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Abstract. A specialized macroscopic-microscopic method is applied to calculate binary configuration defor-
mation energy for fusion processes. The deformed two-center shell model is utilized to obtain the transition
of the two independent level schemes for target and projectile, going through overlapping configuration up
to the final compound nucleus. The macroscopic part is obtained with the usual Yuakawa-plus-exponential
method applied to fusion-like configuration. The tensor of inertia is obtained within the Werner-Wheeler
approach and dynamics is treated using the multidimensional WKB penetrability method. Calculations
are applied to the sub-barrier synthesis of 294:290:286:280118 jsotopes.

PACS. 21.10.Pc Single-particle levels and strength functions — 21.60.Cs Shell model — 25.70.Jj Fusion

and fusion-fission reactions

1 Introduction

Potential energy surfaces usually exhibit valleys inter-
preted as favourable paths towards complete fusion. Such
valleys appear especially as a consequence of shell correc-
tions, when proton and/or neutron magicity are present
in reaction partners, thus being associated with spherical
nuclei. The role of N/Z ratio has also been analyzed [1].
When deformation is introduced, new valleys are displayed
as a result of deformed closed shells of the target or projec-
tile. Such valleys can also provide low-energy lanes for the
use of sub-barrier fusion reactions. Studies of potential en-
ergy surfaces have been performed within the framework
of self-consistent nuclear models like Skyrme-Hartree-Fock
and relativistic mean field [2,3]. In these articles it is
demonstrated that shell closures lower the fusion barrier
for a given projectile - (Ap,Zp) and target - (Ar, Z7)
pair, when cold fusion reactions are considered. The same
closure effect is stressed also in a cluster emission type cal-
culation [4]. Sub-barrier fusion reactions have low cross-
section values, but the final compound nucleus could be
reached in a more stable point, close to the ground state.
When dynamics is studied introducing the influence of the
mass tensor, some pairs of target-projectile can be chosen
following the criteria of highest penetrability value. For ev-
ery given mass asymmetry, the optimal (Z7, Zp) charge

# e-mail: rgherg@ifin.nipne.ro

division has to be found. If one choose a neutron-richer
isotope as a projectile, an important change in the cross-
section value occurs [1]. One has information about the
evolution of mass-charge combinations in fusion reactions
from diffusion-type calculations [5], where intermediate
equilibrium N/Z-values are obtained. This work aims as
a first step, to the calculation of the potential energy sur-
faces for four superheavy isotopes: 294:290,286,280118 The
multidimensional space of deformation shall be reduced
to (R,ma), where R is the distance between centers and
na = (Ar — Ap)/A is the mass asymmetry for fusion-like
configurations. The second step is the penetrability calcu-
lation, which implies the introduction of the mass tensor
and the computation of the WKB penetrability with help
of the action integral, for the four superheavy nuclei men-
tioned above. In sect. 2 the space of deformation and the
energy calculation is presented. Dynamics and tensor cal-
culation are treated in sect. 3 and the results are discussed
in sect. 4.

2 Binary macroscopic-microscopic method

Fusion-like configurations are used for the total deforma-
tion energy calculation, and a typical shape is displayed
in fig. 1, where by, ar and bp, ap are the small and large
semiaxes of the target and projectile respectively, z; is the
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Fig. 1. Typical fusion configuration for spheroidally deformed
target and projectile in head-on collisions.

position of the separation plane and R is the distance be-
tween centers. All these geometrical parameters form the
space of deformation, and furtheron one shall work with:
Xt = br/ar, xp = bp/ap, bp and R as degrees of free-
dom, so that the surface function is defined as

p% :pi(bP7XTaXPaR; Z) (1)

in cylindrical coordinates. The boundary conditions for
xT and yp are

xr(Ry) = x\,

xp(R) = x¥,
xr(Rf) = xcn, (2)

where R; is the touching-point distance between centers,
Ry is the final distance when the projectile is completely

embedded into the target, X(TO), XSS) and yon are the ini-

tial deformations of the target, projectile and compound
nucleus, respectively. In between these values, the varia-
tion of the parameters is independent. When taking the
projectile volume to decrease with a given volume quanta
AV at every step with fixed R, the small semiaxis bp be-
comes a function as

bp = bp(by, bp; AV.Vp; R), (3)

where by and b%, are the semiaxis of the compound nucleus
and projectile, respectively, and Vp is the initial volume
of the projectile. Also bp depends, at every R, on the
intermediary values of xr and xp. This work proposes
two laws of variation for the target and projectile semiaxis
ratios, so as to fulfill the boundary conditions:

- (ﬁj};f”T” Q

which insures xr = ng) ) for R = R; and finally x7 = xon
for R = Ry (complete overlapping). For the projectile

