Probing optimal reaction energy for synthesis of element 119 from %'V42#Cm
reaction with quasielastic barrier distribution measurement
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The quasielastic barrier distribution of >*V+24¥Cm was extracted by measuring the excitation
function of quasielastic backscattering using a gas-filled recoil ion separator, GARIS-III. The ob-
tained barrier distribution is well explained by the coupled-channels calculation, indicating a signif-
icant effect of the rotational excitation of deformed ***Cm. From the measured average Coulomb
barrier height and deformation parameters of 2*¥Cm, the side-collision energy leading to a compact
configuration of colliding nuclei was obtained. The relation between the side collision energy and
the excitation function of the evaporation-residue cross sections in the *¥Ca+2*8Cm system was
evaluated as a reference for the ! V4+2*¥Cm case. The optimal reaction energy to synthesize a new
element T19%% the ' V+2*¥Cm fusion reaction (3n and 4n channels) was estimated with an aid of

these experimental data.

I. INTRODUCTION

With the official recognition of superheavy elements
(SHEs) with atomic numbers Z = 113,115,117, and 118
in 2016, the periodic table is now completely filled up to
the seventh period. The discovery of new elements in the
SHE region and their nuclear properties provide essential
information about the limits of nuclear existence and the
island of stability expected to exist in the Z = 114 or 120
and N = 184 regions [1].

The elements beyond Z = 113 were synthesized only
by hot-fusion reactions using a combination of 48Ca
beams and targets of actinide elements from Pu (Z = 94)
to Cf (Z = 98) [2-7]. However, because it is impossi-
ble now to obtain the elements heavier than Cf at the
amounts needed for the target material, it is necessary
to use projectiles heavier than *Ca to synthesize new
elements beyond Z = 118. Although the synthesis of el-
ements 119 and 120 has been attempted in several cases
via  24Pu(®®Fe, zn)30272120, 238U (®4Ni, zn)302-2120,
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H8Cm (54 Cr, 2n)392-120, 29Bk(°OTi, zn)?%9~*119, and
29CF (50T, 7n)?997120, these new elements have not
been discovered yet [8-11].

In the synthesis of SHEs using the fusion-evaporation
reaction, the beam energy is a critical parameter that
significantly affects the experimental yield of heaviest
elements. For example, the evaporation residue (ER)
cross section oggr of 248Cm(**Ca, 4n)?*?Ly is 3.473% pb
at E.p,. = 208.9 MeV [5, 12], whereas the experi-
mental upper limit of this cross section is 0.3 pb at
E.m. = 201.0 MeV at [5]. Thus, an energy difference
of just 7.9 MeV (3.8%) can change the cross section by
approximately one order of magnitude. The energy of
the projectile nucleus decreases as it passes through a
target. Typically, the energy change of the projectile nu-
cleus in the target used in these experiments is less than
+3 MeV relative to the energy at the center of the tar-
get, which is narrower than the width of the excitation
function of ogr. In the case of a reaction, where oggr has
never been measured, the theoretical prediction of the
optimal reaction energy for maximizing ogr can vary by
more than 10 MeV depending on the theoretical model
adopted. For example, in the 2#Cm(°'V, 2n)??°-*119
reaction focused in this study, the theoretical optimal
energy varies from 230 MeV to 246 MeV in the center-
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of-mass system [13-17]. The cross sections predicted by
these theoretical calculations are well below 100 fb, which
are much smaller than those in the previous ER syn-
thesis by hot fusion reactions. Therefore, to synthesize
the element 119 with the maximum efficiency using the
MCm PV, 2n)?997119 reaction, it is desirable to esti-
mate the incident energy based on experimental evidence.

The barrier distribution extracted from the excitation
function of the quasielastic (QE) cross section relative to
the Rutherford cross section [18, 19] is expected to be
one of the most powerful methods for experimentally es-
timating the optimal incident energy to maximize oggp.
The QE barrier distribution reflects the reaction dynam-
ics of the two colliding nuclei during the capture pro-
cess, which is the first step in the ER nucleus forma-
tion. The relation between the QE barrier distribution
and oggr has been systematically studied in reaction sys-
tems that form superheavy nuclei (SHN) [20-25]. In cold
fusion systems, the peak energy of the QE barrier dis-
tribution and the optimal energy to maximize ogr are
consistent [20, 23, 24]. However, Tanaka et al. recently
pointed out that the optimal energy for oggr is slightly
higher than the peak of the QE barrier distribution in
hot-fusion reaction [25]. It has also been reported from
fusion-fission studies that, in a reaction system with an
actinide target, a compound nucleus is formed more eas-
ily when the colliding nuclei touch each other along the
short axis of the prolately-deformed target nucleus, which
is called a side collision [26-31]. This is considered to be
a consequence of the compact configuration of the collid-
ing nuclei at the touching point. In hot-fusion reaction
systems where the experimental data of both ogr and
QE barrier distribution were available, the energy for the
side collision derived from the QE barrier distribution
data was in good agreement with the experimental opti-
mal energy of ogg [25]. This study points out that the
optimal energy can be experimentally estimated by mea-
suring the QE barrier distribution in a reaction system
in which ER production has not yet been performed.

