1 pn pairing gap iNN=Z
_ _ t.o_ 1 t nuclei. TheA™™° can be regarded as tHE=0 pn pairing
H=Ho+Hp= % ¢aCaCa GE,:’ PP & gap as well. Figure 2 with these estimations indicates that the
T=0 pn correlations are superior to tiie=1 pn correlations
wheree, is the single-particle energy ari}. is theJ=0 pair iy the ground states ofd shell nuclei, and the inversion
operator with isospinT=1,T,=«. Implying isospin invari-  occurs in thepf shell nuclei. TheT=0 pn pairing gapAT=°
ance to the above Hamiltonian, the pairing gdgtincludes  cannot be explained by tHE=1 pairing Hamiltoniar(Z).p
the isovectompn interactions. The standard BCS calculations | 5 previous papef2], it has been shown that tHE=0
with the pairing Hamiltonian(2) were performed irsdand  matrix elements of the monopole field,(a,b) are signifi-
fpg shells. We adopted single-particle energies from &any |arger than th@=1 ones, and are very important in
spherlc_a_l Woods-Saxon potential in the BCS Calcmat'qnsdetermining the double differences of binding energies,
The pairing force strengts=24.5/A was chosen so as 10 fit \yherea, b are the single-particle orbitals. We can see that the
the experimental odd-even mass differen(Z=evenZ  matrix elements are quite large for isoscalar components but
+1) in odd-mass nuclei. The BCS results 40 almost  small for isovector components. In the USD interaction, the
agree with the experimental odd-even mass differences, anflonopole matrix elements witi=0 have values around
moreover reproduce the shell effects. The BCS calculations3 MeV and are strongly attractive. If we assume that the
reproduce well the behavior of the observed odd-even masp=0 monopole matrix elements are equal and independent of
difference over a wide range &f=Z nuclei. Thus theT=1  angular momenturd and the single-particle orbital¥,~ is
pairing correlations can be estimated from the odd-evemeduced to thé-independent isoscalan pairing interaction.
mass difference'”(Z=evenZ+1) in odd-mass nuclei. Neglecting T=1 monopole components, let us add the
To describe thepn pairing correlations in odd-odd=Z  J-independenT=0 pn pairing interactionf2,17] to the pair-
nuclei, let us estimate the following double difference ofing Hamiltonian(2):
binding energie$2,15,1§: H = Ho+ Hp + H;:yo

AT (ZN) = [B@ZN)-B@ZN-1)-BZ- 1,N
prl&N) = 2BEN) ( )7 ) =Ho+Hp-KX X A.J;M,Oo(ab)AJM,OO(ab)y (4)
+B(Z-1,N-1)], (3) a=b JM

where B(Z,N)" is the binding energy of lowest state with whereA}M’OO(ab) is the pair operator with spid and isospin
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FIG. 3. The energy difference between fhe0 andT=1 states
in odd-oddN=2Z nuclei. The experimental values of the differences
are denoted by solid diamonds. The open squares present the val
estimated from the experimental odd-even mass differences in Fi
1 and theT=0 pairing force strengttkC. The dashed line i&°
-10.4A715

FIG. 4. The calculated energy differences between the lowest
T=0 andT=1 states in even-eveanpper ploty and odd-oddlower
8ts) N=Z nuclei. The solid diamonds are the same as Fig. 3. The
)jpen circles denote the energy differences obtained by the BCS
calculations. The dashed curve ia(&)/A.

N=Z nuclei with 40<A<74 areT=1 andJ=0 except for

%8Cu. Several authors discussed that this degeneracy is attrib-
= L n uted to the delicate balance between the symmetry energy

Then, _i{/he T._O painng force. strength kg_.2.44'51 and pairing correlations, and that the energy difference be-

-1.67A _3)/A_|s chosen SO as to fit the=0 pn pairing gap tween T=1 and T=0 states is well reproduced b

as seen in Fig. 2. The isovector monopole components 'HET_O:Za(A)/A—ZAT_l using the value~75 for a(A) and

USD are small, except foW(Sy,S12). The deviations o pairing gaphr_,= 12A-Y2. However, if we substitute the

30) 34 i i
from the curvek®/2 for 3% and3/Cl in Fig. 2 would be odd-even mass differenaef)(2=evenz+1) for Ar.y, the

attributed to the large value of isovector component : :
- . energy differencé&-;— E;-o becomes larger than the experi-
VI=Y(s,/5,51). We recently introduced17] monopole cor- gy =1 ~T=0 9 b

. - X mental value. The energy difference can be regarded as a
rections to improve the energy levels $iCa, etc. In this measure of competition between the0 andT=1 pairing
paper, we ignore these correction terms.

