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Single- and multi-nucleon transfer reactions, namely, 2*°Pb('30, 2°0), 2*Pb('30, 0), **Pb('*0, '70),
200pp( 180, 150), 29pb( 80, BN), 2Pb(30, 'TN), 2Pb('*0, '®N), 2Pb('*0, 'SN), 2°Pb('*0, “N),
200pp( 180, 160, 20pp( 180, 15C), 2P 80, “C), 2Pb('*0, BC), 2°Pb('*0, 20), 2°Pb('*0, ’B),
26pp( 180, 'B), 2%Pb( 120, 1°B), 2°°Pb( ¥0, °Be), and 2°Pb( *0, °Be), have been studied at an incident 20
energy of 139 MeV. The total kinetic energy loss (TKEL) spectrum and angular distribution of reaction products
have been measured. The Q value and angle integrated cross sections are deduced. Angular distributions for the
elastically scattered 80 particles are also measured. Fully microscopic time-dependent Hartree-Fock (TDHF)
calculations, based on the independent single-nucleon transfer mode, have been carried out and are compared
with experimental data of multinucleon transfer reactions. The TDHF calculations provide reasonable agreement
with the experimental data for cases where one- and two-nucleon transfer is involved; the discrepancy is large
for multinucleon transfer reactions. The effect of particle evaporation on the production cross sections has been
studied. Inclusion of particle evaporation effects, though improving the results, could not reproduce the measured
cross sections. Possible origins of these discrepancies are discussed.
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I. INTRODUCTION

In reactions between two complex nuclei, a large number
of nucleons transferred from projectile to target and vice
versa have been often observed to occur with a probability
comparable to that of single nucleon transfer, and they
account for a significant fraction of the total reaction cross
section. The multinucleon transfers between heavy ions play
important role for definition of the reaction mechanism that
describes evolution of the reaction from the quasielastic
regime to more complex deep-inelastic reactions and provide
detailed insight into the underlying reaction mechanisms
[1-3]. Transfer reactions are also a competitive tool, beside
studies of multiparticle correlations and nuclear structure, for
production of neutron-rich unstable nuclei whose production is
difficult by other methods. With the availability of radioactive
beams, the transfer processes give access to a wide field
of nuclear structure studies in the far-off-stability region.
For example, production of superheavy elements [4-9] and
neutron-rich nuclei in the A &~ 200 mass region [4,10-12]
using multinucleon transfer reactions has been discussed. The
multinucleon transfer processes may also play a crucial role in
the synthesis of heavy elements with neutron-rich projectiles
[13]. In view of its importance, a large amount of work on
heavy-ion transfer reactions has been carried out in the past
and is reported in the literature. Nice reviews on this subject
can be found in Refs. [14,15], and references therein.
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Though one- and two-nucleon transfer reactions have been
studied extensively, reaction mechanisms involving transfer
of many nucleons are not so well understood. The cross
section for multinucleon transfer reactions depends on the
projectile-target combination, and in general the cross section
is rather small for projectile energies below the Coulomb
barrier. With increasing bombarding energy the cross sec-
tion usually increases and multiple transfers of nucleons
become possible with significant cross section. However, at
high incident energies, understanding the underlying transfer
mechanism becomes complicated. The optimum Q value,
“Q-opt” (Ref. [16]), shifts to higher negative value, thereby
preferentially populating higher excited states in the final
nuclei which are difficult to resolve experimentally due to
the limited energy resolution. As a consequence, one deals
with transfer cross sections which are result of integrations
over a wide Q-value window, and a detailed understanding
of the reaction mechanism aspect for such excitation-energy
integrated data becomes complex. A systematic investigation
of multinucleon transfer reactions and more experimental data
using different target and projectile combinations would be
needed for a better understanding of the reaction mechanism
aspects.

