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Isospin singlet(pn) pairing and quartetting contribution to the binding energy of nuclei
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Isospin singlet pn) pairing as well as quartetting in nuclei is expected to arise near the symmetiy line
=Z. Empirical values can be deduced from the nuclear binding energies applying special filters. Within the
local density approximation, theoretical estimates for finite nuclei are obtained from results for the condensa-
tion energy of asymmetric nuclear matter. It is shown that the isospin singlet condensation energy drops down
abruptly for [N—Z|~4 for medium nuclei in the regiol=40. Furthermorega-like quartetting and the
influence of excitations are discussed.

PACS numbgs): 21.10-k, 21.65+f, 05.30.Fk

[. INTRODUCTION ing on the binding energy of nuclei has been investigated
extensively, cf[2].

The structure of nuclei is understood to a large extent However, under certain conditions the interaction in the
within a single-particle approach, the nuclear shell modeproton-neutron [fn) isospin singlet channel may be even
which was introduced in nuclear theory 50 years ffjolts ~ stronger. For instance, in the two-particle system a bound
microscopic foundation should be given from a quantum stastate, the deuteron, arises. In nuclear matter, at densities be-
tistical treatment of the many-nucleon system, where in genlow the Mott density a bound statquasideuteroncan exist
eral also the concept of temperature can be introduced t80 that at low temperature the Bose-Einstein condensation of
describe excited nuclei in a dense medium. Within the meanthese quasideuterons may occur. An interesting feature of the
field approximation, the single-particle approach can be obiSOSpin singlet pairing in symmetric nuclear matter is the
tained[2]. crossover from Bose-Einstein condensation of deuterons at

However, due to the nucleon-nucleon interaction also corlOW densities to BCS neutron-proton pairing at high densities

relations occur which cannot be accounted for within this! 10 . . _ . . .
guasiparticle approach. Two-particle correlations and higher- In spite of the relat!vely strong Interaction, tnplet_ pairing
order correlations as precursors of corresponding bouna?uedrir]essliise?)%%?:;?\tcl)nmgu(;: Iez:r;trugurzﬁcslgﬁaelr]}aﬁw_e
states may become of importance in regions where the —Y P 9 :

nucleon density is low. A svstematic treatment of the effect V" it should be essential for nuclei near the symmetry line
) y - A SY: . ~Z. This phenomenon becomes of importance for heavier
of correlations can be given in terms of the spectral function

. . N=~Z nuclei[12] as will be produced in the new radioactive
see, e.g.[3,4] and further references given therein. beam facilities.
Free two-nucleon states are described by scattering phase p f,ther interesting effect is the possible occurrence of
shifts or, more generally, by th& matrix. In the iSospin  pigher-order condensates suchaatike quartetting[13,14.
singlet S=1, T=0) channel where the interaction is stron- At present, the signatures of isospin singlet pairing and the
ger than in the isospin triple§=0, T=1) channel, abound relation to quartetting have not been worked out so clearly.
state, the deuteron, is formed. Two-nucleon states in nuclean interesting point is to identify signatures of quartetting in
matter are strongly modified when increasing the density. Ifinite nuclei, seg15]. One of the possible consequences is
particular, the bound state will disappear at the so-calledhe contribution of isospin singlet pairing and four-particle
Mott density[5,6]. correlations to the binding energy of nuclei, that will be dis-
Another aspect of the nucleon-nucleon interaction is thecussed below.
formation of quantum condensates. At low temperatures itis The treatment of correlations in the many-nucleon system
well known that in nuclei, nuclear matter, and neutron matteiis more simple for infinite nuclear matter. The new results
(neutron stanssuperfluidity can arise in the isospin triplet with respect to isospin singlet pairing and quartettji]
channel[2,7,8. Nucleonic pairing is a well-known effect in should be of interest for the evaluation of binding energies of
the structure of nuclei. In the isospin triplet channel the in-finite nuclei as well. One possible way to apply results of
fluence of proton-protong(p) or neutron-neutronr(n) pair-  infinite matter calculations to finite systems is the local-
density approximatiolLDA ) which was elaborated success-

fully in atomic, molecular, and condensed-matter systems,

*Permanent address: Institut de Sciences Mims, Universite see[16] and references quoted therein. We will use this ap-
Joseph Fourier, CNRS-IN2P3 53, Avenue des Martyrs, F-3802¢roach to perform exploratory calculations in finite nuclei.
Grenoble, Cedex, France. Compared with shell-model calculations, the LDA is by far
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more simple and has been proved to give adequate results in We assume that the binding enerByZ,N) can be de-
the case ofpp and nn pairing [17]. We will use this ap- composed into different contributions as
proach to give estimates for the effects of isospin singlet

