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Background: Multinucleon transfer (MNT) reactions are considered now as a possible tool to produce new
isotopes of heavy and superheavy elements.

Purpose: Experimental study of MNT fragments formed in the '**Xe + 2**U reaction at '**Xe beam energy of
1.11 GeV and comparison with theoretical calculations.

Methods: Primary and secondary mass and energy distributions of projectilelike fragments (PLF) formed in
the 1**Xe + 2( reaction have been experimentally investigated independently and in coincidence with survived
heavy targetlike fragments (TLF) using the CORSET setup. Since the heavy fragments formed in the reactions
are highly excited the masses, energies, and angles of both fragments as products of the sequential fission of
heavy MNT fragments have been measured.

Results: The cross sections for PLFs at 27.2° < 6, < 32.8° along with survived TLFs and TLFs undergoing
fission have been obtained. The mass loss during the deexcitation process of excited PLFs has been found
using the measured primary and secondary masses. The excitation energies of light and heavy MNT fragments
have been estimated from the mass loss and total kinetic energies. An overall good agreement with theoretical
calculations increases reliability of performed analysis.

Conclusions: The transfer of about 27 nucleons from the projectile to target nucleus has been found. The cross
section of the heaviest observed fragment with the mass of 265 u is about few hundred microbarns. The survival
probabilities of transtarget nuclei formed in the reaction drop rapidly from & 7 x 107! for the fragment mass of

240 uto~ 1.8 x 1073 for 255 u.

DOI: 10.1103/PhysRevC.109.034616

I. INTRODUCTION

Present big success in the production of new superheavy
nuclei has been achieved in the complete fusion reactions of
two heavy nuclei [1]. However, the limitation to form more
neutron-rich superheavy nuclei by complete fusion reactions
with stable beams triggers the search for other superheavy
element production approaches. The idea to produce the su-
perheavy nuclei in the multinucleon transfer (MNT) reactions
at the collision of uranium with actinides was proposed in
the end of 1970’s soon after the discovery of these processes
[2-6]. In order to investigate the possibility of production
of neutron-rich heavy actinide isotopes in such reactions the
radiochemical study of the products formed in '*¢Xe + 23U,
28y 4 238y, 2*8Cm collisions at interaction energies near the
Coulomb barrier has been done [5-8]. It was found that the
formation cross sections of trans-uranium elements decrease
exponentially with increasing their atomic number, and for
Fm isotopes it amounts a few microbarns [8]. Heavy isotopes
of some trans-uranium elements 2*Cf, 2°Es, 2°Fm [5] were
produced in these reactions, which cannot be synthesized in
complete fusion reactions with lighter ions.

During recent years it becomes more evident that MNT
can be considered as the promising way to synthesize and
investigate heavy and superheavy nuclei. This reaction leads
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to the formation of two heavy fragments with full momentum
transfer. The main part of the fragments, the so-called projec-
tilelike and targetlike fragments, locates around the projectile
and target masses, respectively.

In the collisions of heavy ions at energies near the Coulomb
barrier, the potential energy surface determines strongly the
evolution of the nuclear system, driving the interacting system
in the direction of decreasing its potential energy in the multi-
dimensional space of collective variables [9]. The appearance
of the shell structure in potential energy can lead to an increase
in the yield of MNT fragments in the regions of magic nuclei.
In experimental study of mass-energy distributions of the frag-
ments formed in the '°Gd + '®w and 33Sr 4 '7°Yb reactions
near the Coulomb barrier energies [10,11] the enhanced yield
of products with masses around the closed shells at Z = 82
and N = 82, 126 was found supporting the important role
of shell effects in MNT process. It was also shown that the
orientation effect caused by the strong deformation of collid-
ing nuclei can result in a gain in the yield of heavy targetlike
fragments [11].

The transfer of nucleon clusters from projectile to the tar-
get nucleus is possible in MNT reactions, in which the ratio
between the number of neutrons and protons varies over a very
wide range. In addition, due to a significant dispersion in the

©2024 American Physical Society
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distribution of the excitation energy between complementary
products, a heavy fragment can receive a noticeably lower
excitation energy than in the case of nuclear fusion [2]. These
properties of MNT reactions create favorable conditions for
obtaining heavy isotopes of trans-uranium elements, which
are of particular interest due to limited possibilities of their
production in fusion reactions.

Recent theoretical calculations based on a multidimen-
sional Langevin-type dynamical approach show that the
formation of primary transtarget fragments in the reactions
of heavy-ion beams with actinide targets are about a few
millibarns [12]. However, due to a significant dissipation of
initial interaction energy in MNT process the formed primary
fragments have a large excitation energy. The fission barrier of
these TLFs has mainly microscopic origin (By ~ 5MeV) and
during the deexcitation process sequential fission occurs with
high probability, whereas their survival after light particles
evaporation is several orders of magnitude lower.