The theoretical models such as GRAZING [17-19] and
complex WKB (CWKB) [20], which are based on a direct
reaction picture, have been used extensively in describing
the distributions of mass, charge, and energy of outgoing
fragments in different transfer channels [14,21-30]. In these
models, multinucleon transfer processes are treated statisti-
cally using single-nucleon transfer probabilities calculated
by first-order perturbation theory. These models are very
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successful for quantitative estimates of various observables
for multinucleon transfers between two heavy systems and at
bombarding energies below and around the Coulomb barrier.
However, the assumptions used in these semiclassical codes
are not well tested and may not be very suitable for reactions
involving light systems (eg., carbon, oxygen, etc.) at energies
much above the Coulomb barrier (as in the present case).

One of the important aspects of multinucleon transfer study
is to gain information on the multinucleon correlations in
nuclei, e.g., nucleon-nucleon pairing interactions that enhance
the transfer of pairs of nucleons in a collision between two
heavy ions. The fully microscopic time-dependent Hartree-
Fock (TDHF) calculation (Refs. [31,32], and references
therein) which is based on an independent particle picture
can be performed, though it is cumbersome, to compare
with measurement. The predictions from TDHF calculations
and a detailed comparison with experimental data, since the
theory does not include nucleon-nucleon correlations and any
clustering effects, can be attributed to the importance of such
correlations.

With a motivation to understand the heavy ion induced
multinucleon transfer reaction mechanism, we have studied
multinucleon transfer reactions in the system 80+ 2°Pb at
an incident energy above the Coulomb barrier. The reaction
160 4 208pb is well studied and is a benchmark in nuclear
reaction studies, as both the projectile and target are doubly
magic nuclei. However, the system 30 + 2°Pb has advantage
over 0 +2%Pb for probing two-neutron correlations, as
the former has positive Q value for the two-neutron transfer
channel while no transfer channel with Q > 0 found in the
second system. Thus the cross section for the 2n-transfer
reaction is expected to be large for this system.

In the present article we report the measurements of the
elastic scattering and multinucleon transfer angular distri-
butions carried out at an incident energy ~1.6 times the
Coulomb barrier. The data are analyzed in the TDHF model,
and attempts have been made to include the effect of particle
evaporation. The measurement details are given in Sec. II
while experimental results are presented in Sec. III. The TDHF
calculation details and analysis of data are described in Sec. IV.
Section V presents a summary and conclusions of the present
work.

II. EXPERIMENTAL DETAILS

Experiments were performed with 80 ions of energy

Ep = 139 MeV obtained from the Pelletron-LINAC acceler-
ator, Mumbai. The energy uncertainty of the LINAC beam was
+0.5 MeV. The target used was isotopically enriched 2°°Pb
(>99%) of thickness 250 ug/cm? evaporated on '2C foil (30
ug/cm?). Reaction products were detected using three silicon
surface barrier (SSB) detector telescopes in AE-E configu-
ration mounted on two movable arms inside the 1.5 diameter
General Purpose Scattering Chamber at the LINAC beam hall.
The typical thickness of the AE detectors was ~40 um while
E detectors were about 1 mm thick. Two monitor detectors,
each consisting of a single SSB of thickness 1 mm, were
fixed at the forward angle ), = £20° with respect to the
beam direction and at 75 cm from the target for absolute
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FIG. 1. (Color online) Typical two-dimensional AE-E spectra
from 2%Pb( 80, x) reactions for the angle 6y, = 30°: (a) oxygen
and nitrogen isotopes and (b) carbon, boron and beryllium isotopes.

normalization of cross sections and relative normalization
between different runs. The relative solid angles between
the telescopes were measured by taking data at overlapping
angles. The angular resolution of the telescopes was less than
1.5°. The standard Versa Module Europa (VME) electronics
and computer acquisition system LAMPS (Linux Advanced
Multi-Parameter System) were used and the data were stored
as two-dimensional A E-E spectra. Typical AE-E spectra of
the light reaction products are presented in Fig. 1. As can be
seen, individual elements as well as isotopes are well resolved.
The particle identification (PI) spectrum was constructed from
the measured A E-E plot using the familiar algorithm

PI =[(E+ AEY —E’1 =k x M"™' x Z?

and the best result is obtained with b = 1.75. The calibration
curve for the isotope identification is shown in Fig. 2.