pairing and quartetting on nuclear binding energies. B(Z,N)=Bpu(Z,N) +Bsuf(Z,N)
The question of different kinds of pairing in proton-rich I n
nuclei has been investigated by various authors. In addition Beou(Z,N)+ Basymnf Z,N)
to the T=1 pairing, T=0 np-pairing modes have been in- +Bsheil Z,N) + Bpaid Z,N) +AB(Z,N). (1)

vestigated to explain the Wigner energyNis=Z nuclei[18].
A more extended discussion of the origin of the Wigner termThe termAB(Z,N) contains the effects of correlations be-
is given in[19] where a method has been developed to extween protons and neutrorigsospin singlet pn) pairing,
tract the Wigner term from experimental data. Both empiri-quartettind, which are of interest here. In nuclear matter, the
cal arguments and shell-model calculations suggest that tHeccurrence of different condensates has been intensively in-
Wigner term can be traced back to the isospin0 part of ~ vestigated. Isospin singlep() pairing is strong in symmet-
nuclear interaction. However, it has also been found that th&ic nuclear matter for densities up to the saturation density.
Wigner term cannot be solely explained in terms of correla-The dependence of then pairing gap on the asymmetry of
tions between the neutron-protdr=1, T=0 (deuteronlik¢ ~ nuclear matter for different densities has been investigated in
pairs. One should, however, realize that in a finite nucleuskefs.[26,27). If the densities of protons and neutrons, or the
the intrinsic quantum numbers of the deuteron can be mixegorresponding chemical potentiajs,,w, are sufficiently
with the orbital motion of the nucleons in the shell-model different, a condensate cannot be formed.
potential. Recently, pairing and the structure of fifeshell Analogously, the effects of isospin singlgpr() pairing
N=~Z nuclei have been discussed[20]. There, the isovec- and quartetting are expected to be strong ré¢arZ, and
tor and isoscalar pairing interaction has been studied. It ha@isappear if the absolute value of the differeri¢e Z be-
been found that the Wigner energy cannot purely be excomes large. Therefore, it seems to be reasonable to investi-
plained as a pairing effect, considering only the zero angulagate the behavior of
momentum [ =0) channel.

Calculatio(_ns gf the pairing and isospin symmetry in AB(Z,N)=by-z(Z) 2
proton-rich nuclei were performe@1]. NearN~Z, a steép i, gyenendence dfi—2z, consideringZ as a parameter.
decrease of the isoscalar proton-neutron pairing energy is To select out the contributionB(Z,N) to the binding

found with increasindN—Z|. An interesting fact is that in  oar0 filters can be applied which eliminate the other con-

50 ing i
Cr proton-proton and neutron-neutron pairing is more rey;p, tions given in Eq(1) to a large extent. We consider the
duced with temperature than the isoscalar proton—neutrogb"owing (horizontal and verticalfilters:

pairing [22].
Proton-neutron pairing has been discussed also with req(z,N)=2B(Z,N)—B(Z,N—2)—B(Z,N+2)

spect to other properties, sEE5]. For instance, a cranked-

shell model for the description of rotational bandsNa-Z —2B(Z-2N)+B(Z-2N-2)+B(Z-2N+2),

nuclei has been formulated if23] taking the isovector 3)

proton-neutron pairing explicitly into account. More detailed

discussions with respect to the binding energies can be found v(Z,N)=2B(Z,N)-B(Z-2N)—-B(Z+2N)

in [14]. Proton-neutron pairing and its relation to isospin

symmetry has been studied within the BCS theory24]. —2B(Z,N+2)+B(Z-2N+2)

Recently, the role of the proton-neutron interactionNn +B(Z+2N+2) 4

~Z nuclei and its consequences fpn pairing has been ' '

investigated ir{25). These simple filters contain the difference of second-order

We will proceed as follows: In Sec. Il we analyze the gifferences. Therefore, smooth dependence&oN nearly
binding energies of nuclei ne&=Z. The basic formalism cancel out, up to second order. This concerns not only the
of LDA is given in Sec. Ill. We proceed then with the pre- contributions of bulk, surface, and Coulomb energy, but also
Sentatioln Of.numerical results in Sec. IV and draw SOM&he asymmetry term. The isospin tr|p|et pairing effects com-
conclusions in Sec. V. pensate because only nuclei of equal parity are considered.

Similarly, shell effects compensate to a certain extent assum-
ing that they are related only to the respective values of the
II. BINDING ENERGIES OF NUCLEI NEAR N=Z numbersZ or N.