The radiochemical studies have shown that the yield of
trans-uranium elements, especially their heavy isotopes, in
reactions with uranium ions is 1-2 orders of magnitude higher
than in the reactions with xenon ions [5,6,8]. Theoretical cal-
culations [12,13] also suggest this observation—the nucleon
transfer from projectile to target nuclei increases with increas-
ing the projectile mass. The 233U ions are apparently the best
bombarding particles in the synthesis of superheavy elements
in MNT reactions.

However, the production of U beam is available in a few
laboratories now. In this respect, extensive study of the re-
actions such as '**Xe +2®( and 2”Bi +2*U can be very
useful for deeper understanding of the MNT mechanisms
and the best planning the future experiments on the produc-
tion of new heavy isotopes in the reactions with 233U beam.
Recently, the experimental study of a few nucleons transfer
in the 13°Xe + 238U reaction at '**Xe energy of 1 GeV has
been performed with PRISMA+AGATA setup [14]. It was
found that population of neutron-rich actinide nuclei without
proton transfer is indeed favored, and this type of reaction
allows studying the nuclear structure of heavier actinides
used as target material. Comparison of experimental mass
distributions after multinucleon transfer with the GRAZING
calculation yields has shown fair agreement for a few nucle-
ons transfer channels. Analysis of the data has been rather
complicated due to the large contribution of sequential fis-
sion fragments (SFF) originating in fission of excited MNT
fragments.

Thus, since the sequential fission of TLFs is more probable
than its survival after deexcitation process, the experimental
identification of two fragments (PLF4-TLF) and three frag-
ments (PLF 4 both fragments of sequential fission of TLF) is
needed. To explore the properties of MNT fragments such as
their formation cross section, excitation energies, and survival
probabilities, the primary and secondary mass and energy
distributions of PLFs formed in the **Xe +2*U reaction
at 3Xe beam energy of 1.11 GeV have been measured in
coincidence with either survived TLFs or both fragments of
sequential fission of excited TLFs. Our study was organized
using two independent experimental techniques, namely,
two-arm time-of-flight measurements (ToF-ToF method) to

TABLE I. The energy-dependent parameters of the reaction un-
der study. Ej,, is the beam energy, E. ., /Ec is the ratio of energy in
the center-of-mass (c.m.) frame to the contact point potential, 0, are
the grazing angles in the laboratory (lab) and c.m. frames.

Parameter

E 1.11 GeV
Eem. 706.4 MeV
Eem /Ec 1.48

g ("*Xe) in c.m. 57.0°

Oy (*Xe) in lab 36.9°

O (V) in lab 61.5°

investigate two-body coincidences and three-arm time-of-
flight and energy measurements (ToF-E method) to in-
vestigate three-body coincidences. The energy-dependent
parameters of the '3*Xe+2%U reaction are given in
Table 1.

II. EXPERIMENT

The measurements were carried out using the U400 cy-
clotron at the Flerov Laboratory of Nuclear Reactions. The
200 pg/cm? 238 target deposited on 30 ug/cm? carbon back-
ing was irradiated with the 1.11 GeV **Xe beam. The target
backing faced the beam. The energy resolution of the beam
was ~1%. Beam (1*Xe*’") intensity on target was about
20 nA. The enrichment of the 23®U target was 99.8%. The
reaction products were measured using the CORSET spec-
trometer [15]. The scheme of the experimental setup is shown
in Fig. 1.

Arm 1 of the spectrometer consists of a compact start and a
position-sensitive stop detectors (indicated as Stl and Sp1 in
Fig. 1) based on microchannel plates (MCP) with electrostatic
mirrors for ToF measurements and E detector built as an as-
sembly of 12 silicon detectors 20 x 20 mm (SCD1 in Fig. 1).

FIG. 1. The scheme of the experimental setup for investigation
of two- and three-body kinematics in the '**Xe +2**U reaction at
E., = 1.11GeV.
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The arm is located at an angle of +30° with respect to the
beam line and is intended to measure masses and energies of
PLFs. The angular acceptance of the arm is £2.8° and £2.1°
in and out of the reaction plane, respectively. Since the PLFs
in this reaction have a relatively large velocity (*3.5 cm/ns),
the ToF base is 652 mm to ensure the time resolution to be
better than 1.5%.

Arm 2 (St2, Sp2 in Fig. 1), composed of the start and a
position-sensitive stop MCP detectors, was installed at —53°
to measure the fragments complementary to PLFs in Arm 1.
Its angular acceptances in and out of the reaction plane are
47.4° and £5.5°, respectively. The mean velocities of TLFs
are about 1 cm/ns. The time resolution of the arm for the ToF
distance of 205 mm is about 1%. The coincident measure-
ments using Arms 1 and 2 allow us to investigate the mass
and energy distributions of primary binary fragments formed
in the reaction with full momentum transfer, whereas the
secondary masses (after light particle evaporation), energies,
and angles of PLFs are determined independently via ToF-E
measurements by Arm 1.

