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Abstract

The absolute cross sections for elastic scattering and two-neutron transfer reaction for 180 4 206pp Sys-
tem have been measured at an incident energy near the Coulomb barrier. Detailed coupled reaction channel
calculations have been carried out for description of the measured angular distributions for the elastic scat-
tering and transfer reactions simultaneously. The two-neutron transfer reaction 206pp(180, 1609)208pp, i
the g.s. — g.s. transition is analyzed in (i) extreme cluster model assuming a di-neutron transfer, (ii) two-
step successive transfer, and (iii) microscopic approach (independent coordinate scheme) of simultaneous
transfer of two neutrons. The relative importance of one step simultaneous transfer versus two-step succes-
sive transfer has been studied. Present analysis suggests dominance of cluster transfer of a di-neutron. The
contribution from the two-step sequential processes is less significant, however, the combined “two-step
plus simultaneous (microscopic)” calculations give a reasonably good agreement with the measurement.
The possibility of multi-step route via projectile and target excitations and contribution from such indirect
transfer paths to the present two-neutron transfer cross section has been investigated.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Two-nucleon transfer reactions induced by light and heavy ions are known to be a useful tool
for extracting information on nuclear pairing correlations. Extensive studies have been performed
and reported in the literature to understand the two-nucleon transfer and pairing effect in nuclei
[1-14]. Such studies have received increased impetus due to the availability of neutron rich radio
active ion beams where two-neutron transfer reactions are found to be quite dominant [15,16].
In a very recent work, experimental data for the two-neutron transfer are reproduced for the first
time in a microscopic calculation by incorporating the nucleon—nucleon pairing correlations [17].
However, it is still an open question whether the information on the pair correlation can be ex-
tracted in heavy ion reactions. Studies of single nucleon transfer reactions are of great success in
establishing the connection between the cross section and single-particle configuration of the nu-
clear states, while extraction of structure information from two-nucleon transfer cross section is
not straightforward. The complexity increases with heavy ions as multiple transfer paths become
possible [ 18-21] and these possibilities contribute significantly to the absolute cross section. The
contribution from a multi-step route involving successive transfer of two single nucleons can be
comparable or even higher compared to the one-step direct transfer of correlated nucleons [5,13,
22-26]. Moreover, while dealing with heavy ions, one should also take into account the effect of
inelastic excitations prior to or after the transfer [11,12,21,27]. The virtual Coulomb excitations
in the projectile and/or target can influence the transfer cross section [28] and depending on the
projectile and target combination, these effects can be of significant importance. Non-inclusion
of these multi-step routes in the transfer reaction analysis could lead to misinterpretation of the
experimental results.

Even for single-nucleon transfer reactions, which are usually well described in the DWBA
framework using the phenomenological optical-model potential obtained from fitting of elastic
scattering data, very often a large normalization factor (so-called unhappiness factor) is invoked
to reproduce the absolute magnitude of the experimental cross section. The situation is even
worse in the two-nucleon transfer reactions, an arbitrary scaling factor as high as hundred is re-
quired to reproduce the experimental angular distributions [12,25,29-31]. Inclusion of successive
two-step processes in the calculation improves the discrepancy to some extent [25,31]. In a recent
work [1.2] on the two-neutron transfer reaction (180, 1°0) on '>C, the experimental cross sec-
tions were reproduced for the first time without the need of any arbitrary normalization and the
coupled reaction channel calculations indicated the dominance of one step reaction mechanism
for this reaction. This two-nucleon transfer reaction (180, 16O) on various target nuclei has also
been studied in the past by several authors [10-13] and different results are obtained. In some of
the works the sequential transfer process is found to be dominant over the simultaneous transfer
[13] whereas some others observed that the one step process competes strongly with the two-
step process [10]. Nevertheless the 80 induced two-neutron stripping reaction, as mentioned in
Ref. [2], is a good candidate for the study of two-nucleon correlations due to the existence of a
correlated neutron pair in the 0 ground state wave function. A systematic exploration of this
reaction on different target nuclei would be useful for the study of pairing effects.