(=] o

K
X = + 1—02(XCN ) (6)

(0)

0
xr =X + (xen — x\) exp

(0)+( () (0)

Xp=Xp +(Xp’ —Xp )exp
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Fig. 2. Different paths of variation for the small semiaxis of
the projectile (bp) as a function of R for three different sets of
variable values (see text and egs. (14) and (15)).

is the final deformation of the completely embedded pro-
jectile. Note that ko is arbitrary and introduces a new
degree of freedom, the final value of the projectile semi-
axis ratio as taking any value between the initial projec-
tile and final synthesized nucleus value. Equations (3), (4)
and (5) define the geometrical parameters as functions of
numerical variables k71, kyp and K2, so that

bp = bp(kiz, KT, kyp; R),
X1 = X1(Ki2, KyT, by p; R),
XP = xp(Ki2, Ky, iy P R). (7)

As an example, fig. 2 displays the variation of the small
semiaxis of the projectile, bp, with the distance between
centers during the overlapping process, for three sets of
the above-mentioned numerical parameters. Within the
allowed range of variation of the degrees of freedom, a spe-
cialized binary macroscopic-microscopic method is used to
calculate the deformation energy. The microscopic part is
calculated with the deformed two-center shell model [6].
In the Schrodinger equation

HY — E¥ =0, (8)

the total Hamiltonian

h

mo

is deformation dependent. The deformed two-center oscil-
lator potential for target and projectile regions vy and vp
reads

Vip,z) =
Vr(p,z)= %mongﬂg‘F%mOWET (z+2r)? , for vy, (10)
Ve(p, 2)= %mowip,f—i—%mowfp (z—2p)? , for vp,

where zp and zp are the centers of the target and projec-
tile, and equality

Vr(p, z) = Ve(p, 2) (11)
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defines the border between vy and vp regions where the
two potentials are active. The deformation dependence is
contained in the relations between frequencies and semi-
axes

mowii = (ai/bi)2/3 -mowgi = (ai/bi)Q/?’ . 545/R,L2,

, , (12)

mowgi = (bi/ai)4/‘5 . mowgi = (b,/al)‘l/d . 545/R12,
where R; = roAi / 3, and b;, a; are the spheroid semiaxes.
Angular-momentum—dependent potentials, Vs and V2
are constructed to comply to the V(p, z)-dependence and
hermicity of the operators, so that

h
- { kr(p, 2), (VV ) xp)s} , vp-Tegion,
mowor

V:w:
h A
- {mOWOP ’*'P(P7 z), (VV(” Xp)s} , Up-region,
. (13)
an
—h 2 .

TN m23 krpr(p, z), (VV xp) , Up-region,

‘/12: 00T

h
- —ﬁpup(p,z%(Vpr)z} , vp-Tegion.
{mgw(?)’P
(14)

In such a way the spin-orbit term follows any changes
in the deformation of the partially overlapped fragments.
The matrix diagonalization of H generates the level
scheme of the fusion configuration, for spheroidally de-
formed nuclei, at any given distance R between centers
and intermediary independent bp, xr and xp. The level
scheme sequence from the touching point up to complete
overlapping is input data for the Strutinsky method [7],
and calculations are performed separately for protons and
neutrons. Since superheavy nuclei survive mainly due to
negative shell corrections, their macroscopic barrier be-
ing negligible [8], this step of the algorithm is crucial to
the study of sub-barrier fusion reactions. One expects that
at certain intermediary deformations, partially overlapped
nuclear shells display deformed proton and/or neutron clo-
sures and such minima are generated in the shell correc-
tions. Shell corrections minimum sequences have the main
role in generating energy valleys on potential energy sur-
faces (PES).

The macroscopic part is obtained using the Yukawa-
plus-exponential method, specialized to binary processes.
The Coulomb term E¢ [9] and the nuclear surface term
Ey [10] are computed as

27
Ec = ?(pzTFCT + ngFCP + 2p€Tp€PFCTP)7 (15)
and
1
Ey = W[CSTFEYT + ¢spFy, + 2(csresp)*Fry, ),
0

(16)
where pe; is the charge density and cg; the surface coef-
ficient. Fo, and Fgy, are shape-dependent integrals. The
peculiarity resides in the last term in both formulas, Fe,.,.

and Fgy,,, which account for the interaction between
non-overlapped parts of the overlapping configuration. De-
tails about these terms are given in [11,12].
The total deformation-dependent macroscopic energy
is calculated as the sum of the Coulomb and surface terms:
Eracro = (EC' - E(CO)) + (EY - E}(fO))a (17)
where Eé? ) and E)(/0 ) are the values for the corresponding
spherical compound nucleus. Finally, the deformation en-
ergy is computed as the sum of the macroscopic part and
the shell correction:

Eaey = Emacro + Eshelt- (18)

3 Dynamics

In order to obtain the penetrabilities for different reaction
channels, the action integral must be computed. Besides
the usual deformation energy, the nuclear inertia tensor,
which accounts for the reaction of the nucleus to the defor-
mation along a given degree of freedom, is to be computed.
This work uses the Werner-Wheeler approach to obtain
the mass tensor components within the four-dimensional
space of (bp, xT,xp, R). In cylindrical coordinates these
components read [13]

ZM
B = / Ty (2 q)dz, (19)

m
where

1 0X,; 00X,
Ty(e00) = ) [ XX 4 5020 50 2| (20

The ¢ set accounts for any of the four independent vari-
ables describing the shape, together with the surface func-
tion p2(z,q), where X; are also shape dependent:

1 ZM
0 / P2 (25 q)d7.

Xi(2) = ———
' p2(z:q) 9qi

The formulas for the tensor components are developed

with the center of the target as origin, which does not

correspond to the center of mass of the system. If one

starts with the kinetic energy in a discrete mass body:

§ ) ,'/'/_E: Y § 3
MM rr; = MMy 0405 + MM ;2,25
¥} ¥ i,j

(21)

(22)

then with the use of the Wheeler assumption for 2 and
p' [13], and converting the sums to integrals, one obtains

Zmimjrgr; =02 [/
1,J v

After the use of Leibnitz formula, one obtains

[ on=e{s [ emen]a) e

k

z"d?’r} : : (23)

ol
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and as a consequence one has the correction term due to
the center-of-mass motion for every component kk’ of the
mass tensor:

0.2 7T2 zZM
By = 7o { [ / p§<z>xk<z>dz]

y [ / pg(z’)Xk/(z’)dz/] } :

m

(25)

where 02, is the uniform mass density and M is the total
mass. Fmally7 the components of the inertia are calculated
as

The set of functions (7) permits to contract the tensor
along R-direction. It is possible now to write the total
mass inertia in a complete form:

dbp\? dbp dxr
B(R) = BbeP (E) +2 bpXT 1 dRr dR
dbp dxp dbp dxr’
+2 bpxp 1 dR dR 2BbPRﬁ+BXTXT (ﬁ
dXT pr dXT
2B Gp am xTRqR

d dy
+Byprp <d);§) + 2B, pn P\ Bpr.  (27)

At this point one has to emphasize that the laws of
variation (3), (4) and (5) restrict by no means the free-
dom of the system to follow any fusion path. The fi-
nal dynamical trajectory in the multidimensional space
is the result of minimization over all possible values
(bp, xT, XP, R), which corresponds to browsing the whole
range of (kr,kp,ip) in any direction at a fixed R. The
usual WKB penetrability P is calculated as

P = exp (_Kov)7 (28)
where K,, is the overlapping action integral. The tunnel-
ing energy is considered at the level of the ground state of
the compound nucleus. K,, reads

KOU(bP) K:Tv K/P; R) =

2
7 [2B(R)bP7”T’“PEdef(R)bp,nT,mP}l/zdR,

(29)
B J(fus)

In this way K,, has a local point value in the space of
(bp, xT, xXP, R), along which numerical multidimensional
minimization is performed, and the final sub-barrier fu-
sion path is obtained. The numerical procedure involves
the construction of the multidimensional grid along the
distance between centers. One calculates the minimum of
the integrand step by step, by suming all the previous val-
ues starting from the entrance point in the barrier up to
every hyperplane at a given R-value. At the next step,
R + AR, the added term accounts for all point values of
Eger B, and the minimum sum is retained. At the end, one
obtains a sequence of shapes through (bp, xT,xp) along
R, which is in fact the fusion path [14].

4 Results and discussion

The algorithm has been applied to the synthesis of
294,290,286,2801 18 nuclei. For every superheavy system the
entire possible range of mass asymmetry has been taken
into account. Target-projectile pairs start from symmetry
na = 0 (Ar ~ Ap) up to the asymmetry value, where
there is still the possibility to have a stable target (a few
tens of minutes halflife). For superheavy production, es-
pecially in the neutron-rich region like 294118, there is al-
ways the problem of having both partners between the
drip lines. One has to stress that most of the reactions
used in this work are most likely to be obtained only with
the help of radioactive beams, since due to the large nec-
essary neutron number, for certain mass asymmetries it
is impossible to have both partners around the stability
line. Once the static barriers are obtained from the min-
ima on the potential energy surface, the mass asymmetry
is completed with finding the charge asymmetry, by re-
peating the calculations for all possible (Zr, Zp) for the
same (Ar, Ap). At the end the mass tensor and pene-
trability are calculated for all (Ar, Z7)-(Ap, Zp) reaction
channels by preserving R as the main free variable. The
target-projectile pairs with the best chances to synthesize
the final superheavy system by tunneling at the ground-
state energy level are chosen for presentation for everyone
of the four final isotopes.