From these primitive filterg3),(4), other filters can be
constructed by superposition. The filter usedlli] to evalu-

The empirical binding energies of nuclei are well approxi-ate the Wigner energy can be constructed as
mated by the Bethe-Weizsker formula, containing the con-

A A 1 (AA
——2>—§h(— ——2) (5)

A. Filters for isospin singlet condensates

tributions of bulk, surface, Coulomb and asymmetry energy.

Additional contributions originate from pairing in the isospin 2'92 2'2
triplet channel pp, nn) and shell structure effects, for in-

stance, the behavior near magic numbers. or, more generally,

1
W(A) = - gV
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FIG. 2. The parametds_,(Z) for even and odd proton num-
berZ as it is derived from the filteh.

g(Z,N)Z%h(Z,N)—%h(Z-FZ,N) (7)

was considered ih28].

We give the results for the filtemn(Z,N) in Fig. 1. The
dependence di(Z,N) on Z is shown for different parameter
valuesN—Z, where even and odd values @fare shown
separately. It is clearly seen that the filtgfZ,N) becomes
small for largeN—Z. Furthermore, the average value de-
creases with increasing. Also, even-even and odd-odd
numbers ofZ,N show a different behavior. Similar results
can be obtained using the filtef4), (6), or (7).

The relation to the quantitids(Z) introduced above can
immediately be given. For the filtdr(Z,N) we find

h(Z,N)=—Dbn_z_2(Z)+2by_7z(Z)+by_2z(Z—2)
—bn-z42(2)=2by-_742(Z2—-2)
+bn-z+4(Z2-2). (8)

Since only differences of the quantitibgZ) are determined

by the filterh(Z,N), their values can be reconstructed using
additional assumptions. As seen in Fig. 1 the quantity
h(Z,N) vanishes rather quickly for large values of the asym-
metry N—Z. We assume thdiy_,(Z) behaves in a similar
way. In particular, we seby_,(Z)=0 for [IN—Z|=6. Fur-
thermore, the solution of EE8) is significantly simplified if

the dependence dify_,(Z) on the asymmetril—Z is con-
sidered to be much larger than the dependence on the proton

can be extracted from the experimental binding energies. Resul@umberZ. Approximating in a first stefp;(Z—2)~b;(2)

are separately shown for even-ev@n odd-odd(b), and even-odd/

odd-even(c) nuclei.

wamu=—%wzwgzy—%mzN—2y

Another, more symmetric filter

(6)

leads immediately toh(Z,N)=~—byn_z_2(Z)+3by_2(2)
—3bn_z42(Z) +by_714(Z2), so that the system of equa-
tions decouples. The corresponding results for the quantities
b;(Z) are shown in Fig. 2. It should be mentioned, however,
that there is a noticeable dependenceZomhich is in con-
trast to our starting approximation. A more sophisticated ex-
traction of theb;(Z) using Eq.(8) presumably would give
somewhat different results. However, the explicit depen-
dence or¥ is not subject of this work, rather, we will discuss
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FIG. 3. A selection of several ratidg /b; as a function ofZ. 4000 |
The dashed lines represent the average values of the ratios. 2000
only the average behavior with respectZolt is expected ofb
that, after averaging;(Z) over Z (which will be performed
below), the deviations of the approximate result from a mores’  -2000 |
sophisticated solution of E¢8) will be reduced. = _a000 |
A first important result is that the quantitibgZ) depend H o-—-ec(ZZ+1)
mainly on the absolute value of As a consequence, -6000 = ¢(2,2+3)
h(zZ,Z—2) nearly coincides with —h(Z,Z), whereas _so00 | aeh OZ,Z45)
h(Z,Z—1) is close to zero, in contrast t0(Z,Z+1). In
detail, the values fobg,b,,b, were found from the solution ~10000 ¢ (b) ;
of equations containingh(Z,2),h(Z,Z+2),h(Z,2+4), -12000 TS
whereas the values fdr; ,bs,bs were found from the solu- 0 4 8 12 16 20224 28 32 36 40 44
tion of equations containingy(Z,Z2+1),h(Z,Z2+3),h(Z,Z
+5). To derive the average behavior with respecZtave FIG. 5. The filterc(Z,Z+1) for variousi. Results are separately

considered the ratios; /by as shown in Fig. 3. The average shown for even-even/odd-od@) and even-odd/odd-evefb) nu-
of these values over the whole range of experimentally acelei.
cessible data (8 Z=<30) are given in Fig. 4. They show a

decrease with increasing|=|N—2Z|, so thatbs is nearly B. Further filters
A A further interesting property of the quantitiés(Z) is
14 , . . : ‘ their even-odd staggering with respectAoThis can be de-
duced from the values shown in Fig. 2. Alternatively, we
12 [ also can consider, as a special indicator to extract even-odd
staggering, the filter
g ) c(Z,N)=(-1)4B(Z,N)—B(Z,N+2)—B(Z+2,N)
o8l T ] +B(Z+2N+2)+B(Z+1N—-1)
S _ —B(Z+1N+1)-B(Z—1N-1)
g o6} E ]
® +B(Z-1N+1)]. 9
0.4 | 1
We decompose
02} - [ —
bi(Z)=bi(Z)+(—1)?8b;(Z) (10)
o 1 1 '
0 1 2 3 4 5 6

and assume that the remaining dependenc& @nsmooth.
Again, please notice that eventually we consider only quan-