In the present work, we have studied the two-nucleon transfer reaction 206pp(18Q), 16(9)208 ppy,
The reaction mechanism has been studied and relative contributions from different pro-
cesses/transfer paths that are contributing to the absolute cross section have been investigated.
The beam energy was chosen at near the Coulomb barrier. For heavy ion transfer reactions
around and below the Coulomb barrier the reaction mechanism is less complicated as the ef-
fect of attractive nuclear force on the Coulomb trajectory would be minimum and may easily
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Fig. 1. (Color online.) (a) Typical gain matched AE vs. (AE + E) spectrum for the reaction 2()(’Pb(lgO, X) at E(ISO) =
79 MeV and 6,5, = 165°. (b) x projection of 160 [marked by the circle in (a)]. The peak corresponds to the two-neutron
transfer reaction 200Pb(180, 16Ogu\-, )208 Pbg s.

be accounted for. The present two-neutron transfer reaction has the added advantage of having
positive Q-value, the Q-value dependence of cross section (optimum Q-value [21]) may favor the
population of ground state transition. The reaction calculations are performed using the coupled
reaction channel (CRC) formalism. The effect of coupling amongst various reaction channels
and relative contributions from direct as well as indirect transfer paths are studied and reaction
mechanism has been understood. The paper is organized as follows. The experimental details are
given in Section 2. The CRC calculations and results are presented and discussed in Section 3.
Analysis in the transfer probability calculations are presented in Section 4. Section 5 deals with
the summary and conclusions.

2. Experimental details

The measurements are carried out at the BARC — TIFR Pelletron-Linac facility, Mumbai,
India. The 80 ions of energy 79 MeV are used and the target is isotopically enriched 2°°Pb
(>99%) evaporated on '2C foil. The target and carbon backing thicknesses are 250 ug/cm? and
30 pg/cm?, respectively. Reaction products are detected using four silicon surface barrier (SSB)
detector telescopes in AE — E configuration mounted on two movable arms inside the General
Purpose Scattering Chamber at 0° beam line of the Pelletron beam hall. Typical thickness of
the AE detectors is ~25 pm and E detectors are above 300 um. Each telescope subtended a
solid angle of ~0.5 msr. Two monitor detectors (SSB detector of thickness 1 mm) are placed at
forward angle 6;,, = +25° with respect to the beam direction for cross section normalization.
A good charge and mass resolution has been achieved which allowed the separation of oxygen
isotopes from other particles (Fig. 1). Angular distribution for the elastic scattering cross section
has been measured in the angular range of 6;,;, = 85°—~170° and the ratio of the elastic scattering
cross section to the Rutherford cross section, plotted as a function of centre-of-mass scattering
angle, is shown in Fig. 2. The error bars shown in the figure are the statistical uncertainties and
in many cases they are within the data symbol. In addition, an overall systematic uncertainty of
~10% is estimated (mostly for the large angles data) mainly due to the fitting produce to extract
the area under the elastic peak. The angle offset is measured to be 0.3°.

For the two-neutron transfer reaction 206Pb(lSO, 16O)ZOBPb, the ground state of 208p is well
separated from the elastic peak due to the positive Q-value (Q = +1.917 MeV) of this reaction
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Fig. 2. (Color online.) The reaction calculations along with measured data for the elastic scattering angular distribution
in 180 + 296pp at 79 MeV plotted as a ratio to the Rutherford cross section. The results of the FRESCO calculations are
shown as i) blue dotted curve when only double-folding potential and short range imaginary potential are considered (no
inelastic excitation and no transfer channels are coupled), ii) red dash—dot—dash curve when double-folding potential,
short range imaginary and 206py, inelastic states are coupled, iii) red dash curve when double-folding potential, short
range imaginary and both the target and projectile inelastic excitations are considered and iv) black solid curve when
transfer couplings are also included. The definition of R,;;,, distance of closest approach, is given later in Section 4.
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Fig. 3. (Color online.) The measured do/dS2 for the two-neutron transfer reaction 206Pb(180, 160& s. )208 Pbgs. at Ejqp =
79 MeV along with the theoretical predictions. The black solid curve is the result from CRC calculations in the extreme
cluster model while contribution from the two-step sequential process is shown as blue dotted curve. The results of
microscopic calculations for a simultaneous transfer are shown as red dash curve while the curve represented by blue
dash (long — short — short) corresponds to the results of combined “two-step (successive) plus one-step (microscopic)”
calculations.

