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Isospin inversion, n-p interactions, and quartet structures in N=2Z nuclei
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The differences between the excitation energies of isobaric analog states deduced from experimental data
have been studiedi) Isospin inversion is indicated for several nuclei wiNl=Z=odd up toA=98 based on
experimental information including the systematics of the above energy differences. It is shown that the related
approximate equality of the symmetry and pairing energies also extends to this mass region. A recently
reported theoretical description of this behavior seems to involve a complex interplay between isoscalar and
isovector pairing(ii) An expression combining three of these excitation energy differences for nuclei with
N=~Z displays residuals up to 8 MeV in the lightest nuclei only when nuclei WithZ = odd are included.

These residuals appear to be related to a combination of isoscalar and is@#ecinteractions. However,

other theoretical interpretations have also been repofiiedA ratio of excitation energy differences has been
introduced. It provides a signature for shell-model or quartet structures in nucleiNath. Shell-model
behavior dominates over the entire range of nuclei except for a region frptekell with A~70 to 90 where
quartet structure is observed. This result is in agreement with the reported theoretical prediction of a coexist-
ence ofT=0 andT=1 nucleon pairs.
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[. INTRODUCTION The emphasis in the present work is on the nuclei With
~Z.
Recent theoretical publication4é—7] are concerned with Experimental energy differencest, t(A) are directly

N~Z nuclei. Here, neutrons and protons occupy identicabvailable from the literaturg22]. A much more comprehen-
shell-model orbits. Questions d@f=1 andT=0 pair inter- sive set can be obtained globally from the lightest to the
actions, i.e., isovectoand isoscalar pairing, play an impor- heaviest nuclei from Coulomb-energy-corrected experimen-
tant role. Isospin inversion in odd-odd=Z nuclei, as dis- tal masse$23] of neighboring isobars and the equations
cussed earlii8—11], may be relevant. Pair interactions may

also influence the presence™f 0 n-p structuregdeuteron- A1 17 (A)=M(AT,+1)—M(AT)+A Ec(Z,A)
like) and/or quartet structuresvfparticle-like in N=2Z nu-
clei. These and other questions have been addressed in the —Mp+My  for T,=0, @

above and other theoretical papers. A mostly phenomeno- o
logical approach to these questions has been taken recently A1, ;+(A)=M(A,T,—1)—M(A,T,)—AEc(Z,A)
[10,11]. Extensive experimental work has also concentrated

in recent years otN=Z nuclei by using radioactive nuclear +My=My  for T,<O0. @)

beams[12—-21]. Nuclei up to 1°%Sn have now been investi- . o
gated. These energies are essentially independent of neutron excess

It is the purpose of the present work to again disad\ss and therefore independent ©f, thez component of isospin
=Z nuclei from a phenomenological point of view primarily T- The two-parameter Eq8.98 in Ref. [9] was used for
with the use of energy relations. Questions of isospin inverAEc(Z,A) with Z=Z+0.5. The quoted overall uncertainties
sion as well as signatures for-p interactions and quartet are ~84 keV but are increased by a factor ©f3 for light
structures will be addressed. nuclei. The simplest case df;, +(A) and characteristics of
sums and ratios of such energies together with the related
implications for nuclear structure properties will be dis-

Il. PROCEDURES :
cussed in the Secs. lll, IV, and V.
The experimental basis for this investigation is repre-
sented by the differences in the excitation energigs+(A) Il 1ISOSPIN INVERSION

between isobaric analog states with isospinsaandT in the
same nucleus. These states are ground states or states analogrigure 1 displays the energies,; (A) obtained in the
to ground states in neighboring isobars. A global study ofpresent work for self-conjugaf€,=0 nuclei as function of
these energy differences has been undertaken over the entie Negative energies indicate isospin inversion between the
range of atomic nuclei. Results will be reported elsewhereenergetically lowesT=0 andT=1 states. As noted earlier
[8-11] (see also Refs[24,25), the energy differences
A; o(A) display strong oscillations as function Afwith high
*Email address: janecke@umich.edu values forA=4n and low values foA=4n+2. This is due
"Deceased. to the fact that symmetry energy contributions and pairing
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. Independently, energy differencds o(A) have also been
20 Experimental 3 deduced using Eq1) and the 1995 mass tabulati¢@3].
Xperimenta They are included in Fig. 1 as solidnd dashedlines. Isos-

104 3 pin inversion is indicated only for a few select valuesfof
= Similarly, given the fact that the energiés, (A) can be
2 ) expressed as sums and differences of symmetry and pairing
= 101 3 energies, isospin inversion is subject to the simple condition
‘qé a(A,0)/P(A,0)—A<0 [8] which yields essentially the same

201 Caloulated (d . 3 values. It is concluded that nuclei with= 70, 94, and 98
are additional candidates for isospin inversion.

