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The challenge of isotopic identification over a wide angular distribution has limited the measurement of
neutron-rich nuclei produced via the multinucleon transfer (MNT) process. To investigate the optimal detection
angles for the N=126 isotones, we propose a method to construct the reasonable scattering angles of the
MNT products in the dinuclear system model (DNS-sysu). The reactions '*14Xe + 2%Pb are investigated. The
calculated results are in rather good agreement with the available experimental data in the reaction '**Xe + 2*Pb.
The entrance channel effects on the scattering angle are investigated. It is found that the scattering angular
distribution strongly depends on the isospin and the impact parameter of the collision system. The optimal angle
ranges for detecting N = 126 neutron-rich nuclides *Pt, 2®Ir, 2°20s, and **'Re in the '**Xe 4 2®Pb reaction at
the incident energy E..,. = 526 MeV are predicted. Our results suggest that the angle range of 45° < 6, < 50°
is most favorable for detecting unknown N=126 isotones. Given the current difficulties in separating and
identifying experimental MNT fragments, the results of this Letter could provide significant contributions to

future experiments.
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Introduction. To date, a great deal of effort has been fo-
cused on the production of neutron-rich nuclei around N =
126, which not only sheds light on exotic nuclei properties,
but also provides crucial insights into astrophysically im-
portant processes [1]. The remarkable recent progress in the
synthesis of neutron-rich nuclei has been made via fusion,
fission, and fragmentation. Nevertheless, the capabilities of
these methods have increasingly weakened when attempting
to produce neutron-rich nuclei near N = 126 and beyond.
Thus, the dilemma of the synthesis of new neutron-rich nu-
clei arouses the expectation of the advent of an alternative
approach [2-7].

Thanks to the recent development in direct isotopic iden-
tification, in particular, by using large acceptance magnetic
spectrometers for heavy-ion reactions, the promised potential
of the multinucleon transfer (MNT) reaction was established
in the collision of '¥%Xe + 1”®Pt [8]. Consequently, the MNT
reactions have gained renewed interest in terms of the pro-
duction of new isotopes around and beyond the neutron shell
N = 126 experimentally [9-13]. However, the lack of suffi-
ciently sensitive identification techniques for MNT products
is still a serious bottleneck for further producing unknown
nuclides. One of the major challenges in detecting unknown
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isotopes is the nonisotropic angular distribution [14] produced
in the MNT reaction. In the case of fusion evaporation and
fragmentation reactions, products are typically emitted at a
narrow forward angle around 0° in the laboratory system,
whereas MNT products cover a wide cone angle. In addition,
the covered angle varies with the reaction system and reac-
tion products, making them less effective for collection and
separation [15,16].

Theoretically, various phenomenological or quantum
microscopic approaches including the multidimensional
Langevin model [17,18], the dinuclear system (DNS) type
models [19-22], the improved quantum molecular dynam-
ics model [23-25], Time-dependent Hartree-Fock theory
[22,26-28], and the stochastic mean-field approach [29,30]
have been proposed to study the MNT reaction mechanism
in low-energy heavy-ion collisions. Fruitful works have been
performed systematically to find the best reaction conditions
by manipulating the parameters of the collision entrance chan-
nel (projectile-target combinations and energy). However, the
theoretical prediction and guidance on the most likely emis-
sion angle of nuclides are scarce. Developing a comprehensive
and accurate description of the MNT dynamics to optimize
detection efficiency is essential.

Originating from the DNS concept proposed by Volkov
in the deep inelastic collision [2], the DNS type models are
gradually developed and can be applied to describe multiple
reaction channels including quasifission, fusion, and multinu-
cleon processes [31-34]. Although they are quite successful in
reproducing the probability distribution of collective variables
including the mass and charge yield, it fails to provide reason-
able fragment information related to the final scattering angle.

Published by the American Physical Society
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FIG. 1. The schematic of the evolution process of a dinuclear system. The dotted arrows and solid arrows, respectively, represent the

motion trajectories and rotation angles at each stage.

Here, we propose a method to construct the reasonable scat-
tering angles of the MNT products in the DNS-sysu model.
This extension also provides a theoretical basis for subsequent
conclusions in this Letter.