and has been clearly identified, as shown in Fig. 1. Angular distribution of cross sections for
this two-neutron stripping reaction has been measured and is shown in Fig. 3 along with the
error bars. Additionally, a systematic uncertainty in the solid angle measurement is estimated
to be ~3%. The contribution from the carbon backing did not interfere the present data as the
maximum angle of 180 scattering from 12¢ s Gy ~ 42°.
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Table 1
Deformation parameters of the 180 nucleus and experimental B(E}) values for the 21 and 3~ states in 206pp nucleus
used in the present calculations.

180 206Pb

E. Jr A 8 Ba Ref. E, Jr A B(E;) Ref.
(MeV) (fm) (MeV) (€2o?")

1.982 2+ 2 1.25 0.38 [36] 0.803 2+ 2 0.10 [37,38]
5.098 3~ 3 1.19 0.36 [36] 2.647 3~ 3 0.61 [37.38]

3. Coupled reaction channel calculations and results

The data are analyzed in the coupled reaction channel model to reproduce, simultaneously,
cross sections for the measured elastic scattering and two-neutron transfer reaction. The computer
code FRESCO (version FRES 2.9) [32] is used. In the coupling scheme, the elastic scattering,
several low lying inelastic excitations in 30 and 2°°Pb, and one- and two-nucleon transfer reac-
tions are included. The one-nucleon transfer includes transition to specific single-particle states
in 70 (E; =0.0 MeV, 5/2%, E, =0.871 MeV, 1/2% and E, = 3.06 MeV, 1/27) and single-
hole states in 2°’Pb (E, =0.0 MeV, 1/27; E, =0.57 MeV, 5/2~ and E, = 0.89 MeV, 3/27).
The coupling diagram for the two-neutron transfer processes in 206pp(18(, 1"’Og. S,)ZOSPbg,S‘ is
shown in Fig. 4.

The CRC calculations are performed as follows. First, the elastic scattering cross section has
been calculated with a bare double folded (DF) real potential. The microscopic double-folding
potential Vpr = f f dridryp(ry)p(r2)v(ry2) was computed using the computer program DF-
POT [33]. The DF potential consists of folding of a harmonic oscillator density distribution to
simulate 80 with the sum of two Fermi density distributions for the protons and neutrons in

206pp, The charge densities are taken from the atomic and nuclear data tables [34] and the M3Y

e 2.5r

form [35] of the effective nucleon—nucleon interaction v(ry2) = 7999~ — 2134% —2625(r)
has been used. The calculated elastic scattering angular distribution with this double folding po-
tential reproduces the measured data and no additional scaling to the real part of the potential is
needed, as described later.

Next, various non-elastic modes which occur at the nuclear surface are coupled. The absorp-
tive potential is generated through this coupling. For deformation parameters in the projectile 180
we have used the average experimental values that are listed in Table 1 of Ref. [36] and for the
target 2°°Pb nucleus, the experimental values that are reported in Refs. [37,38] from the studies
of 20°Pb(170, 170Q’) reaction are used. The values are also listed here in Table 1. The Coulomb
and nuclear deformation lengths are taken as equal. The spectroscopic amplitudes (SA) for the
one- and two-nucleon transfer reactions, needed to generate the strengths of the various transfer
processes concerned in the present study, are taken from the values available in the literature.
For the oxygen nuclei we have taken the values from a recent work of Cavallaro et al., [2]. For
Pb nuclei the values that are reported in Refs. [39-41] have been used. The amplitudes are also
listed in Table 2 here. The two-neutron stripping channel includes a one-step simultaneous trans-
fer and two-step successive transfer. The sequential transfer involves various intermediate states
as shown in the coupling diagram (Fig. 4). The details of the transfer calculations are described
later.