The systematic measurements of the QE barrier dis-
tribution mentioned above have been performed at the
RIKEN heavy-ion linear accelerator (RILAC) facility us-
ing the gas-filled recoil ion separator GARIS [23-25].
However, the QE barrier distribution has not been mea-
sured for the system forming a nucleus with Z = 119 be-
cause a sufficiently high incident energy to measure the
complete dataset of the QE barrier distribution could not
be supplied in this facility. Recently, the RILAC facil-
ity was upgraded for synthesizing new elements beyond
Z = 118 [32]. The upgraded facility, called SRILAC,
can accelerate heavy ions up to 6.5 MeV /nucleon by re-
placing the last four normal conducting cavities in the
RILAC booster with ten superconducting cavities [32].
This upgrade enabled us to measure the QE barrier dis-
tribution of the hot-fusion-reaction system, forming an
element with Z > 119.

In this study, we report the first experimental study
of the QE barrier distribution of 5'V+248Cm, which is

the target reaction for synthesizing the element 119 at
RIKEN, by measuring the excitation function of the QE
backscattering cross section relative to the Rutherford
cross section. The obtained barrier distribution was com-
pared with the coupled-channels calculations to under-
stand the reaction dynamics. The energy for the side col-
lision that leads to a compact touching configuration fa-
vorable for the formation of the ER nucleus was deduced.
The relation between the side-collision energy and the
optimal reaction energy to maximize the ER cross sec-
tion was investigated based on the existing experimental
data of the system similar to ' V+248Cm. Finally, the
optimal reaction energy for synthesizing the element 119
from the 51V+248Cm fusion reaction was deduced based
on the present experimental results.

II. EXPERIMENT AND ANALYSIS
A. Experimental method

The QE barrier distribution in the 51 V4248Cm system
was extracted by measuring the QE backscattering. Un-
like typical measurements that detect the QE scattering
of a projectile-like nucleus at backward angles [18, 19],
in this study, the measurement was performed by detect-
ing the QE scattering of the recoiled target-like nucleus
at 0°, which corresponds to the backscattering of the in-
cident nucleus at 180° [23-25]. This method allows us
to directly measure the reaction with angular momen-
tum [ ~ 0, which is the most important component in
the production of the ER nucleus.

The barrier distribution D(E) via QE backscattering
is obtained by the following equation:

dR . d dO’QE
p(p) ==t ( d%h) , 1)

i where R = doqg/doruh is the ratio of the cross section
of QE backscattering to that of Rutherford scattering
at a fixed angle and is called the reflection probability.
The R(E) value was extracted by measuring the num-
ber of recoiled QE events of the 243Cm-like nucleus at
OLab = 180°, Nqg[**8Cm], and the number of Ruther-
ford scattering events of the projectile ®'V at 0y, = 45°,
Nrutn [P V]:
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Here, the solid angles of the detector to count
NQE [2480m] and NQE [51V] 5 AQQE [248 Cm] and
AQrun[PtV], are fixed values, and the ratio of the
Rutherford scattering cross section at 6, = 45°
and Op.p, = 180°, (doRruth/dQ) 50 / (doRutn/dQ) 500, 18
constant and independent of the reaction energy. In
Eq. (2), the product of the constant parts is defined
as C. In this experiment, the grazing angle at the
maximum center-of-mass energy, FE. ., = 247.1 MeV,
was Orap = 106° in the laboratory system. Therefore,
the angle to count Nguen[?'V], Opap = 45°, satisfies the
condition of always monitoring the Rutherford scattering
at all measurement energies.

B. Experiment

The experiment was performed at the superconduct-
ing RIKEN heavy ion linear accelerator) facility (SRI-
LAC) [32]. The 5'V13* ions were extracted from a
28 GHz superconducting ECR ion source and injected
into the SRILAC. The typical beam intensity in this
study was approximately 25 pnA, corresponding to 1.6 x
10! particles per second. The measurements were per-
formed at incident energies in 247.3-324.4 MeV with
2.0 MeV steps. The corresponding energy range at the
center of the target in the center-of-mass system, E. .,
was between 182.1 MeV and 247.1 MeV. The incident
beam energies were determined by measuring the mag-
netic rigidity in a 90°-bending dipole magnet and the
time-of-flight (TOF). The accuracy of the beam energy
measurement by these methods is typically less than
0.1%, excluding systematic uncertainties [32, 53].

The CmyO03 target with a thickness of 483(15) ug/cm?
was used. The high-weight percent ?4#Cm was harvested
from recently decayed 2°2Cf material provided by the
U.S. Department of Energy’s Isotope Program, 252Cf
Production Program at ORNL. Following the initial sep-
aration using a cation-exchange column, in various mo-
larities and pH values of an alpha-hydroxy-isobutyrate
(AHIB) solution, the curium was further processed
through diglycolamide (DGA) and LN (di(2-ethylhexyl)
orthophosphoric acid (HDEHP)) resin columns. The
DGA resin was employed to separate the curium from
fission products and decay daughters of 2°2Cf. The LN
separated the curium from remaining 252Cf. The curium
stock was provided as a dried nitrate salt. The isotopic
composition of the Cm target was 96.96% 243Cm, 0.01%
247Cm, 3.00% 245Cm, and 0.03% 24°Cm. The CmyOs3
material was electrodeposited on a Ti backing with a
thickness of 1.31 mg/cm?, and oriented to the down-
stream side. The target was used in a fixed position
because there was no risk of melting under low beam in-
tensity in this experiment. The typical size of the beam
spot on the target was 3 mm (H)x 10 mm (V).

