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Abstract: The distribution of nuclei produced in the “*Ar + #*Th reaction has been studied at the gas-filled recoil
separator (SHANS2) at the China Accelerator Facility for Superheavy Elements (CAFE2). The bombardment was
carried out at a beam energy of 205 MeV and with the detection system installed at the focal plane. Forty-four iso-
topes heavier than *®Pb were observed. These isotopes were identified as the transfer reaction (or target-like)

products, and their relative cross sections were extracted. Based on the mass distribution of these products, we ex-

clude the possibility that they were produced by fusion-fission reactions, and thus may originate from quasi-fission

of the “°Ar + *Th reaction.
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I. INTRODUCTION

Atomic nuclei, composed of protons and neutrons, are
many-body quantum systems. When atomic nuclei devi-
ate from the stability line and approach the drip-line re-
gion, a range of phenomena distinct from stable nuclei [1]
was exhibited, e.g., halo and cluster structures [2], soft
excitation modes [3], and shape coexistence [4]. There-
fore, studying the exotic properties of unstable isotopes is
of significant importance for exploring the limits of atom-
ic nuclei in terms of their proton number and mass, as
well as for testing and refining existing nuclear theories.
Nuclear reactions are the only method to produce un-
stable atomic nuclei. For superheavy elements with Z >
103, their reaction cross sections can reach the picobarn
(pb) range, or even lower [5]. In this case, optimized high
sensitivity of experimental technique is required. In 2021,
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Sciences (IMP-CAS) has completed the construction of
the China Accelerator Facility for Superheavy Elements
(CAFE2). The facility is capable of producing high in-
tensity heavy-ion beams [6, 7], which enables the experi-
mental study of heavy and superheavy nuclides with ex-
tremely low cross sections.

However, theoretical model calculations indicate that
at energies close to the Coulomb barrier, the multi-nucle-
on transfer reaction [8] are superior to other reactions for
the production of certain heavy and superheavy isotopes
[9, 10]. Since the 1970s, several experimental studies
have been conducted on the multi-nucleon transfer reac-
tions in heavy systems at Coulomb barrier energies, aim-
ing to produce heavy nuclei [11-14]. Recently, the
BCa+?Cm [15, 16] and °Ti+**Cf [17] reactions were
investigated using the velocity filter SHIP and the gas-
filled recoil separator TASCA at GSI Darmstadt, respect-
ively. The resulting transfer products were extensively
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studied. Nevertheless, the exceedingly low cross sections
of superheavy isotopes pose substantial challenges. Effi-
cient separation and detection techniques, similar to the
single-atom identification methods employed in fusion-
evaporation reactions of superheavy elements, must be
developed to overcome these challenges.

In Ref. [18], the products of the *’Ar + 232Th reaction
were detected using a telescope composed of two silicon
surface-barrier detectors. The energy spectrum, angular
distribution, and cross sections of products with atomic
number 5 <Z <20 were measured. In this work, we re-
port the study of the “°Ar + 2*2Th reaction performed at
the gas-filled recoil separator SHANS2 at CAFE2 [19,
20]. During the offline analysis, recoil nuclei with the
atomic number 84 < Z <90 were identified, and their rel-
ative cross sections and implanted energies were extrac-
ted using the method of position-time-energy correla-
tions (recoil implantations (RI) - a; - @,). Unfortunately,
no decay events from complete fusion-reaction products
were observed in the experiment. Based on the mass dis-
tribution of the recoiling products, the possibility of their
formation via fusion-fission reactions was excluded.
Thus, the detected recoils in the experiment mainly. ori-
ginated from quasi-fission [21] or multi-nucleon transfer
reactions, which are also referred to as incomplete fusion
products. The data obtained in this study provide new in-
formation for SHANS2 and may serve as a reference for
the synthesis of the new superheavy nuclides.

II. EXPERIMENTAL DETAILS

The experiment was performed at the SHANS2,
which is located at the CAFE2 at the Institute of Modern
Physics in Lanzhou, China. The continuous “°Ar'** beam
was provided by the Electron Cyclotron Resonance Ion
Source (ECRIS) and was accelerated in the superconduct-
ing linear accelerator. The beam particles were acceler-
ated at an energy of 205 MeV, with a beam dose of 1.7 x
10" and an effective irradiation time of 81 hours. The
beam intensity was approximately 1 puA.