The Q value and angular distributions have been measured
for reaction channels involving transfer of up to nine nucleons.
The Q-integrated cross sections for various reaction channels
are obtained by appropriate selection of charge and mass
of the reaction products. The cross sections, for a typical
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FIG. 2. (Color online) Calibration curve showing mass identifi-
cation of the projectile-like particles in 2°°Pb( '®0, x) reactions. The
elastically scattered '3Q particles and beryllium isotopes ("°Be)
were used for calibration. The identification of "Be and °Be
was straightforward as %Be, being unstable, is absent in the two-
dimensional A E-E spectrum (Fig. 1).

angle of 6, = 37°, are listed in Table I along with the
reaction Q values. Since Pb target contains '>C backing,
data were also collected with a pure carbon target for each
of the angle measurements for background subtraction. The
contribution from the '’C target in the present angular

TABLE 1. Measured differential cross sections for various reac-
tion channels in 0 + 2*°Pb for Ep( 18O) = 139 MeV and Oy, =
37°. Differential cross sections listed here are for the excitation-
energy integrated data. The errors correspond to the statistical
uncertainties. Reaction Q values (Q,) listed in the table are ground
state Q values.

Reaction 0, do/d2
(MeV) (mb/sr)

206pp(180, 200) —3.25 52+04
206pp(180, 190) —4.13 50.6 +1.1
206pp(180, 170) —1.31 454+1.0
206pp(18Q, 160) +1.92 21.24+0.7
206pp(180, 18N) —17.65 25+03
206pp(180, 17N) —12.38 19.6 +£ 0.7
206pp(180, 1N) —11.38 6.2+04
206pp(180, 15N) —6.41 22.0+0.7
206pp(180, 14N) —12.64 1.84+0.2
206pp(18Q, 16C) —20.79 32+03
206pp(18Q, 15C) —18.08 3.6+0.3
206pp(18Q, 14C) —11.64 24.1+0.8
206pp(18Q, 13C) —15.26 9.1£0.5
206pp(18Q, 12C) —14.20 6.8+04
206pp(18Q, 12B) —29.31 1.84+0.2
206pp(180, 1B) —26.66 1.24+0.3
206pp(18Q, 19B) —33.24 094+0.2
206pp(180, 19Be) —32.86 1.0+0.2
206pp(180, 'Be) —34.75 1.3£0.2
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FIG. 3. Ratio of elastic scattering to Rutherford cross section for
804 205Pb at Ep('*0) = 140 MeV plotted as a function of the
scattering angle. The fit shown is the optical model calculation using
the code SFRESCO.

distribution measurement is observed to be small. It is to be
noted that the grazing angle for 'O + 'C at 139 MeV is about
~10°.

III. RESULTS AND ANALYSIS

The measured elastic scattering angular distribution at 140
MeV is shown in Fig. 3. Data are plotted along with statistical
errors, and in most of the cases the error bars are within
the data symbol. The shape of the angular distribution is
typical of Fresnel scattering, with an exponential fall beyond
0 > Ograzing = 47°. The differential cross sections are analyzed
using the optical model (OM) search program SFRESCO [33]
and the potential parameters have been derived. A volume
Woods-Saxon form for the real and imaginary potentials is
used. The OM potential parameters of '°0+2%Pb at an
incident energy of 129.5 MeV (close to the energy of the
present measurement) are used as starting parameters [34]
for the analysis of the present 0+ 2°°Pb data. The values
are also listed here in Table II. The same potential gives a
good description of the 80 + 2%Pb elastic scattering as well
(the fitting procedure yields only about 1% change in the

TABLE II. Potential parameters for 30 +2*Pb obtained from
an optical model analysis of the measured elastic scattering cross
sections using the computer program SFRESCO. The cumulative
reaction cross section is also listed.