FIG. 4. Averages of the ratitby_,/b, as a function of the tities that are averaged with respectZand, therefore, we
absolute value of the difference between the number of protons argimplify the extraction of theSb;(Z) in the same manner as
neutrons. for the b;(Z). Then we have

IN-ZI
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Eq. (9), for even and odd proton numbgr

C(ZN)=—26bN-7-2(Z) +46by_7(Z) —26bN-7+2(2).
(13)

Now, we can perform the reconstruction &f;(Z) along the
lines given forb;(Z). The filterc(Z,N) is shown in Fig. 5,
the parametersb;(z) in Fig. 6 as a function o, and the
averaged values are shown in Fig. 7 vs the asymmietry

=N—-Z. We see that also there the staggering contribution

disappears with increasirjgl, however, the statistical errors
are large. The global dependencebgfz), 6b;(Z) on Z can-
not easily be extracted. After a steep decrease for small
flattening is observed at higher valuesZfsee also Figs. 2,

6.
From other approaches, ddé)], the Wigner energ¥yy, is

introduced which occurs in the additional binding due to the

np-pair correlations

B, p,pair— — €n p(A) Thpt Ew (12

1.4 T

1.2 +

08 r

8b,,_,/30,

04t

02t

IN-ZI

FIG. 7. Averages of the ratiéby_,/8by as a function of the
absolute value of the proton-neutron difference.
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FIG. 8. For demonstration purposes the fil&(Z,Z+i) for
variousi is given considering only even-even and odd-odd nuclei.

with mo,=[1—(—1)N][1—(—1)*]/4. The first contribu-
tion to the np pairing energy &,,) represents additional
binding due to the residual interaction between the two odd
nucleons in an odd-odd nucleus. The Wigner endfgyis
believed to represent the energy of collectiyepairing cor-
relations. It can be decomposed into two parts:

Ew=W(A)|N=2Z| +d(A) 7Sz (13)

The filter used irf18] can be constructed as given by ES).
and

d(A)= %0(2—35—1) + %0(2—2%). (14)

Thed term represents a correction fdr=Z odd-odd nuclei.
Estimates suggest that the ratif/V is constant, values 1 and
0.56 have been reportg¢d8]. Both filters can be expressed
by superposition in terms of the more simple filte(Z,N),
v(Z,N),c(Z,N) given here. A more general filter is intro-
duced ag€d(Z,N)=c(Z—3N—-1)/2+c(Z—2,Z) as an aver-
age over neighboring values of Some values are shown in
Fig. 8.

The results of our phenomenological treatment can be
summarized as followésome preliminary results have been
presented if29]):

(i) There is a contributiorp;(Z) to the nucleon binding
energy which is due to proton-neutron correlations of the
type of a isospin-singlet pairing or a quartetting condensate.

(i) This contribution depends on the absolute value of the
asymmetry parametéN—Z|. It has a maximum magnitude
for symmetric nucleiN=2 and decreases with increasing
asymmetry, disappearing nefiN—Z|=4.

(iii) It shows an even-odd staggering as functiorzof

(iv) On the average, it decreases with increasgingteep
for small values oz, but flat for largeZ.
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lll. LOCAL-DENSITY APPROXIMATION The solution of the Gorkov equation has been considered
by different authors using realistic bare nucleon-nucleon in-

A theoretical interpretation of the contribution to the bind- teractions. It has been found that in comparison with the
ing energy due tgn pairing and quartetting could be given isospin triplet channel, in the isospin singlet channel the tran-
by the local density approximatioLDA). In contrast to sition to superfluidity should arise at relatively high tempera-
shell-model calculations, the LDA is by far more simple andtures[9,26,27. This is a consequence of the stronger inter-
has been proven to give adequate results in the cagpgof action in the isospin singlet channel which leads to the
andnn pairing [17]. formation of the deuteron in the low-density limit whefe