Four arc-shaped 2*’Th targets were prepared by elec-
tro-deposition onto a 2-pm-thick titanium foil, resulting
in an average target thickness of 613 pg/cm?. These seg-
ments were evenly mounted on the edge of a rotating
wheel with a diameter of 48 mm, which rotated at ap-
proximately 3000 revolutions per minute during the irra-
diation process.

In the experiment, SHANS2 was filled with 1 mbar
helium gas as the working gas and the magnetic rigidity
was set to 2.208 T-m. After the separation, the recoiled
products were firstly passed through two multi-wire pro-
portional counters (MWPCs) and subsequently im-
planted into a double-sided silicon detector (DSSD),
which had a thickness of 300 um and a sensitive area of
128 x 48 mm?. The silicon strip width of the DSSD was 1

mm, forming a total of 6144 pixels. MWPCs were
primarily utilized to distinguish between implanted and
decay events on the DSSD. The working gas used was
isobutane, and the optimal working pressure was approx-
imately 300 Pa. As a stopping detector, the DSSD was
primarily used to measure implanted signals, a-decay
events and fission event signals. Six side silicon detect-
ors (SSDs), with a thickness of 500 um and a sensitive
area of 120 x 63 mm?, were arranged in a tunnel shape on
the front side of the DSSD to detect a-particles and fis-
sion fragments that escaped from the DSSD. The overall
detection efficiency of the detection system for a-
particles emitted from implanted nuclei was measured to
be 86(8)%, with approximately 55% contributed by
DSSD. All silicon detectors were manufactured by Mi-
cron Semiconductor Ltd. Additionally, in order to re-
gister light punching-through particles, three silicon de-
tectors were placed in parallel directly behind the DSSD,
each having 300 um thick, with a sensitive area of 50 x
50 mm?. The alcohol cooling system was used to cool the
silicon-box detector to approximately -25 °C in order to
maintain the energy resolution of the silicon detector. For
5-9 MeV full-energy a-decay events, the energy resolu-
tion of the DSSD placed in the focal plane was approxim-
ately 30 keV (FWHM), while that for reconstructed a-de-
cay events was 80 keV (FWHM). All signals were shaped
by the preamplifier and acquired by a 14-bit self-trigger-
ing analog-to-digital converter operating at a sampling
rate of 100 MHz.Comprehensive details regarding
SHANS?2 and the detection system are provided in Ref.
[19].

III. RESULTS AND DISCUSSIONS

In this experiment, an energy-position-time correla-
tion method was employed for identifying isotopes
through the analysis of the known a-decay energies and
half-lives of the nuclei. The energy spectrum of a-like
events recorded by the DSSD after the anti-coincidence
of the MWPCs is presented in Fig. 1(a). All significant
peaks with high statistics were identified through their o-
particle energies and half-lives. Fig. 1(b) presented the
energy spectrum of a-particles associated with the RI - ¢,
correlation, with an energy range of Eg; = 5-9.5 MeV and
a search time window of Ar (RI - a;) < 100 s. For
products with relatively high yields, the identification
was further confirmed by comparing the experimental
values of a-energies and half-life with those reported in
the literature.

RI - a; - a, correlation was performed to identify iso-
topes with low yields. Fig. 1(c) displayed the two-dimen-
sional spectrum of parent and daughter a-particles under
the RI - a; - a, correlation, with search time windows of
At (RI - a7) <100 s and Af (a; - ay) < 10 s. A total of 44
isotopes, with mass numbers ranging from 210 < 4 <226
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Fig. 1. (Color online) (a) a-decay spectrum of all particles
detected in the 5 - 9.5 MeV range for the “°Ar/+ 232Th reac-
tion in the experiment. (b) a-decay spectrum of the parent
nucleus under the RI - a; correlation, with'a search time As <
100 s. (c) Two-dimensional spectrum of parent and daughter
a-particle under the Rl-a;-0, correlation, with search times
At; <100 s and Az, <10s.

and atomic numbers between 84 < Z <90, were identi-
fied. Among these isotopes, 36 of them were directly im-
planted.

Fig. 2(a) and Fig. 2(b) show the implanted energy
spectrum of 2!'Po, 2!2At, and 2!'?"At, along with those of
215Rn, 2"°Fr, and ?*’Ra. It is noteworthy that, compared to
the energy distribution of implanted nuclei reported in
Ref. [17], the energy distribution of implanted nuclei in
this experiment is primarily concentrated in the region
where 1 MeV < Ep; < 60 MeV. Only three nuclides,
21pg, 212At, and 2'*"At, demonstrate both high (HEC, 30
MeV < Eg; < 60 MeV) and low (LEC,1 MeV < Eg; <30
MeV) energy components, while the other products only
display LEC. In Ref. [17], all the implantations show the
HEC and LEC for the recoil energy distributions.