Potential 160y 4 208py, 18y 4 206py, 160y 4 208py,
parameters at 129.5 MeV at 140 MeV at 138.65 MeV
V, MeV) 40.0 40.0 40.0

r, (fm) 1.249 1.246 1.249

a, (fm) 0.615 0.620 0.615

W (MeV) 35.0 35.0 35.0

r; (fm) 1.249 1.244 1.249

a; (fm) 0.615 0.609 0.615
Reaction

cross section 2093 mb 2305 mb 2276 mb
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FIG. 4. (Color online) Experimental total kinetic energy loss
distribution (histogram plot) for quasielastic and various transfer
processes in the 80 +2%Pb reaction at E('80) = 139 MeV and
61 = 38°. The vertical dashed lines (blue) indicate the position of
ground-to-ground state Q values. The cross section scale (mb/MeV)
has been obtained by normalizing each distribution to its total
integrated cross section.

diffuseness parameters as shown in column 3 of Table II).
The calculations also give almost same value of the reaction
cross section (shown in the table) for these two systems when
compared at the same center of mass energy of 128.75 MeV
[corresponding to Elab(lgo) =140 MeV and Ejp( '60) =
138.65 MeV]. The present study observes no significant
changes in the OM potential and the reaction cross section
in going from '°0 +2%Pb to 80 + 2%°Pb.

The experimental TKEL spectra (at 6, = 38°) for the
quasielastic, pure neutron stripping and pickup channels and
some of the proton and neutron stripping reactions are shown
in Fig. 4. The TKEL is constructed assuming binary reaction
kinematics [35,36] and the experimental cross section scale
(mb/MeV) has been obtained by normalizing each distribution
to its total integrated cross section. It has been observed that for
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FIG. 5. Experimental Q-value integrated angular distributions for
the indicated reactions at Ep,( '*0) = 139 MeV.

one-nucleon transfer reactions (+1n and —1p channels with
some exceptions in the pure one-neutron stripping channel),
the centroid of the TKEL spectra is close to the ground state
Q value (as indicated by the dashed lines in the Fig. 4).
There is a gradual shift of the centroid of energy loss spectra
toward higher negative Q value as the number of nucleons
transferred increases and the ground state population accounts
for only a minor fraction of the total Q-integrated cross section.
The present observation is similar to that found in other
experiments (for example the work reported in Refs. [2,21]).

Angular distributions for Q-integrated cross sections for
some representative channels are shown in Fig. 5. The angular
distributions in general are bell shaped, indicating the grazing
character of the reaction, peaking at an angle near the
grazing angle (slightly below the grazing angle) with a small
dependence on the channel. The average angular width is
A0, . ~ 15°. Angular distributions become more forward-
peaked with increasing number of nucleons transferred, and
average widths also increase (A6, ~ 23°). Total cross
sections for different transfer processes have been obtained
by integrating the angular distributions via a Gaussian fit. The
fitting procedure introduces an error of 10-15 % in the final
value of the cross section in most of the reaction channels
except for 16N, 13’IZC, and '>"'B where a somewhat higher
value of error (~20-23 %) is obtained. The Q value and angle
integrated cross sections for different reaction channels are
shown in Fig. 6 as a function of the neutron number of the
light ejectiles (each plot showing the isotope distribution for a
particular proton stripping reaction).

024603-4



MULTINUCLEON TRANSFER STUDY IN 2%Py( ...

10%

Gy

(20)1

4 8 124 8 12 4 8 12

w—
b Gt ()
= 107 T 1 Exp. e
|l o 4 4
E ole ® °, TDHF
o 10 ; ____ __w/ evap. ===
2L 7 L 1L |[w/o evap. ——
L A T N T =
4 8 12 4 8 12

neutron number

FIG. 6. (Color online) The total integrated cross section for
various transfer channels in the 80+ 2%Pb reaction at E('*0) =
139 MeV. Points are the experimental data and the histograms
represented by the red solid lines correspond to the results of present
TDHF calculations. The predicted cross sections after inclusion of
particle evaporation effects in the TDHF calculations are shown as
blue dashed lines (details are given in the text).