The recoiled events of the target-like nuclides at 0° by
QE backscattering were separated from the background
events and transported to the final focal plane by using

the gas-filled recoil ion separator GARIS-III. GARIS-III
was newly constructed at the SRILAC facility and has
the same specifications as GARIS-1I [34]. The GARIS-
[T was filled with 0.9-Torr He gas, and the vacuum of
the upstream beamline was maintained at a sufficiently
high level by the differential pumping system. The vac-
uum chamber at the final focal plane was isolated from
GARIS-III using a 0.5-pm Mylar foil to secure a high-
vacuum condition for the operation of the detectors. The
magnetic rigidity of GARIS-III, Bp, was carefully set
such that the transmission efficiency of recoiled target-
like events to the final focal plane was maintained above
95% of its maximum value. As will be described in
Sec. IIC, the relative transmission efficiency was mea-
sured and corrected in the data analysis. The Bp values
were 1.757 Tm, 1.728 Tm, and 1.714 Tm for incident
energies of F. ., =182.1-209.5 MeV, 211.1-235.2 MeV,
and 236.9-247.1 MeV, respectively. The projectile parti-
cles scattered around 0° were stopped by a water-cooled
tantalum beam dump located in the D1 magnet of the
GARIS-III.

The recoiled target-like events were identified and
counted using a TOF-F counter telescope placed at the
final focal plane, where E represents the total energy.
The TOF was measured by two electrostatic TOF detec-
tors consisting of an entrance foil, an electrostatic mir-
ror, and a microchannel plate (PHOTONIS 120-D-40:1-
NR) [35]. The entrance foil was a 0.5-pm-thick Mylar
foil with 19.3 pg/cm? (1004) gold deposited on it. The
distance between the two TOF detectors was 273 mm.
Two double-sided silicon strip detectors (DSSDs: Mi-
cron Semiconductor Ltd. BB-7) were used as the E de-
tectors. These two DSSDs were mounted side-by-side
along the momentum-dispersive direction. The E de-
tector was divided into 32 strips (2 mm/strip) and 16
strips (4 mm/strip) along the horizontal (X: momen-
tum dispersive direction) and vertical (Y: gravity direc-
tion) axes, respectively, to measure the position of re-
coiled target-like events at the focal plane. The effective
areas of the TOF and E detectors are 120 mm¢ and
128 mm(H)x 64 mm(V), respectively.

The number of >V events by Rutherford scattering at
45° degree, Nrutn[*'V], was counted using a Si detector
(Hamamatsu S1223-01). The distance between the target
and the Si detector was 213 mm, and the sensitive area
of the Si detector was collimated to 2.5 mmé.

C. Data analysis

Figure 1 shows typical plots of the particle identifi-
cation using the TOF-F telescope for counting recoiled
target-like events at E. ,, = 182.1, 214.6, and 247.1 MeV.
When particles fired two neighboring strips in the DSSD,
the sum of the detected energies in both strips was
treated as an E value. The correlation function between
TOF and F for events with mass number A = 248 is in-
dicated by red dashed lines to clarify the locus of target-
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FIG. 1. Particle-identification plots by the TOF—-FE telescope
at (a) Ecm. = 182.1 MeV, (b) Ecm. = 214.6 MeV, and (c)
FEec.m. = 247.1 MeV. The solid line indicates the counting gate.
The dashed line represents the function A = 248.

like events. In the calculation of the correlation func-
tion, the loss of detected energy due to the effect of the
pulse-height defect in DSSD was considered [36]. The
target-like events were clearly separated from the back-
ground, such as projectile-like events and '®'Ta, which
were also identified by the same procedure as the target-
like events in all measured data. The '®'Ta background
is considered to be caused by sputtering out of '®'Ta
from the beam dump in the D1 magnet owing to the col-
lision of the projectile particles. These target-like events
were counted as recoiled events by the QE backscatter-
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FIG. 2. (a) Horizontal (X) yield distributions of target-
like events in DSSDs at FEc..,. = 182.1 MeV. The blue open
squares, red closed circles, and black open diamonds indi-
cate the data with the magnetic rigidity of 1.800, 1.711, and
1.728 Tm, respectively. The solid lines represent the fitting
results obtained using the Gaussian function. (b) Relative
transmission efficiency at Ecm. = 182.1 MeV (circles) and
235.2 MeV (diamonds) as a function of the center of horizon-
tal position Xcenter- The solid line indicates the fitting result
obtained using a quadratic function. The Xcenter values of all
the data used to derive the barrier distribution are located
within the shaded region.

ing Nqr[**®Cm]. Here, an arbitrarily shaped counting
gate (red solid line) was adopted so that even events lo-
cated outside the main peak owing to the response of the
detectors and the reactions in the detectors would not
be missed. The number of events located at the main
peak is approximately 98% of the total number of events
within the counting gate.