4.1 294118

As the result of static multidimensional minimization in
the (bp, xT, xP) space along R, the first potential energy
surface (PES) has been obtained for the neutron-rich su-
perheavy system 274118 in fig. 3, as a function of the
reduced distance between centers R — Ry and the mass
asymmetry na = (Ar — Ap)/A. Two maxima appear be-
tween symmetric reactions and 74 ~ 0.15, both of them
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Fig. 3. Potential energy surface of 24118 as a function of fu-
sion reaction mass asymmetry n4 and distance between centers
R, after static minimization over (bp, xT, XP)-
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Table 1. Dynamic barriers and penetrabilities for the synthesis of 294118,

5

Reaction E, (MeV) log,, P Reaction E, (MeV) log,o P
146 Ce 4 118N(d 7.5 —8.27 126e 4 168y 8. —7.77
16Nd 4 8Ce 7.2 —7.74 1248n + '"Er 7.7 ~7.59
144Ce + 15ONd 6.95 ~7.35 24Cd +'"Yb 7.05 —6.98
144Ba + 159Sm 6.51 —-7.29 2280 + ' Er 6.99 ~7.05
142Ce + 152Nd 6.15 —13.54 122Cd +'"?Yb 7.11 —8.38
142Ba 4 1529m 6.81 —-7.19 1208n + ' Er 8.72 —8.55
140Ba + 1%1Sm 6.56 —6.85 120Cd +'"Yb 7.19 —9.46
138Ba + '%°Sm 5.91 —-10.11 18Cd +17%Yh 6.67 —6.55
138Xe + 15Gd 6.4 —6.11 18P + TOHf 7.57 ~7.59
136Te 4 158Dy 6.24 —5.97 16Cd +"Yb 8.69 —8.95
136Xe + 1%8Gd 6.67 —6.38 16pd 4 178 Hf 7.89 -8.1
134Xe + 19°Gd 6.3 —~7.53 HApq + 1OHf 7.55 ~7.75
134 e + 190Dy 6.56 —6.24 H1Cd 4 #0vpb 8.26 —13.91
S e 6.34 —6.08 2P + 82 Hf 8.71 —9.53
182Te 4 162Dy 6.81 —6.6 "PRu+ "W 7.88 —8.44
132Xe+192Gd 7.28 —7.12 O0Ru + #twW 7.89 —8.74
130 4 164Dy 6.51 —6.47 Hopq 4 184 8.05 —14.2
1308 4 164Er 6.58 —6.44 198Ru + 1¥5W 7.98 —14.19
128 e 4 166Dy 7.55 —7.34 108 Mo + 18005 7.32 —13.45
1288n + '9°Er 6.93 —6.82 19%Mo + '8 0s 8.31 —14.61
12080 + '°Er 6.67 —6.55 100Ru + 1%¥W 8.69 —15.2

) tZCe+ Nt — fjgm’f:é)y ] —‘zzZSm:g:Er projectile and proton magic projectile 22Sn-reaction. The

i A P R Terhy ] next step consists in the calculation of all possible isobaric
‘ ‘ L reactions within the range of interest for 14, hence for ev-
2 T3y, 100Gy | g, ] ery mass asymmetry one shall move in 7z-direction. The
s AR “Ba+"sm u RRC - Y “oa e 1 corresponding cold fusion barriers are displayed in fig. 4.
‘ L ‘ Reaction partners have been chosen with respect to two
2, 12y g 62 | 2, g criteria: 1) both nuclei, but especially the heavy one (tar-
sl "“Bar'®sm 1 o Ter'™Dy | T ed+ v ] get) should have the largest possible lifetime; it is very dif-
AN ‘ A ficult to find two stable systems due to the large neutron
N 0 g, 15 hop i6ep 1 g 17, | number, consequently they have been chosen as to have at
N s T s ®Er 1N od e least tens of minutes in halflife; 2) the reactions with the
: /\ i highest penetrability among those with the same 74 are
u o - .y "o — — i — %sc 7 27vp | displayed. One can see that barriers usually have only one
51 P OXer™Gd | e S B 1 " pd+ "k maximum. The first three isobaric sets, closest to symme-
AN ] T i try, contain spheroidally deformed target and projectile.
0 0 : 5 0 5 o é 10 Starting with '°Ba, almost all projectiles are spherical,