In addition, as explained in Ref. [26], a short range imaginary potential of Woods Saxon type
with Vy =40 MeV, rop = 1.0 fm and q¢ = 0.4 fm is used. An absorption cross section of ~23 mb
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Fig. 4. Coupling diagram showing different transfer paths (direct and two-step) used in the calculation for the present two-neutron transfer reaction. The levels in 170 and 207pp
concerned in the sequential transfer are ds /7, 51,2 and pj/; single-particle states and py /2, f5/2 and p3/3 single-hole states, respectively. Coupling of the inelastic excitation
(2 state) in the projectile and target that are shown here are done for the calculations carried out at the later stage when contributions from the indirect transfer paths through
virtual excitations are studied.
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Table 2

Spectroscopic amplitudes (SA) for various one- and two-nucleon transfers used in the present calculations. The values
for the light nuclei (oxygen isotopes) are taken from a recent work of Cavallaro et al., [2] and that for Pb isotopes are
taken from the Refs. [39-41].

nlj SA nlj SA
1Bot) - 70(5/21) 1ds» +1.305 18ot) — 100(0H) (1ds)2)? —0.871
1Boot) - 70(1/21) 251/ +0.566 (2s12)% —0.367
1Boot) - 70(1/27) Ip1/2 —0.929 (Ip1)2)? +0.241
170(5/21) — 190(0H) 1ds > +0.972 180(0*) — 100(3™) (1p1/21ds)2) +0.801
170(1/2) — 160(0H) 2812 +0.975 206pp(0t) — 208ph(0T) Gp1/2)? +0.769
170(5/21) — 100(3™) 1p12 —0.718 (2fs5)2)? +0.477
206pp0t) — 207pp(1/27) 3pi2 +0.720 (3p3)2)? +0.426
206pp(0t) — 207ph(5/27) 265> +0.368 206pp(2+) — 208pp(0t) (3p1/22f5/2) +0.724
206pp(0t) — 207ph(3/27) 3p32 +0.546 (3p1,23p3/2) —0.523
207pp(1/27) — 208pp(0t) 3pi)2 +0.957 (2fs)2)? +0.278

207pp(5/27) — 208pp(0t) 265> +0.861
207pp(3/27) — 208pp(0t) 3p3/2 +0.875

for the fusion channel has been obtained from the present calculation which is slightly higher than
the measured fusion cross section for the !0 + 208Pb reaction at about the same centre-of-mass
energy [42]. The sensitivity of the fusion cross section to this short range absorptive potential has
been studied. A set of CRC calculations have been performed in which the diffuseness parameter
is reduced from 0.4 fm to 0.2 fm. The fusion cross section is almost insensitive on the choice of
this potential by varying ag from 0.4 fm to 0.2 fm while a change in the radius parameter ry from
1.0 fm to 1.2 fm leads to a decrease in the fusion cross section by ~10%.

The results of the present CRC calculations for the elastic scattering angular distribution are
shown in Fig. 2 and are compared with the experimental data. From the calculations it has been
observed that the elastic and inelastic channels are strongly coupled. For the elastic scattering
angular distribution, the inclusion of inelastic excitations in the CRC calculations has significant
effects at larger angles (Fig. 2). It has been observed, as can be seen in the figure, that the effect
due to the coupling of the 2t (E, = 1.98 MeV) state of '30 is significant on the elastic scat-
tering angular distribution while the target excitation (27 state at 0.803 MeV) has relatively less
influence. It is to mention that the 27 state of 2°Pb has relatively low deformation parameter
B2 = 0.03 (calculated from the B(E2) value reported in [37,38] with R = 1.25 x A!/3 fm) as
compared to the 8, value [36] of 0.38 for the first excited 27 state in 180 which might be the
possible reason. The inclusion of transfer channels is observed to have little effect on the elastic
scattering cross section. Overall agreement between the calculation and the measured data, after
inclusion of all these channels, is reasonably good.

