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Neutron pair and proton pair transfer reactions between identical cores in the sulfur region
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Optical model and exact finite range distorted-wave Born approximation analyses were performed on neu-
tron pair exchange between identical cores 8 and 3*S nuclei and on proton pair exchange between
identical cores for’®Si and 3°S. The extracted spectroscopic factors were compared with theoretical ones
deduced from Hartree-Fock calculations on these pairs of nuclei. The enhancement of the experimental cross
sections with respect to the theoretical ones strongly suggests evidence for a nuclear Josephson effect.

PACS numbgs): 21.10.Jx, 21.60.Jz, 24.10.Ht, 27.30.

I. INTRODUCTION Il. SPECTROSCOPIC FACTOR

With regard to angular distribution shape, two neutron The speitroscop!c amplitude |8, for two nucleons
. ; ; e coupled toS=0 or 1 is given for a Os relative motion tj$]
transfer reactions between identical colliding cores have

been successfully analyzed on the basis of the phenomeno-

logical diffractional model[1] for the 3°S(3'S,3%5) elastic ALs=9V(2] 1+ 1) (2] ,+ 1)(2L+1)(25+ 1)
scattering reaction measured at 97 MeV incident eng2gy

In this article, we present a standard optical model analysis L, 12 j,

and an exact finite range distorted-wave Born approximation L, 12 |,

(EFR-DWBA) analysis of such a reaction in order to inves- X DS (n1,11,n2,15IN,1,0,0. (2)

tigate a possible nuclear Josephson effect for the neutron pair
transfer reaction in the vicinity of the Coulomb barr&. . . .
The same analysis is also performed for the proton pair ex- The value ofg is equal t(_) Lif the two nucleo_ns are in the
change between identical colliding cores of tRi(32S, same subshell and otherwise equa{/ﬁl The pair of braces

30sj) reaction[2]. We define the nuclear Josephson effect inis th? stand.arde\Nign(.er. symbol and the _brackék_} is the
almi-Moshinsky coefficient for a Os relative motion and an

this paper as the simple enhancement of one identiceg‘ L tor of ton. | ¢ i of identical
nucleon pair transfer between cores due to the coherent na- center of mass motion. in our case, for a pair of ilaentica
nucleons, protons, or neutrons, the total spin is equal to 0.

ture of nuclear states in both nuclei exhibiting Bardeen—F h for the 0 d fi . h
Cooper-Schrieffe(BCS) identical nucleon pair wave func- Furthermore, forthe 0 ground state configuration, we have

tions. During the collisions, a time dependent Josephsof =39=0andny =ny, 1y =1y, j3 = jo.
junction is formed between the two cores, the Coulomb bar- " the case of the wave function extending over several
rier acting as an insulator. This was first pointed out byPuré shell model configurations, the pick-up spectroscopic
Gol'danskii and Larkin[4]. This nuclear Josephson effect factorS; is given by
can persist slightly above the Coulomb barfig}.

The cross section for such an elastic scattering can be

2
written 542’2( ViArsanlj)
n

: ()

o(0)=|fe( 0) + VNS Sfpwea(7m— 0)|? 1)

whereV,, is the configuration amplitude and, A, the cor-

i i i responding spectroscopic amplitude, while for a stripping re-
for a zero spin system. Heifg(9) is the usual elastic scat- action, the spectroscopic factsy is given by
tering amplitude given by an optical model analysis while

fowsa(m— 6) is the direct EFR-DWBA transfer reaction am-

plitude. The value§; andS; are the entrance and exit chan- .
nel spectroscopic factors ard is a normalization factor Sf:‘%; (1=VihALsanlj)
equal to 1, if the direct surface transfer reaction model is

perfectly suitable. If the incident energy is sufficiently above

the Coulomb barrier, the forward angle will be dominated bywith the same notation as previously. In the following section
the elastic scattering while the backward angle cross sectiois presented the microscopic framework in which the con-
will be mainly the direct EFR-DWBA cross section. figuration amplituded/,,, are obtained.