Arms 3 and 4 are similar to Arm 1 and consist of the
start, stop, and E detectors (St3, Sp3, SCD3 and St4, Sp4,
SCD4 in Fig. 1). These arms are aimed to measure the
masses, energies, and angles of fragments resulted from the
sequential fission of TLFs. They are installed at —25° and
—118°, which corresponds to the correlation angles of the two
coincident fragments from TLF fission. Since such fragments
have masses and energies in a typical fission range due to
relatively small velocities of TLFs, the ToF distance of 250
mm provides a time resolution of about 2% and 1% for the
Arms 3 and 4, respectively. The angular acceptance in and out
of the reaction plane of Arm 3 is £7.3° and £5.5°, and £7.6°
and +5.7° for Arm 4. The geometrical efficiency to detect
both fragments of the sequential fission of TLF in coincidence
with PLFs is about 1% and depends strongly on mass and
energy of PLF.

The procedure of data processing for ToF-ToF and ToF-E
measurements is described in Ref. [15]. In ToF-ToF method,
the primary masses, velocities, energies, and angles of re-
action products in the c.m. system are calculated from the
measured velocities and angles using the momentum and mass
conservation laws, assuming that the mass of the composite
system is equal to M; + M, (M, is the mass of projectile, M,
is the mass of target nucleus). The extraction of the binary re-
action channels exhibiting full momentum transfer was based
on the analysis of the kinematical diagram (see Ref. [15] for
details).

The conversion foils of MCP start and stop detectors are
made of 70- and 170 ug/cm? mylar films with a sputtered
30 ug/cm? gold layer. Corrections for fragment energy losses
in the target material and in the foils of the detectors were
applied in both methods.

All semiconductor detectors were calibrated using 2>Cf
source. No visible differences were found in the energy spec-
tra collected before and after the beam time. Thus, the pulse
height reduction was negligible during the experiment. The
pulse height defect for E detectors found from the measure-
ments of 22Cf spontaneous fission and elastically scattered
136Xe and 28U was taken into account.

II1. RESULTS AND ANALYSIS
A. Mass-energy distributions of PLF

The experimental mass-energy distributions of fragments
formed in the '3°Xe + 238U reaction at Ej, = 1.11 GeV and
detected by Arm 1 are given in Fig. 2. The reconstruction
of these distributions was based on ToF-E method. Since
the measurements have been performed at angles a bit lower
than the angles of grazing collisions (see Table I) elastic and
quasielastic events located around mass of 136 u and c.m.
energy of 450 MeV (the energy of elastically scattered '*6Xe
ion) are clearly pronounced in the mass-energy distribution.
The elastic peak of the recoil target nucleus U is not
visible in the spectra due to extremely low cross section at
angles below the angle of grazing collisions for recoil nucleus
(Bap =~ 61.5°). The mass (oy) and energy (og) resolutions
of obtained spectra have been estimated from the width of
distributions for these events and amount 2.9% and 1.9%,
respectively.

Although the PLFs and SFFs of excited MNT fragments
formed in the reaction have similar masses, they are distin-
guished well from each other by kinetic energies. The orange
and gray contour lines indicate the location of MNT fragments
(mainly PLFs) and SFFs in obtained mass-energy distribution
[see Fig. 2(a)]. The kinetic energy distribution (E;.,. ) for
PLFs is shown by open circles in Fig. 2(b). The contribution of
elastic and quasielastic events is well described by Gaussian
distribution (dash-dotted line). At the kinetic energies lower
than 420 MeV it becomes insignificantly small. The events re-
maining after the subtraction of the Gaussian fit (solid circles),
may be considered as MNT reaction products. The experimen-
tal cross section for MNT fragments integrated over azimuthal
angles for the limited polar angles (27.2° < 6, < 32.8°) is
810 = 50 mb. The PLF cross sections are about 396 mb and
400 mb for the kinetic energy ranges 300 MeV < Ejcm. <
420 MeV, respectively. The cross sections are defined with
respect to elastically scattered events.

The standard deviation of mass distribution oy as a func-
tion of the kinetic energy of PLFs is presented in Fig. 2(c).
The main trend is the decrease of oy, with increasing the
fragment energy. For the kinetic energy range 300 MeV <
E.m. < 420MeV the dissipation of initial interaction energy
is observed, whereas the mass transfer is relatively small
(energy dissipation mode). For the fragments with kinetic
energy lower than 300 MeV an increase of mass transfer is
found. Such dissipation of the initial energy along with the
mass transfer indicate a relatively long reaction time of about
a few zeptoseconds in the Xe+U interaction [16].