The calculations of two-neutron transfer reaction cross sections are performed with an em-
phasis to understand the relative importance of various processes that governs the transfer
mechanism. The transfer calculations are done in the (i) extreme cluster model assuming a di-
neutron transfer, (ii) microscopic consideration of the two-nucleon simultaneous transfer and
(iii) two-step successive transfer. In the extreme cluster model, the two neutrons are assumed to
be spatially correlated. The 2n cluster is assumed to be in the S =0 and 7 = 1 state and the 1s
internal motion for the cluster is considered [35]. The interaction potential is assumed to act on
the centre-of-mass of the correlated neutron pair. Under this assumption, the transfer is described
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in the similar way as that for a single-nucleon. The quantum numbers (N, L) of the centre-of-
mass motion are calculated using the harmonic-oscillator energy conservation relation as given
in Ref. [35]

2
AN —D+L+20—D+1=) 20— 1) +1;,
i=1

where (n;,1;) are the quantum numbers of the individual transferred nucleons. The initial and
final bound state wavefunctions for the di-neutron are generated in a Woods Saxon potential
well with the parameters rop = 1.2 fm and ag = 0.58 fm and the depth of the well is adjusted to
reproduce the two-neutron separation energy. The finite range transfer calculations are carried
out with the post form of the interaction potential including the full complex remnant term. The
spectroscopic amplitude for the di-neutron cluster is taken as 1.0. In the present calculations,
the N =3, L = 0 configuration is used for the cluster in the 30 ground state. The contribution
from the other N =2, L = 0 configuration with amplitude 0.241 is observed to be less impor-
tant.

The successive transfer calculations are performed as follows. In the shell model description,
the ground state of 2°°Pb is described as [40] two-particle hole with respect to the N = 126 core
and can be written as

Ygs. = 0.769(3p1/2)° 4 0.477(2fs5/2)* 4 0.426(3p3/2)>.

Thus, in the description of sequential processes for the transition 2°°Pb(01) — 29%Pb(01), three
intermediate channels populating the 1/27(g.s.), 5/27 (1% excited state) and 3/27 (2" excited
state) in 297Pb are considered (see Fi 2. 4). Similarly, in the shell model calculations of Ref. [2]
using the 1pj,2, 1ds/2 and 2512 model space, the ground state wavefunction for 180 nucleus
(two-particle state above the 160 core) is described as

Vgs. = —0.871(1ds/2)> — 0.367(251/2)* + 0.241(1py 2)*.

Therefore, successive paths for the transition '80(g.s.) — °O(g.s.) involve three intermedi-
ate channels that populate the 5/2%(g.s.) and 1/27 (1% excited state) and 1/2~ (2" excited state)
in 170 nucleus. In this model of two-step transfer of single-nucleons, the interaction potential
acts twice and the form factors are calculated by incorporating the appropriate one-neutron sep-
aration energies. The reaction calculations are done in the prior-post combination to avoid the
non-orthogonality terms [32].

The results of the extreme cluster model and successive transfer are shown in Fig. 3. The di-
neutron cluster model calculation reproduces reasonably well the observed two-nucleon transfer
cross section both in shape and absolute magnitude. No arbitrary normalization — the so-called
unhappiness factor that usually requires to reproduce transfer cross section is needed. The cluster
cross section is usually sensitive on the choice of binding well parameters, the dependence of the
cross section on the radius (7o) and diffuseness (ag) parameters has been investigated. A set of
CRC calculations are carried out in which the ry and ag are varied. A change in radius from
R =12x A3 fm to 1.25 x A!/3 fm for both the projectile and residual nucleus leads to an
increase in the cross section by a factor of ~2 while the cross section goes down by about the
same factor when the radius reduces to 1.15 x A!'/3. The variation in the diffuseness parameter
has somewhat less effect on the cross section. An increase (decrease) in ag from 0.6 fm to 0.65
(0.55) fm increases (decreases) the cross section by a factor ~1.5.
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The agreement between the measured two-neutron stripping cross section and calculations
involving two-step sequential processes differ significantly with the latter underestimating the
measurement. The agreement with the shape of the angular distribution is also not that satisfac-
torily especially at the extreme backward angles where the predictions show an increasing trend
while the experimental data shows a small decreasing behavior. The present calculations suggest
the cluster transfer as the dominant mechanism over the successive transfer.