Fig. 2(c) presents the time distribution of implanta-
tion events for the LEC and HEC of ?!'Po, as well as the
LEC implantation events for ???Ra. The deduced half-
lives of 2!'Po (T}, = 480(49) ms) and ***Ra (T}, = 31(4)
s) were consistent with the values reported in the literat-
ure [22, 32], further confirming the reliability of the ex-
periment. Fig. 2(d) illustrates the relationship between the
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Fig. 2.  (Color online) (a) Energy distributions of the im-

planted 2!'Po, 212At and 2'?"At in the silicon box. (b) Energy
distributions of the implanted 2'®Rn, 2°Fr and ?*’Ra in the sil-
icon box. (¢) The half-lives of ?*’Ra and 2!'Po were measured
in the experiment. (d) The energy losses of 2!'Po, 212At, and
212m At in the MWPCs vs the recoil energy.

energy losses of ?!''Po, ?'2At, and ?'*"At in the MWPCs
and their implantation energies. Consistent with the ob-
servations reported in Ref. [17], significant differences in
the energy losses of HEC and LEC in the MWPCs are ob-
served, further supporting the conclusion that the im-
plantation energies consist of two distinct components.

Due to the unknown transmission efficiency & of
transfer reaction products through SHANS?2, the absolute
reaction cross sections of the identified nuclides cannot
be determined. To obtain an approximate value, the
product of the transmission efficiency and the cross sec-
tions, oe, was used as the relative reaction cross sections
for the transfer reaction products. In the calculation, the
detection efficiency for full-energy a particles in the
DSSD was 55%. The relative cross sections for transfer
reaction products with half-lives on the order of seconds
or less are presented in the Table 1. In Fig. 3, the e of
the three isotopic chains, Rn, Fr, and Ra, are compared,
and the yields of these isotopes do not vary significantly
as the number of neutrons increases.

In order to study the generation of these transfer reac-
tion products, two experiments were also conducted,
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Table 1.

a-decay properties of the transfer reaction products produced in the 4°Ar + 232Th reaction. The second and third columns list

the a-particle energies and half-lives of these isotopes measured in this work. The fourth column presents the relative cross sections for

the corresponding isotopes. The fifth and sixth columns provide the corresponding literature values.

This work Literature data

isotopes E,/keV Tis oelpb E,/keV Tis Ref.
211p, 7456(13) 0.48(5) s 79(22) 7450.3(5) 0.16(3) s [22]
2124 7679(10) 0.43(10) s 28(9) 7669.3(2) 0.314(2) s [23]
212m p ¢ 7829(10),7879(12) 0.122) s 45(14) 7826.7(2),7888.0(2) 0.1193) s [23]
25 A¢ 8025(13) 0.07(2) ms 15(6) 8026(4) 0.10(2) ms [24]
213Ry 8094(10) 17.5(30) ms 29(9) 8089(3) 19.5(1) ms [25]
215Rp 8673(11) 2.6(4)us 37(11) 8674(8) 2.30(10) ps [24]
216Ry 8022(13) 44.4(50)us 63(18) 8050(10) 45(5) us [26]
27Ry 7728(12) 0.5(1) ms 44(15) 7738(3) 0.59(6) ms [27]
218Ry 7140(10) 28(6) ms 50(17) 7129(2) 33.75(15) ms [28]
219Ry 6824(11) 6.9(15) s 21(8) 6819.1(3) 3.96(1) s [29]
20Rp 6293(10) 56.5(110) s 68(22) 6288.1(1) 55.6(1) s [30]
216, 9034(22) 2.0(6) ps 8(4) 9004(5) 0.70(2) us [26]
218y 7606(15),7690(12),7819(11) 29.5(60) ms 48(16) 7616(4),7681(4),7809(5) 21.9(5) ms [28]
219, 7320(10) 28(4) ms 55(18) 7312(2) 20(2) ms [29]
220, 6683(11) 31.3(50) s 39(14) 6677(4) 27.4(3) s [30]
2U7R, 9006(36) 2:3(9) ps 3(2) 8992(8) 1.6(2) us [27]
219R, 7651(21),7940(20) 8.5(15) ms 21(8) 7678(3),7988(3) 10(3) ms [29]
220R, 7465(11) 18:2(39) ms 22(8) 7453(7) 18(2) ms [30]
2IR, 6752(12) 23(4) s 83(27) 6754(5) 28(2) s [31]
2R, 6561(10) 31(4) s 124(39) 6558(5) 33.6(4) s [32]
24 7170(17) 0.55(17) s 8(4) 7170(10) 1.05(2) s [30]