Although GARIS-IIT has a large acceptance, not all
the target-like events caused by QE scattering are trans-



ported to the final focal plane. The full width at half
maximum (FWHM) of the vertical (Y") yield distribution
at the focal plane was typically 12 mm, which was well
covered by the effective area along the Y axis (64 mm)
of the counter telescope. However, the typical FWHM
of the yield distribution in the horizontal (X) direction
was approximately 80 mm, which is comparable to the
effective area of the counter telescope (120 mm). In other
words, the spatial relation between the yield distribution
of target-like events on X and the effective area of the
counter telescope has a possibly influence on the trans-
mission efficiency. Therefore, we measured the depen-
dence of the transmission efficiency of the QE target-like
events through GARIS-III on the magnetic rigidity of the
GARIS-III at E. ., = 182.1 and 235.2 MeV.

Figure 2(a) shows the yield distributions of QE target-
like events on X normalized by Nruth, Nor(X)/Nruth,
for Bp = 1.728 (black open diamonds), 1.771 (red solid
circles), and 1.800 Tm (blue open squares) at E. ., =
182.1 MeV. Here, the momentum dispersion at the focal
plane derived from these data was 20.8(4) mm/%, which
is roughly consistent with the design value of GARIS-
IT (19.7 mm/%) [34]. The center position of the dis-
tribution, Xcenter, was derived by fitting Nqr(X)/Nruth
to a Gaussian function. The relation between the in-
tegrated values of the distributions shown in Fig. 2(a),
Nqu/Nrutn (referred to as the relative transmission effi-
ciency in this study), and Xcenter are shown in Fig. 2(b).
All the data taken at two different energies exhibited a
similar correlation. By appropriately adjusting the ap-
plied magnetic field of GARIS-III appropriately, the rel-
ative transmission efficiency was maintained above 0.95
in all measurements, as indicated by the yellow shaded
region in Fig. 2(b). The slight loss of transmission ef-
ficiency (< 5%) from its maximum value does not in-
fluence the following discussion. However, this loss was
larger than the statistical uncertainty (typically 1%) of
the data. Therefore, we corrected the effect of the relative
transmission efficiency using the fitting function obtained
from the |Xcenter|] < 50 mm data shown by the red solid
line in Fig. 2(b). The standard deviation of the data from
the fitting function at | Xcenter| < 50 mm was 1.3%. This
value was treated as a systematic uncertainty owing to
the correction of the transmission efficiency.

A typical yield distribution on Y, Nqg(Y')/Nrutn, at
FEem. = 182.1 MeV is shown in Fig. 3. For all the mea-
sured energies, the distributions were well explained by
the double-Gaussian function shown by the red solid line.
Based on this fitting result, the relative yield change
within the active area (£64 mm) on Y was maintained
at an average value of 99.1%, with a standard devia-
tion of 0.2% for all data. This deviation around the
average value was much smaller than the statistical un-
certainty (~ 1%); therefore, the correction of regarding
Nqe(Y)/Ngruth was not necessary.

At reaction energies higher than the Coulomb barrier
energy in the reaction systems forming SHNS, it has been
pointed out that the energy spectrum broadens because
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FIG. 3. (a) Vertical (Y) yield distributions of target-like

events in DSSDs at E...,. = 182.1 MeV. The solid line repre-
sents the fitting result obtained using a the double-Gaussian
function. Most of the error bars are smaller than the symbol
size.

of the contamination of the deep inelastic (DI) scatter-
ing events with the QE scattering events [20-25, 36].
In the previous barrier distribution measurement using
GARIS, the experimental data in the energy region where
the influence of DI scattering events was pronounced
were evaluated from the change in the shape of the E
spectra [23-25]. Figure 4(a) shows the F spectra at
E..m. = 182.1 (black), 214.6 (blue), and 247.1 MeV (red).
The spectrum at E. . = 247.1 MeV (red) is significantly
broader than those at lower reaction energies. To quanti-
tatively evaluate the shape change of the spectrum, the
spectra were fitted using Gaussian functions. Figure 4(b)
shows the peak width divided by the peak-center value,
W/ Epeax, obtained from the fitting result as a function of
E. .. The width increased significantly at the five data
points at F¢., > 240.3 MeV. In addition, the data at
FEe . > 240.3 MeV have a prominent tail in the higher-
E region than the main peak. Therefore, as in previ-
ous studies [23-25], these five data points were treated
as upper-limit values, because they may contain a non-
negligible proportion of background events.

D. Experimental results

The reflection probability R defined by Eq. (2), was
derived from the ratio of the number of QE scatter-
ing events, Nyei[>*¥Cm], counted in the above treatment
to the number of Rutherford scattering events of 'V,
Nrutn[?'V]. The constant part, C, in Eq. (2) was deter-
mined from 13 data points at F. . < 202.6 MeV.