)
)
-30 (f)
)

e | The quantity a(A,T) in the above inequality is the
(g) ——~———= symmetry-energy  coefficient in the equatiorEgyy,
40 =[a(A,T)/A]T(T+1), andP(A,T) is the pairing energy.
0 20 40 60 80 100 Using a similar inequality, isospin inversion betwe€r 1
Mass Number A and T=2 states may also occur for 188 <124, but this

FIG. 1. Experimenta[22] (filled circles and estimatedfilled predlctlc_)n_ has not been verified yet. .
squares; see texeénergy differenced ; (A) for the even-even and Predictions forA; (A) were also obtained based on sev-

odd-odd self-conjugate nuclei. Solid lines are deduced from theral mass equat'°¢§7—3_3- The results f_or the hegwe_r odd-
1995 mass tabulatidi23] (which includes estimated masses; dotted ©dd self-conjugate nuclei with=62 are included in Fig. 1.
lines). Also shown are calculated values #9562 (A=4n+2 only  Significant isospin inversion is predicted for most mass
and offset by multiples of 5 MeMextracted from the following €quations. Only procedur@) suggests more limited inver-
mass equationga) Ref.[27], (b) Ref.[28], (c) Ref.[29], (d) Ref.  Sion in agreement with the above results.
[30], (e) Ref.[31], (f) Ref.[32], (g) Ref.[33]. Several considerations have shown that the approximate
equality inN=2Z nuclei between the symmetry energg-
energies add or subtrag8,9]. In the context of the shell flecting onT=0 n—p pairing in identical orbits subject to
model, symmetry energies account fb=0 n-p pairing in  the Pauli exclusion principJeand the pairing energieflect-
identical orbits subject to the Pauli exclusion principle, whileing onT=1N— N pairing in identical orbitspersists up to at
pairing energies account far=1N—N pairing in identical leastA=100. Only recently{7] has an attempt been made,
orbits. apparently for the first time, in an extended mean-field model
Beginning atA~26 the odd-odd self-conjugate nuclei to explain small values fol; ((A) for nuclei with N=Z
with A=4n+2 display almost perfect cancellation of the =odd by invoking both isovectoand isoscalar pairing.
symmetry and pairing energy contributions resulting in smallHere, a complex interplay is observed between quasi-particle
positive or negative values for the energiegy(A). Isospin  excitations relevant for th& =0 states and isorotations rel-
inversion for theN=Z= odd nucleus*Cl has been known evant for theT=1 states. The calculations were carried out
experimentally for many years. Inversion for heavier odd-up to A=74 and seem to suggest a slow inversion of the sign
odd self-conjugate nuclei up ®=>54 was predicte@i@] and  of A; (A) beginning in thef,, shell nearA=50 reflecting
observed. The nucleu$®Cu does not display inversion upon the different mass dependence of the symmetry energy
and/or superallowe@ decay. Instead, the excited =1  and theT=0 pairing correlations. Further experimental and
state undergoes @ transition to the IT=1 ground state. theoretical work seems desirable.
For heavier nuclei only*’Ga,%¢As, and“Rb appear to have
been identified 12,14,13 as nuclei with isospin inversion. IV. NEUTRON-PROTON INTERACTIONS
The respective energies are included in Fig. 1. , , o
The reasons for the approximate equality of symmetry It @ppears that certain mass relations may provide infor-
and pairing energies are not entirely clear and seeminglg‘at'on about the Character_lstlcsrn}fp interactions including
complex[7]. It is not known whether the approximate equal- | =0 n—p or deuteronlike structures. The transverse
ity persists into the region of heavier nuclei or whether anGarvey-Kelson mass relatidi34—36 represents the differ-
imbalance will results in increased isospin inversion. ence of effective neutron-proton interactiohg, between
Contrary to5&Ni, superallowed3 decays have now been nelghbormg_ |sc_)barEB]. It is valid within uncertainties for all
observed in all ten heavier odd-odd self-conjugate nuclei upasis nuclei withA andT,=0 except forA=4n+2 andT,
to A=98[19]. Therefore, the 0T=1 states in these nuclei =0 )
must be either the ground states, hence isospin inversion, or The transverse Garvey-Kelson mass relation can be sepa-
lie at most~ 100 keV above the energetically lowest T rated into nuclear and Coulomb contributiof®,9]. The
=0 states. These, however, are not necessarily the grourf@'mer becomes
states because of competition wih=0 high-spin states _ Ay _
[26]. The unknown experimental energiés ((A) for A Arsar(A) = Arigprrd A—1) AT+3/2'T+1/2(A+1)~(()é)
>62 were therefore conservatively estimated as 0.0
+1.0 MeV and included in Fig. 1. It follows from these Figure 2 displays the residuals from this equation Tor
results that the approximate equality of symmetry and pair=0 andA=4n, where they are distributed about zero, and
ing energies extends up to at ledst 100. for A=4n+2, where they are clearly different from zero.
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However, forT,=0 nuclei withA=4n+2 there is indeed
an imbalance due to the fact that the interaction is stron-
L ger between particles in the same level than it is when the
particles are in different levels. While this fact has been
[ pointed out earlief35], the possible connection with=0
n-p interactions, which is currently of great interest, has not
been established then. It follows from Fig. 3 that the two
contributions in the nucleusN(+1,7Z), presumably an ap-
proximately equal combination af-p interactions withT
=1 andT=0, are not cancelled by the single contribution in
the nucleus Il,Z) which must be ar=0 n-p interaction.
The symbolically shown residuad-p interaction in Fig. 3
therefore seems to represent approximately edual and
——— . — T=0 contributions. The decrease in the magnitude of the
0 20 40 60 effect with increasingh would be due to reduced-p overlap
Mass Number A n heavier nuclei.

