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Proton-neutron pairing in the deformed BCS approach
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We examine isovector and isoscalar proton-neutron-pairing correlations for the ground state of even-even Ge
isotopes with mass numbé=64-76 within the deformed BCS approach. FéxZ $5Ge the BCS solution
with only T=0 proton-neutron pairs is found. For other nuclear systéh1sZ) a coexistence of=0 andT
=1 pairs in the BCS wave function is observed. The problem of fixing of strengths of isoscalar and isovector
pairing interactions is addressed. The dependence of number of like and unlike pairs in the BCS ground state
on the difference between number of neutrons and protons is discussed. We found that for nu®leinwith
bigger thanZ the effect of proton-neutron pairing is small but not negligible.
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[. INTRODUCTION by taking into account the deformation degrees of freedom.
The main point is to use the advantage of the formalism

Thg proton-neut_rompn) pairing correlations remain to be constructed by Chen and Goswalft], which is flexible
a subject of great interest as it is expected that they play an

important role in nuclear structure and decay for proton-ric enpugh to account for bOth th-.le andT=0 pairing corre-
nuclei with N=Z. In these nuclei proton and neutrons oc- ations between nucleons in time-reversed orbitals, in order

cupy identical orbitals and have maximal spatial overlap.to study the interplay and competition of isovector and iso-

New experimental facilities involving radioactive nuoclear SC@lar pairing. For this purpose a schematic nuclear Hamil-
beams offer opportunities to study=Z nuclei up to'%sn  fonian with separatedp, nn, andpn (T=1 andT=0) pairing
[1,2]. There is still much to be learned about systems out ofnteractions is written. We focus our attention also on the
the region of stability. New information could be helpful in Problem whether thepn-pairing correlations are restricted
understanding various phases of stellar evolution includingnly to the vicinity of theN=Z line for medium heavy nuclei.
nucleosynthesis and the abundance of elements. Decay propuestions related to the fixing of pairing strength parameters
erties and nuclear structure are closely related. The influencgill be discussed.

of the pn pairing on the position and stability of the proton

drip line due to the additiongin-pairing binding energy are

becoming an important issue in nuclear structi8&]. The Il. THEORY

recent progress in sensitivity achieved with the lasgey

detector arrays allows one to study the consequences of the e ground state of even-even nuclei is determined by the

pnpﬁlir correlations ;‘or- the Lotational spectial. hal deformed pairing Hamiltonian, which includes monopole
The prrpair correlations have been a major challenge tO(K:O) proton, neutron, and proton-neutron pairing interac-
the nuclear structure models for a long tiiffier a review of tions:

the early work orpn-pairing problem see Ref6]). In con-
trast to the proton-protofpp) and the neutron-neutrofmn)
pairing, the proton-neutron pairing may exist in two different

- 0 T 0 T
varieties, namely isoscaldT=0) and isovector(T=1) pair- H =2 (€05~ Np) X CparCosr + 2 (€5~ M) 2 CrosCnss
ing. A generalized pairing formalism, which includés0 s 7 s 7
andT=1 pn correlations, was derived by Chen and Goswami -Gy glEltgr=l _ GIEIy gl=ligr=1
[7]. The interplay of isovector and isoscalar pairing has been PP s PP TEpR - n s Sson Sermn

studied in various contexts especially fod=Z nuclei

[8,7,9-16. In recent publications phenomena such as pos- BECI IR Ui U el Y Ui (1)

sible phase transition between different pairing modes, com- s’ ss'

petition of isoscalar and isovectpn pairing, and the ground

state properties of both even-even and odd-Nd& nuclei 0 0 .

were studied mostly within schematic modgl§—27. Itwas ~ Where e,s and €, are the unrenormalized proton and neu-

also shown that both single- and doullelecay transitions tron single-particle energies, respectively, (\,) is the

are affected by the proton-neutron pairif$,29. proton (neutron Fermi energy and._," creates isovector
The aim of this paper is to study th@npairing effect (T=1) or isoscalar(T=0) pairs in time-reversed orbits

within the generalized BCS approach with schematic force§27]:

0556-2813/2003/68)/0543198)/$20.00 68 054319-1 ©2003 The American Physical Society



SIMKOVIC, MOUSTAKIDIS, PACEARESCU, AND FAESSLER PHYSICAL REVIEW @8, 054319(2003

T—lT_E o o 17_ E ol of The diagonalization of Hamiltonial) is equivalent to
psopsa ~ nSrnsg? the matrix diagonalizatiof10]
1 €s™Np 0 App Apn Uspp
SUSEDY _E o Cr + ChesChgs) 0  es— A, A, Apn Uspn
7 1 App Apn  —(€ps=Ap) 0 Uspp
T_OT = E TE CJr pr) . (2) Apn Ann 0 —(€ns=N\p) Uspn
7 Usop
Here,c!, and Crpsr Stand for the creation and annihilation u
. spn
operators of a particlér=p and 7=n denote proton and =k, (5)
neutron, respective)yin the axially symmetric harmonic Uspp
oscillator potential. These states are completely deter- Uspn

mined by a principal set of quantum numbers
=(N,n, A, Q). o is the sign of the angular momentum
projectionQ(o=+1). We note that the intrinsic states are
twofold degenerate. The states with and ) have the
same energy as a consequence of the time-reversal invaj
ance.~ indicates time-reversed states.

