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Abstract. The fusion—fission reaction mechanism leading to the massive nucleus formation is stud-
ied. We investigate the superheavy nucleus formation in heavy-ion induced reactions by analysing
the evaporation residue (ER) production in order to study the fusion dynamics and the decay proper-
ties of nuclei close to the stability island Zt= 114. We consider th&*Ni + 2°®Pb, 8Ca +23%U
and*®Ca +%**Pu reactions that lead to tie= 110, 112 and 114 superheavy elements respectively.

By using the dinuclear system (DNS) concept of the two interacting nuclei we calculate the
quasifission—fusion competition in the entrance channel and the fission—evaporation competition
along the de-excitation cascade of the compound nucleus. The dynamics of the entrance channel
allows us to determine the beam energy window which is favorable to the fusion, while the dynamic
evolution of the compound nucleus on the shell correction to the fission barrier and the dissipative
effects influence the fission—evaporation competition in order to obtain the residue nuclei from the
superheavy nucleus formation. We also calculatdthd «. ratio at each step of the de-excitation
cascade of the compound nucleus and we present a systemdticde{; (at first step of the cas-
cade) for many reactions that lead to nuclei with= 102—114.

Keywords. Quasifission; fusion; fission; evaporation residues; superheavy elements.

PACS Nos 25.70.-z; 25.70.Jj; 27.90.+b

1. Introduction

The synthesis of superheavy nuclei is an interesting and present research field [1-6] but the
cross section for the formation of heavy elements by fusion reaction (using Pb, U and Pu
targets) decreases down to a very low value that the evaporation residue (ER) production
is about few pb or lower. According to the dinuclear system (DNS)-concept the fusion of
nuclei is considered as a two stage process: the first stage is the capture (the formation of
the DNS after dissipation of some part of the relative kinetic energy and orbital angular
momentum); the second stage is the fusion (the transformation of the dinuclear system
in the compound nucleus by a continuous multinucleon transfer from a light nucleus to
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a heavy one retaining the individuality of nuclei having a shell structure). In this second
stage, fusion is in competition with quasifission which is the decay of the dinuclear system
in two fragments before the formation of the compound nucleus. Thus, fusion is treated
as a motion in the charge (mass) asymmetry variable, and capture and quasifission are a
consequence of the relative motion of nuclei in DNS. The energy window for the cap-
ture was revealed. If there is no capture, nuclei cannot be fused due to the smallness of
the interaction time and the excitation energy generated from the relative kinetic energy.
Therefore, the used model [7] is required to analyse the fusion of light nuclei at high en-
ergies and the fusion of massive nuclei at all collision energies where quasifission plays a
decisive role in decreasing the fusion cross section [8,9]. As a result of the calculation we
find that: (i) a number of partial waves with angular momentum lead to capture (i.e., those
partial waves which have been trapped in a potential minimum of the entrance channel;
the critical value of angular momentury for a given collision energy can be calculated
dynamically); (ii) an amount of the excitation energy is available before the complete fu-
sion at given collision energy and impact parameter or orbital angular momentum; (iii) a
beam energy window is favorable to the fusion: the low lifit,,;,) of this window is
defined by the dynamical barrier in the entrance channel before the capture. The upper
limit ( Emax) appears because friction forces cannot provide an intense loss of the initial
kinetic energy in order to trap the dinuclear system into a pocket.

After fusion, the de-excitation cascade of the compound nucleus was analysed in detalil
in the framework of the advanced statistical model (ASM) approximation [10]. With this
model it is possible to trace tH&, /T’ values at each step of the de-excitation cascade
and to have information on the consequences for the fission process dynamics. The model
allows us to consider the influence of the nuclear viscosity and the dynamical dependence
of the shell correction to the fission barrier on the calculated ER cross sections.

2. General remarks on the formalism

We study the precompound nucleus dynamics through the evolution of DNS (after capture)
to complete fusion (that is in competition with the quasifission process). The excited com-
pound nucleus can undergo fission or emit particles before detecting the reaction products
(evaporation residues, or fission fragments, or light particles).