As is well known from guantum statistics of the inhomo- <1. Estimates give a value of the critical temperature up to
geneous fermion gas, the energy and wave function of th&s~5 MeV at one third of the nuclear matter density. At the
ground state of a many-fermion system can be calculatedame time, at zero temperature a large gap af@es
within a variational approach. The energy density is consid- In a recent papdfl5] it has been shown that in a certain
ered as a functional of the fermion density, which, in the caseegion of density, pairing has to compete with quartetting. It
of a nucleonic system, depends in addition to space coordhas been found that under certain conditions in symmetric
nates also on spin and isospin. It can be decomposed inttuclear matter the transition to isospin singlet pairing, which
kinetic, potential, exchange, and correlation energy. Within as stronger than triplet pairing, will not occur because the
gradient expansion, in lowest order the energy density dequartetting transition occurs before that. Within a cluster-
pends only on the local values of the nucleon density. As anean-field approacfb,30], the critical temperature for the
consequence, the exchange and correlation energy can heartetting transition was obtained from an equation similar
approximated using results from nuclear matter calculationso Eq. (15) for the four-particle wave functiony,(1234).

In particular, the contribution to the exchange and corre-The explicit formulation of this equation as well as its solu-
lation part of the energy due to the formation of a condensatéon is presented ifl5]. As a major result, it has been found
can be evaluated within nuclear matter theory. There is athat the transition to quartetting beats the transition to isospin
extended literature on isospin triplgp,nn) pairing. More  singlet pairing if the density is smaller than 0.03 ffn Be-
recently, also isospin singlep() pairing has been consid- low this density the nuclear system favors a state where a
ered[9], which for symmetric nuclear matter may becomefour-particle condensate is formed.
stronger compared with isospin triplet pairing at subnuclear
densities because of the more attractive nucleon-nucleon in-

teraction in the isospin singlet channel. . . )
B. Gap equation and condensation energy for asymmetric

nuclear matter

A. Pairing vs quartetting in symmetric matter For infinite nuclear matter, the gap energy at zero tem-

A dard d i q _perature as well as at finite temperature has been investigated
standard way to describe quantum condensates I, nairing in the different channels in dependence on

many-body systems is the method of thermodynamic Greef,cleon density and isospin asymmetry. In particular, it has

functions. ][In .tdhe case ofbtwp-ngcfleon phairinkg]], tre transitipnbeen found that the gap energy in the isospin singlet channel
to a superfiui state Is obtaine rom the Thouless criteriong strongly reduced for increasing asymmetry, and the tran-
as described by the Gorkov equation

sition to superfluidity is possible only for asymmetry values
1- (1) 1(2) a=(n,—np)/(n,+np)<0.35[26,27. Also, the critical tem-
o ~ - i erature is strongly suppressed with increasing asymmetry as
P2(12)= Z, V(12,12 ),U«1+M2—6(1)_6(2) Po(1°27). ﬁ can be calculagt]eyd fr(F))rF:l the gap energy as well as directly
e (15) from the solution of the BCS equation.
We give some relevant expressions for a fermion system
The influence of the medium is contained in the single-interacting via a separable potential
particle energy

V,=—\ > wkw(k)al(P/2+k)
P.k,k’

e(1)=p22m+ >, V(12,12f(2) (16)
2 xal,(Pl2—k)a, (Pl2—k')a,(PI2+k'). (17)

and in the Pauli blocking termil—f(1)—1f(2)]. Here,

f(1)=[exple(1)T-w/T}+1]"! is the Fermi distribution We use a Yamaguchi type of potentif81] with w(k)
function and 1 denotes momentum, spin, and isospin coordi=(k?+ «?) !, and «=1.4488 fml. The interaction
nates, wherea¥(12,1'2’) is the antisymmetrized matrix el- strength in the'S, channel is only about 70% of the strength
ement of the two-body interaction. Depending on the respean the °S; channel which in its original formi31] is chosen
tive channels considered, it allows the determination of theo reproduce the deuteron binding energy as well as the low-
critical temperaturesTg or T{ for the isospin singlet and energy behavior of the free scattering phase shifts. We per-
triplet channels, respectively, as a function of the chemicaform an exploratory calculation and consider the interaction
potential. strength as a parameter that will be adjusted below. Further-
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more, only zero angular momentum is considered. Separablgith
representations of more realistic interactions can be found in

the literature[32].