Probability distribution in the DNS-sysu model. The master
equation is one of the most suitable mathematical tools to de-
scribe nonequilibrium statistical processes. In the DNS-sysu
model, the fragment distribution probability P can be calcu-
lated by numerically solving the following master equation:

dP(Zy, Ny, B2, J, 1)
dt
= ZWZquIaﬂZ;Z{qNIaﬂz(t)[dZI,N],ﬁ2P(Z;7 Ni, B2, J, 1)
A
— dg; 5, p, P(Z1, Ny, B2, T, 1)]

+ Z Wz, . pozsNg o D] dzy vy g, P(Z1, NY, Ba, T 1)

N
— dz, N, P(Z1, Ny, B, I, 1))

+ Z Wz, Ny poizo v, (O] dz, 3y, P(Z1 Ny By T 1)
B

—dzl,N],ﬂQP(Zl,Nl,ﬂz,J,t)]- (D

Here, Wz, v, p,:z; 5., denotes the mean transition probabil-
ity from the channel (Z;, N, 8,) to (Z], N1, B»), which is
similar to Ny and B,. dz v, p, 1S the microscopic dimension
(the number of channels) corresponding to the macroscopic
state (Z;, Ny, B»). For the degrees of freedom of charge and
neutron number, the sum is taken over all possible proton
and neutron numbers that fragment 1 may take, but only one
nucleon transfer is considered in the model (Z] =Z; £ 1;
N{ =N, £1). For B,, we take the range of —0.5-0.5. The
evolution step length is 0.01. The transition probability is re-
lated to the local excitation energy in which the memory time
is 0.2519/A. Here, 1o =27 h/(1 MeV) = 4%x107%' s, and A
means the total nucleon number of the reaction.

In our previous work [35-37], the developed model was
successfully applied to the analysis of production cross sec-
tions of neutron-rich heavy nuclei in MNT reactions, and
a more detailed description of the model can be seen in
Ref. [34]. In this Letter, we propose a method for calculating
the angular distribution of the MNT products in the DNS-sysu
model.

Scattering angle in the DNS-sysu model. In Fig. 1, we
present a diagram of the evolution process during the collision
to illustrate the formation of the scattering angle. According to
the diagram: (I) The projectile follows the Coulomb trajectory
and sticks into a dinuclear system with the target nuclei. (II)
The system rotates at a certain angle 8g;gsipation» accompanied
by energy dissipation and exchange of nucleons. (III) The
separated binary products move to infinity along the Coulomb
trajectories. Eventually, the observed scattering angle of the
projectilelike fragment (PLF) can be measured by the given
relation [38—40],

- eout s (2)

where the ingoing Coulomb deflection angle 8;, and the out-
going deflection angle 6, are determined by the Coulomb
trajectories in entrance and exit channels with the correspond-
ing values for energy E and impact parameter b,

2b/R + ¢ . 1
——— — arcsin ———.
Va+e? V(2/e) +1

Here, & = Z,Z,¢> /(Eb) and R means the interaction radius,
which is related to the experimental cross section in the clas-
sical approximation [38]. Subsequently, the evaluation of the
Odissipation 1 involving the estimation of the sticking time [41]
and moment of inertia of the dinuclear system. It is assumed
that the two colliding nuclei contact and stick at R oy and the
angular velocity is time dependent. During the stick time #,
between contact and scission, Ggigsipation 18 calculated by

Oscatter = T — Oy — ‘gdissipation

3

Bin(our) = arcsin

LI

Odissipation = WDNS * Iy = /

Here, J()[=Jy + (J — JS,e(T;))] is the angular momentum at
time ¢. To simplify the calculations, we have considered only
the mean moment of inertia (/) with the rigid-body approxi-
mation [42]. For the relative motion of the dinuclear system,
the mean moment of inertia (/) can be estimated as the average
of the entrance and exit moments of inertia,

(I) = % * (fin + Louw), (%)

where the entrance and exit moment of inertia / is determined
by the entrance and exit channels, respectively, e.g., the corre-
sponding values for the reduced mass of the composite system
W, the position where the nucleon transfer process takes place
Rcont 1n the entrance channel (exit channel). R.qy is calculated
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as Ry + R, + 0.7 fm for consistency with the calculation of
the potential-energy surface [35].