The Hamiltonian in Eq(1) is invariant under Hermitian
and time-reversal operations. The four coupling strength
Gioh Gonh Ghol and G° are real and characterize the as- A= GT‘lz Depolleyr = GT_:LE 0o ey (7= P, 1),
somated |sovecto(rpp, nn, andpn) and isoscalafpn) mono-
pole (K=0) pairing interactions. The isospin symmetry of the

that yields the quasiparticle energigg, and the occupa-
tion amplitudes. Heree,s (7=p,n) are the renormalized
single-particle energies which include terms describing
the coupling of the nuclear average field with the charac-
Eristics of the pairing interactiorf81]. The proton(App)
neutron(A,,), and proton-neutrod,,) pairing gaps are
glven as

Hamiltonian in Eq.(1) is restored fore =€ and G .t Apn=AT-L+iAT=0 (6)
=G;,'=G},'=G.°. In the particular case Whel@T l—GT 0 with
we get
AT::L = GT=1R * ,
H= E (ETS A )C rs0Crsa ~ 2 GTT E C CT/SO' 7s'5'Crs/ o’ - pn en ?p USppuspn
TT S(TS 0'

(3 Al= Ggﬁolm{z Us,JpU;pn} : (7

It is assumed tha®,,, =G, ,. In this limit one cannot dis- P

tinguish betweenT=0 and T=1 pairing. We note that a The real and imaginary parts of the proton-neutron pairing
similar Hamilton was discussed in Ref23], where the gapA,, are associated witfi=1 andT=0 pairing modes,
representation of the single-particle states with good anrespectively. This phenomenon was first pointed out by
gular momentum quantum number was considered. Goswami[7,10], which made possible almost all subse-
If the proton-proton, neutron-neutron, and proton-neutrorquent treatments gén pairing. We note that foGT‘ equal
pairing correlations are considered for axially symmetric nuto zero the occupation amplitudes of the |sosp|n generallzed
clei, the partlcle(c andc,, 7=p,n) and the quasiparticle BCS transformations are real. The Langrange multipligrs
(a; anda,g,, p=1, 2)creat|on and annihilation operators for and \, entering Eq.(5) are adjusted so that the number-
the deformed shell model states are related each to other tmpnservatmn relations
the generalized BCS transformatigtO]:

: ) Z=22 vebep  N=22 vgntgm (8)
Cosr Usip Uszp ~Usip ~Usp Qs Sp sp
t T o
Chr | [ Ustn Usen —Vsin ~ven || @2sr are satisfied. .
e |7 ae | (4) The ground state energy can be written as
psHr Usip Uszp  Usip  Usp 155
Chss Usin Uson Usin  Usn Qs Hg.s.: Ho+ Hpair- 9

where the occupation amplitudeg,,, vep, Usn, vson are where H, is the BCS expectation value of the single-
real andug, vsin, Usp, Uspp are complex6]. In the case particle Hamiltonian
where only theT=1 proton-neutron pairing is considered, Hy=23 €S *
all amplitudes are redb,28]. In the limit in which there is 07 €rsu UsprlUspr
no proton-neutron pairingusxp=vep=Usin=vs1n=0. Then g
the isospin generalized BCS transformation in Ef.re-  andH,, represents the pairing energy,
duces to two conventional BCS two-dimensional transfor- B 5 T=1y2 T=0\2
mations, first for protongug,=u = d d A A _ (Bpn )" (Apy

, s1p=Usp Us1p=Usp) @and secon Hogy = — —22 — - _ pn (11)
for neutrons(Ugpn=Usy, Vson=vsp)- P Grp' Gan' ngl Gon’

(10)
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We note thatpp, nn, andpn (T=0 andT=1) pairing modes ASMP= - %[M(Z, N+2)-4M(Z, N+ 1)
contribute coherently to the ground stétes) energyH, .