Figure 2(d) shows the mass distribution for all fragments
including SFFs with the kinetic energy lower than 420 MeV,
the ones for the MNT fragments with energies lower than
300 MeV and within the range 300420 MeV are presented
in Fig. 2(e). One can see that for the MNT fragments with
energies 300—420 MeV the mass yield peaks around 136 u and
exponentially decreases with increasing the deviation from
136 u to lighter and heavier masses. It is a typical behavior
for deep-inelastic collisions [2]. For the MNT fragments with
energies lower than 300 MeV, in addition to a visible peak
at 136 u, the smother decreasing of mass yield is found both
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FIG. 2. The mass-energy distributions of fragments formed in the reaction **Xe 42U at Ej, = 1.11 GeV for 27.2° < 6y, < 32.8°: (a)
two-dimensional mass-energy distribution for all fragments, events inside the orange contour are MNT fragments (mainly PLFs), fragments
inside the gray contour attributed to sequential fission of TLFs; (b) kinetic energy distribution of PLFs (open circles), the dash-dotted line
is the Gaussian fit of elastic and quasielastic contribution, arrow indicates the energy of elastically scattered '**Xe ion; solid circles are the
difference between the experimental data and the Gaussian fit, solid line is the theoretical calculation; (c) standard deviation of PLF masses
oy in dependence on c.m. energies; (d) mass distributions of all fragments with kinetic energies lower than 420 MeV (open circles), lines are
the theoretical calculations for all reaction products with kinetic energies lower than 420 MeV including SFFs (solid line) and for SFFs only
(dashed line); (e) mass distributions for PLFs with E; ., < 300 MeV (magenta rhombs) and 300 MeV < E| ., < 420 MeV (green triangles),
green solid and red dashed lines are the calculations for PLFs and TLFs.

for the fragments with masses lower than 136 u and for more
symmetric fragments. A small amount of TLFs with masses
220-240 u is found. The yield of these events is of a few tens
microbarns [see Figs. 2(a), 2(d)]. The cross section of the mass
transfer to more symmetric fragment masses is about several
hundred microbarns. Fragments with the masses heavier than
A = 187 probably can be formed via nucleon transfer from
uranium to xenon. The larger mass transfer to more symmetric
masses is caused by macroscopic potential of formed com-
posite system '36Xe 4 233U favorable for symmetric fragment
formation.

The obtained experimental results are compared with the-
oretical calculations performed within the framework of the
dynamic model based on Langevin equations [17,18], which
was applied to describe MNT processes in collisions with
actinides. The lines in Figs. 2(b), 2(d), and 2(e) represent
the predictions for the energy distribution of secondary MNT
fragments formed in the studied reaction and their mass dis-
tributions. The experimental angular range as well as the
experimental mass and energy resolution of 3.5 u and 10 MeV
were taken into account in the calculations. According to the
calculations, the total mass distribution shown in Fig. 2(d)
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is comprised of three components corresponding to PLFs
and TLFs [see Fig. 2(e)] as well as SFFs [dashed curve in
Fig. 2(d)] scattered to this angular range. The mass distri-
bution for the energy range 300 MeV < Ej.nm. < 420 MeV
contains only the PLFs and agrees well with the correspond-
ing experimental data. In the region of high energy losses,
the model underestimates the cross section of deep inelastic
collisions [Fig. 2(b)]. At the same time, the calculated mass
distribution is higher than the experimental one in the region
A = 200-240 u [Fig. 2(d)]. According to the calculations, this
is due to too high component of survived TLFs [Fig. 2(e)].
Such a high survival probability of TLFs may be caused by
underestimation of the energy losses or excitation energies.

As it was already mentioned, the main interest in MNT
reactions is connected with the possibility to produce new
isotopes of heavy and superheavy nuclei. For this purpose,
the nucleons have to be transferred from the lighter inter-
acting nucleus to the heavy reaction partner. The formation
cross section of the fragments lighter than 136 u, for which
complementary fragments are trans-uranium nuclei, is about
100 microbarns. The lightest fragment mass found in the
mass spectrum for PLF is 82 u. It should be noted that these
masses are the secondary ones after the deexcitation process.
Since the energy dissipation for these events is about a few
hundred MeV, the mass loss occurring in deexcitation process
of primary fragments should be taken into account to make
the final conclusion about the heaviest product of the studied
reaction.

B. Primary mass-energy distribution of survived
MNT fragments

The measured mass-total kinetic energy distribution
(M-TKE) of MNT fragments formed in the **Xe 4 238U re-
action at angles 44.7° < 6 < 61.3° (Arm 2) is presented
in Fig. 3. These fragments are complementary to PLFs with
angles 27.2° < O < 32.8° (Arm 1).

In the heavy-ion-induced reactions, the difference between
the reaction fragment angles in c.m. and laboratory frames is
caused by a nonzero c.m. velocity of the formed composite
system. For full momentum transfer, the folding angle (sum
of both fragment angles) is 180 © in the c.m. frame, whereas in
the laboratory frame the folding angle changes depending on
masses and energies of the reaction fragment pair. It leads to
the different geometrical efficiencies of the fragment pairs due
to the finite size of detectors [15]. In current measurements
the detectors’ geometry was chosen to achieve the maximal
kinematic efficiency for the most probable mass and energies
of surviving transtarget fragments. The reaction products with
the masses and TKEs inside the gray region in Fig. 3 have zero
efficiency in these experimental conditions. The elastically
scattered '**Xe and 2*¥U was excluded due to this geometry.