2
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lll. SPECTROSCOPIC FACTORS FROM THE HARTREE-
FOCK-BOGOLIUBOV THEORY AND CONFIGURATION f [H(g,9')—El(q,9")]1f(q')dg’ =0. (6)
MIXING CALCULATIONS

A. Theory In this equationH(q,q’) =(® |H|¢>q ) is the nuclear ker-

The theoretical framework within which are described thenel 1(a,q)= (<I>q|<1>q ) the overlap kernel, an& the en-

0 32,3 _ergy.
Eeul::eler?]retsrt‘guci:gre of"Si and **S s the generator coord In the third(and fina) step, it is assumed thétq,q’) is a

Gaussian shape. Under this so-called Gaussian overlap ap-
proximation[6], Eq. (2) can be transformed into a second-
order differential equation and expressed in the laboratory

In the first step, potential energy surfa¢BES’9 are built
from constrained Hartree-Fock-Bogoliub@kFB) calcula-
tions, i.e., from a minimization of the energy function]

system
(D g|H—NoQ20~ A2Qp2— NzZ—NyN|®)=0. R
779(q)=Eg(a),
In this equation,
(i) @4 is the quasiparticlégp) vacuum, where
(i) H is the many-body nuclear Hamiltonian
H= EA 1Tit U2, vi;, whereT,; is the kinetic energy of Sy M-1 4 o
) — - e — 9 7
the ith nucleon, and;; the finite range density dependent 2 ﬁq.[ (@154, (@ 0

force of Gogny[8],

(iii) Q9 and Q,, are external field operators which gen- is the collective Hamiltoniang(q) the Gauss transform of
erate axial and triaxial quadrupole deformations, respecf(q), and 7(q) the potential energy surface corrected for
tively, andZ and N are the proton and neutron numbers, zero-point energyAV(q) [i.e., 7(q) = 7(q)—AV(q)].
respectively. T is formally identical to the Bohr Hamiltonian considered

Finally, the Lagrange multipliers; are determined by the by Kumar and Barangdn0]:
constralnts(®q|Qzl|d>q> J,, and <d>q|Z(or N)|d>q> z
(or N . 1 . . .

Orzce the constrained HFB equations are solved, the po- -#=71(B0.B2)+ E(BooﬂgJr 2BoyBoB2+ B2
tential energy surface is defined as s
(7

V(@) =(®q|H|Dg), 5 +k21 2.7 t3)

where the notatiom=(0zo,02,) is used. Sincel,, andd,;  where the collective variableg, and 8, are related to the
are directly related to the Bohr coordinatgsand y, the  standard Bohr parameters By= 8 cosy, B,=8 siny, and to
potential energy surfacé) may also be expressed ¥$2, the quadrupole moments by /_( 715)(do /r§A5’3) and

7). . . V(37/5)(q, /T 2A5R), respectively.
In the second step, the dynamical staiess., the ground The zero-point energy term as well as the collective

state and excited levglare sought as massesB;; (i,j=0,2) and moments of inertia; (i=1,3),
which completely define the tensbt;; , are calculated in the
W)= J' f(q)|®)dq cranking approximatioﬁll]. Let us note that the only ingre—_
o= dient used in our set of calculations is the Gogny force. With
it, pairing correlations are handled in a fully microscopic
where the superposition amplitudlég) is the solution of the way requiring no additional parametel8]. The collective
Griffin, Hill, and Wheeler(GHW) equation[9] Hamiltonian.7Z is parameter free.

TABLE I. Theoretical occupatlon probabilitieg?, for °Si, 325, and **S nuclei. For each nucleus, the first column corresponds to
V2" and the second one ¥, at the minimum of the PES.

%%Si(p) %2S(p) ¥8(n) 8(n)

vaer Vi Vi v Vi Va Vi Va
1ds/ 12 0.996 1.00 0.998 1.00 0.997 1.00 0.996 1.00
1ds/ —3 0.990 1.00 0.997 1.00 0.995 1.00 0.995 1.00
1dg); _g 0.891 1.00 0.992 1.00 0.987 1.00 0.990 1.00
2510 -1/ 0.111 0.6<10°4 0.914 1.00 0.883 1.00 0.974 1.00
1da _1s 0.006 0.5¢10°4 0.081 0.%x10°4 0.099 0.5¢10°4 0.783 0.999

1d3/p 35 0.002 0.410°° 0.003 0.x10°4 0.008 0.x104 0.167 0.%x10°3
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B. Spectroscopic factor whereg,(Bo.B) is the g.s. collective wave functiofsee