In Ref.[22] it has been suggested that the effect of differ-
ent pairing modes can be quantified by measuring pair num-
bers in the nuclear wave functiq@5]. For this purpose we SmP= L2[M(Z,N+1) +M(Z,N-1) + M(Z- 1,N)
define the operators

+6M(Z,N) - 4M(Z,N-1) + M(Z,N-2)],

+M(Z+1,N)]-4M(Z, N)] - [M(Z+1,N+1)

- T=1tql=1 _ T=1taT=1
Nop= 2 Sipp'Sypp - Non= 2 S Sy +M(Z-1,N+1)+MZ+1,N-1)
ss’ s,s’
+M(Z-1,N-1)]. (15)
Npt=> T;%TS-sr’:pln’ Npl=> ngfszr:pon. (12 The first systematic studies of nuclear masses have shown
s,s' s,s’

that the average pairing gai4 ., 7=p,n) decrease slowly

which are rough measures of the numbpps nn, pn, (T With A2 (traditional modej [32]. Vogel et al. found evi-

=1), andpn (T=0) pairs, respectively. The BCS ground state dence for the dependence of the average pairing gaps on the
expectation values of these operators are related with thi€lative neutron excesdN-Z)/A [33]. The parametrizations
corresponding pairing gaps. After subtracting the mean fiel®f the average pairing gaps and the average proton-neutron

values we find residual interaction within these two models are as follows:

A2 A2 A.=12 MeVIAY2 5 =20 MeV/A (traditional model

<N z—r’:)p , <Nn>z—2n , T ] pn—
pp> (G'rl;pl)z n (G;l;nl)2
AT=L2 AT=0)2 5= (72- 28N 27 veviars
Wity = o) o Ben ) g A A '
pn (G:)—;l 2 pn (G-;I)—HO)Z

We note that the number of these pairs cannot be observed :;pn: 31 MeV/A (Vogeletal). (16)

directly.
We note that recently Madland and Nj84] presented a
. EMPIRICAL PAIRING GAPS model for calculation of these average quantities by fixing
. a larger set of parameters.

_T_he magnitude of proton, neutron, a_lnd proton-neutron” ., rapie | e present the calculated experimental pairing
pairing gaps can be determined only indirectly from the ex: aps and proton-neutron excitation energies for Ge isotopes
perimental datg. Usually they are deduped from systemati ith A=64—76 and compare them with the averaged ones.
study of experimental odd-even mass differences: We see that a better agreement between empirical and aver-

M(Z, N)gggoqq= M (Z, N) age values is _achieved for the model _d_eveloped by Vegel
al. [33]. The differences between empirical and average val-
ues are small especially for isotopes close to the valleg of
stability. It is worthwhile to note that the values of proton-
neutron interaction energies are not negligible in comparison
M(Z, N)oggneutron= M (Z, N) + AF™ with the values of pairing gaps even for isotopes with large
neutron excess. This fact is clearly illustrated in Fig. 1. Thus
M(Z, N)odgoda= M (Z,N) + Agmu AP (52?:9_ (14) the proton-neutron pairing_interaction is gxpe_cting to plqy a
significant role in construction of the quasiparticle mean field
Here, M(Z,N) are the experimental nuclear masses ancven for these nuclei. It is supposed that the origin of this
M(Z,N) denotes a smooth mass surface formed by a sgfhenomenon is associated with the effect of nuclear defor
of even-even nuclei, i.e., for these nuclei the measureéation, which is changing the distribution of proton and neu-
mass is identical to the smooth mass. The mass of oddrgn single-particle levels inside the nucleus.
proton (odd-neutron nucleus is given by addition of the  For performing a realistic calculation within the deformed
proton pairing gapA;™ (neutron pairing gapAf™ to  BCS approach it is necessary to fix the parameters of the
M(Z,N). The mass of an odd-odd nucleus is the sum ofyclear Hamiltonian in Eq(l). Following the procedure of
the smooth masg(Z, N) and the sum of the proton and Ref.[28] it is done in the following two steps.
neutron pairing gaps minus the attractive residual proton- The proton (neutron pairing interaction strength
neutron interaction energgii Gpp (G is adjusted by requiring that the lowest proton

Using the Taylor series expansion of thel(Z,N), the  (neutron quasiparticle energy be equal to the empirical pro-
quantitiesAg™, AF™, and &5 for even mass nuclei can be ton (neutron) pairing gapASTRAE™).
expressed as With G.* and G;* already fixed we adjust the proton-

A=~ 1[M(Z+ 2,N) - 4M(Z+ 1,N) + 6M(Z, N) neutron pairing interaction strengti@;* and G;.° to the
empirical proton-neutron interaction energ§” using the
-4M(Z-1,N)+M(Z-2,N)], formula

M(Z, N)oddrproton: M(Z,N) + Agmp
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TABLE I. The empirical[see EQq.(15)] and averagdsee Eq.(16)] pairing gaps and proton-neutron
residual energy for Ge isotopes wittr64—-76.