In the measured ToF1-ToF2 spectrum the contribution of
events with full momentum transfer is about 23% from all
collected events. The main part (77%) corresponds to SFFs.
To separate these events the analysis of velocity components
parallel and perpendicular to the beam axis has been applied.
The details of such approach for the '3*Xe + 2%*Pb reaction is
described in Ref. [19].
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FIG. 3. (a) The M-TKE distribution of primary TLFs with full
momentum transfer at Ej,, = 1.11GeV for 44.7° < 61, < 61.3°,
which are complementary to PLFs at 27.2° < 6y, < 32.8° formed
in the reaction **Xe + U (gray region indicates the area with zero
geometrical efficiency of coincident fragments); (b) the experimental
mass yield of TLFs (circles). Lines are the theoretical calculations.

The mass-energy distribution shown in Fig. 3(a) contains
only the survived MNT fragments with full momentum trans-
fer. The cross section of all events in this M-TKE matrix
amounts to 8.6 £ 0.9 mb. The most probable mass and
TKE of TLFs are about 222 u and 450 MeV, respectively.
The mean total energy losses TKEL = E,,, — TKE for these
MNT fragments is about 256 MeV. The mass distribution pre-
dicted by theory for chosen experimental geometry is shown
in Fig. 3(b). The calculation overestimates the yields of frag-
ments heavier than 225 u. The two-humped structure in the
mass distribution arises due to higher survival probability of
fragments in the vicinity of the closed shells N = 126 and
Z = 82. The heaviest fragment mass found in the experimental
M-TKE distribution is 255 u with the cross section of about
2 ub. Under the assumption of unchanged charge density of
N/Z equilibration [20] giving a good approximation for pri-
mary fragments this mass corresponds to Z =~ 99—100 (Es-Fm
elements).

The average TKE for fragments from M-TKE matrix in
Fig. 3(a) in dependence on MNT fragment mass is presented
in Fig. 4. Measurements of the total kinetic energy of frag-
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FIG. 4. The average TKE (circles) together with total excitation
energy E ., (thombs) as a function of primary fragment mass, solid

lines are the theoretical calculations.

ments allow us to estimate the total excitation energy of the
composite system formed in the reaction, part of which cor-
responds to the rotation energy of the fragments. According
to the calculations, the average angular momentum of formed
MNT fragments is about 30—40 % and their rotation energies
amount approximately 6 MeV. The initial interaction energy
E. . is expended on the TKE of the fragments, the structural
nucleon rearrangement of the formed MNT fragments (Qy
value), deformation (Eg4s), and the total excitation energy
((E

total

: Ecm, — TKE + Qgg — Egef- (1)

total —

The reaction Qg value may be estimated from measured MNT
fragment masses as Qg = M, + M, — Mt g — Mprr. The de-
formation energy is transformed to the fragment excitation
[21]. Therefore, the total excitation energy of the formed
fragments may be estimated as:

Efwa ~ Ecm. — TKE + Q. 2)

total

The extracted total excitation energy is shown in Fig. 4. It
is seen that nearly symmetric fragments are highly excited
(Eg ~ 350MeV). For transtarget fragments the excitation
is lower and amounts to about 150 MeV. The calculated
average TKE and E;  are also given in Fig. 4. The theory
agrees well up to the fragment mass ~230 u, but for heavier
fragments overestimates the (TKE), making, consequently,
the distribution of the total excitation energies narrower with
the lack of events corresponding to higher excitation energies
(see Fig. 2 discussion). More certain conclusions concerning
the observed discrepancy of the calculations and experimental
data will require further analysis of the model both in its dy-
namical part determining characteristics of primary fragments
as well as in the modelling the deexcitation of these fragments.

C. Mass loss of PLF in deexcitation process

The deexcitation of the formed primary MNT fragments
goes via emission of light particles. Since for the events de-
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FIG. 5. The average mass loss (Am;) (right scale indicates the
corresponding excitation energy of the fragment) as a function of pri-
mary mass (top panel) and TKE (bottom panel) of MNT fragments.

tected in Arm 1 both the primary (M;) and the secondary
(M post) masses are measured, the mass loss Am; of MNT
fragment occurring in deexcitation process can be found as
the difference between these masses. Thus, an average mass
loss (Am;) for each mass and TKE of the MNT fragment can
be determined as

1y .
(Am) (M1, TKE) = =3 (M} = My ), O)

i=1

where N is the number of fragments at given mass M| or/and
TKE.
The uncertainty of the (Am,) value is defined as

8(Am) =/ (5My? + 8Myp0) /N, @)

where M| and 6M | o are the experimental mass resolutions
for ToF-ToF and ToF-E methods, respectively.

The average mass loss (Am;) as a function of mass and
TKE of MNT fragment obtained with Eq. (3) is presented in
Fig. 5. Notice that the mass loss can be found with Eq. (3) only
for the events when both MNT fragments have been survived.
The average mass loss increases linearly with increasing the
fragment mass. The (Am,) dependence on TKE is opposite;
the mass loss decreases when TKE increases. Such behavior
is expected since the excitation is lower for higher TKE and,
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FIG. 6. The total excitation energy of the system '*°Xe + 23y
after scission (red circles) and excitation energies of the light (blue
up-triangles) and heavy (green down-triangles) fragments. Lines are
the theoretical calculations.

therefore, smaller mass difference between primary and sec-
ondary fragments occurs.