: 122
R-R; (fm) R-R; (fm) R-R; (fm) and targets are deformed. The only exceptions are ““<Cd

Fig. 4. Cold fusion barriers for isobaric reactions laying within
the quasi-symmetric valley of 294118.

lower than any other energy height for larger mass asym-
metry. Between n4 =~ 0.15 and 0.35, the fusion barriers are
characterized by a very deep entrance point, which corre-
sponds to a high degree of overlapping between the target
and the projectile within the fusion-like shape configura-
tion. For n4 > 0.35 barriers become much wider. After
a narrow valley up to 54 ~ 0.4, the heights drastically
increase, as well as the widths. Obviously, for n4 > 0.35,
cold fusion reactions leading to the synthesis of 274118
are of no interest. Two out of the possible reactions are
marked on the figure: the symmetric one with 46Ce as a

and 129Cd. Table 1 presents the numerical results about
all possible, relatively stable cold fusion reactions towards
the synthesis of 2°4118. Although the differences in bar-
rier height Fj are small, penetrabilities log P have a large
range of variation. The Z = 50 proton closure has an im-
portant influence. 136Te, 126:1328p and '8Cd, though not
with the lowest barriers, have the highest calculated pen-
etrabilities.

4.2 290118

Four neutrons less, 2°°118 displayes a PES without the
pronounced ridge at symmetry (see fig. 5). This super-
heavy nucleus is calculated as spherical. The lowest bar-
rier height has been computed for 144Ce + *6Nd. As mass
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Table 2. Dynamic barriers and penetrabilities for the synthesis of 2°°118.

Reaction E, (MeV) log, P Reaction E, (MeV) log,o P
144Ce +145Nd 44 —5. 128gy 4 162Ey 5.21 —4.31
H44ANd + 146 Ce 4.56 —5.89 126 4 164y 5.87 —5.32

e+ . —4. n-+ “Er . —4.
206 4 148N 4.47 4.51 126Qy 4 164 5.48 4.81
142Ba + 1489m 4.2 —4.52 124Qy 4 166y 4.96 —4.64
e+ . —4. e+ y . —o.
140Ce 4- 150N 4.35 4.91 12476 4- 166 6.37 5.68
140Ba + 1508m 45 —4.17 122gy 4 168Fy 6.12 —5.5
138B4a 4+ 1528m 4.86 —4.42 1220d + 168y 5.07 —5.39
138% e 4+ 192Gd 4.4 —4.04 120gy 4 170k 5.69 —7.67
136Ba 4 154Sm 4.44 —4.33 1200d +179v] 5.04 —6.03
186X 4+ 154Gd 4.66 —4.33 H8SH + 172k 6.37 —5.68
134Ba 4 156Sm 5.58 —5.02 H60q 4 174y 5.88 —5.35
134%e 4+ 156Gd 5.13 —4.61 H6pq 4 T4 Hf 5.19 —4.6
132X e 4+ 158Gd 4.57 —4.31 H4cd 4 176vp 5.54 —7.94
132Te 4 158Dy 4.98 —4.49 Hipq 4 176p¢f 6.31 —5.9
180% e 4 160G 5.77 —5.19 H2pq 4 178Hf 6.05 —5.51
130 ¢ 4 150Dy 5.29 —4.76 H20d 4+ 178Yvhb 6. —8.88
128 4 162Dy 4.77 —4.44 H0cq 4 180y 6.33 —10.38
128 162
Xe +192Gd 5.91 —6.27
10 - 1‘44Ce+ 146N - 1355a+1543m —‘1253n+154Er
5 Lo 144Nd+ 14609 1o e 136Xe+1546d o 126Te+164Dy
0F _ ;42}Ce+ 1480 _ 13J1 0+1%Gd _}124 166,
u////"‘» \ 5L rzg 18g | 184 10gm | e 12070,15%py
s //./// W’]'/‘,'r\m\o-%/f
i AN Ay : :
2 il 'I//]/ "‘l“‘: '.\:“ oo NG | — xes G —
= \ ‘ 5L Ba+"'Sm | e Te+Dy 1 M\ +
o} ‘\“‘\\ e “""“' I '“\\‘ \
LT-JU \“\:\:\:;“\“\t‘:“‘;\‘“'o‘“\“\‘ '\\\l\”'""' / '\\\‘II’ "l i , /\ N } }
o\“\\ // /, L ‘ N 18, 192G, 130,160  T20g, 170
0 ) § 5L 138y 0, 19264 13050, 160Gy | N 2004 +'vp
< S\
QO
0 ; ‘ —
w __ 138g,  156g, — 128Te+162Dy J— ::zsmfiﬁ:—,
v\l R A AT L
-~ % :_.:
v MR [sn+ B 118 % 5 o s 5 10
R-R; (fm) R-R; (fm) R-R; (fm)