Empirical values Average values
Traditional model Vogekt al.
Nucleus AZ™P AFMP &n? van Epn prn _6pn
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
64Ge 1.807 2.141 1.498 1.500 0.313 1.800 0.484
66Ge 1.586 1.859 0.816 1.477 0.303 1.770 0.470
68Ge 1.609 1.882 0.630 1.455 0.294 1.727 0.455
“Ge 1.551 1.866 0.594 1.434 0.285 1.668 0.443
2Ge 1.614 1.836 0.583 1.414 0.278 1.600 0.430
“Ge 1.621 1.715 0.424 1.350 0.270 1.523 0.419
Ge 1.561 1.535 0.388 1.376 0.263 1.441 0.408

sheor= — [(H12 + E; + E,) — (HPY + E,+E)]. (17 &€ used to determine the strength of pairing matrix elements
. s 9= for microscopic pairing calculations with the macroscopic
Here, H2(H") is the total deformed BCS ground state pairing-gap model that is used to describe average mass dif-
energ']y S With '(i)vithout) proton-neutron pairing ance; ferences. Thus, we shall study the importance of the proton-
+E,(E,+E,) is the sum of the lowest two quasiparticles N€Utron-pairing effect foN>Z nuclei also by assuming a
energies withwithout) proton-neutron pairing gagy,, different scenario, namely, commonly used pairing strengths,

We note that the calculation of ground state energies of ~ ~ _
odd-odd nuclei within macroscopic pairing models is based Gpp =G =16/AMeV,  G.°=20/A MeV, (18)
on the assumption that there are one unpaired proton and
neutron with energies close to the Fermi enerdi&3,37. which decrease with increasing neutron excess.
The resulting expectation value of an attractive short-range
residual interaction between them, which can be approxi-
mated by aé force, is considered to be the origin of the
proton-neutron interaction energy. Unfortunately, this simpli-  The starting point of our calculations is the eigenstates of
fied approach cannot be exploited in microscopic treatmeri deformed axially symmetric Woods-Saxon potential with
of nuclear properties of open shell nuclei, as the constructiothe parametrization of Ref35], i.e., spherical symmetry is
of the many-body wave function is required. broken already from the beginning. For description of the
In our deformed BCS approach the ground state of thgyround states of Ge isotopes we use the values of the quad-
odd-odd nucleus is described as the lowest two quasiparticleipole (3,) and the hexadecapolg,) nuclear deformation
excitation of the even-even nucleus. The considered procgyarameters from Ref36], which are in good agreement with
dure of fixing the pairing strengths has been exploited althe predictions of the macroscopic-microscopic model of
ready in Refs[28,30. However, some questions arise aboutMéller, Nix, Myers, and Swiatecki37]. In the BCS calcula-
the ambiguity of equating the pairing-gap expressions thation the single-particle states are identified with the
asymptotic quantum numbe(Bl, n,, A, Q2). We note that in-

IV. RESULTS AND DISCUSSION

3.0 . trinsic states are twofold degenerate. The states Githnd
i oo RP 1 - have the same energy as a consequence of the time-

2.5 P 4 reversal invariance. A truncated model space wWits5 is
% b 1 considered. As stated in Sec. Il only the coupling of nucleon
S 200 4 states in time-reversed components of the same orbitals are
g 7 1 taken into account.
O 15 E We performed calculations within the generalized BCS
2 f 1 formalism associated with the nuclear Hamiltonian in Eq.
'E; 1.0¢ 3 (1). The solutions obtained can be classified as follows.

] The BCS solution withoupn pairing: In this casé,, and
E A, are real and\p,=0.
1 The BCS solution witiT=1 pn pairing: It corresponds to
‘ ‘ the case the wher&,, A, andA,, are real(AT-°=0), i.e.,
8 10 12 : . pn
all the occupation amplitudes are real.

The BCS solution witiT=0 pn pairing, which is charac-

FIG. 1. The experimental protds™ and neutroA;™) pair-  terized by real,; and An, and purely imaginana,, (Ag:l
ing gaps and proton-neutron interaction ene@fj") for even-even =0). In this case the occupation amplitudes associated with
Ge isotopes wittA=64—76[see Eq(15)]. pN pairing (Usin, vsin: Uspp, @aNdugp) are imaginary.

o
3]

o
=)
A amm

o
N
N
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N
a1
o
w
a1

2.0F - >"0.30 ]
ST ] Q
v [ ) . 2,
= <
) 1.5 - *é, 0.25 n
..
o = oG (fe.q) Tt
2 o 020 T e
:g . 87 “HF &8 anl(f.i.gi.)
[ = F R
g = i eosﬁp_o G- "=16/A MeV ]
O 0.15- 2-5G, " (fe.g) B
. *-% G, -*=20/A MeV
or1lf—rpr———r———————

6
(N-2)