The lowest eigenvalue of this Hamiltonian is the corre-Fig- 1.
lated ground statég.s) energy. The higher ones are excita-

tion energies of even-parity rotational-vibrational collective IV. HFB RESULTS
levels. The corresponding eigenvectors, the collective wave )
functions, are used to calculate the g.s. observable quantities. A. Potential energy surfaces

The quantities we are interested in here are the configuration The PES calculations are shown in Fig. 1. At first sight,
amplitudesVy,.. In the HFB framework, these quantities are these three PES's present very different structures. A prolate
the occupation probabilities of particle states obtained fronminimum at large deformation is seen %S while an oblate
the constrained HFB calculations. In first approximation, weminimum occurs at small deformation f8fS. In contrast, no
can consider that the nucleus is well described by the HFBharp minimum exists foP%Si. For this last nucleus, it is
wave function corresponding to the minimum of the PES.clear that the wave function corresponding to the minimum
We give below the values of théZ, obtained in this way; of the PES will not be appropriate for the ground state. It is
see Table I. Next a better result may be deduced from mixingor this nucleus that the effect of the long range correlations
the constrained HFB solutions using the GHW formalism.is the most important.

Including these correlations in the g.s. wave function leads to

significant changes in the predicted occupation probabilities, B. Collective levels and transition probabilities

which are defined in this framework as
The collective level energies obtained fiSi and 3235

2dyn_ 5 are shown in Fig. 2. Although here we are only interested in
Vhk _J’ Vik(Bo:B2)Ink(Bo,B2)dBod B2, the ground state properties, the rather good agreement ob-
tained for the first collective levels gives some confidence in
our calculations. To further check the validity of our collec-
tive level predictions, we have calculated reduced transition
probabilities forE2 transitions. In Table Il is shown a com-
parison between measurgt2] and predicted(E2) values.
The good agreement which is obtained suggests that our pre-
dictive collective wave functions are also reliable for the
calculation of thev,,’s.

On one hand, for the pick-up spectroscopic factors, it has
turned out in the Hartree-Fock calculations f§6 nucleus
that the Mg, and the 3,,, neutron shells are completely full
while two pairs of neutrons occupy thedd, shell. In the
same vein for thé’Si nucleus, it appears that theld, pro-
ton shell is also completely full. On the other hand, for the
stripping spectroscopic factors, it has turned out in the same
calculations that the ground state wave function3¢® is
only the ground state wave function &S coupled to a pair
of neutrons in the d5, shell. In the same way, the ground
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FIG. 1. The potential energy surface f&iSi and 2% nuclei
on the left part, and on the right part, the corresponding ground state FIG. 2. Experimental and theoretical level scheme of ¥
collective wave functions. and 3234 nuclei for the first even collective states.
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TABLE Il. Experimental and theoretical transition probabilities

MICHEL C. MERMAZ AND MICHEL GIROD

B(E2) in €2 b for ¥2S, *43, and®°Si nuclei.

Nucleus B(E2)TExpt? B(E2)7T Theo.
30g;j 0.0215 0.0252
825 0.0300 0.0307
g 0.0212 0.0258

°From the compilation of S. Ramaet al. [12].

state wave function of?S is only the ground state wave
function of 3°Si coupled to a pair of protons in thesg,
shell. Furthermore, it appears in all of these calculations that
the Of-1p shell is completely empty. Thus the neutron pair
transfer as well as the proton pair transfer occur only on the 19
1s-0d shell orbitals and consequently the number of nodes of

the center of mass motion is then equal to 2.

V. THE OPTICAL MODEL AND EFR-DWBA ANALYSIS
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Figures 3 and 4 present an optical model analysis and FIG. 4. Angular distribution of the?S(3*S 325) elastic scatter-
EFR-DWBA analysis of the complete elastic scattering plusng plus transfer reaction between identical cores measured at 97

transfer angular distributions of th8S(34S,%2S) reaction ob-
tained with the codesATURN-MARS [13]. The optical model

MeV °2S incident energy. The experimental data points are from the
work of J. L. Ferrercet al. [2].