The differential angular distribution for the primary frag-
ment with charge number Z;, neutron number N;, and
scattering angle 6 in the MNT reaction can be calculated as

d3 Z 7N , 9 h2 Jmax
Upr( 1, N1, 0) _ T / 2J + 1)I;:ap(‘])

dZ,dN,d<2 B 2uEem. Ji=o
AP(Zy,N,,0,J)d]
X 9
2w sin 6 AZ; AN;AO

where P(Z,, Ny, 6, J) is the probability distribution of Z;, N,
and 6 at the initial angular momentum J, which is determined
by solving the master Eq. (1). Here, the distribution of scat-
tering angle O at the initial angular momentum J is resulted
from the B, distribution by affecting the moment of inertia
of the dinuclear system. In other words, the DNS-sysu model
constructs Oy.qer fluctuation for generating a specific fragment
(Z, Ny) with an initial angular momentum of J by introducing
the B, degree of freedom.

Results and discussions. To verify the above method, the
experimental data [9] for 136X e 4 29%8pp collisions at two inci-
dent energies E.,, = 526 and 617 MeV have been analyzed.
Note that some restrictions are imposed in this experiment.
The coverage angular range of 25° < 6}, < 70° and total
kinetic-energy losses larger than 40 MeV are taken into ac-
count in the following calculations as well.

The theoretical and experimental distributions of binary
primary products are compared in Fig. 2. For the distribution
at the energy E., = 526 MeV shown in the left panels, one
can see that the calculation results (denoted with thick solid
black lines) are in good agreement with the corresponding
experimental data (denoted with symbols) for both mass and
angular distribution, except for a slightly narrower theoretical
angular distribution compared to the experimental results in
Fig. 2(c). In addition, the angular distributions in the entrance
angular momentum ranges of 50k < J < 150/ and 1504 <
J < 2504 are also shown, revealing a broader distribution of
PLFs for 50i < J < 150/ compared to peripheral collisions
(e.g., 150h < J < 250h). As the angular momentum J de-
creases, the strong correlation between the rotation angle and
interaction time widens and extends the distribution of target-
like fragments (TLFs) towards the forward angle region. For
the collision with a higher incident energy E. ., = 617 MeV
of the right panels (b), (d), and (f), the peak position and the
shape of the distribution are also in good agreement with the
experimental data. Since the Coulomb trajectory is always
influenced by the incident energy, the enhanced Coulomb
deflection of the DNS-sysu results in PLFs being emitted
at more forward angles with respect to the beam direction
at higher incident energy. We note that the calculated result
slightly overestimates the experimental data for TLFs angular
distribution at E., = 617 MeV as shown in Fig. 2(f). In the
future, introducing more degrees of freedom would make bet-
ter the description of the experimental data by the DNS-sysu
model.

As mentioned above, the angular distribution strongly
depends on the entrance angular momentum. Considering
the great scientific interests, we show the correlation between
the final scattering angle of the N = 126 isotones and the

(6)

10° -
- (@)i(b)
= 2L E
= 10
E 10t H

(R L

% 10
© 10!} / 526 Mev 3/ 017 MeV
= 5 TKEL > 40MeV TKEL > 40MeV

10 100 140 180 220100 140 180 220

Mass number Exp data
10! 150h < J<250h —— DNS-sysu[
PLFs son<t<1s0n | (€)3(d) = PLFs
lof 128<A<144 3
‘m

=10} ' ¥ - 3
o) § ‘ e
G102 = — ’ s
= TLFs (e)i(hH TLFs
_g 1o° 200<A<216

10 ¢ ¥ 3

102 x ' ' i

20 40 60 20 40 60

01, (degree)

FIG. 2. Mass and angular distributions of primary frag-
ments in the '¥Xe+2%Pb reaction for two collision energies
Ecm. =526 MeV [panels (a), (c), and (e)] and E., = 617MeV
[panels (b), (d), and (f)]. The experimental data points (symbols)
are from Ref. [9]. In order to obtain the same normalization as the
model results, the original experimental data of the mass distribution
is multiplied by two times. The angular distributions are shown for
light reaction fragments with 128 < A < 144 and heavy fragments
with 200 < A < 216.

entrance angular momentum. The double differential cross
section distributions d’o /d6,dJ of 204pg, 20205, and 200v
in the reaction *°Xe + 2%®Pb at E,,, = 526 MeV are shown
in Fig. 3. For each isotone, we can note that the width
of the scattering angular distribution initially broadens with
decreasing angular momentum from grazing collisions. The
most probable production of neutron-rich nuclides occurs
within the angular momentum range of (1004 < J < 200#h).
As the collisions become more violent (/ < 100#4), the an-
gular distribution of the reaction products narrows and shifts
towards more forward angles. Even for central collisions
(J =~ Oh), 6..m. =~ 0° is observed. This is because the strong
Coulomb repulsion pushes the nuclei apart and causes the
TLFs to be emitted mostly in the forward direction, with a
narrow angular distribution around the beam axis. In addition
to the exponential decline of the absolute differential cross
section, the narrowing and isotropization of the TLF angle
distribution can be observed as the atomic number decreases
(AZ = —4, -6, —8).