290

‘144

Ce+**Nd —™113]

Fig. 5. Potential energy surface of 2°°118 as a function of fu-
sion reaction mass asymmetry 4 and distance between centers
R, after static minimization over (bp, X1, XP).

asymmetry increases, the entrance point is more advanced
and barriers are very narrow, but slightly higher. At
na =~ 0.25, barriers suddenly increase their width. It is the
point where projectiles distance themselves from Z = 50
with more than four protons. For n4 > 0.25 barriers be-
come very large and high. The result of isobaric reac-
tion search within n4 €(0, 0.25) is firstly presented in
fig. 6, as being the cold fusion barriers for the highest
calculated penetrabilities. As a general observation, bar-
rier heights are lower and narrower than for 2°4118. Again
the most part of the reactions have a spherical projec-
tile. Also the proton-richer projectile reaction has a larger

Fig. 6. Cold fusion barriers for isobaric reactions laying within
the quasi-symmetric valley of 2°°118.

width within the isobaric set. Differences are analyzed now
with respect to the results from table 2, where the heights
Ey of the dynamic barriers and penetrabilities log P are
presented. One notices that penetrabilities are 2-3 or-
ders of magnitude higher than in the previous case. 4°Ba
and '38Xe projectile reactions have the highest chance for
tunneling. These reactions belong to the fusion channels
with quasi-symmetric masses. Both projectiles are spher-
ical, both targets, %°Sm (8, = 0.206, x7 = 0.755) and
152Gd (B, = 0.207, x7 = 0.754) are deformed. Among the
more asymmetric reactions, 122Sn and ''Pd, though not
with the lowest barriers, have rather high penetrabilities:
log P = —4.31 and —4.6, respectively.



R.A. Gherghescu et al.: Potential energy surfaces and penetrabilities for sub-barrier synthesis of Z = 118 isotopes 7

Table 3. Dynamic barriers and penetrabilities for the synthesis of 280118,

Reaction Ey (MeV) log,, P Reaction Ep (MeV) log,, P
14206 4+ 14Nd 4.3 —3.48 12880 + 18 Er 3.2 —2.56
142Nd 4 4Ce 3.85 —3.53 12856 4+ 158Gd 5.48 —5.82
109Ce 4 1Nd 3.7 —3.7 128 4 158Dy 4.85 —4.22
140N d 4 16Ce 4.1 —34 12656 4 160Gq 5.44 —6.58
140, 4 1465 4.19 —8.71 126 Te 4 160Dy 4.02 —-3.33
138Ce 4+ 148Nd 4.06 -3.35 126Qn 4 10Er 3.51 —-2.9
138 + 1489m 3.54 —2.83 124gp 4 162Ey 5.2 —4.55
136Ba 4 1509m 3.92 —3.39 124Te 4 162Dy 4.44 —3.65
136Ce 4 159Nd 5.54 —4.86 122T¢ 4 164Dy 4.82 —3.93
136X e +190Gd 3.37 —2.69 122Gy 4 161py 4.27 —3.47
13485 4+ 1529m 4.23 —3.49 120Te 4 166Dy 5.14 —4.28
134%e 4 152G 3.71 —3.06 1205y 4 166Ey 4.59 —3.75
13285 4 154Sm 5.6 —5.55 18y 4 168Ey 4.98 —4.11
132%e 4 154Gd 4.18 —3.63 H8cd + 1%®¥YDb 4.37 -3.6
132me 4 4Dy 3.02 —2.4 16gy 4+ 170Ry 5.42 —4.5
1303 4 1569m 5.52 —6.25 H6cd 4+ 170vh 4.8 -3.93
130%e 4 156G 3.79 —3.18 H6pq 4 170Hf 5.08 —4.6
130 4- 156Dy 3.34 —2.71 Hign 4+ 2Ry 5.87 —5.27

4.3 286118 presented in fig. 8. The isobaric sets have been chosen

The potential energy surface for 2%6118 is displayed if
fig. 7. The deformation for this compound superheavy
nucleus is taken as (B = 0.08 which corresponds to
x(?%6118) = 0.89, hence a deformed system. Potential
heights are lower than in the two previous cases. En-
ergy valleys are visible especially around symmetrical re-
actions. Deeper barrier entrance points cover the range
of 74 between symmetry and 0.3. The lowest barri-
ers stand for n4 €[0, 0.1]. Two possible cold fusion
channels, the symmetric 4?Ce + '*4Nd and asymmetric
118G + 168Ce are marked on the figure. The barriers ob-
tained as the result of multidimensional minimization, are

<A TNNZ7
SR
AN RS
W

“

Egef(MeV)