FIG. 2. Residuals =A, (A)—Agp A A—1) —Agpd A+1) In another sir_nple shell-mod_el approach one m_ay_apply
as function ofA for nuclei withA=4n ahdA=4n+2, reépectively. COUp“ng.to.a Sm.gle shell. USIr.'g the loweSt'S.emomy shell
Data are shown as filled circldgxperimental and open circles model with isospir{35,37 therg_ IS an energy dlff_e-rence_be-
[deduced from experimental masses and (. tween the two odd-odd nuclei in the mass relation. This en-

ergy difference results from a difference in pairing energies

Unbound nuclei make the residuals less reliablefer 6, 8,  [the quantity«—X\ in Eq. (16) of Ref.[37]]. These two terms
and 10. The residuals féx=4n+2 increase with increasing éPresent the centroid energies of the degenerate sets of
mass numbers oA=6 to 60 from about-8 MeV to zero. ~ States of senioritw =2 with J=even (#0) andJ=odd,
Since Coulomb energies cancel, the above residuals from tH&SPectively. Additional corrections come fdr=odd from
nuclear contributions are almost indistinguishable from thoséhe difference of ground state minus centroid energies. The
of the transverse Garvey-Kelson mass relation provided thZgontributions which are not cancelled are therefore from the
in the case of isospin inversion =0 nuclei the energies Nnuclei (N,Z) and N+2.2-2).
of the excitedT=0 states are used. It must be pointed out, though, that the two approaches

As shown schematically in Fig. 3, the transverse Garveydiscussed above seem to be incompatible with each other
Kelson mass relation can be represented using simple fouRecause the effect is due to different combinations of nuclei.
fold degenerate Hartree-Fock or Nilsson-like single particle”n improved theoretical description of the observed residu-
levels[9,33,39 which are occupied by at most two protons als is therefore desirable. It is furthermore not quite clear
and two neutrons in the lowest energy states. All singleNow the effect is related to the so-called “Wigner energy.”
particle energies and contributions from interacting nucleorf-€rtain mass equations, such as equations based on liquid-
pairs in the same and different orbits essentially cancel adrop-type theorie38] or mean field theories, do not contain

Residual r (MeV)

shown forT,=0 reference nuclei witth=4n. the experimentally observed linear dependence on isdkpin
in the symmetry energy, a term which is crucial to describe
T=0 A=4n nuclear masses fdi~Z. A phenomenological Wigner en-
e o e o ergy has therefore been introducg®B]. This term has its
+ eo — 0806 + 8060 — —800 + 866 — — 60 theoretical origin in the Wigner supermultiplet thedg9].
0050 850 6600 6600 600 600 This theory generates two relevant terfsee, e.g., Eq.
(8.130 in Ref.[9]], namely, a term linear in isospihin the
~ z—fzo expression for the symmetry energy proportional TteT

+4), but also a term which applies only k= Z=o0dd nu-
clei. Both of these terms combined represent the Wigner en-

T=0, A=4n+2 ergy [see Eq.(2) in Ref. [40]]. However, only the second
— — — e — — term can be related to the residuals observed in the present
t—o0— e+ 90 ——e0+—o6 ——e0 work since a linear dependence on isospin satisfies the
TEOG 800 8800 860 eecc e Garvey-Kelson relation. It should be noted that shell-model
—— — theories[41,42 also contain a linear dependence on isospin
z(@ - g—(% - Qz - %0 in the symmetry-energy term(T+1).
FIG. 3. Schematic representation with fourfold degenerate V. QUARTET STRUCTURES