The interaction is treated in the mean-fi¢ithrtree-Fock-
Bogoliuboy approximation, allowing for an isospin-singlet
pair amplitude at zero total momentuf Diagonalizing
HMF— Ny~ N, using the Bogoliubov transformation,
we obtain the gap equation

A(k")
VLEp(K )+ En(K) 1P+ 4A%(K)
(18)

AK)=aw(k) D w(k’)
k/

X[1-f(E.)—f(E,)]

A‘S‘(np Np) = [5pair(np Np) — 5norm(np Np)]

2 g [1 . £p(K) T £n(K)
2
A%(K)

23
& (K) + £(K) 1+ 4A%(K)

X

V&, (K) T £,(K) 12+ 4A%(K)

. 2 2
Ex =5 1VI&(K) + £ P+ 48200 = [ £5(K) — £,(K) T}
(19

and &y(K)=ep(k)—pp, En(K)=€n(k)—pn, f(E)=(e"T
+1) . €,(k) are the single-particle energies including the
shift due to a mean field as given above Ep). From the
self-consistent solution of the gap equation, besides the
trivial solution A (k) =0 also a solutiom (k) = gw(k) with a
finite value ofg may occur.

The shift in the energy density due to the formation of a
gap (condensation energy dengitipllows as[33]

[€p(K) + €n(k)]

1
[1+f(EO)+F(EO]+ S f(EC)

Ep(K) + &n(k) A%(k)

[ep(K) — en(K) ]+ [ep(k) + en(k) ]

1
+§f(Ek)

A?(Kk)
+4
VLEp(K) + &n(K) ]2+ 4A%(K)

The chemical potentials are given by the normalization to the

densities of the corresponding nucleons

2
v > fe—p)=n,. (21
k

VLEp(K) + €n(K) T2+ 4A%(K)

[en(K) — ep(K) ]+ [€p(k) +€n(k) ]

—€p( k)f(ep(k) - Mp)_ en(K)f(en(k)— /Ln)] .

VLEp(K) + €n(K) T2+ 4A%(K)

£p(K) + &n(K)
VLEp(K) + €n(K) ]2+ 4A%(k)

(20

Bnp%4ﬂ-f r2A&(ny,ny;r)dr. (22
0

For nuclei withN neutrons and protons andA=N+Z,
we have to determine the density profiles of protons and
neutrons. Exploratory calculations will be performed taking

As usual, it is assumed that the normalization condition inthe nucleon densities from a simple potential model, normal-
the paired state gives no essential change in the corresponided to the corresponding numbers of protons or neutrons.

ing chemical potentialg33].

C. Finite nuclei density profiles

For infinite nuclear matter, the energy density is calcu-

lated for homogeneous densities. In finite nuclei, the den-
sitiesn(r) are depending on positian Then also the quan-

The nucleons feel a mean-field phenomenologically de-
fined as

V(1) =V +Velr),  Vu(r)=vp'lr). (29

We adopt the Shlomo parametrization for the mean field

tities considered above which are functions of the densitiegz4]:

now are parametrically depending on

If the density distribution of protons and neutrons is

known, the gain of the binding energy due n@ pairing
(condensation energgan be estimated in LDA by the inte-
gral

VO

nucl__ T

T 1+exd(r—R)/d]’

Vo= —VO+ 2VYMN—Z)/A,
(24)
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with the parameter value¥°=54 MeV, V™=33 MeV,
andd=0.7 fm. The radius of the nuclear potential is given
by the implicit equation

1.12a%34+1.0

R=—m————. 25
[1+(md/R)?]Y3 @9
For the Coulomb potential we use the charged sphere fo

mula

2
VcouI: Z_e

2R,

r2 eZ

O(R.—r1)+ ZTG)(r—RC), (26)

3__
R

where e?=1.44 MeV fm, ©(x) denotes the step function.
The Coulomb radius is given by

R2:§<r2>: , 1+10/A72/C)*+7/3(wz/C)* @7
© 3 1+ (7z/C)? ’
1.12A13
= 28
[1+(7z/C)?]¥3 @8

r.
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“Ti
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o
©
&
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FIG. 9. Density profiles of neutrongolid lineg and protons
(dashed lingscalculated within the Thomas-Fermi approximation
for “°Ar and “°Ti at zero temperature.

variable. Having the pairing gap at our disposal the local
condensation energy densi®0) is determined. Finally, in-
tegration over the whole nucle@22) gives the contribution

where(r?) is the m.s. radius from the nuclear charge density!C the binding energy due top pairing.

z=0.54 fm.