Clearly, the shape of the angular distribution is closely
related to not only the entrance angular momentum, but also
the nucleon transfer channel. To gain insight into the pro-
duction mechanisms and characteristics of the neutron-rich
fragments from the viewpoint of the angular distribution,
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FIG. 3. The double differential cross section distributions
d?c /dOwdJ of (a) 2*Pt, (b) *20s, and (c) 2°W in the reaction
136Xe 4+ 208pp at E, ,, = 526 MeV.

we investigate in detail by comparing the angles of the
three parts (6in, Odgissipation> and 6Ooy) for different nucleon
transfer channels in the reactions '3%!#Xe 4 2%Pb, In the
left panels of Fig. 4, we present the average values of 6,
Odissipation» and Oy corresponding to the PLFs in the reactions
136.144% e 4 208Ph for the neutron stripping channels (AN =
—1, =3, and —5, respectively). The incident energy for both
reactions is E.;, = 526 MeV. Note that the angles are given
in the center-of- mass frame and obtained by weighting the
fragment probabilities. The contribution of each part as shown
in Fig. 4, is also numerically shown. One can see that the
discrepancy in the final scattering angle between the two
reactions increases and the proportion of i, Ggissipation, and
Oout has a significant change with the increasing number of
the transferred neutron. In the —1n transfer channel, it is
evident that the Coulomb deflection angle in the reaction
144X e 4+ 2%8Pb is larger compared to that in the '**Xe 4 2*®Pb
reaction. This is because the radius of **Xe projectile is

I 0in L 0dissipmian 0out
-- 144Xe+208Pb - 136Xe+208Pb
32 30
20° 22°
37 36

y g
fifa it

AZ=+5 AZ=+3 AZ=+1
(b) the picking up proton channel

7,
174

AN=-5 AN=-3 AN=-1
(a) the stripping neutron channel

FIG. 4. Left panel: A pattern composed of angles 6i,, Ogissipation>
and 6, in the neutron stripping channel for the reactions
136,144 4 208ph The angles 6y, and 6,,, are denoted with red and
blue patterns, respectively. The green and yellow patterns denote
the angles of Ogissipation in the reactions induced by '**Xe and '**Xe,
respectively. Right panel: the same as the left panel but for proton
picking up channels.

larger, and the magnitude of the Coulomb deflection angle
is influenced by the impact parameters related to the radius.
As the average results shown in Fig. 4, the more transferred
nucleons also imply that the production of fragments mainly
occurs in more violent collisions, i.e., lower impact parameter.
As a consequence, the Coulomb deflection angle decreases
gradually [e.g., 28°(34°) — 21°(25°) — 17°(20°) for Oin(our
in °Xe + *%*Pb).

Another important feature is the discrepancy of the
Odgissipation N the reactions '3%1%Xe +2%Pb. Unlike the
Coulomb deflection angle, we note that the values of Ogissipation
in the reaction '**Xe 4 2®Pb are slightly smaller than those
in %Xe 4 208Pb, e.g., 28° < 42°, 36° < 52°, and 45° < 56°
for the channels AN = —1, —3, and —5, respectively. These
behaviors can be interpreted as the results of charge equili-
bration: the N/Z values of '3*Xe, '**Xe, and °*Pb is 1.52,
1.66, and 1.54, respectively. In the dynamical neutron transfer
process, 144 e is more inclined to lose neutrons in a short
period of time compared to '**Xe, which results in a smaller
rotation angle Ogigipation in the 144X e induce reaction. For the
proton pickup channels (AZ = +1, 43, and +5, respectively)
as shown in Fig. 4(b), a similar behavior is presented due to
the similar charge equilibration effects.