Sn+CBr 2118

’0.% ‘142Ce+144Nd _’286118‘

Fig. 7. Potential energy surface of 226118 as a function of n
and R, after static minimization over (bp, nr, np).

as those with the largest lifetimes for the partners and
especially for the target nuclei. Heights below 5 MeV
are the most common. The shift of energy maxima to-
wards a more elongated shape are obvious for reactions
with proton-richer projectiles and Ap + Ap = 142 + 144
and 140 4 146. Narrow and low barriers are common
to spherical projectiles. It is a characteristic feature of
these barriers to have the largest and higher dynami-
cal cold fusion barriers for deformed projectiles. Such ex-
amples are 36Ce 4 199Nd, 132Ba + 154Sm, '39Ba + '°6Sm,
128X e 4 158Gd and '26Xe + 190Gd, where all the light nu-
clei (projectiles) are spheroidally deformed. All the rest of
the reactions have spherical projectiles.
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Fig. 8. Cold fusion barriers for isobaric fusion channels within
the asymmetric energy valley 4 ~ 0.3 of 286118,



8 The European Physical Journal A

In table 3 the result of multidimensional minimiza-
tion of the action integral is presented for the synthesis of
286118 along the cold fusion channels in the range of mass
asymmetry 174 = [0,0.3]. The lowest penetrability values
are produced by the deformed projectile reactions. The
highest values of log P are obtained for spherical 136Xe,
130,132 e and 126:1288n projectiles. Z = 50 proton closure
plays an important role in 28Sn + 58Er (log P = —2.56)
and 126Sn + 169Er (log P = —2.9) reactions, since the neg-
ative shell corrections energy of the projectiles influence
the widths of the barriers as long as microscopic individ-
uality is preserved. Another observation is that among
the same isobaric set, the neutron-richer projectile has
the best chances (highest log P) to form the superheavy
nucleus by tunneling. The '36Xe-projectile reaction has
a higher penetrability (log P = —2.69) than the '*%Ba-
projectile one (log P = —3.39), which is in turn more
favoured than the 136Ce-projectile one (log P = —4.86).

4.4 80118

The last superheavy nucleus analyzed in this work is
the neutron poor 289118. A special mention concerns the
possible deformed neutron closure N = 162 [15]. This
neutron shell could stabilize the system more than the
other Z = 118 isotopes. At least to our knowledge, there
are no calculations concerning the ground-state deforma-
tion of this nucleus. Thus, the first step in the approach
is to find out such a local energy minimum within the
space of deformation of (bp, x1, xp, R). Calculations have
been performed starting with the hypothesis of a spheri-
cal 289118, After minimization along R in bp, xr, xp di-
rections, the potential energy surface presented in fig. 9
has been obtained. The first observation on the figure is
that this superheavy nucleus is deformed. The spherical
state, at R — Ry = 0 is at a higher energy than for a
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Fig. 9. Potential energy surface of 2%°118 as a function of 14
and R, after static minimization over (bp, nr, np), unscaled to
the ground-state energy.
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Fig. 10. The lowest barriers for the synthesis of 2°118 and
the deformed ground-state energy. Below are the shape config-
urations for ground state, minimum and entrance points.
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larger distance between centers. The surface goes down
to R — Ry ~ 2 fm. Then, a local pocket around sym-
metric reactions is visible, within the prolongation of the
138Ce +142Nd channel, marked on the figure. The pocket
stretch up to 4 ~ 0.2. This region shall be browsed fur-
theron. A projection of the lowest barriers E} within this
range of mass asymmetry on the R — Ry-direction is pre-
sented in fig. 10. The spherical state lies at R — Ry = 0
and is marked by the white circle below the scale. Then
a first minimum appears for all barriers. The one from
138Ce + 142Nd distinguishes as the lowest. It is this point
which shall be considered as the ground-state deformation
energy Eqg. Its corresponding shape has been drawn be-
low in black. In order to obtain all the cold fusion barriers
for 289118, Eqg = 2.1 MeV is subtracted from all de-
formation energies along R. A peculiarity of the barriers
displayed in fig. 10 is the presence of a second minimum
at about R — Ry ~ 4 fm. The deepest one belongs to
12261 + Y8Er reaction, and the corresponding configura-
tion is drawn as a black shape. Such minima can accomo-
date rotating shape isomers, especially in low-energy reac-
tions. The dark grey shapes represent the barrier entrance
point configuration for (from left to right) 122Sn + %®Er,
126Te 4- 154Dy and 138Ce + 142Nd, respectively. The result
of scaling to Egg is presented in fig. 11. The symmet-
ric reactions (138 4+ 142) have flat but large barriers. One
has to mention that calculations have been made so that
when the binary system reaches R — Ry = 2 fm (the dis-
tance where the ground-state minimum has been found),
the binary configuration moves on in 74-direction, a situ-
ation also analyzed and predicted in [5]. Again the largest
and highest barriers are produced by deformed projec-
tiles. Ce-projectiles are all spheroidally deformed, as well
as 122124126Xe projectiles. When the xenon isotope is
spherical, it displays a very low and narrow barrier, like
132,134 X o_reactions. The corresponding barrier heights and
log P-values are presented in table 4. First mention is that
penetrabilities are many orders of magnitude higher than
those obtained for the synthesis of the previous isotopes.
138Ba 4+ 28m and ¥*Xe+ 6Gd, both with spherical
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Table 4. Dynamic barriers and penetrabilities for the synthesis of 280118,