The obtained excitation function R(E) for ®1V+248Cm
is shown in Fig. 5(a). The data treated as upper limits
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FIG. 4. (a) Energy spectra at Ecm. = 182.1 MeV (black),
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peak width W divided by the peak center Fpecak of the fit-
ting results to the energy spectra using the single-Gaussian
function. The red line and shaded region indicate the aver-
age value and the standard deviation of the data at E..,. <
238.6 MeV.

owing to the contamination of some background events
are represented by open circles. From the R(FE) data,
the QE barrier distribution D(E) was obtained using the
following two-point difference formula (Fig. 5(b)):

R(Ei11) — R(E;i—1)
Eii1—Ei1

D(E;) = (3)

The energy step E; 11— E;_1 of the derivative is 3.4 MeV.
Here, the D(FE) values were obtained, except for the re-
gion of E. .. > 236.9 MeV, where the finite values of
R(FE) at E.,. > 240.3 MeV were not available.
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FIG. 5. (a) Excitation function of the QE backscattering cross
section relative to the Rutherford cross section R(E). (b) Bar-
rier distribution derived from the experimental R values. The
respective lines indicate the coupled-channels calculations (see
text for details). The black closed and open arrows indicate
the values of By (Eq. (5)), and Bside (Eq. (7)).

ITTI. DISCUSSION
A. Comparison with coupled-channels calculations

First, to understand the reaction dynamics of the
51V 4-248Cm system, we compared the present results of
R(FE) and D(E) with coupled-channels calculations using
the CCFULL code [37]. In this calculation, the vibra-
tional excitation of the projectile nucleus *'V, rotational
excitation of the target nucleus 2**Cm, and coupling of
the neutron transfer reaction were considered as a fully
coupled case.

The calculation parameters used are shown in Table I.
For the values of the radius constant r¢ and diffuseness ag
in the real part of the optical potential, we adopted em-
pirical parameters [38] by Akyiiz and Winther. The pa-
rameters for the imaginary part of radius constant (r,),
diffuseness (a., ), and potential depth (V,,) are the same
as those in previous studies of reaction systems, similar



TABLE I. Applied parameters for the coupled-channels cal-
culations.

Optical potential

Real part

Vo = 115 MeV ro = 1.19 fm ap = 0.70 fm
Imaginary part

Vw =50.0 MeV 7, = 1.00 fm aw = 0.40 fm

Excitation of >'V (Quadrupole vibrational coupling)

52 =0.11 Elph = 0.320 MeV Nph =1
Excitation of ?®*Cm (Rotational coupling)

B2 = 0.286 B4 = 0.039 Bs = 0.030
Coupling of neutron-transfer reaction

Fi, =0.25 Q =1.12 MeV

to the present one [20, 23, 25]. The quadrupole vibra-
tional coupling was assumed as the excitation of the in-
cident nucleus ®'V. The value of the excitation energy of
the single-phonon state E;,;, was obtained from the ex-
isting experimental value of the first excited state [39].
The quadrupole deformation parameter ([, was deter-
mined based on the experimental value of the reduced
quadrupole transition probability B(E2) [39]. In the
present calculations, the finite spin of the ground state
of ®'V was ignored, and only one phonon excitation was
considered (Np,=1). Note that the coupled-channels cal-
culation of the fusion barrier distribution for 36S+°V is
almost independent of the exact consideration of the ad-
ditional one proton 1f7,2 on 50T, which takes into ac-
count the finite spin of the ground state of ®'V [40]. For
the excitation of the target nucleus ?*8Cm, rotational
coupling due to deformation up to the sixth order, i.e.,
B2, B4, and Bg, was considered. The effect of rotational
excitation was treated based on the average formula for
the orientation angle of a deformed nucleus [19, 41, 42].
In this method, the reflection probability is calculated as
a function of the energy and orientation angle 6 of the
deformed target, r(E,#), and the R(E) value is obtained
as an integral of r(E, 6) over 6:

R(E) = /OTF/2 r(E,0)sin 0df. (4)

The value of 8 was determined from the experimental
value of B(E2) [43]. On the other hand, the values of 54
and g have no experimental values. For the 4 value,
the calculated value from the finite-range droplet model,
FRDM2012 [44], was adopted, and for the fg values, the
same value as in the previous study [25] was used. Re-
garding parameters for the coupling of the neutron trans-
fer reaction, the @ value of the one-neutron transfer re-
action from 24¥Cm to °'V was determined based on the
mass of the relevant nuclides [47]. The remaining param-
eters, the potential depth Vj of the real part of the opti-
cal potential and the coupling strength F}, of the neutron
transfer reaction, were adjusted to reproduce the present
experimental results of the reflection probability R(E).
In Fig. 5, the experimental results were compared to

the calculations mentioned above. The single-channel
calculation (black dotted line), which considers only the
optical potential without any coupling, does not repro-
duce the experimental trends of R(E) and D(E). The
coupled-channels calculation with only the vibrational
coupling of the projectile nucleus (green dashed line)
also failed to reproduce the experimental values. On
the other hand, when the rotational coupling of the de-
formed target is considered in addition to the above
coupled-channels calculation, the calculation (blue dot-
dashed line) reproduces the experimental trend well for
both R(E) and D(FE). Furthermore, by considering the
full couplings, where transfer coupling is also added, the
agreement is further improved, as shown by the red solid
line. Therefore, in the ®'V+4248Cm system, the effect of
the deformation of the target nucleus ?48Cm is particu-
larly significant for the QE barrier distribution. This is
consistent with the existing QE barrier distribution re-
sults for the other hot-fusion reaction systems involving
lighter projectile particles [23, 25].