Hartree-Fock or Nilsson-like single-particle levels of the residuals

of the transverse Garvey-Kelson mass relation. The reference nuclej YWhereas shell-model behavior dominates most light nu-
for the two cases ald=Z=even and odd, respectively. Filled and Clei, recent theoretical work[4] suggests quartet or
open circles describe protons and neutrons, respectively. Lines come-particle-like structures in heavied=Z nuclei in the re-
necting protons and neutrons represesg interactions. gion of thefp shell with A=76—96. Here, coexistence of
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TABLE I. Averaged ratioR of energy differenced, +(A) for
357 . . nuclei nearN=Z as indicators for the dependence of symmetry
T(T+1) o * energy on isospitisee text and Fig.)4
o 30 7 . . .o o
= . o A range Shell region R2
E 25 T(+4) . O
° 8—-12 p shell 2.93-0.35
20 8T4 20—36 ds shell 3.09:0.19
44—54 f4,2 shell 3.08:0.14
Mass Number A 80—88 partialfp shell 2.45-0.08

FIG. 4. RatioR of energy differenced 1 +(A) (see text dis- 8R=3.00 for shell structurel (T+ 1); R=2.40 for quartet structure
played as function ofA. Open circles indicate data points which T(T+4).

include estimated mass values. The horizontal lines represent th

shell-model and quartet-model predictions, respectively. Average&fesqribed ear”eﬂ.’43’44]' Here, qompatibility with the. super-
values are given in Table I. multiplet model is reported which is open to question.

However, the compatibility observed in the present work
with quartet structures for nuclei with~Z in the upperfp
T=0 andT=1 pairs is predicted. The experimental data can\fvri'teh" rlgcg]net ;ﬁgg)rrgi:ezoptrg dsi)c(:)ti:)s r{;‘] "(‘degglgg ?g&%ﬁ?em
be tested with regard to this prediction by estabhshmgHere, based on isospin generated BCS and Hartree-Fock-

whether the curvature of the mass surface mé&iZ as de- liub i ist betwdenl and T
termined by the symmetry energy follows a dependence Oﬁogo lubov equations, a coexistence betweenL an
=0 Cooper pairs is indicated.

isospin T given by T(T+1), expected in shell-model ap-
proacheg 41,47, or by T(T+4), expected in the Wigner
supermultiplet formalisni39], suggesting quartet structures.

Ratios of energies\;, 1(A) provide information about
the quantityx in Egy=[a(A,T)/A]T(T+x). A ratio which
permits the determination of this quantity is

VI. CONCLUSIONS

Primary and secondary experimental data have been used
to study energy differenceS+ +(A) between isobaric ana-
log states. A brief account of this work has been given earlier

AxdA) [45] - .
m An examination of the energy differences, (A) be-

L av tween the energetically lowe3t=1 andT=0 states inT,
with =0 nuclei combined with available experimental informa-

tion on superallowed3 decays suggests the approximate
equality of the symmetry and the pairing energies up to at
leastA=100. Isospin inversion in some nuclei with=2
(4) = odd up toA=98 is likely, and several candidates for isos-
pin inversion are given. A recent seemingly first attempt to
This ratio is independent of pairing ener§yA,T) and be- explain these characteristics using an extended mean-field
comesR=(4+2x)/(1+x). The method is very sensitive to model[7] shows that a complex interplay between isovector
determine the value af and hence shell-model or quartet- and isoscalar pairing excitations has to be invoked.
structure behavior in nuclei witN~Z. The study of an expression combining three energy dif-

Figure 4 displays this rati® as function of mass number ferencesA+ 1(A) based on the transverse Garvey-Kelson
A up to A=96. The calculations for the heavier nuclei in- mass relation shows systematic residuals when odd-odd self-
clude estimated mass valugZ3]. Only nuclei within major  conjugate nuclei are included. An interpretation of this effect
shells are included which explains the gapsatl6, 40, and based on a model using fourfold degenerate Hartree-Fock or
58. As expected, the data show some scattering for the lightNilsson-like single-particle levels suggests about equal con-
est nuclei where nuclear structure effects are more prokibutions of bothT=1 andT=0 n-p interactions. However,
nounced. For nuclei up t&=60 the ratioR is compatible a shell-model approach using the seniority scheme with isos-
with the shell-model predictions. Surprisingly, the raR  pin suggests a connection with the energies of pairs coupled
decreases in the region from~70 to 90 and approaches to seniorityv=2 in the odd-odd members in the relation.
near A=84 the values expected for quartet structures. Th&hese two approaches seem to be incompatible. An im-
averaged ratios given in Table | show these characteristicgroved theoretical understanding of the observed effect re-
even more clearly. lated to odd-odd self-conjugate nuclei including the connec-

The results shown in Fig. 4 permit a comparison betweenion with the Wigner energy is desirable.
experiment and theory. The observed compatibility with the The investigation of certain ratios of energy differences
shell model in the light nuclei appears to contradict resultsA+, (A) provides information about the dependence on

R(A)=

1
(ApdA))a=7[A1dA=2)+ 201 A + A1 (A+2)].
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