The dependence of the scattering angle on the nucleon
transfer channel could cause the discrepancy of optimal detec-
tion angles for different N = 126 isotones. Also, considering
the facts that one of the biggest difficulties in the production
of the neutron-rich unknown isotopes is the low efficiencies
of separation and detection in the experiments, we extract
the peak locations in the angular distributions, i.e., the opti-
mal detection angles where the objective isotopes are most
likely to be produced. Within the DNS-sysu model, the an-
gular distribution of 2**Pt in the reaction '*Xe +2%Pb at
E ... =526 MeV is shown in Fig. 5(a). The peak feature
of the distribution is clearly presented. We locate the most
probable scattering angle by the total cross section within the
range of 5° [ngg 2o (f)sin 6] in the laboratory system,
which is denoted with the red-shaded area. It can be seen
that %Pt could be produced most likely at the backward
angle of 49°. To evaluate the ratio of yields in the optimal
detection angle range, the normalized distribution is shown in
Fig. 5(b). We find that the ratio of 44.9% production yields can
be detected in the angle range of 47° < 6, < 51°. Close to
half of the yields could be detected in a small range of angles
around the optimal one. Therefore, the investigation of the
most probable scattering angle for producing each N = 126
isotone is necessary.

In Fig. 5(c), the optimal detection angles of the Pt, Ir, Os,
and Re isotopes produced in the reaction '**Xe +2%Pb at
E.m. = 526 MeV are displayed. Note that all isotopic chains
exhibit similar behavior, i.e., the optimal detection angles
shift towards the forward angles as the neutron number of
the isotopes increases. It indicates that the neutron-rich nu-
clides are more favorable to be produced at the forward angle
region. In addition, we also extracted the optimal detection
angles and the corresponding cross section proportion for all
four N = 126 neutron-rich isotones (**Pt, 2**Ir, 22Qs, and
201Re) and shown in Fig. 5(d). In particular, the cross section
proportions (44.9% — 42.1% — 39.5% — 37.2%) decrease
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FIG. 5. The calculated angular distribution (a) and the corre-
sponding normalized one (b) of 2**Pt fragments produced in the
136Xe +2%Pb system at E,,, = 526 MeV. The arrow indicates the
optimal detected angle of the 2**Pt isotope. (c) The optimal detected
angles of unknown Pt, Ir, Os, and Re isotopes in the laboratory
system in the 1**Xe +2%Pb at E,,, = 526 MeV. The ratios of pro-
duction yields of N = 126 isotones emitted within the range of 5°
around the optimal detection angle are denoted in (d).

for producing more neutron-rich isotones, which is associ-
ated with the violent collisions and long interaction times
taking place at small impact parameters. The similar behavior
was noticed recently in Ref. [17] within the multidimen-
sional Langevin model. The optimal detection angles of the

four N = 126 neutron-rich nuclides 2%Pt, 203Ir, 202(yg, and
20IRe are around 45° < 6, < 50° in the *°Xe +2%8Pb at
E.m. = 526 MeV. This provides an important basis for further
experiments on the synthesis of neutron-rich nuclei around
N = 126 in MNT reactions.

Conclusions. We propose a method for calculating the
angular distribution of the MNT products. The reason-
able description of angular distribution is realized based on
the framework of the DNS-sysu model. The calculated results
are in rather good agreement with the available measurements
in the reaction '*°Xe + 2%Pb. Furthermore, we carry out an
investigation of entrance channel effects on the angular dis-
tribution in the reactions '*%!4Xe +2%Pb. The dependence
of the isospin on the final scattering angle is found in the
reactions *%1#Xe 4+ 2%Pb. Compared to the '*¢Xe-induced
reaction, it is noted that the PLF produced in the collision of
144 e + 208pp tend to the forward angle, and the contributions
of 6in, Bgissipation» and Oy to the total final scattering angle have
significant variances. The obvious effect of entrance angular
momentum on the scattering angle distribution is also noted in
the reaction '3Xe + 2%®Pb. From the landscape of the double
differential cross sections d’o /d6,,dJ, a more isotropic angle
distribution can be seen with the decrease in atomic number
(AZ = —4, -6, —8). And, the underlying mechanisms are
analyzed according to the quantitative calculation.

The optimal detection angles of the Pt, Ir, Os, and Re
isotopes produced in the '**Xe +2%Pb reaction have been
investigated. It is found that: (i) the neutron-rich nuclides are
favorable to be produced at the forward angle region and
(i) exceeding 40% of total yields of several N = 126 un-
known isotones produced in the reaction **Xe + 2%*Pb could
be detected within an angle range of 5° around the optimal
angles. Finally, we predict that 45° < 6j,, < 50° is the most
favorable angular range to detect neutron-rich nuclei around
N = 126.
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