B. Derivation of
average Coulomb barrier height By

In a hot-fusion reaction system using an actinide tar-
get, the experimental results of fusion-fission and QE bar-
rier distribution demonstrate that a compound nucleus
is formed more easily when two nuclei collide along the
short axis of the prolately deformed target nucleus [25-
31, 45, 49], which is called the side collision. In other
words, the side collision is favorable to synthesize ERs.
Therefore, we derive the energy of the side collision Bgjqe
for ' V+4+248Cm from the present experimental data.

First, from the present R(FE), we derived the average
Coulomb barrier height By [25], which is defined as the
energy at R = 0.5. By interpolating the R(FE) values
around R = 0.5 at E. . = 224.9 and 226.6 MeV, the By
value can be obtained as follows:

By = 225.6 £ 0.2 MeV. (5)

In this case, as illustrated in Fig. 5, D(F) has a maximum
value when E.,, = By.

The By values of several reaction systems with the
248Cm target are shown in Fig. 6(b) as a function of the
normalized factor, ZpZr/ Allg/ 54 A}F/ 3 , where Zp T
and Ap 1 represent atomic number and mass number,
respectively, and the indexes “P” and “T” indicate pro-
jectile and target, respectively. The present result of >1'V
agrees with the fitting result of the linear function (black
line) for the data with lighter projectiles [25, 48]; how-
ever, in more detail, the present experimental By value
for °1V (Eq. (5)) is 2.7-MeV smaller than the correspond-
ing value of 228.3 + 1.1 MeV obtained by extrapolating

the systematics of lighter-projectile cases, as shown in
Fig. 6(a).
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FIG. 6. (a) Residues of the experimental data from the fit-
ting function in panel (b). The dashed lines indicate the
uncertainty in the fitting function. (b) Experimental aver-
age Coulomb barrier height By of the reaction systems with
248Cm as a function of ZvZr/ (A11)/3 + AlT/S). The present

results of ®'V and existing results [25, 48] are represented by
red circles and black squares, respectively. The solid line indi-
cates the linear function determined by fitting existing data.

C. Extraction of side-collision energy Bside

The side-collision energy Bgiqe was obtained by follow-
ing the same procedure as in Ref. [25]. The theoretical
average Coulomb barrier height, (B) is defined as

/2
(B) = /0 B(0)sin 0do, (6)

The orientation-angle dependence of the Coulomb bar-
rier height B(#) was calculated using the optical poten-
tial V(r,0) with the parameters in Table I, except for
Vo. The potential depth V|, was slightly adjusted such
that (B) coincided with the By value (Eq. (5)). Conse-
quently, the side-collision energy Bgiqe, which is equiva-
lent to B(6 = 90°), is derived as

Byige = 233.0 £ 0.2 MeV. (7)

Here, the value of Bgige is 3.3% larger than that of By.
In Fig. 7, the derived By (closed arrow) and Bgge (open
arrow) were compared with the QE barrier distribution.
From Eq. (4), the components of the barrier distribution
corresponding to the side-collision configuration can be

0.10 T T T T T T
Full coupling
- = - Total — 80° - 90°

Only rotational coupling
- - - Total — 80°- 90°

0.05 - 51V+248Cm + \ B

D(E) [MeV ']

0.00

B, B

side A

180 200 220 240

E¢ . [MeV]

FIG. 7. Present results of quasielastic barrier distribution as
a function of FE..,. with the coupled-channels calculations.
The red and blue dashed lines represent the total quasielastic
barrier distributions D(F) with full coupling and only the
rotational coupling of 2*¥Cm, respectively. The corresponding
solid lines indicate the partial barrier distributions between
80° and 90°, dggo-g0o. The black closed and open arrows
indicate the values of By (Eq. (5)) and Bside (Eq. (7)).

extracted [19, 25]. The partial values r;(EF) and d;(E)
for R(E) and D(FE), respectively, are defined as

G’Iillax
ri(E) = r(E,0)sin 0df, (8)
Q?ﬁrA
T LK) =— )
ai(B) =~ Q

[19%2

where subscript “” denotes the integration interval
(min_gmax)  Figure 7 shows D(FE) (red dashed line)
by the coupled-channels calculation considering fully
couplings and the corresponding side-collision compo-
nent (orientation angle is 80-90°), dggo_goe (red solid
line). The By is located at a lower energy than a large
part of the dggo_ggo distribution, whereas the Bgiqe is lo-
cated near the center of dgge ggo.

To observe the effect of coupling other than the ro-
tational excitation on the side-collision energy, the cal-
culation with only the coupling of the rotation of the
deformed target is also shown by the blue lines in Fig. 7.
A comparison of these two calculations indicates that the
peak of the dggo ggo distribution splits into two peaks ow-
ing to the contributions of the couplings other than the
rotational excitation (mainly from the neutron transfer
reaction). However, the center of the dggo_gpo distribu-
tion did not change significantly and remained close to
the Bgige- Therefore, Bgge can be regarded as a good
quantity for probing the reaction energy for the side-
collision configuration.
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FIG. 8. Experimental excitation functions of evaporation-
residue cross sections of (a) 3n, (b) 4n, and (c) 3n+4n chan-
nels for the **Ca+2**Cm system measured at FLNR [5, 50],
GSI [12], and RIKEN [51]. Open symbols with the trian-
gular arrows indicate the upper-limit values. The horizontal
bar indicates the energy change of the target. The red dot-
ted and dashed lines along the vertical axis indicate the Bgp
and Bsiqe values, respectively, withrtherBgge value corrected
by +2 MeV with respect to the previous analysis [25]. The
shaded region (+1.5% relative to Bside) represents the evalu-
ated uncertainty of the relation between Bgiqe and the optimal
energy to maximize ogr.