In Fig. 7 we have replotted the total cross section data
for stripping reactions as a function of the number of
nucleons transferred AN. In general, the isotope production
cross section for a particular element falls with the increase
in number of transferred neutrons. For the Z =7 element
production cross section, it is observed that the cross section
for 1N, corresponding to three-nucleon (1p2n) stripping, is
enhanced compared to the two-nucleon (1 p 1) stripping ( N
production) and even compared to the one-proton stripping
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FIG. 7. (Color online) The Q-value and angle-integrated cross
section for single- and multi-nucleon stripping reactions *Pb('30,
x) measured at an incident 80 energy of 139 MeV plotted as a
function of the number of nucleons transferred AN. The solid lines
are a guide for the eye and are drawn as a straight line to connect
different isotopes of a particular element. All lines have the same
slope.
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("N production) cross section. In the carbon isotopes, the
cross section for the four-nucleon (2p2n) transfer reaction
is the highest and is expected as the « clustering in oxygen
nuclei is well known. The cross section for the six-nucleon
(¢ 2n) transfer process is observed to be relatively enhanced
and is comparable to the ('*0, '*C) reaction corresponding
to five-nucleon (« n) transfer. The present data are strongly
indicative of 2n-correlated transfer in some of the reaction
channels that enhances the cross section for the corresponding
isotope production. In our earlier study with 0 projectile on
99Zr target, the 2n transfer and 2n-correlated transfer reactions
are also observed to occur with a relatively large cross section
[37].

The measured data are analyzed with a formalism devel-
oped in Ref. [32] using the TDHF calculation which, to our
knowledge, is the only fully microscopic calculation for heavy
ion multinucleon transfer reactions without nucleon-nucleon
correlations. The formalism also allowed, to some extent, to
include the effect of particle evaporation processes on the
production cross section.

IV. TDHF CALCULATIONS AND COMPARISON
WITH THE DATA

The present multinucleon transfer data are analyzed by
employing a microscopic framework of the TDHF theory.
The computational code of the TDHF theory for heavy ion
reactions, developed by Sekizawa and Yabana [32], is used.
Accuracy of the code was tested and it was successfully
applied to describe multinucleon transfer processes in different
systems. Because the theory is applicable to reactions at
energies of E < 10 MeV /nucleon, the TDHF calculations are
expected to be applicable to the present 80 +2%Pb reaction
at E('80) ~ 7.7 MeV/nucleon as well. The details of the
formalism and its applications to other heavy ion transfer
reactions are described in Ref. [32]. Here only a brief outline
is given in connection to the present analysis.

In the code, a uniform spatial grid in three-dimensional
Cartesian coordinates is used to represent single-particle wave
functions without any symmetry restrictions. The ground state
calculations are carried out with 30 x 30 x 30 grid points,
while for the reaction calculations grid points of 75 x 65 x 30
have been used. The mesh spacing is set to be 0.8 fm,
and for the derivatives the 11-point finite-difference formula
is employed. We take the incident direction parallel to the
negative x direction, and the impact parameter vector parallel
to the positive y direction. The reaction plane is thus the
xy plane. We set an initial separation distance between the
projectile and target nuclei to be 24 fm parallel to the x axis.

For the energy density functional, we use a Skyrme-type
functional with the SLy5 parameter set [38]. The ground state
of 2%°Pb is observed to have spherical shape while that of '*0
is of prolate shape with the deformation parameter 8 ~ 0.19.
To examine orientation dependence of transfer dynamics,
TDHF calculations are first performed for three different
initial orientations of '8Q. The calculated average numbers
of protons and neutrons in the projectile-like fragments (PLF)
are plotted in Fig. 8 as a function of impact parameter.
To calculate the average number of nucleons, the density
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FIG. 8. (Color online) Average numbers of (a) protons and
(b) neutrons in the PLF in 130 4 2Py reaction at Ejy, = 139 MeV
plotted as a function of the impact parameter. Red open circles, green
crosses, and blue open triangles connected with dotted lines show
results for x-, y-, and z-direction configurations, respectively. The
initial number of protons (neutrons) in '®Q is shown by a horizontal
dotted line.

distribution is integrated over a sphere with radius of 13 fm
around the center of mass of the PLF. As shown in the
figure, the red open circles, green crosses, and blue open
triangles connected with dotted lines are the results for x-,
y-, and z-direction configurations, respectively. Each direction
indicates a direction of the symmetry axis of 80 in the initial
TDHF wave function.