T=1 T=1
FIG. 2. The proton(A,y), neutron(A,y, and proton-neutron FIG. 4. The proton(Gy,;"), neutron(Gy,"), and proton-neutron

T= . .
(Apr) pairing gaps as a function of the ra@,/G,. for the g‘z‘Ge. (Gpno) pairing streng_ths as a functlon_ of the neutron exdﬂsi._
G,. represents the proton and neutron-pairing strenEhs=G =* For the curves f.e.dfitted to the experimental gapthe strength is

TT pp

P _ T= T adjusted to the experimental pairing g(axgmp or AF™) or proton-
=Gp,). Gpn stands for the larger of=0 (Gpno) and T=1(Gp, neutron interaction energ)bf;’r{‘ .

proton-neutron-pairing strength... was taken to be 0.250 MeV.

No coexistence off=0 andT=1 proton-neutron pairing Neutron-pairing modes and that the absolute value opthe
modes were found. There is a very simple competition bePaifing gap Ay, is the same in the case of=1 (Gy,
tween the two kinds ofon pairing. For GJ;*>G/.° and =G,,'>G;,”) and T=0(Gd3n=G$;°>G$;1) pairing solutions.
Gl <GH-0, scenariogii) and(iii) are realized, respectively. In_the case of ¥Ge("%Ge), G,, was assumed to be
In the particular case‘%;l:Gga" both T=0 andT=1 pairing  0-250 MeV(0.229 Me\j. Below some critical value of
modes are indistinguishable as was indicated in Sec. Il. Wgpr/G:- there are only proton and neutron pairing modes. For
note that the absolute values of the occupation amplitudes C€ there is only a narrow region above this critical point in
associated with solutiongi) and (iii) are equal to one an- Which like-particle and proton-neutron pairs coexist. With
other if theT=1 pn-pairing strength used in generating solu- additional increase of the rati@,/G,. the system prefers to
tion (ii) is equal to thér=0 pn-pairing strength considered in form only proton-neutron poalrs. For nuclei with nonzero neu-
the calculation of solutioriii) (proton and neutron pairing {ron excesgN#Z) such asGe there is a different situation.
strengths are the saén the case oN=Z (%‘Ge) for large I Fig. 3 we notice a less sharp phase transition to the
enoughpr-pairing strengthG'= or G'=, a BCS solution Proton-neutron-pairing mode in comparison with that in Fig.

without like-particle pairing modes was observed. 2. In addition, the proton-neutron-pairing mode does exist
In Figs. 2 and 3 we show the BCS gap parameters as gnly in coexistence with the like-particle pairing modes.
function of the ratioG,/G,, for %Ge and’%Ge, respectively. The binding energy gains between a system with no

Gyn stands for the larger of thE=1 (Gyr) and T=0 (G, PCLEe Lo 1 B e energy decreases
proton-neutron-pairing strengths ar@, =G -'=G[*. We p : 9 9y

; T i T=0,1
stress that there is no coexistenceTef0 andT=1 proton- Monotonically with increasings,,™". Although the energy
gain due to pairing correlations is rather modest, it is ex-

25 pected thapn correlations influence many properties of the

' F 1 atomic nuclei. In order to perform corresponding studies the
r E problem of fixing the pairing strength parameters has to be
=20 3 understood.
2 There is very little known about thd=0 and T=1
g LB e B strengths of thepn pairing. The T=0, 3S pairing force is
8 r - expected to be stronger in comparison with1, S pairing
2400 - b forces. A strong evidence of this is that the deuteron and
£ P =4, 1 many other double evelN=Z nuclei prefer this type of cou-
o o5k " A ] pling due to the strong tensor force contribution. This fact
S 18 1 favors solutioriii) in comparison with solutiofii). In Fig. 4
r : 1 the values of pairing strength adjusted to experimental pair-
0'8_8’ T e e e ing gaps and proton-neutron interaction enefgge preced-

G G ing section for detailsare presented. By compari@];* and
GI;l strengths we see that the isospin invariance is signifi-
FIG. 3. The protor(A,), neutron(A,), and proton-neutrofi,,) cantly violated esEeuaIIy for isotopes W|thTI;aOrge neutrqn ex-
pairing gaps as a function of the rai@,/G,., for the ;5Ge. Con- cess(N-2). TheT=0 proton-neutron forcepn_ is larger in
ventions are the same as in Fig. 2 abd was equal to 0.229 MeV. comparison withT=1 pp andnn (G;gl and GI; ) forces for
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040 T
0.351- 0 b
> 8
() r -46 r
OE 0.30 o & E
qe @ A , &-o pp (phase i)
o 'E [ A o pp (phase iii)
ooe =3 /B &< nn (phase i) ]
: Z 50 N a-ann (phaseii) ]
[ s *-% pn (phase iii)
L SN
L o R e —Hemm o
0.20— e * * —
w I I I I l I
0 2 6 1 12
(N-2)
FIG. 5. TheT=0 proton-neutron-pairing streng@,.° as a func-
tion of the deformation parametg; for $/Ge, $8Ge, and’®Ge. 8r

all considered Ge isotopes. Thé=Z %‘Ge seems to be a
special case. For other Ge isotop@%f,1 is more or less
stable with respect to th-Z difference andG]-" slightly
decreases with increasing—Z. The T=0 pn force offers a
different scenario, namelﬁgﬁo slightly growing with in-
creasing neutron exceds-Z, which is surprising. It can be