Within the Thomas-Fermi approximation, at zero tem-

perature the local density is given by

n (r)=i(kF)3®(>\ —V(r))
T 3772 T T T '

kF=

T

(29

om 1/2
?[)\T_VT(r)]‘| )

whereV (r) is the total potentia{23). The chemical poten-
tials A, are determined by the constraints

Z=Jd3rnp(r), N=Jd3rnn(r). (30

The coupling strengthy of the separable interaction is
considered as a parameter which should be taken as a phe-
nomenological quantity. To reproduce the average Wigner

energy in the mass number region <28
<100 (2.62 MeV), we have taken the valuex
=9235MeV fn¥ in the S, channel and A

=131.50 MeV fn? in the S, channel. Usually the deuteron
binding energy is used to adjust this parameter. However,
within our simple model we should take into consideration
that the interactiori17) is an effective description, simplify-
ing different contributions as the different channels, short
distance repulsion, spin-orbit coupling, etc. Furthermore,
some suppression =0 pairing in symmetric nuclear mat-
ter due to medium polarization is expected. The fact that the
np pair is bounddeuteron, whereasin andpp pairs are not

is essentially due to the tensor force leading to dh&ave
component in the deuteron. Without this componentghe

Obviously this simple treatment gives only a first estimate ofinteraction in theT=0 channel would hardly be different
the nucleonic densities. They are correctly normalized angrom thenn or pp interactions. The fate of the tensor force
account also for the Coulomb repulsion, but can be improvegh the nuclear medium is, however, a much debated subject
by considering the quasiparticle dispersion relation or shelln nuclear physics and it is quite possible that the tensor

effects in the nuclear density.

IV. NUMERICAL RESULTS

A. Condensation energy

In the LDA, we proceed in the following way. First, we
calculate the density profiles(r) for protons and neutrons
(see Sec. Il ¢ As typical examples the density profiles for
40Ar and “°Ti are shown in Fig. 9. Then, with the total local
density and the asymmetfyn,(r) —ny(r) /[ ny(r)+ny(r)]
as inputs the local gap functiai(k;r) is obtained from the
solution of the gap equatiafi8). This is performed within a

force is much more screened than the other parts of the
nuclear forcd 35]. In this sense the use of a bare interaction
in the pn (T=0) channel may be more questionable than it
is in theT=1 channel.

In the following we present some results for the isospin
singlet pairing gap as a function of the density. We begin
with the temperature dependence of the gap for the case of
symmetric nuclear matter shown in Fig. 10. Below normal
nuclear matter density, which is of relevance here, the dif-
ference betweenT=0 and T=0.5 MeV temperature is
small, whereas with further increasing temperature the gap
goes quickly to zero. In Fig. 11 the isospin singlet pairing

self-consistent Hartree-Fock scheme, which gives the locadap is given as a function of the density in asymmetric

single-particle energies.(k;r) depending on the isospin

nuclear matter at a fixed temperatureTof 0.75 MeV and

024306-8
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FIG. 10. Proton-neutron pairing gap for symmetric nuclear mat-
ter as a function of the total density and different temperatiires