Since the formed primary MNT fragments are neutron-rich
nuclei, one may expect that their deexcitation goes mainly via
neutron emission. Therefore, the excitation energy of frag-
ment can be estimated using the obtained mass loss as

Ef = (Am)(B, + E,), &)

where B, is the neutron separation energy for MNT fragment,
E, is the kinetic energy of emitted neutron (E, ~ 1.5MeV).
The atomic number of fragments were not measured in this
experiment. Therefore, the neutron separation energies were
taken for the B stable nuclei for a given mass number in
order to avoid additional assumption for the atomic number
distribution of the MNT fragments. The right axes scales in
Fig. 5 indicate the excitation energy E| of the MNT fragment
estimated with Eq. (5).

D. Excitation energies of light and heavy MNT fragments

The special interest in this study is connected with transtar-
get fragments. The excitation energy of these fragments after
scission plays a crucial role in their survival probability. The
estimated in the previous section excitation energy of light
MNT fragments allows us to define the excitation of heavy
ones:

E} .

= Lrotal — El>k (6)
The total excitation energy and the excitation energies of
heavy and light MNT fragments estimated from the measured
(TKE) and (Am;) are shown in Fig. 6 as a function of primary
mass of the heavy fragment. The theoretically calculated ex-
citation energies are also given. It is seen that the predicted
excitation energy of the light MNT fragment is in a good
agreement with the experimental one. The excitation energies
of the heavy MNT fragments extracted from the experimen-
tal data are about 150-200 MeV. The predicted values for

LINLIL L B L L B

N

M,/M, ]

190 200 210 220 230

Primary fragment mass M, (u)

FIG. 7. The excitation energy ratio of heavy and light fragments
as a function of primary mass of heavy MNT fragments. Line delin-
eates the mass ratio of heavy and light fragments.

fragments with masses heavier than 230 u are lower than
experimental one.

The division of the total excitation energy between formed
fragments is an important point in our understanding of MNT
process. If the interaction time is long enough to equilibrate
the system, it is usually assumed that the excitation energy
is divided between fragments proportionally to their masses
[22]. However, the nonequilibrium division mode, accord-
ing to which the excitation energy is divided approximately
equally between fragments regardless of their mass, was also
observed in grazing collisions of mass asymmetric nuclei [23].
This division regime transforms smoothly to the mass propor-
tional one with increasing interaction time, so that the heavier
fragment will take up more amount of the excitation energy in
slower processes. Taking into account such a transition in the
dynamic model made it possible to improve the description of
MNT processes in mass asymmetric systems [24].

It is clearly seen in Fig. 7 that the ratio between exci-
tation energies for heavy and light MNT fragments found
from present analysis is proportional to their masses. Thus,
it indicates that nonequilibrium division mode is negligible in
this reaction, which is confirmed by the calculations.

E. Sequential fission of heavy MNT fragment

Since the MNT reaction is a binary process with full mo-
mentum transfer, the M-TKE distribution for all fragments
(not only for survived ones) may be found for every PLF
(M posts Eipost> 01, 1) using the mass and momentum con-
servation laws. The mass and energy of PLFs have been
corrected on the obtained average mass loss (Amj]) for those
events where the corresponding TLFs undergo fission. The
velocity vector diagram for an event of heavy MNT fragment
sequential fission is schematically drawn in Fig. 8.

The velocity of center-of-mass system V., is defined as

v MY,

= — 7
MM @)
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FIG. 8. The velocity vector diagram for heavy MNT fragment
sequential fission events.

Thus, the mass (M»), velocity (Vacm.), and the angles (62¢.m.,
¢2¢m.) of TLF can be found:

M, = Mp + M, — (Mlposl + (Am’f)), (8)

Orem. =7 — O1em., 9

Voer, = (Mlposl + (AmT>)V1c.m. ‘ (10)
M,

The calculated values of (Am}) are varying from 4.5 u to
6.5 u for the PLFs masses smaller than 130 u. The com-
plementary TLFs are those which mainly contribute to the
sequential fission events. Thus, keeping in mind some un-
derestimation of the excitation energies by the theory, we
used the constant value (Am}) = 7u in the analysis of the
experimental data. Egs. (7)—-(10) allow us to reconstruct the
mass, velocity, and angles of the second fragment.

