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To synthesize a new superheavy element, Z = 119, the RIKEN Nishina
Center (RNC) has upgraded the existing heavy-ion linac system (called
RILAC) to the superconducting linear accelerator system (SRILAC) to
enable a hot fusion reaction of ®*V + 248Cm. The upgraded project, called
the ‘SHE project’, was completed in 2020. After the commissioning of
SRILAC, the first step was to measure the Coulomb barrier distribution
for the ®'V + 248Cm system in order to deduce the optimal bombarding
energy of the 'V beam. The measurement of the synthesis of Z = 119
was then started and is still going. The side-collision effect due to nuclear
deformation should play an important role in maximising the synthesis
cross section. Since ?Th and 2*®Cm have a similar amount of deformation
(B ~ 0.28), the 51V + 9Tb reaction was used to study the deformation
effect. The 51V 4 %9Tb reaction has large fusion reaction cross sections
and, therefore, the Coulomb barrier distribution as well as the evaporation
residues for the xn, pxn, and axn exit channels could be measured. The
evaporation residue cross sections are compared with those of the simple
statistical decay model calculation.

DOI:10.5506/APhysPolBSupp.17.3-A21

1. Overview of the nSHE project and its present status

The SHE project consisted of upgrading the RILAC accelerator by par-
tially replacing the RIKEN superconducting linear accelerator (SRILAC)
to increase the final beam energy from 5.5 MeV /u to 6.5 MeV /u, and the
construction of a new Superconducting Electron Cyclotron Resonance Ion
Source (SC-ECRIS) operating at a higher RF frequency to increase the beam
current. The new gas-filled recoil ion separator GARIS-III, suitable for hot
fusion reaction products, was designed and constructed. The upgraded SHE
project and its commissioning results were described in detail in Ref. [1].
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The barrier distribution for the entrance channel of the %1V4+2%Cm
system was deduced by measuring the quasi-elastic (EQ) backscattering
cross sections oqp at 6 = 180° with GARIS-IIT when SRILAC was oper-
ational. The barrier distribution provided the mean Coulomb-barrier height
as By = 225.6 + 0.2 MeV for the °'V+248Cm system.

It has been pointed out that the side-collision configuration (compact
configuration) between the projectile and the deformed target nucleus is
important to realize the maximum evaporation residue (ER) cross section.
The side-collision effect (AFEgqe) can be estimated using coupled-channel
calculations. For the 5'V4+248Cm system, it was found to be AFgqe =
7.4 MeV. Taking another small effect of 1.8 MeV into account, the final
bombarding energy of 'V was chosen to be Epeam (optimal) = 234.8 MeV
(Bo + AEgge + 1.8 MeV), corresponding to E* [299119] = 40.3 MeV. The
results are reported by Tanaka et al. in Ref. [2].

Thus, the experimental conditions for the synthesis of Z = 119 by the
SV +248Cm reaction were established and the Z = 119 synthesis measure-
ment started in 2020.

The SRILAC was able to provide sufficient 'V beam intensity of a few
puA for the measurement. The target prepared by electrodeposition consists
of 228Cmy03 and a backing film.

A serious concern is the lifetime of the target. High-intensity beams
quickly damage the backing material. We are still testing various back-
ing materials that will last longer and withstand substantial energy losses,
equivalent to 10-30 W heat loss in the target+backing materials depending
on the beam intensities 1-3 puA .

Since both the SHE project and the measurement of the barrier dis-
tribution to derive the optimal beam energy have been described in detail
elsewhere [1, 2|, we will not repeat them. Instead, in the following sections
we describe the recent measurement of the 'V+!%9Tb reaction to study
fusion reaction mechanisms. The ®'V+9Tb reaction is suitable because it
has the advantage of much higher ER production rates (ub range).

2. Study on fusion reaction mechanisms

The ER cross section, oggR, is often described as a product of three steps,
the capture cross section ocap, the fusion probability P, and the survival
probability Psu. This model is essentially based on the classical mechanics,
although each step heavily incorporates quantum mechanical predictions

OER = Ocap X Prys X Psyry - (1)

11 puA is equal to 6.24x10"2 particles/s.
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Here, dependence on the angular momentum (¢), the collision energy in CM
system (Ecm), and the excitation energy of the compound nucleus (E* or
Ucn) are suppressed for convenience.