()

& pp (phase i)

Numbers of pairs
&

N
[

due to the fact that only the monopole pair Hamiltonian is .A" i @@ pp (phase iii)
considered within the deformed BCS approach or connected e e o (pﬂase )
with the way of adjusting it. We note that the largest differ- o S e pn Eghzzg ::3
ences among3.-}, G'-1, and G'-° forces are visible for o e
maximal value ofN-Z=12. We note that for Ge isotopes 0 2 4 6 8 10 12
with N-Z<0 andN-Z>12 the pairing strengths cannot be (N-2)

fixed following the procedure presented in the preceding sec-
tion due to the lack of experimental information about
nuclear masses and/or proton and neutron separation en
gies.

We find it interesting to compare the behavior of the ad-

jQStEd pairTi:nlg Sg(;)ngths \Mgh the commonly useq prescripbanel (a) refers to calculation with pairing strengths adjusted to
tions forG,,%, Gy,", andGy,” [see Eq(18)]. From Fig. 4 it gyperimental pairing gaps and proton-neutron interaction energy.

is_evident that the agreement between them, especially, fofhe Jower panel(b) refers to calculation with pairing strengths
Gyt and Gy * forces, is rather poor. The reason can be thajiven in Eq.(18).

the considered strengths are expected to reproduce the gen-
eral behavior throughout the periodic table as a function 0’(NE:°> correspond roughly to the number pp, nn, and T
A, but not as neutron exceBs-Z. Other possibilities already =0 pn pairs[see Eq(13)], respectively. These quantities, as
announced are the simplicity of the considered nucleait was already stressed above, are closely related to the dif-
model or the limitations of adjusting the parameters of theferent contributions to the total pairing energ¥l). The
microscopic pairing model to those of the macroscopicnumber of pairs were measured both for the system with
pairing-gap model. only like-particle pairs(phase j and for the system where

It is an open issue whether the value of pairing strengthike-particle and proton-neutron pairs coexiphase ii). In
G;O depends on the deformation of the considered isotopérig. 6a) the results obtained with pairing strengths adjusted
In Fig. 5 this point is analyzed fofGe, ®*Ge, and’°Ge  to experimental pairing gap&s™ and Ag™) and proton-
assuming different deformatiorGrT;O is displayed as a func- neutron interaction energj}éﬁﬂ“‘) are presented. We see that
tion of the deformation parametg within the range —-0.4 in phase i there is a rough constancy of the numbeppf
<3,<0.4. We see thaﬁgﬁo is sensitive to the change of the pairs for Ge isotopes and that the numbemafpairs is a
guadrupole parametg®, especially if the shape of the con- little bit greater and exhibits some fluctuations. There is a
sidered nucleus is oblate. From the considered Ge isotopedifferent situation if the system of nucleons prefers the phase
68Ge exhibits the strongest sensitivity Gﬁo to B, param- iii. (Npp and(\,, are equal to zero fd¥'Ge and grow up to
eter. maximum values about 7.6 and 4.8, respectively, f@e.

In Fig. 6 the competition amongp, nn, andpn pairs in  We note that the behavior QNE% is different. The effect
the ground state of even-even Ge isotopes is studied, ascd the proton-neutron-pairing decreases with increasihg
function of N-Z. The displayed quantitie§V,p, (M, and  -Z. For large N-Z the value 0f<N;§°> is significantly

FIG. 6. The quantities\yp), (Npy), and (V19 [representing
é‘qumber ofpp, nn, andpn pairs; see Eqq13) for definition] for Ge
isotopes, as a function &—Z. The results are presented for a pure
like-particle pairing phaséphase ) and for a phase where like-
particle andT=0 proton-neutron pairs coexigthase ii). The upper
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smaller as(V,, and (N, but not negligible. If pairing different pairing modes is much smoother.
strengths given in Eq.18) are used in the BCS calculation, A competition between like particles and proton-neutron
one finds that the effect of proton-neutron pairing disappearpairing was studied in even-even Ge isotopes. The pairing
atN-Z=8 in real nuclei as is shown in Fig(ly. Then, for  strengths were adjusted to reproduce the experimental odd-
these isotopes one fails to explain the nonzero value of theven mass differences. The diminishing role of pimepairs
proton-neutron interaction enerﬁ,}“p(see Table)l The val-  with increasingN-Z was shown, however, the effect of
ues of &P for all 7072747Ee isotopes are of the same order. proton-neutron pairing was found to be important also for
Thus it Is expected that the role of tha pairing for all these isotopes with large neutron excebB-Z, in particular for
isotopes is of comparable importance and not negligible. "°Ge, which undergoes doubjé decay. These results con-