The angular distribution of the fission fragments would
depend on the angular momenta of the primary TLFs, which
align perpendicular to the reaction plane. Angular distri-
butions of fission fragments formed in the '°0+ 2%Pb,
232Th, 238y reactions at the compound nuclei excitation en-
ergies and angular momenta similar to those of the primary
TLFs, formed in the studied reaction, were investigated ex-
perimentally in Ref. [25]. The obtained anisotropies A =
W(0°)/W(90°) ~ 3.5. In the MNT-fragment rest frame, the
fission fragments would have angular distribution similar to
the one found in Ref. [25] and the most probable kinetic
energy according to the Viola systematics [26]. Under these
assumptions the efficiency of three-body event registration
(Arm 1, Arm 3, and Arm 4 in coincidence) has been calculated
as a function of mass and kinetic energy of the first fragment
(PLF). The obtained efficiency is shown in Fig. 9.

Thus, at chosen geometry of the experiment the triple
coincidence (PLF + 2 SFFs) may be detected for PLFs in
the mass range 80—160 u with the kinetic energy higher than
150 MeV. This mass and energy range for PLFs corresponds
to the main part of heavy MNT fragments where the sequential
fission is highly probable.

F. Data processing of three-body events

The Arm 3 measuring the SFF is installed at 25°. At this
angle, elastic and quasielastic events together with PLFs give
the main contribution, similar to the case of Arm 1 at 30°

500
EfT (%)

450
0.000
400 I 0.162
150 0324
0.486
& 300 0.647

(0}

250 0.809
E_ 200 0.971
5 [] 1.133
K150 1.295

100

50

70 80 90 100 110 120 130 140 150 160 170

Secondary fragment mass Mlposl (w)
FIG. 9. The calculated geometrical efficiency (%) of three-body
coincidence (Arm 1, Arm 3, and Arm 4) as a function of mass and
kinetic energy of PLF.

[see Fig. 2(a)]. Contrary to Arm 3 and Arm 1, the main
part of fragments detected by Arm 4 are the fragments of
sequential fission of the heavy MNT product. The ToF3-ToF4
correlation allows separating SSFs from all other possible
fragments formed in the reaction. From 10° events detected
by Arm 3, only 10* events coincide with Arm 4. The total
statistics of triple coincidences between Arm 1, Arm 3, and
Arm 4 collected during the experiment is about 10° events.
Moreover, each three-body event has to satisfy the velocity
vector diagram given in Fig. 8.

From the measured masses, velocities, and angles of fission
fragments of TLF, the velocities (Va; and Vy,) and angles (63
and 64,) can be found in the TLF rest frame. In the case of
fission of heavy MNT fragment the obtained angles have to
satisfy the conditions:

O +0p=m;, @n+epn=rm. (11

The excitation energies of fissioning TLFs are high and it
is expected that the formed fission fragments will evaporate
light particles during their deexcitation. The emission of each
particle results in a small change in scattering angle, that
leads to deviation from 180° in Eq. (11). In Fig. 10(a) the
obtained folding angles 03, + 64, and @3, + @4 for all de-
tected three-body events are shown. The main part of events
is located around 180° 4 10° [events inside the red contour in
Fig. 10(a)].

The TKE of fission fragments (TKEy) can be also found
event-by-event as

TKEg = E3; + Ego. (12)

The most probable value of TKE may be estimated using the
Viola systematics [26]. In Fig. 10(b) the TKE¢ obtained for
all three-body events together with the Viola systematics in
dependence on the mass of primary heavy MNT fragments
undergoing fission is presented. The localization of folding
angles around 180° and TKEg value close to the Viola sys-
tematics proves that the detected three-body events are formed

034616-8



DETAILED STUDY OF MULTINUCLEON TRANSFER ...

PHYSICAL REVIEW C 109, 034616 (2024)

210

1@

200 +
190

180

0,79, (deg)

170 4

160

150

T T T T T T T
170 180 190 200

932+942 (deg)

—T—
150 160

210

220

200 +

180

TKE,. (MeV)
2
|

._

N

=
]

120

Viola systematics

100

......... e
210 220 230

240

Mass of fissioning MNT fragment M, (u)

FIG. 10. (a) Folding angles distribution for SFFs extracted from the reconstruction of three-body events; (b) the TKE of fission fragments
as a function of mass of heavy MNT fragments, red line delineates the Viola systematics.

as products of the two-stage process: the formation of MNT
fragments in the Xe+U reaction and the sequential fission of
excited heavy MNT fragments.

G. Mass distribution of primary TLFs undergoing fission

The secondary mass distribution for PLFs corrected
on geometrical efficiency of three-body coincidence (see
Sec. III E), for the case when the coincidence with the both
fragments of complementary TLF fission is detected, is shown
in Fig. 11(a). The PLFs mass distribution for the case when
the TLFs survive is also presented in Fig. 11(a). This mass
distribution was found from the mass distribution of primary
TLFs for 44.7° < 61 < 61.3°, which are complementary to
PLFs at 27.2° < 615, < 32.8° (see Fig. 3) taking into account
the kinematic efficiency due to the finite size of Arm 2
detectors. Since the arm was placed to optimize the regis-

tration of the heaviest transtarget nuclei with M, > 245u,
the fragments with mass M, = 238u and TKE > 600 MeV
have been cut. The mass distribution for these fragments was
restored as a difference between the mass distribution for all
PLFs (see Fig. 2) and the one for three-body coincidence
considering only the PLFs with TKE higher than the value
where the efficiency is zero [the top gray region in Fig. 3(a)].