. > . correlations as seen from the following identity,
If we assume degenerate single-particle energje<.0, g ¥

T=0. TheT=1 pairing interaction does not contribute to the
double difference of binding energiag °, and A} °~K%/2.

the above Hamiltonian has $& symmetry[18] and the ET=1‘ET=o:2(Ag;0‘A;;1)- (6)
eigenenergy is assigned by the valence nucleon numper - 3
seniority », p=(n-v)/2, and isospirT [2], The relationships\[-~k%/2 andAl~*~A"® offer an alter-

native reIationETzl—ET:OxkO—ZAf1 for the energy differ-

o 1 1,n(n ence except fof’P and3/Cl. If we adopt the parametéd
(Hp, + Hz)sas) = - EGP(ZQ +3-v-p)- Ek o\ 1 =244.51-1.67A"3)/A and the average value of pairing gap
5.18A" 3 for A, we get the dashed curve in Fig. 3, which
+ E(G +KOT(T+1) (5) displays well the trend of the experimental values of energy
2 ' difference Ey-;—E1-o. Adopting the experimental odd-even

mass differences fatsff’) andk’=244.531-1.67 A3 /A, we
where)=%, is the degeneracy of shell orbits. Note that thepbtain the energy differendg;-, - Et—o denoted by the open
above equation includes the so-called symmetry energy tergquares. These values nicely reproduce the experimental val-
with coefficienta(A)/A=(G+k%/2. The parameter§ and  ues except fof°P and®Cl as shown in Fig. 3. The disagree-
k® used above give just the empirical symmetry energy forments in3%P and3‘Cl are attributed to the large deviations of
mula a(A)=134.41-1.5A"3) determined by Duflo and T=0 pairing gap from the curvk®/2 due to the neglect of
Zuker[13]. the shell effects in Fig. 2.

We next consider energy difference between the lowest Moreover, we calculated thE=0 andT=1 energy differ-
T=0 andT=1 states in odd-oddN=Z nuclei. Odd-oddN ences for odd-oddN=Z nuclei with A=78, although there
=Z nuclei with A<40 have the ground states with  are no experimental data of the energy difference. The cal-
=0,J>0 except for**Cl, while the ground states of odd-odd culation predicts that®Nb has possibly the ground state with
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T=0, while the other odd-oddN=Z nuclei have theT=1 In conclusion, we investigated thie=0 andT=1 pairing
ground state. We call this isospin inversion hereafter. It iscorrelations inN=Z nuclei. TheT=1 pairing correlations in
well known that a similar isospin inversion occurs®$€u. N=Z nuclei are extracted from the odd-even mass differ-
The isospin inversion is due to characteristic situation, wherences of the neighboring odd-mass nuclei, which can be fit-
the Fermi energy lies between large spin and small spin ofted by the curve 5.18 3. The pn pairing correlations are
bits with large energy gap, i.e.f4, and 2, for *Cu, and  estimated from the double difference of binding energies.
1ge/2 and Py, for #Nb. In these cases, the=1 pairing gap  The T=1 pn pairing gap is the same as the pairing gap.
is quite small as seen in Fig. 1, and energy differencerhe indicatorA! - presents the magnitude &0 pn pairing
becomes large from the simple relatider-;~Er-0~k”  correlations. The energy differences between Ted and
-2A¥(z=evenz+1). T=1 states are well described by tfie1 andT=0 pairing
Figure 4 shows the calculated energy differenégs; model. In odd-oddN=Z nuclei, theT=1 pairing correlations
—Er=o in odd-odd and even-eveN=Z nuclei. The energy compete with theT=0 pairing correlations, and the degen-
differences in the BCS approximations are calculated byeracy of theT=0 andT=1 states occurs. The empirical val-
2a(A)/A+Agcs for even-evenN=Z nuclei and by k° ues and BCS results reproduced the energy difference. In
—2Agcsfor odd-oddN=Z nuclei wherea(A) is the empirical ~ particular, our results predict that odd-odé=Z nucleus
symmetry energy coefficient anflzcs is the BCS pairing  8Nb has theT=0 ground state or th&=0 andT=1 states
gap. The BCS calculations well reproduce the experimentaire almost degenerate. The odd-even mass differences for
values of energy differences, except for odd-dtelZ nuclei  even-everN=Z nuclei are extremely larger than those of the
with A<40. The BCS calculations show that thie0 and  neighboring even-eveN # Z nuclei. It would be affected by
T=1 states irf°Nb are almost degenerate, while the groundstrongpn correlations. Further studies in this direction are in

states of adjacent odd-oddi=Z nuclei have isospim=1. progress.
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