elastic scattering parameters which best fit the data at for-

ward anglegangles smaller than 80° c.jrare given in Table
Ill, families V1 andV2, and were obtained with the auto-

matic search codeTOLEMY [14] These parameters corre- trOSCOpiC factor which best fitted the data pOintS is 1.70 for a
spond to strong absorption using equal geometry for the redheoretical Hartree-Fock value &S;= 0.13. The experi-
and imaginary parts of a Saxon-Woods potentiaL The phas@enta| enhancement factiris then about 13. In the case of
of the W|gg|e5 at backward ang|es is perfecﬂy reproducedt_ranSfer reactions between identical cores, we have in the

The agreement is strikingly good at 97 Me¥S incident
energy. The extracted experimental value of N®S; spec-

10

10

FIG. 3. Angular distribution of the?’S(3'S,%%S) elastic scatter-
ing plus transfer reaction between identical cores measured at 9o (fm)
MeV %S incident energy. The experimental data points are from they, (fm)

T \\\HH[
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work of J.L. Ferrercet al.[2].

same figure agreement between the elastic scattering fit at
forward angles and the quasielastic transfer reaction cross
section at backward angles, leaving no freedom for the ad-
justment of the optical model parameters. The bound state
well parameters are the reduced radius1.25 fm and the
diffusivity a=0.65 fm. The reduced radiusis already large
and favors the transfer reaction quite strongly. The bound
state wave functions have two nodes according to the Talmi-
Moshinsky transformation. At very backward angles, the ex-
perimental points are well above the theoretical fit and cor-
respond to a region of distant collision where the transfer
reaction can occur only through Josephson tunneling of Coo-
per pairs.

TABLE IlI. Optical model parameter table fo¥S projectile on
345 and®°sj target nuclei. The geometry is the same for the real and
the imaginary parts. The reduced Coulomb radius equal to the
real part optical model radiug,.

Target ERS 843 305

E.p (MeV) 90.0 97.0 90.0

Potential family V1 V2 V3

V (MeV) 50.0 50.0 50.0

W (MeV) 20.0 20.0 20.0
1.274 1.285 1.288
0.517 0.495 0.494
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experimental enhancement factor of almost 13.

VI. DISCUSSION AND CONCLUSION

T T

The unhappiness factdt is too high by a factor of 13 for
the 345,325 reaction and too high also by a factor of 13 for
the 3°Si, 32S reaction, which means for both systems that the
pair transfer reactions are much too large at backward angles.
Let us note that the spectroscopic factors are the largest val-
ues which can be obtained for a classical transfer reaction
process. The optical model parameters reproduce extremely
well the elastic angular distributions at forward angles and
also the interference pattern between elastic scattering and
transfer processes, in the intermediate angular range for both
reactions. This means that the pure transfer reaction is cor-
rectly computed and that the deviation from the theoretical
absolute values and the disagreement in shape observed at
very backward angles might be due to a possible Josephson
80 100 120 140 effect: a current of Cooper pairs between the two colliding
@)cm(deg) cores. This tunneling current of pairs has to be high at very
o backward angles, where a distant collision occurs due to the
FIG. 5. Angular distribution of thé®Si(3%S %S elastic scatter- Coulomb plus centrifugal barrier playing thg role pf an insu-
ing plus transfer reaction between identical cores measured at dgtor layer between the two superconducting fluids. Never-

MeV 25 incident energy. The experimental data points are from thdn€less, there is a caveat to this last statement: the unhappi-
work of J. L. Ferrercet al. [2]. ness factor can be larger than 1 in pair transfer reactions, as

observed by the authors of R¢L5] where a factor of 2.3 is
Figure 5 presents the very same analysis for proton paighcountered for N in the ™Ge(*%0,'°0)"%Ge and

transfer reaction between identical cores 88i(325,3%si).  '°Ge(*°0,'®0) "“Ge reactions due to the possible neglect of
The optical model parameters which best fitted the dat&equential processes.
points are given in Table lll, family)3, and correspond to a
strong absorption potenti'al. The de_viation at very backward ACKNOWLEDGMENTS
angle between the experimental points and the fit can be due
to a possible Josephson effect, as already pointed out in the Sincere thanks are due to Professor B. Bilwes of the Uni-
neutron pair transfer reaction case. The extracted experimenersity of Louis Pasteur, Strasbourg, for having provided us
tal value of theNSS; spectroscopic factor is 3.0 for a theo- with her beautiful data on scattering of*4 beam?Si and
retical Hartree-Fock value a8 S;= 0.23. We have now an on 'S target nuclei, in tabulated form.
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