<A>(ZN) [MeV]
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T T

—— T =0.50 MeV
-~== T=0.75 MeV
——=- T=1.00MeV
wme T 1.25 MeV

1.5

~~~~~

0.5

N-Z

FIG. 12. Average proton-neutron pairing gap of nuclei with a

mass numbeA=40 as a function of the asymmetiy~Z and four

values of the temperature.

for different values of the asymmetry parameterThe gap
is strongly reduced also with increasing asymmetries con
firming the results previously obtained [i26,27].

For a nucleus wittA=40, the average gap on the Fermi

level [17]

AzET fd3rA<kF<r);r)[nT<r>]1’3/2 fd3r[n7<r>]1’3

(31

is shown as function of the asymmetry in Fig. 12 for differ-
ent temperatures.

The condensation energy as a function of asymmetry is
shown in Fig. 13 for different temperatures. For the calcula-

tion, a fixedA=40 was assumed. Below=0.5 MeV, the
dependence on temperature is negligiidee also Fig. 10
but becomes strong for>1 MeV. The influence of the

3 T T T
2t i
5
<2}
2
<
<
14 R
0 0.05 0.1 0.15 0.2
N, [fm“’]

Coulomb interaction taken into account for the calculation of
the density profiles destroys the symmetry with respect to

N—Z=0. The Coulomb effect is to increase the overlap
between neutron and proton densities in the tail of the den-
sity profiles, as show in Fig. 9. As a consequence the pairing
gap is slightly enhanced. Furthermore, the steep decrease of
the condensation energy néd+Z=5 is also shown. This is

in correspondence to the findings given in Fig. 4.

B. Quartetting

The additional contribution due to quartetting seems to be
high in the region of light nuclei, where the cluster model
is a good approximation. The strong even-odd staggering is

reduced at higher masses.

-1

B(Z,N) [MeV]

-2

——————

—— T=0.50 MeV
---- T=075MeV
——=- T=1.00MeV
----- — T=1.25MeV

-3 -

-6 -4 -2

N-Z

FIG. 13. Condensation energy of nuclei with a mass number

FIG. 11. Proton-neutron pairing gap for asymmetric nuclear
A=140 as a function of the asymmetl~— Z and four values of the

matter as a function of the total density Bt0.75 MeV tempera-
ture and four values of the asymmetry parameter

temperature.
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To give an estimation of the effect of quartetting, we take 1.5 - - T T
up an idea fronj15] where the condensation energy density
has been related to the critical temperatiigevia the well-
known relation[2] betweenT, and the BCS gap at zero
temperature. Using the results for the critical temperature of
the quartetting transition as a function of the density pre- 1
sented irf15], we calculated the condensation energy density
as a function of as given by the local-density profile. Using &

this condensation energy density we repeated the calculatiois [\ /Zj _______
of the condensation energy as outlined in the previous sub

section now including the possibility of the formation of a 05| 1
four-particle condensate. d —

Comparing with calculations neglecting quartetting, the
gain of binding energy due to quartetting has been evaluatec
for different nuclei withZ=N. Exploratory calculations for
nuclei of medium size A~100) show that the contribution 0 5 10 1‘5 2'0 2'5 30
due to quartetting is almost zero but may become large for z
small A. For instance, the calculation fdfC and 0 give
an additional contribution to the condensation energy due to FIG. 14. For the filtew(Z,Z) the ratiow,+ /w, of 27 excited
quartetting of 10.3 and 9.6 %, respectively, if compared withnuclei over ground-state nuclei is given for even proton and neutron
isospin singlet pairing. number. The average value is indicated by the dashed lines as well

These results should be considered as first estimates of th the statistical errors by the thin lines.
effect of a possible four-particle condensate on nuclear bind-
ing energies. For a more accurate evaluation of these effect§ : S
the direct calculation of the condensation energy by means ¢t Nuclei very close to the symmetry liié=Z. These con-
the solution of the four-particle wave equation at zero temiributions are relatively large for smaller nuclei<:20). For
perature is needed. Moreover, the local-density approximahedium mass nuclei neutron-proton pairing in the isoscalar
tion we used in this work deserves further improvements. channel disappears already {dt—Z|=4. This stems from

the very rapid decrease of the isoscalar pairing as a function
C. Excited nuclei of the unbalance in the Fermi energies of protons and neu-
trons. These facts can explain the origin of the Wigner term

After discussing the contribution gbn pairing to the . - .
S . . 2. in the mass formula as well as the empirically determined
nucleon binding energy, comparing with the pairing energy

in asymmetric nuclear matter, it is of interest to discuss aIs&B(Z’N) or bz_n(2), respectivelyfsee Eqs(1),(10]]. An

the effect of excitations. In nuclear matter, excitations aree_nhgncement qf the _|sosc_al_ar pairing contrlbgtlorj to the
well understood in the context of finite temperatures. It isPinding energy is obtained if in addition quartetting is taken

expected that the effects of condensates are decreasing witifo account. An interesting effect is that the reduction of the

increasing excitation. condensation energy with increasing excitation of the nuclei
To investigate the effect of excitations on the formation ofS€€ms to be in agreement with empirical data.
condensates in finite nuclei, we analyze theekcitations of Our calculations are exploratory in the sense that they

even-even nuclei. In particular, we used thdilter for the =~ were performed in the rather crude LDA approach. However,
analysis and compared,(Z,Z) for the excited nuclei with ~ please notice that the LDA has yielded in the past quite rea-
Wy (Z,Z) for the ground-state nuclei, see Fig. 14. We deter-sonable results on the average, i.e., for a gap averaged over
mined the mean value of the ratio fraf=10 toZ=26 and the shell effectd17]. Therefore, we think that our results
obtainedw,+(Z,Z)/wy(Z,Z)=0.64=0.19. give a quite reliable first orientation of the effect. The ap-
This result can be compared with the influence of finite-proach should be improved in several respects. First, a more
temperature on the pairing in nuclear matter. The averdge 2realistic force should be employed. Second, shell effects
excitation energy of even-even nuclei, taken for the intervaimust properly be included. Eventually, effects of number
10<Z=30, is 1750 keV. Performing a finite-temperature projection, even-odd staggering, and pair fluctuations should
Thomas-Fermi calculation for a nucleus of medium protona|so be investigated. Such studies will be performed in the
numberZ = 20, this excitation energy would correspond to afuture. It is hoped that isoscalar pairing and quartetting will
temperature of about 1 MeV. give us precious hints on the effective neutron-proton inter-
As shown in Fig. 13, similar to the decrease of the gap Weyction in a nuclear medium as well as very interesting clus-

observe also a decrease of the valy¢Z) with increasing  tering and condensation phenomena in nuclei.
temperature. The result of the calculation is in agreement

with the empirical value given above.
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