D. Estimation of optimal energy for
evaporation-residue synthesis from *'V4+*¥Cm

From the above discussion, the energy to form a com-
pact system of ®'V4+248Cm system was estimated. As
mentioned in the introduction, a systematic comparison
of the QE barrier distribution with the excitation func-
tion of ogr shows that Bg;qe is more consistent with the
optimal energy Fopt, which results in a maximum value
of ogr compared to By in the hot-fusion reaction [25].
However, there is a possibility that the Bgige and Fopy val-
ues do not coincide exactly, especially in a system where

the product of the atomic numbers of the projectile and
target nuclei is large. For example, a theoretical study
using the fusion-by-diffusion model suggested that Fp
is 2-3 MeV higher than the Bgge derived from the QE
barrier distribution for the 48Ca+23Cm system because
of the contribution of the diffusion process following the
capture process [49]. On the other hand, as mentioned
later in detail in Fig. 9, the theoretical relation between
Eopt and Bsige (or Bp) for the >1V4+248Cm system also
has a large uncertainty [16, 17]. Furthermore, there is
no direct experimental information to evaluate the rela-
tion between F,pe and Bsige in the 51V 4248Cm system.
Therefore, we aimed to deduce Ep; from the obtained
Biige value based on the available experimental data for
a similar system, to avoid the uncertainty caused by the
theoretical calculations as much as possible.

In the following, a possible discrepancy between FEgp¢
and Bge is investigated in the *8Ca+2**Cm system.
The *®Ca+2*Cm system is the most similar to the
51V 4-248Cm system among the reaction systems with the
same target for which experimental data of both the QE
barrier distribution and ogr are available [5, 12, 25, 50,
51]. Then, we assume that the correspondence between
the Bgide and Eopy is the same for both reactions at the
248Cm target, with *®Ca and °'V projectiles. We note
that this assumption is not validated yet by the respec-
tive excitation function measurement. The relation be-
tween Egp and Bsiqe can eventually changes for 48Ca and
5LV projectiles due to the several effects such as different
Coulomb factor and neutron excess, and double-magicity
of 48Ca. To clarify this possibility, future experimental
and theoretical studies for the 51V+248Cm system itself
are strongly desired.

The experimental excitation functions of the ogr data
for the 3n, 4n, and 3n+4n channels for the *¥Ca+243Cm
system [5, 12, 50, 51] are shown in Fig. 8(a), (b), and
(¢), respectively, together with the By (dotted line) and
Bgiqe (dashed line) values determined from the QE bar-
rier distribution measurement for this system [25]. As
pointed out in Ref. [25], Bsiqe is located around the max-
imum of ogg of the 3n+4n channels. However, a more de-
tailed comparison shows that Fop¢ is potentially located
in a slightly higher-energy region than Bgjqe. Considering
the above possibility, in this study, it was assumed that
Eqpt for the 48Ca+248Cm system is located between the
Bgide (206.3 MeV) and 209.3 MeV, as shown by the red-
shaded region in Fig. 8. Here, 209.3 MeV is the maximum
energy at which a finite value of ogr was obtained [51].
The width of this uncertainty, denoted by AFE,:, was
1.5% of Bgge. Then, assuming a similar situation in the
case of the 51 V4248Cm system, the Eopt that maximizes
the ogg for 248Cm(°1V, 3-4n)295-296119 was evaluated to
be at most 1.5% larger than Bgqge given by Eq. (7):

AEop; = +0.015 X Byige = +3.5 MeV.  (10)

Note that the uncertainty A E,p is within the broadening
of dggo_ggo for full couplings, as shown in Fig. 7.
The obtained values of By, Bside, and AFEqy for the
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FIG. 9. (a-d) Theoretical calculations of ogr for
248Cm(51V7 n)?977119 [13, 14, 16, 17]. The black dotted
and bold solid lines represent the ogr of respective channels
and their total values, respectively. The black closed arrows
indicate the peak energies at which the theoretical ogr has a
maximum value. The green open arrows in plots (c¢) and (d)
indicate the By values used in respective calculations. The
green dotted, red dashed, and blue solid lines along the ver-
tical axis indicate the values of By (Eq. (5)), Bsiae (Eq. (7)),
and Fadoptea (Eq. (11)). The red-shaded region indicates
the uncertainty of the relation between Fopt and Bsiqe evalu-
ated from the experimental data of the **Ca+2*® Cm system,
AFEqp (Eq. (10)).