To explore the fusion reaction mechanism, the 51 V+159Tb reaction was
studied with some emphasis on:

— Side-collision effect: Very little information is currently available. It is
considered due to the deformation of the target nucleus, and it relates
to 0cap. Note that the nuclear deformation of 1Tb (83 ~ 0.28) is
similar to that of 248Cm.

— Statistical decay property: Almost no data are available for the mea-
surement of the ERs for the xn, prn, and axn exit channels, simul-
taneously. The exit channel ER cross sections are directly related to
PSllI‘V'

3. Measurement of > V+159TDb reaction

Experimental conditions and procedure are described in Refs. [3, 4].

3.1. Quast elastic cross section (oqQgr), barrier distribution, By, and Bgjqe

Figure 1 shows the Rutherford ratio R defined as oqgr,/oRruth (top) and
the barrier distribution (doqrr/dorun)/dE (bottom). The points (blue/
dark grey and green/grey) are the measured data, and the curves are
CCFULL calculations [5] with different input parameters. The R = 0.5
value provides By. The vertical arrows indicate the By = 164 MeV and
Bgige = 172 MeV values, respectively. The obtained Bg;qe value is compared
with the precise excitation function we simultaneously measured for this
reaction.

3.2. Excitation function for 51 V49 Tb for xn, pxn, and axn exit channels

Figure 2 shows the measured cross section of the xn, pxn, and axn exit
channels for the S1V+19Th — 210Ra* reaction as a function of Ecy.

The maximum cross sections for ogy, for 3n, p3n, and a3dn exit channels
are 4.4 ub at E* = 40 MeV, 33 pub at E* = 56 MeV, and 54 ub at E* =
56 MeV, respectively?.

Surprisingly, there is no evidence for the side-collision effect. It is ex-
pected to have the maximum cross section for the 3n or 4n exit channel at
Bsige(= 172 MeV). The reason for its disappearance needs to be understood.

2 The acceptance of GARIS-III is reduced by the momentum kick associated with the
a-particle emission, which reduces the efficiency of ER detection. Therefore, the
value of o(a3n) is modified. Here we assume 50% transmission for simplicity. The
original measured value given in Fig. 2 is 27 ub.
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Fig.1. (Colour on-line) Rutherford ratio R (top panel) and barrier distribution
(bottom panel) of the V+159Th reaction taken from Ref. [3].

Even more surprising is that the cross sections for the p3n and a3n
charged-particle exit channels are larger by about an order of magnitude than
those for the 3n exit channel, which has no Coulomb barrier. In the next
section, we try to understand these phenomena in terms of the statistical
decay model of the compound nucleus.

4. Statistical decay of the compound nucleus 2'1°Rd

It is very convenient to estimate the m, p, and a decays in terms of
decay widths from the compound nucleus based on the simple statistical
model assumption. The decay-width estimate is useful and convenient for
making a quick qualitative guess. However, it should be remembered that
this treatment is for an order estimate.
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Fig.2. (Colour on-line) Excitation function of the 5'V+1%9Tb reaction: (a) azn
exit channel, (b) pzn exit channel, (¢) zn exit channel. Vertical green/black (yel-
low/grey) dashed line indicates the By = 164 MeV value (Bgqe = 171 MeV value).
Data are taken from Ref. [4].

It is assumed that the charged particles, the proton and the «, are emit-
ted at first during the pzn and axn decay processes (first chance decay).
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The ratio of decay widths of competing decay particles can be estimated
rather accurately

I, E*-B, By — B, — V,

- — _ 2
T, E*—.BneXp< T ’ 2)
I, E* 4+ Qu B+ Qo — V&

— 2 3
I, E*—aneXp< T ’ (3)
r, A%2/3  E* - B, Bi — B,

— exp , (4)
I} 5.286\/a /E* — Bt T

where I5,, Iy, and I, are the n-, p-, and a-decay widths, respectively. B,,
By, Bo(= —Q.) are the binding energies of neutron, proton, and « particle
of compound nucleus, respectively and By is the fission barrier height. Vé’
and V& are the Coulomb barrier heights for protons and « particles, respec-
tively. Equations (2)—(4) contain an extra prefactor before the exponent
that improves typical ratio formulas from the statistical model [6]. These
equations were derived by assuming Fermi gas level densities where a is a
nuclear level-density parameter that is assumed to be independent of decay
channels and excitation energy.
It is also assumed

T=T,=T,=Ty\=T;. (5)

The angular momentum effects are also neglected. In some extreme cases,
these assumptions become serious, but we expect that the order of magnitude
would remain valid in the present analysis.