Using Eq. (8) the primary mass distribution for heavy
MNT fragments complementary to PLF at 27.2° < 65, <
32.8° undergoing fission has been restored. The extracted
mass distribution is shown in Fig. 11(b) together with the
mass distribution for survived primary heavy MNT fragments.
It is seen that for MNT fragments with masses heavier than
248 u the deexcitation process of formed excited MNT
fragments mainly goes via their sequential fission. For frag-
ments with masses around 255 u the survival probability
against fission is only about 1.8 x 1073, The heaviest detected

10° E A MU - 107 3 T T T T T T T T T T Ty
1(a) ] 1 (b) ]
10' 4 1004 © 3-body .
— 3 3 1 & 2-body > ]
o) 1 1 1 s 1
£ 10“—: -: 100_: §\ _:
& e/ ] ] ]
5 1% ] ] ]
2 T | ]
w 1074 10" 3
n 3 3 3
2 3 3 3
o 3 3 3
Q i ] ]
107 3 4 107 E
10‘3—- - 107 b —————-—— )
100 110 120 130 140 150 160 170 180 190 200 150 160 170 180 190200 210 220 230 240 250 260 270

M

Ipost

Secondary fragment mass

(u)

Mass of fissioning MNT fragment M, (u)

FIG. 11. (a) Mass distributions of secondary PLFs for two- and three-body coincidences (blue and pink symbols) at 27.2° < 6},, < 32.8°
formed in the **Xe + 23U reaction at E,, = 1.11 GeV; (b) mass distributions for primary TLFs for two- and three-body coincidences
complementary to PLF at 27.2° < 6,,, < 32.8°. Lines are the theoretical calculations.
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fragments originating in the collision of Xe and U are found
in the mass spectrum for three-body events around the mass of
265 u that corresponds to Z ~ 103 (Lr) under the assumption
of unchanged charge density of N/Z equilibration [20].

The solid lines are the theoretical calculations of sec-
ondary mass distributions of PLFs at 27.2° < 6, < 32.8°
[Fig. 11(a)] formed in the *®Xe 4 2%y reaction at Ej, =
1.11 GeV for the cases when the complementary TLFs sur-
vive and when they undergo sequential fission. The calculated
primary mass distributions for survived and fissioning TLFs
are shown in Fig. 11(b). The predicted mass yields for sur-
vived and suffering fission transtarget fragments are in good
agreement with experimentally obtained spectrum.

IV. SUMMARY

To check the suitability of MNT reactions for production of
new neutron-rich isotopes of heavy and superheavy nuclei, the
mass, energy, and angular distributions of fragments formed
in the **Xe + 23U reaction at the energy of '*Xe beam of
1.11 GeV were measured using modified CORSET setup. In-
stallation of three independent ToF-E arms and additional ToF
arm made it possible to study the properties of binary frag-
ments, as well as three-body events (projectilelike fragment
and sequential fission fragments of heavy MNT fragment).

Theoretical analysis of the reaction has been performed
based on the Langevin-type dynamical model of nucleus-
nucleus collisions. An overall reasonable agreement of
theoretical calculations with the results of direct measure-
ments and especially for some derived quantities, support
experimental findings and increases reliability of performed
analysis of the experimental data.

The total cross section of MNT fragments at 27.2° <
B < 32.8° in the studied reaction is 810 &= 50 mb. The main
part of the fragments is located near the projectile mass.
Nevertheless, the TLF fragments around the mass of 238 u
with the cross section of about a few tens of microbarns

are revealed in the mass distributions. The lightest mass of
secondary PLF is 82 u with the cross section of about 10 ub.

The primary mass distribution of survived heavy fragments
at44.7° < O < 61.3°, which are complementary to PLFs at
27.2° < O1p < 32.8°, has a maximal yield at 222 u. The cross
sections for heavier fragments decrease with increasing their
masses. The heaviest survived fragments found in the present
study are the isotopes of Es-Fm with the mass of 255 u and
the cross section of about 2 ub.

The measurements of TKE of the reaction fragments to-
gether with primary (via ToF-ToF) and secondary (via ToF-E)
masses of projectilelike fragments allowed us to estimate the
excitation energies of each fragment. It is found that the exci-
tation energy divides proportionally to the fragment masses.

For the first time the measurements of three-body events
formed in MNT reaction were carried out. It gave us the
opportunity to restore the primary mass distribution of MNT
fragments undergoing fission. The comparison of the primary
mass distributions for survived and fissioning heavy MNT
fragments has shown that the survival probabilities decrease
with increasing their masses and the survival probability is
about 1.8 x 1072 for fragments with the mass of 255 u. The
heaviest fragments observed in mass distribution of fissioning
MNT fragments have the mass around 265 u (Lr isotopes)
with the cross section of a few hundred microbarns. Thus, the
transfer of about 27 nucleons from the projectile to the target
nucleus is found in the present study.
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