From the figure, a visible orientation dependence of transfer
dynamics is observed. In low-energy heavy ion reactions,
a fast charge equilibration process is usually observed, in
which nucleons are transferred toward directions to reduce
N/Z asymmetry between projectile and target nuclei. Because
N/Z ratios of 80 and 2°°Pb are 1.25 and 1.51, respectively,
we expect neutron transfer processes to take place from the
nucleus *°°Pb to the nucleus '*0Q and the proton transfer
processes in the reverse direction. In the cases of x- and
z-direction configurations, it has been observed that the
nucleons are transferred toward the directions of charge
equilibrium of the system. On the other hand, in the case
of y-direction configuration, neutrons are transferred toward
the opposite direction, which increases the N/Z asymmetry
of the system. The difference may be related to properties
of orbitals and matching of angular momentum between the
projectile and target nuclei. The last occupied two-neutron
orbitals in prolately deformed 80 should be K™ = 1/2%,
which spatially extend along the symmetry axis. The last
unoccupied two-neutron orbitals in 2%Pb are expected to
be 3pi,. This correspondence of angular momenta may
originate the preference of neutron transfer from 0 to 2°Pb

PHYSICAL REVIEW C 92, 024603 (2015)

in the y-direction configuration. Although this orientation
dependence of transfer dynamics contains interesting physics,
it might not be possible to observe it in reality because
the shape of the '8Q nucleus will be spherical because
of the pairing correlation [39]. In the present work, we
restrict ourselves to treatments ignoring any pairing effect
and we show the results for calculations with the z-direction
configuration only where the symmetry axis of '3Q is set
perpendicular to the reaction plane, which shows ordinary
transfer processes toward the charge equilibrium.

Using the position and momentum information of the
outgoing nuclei in a TDHF wave function after collision,
the scattering angle in the center-of-mass frame is evaluated.
Several TDHF calculations with different impact parame-
ters are then performed to obtain the deflection function,
®(b). We extract transfer probability, Py(b,N,Z), using the
particle-number projection technique [32,40] from the TDHF
wave function after collision. With these quantities in hand,
the differential cross section for transfer reactions is then
calculated by employing the relation

-1
P[r(bi9NaZ)a (1)

do(O.N.Z) b; |dO(b;)
dQ o —~ sin®| db

where b; (i = 1,2) denotes an impact parameter at which
the TDHF trajectory gives the same scattering angle [® =
O(b)) = O(by)]. In order to find a correct set of b; for a given
scattering angle, a cubic-spline interpolation method is applied
to the deflection function. The interpolation technique will also
be used for evaluation of TKEL distributions as described later.

In Fig. 9, the differential cross sections evaluated by

Eq. (1) are shown by solid curves in comparison with the
measured cross sections for the one- and two-nucleon transfer
reactions. The Coulomb rainbow angle, ®g ~ 45°,is indicated
by a vertical line above which TDHF has no trajectory. It
is worth mentioning that the differential cross section as
defined in Eq. (1) diverges, by definition, at the Coulomb
rainbow angle. The calculated Coulomb rainbow angle, as
can be seen from the figure, coincides with the peak position
of experimental angular distributions. The TDHF angular
distributions, though limited to the bright region (®. ;. < Og),
give a reasonably good agreement with experimental data in
some of the transfer channels that have relatively large cross
SeCtiOn, e.g., ( 180, 190)’ ( 180’ 170), ( 180’ 17N), ( 180, 200)’
and ( 180y, 16N). However, for the 2n-stripping reaction ( 180,
160), theoretical predictions underestimate the measurement
significantly. Discrepancies have also been observed in some
of the other reaction channels, and the discrepancy increases
as the number of nucleons transferred increases.