From the above discussion it follows that fhe0 proton-  trast with the general belief that proton-neutron-pairing cor-
neutron-pairing correlations should be considered also forelations are restricted only to the vicinity of tiN=Z line.
medium-heavy nuclei with large neutron excess, i.e., within alhe values of the calculated proton-neutron interaction en-
procedure proposed in this paper. Usually, correlations beergy 6§g‘pfor N>Z isotopes are suggestive and should moti-
tween protons and neutrons in medium and heavy nuclerate a greater effort to understand different properties of nu-
were neglected on the ground that two Fermi levels are apartlei in the presence of thd=0 proton-neutron-pairing
Here, it is shown that the proton-neutron-pairing effect is notcorrelations. However, we point out that there is some dis-
negligible for such nuclear systems. We strongly suspect thatgreement between the calculation with pairing strengths ad-
the competition between the different kinds of pairs can afjusted to the experimental pairing gaps and proton-neutron
fect measurable properties of nuclei, in particulgf  interaction energy and with the commonly used prescription
strengths. The previoug- and BB-decay studieg28] per-  for pairing strengths given in Eq18). Within the second
formed within the spherical quasiparticle random phase apscenario the deformed BCS solution witlr0 pairing was
proximation (QRPA) with T=1 proton-neutron-pairing sup- not found forN-Z=8.
port this conclusion as well. Of course the effect gbn pairing on ground state proper-
ties of deformed nuclei can be studied self-consistently by
solving the Hartree Fock BogoliubaqiHFB) equationg39].

V. SUMMARY AND CONCLUSIONS In this paper we used the advantage of the deformed BCS

We performed generalized BCS calculation by assumingPproach to estimate the effectiwi pairing forN>Z nuclei,
axial symmetry and the Hamiltonian with schematiel and ~ Which can undergo single- or doubfedecay. At present, a
T=0 pairing forces in Eq(l). The system of BCS equations 9reat effort to increase the accuracy and rellablllty. of the
allows three different solutions. There is one solution withcalculated single- and doubj@decay matrix elements is be-
only like-particle pairs, and two solutions in which like- and ing made. The effects gfn pairing and deformation on these
unlike-particle pairs coexist, first with=1 and second with Matrix elements can be studied within a coupled deformed
T=0 pn pairs. We note that none of the observed pairingBCS plus QRPA approacf#0,41. The results of our paper
modes allows simultaneous presence of bt andT=1 indicate that some of thd decay and maybe also the double
pn correlations. The type of then pairs is determined by the /3 decay observables might be influenced by Tw® proton-
stronger form of T=0 and T=1 pn-pairing interactions of Néutron-pairing.
nuclear Hamiltonian. FON=Z %‘Ge pureT=0 pairing mode
is found and a sharp phase transition from the like-particle
pairing mode to the unlike particle-pairing mode is observed, This work was supported in part by the Deutsche Fors-
which seems to be a result of a simple monopole pair HamilehungsgemeinschafiGrant No. 436 SLK 17/298 by the
tonian. For pair Hamiltonians which are more complex, there‘/Land Baden-Wiirtemberg” as a “Landesforschungsschwer-
is phase coexistence betwe®al andT=0 pairing iNN=Z  punkt” (Grant No. Ill 1.3-H3-23/74/79/2003“Low Energy
nuclei, and not a sharp transition from one to the othemMNeutrinos,” and by the VEGA grant agency of the Slovac
[19,38. For other Ge isotopes the phase transition betweeRepublic under Contract No. 1/0249/03.

ACKNOWLEDGMENTS

[1] H. Grawe, R. Schubart, K. Maier, and D. Seweryniac, Phys. wski, J. Dudek, and R. Wyss, Phys. Rev6C, 034308(2003;

Scr. 56, 71 (1995. N. S. Kelsallet al, ibid. 64, 024309(2001); A. L. Goodman,
[2] H. Grawe et al, in Proceedings of the Sixth International ibid. 63, 044325(200)).

Spring Seminar on Nuclear Physics, S. Agata, Italy, 1298 [6] A. L. Goodman, Adv. Nucl. Physl11, 263(1979.

ited by A. Covello(World Scientific, Singapore, 1998 [7]1 H. T. Chen and A. Goswami, Phys. Le®4B, 257 (1967).
[3] J. Dobaczewski, I. Hamamoto, W. Nazarewicz, and J. A. [8] A. Goswami, Nucl. Phys60, 228 (1964).