We have also carried out a detailed microscopic calculations for the simultaneous transfer of
two neutrons. In the microscopic approach [35] (the so-called independent coordinate scheme),
the two nucleons are not restricted to be in the 1s internal motion and the transition potential is
assumed to act separately on each of the transferred nucleons. The overlaps/two-nucleon form
factors are then evaluated microscopically by transforming the two single-particle eigenfunctions
of a Wood Saxon potential well. The single-nucleon radial wave functions are evaluated using
the same well geometry (rp = 1.2 fm and ap = 0.6 fm) and the half-separation energy procedure
is used to fix the well depths. The choice of half of the two-neutron separation energy, which
ignores any mutual potential energy due to the residual interaction, seems reasonable in the
present case of weekly interacting neutron pair. The two-particle form factors are calculated in
the post form of the interaction potential with the prior form of the potential giving similar results.
The two-particle spectroscopic amplitudes used in the present calculations are listed in Table 2.
The adopted coupling schemes are sketched in Fig. 4.

The CRC results of the microscopic calculations for the two-neutron transfer are shown in
Fig. 3. The shape of the angular distribution seems reasonably agreeing with the measurement,
however, the discrepancy in the absolute magnitude is large. Contribution from the two step
successive calculations is higher in magnitude than the microscopic ones especially at larger
angles but the predicted values from both these calculations are lower than the experimental
measurement. The combined “two-step (successive) plus one-step (microscopic)” calculations
have also been performed. As can be seen from the results in Fig. 3, the one-step plus two-step
calculations give a good description of the order of magnitude of the experimental cross sec-
tion though some disagreement in the shape of the angular distribution is observed. It should
be mentioned that the inverse pick-up reaction 2%8Pb(1°0, 180)?°Pb has been studied earlier by
Franey et al., [43] at bombarding energies around the Coulomb barrier and a detailed analysis for
the 86 MeV data (slightly above the Coulomb barrier) is reported in Ref. [39]. In that analysis
of Bayman et al. [39], direct one-step and two-step sequential transfers were investigated in the
first-plus-second order Born approximation. It was observed that the second-order Born approx-
imation terms contribute most of the transition amplitude while contribution from the first-order
Born approximation was poor. The overall conclusion in that paper was that the transfer of two
neutrons occurs predominantly by a successive transfer mechanism with the two-step processes
account for almost all the observed cross section and contribution from the one-step simultaneous
transfer is less important. Though the multi-step sequential processes are usually dominant re-
action mechanism in transfer reactions between heavy ions, however, there are examples where
the direct transfer of a correlated two-nucleon pair is equally important (Refs. [1,10] and the
references therein). In Ref. [1] it was observed that the direct DWBA calculations using the
Fresco code reproduces the order of magnitude of the measured cross section for 130 + 12C —
160 4+ 14Cg_ 5. transition while the sequential transfer underestimates the experimental cross sec-
tion even of one order of magnitude at large angles. The calculations with the coherent sum of
the amplitudes of the direct and sequential processes in that reaction showed the importance of
interference between the two processes in describing the experimental differential cross section.
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The coupled reaction channel analysis of the present data and the calculations in the combined
“successive plus direct” transfer might be indicating the role of such interference effect.

The present calculations in the independent particle scheme yielded smaller cross section in
comparison with the predictions from the extreme cluster model. Though the two nucleon wave
functions can be ideally described both in the cluster and independent particle basis representa-
tions but the reason behind the difference in the two results, as mentioned in Ref. [2], could be
that the model space used in the microscopic calculations are limited and that more number of
pairs of single particle wavefunctions might be necessary to describe the cluster structure. Recent
shell model calculations for oxygen isotopes involving more larger model space (full p-s-d space
[44]) and (p-sd-pf space [45]) are available, however, such calculations are not performed in the
present work. It is also to mention that the extreme cluster model is a more simplistic approach
where only the component with the two neutrons coupled antiparallel to a zero intrinsic angular
momentum (S = 0) participates in the transfer and the interaction depends only on the position of
the centre of mass of the cluster and not on its internal variables [35]. Therefore the discrepancy
between the two results, as mentioned in Ref. [30], is not very surprising as the two treatments
calculate the two-nucleon form factors differently.