Next, the transfer cross section o(N,Z) is calculated by
integrating the transfer probability over the impact parameter
for the reaction channels where the PLF is composed of (N, Z)
nucleons,

o0

ow(N,Z) =2n / b Py(b,N,Z)db. 2

bmin

The integration is evaluated numerically. The minimum of the
integration is taken as 7.36 fm (the smallest impact parameter
at which the binary fragments were observed) while the
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FIG. 9. (Color online) Differential cross sections of representa-
tive transfer channels as a function of the scattering angle for the
180 4 205Pb reaction at Ej,, = 139 MeV compared with the TDHF
calculations. The blue curves are the TDHF results and the red vertical
lines indicate the position of the Coulomb rainbow angle obtained
from the TDHF trajectories.

maximum is set to be 12 fm. The results for the integrated
cross section for various transfer reaction channels, classified
according to the number of transferred protons indicated
by (—xp), are plotted in Fig. 6 as a function of neutron
number of the PLF. The points denote the measured cross
sections while the histograms represented by red solid line
are the results of the TDHF calculations without considering
particle evaporation effects. As can be seen from the figure,
for smaller numbers of nucleons transferred, e.g., (Op —1n),
Op +1n), Op+2n), (—1pO0n), (—1p —1n), (—2pOn), and
(—2p —1n), the agreement between theoretical predictions and
measurements is reasonably good. As the number of nucleons
transferred increases, the TDHF calculations fail to reproduce
the experimental cross sections (calculated cross sections are
smaller than the measured ones). Similar observations have
also been noticed in an earlier study of multinucleon transfer
reactions between different systems [32].

One of the possible reasons of disagreement between the
theory and measurement might be the possible effect of particle
evaporation and insufficient description of such processes
in the TDHF calculations. In the calculations, the transfer
probabilities and cross sections are calculated from a TDHF
wave function typically at a time scale of ~107%! s, i.e.,
immediately after the two fragments were separated. Because
the secondary processes like particle evaporation occur over a
much longer time scale, the present calculations do not include
such processes. We have made an attempt to include the effect
of particle evaporation by evaluating evaporation probabilities
using a statistical model and by extending the particle number
projection technique, as detailed below.

PHYSICAL REVIEW C 92, 024603 (2015)

In the following, we make an attempt to evaluate the effects
of particle evaporation processes on transfer cross sections.
Since such processes may not be described adequately in
the present TDHF formalism, we have followed an approach
as detailed in Ref. [41]. The expression for cross section
[Eq. (2)] was simply extended by including the probabilities
of particle evaporation. The evaporation probabilities are
calculated by a statistical model [42] with the excitation
energy of the outgoing fragments from which nucleons are
evaporated as an input. The excitation energy, needed to
estimate the number of nucleons to be evaporated, is calculated
by applying the particle-number projection technique. The
details are described in Refs. [41,43].

At first, we examined which are the transfer channels that
will be more affected by the particle evaporation. To do this,
the integrated cross section, o(N,Z), was decomposed with
respect to the TKEL as follows:

do(E,N,Z
do(E.N.2) ;-

ouw(N.Z2) = / iE
~ Y 0i(N.Z) AE;, 3)

where AE; = |TKEL,.; — TKEL;| and TKEL; = TKEL();)
denotes the TKEL evaluated from the TDHF wave function
after the collision as described in Ref. [32].0;(N,Z) =
o (TKEL;,N, Z) is defined by

27b; P(TKEL;,N,Z) Ab;

0i(N.Z) = N

, “

where Ab; = |b;+1 — b;|. The calculated energy loss distribu-
tions for various transfer reactions, as evaluated using Eq. (4),
are shown in Fig. 10. For the one-nucleon transfer channels,
the cross section is observed to peak at low TKEL. For the
two-neutron transfer reactions, the peak shifts slightly toward
the higher TKEL and the spectrum has a long tail extending
up to about 50 MeV. With more nucleons transferred, the peak
of the TKEL distribution shifts toward a higher value and is
about 40 MeV for five-nucleon transfer. For these reaction
channels involving large kinetic energy loss, the PLFs can be
at high excitation energy and are expected to evaporate more
nucleons. A significant effect of particle evaporation on these
transfer channels, contributed mainly from the large TKEL
trajectories, is expected. The results of the present calculations,
though performed for the angle integrated cross section, can
be compared with the experimental TKEL plot in Fig. 4 and
the general features of these spectra are about the same.