Sheikh, Phys. Rev. Lett72, 981(1994). [9] P. Camiz, A. Covello, and M. Jean, Nuovo Cimentai®, 199
[4] W. Nazarewicz, T. R. Werner, and J. Dobaczewski, Phys. Rev. (1966

C 50, 2860(1994). [10] A. L. Goodman, G. L. Struble, and A. Goswami, Phys. Lett.

[5] S. Frauendorf and J. A. Sheikh, nucl-th/0001039; J. Dobacze-  26B, 260(1968).

054319-7



SIMKOVIC, MOUSTAKIDIS, PACEARESCU, AND FAESSLER PHYSICAL REVIEW @8, 054319(2003

[11] A. L. Goodman, G. L. Strube, J. Bar-Touv, and A. Goswami, [27] W. Satula and R. A. Wyss, Acta Phys. Pol.R, 2441(2001).

Phys. Rev. C2, 380(1970. [28] M. K. Cheoun, A. Bobyk, A. Faessler, F. Simkovic, and G.
[12] H. H. Wolter, A. Faessler, and P. U. Sauer, Phys. L&tB, Teneva, Nucl. PhysA561, 74 (1993; A564, 329 (1993; M.

516 (1970; A167, 108(1971). K. Cheoun, A. Faessler, F. Simkovic, G. Teneva, and A. Bo-
[13] A. L. Goodman, Nucl. PhysA186, 475 (1972). byk, ibid. AS87, 301(1995.

C[29] G. Pantis, F. Simkovic, J. D. Vergados, and A. Faessler, Phys.
Rev. C 53, 695(1996.
[30] P. Méller and J. R. Nix, Nucl. PhysA536, 20 (1992.
[31] V. G. Soloviev, Theory of Complex NuclgiPergamon, New

[14] T. S. Sandhu, M. L. Rustgi, and A. L. Goodman, Phys. Rev.
12, 1340(1975.

[15] T. S. Sandhu and M. L. Rustgi, Phys. Rev.1@, 675(1976.

[16] E. M. Muller, K. Muhlhans, K. Neergard, and U. Mosel, Nucl. York, 1976, p. 111.

Phys. A383 23.3(1982)' ) [32] A. Bohr and B. R. MottelsonNuclear Structure(Benjamin,
[17] J. Engel, S. Pittel, M. Stoitsov, P. Vogel, and J. Dukelsky, New York, 1969, Vol. 1, pp. 169-171.

Phys. Rev. C55, 1781(1997). [33] P. Vogel, B. Jonson, and P. G. Hansen, Phys. LE39B, 227

[18] W. Satula and R. Wyss, Phys. Lett. 83 1 (1997). (1984).

[19] A. L. Goodman, Phys. Rev. G8 R3051(1998; 60, 014311  [34] D. G. Madland and J. R. Nix, Nucl. Phy#476, 1 (1988
(1999. [35] V. Tanaka, Y. Oda, F. Petrovich, and R. K. Sheline, Phys. Lett.

[20] W. Satula and R. Wyss, Nucl. Phy$676, 12 (2000. 83B, 279(1979.

[21] Y. V. Palchikov, J. DobeS§, and R. V. Jolos, Phys. Rev6& [36] G. A. Lalazissis, S. Raman, and P. Ring, At. Data Nucl. Data
034320(2001). Tables 71, 1 (1999.

[22] J. Engels, K. Langanke, and P. Vogel, Phys. Lett3®0, 211 [37] P. Méller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At.
(1996. Data Nucl. Data Table$9, 185(1995.

[23] O. Civitarese and M. Reboiro, Phys. Rev.58, 1179(1997%); [38] A. L. Goodman, Phys. Rev. €3, 044325(2000).
O. Civitarese, M. Reboiro, and P. Vog#id. 56, 1840(1997). [39] K. W. Schmid, F. Griimmer, and A. Faessler, Ann. PIiisY.)

[24] J. Engels, K. Langanke, and P. Vogel, Phys. Lett489, 215 180, 1 (1987.
(1998. [40] P. Sarriguren, E. Moya de Guerra, L. Pacearescu, A. Faessler,
[25] J. Dobes, Phys. Lett. B13 239(1997%); J. Dobes and S. Pittel, F. Simkovic, and A. A. Raduta, Phys. Rev. 67, 044313
Phys. Rev. C57, 688(1998. (2003.

[26] G. Martinez-Pinedo, K. Langanke, and P. Vogel, Nucl. Phys.[41] F. Simkovic, L. Pacearescu, and A. Faessler, nucl-th/0308037.
A651, 379(1999.

054319-8