We have also studied the effect of indirect transfer paths via virtual excitations in the projec-
tile and target. The contributions from such indirect paths in the two-neutron transfer reaction
206pp(180, 190)2%8Pb are calculated. The following inelastic excitations in the projectile and
target nuclei are added in the coupling diagram as shown in Fig. 4, (i) projectile excitation (27
state at E; = 1.98 MeV) and (ii) target excitation (first excited 27 state at E, = 0.803 MeV).
The calculations for the present two-neutron transfer reaction are then carried out with the inclu-
sion of these two virtual excitations. For the two nucleon spectroscopic amplitude of the overlap
(180(21)|'90, ;.), we have taken the value SA = —0.324 that is given in Ref. [12] from BCS-
RPA calculations with the two neutrons in oxygen system in (sd)’ configurations. In an earlier
work [11] on this two nucleon stripping reaction (80, 1°0) on Germanium target it was observed
that the calculations with a unit spectroscopic amplitude for this '80(2%) state could not repro-
duce the experimental data, a value of —0.32 was needed to describe the data. Later in the BCS
calculations [12] it was shown that the spectroscopic amplitude of the J = 2 transfer is —0.324.
The present CRC calculations are performed with this value of the spectroscopic amplitude. The
SA for 27 state in 2°°Pb nucleus (overlap of (***Pb, ; [?°°Pb(2%))) are taken from shell model
calculated values from Ref. [40].

The results of the present CRC calculations for the two-neutron stripping reaction including
these virtual excitations are displayed in Fig. 5. As can be seen in the figure, the effect of projec-
tile excitation in the microscopic calculations is to reduce the cross section by about 15% at large
angles while the effect of this 30 excitation on the results of the combined “simultaneous plus
successive” calculations is somewhat less (a reduction in the absolute cross section by ~7%). In-
clusion of the target excitation is observed to alter the transfer cross section very little and hence
are not shown in the figure.

We have also carried out the calculations in the extreme cluster model taking into account
the indirect transfer paths. As stated above, the value of SA for the overlap (180(2+)|16Og45_)
was taken as —0.324. The calculations performed in this model with unit spectroscopic ampli-
tude for the di-neutron cluster in the ground state is observed (as shown by black dotted curve
in Fig. 5) to overestimate the experimental data at large angles. Calculations with a reduced
value of SA = 0.85 give somewhat better agreement with the measurement (black solid curve in
Fig. 5).
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Fig. 5. (Color online.) The CRC calculations for the two-neutron transfer cross section showing the effect of indirect
transfer path via virtual excitations in the projectile. The microscopic calculations for a simultaneous transfer and the
results after inclusion of the indirect transfer path via projectile excitation are shown as red dash (long dash) curve
and red dash—dot—dash curve, respectively. The results of combined “two-step (successive) plus one-step (microscopic)”
calculations with the inclusion of the indirect transfer path via the 18g (2% state) are shown as blue dash (long — short
— short) curve. The extreme cluster model calculations with the inclusion of the projectile excitation are shown as black
dotted curve assuming SA = 1 for the di-neutron cluster in the ground state while the black solid curve is the results with
SA =0.85.

4. Analysis in terms of transfer probability

The present two-nucleon transfer reaction 206Pb(180, 160)208Pb has also been analyzed in
the transfer probability approach [18,46,47]. The transfer probability, Py, is usually defined as
the ratio of transfer cross section to the elastic cross section both measured simultaneously. The
two-nucleon transfer probability (P»,), in the absence of any pairing correlation between the
transferred nucleons, would be equal [46,48] to the product of two independent single-nucleon
transfer probability (P 2)2. Thus, an enhancement factor (EF) can be defined as the ratio of
Py, over (P1,)? and would be an indicative of the importance of interaction responsible for
correlated pair transfer, if any. This may be a simplified model as is described in Ref. [17],
however, a large enhancement factor would be indicative of the dominance of one-step cluster
transfer over the two-step sequential processes [48,49]. The transfer probabilities are usually
expressed as a function of the distance of closest approach (R,,;;) and the distance of closest
approach can be calculated [ 18], assuming a pure Coulomb trajectory, as

Z,Ze? . 1
2Ecm. Sln(G‘Tm)

Rmin =

The notations have their usual meaning. The values of R,,;, have been calculated using this ex-
pression. In the present near-Coulomb barrier energy, the correction in R,,;;,, due to the attractive
nuclear potential is small and is not considered.