S1V4248Cm system are compared with the theoretical
excitation functions of oggr in Fig. 9. Black closed ar-
rows in Fig. 9 indicate the energies where the sum of
ogr (black bold lines) has maximum values, i.e., the the-
oretical optimal energies. The B values used for the cal-
culations by Lv et al. (plot (¢)) and Siwek-Wilczyniska et
al. (plot (d)) are also indicated by green open arrows. In
these calculations, the barrier distributions were assumed
to be a Gaussian function with parameters of the width
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and mean value (Bp), which were determined from the
existing datasets of fusion-fission and fusion-evaporation
cross sections of lighter mass systems compared to the
ones leading to SHEs [52, 53]. Note that the theoretical
By values for the *8Ca+2*¥Cm system of Lv et al. and
Siwek-Wilczynska et al. are 186 and 201 MeV, respec-
tively, while the experimental value is 199.5 MeV [25].
The deviations of theoretical By values from the experi-
mental ones tend to be similar for the *®Ca and °'V pro-
jectiles on 2*¥Cm: approximately 42 M@V and —13 MeV
for the calculations by Siwek-Wilczynska et al. and Lv
et al.. Regarding Fig. 9(a,b), the theoretical By values
are not available in Refs. [13, 14].

The  theoretical  calculations by  Zhu et
al. [13] (Fig. 9(a)) and Adamian et al. [15] pre-
dicted the optimal energy closer to the Bgge deduced
experimentally, F. ., ~ 237 MeV, where the 4n channel
has the largest cross section. The theoretical calculation
by Ghahramany et al. (Fig. 9(b)) also indicates that the
4n channel has a maximum cross section, but at ap-
proximately F. ., = 243 MeV [14]. On the other hand,
the calculation by Lv et al. [17] (Fig. 9(c)) predicts the
maximum cross section at the 3n channels. Although the
calculation by Siwek-Wilczyniska et al. [16] (Fig. 9(d))
predicts the maximum cross section at the 5n channels,
the theoretical optimal energy for the 4n channel by
Siwek-Wilczyniska et al., E¢,. =~ 236 MeV, was close to
the Bgige value. In addition, Figure 9 also shows clearly
that the shape of the theoretical excitation function
strongly depends on the theory adopted. Thus, the
theoretical calculations predict significantly different
excitation functions with each other in terms of the
shape, optimal reaction energy, and channel having a
maximum cross section. These differences potentially
result from a different treatment of the processes of
compound-nucleus formation and its deexcitation fol-
lowing the capture process in each theory. Therefore, to
avoid this theoretical uncertainty, the present estimation
of the optimal reaction energy was performed based only
on the experimental information with the assumption of
the similarity Befivcenitheiprojectilesiof S Camanan Vites
fHereactionsinvolving XS ORargets) Future theoretical
investigation considering the present experimental By
value would be interesting to obtain a more reliable
optimal reaction energy.

Finally, considering the Bgige experimentally obtained
by the QE barrier distribution measurement and the
corresponding uncertainty AFE,,:, one possibility is to
choose the central value of the shaded region, as shown
by the blue solid line in Fig. 9 as the adopted en-
ergy, Eadopted for the synthesis of element 119 via the
51V 4248Cm reaction:

1
Eadopted = Bside + 5 X A-Eopt = 234.8 MeV. (].1)

Assuming a target of 500-ug/cm?-thick CmyOjz, the
energy change in the target is +£1.9 MeV relative to

Eadopted-  Thus, the spread of the reaction energy,
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AE,p/2 = 1.8 MeV, covers the difference between the
Bgide and E,pdopted- The obtained reaction energy of
234.8 £ 1.8 MeV corresponds to an excitation energy of
40.3 £1.8 MeV for the compound nucleus 2?9119*, using
the experimental mass excesses of projectile and target
nuclei [54] and the theoretical value from Ref. [55], re-
spectively.

IV. SUMMARY

We measured the excitation function of the quasielas-
tic (QE) backscattering cross sections relative to the
Rutherford cross sections in the *!V+24Cm system at
the SRILAC facility, RIKEN, and extracted the QE bar-
rier distribution. The backscattering events were mea-
sured by detecting the target-like nuclei recoiled at 0°
using GARIS-TII.  Coupled-channels calculations were
performed to understand the reaction dynamics of the
S1V4248Cm system. A comparison of the calculations
with the experimental data indicated that the rotational
excitation of the deformed target nucleus 2*®Cm sig-
nificantly affected the QE barrier distribution, which
is similar to that of other hot-fusion-reaction systems.
The average Coulomb barrier height By for ®!V4+243Cm
was derived from the present experimental data. The
present By value for *'V+248Cm was roughly consis-
tent with the systematics of the experimental Bj val-
ues in other reaction systems with a 2*8Cm target, even
though the present value was slightly smaller. The en-
ergy for side collision Bgjge, with which the colliding
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nuclei form a spatially compact system, was extracted
from the experimental data by considering the deforma-
tion of 2*8Cm. The relation between Bgige and the op-
timal reaction energy for maximizing ogr was evaluated
in the 8Ca+2*8Cm system. From the Bgqe value for
51V 4-248Cm obtained in the present work and the relation
between the Bgige and Eopg evaluated in the 48Ca+248Cm
system, the optimal reaction energy for the synthesis of
element 119 from the 28Cm(%1V, 3-4n)?%529119 reac-
tion was estimated to be 234.8 + 1.8 MeV with an aid of
presented experimental data.
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