Reaction Ep (MeV) log,, P Reaction E, (MeV) log,, P
138Nd 4 2Ce 1.48 —5.22 12656 4 154Gd 3.29 —3.32
138Ce 4 142Nd 0.95 —3.94 126 4 154Dy 3.24 —6.72

138Ba + 142Sm 0.39 —0.59 12456 4 196G 3.67 —3.79

136Ce 4+ 144Nd 3.81 -3.31 124Te 4 156Dy 2.01 -1.9
136Ba + 144Sm 1.61 -1.91 124Qn + 156Ey 1.17 -1.15
134Ce 4 145Nd 3.54 —3.56 12256 + 198G 4.98 —4.34
134Ba 4 1469m 1.2 —24 122 4 158Dy 3.29 —3.32
134X e 4+ 140Gqd 0.81 —0.77 1229p 4 158y 1.32 —1.31
132Ce 4 148Nd 3.9 —3.81 1206 4 160G 4.63 —5.37
13285 4 1489m 2.88 —3.09 120e 4 160Dy 3.13 —3.43
132X e + M8Gd 1.69 —1.58 1209 4 159Ey 1.31 —1.86
130Ce 4 159Nd 4.07 —4.32 H8Te 4 162Dy 2.95 —2.83
13085 4 150Sm 3.34 —3.28 18gn 4 162Fy 2.32 —2.07
130X e 4+ 15°Gd 3.71 —7.87 H8cd + 1%2YDb 1.68 —1.57
128Ba +1528m 3.8 —3.7 H6gp 4 164Ey 2.66 —2.53
128%e 4+ 152Gd 2.82 -3 H6Cd + o4y h 1.99 —2.04
126B4 4 1549m 4.28 —4.34
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% ot 150G4
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Fig. 11. Cold fusion barriers for isobaric fusion channels
within the asymmetric energy valley n4 ~ 0.3 of 22°118.

projectiles, are two promising reactions for sub-barriers
fusion towards synthesis of 229118. Barrier height is an im-
portant parameter, but not decisive. 13Ce 4+ *2Nd has a
low barrier, but due to its width its penetrability is rather
low (log P = —3.94). Another reason is the influence of
the couplings between different degrees of freedom, which
manifest themselves through the mass tensor components.
The couplings can drive the system towards even higher-
energy values than the minimum energy path, provided
the action integral takes lower values. Other remarkable
reactions are 124Te + 1Dy (log P = —1.9), 12*Sn + 156Er
(logP = —1.15), 22Sn+ 158Dy (logP = —1.31) and
H8Cd +162Yb (log P = —1.57). All the projectiles for
these reactions are spherical and targets are deformed.
One can emphasize that 280118 superheavy system has the
best chances to be synthesized by tunneling through cold
fusion reactions. The favoured channels are found around
symmetric masses of target and projectile.

5 Conclusions

A binary configuration model has been used within a large
number of degrees of freedom to calculate the barriers and
penetrabilties towards the synthesis of 294:290,286,28071g
superheavy isotopes. Dynamical multidimensional min-
imization of the action integral yielded the penetra-
bilities by WKB method. The barriers are larger and
higher, and penetrabilities are lower as the system is
neutron richer. The highest log P for every superheavy
isotope are calculated for spherical projectiles. Also,
among isobaric sets of reactions, the neutron-richer pro-
jectile generates the highest penetrability. 286118 and
280118 are the most appropriated isotopes to be pro-
duced by tunneling, at a kinetic energy equal to the Q-
value of the reaction. 32Te + 154Dy and '28Sn + '58Er for
286118 and 13®Ba 4 142Sm, 134Xe + 146Gd, 12480 + 150Fy
and 122Sn + 158Er channels for 289118 have been calcu-
lated as having the highest penetrabilty values, hence the
best chances to reach the synthesis of superheavy nuclei
by sub-barrier reaction.
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