4.1. Decay-width estimate of >'9Ra*
4.1.1. Input parameters
Let us apply Egs. (2)-(4) to extract I},/,/, from an excited state of

210Ra* at the excitation energies of E* = 37 and 56 MeV.
The following values are used:

B, = 9.5 MeV,

B, = 3.1 MeV,

By = ~72MeV (= —Qu),
Bf = 13.3 MeV  (See Ref. [7]),
V& = 832 MeV  (See Ref. [8]),
V& = 18.6 MeV  (See Ref. [8]).
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The temperature in Egs. (2)—(3) can be estimated using a

E* = aT?,
_ A -1/3
where a = Ti6l (1 +4x A ) (See Ref. [9])
= 24 MeV 1. (6)

The temperatures of interest are

E* = 37 MeV — T =1.24 MeV
= 56 MeV — T =1.53 MeV .

4.1.2. Ratio of widths and PL,,

The ratios at E* = 37 MeV (E* = 56 MeV) can be extracted using
Egs. (2)-(4) as

Fp

— = 0.26 (0.33 7
= 02 (03), @)
Iy

=070 (093), ®)
r, I

“n 165 (116) — —& = 0.006 (0.009). 9)
Ff Fn

These ratios can be expressed as
Iy:Ip: Ty : Iy =1.0(1.0): 0.26 (0.33) : 0.70 (0.93) : 0.007 (0.009). (10)

Since the fission decay due to the relatively high barrier is an order of mag-
nitude smaller than the neutron decay, therefore, we will no longer consider
the fission competition.

Let us define the branching ratio formula as

def
PLO=T1,:T,:T,. (11)
As expected from the lack of the Coulomb barrier, the neutron emission
dominates, but not by much, only 3—4 times as much as the proton emission

and is even comparable to the « emission.

4.1.3. Evaporation residue cross section, ooy, from statistical model

Neglecting the effects of two (three) neutron emissions after the first
chance decays by a proton, or an « particle, we can estimate the ER cross
section, opM, at E* =37 (56) MeV if we can estimate o, and Prys in Eq. (1).
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The Fusion-by-Diffusion (FBD) model [10] is often applied to estimate
the ER cross section ogr. Such a calculation provides the entrance channel
cross section, ocap. For the LV+19TD reaction, the afa%D value has been
derived as ~ 45 (250) mb at E* = 37 (56) MeV [6]. Ppys = 1.4 x 1073 is also
assumed [6].

The branching ratio for the survival process is obtained by renormalizing
the total decay width, I'*°* = I, + I, + I, namely

roydet In o Ip Lo : : * _
(Pjry) = Tiot oot | ot = 0-51:0.13:0.36  at BT =37 MeV,

= 044:0.15:0.41 at E* =56 MeV. (12)

Thus, the ER cross section for the zn/pxn/azn decay channels is ex-
pressed as

oM (zn/prn/azn) = deap(E*) X Prus (=14x107%) x (PL) . (13)

surv

4.2. Comparisons at E* = 837 MeV

At E* = 37 MeV, the dominant ERs are 2°"Ra (3n), 2°"Fr (p2n), and
204Rn (a2n). A comparison between oeyp and 0%11\% values is presented in
Table 1. Note that Ex = 37 MeV is well below the Coulomb-barrier height,
By = 40 MeV, so the cross section is mainly due to the sub-barrier fusion
reaction, which is essentially determined by the transmission of the Coulomb

barrier.

Table 1. Cross sections for the %9Tb(°'V, 3n/p2n/a2n) reactions at 37 MeV
excitation energy.

Channel 3n p2n a2n
E* 37 MeV | 37 MeV | 37 MeV
Oexp [14D] 2 0.55 1.6 Ref. [4]
ooy [ub] 7 2 5 Ocap = 10 mb, (PL..)