The two-neutron transfer probabilities deduced from the present experimental data are shown
in Fig. 6 along with the probabilities for the single neutron stripping. For the 1n-transfer reaction,
transition to single hole states 3p /2, 2f5/2 and 3p3/2 are considered and the corresponding cross
sections are taken from the calculated values. The two-neutron stripping involves the transition
206ph(g.s.) — 298Pb(g.s.) and, as mentioned above, the ground state has 59% of [(3p1/2)*] con-
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Fig. 6. (Color online.) The transfer probabilities for the single- and two-nucleon stripping reactions plotted as a function
of the distance of closest approach Ry,;,. The Py, is derived from the present experimental data while for Py,, to various
single particle states in 207Pb, the calculated transfer cross sections are used and are shown as i) blue dotted line for
transitions to the 1/27 state, ii) blue dashed line for transitions to the 5/27 state and iii) blue dash—dot—dash line for
transitions to the 3/2~ state. The expression used to calculate (P ,1)2, shown as dash—dot—dot-dash line (red), is given in
the text. The black solid line drawn through the data points of Py, is merely to guide the eye.

figuration, 23% of [(2fs /2)2] configuration and 18% of [(3p3 /2)2] configuration. Therefore, the
enhancement factor for the population of the ground state (07) of 2°8Pb by a pair of neutrons is

. Py, (g.5.(07) — g.5.(0M))
0.59 x (Pp,)%{1/27} +0.23 x (P1,)%{5/27} +0.18 x (P1,)*{3/27}
As seen in Fig. 6, a significant enhancement of the 2n transfer probability, by more than an
order of magnitude, is observed. The enhanced transfer probability seems to suggest that the

reaction mechanism prefers to proceed through a transfer of correlated neutron pair than through
successive transfer of two neutrons.

5. Summary and conclusion

The angular distributions of elastic scattering and two-neutron transfer reaction for the
180 4 29pb system have been measured at near the Coulomb barrier energy of E('30) =
79 MeV. The data have been analyzed simultaneously for the elastic scattering and two-nucleon
transfer angular distribution in the coupled reaction channel formalism. CRC calculations using
the code FRESCO have been performed by coupling the elastic scattering channel, several low
lying inelastic excitations in the projectile and target nuclei, and one- and two-neutron transfer
reactions. The double folding real potential has been used and a short range absorptive potential
is added. The two-neutron transfer reaction 206Pb(180, 16Og_s,)208Pbg4& has been studied in detail
and the underlying reaction mechanism is investigated. The present calculations in the extreme
cluster model assuming a di-neutron transfer and with the microscopic double-folded potential
are successful in describing the observed angular distributions for the two-neutron transfer and
elastic scattering angular distribution, simultaneously, without the need of any arbitrary scaling
factor. The analysis of the present data in terms of transfer probability also suggests the domi-
nance of a one-step cluster transfer over the uncorrelated transfer of two neutrons.
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Predictions from the two-step successive transfer alone dominant over the one-step micro-
scopic calculations but the results from both these calculations underpredict the absolute differ-
ential cross section of the experimental data. The combined “two-step plus one-step” calculations
give an overall good agreement with the measurement.

The effect of indirect transfer paths involving inelastic excitations in the projectile and tar-
get nuclei has also been investigated. The calculations in the extreme cluster model taking into
account the indirect transfer paths indicate the necessity to use slightly smaller value of the spec-
troscopic amplitude than 1.0 that is usually assume for this model. The projectile excitation (2
state at £, = 1.98 MeV) is observed to have a sizeable effect on the present two-neutron trans-
fer differential cross section. Such multi-step processes may tend to obscure the sensitivity of
multi-particle correlations, a detailed analysis is required in which the various alternative paths
and their interferences are considered explicitly. The contributions from all such processes must
be taken into consideration for understanding of the reaction mechanism aspects and to extract
any information on the pairing interaction.
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