The calculations of the integrated cross section (angle
and Q-value integrated) for each transfer channel including
the evaporation processes have been performed. The results
are shown in Fig. 6 by histograms (blue dashed line). As
can be seen from the figure, the inclusion of effects of
particle evaporation makes some improvement between the
calculations and experimental data in some of the reaction
channels. However, there remain large discrepancies in many
of the transfer channels especially in the 2p-, 3p-, and
4 p-stripping reactions and the PLFs having neutron number
less than 8.
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FIG. 10. The decomposed transfer cross sections as defined in

Eq. (4) for various transfer reaction channels plotted as a function of
TKEL (details are given in the text).

V. SUMMARY AND CONCLUSIONS

Cross sections for one-, two- and multinucleon transfer
reactions in 2Pb( 180, x); x = 201917160 18171615145
16’15’14’13’12C, 12’“’IOB, and 10’9Be, have been measured at an
incident 30 energy of 139 MeV. A clear charge and isotope
separation for projectile-like fragments has been achieved
using silicon surface barrier detectors in a AE-E configu-
ration. Transfer of up to nine nucleons has been observed. The
differential and total cross sections and total kinetic energy
loss distributions have been measured for the multinucleon
transfer reactions. Strong enhancements were observed in the
two-neutron correlated multinucleon transfer cross sections.
The elastic scattering angular distribution has also been
measured and an optical model analysis was performed. The
present analysis, when compared with '°0 4 2%8Pb at the same
center-of-mass energy, indicates no significant changes in the
OM potential and the reaction cross section between these two
systems. Similar observations were also noticed in our earlier
study [37] of the systems '*0+°°Zr and "0 + *"Zr. It was
observed that the effect of two extra neutrons in 0 is not
significant on the elastic-scattering angular distribution and on
the optical potential though the reaction cross sections for 2n
and 2n-correlated transfer channels were seen to be enhanced
compared to the '°0 + *°Zr case.

Data are analyzed in a fully microscopic framework of
the time-dependent Hartree-Fock theory. TDHF calculations
give a reasonably good agreement with the measurement for
transfer of a few nucleons; however, the theory becomes less
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accurate as the number of nucleons transferred increases.
Effects of particle evaporation on the cross sections are
investigated by employing a statistical model. Inclusion of
the evaporation effects gives some improvement towards the
measurement; however, the calculations still underestimate the
measured cross sections by a significant amount, especially
for the cases where a large number of nucleons transferred are
involved.

The discrepancies may partly originate from the mean-field
nature of the TDHF theory. In the TDHF theory, nuclear
dynamics is described from nucleons’ degrees of freedom.
The single-particle wave functions evolve under a single self-
consistent mean-field potential that reflects average numbers
of nucleons inside the potential. In reality, the potential is
expected to be dependent on transfer channels. For example,
when many protons are removed from 30, the potential felt by
neutrons inside the PLF will be shallower, which may induce
neutron transfer from projectile to target or suppress neutron
transfer in the opposite direction. This kind of correlation
which is caused by such a channel dependent potential is not
sufficiently included in the TDHF description. The present
experimental data might be indicative of the importance of in-
clusion of such channel dependent potentials in describing the
multinucleon transfer processes. A promising way to improve
the calculation is a use of the time-dependent generator coor-
dinate method (TDGCM) [44,45]. Such TDGCM calculations,
by including the channel-dependent mean-field potential and
applying a density-independent energy density functional [46],
may improve our understanding of the multinucleon transfer
reaction mechanism. However, such calculations have not been
performed in the present work.

It is also worth mentioning that the TDHF calculations
are based on the independent particle picture; any correlation
(pairing or clustering) in nuclei is not taken into account. The
observed large disagreement between the TDHF calculations
and present data might be indicative of the importance of
nucleon-nucleon correlations in nuclei. Extending the present
analysis by including the pairing correlation might provide
satisfactory understanding of the multinucleon transfer pro-
cesses. A time-dependent Hartree-Fock-Bogoliubov (TDHFB)
theory [47-50] that treats the pairing correlation would provide
a satisfactory description for such processes. However, such
calculations for heavy ion transfer reactions, to our knowledge,
are not yet available. Although a simplified method to include
the pairing effects in the TDHF dynamics has been discussed
in the literature [51-55], more realistic TDHFB calculations
need to be developed.
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