102k ' ' ./; Ra1 the target thickness of 722 pg/cm?, and the beam dose of

— 1.7 x 10'8,

10'f . / . o] The distribution of transfer reaction products from

—_ Fr both reactions was obtained using the same data pro-

f./_ 10%F I 1 cessing method. Fig. 4(a) presents a comparison of the

] ob . / ] pI‘Odl'lCt distributions of the f‘oAr + 22Th .and YOAr + 2(')9Bi

: : : reactions. Although some differences exist (the distribu-

102k Rn tion of isotopes along the N and Z axes is relatively wider

— e ~ * in the present data), a large overlap is observed in the iso-

10'f . . R topic distributions of the two reactions. Fig. 4(b) presents

128 130 132 134 a comparison of the nuclides produced in the **Ar + >*Th

N and 3*Cr + 2Th reactions, showing a near overlap in the

Fig. 3. (Color online) The variation of the product of the

cross section and efficiency (o¢) for the implanted Rn, Fr, and
Ra isotopes as a function of neutron number (V) in the “0Ar +
232Th reaction.

namely “*Ar + 2”Bi and >*Cr + 22Th. The beam energy
of the former was 221 MeV, the target thickness was 60
pg/em?® C + 500 pg/cm? 2®Bi, and the beam dose was 2 x
10'®. The beam energy of the latter was 312.1 MeV with

nuclides produced by both experiments.

For the “*Ar + 232Th reaction, the observed isotopes
originated from a process in which a large number of
nucleons were transferred from the target nucleus to the
projectile nucleus. In contrast, in the “*Ar + 2®Bi reac-
tion, a significant number of nucleons were transferred
from the projectile nucleus to the target nucleus. The pos-
sible reason is that in the “°Ar + 2*2Th reaction, the nucle-
on flow tends toward mass and charge symmetry of the
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Fig. 4. (Color online) Comparison of the distributions of iso-

topes produced in the “°Ar + 232Th(yellow) reaction with those
produced in the “°Ar + 2°Bi(blue circles) and 3*Cr+ 232Th(red
circles) reactions.

system, which is associated with the positive Q-value.
Conversely, the “°Ar + 2%Bi reaction exhibits the oppos-
ite trend, highlighting the influence of Q-values on nucle-
on flow behavior. The nuclides observed in the *°Ar +
22Th and **Cr + 2**Th reactions are produced by the loss
of nucleons from the target nucleus. A comparison of the
product distributions indicates that the transfer reaction
products of the same target nucleus are largely independ-
ent of the projectile type. The results of these experi-
ments are generally consistent with those obtained from

the *°Ti+2*Cf [17] conducted on the TASCA, but the dis-
tribution is narrower than that observed in the
8Cat+28Cm [15, 16] performed on the SHIP. This may be
attributed to the fact that the SHIP device employs velo-
city for separation of recoil ions, which is better suitable
for low-yield transfer reaction products.

In addition, since the mass distribution of the
YOAr+22Th reaction products is A =210-226, and the
product of the charge numbers of the projectile and tar-
get nuclei (Z,Z; = 1620) exceeds the lower limit (approx-
imately 1600) [33], the quasi-fission (QF) process is ex-
pected to begin after this critical value. Therefore, it is
speculated that the transfer reaction products observed in
this work may originate from the QF process.

IV. SUMMARY

The study of “°Ar+23?Th reaction was performed at
CAFE2 using SHANS2. The relative cross sections and
implanted energies of the recoil products were extracted
by using the method of position-time-energy correlations.
The results demonstrate that the newly constructed gas-
filled recoil separator can be utilized to investigate trans-
fer reaction mechanisms. Consequently, SHANS?2 is suit-
able for the synthesis of exotic nuclei from reaction chan-
nels other than fusion-evaporation. Based on the substan-
tial nucleon flow populating the isotopes located “north-
east” of 2%8Pb, the possible origin of the identified recoil-
ing products was suggested to be quasi-fission process.
The results of the present work can provide a potential
way to shed light on the understanding of the different re-
action mechanisms, which is helpful for synthesizing new
superheavy elements and nuclides.
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