Interestingly, the cross sections of the experimentally observed ER for
the 3n, p2n, and a2n channels and their relative ratio seem to be well-
estimated by the simple statistical model calculations within a factor of 3.
Thus, the fusion reaction at the sub-barrier energy showed the expected
statistical decay property.
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4.8. Comparisons at E* =56 MeV

At E* = 56 MeV, the dominant ERs are 2°Ra (4n), 2°Fr (p3n), and
2035Rn (a3n). A comparison between oeyp and 0%11\{[ values is presented in

Table 2.

Table 2. Cross sections for the 9Tb(*'V, 4n/p3n/a3n) reactions at 56 MeV
excitation energy.

Channel 4in p3n adn
E* 56 MeV | 56 MeV | 56 MeV
Texp [11b] 1.0 33 54 Ref. [4]
oo™ [ub] 154 53 143 | Gcap = 250 mb, (PL )

In the a3n channel, oeyp/ 0'1%1\1;/{[ is ~ 1/3, while in the 4n channel, this
ratio amounts ~ 1/150 showing a clear reduction of more than two orders of
magnitude. Thus, it is clear that the experimental value of the neutron 4n
exit channel clearly shows a significant suppression compared to the charged-
particle a3n exit channel.

5. Final remarks

With the aim of synthesizing the new element Z = 119 via the 51V
+248Cm hot fusion reaction, the SHE project was initiated in 2016 with
the construction of the SRILAC, SC-ECRIS, and GARIS-III facilities at
RNC. With the completion of the equipment, the commissioning of the whole
facility started in 2020.

To determine the optimal bombarding energy, the barrier distribution
for the 51V+248Cm entrance channel was deduced by measuring the quasi-
elastic (EQ) scattering. The mean Coulomb-barrier height was estimated
as By = 225.6 = 0.2 MeV for the ' V4+2%Cm system. The side-collision
effect was also estimated by the CCFULL calculation to be 7.4 MeV. The
optimal bombarding energy was chosen to be Epeam(optimal) = 234.8 MeV
(Bo + AEgge + 1.8 MeV), corresponding to E* [299119} =40.3 MeV.

To study the side-collision effect and the entrance-channel effect, the
barrier distribution as well as ERs for the ®'V+159Tb reaction were mea-
sured simultaneously for the zn, pzn, and axn exit channels, where the
deformation parameter of '%9Tb is comparable to that of 24¥Cm.

We were surprised to find no evidence for the side-collision effect in the
azn channel of the ER data. We would like to understand the reason for
this, as it could significantly affect the choice of the optimal collision energy



3-A21.10 H. SakaAl, P. BRIONNET

for the synthesis of the new Z = 119 element by the hot fusion reaction
51V 4248Cm. The disappearance of the side-collision effects is under discus-
sion with Hagino [5].

It was also a surprise to find in the ERs that the axn exit channel domi-
nates over the xn exit channel in the high-excitation region of E* ~ 45 MeV.
To understand this surprising feature, we performed simple statistical de-
cay model calculations which give the decay widths for the xn, pzn, and
axn channels, i.e. the branching ratio Pyyv. At E* = 56 MeV, the cal-
culated ratio is Psyv(4n/a3n) = 0.41/0.44 ~ 1, while the experimental
branching ratio was o(4n)/o(a3n) = 1/54 ~ 0.02. It is clear that the 4n
channel is suppressed by two orders of magnitude compared to the a3n
channel. As a reference to the simple statistical calculation, we compared
the calculated result with the experimental value at E* = 37 MeV, where
the reaction is considered to be a sub-barrier fusion reaction. The result
is Psurv(3n/a2n) = 7/5 ~ 1.4, while the experimental branching ratio was
o(3n)/o(a2n) = 2/1.6 ~ 1.3. It is interesting to note that the simple statis-
tical model provides a good description of the fusion reaction at sub-barrier
conditions. The data will be soon compared with detailed statistical decay
model calculations performed by the Warsaw group using the fusion-by-
diffusion (FBD) assumption [10].

At this point, it should be noted that the height of the fusion barrier
plays an essential role, especially in the ' V4+248Cm —299119 fusion process,
where By ~ 6-8 MeV. In contrast, for > V+159Th —210Rd, By = 13.7 MeV
and, therefore, it does not contribute to the decay process.

The original intention of the *'V+1%Th reaction measurement was to
learn more about the side-collision effect. However, it created interesting
puzzles with no indication of it and the dominance of the arn exit channel
over the xn channel in the highly-excited region. It is very curious and
interesting how these phenomena could be understood theoretically.
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