In the suggested model [7], the relevant variables are energies and occupation numbers
of single-particle states of nucleons in nuclei (the intrinsic degrees of freedom) and relative
motion of nuclei at the first-capture stage, and the mass (charge) asymmetry degrees of
freedom at the second stage of fusion. The competition between complete fusion and
quasifission of the dinuclear system formed after capture as its further evolution is taken
into account by the statistical theory of level densities on the intrinsic fusion barrier which
is on the charge asymmetry axis and quasifission barrier which is on the relative distance
axis as in [11]. In contrast to [11], the capture probabilit§***"**(E, 1) is estimated in a
dynamic approach, considering the evolution of the coupling between the relative motion
of nuclei and intrinsic motion of their nucleons. In the capture stage the system is trapped
in a potential wall due to the dissipation of the initial kinetic energy. The formed DNS lives
long enough (several 13! s) to evolute from the projectile-and target-like configuration
to become mononucleus (compound nucleus). This evolution corresponds to the motion
on the mass (charge) asymmetry axis.
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The evaporation residue cross section is related to the partial fusion cross section
ofs(E,1), as well as to the probabilitis,.(E,!) that the compound nucleus survives
fission during the de-excitation cascade at the bombarding ehergy

oer(E) = 0[P (E)Pon (B, )W (B, 1), (1)
=0

where the partial fusion cross sectiowi$® = ¢;*"(E) Pcn (E, 1) and the partial capture
cross section is;*? (E) = \?/dx (20 + 1)T7*""*°(E, ). The factorPcn (E, 1) is used to

take into account the decrease of the fusion probability due to dinuclear system break-up
competing with fusion. At first this factor was determined in [11].

The calculation of competition between fusion and quasifission processes can be made
according to principles of the statistical theory by comparing the level density at the top
point (after which the dinuclear system goes to the fusion through smaller mass asymmetry
values) of thdJ(Z, A4;1, R,,) driving potential (see figure 1) with the level density at the
bottom of the exit barrier pocket in tHé(Z, A;1, R) internuclear potential (see figure 2).

The driving potential, playing the main role in fusion dynamics, was calculated as follows:

U(Z,A;l,Rm) = Bl(Z;A) +B2(ZP + Zp — Z;Ap + Ar —A)
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Figure 1. The driving potential (dashed curves) of compound nucféBa calculated
for different values of angular momenturh= 0 (a), I = 20A (b), andl = 30% (c).

The different values of the entrance mass asymmetry are shown by affowsy and
14). B") and B! are intrinsic barriers in the way to fusion for thtF + '97Ag and

fus fus

283 + %Mo reactions, respectively.
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Figure 2. The nucleus—nucleus potentfd( R) calculated for thé®Si + **Mo (solid
curve) and °F + '°"Ag (dashed curve) reactions as a function of internuclear distance.
For an easier comparison of two pockets (in width and depth) the dashed curve is shifted
(dotted curve) up to overlapping with the solid cur\léé? andBé?) are quasifission
barriers for the corresponding reactions.

whereB; and B, are the binding energies of the nuclei in a dinuclear systéf®,,,) =
V(Z,A,R,,) is the minimum value of the nucleus—nucleus interaction potential at the
bottom of the pocketB, is the binding energy of the compound nucleus. For the given
total charge and mass numbefg,, = Z1 + Z» and Ay, = Ay + As, the A/Z ratio of
the considered fragment was determined from the minimum valli€8f A; [, R ,,,).

The T/*P*""*(E, 1) factor is connected with the relative kinetic energy and angular mo-
mentum losses which were determined from the equations of motion

WREO)R + 1aROR () = — VRO @3)
OR
i—f = 7[R(t)] <éRZH — 601 R g — éQR%eﬁ")a 4)

whereR(t) is the relative motion coordinat®(¢) is the corresponding velocity; 8; and
6, are angular velocities of the dinuclear system and its two fragments, respectively, while
R, and R, are the fragment radii. Theg and~, friction coefficients, a change of the
nucleus—nucleus potential during interaction of nudéR ()] = Vo[R(#)] + 6V (R), and
the dynamic contributiodi(R) to the reduced mags(R) = mArAp/(Ar + Ap) +
ou(R) are calculated from the estimation of the coupling term between the relative motion
of nuclei and intrinsic excitation of nucleons in them [12].

The dynamics of the capture is sensitive to the nucleus—nucleus potential

Vo(R) = Ve (R) + Vil (R) + Vot (R), ®)

whereVe (R), Vaua (R), andViot(R) are the Coulomb, nuclear and rotational potentials,
respectively. The nuclear shape is important to calculate the Coulomb and nuclear interac-
tion between colliding nuclei.

By our AMS it was possible to take into account the dynamical aspect of the compound
nucleus evolution on the fission—evaporation competition along the de-excitation cascade.
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As far as the fission barriers are concerned, we use the rotating droplet model predic-
tions (angular momentum dependent) as parameterized by Sierk [13] and allow for angular
momentum and temperature fade-out of the shell corrections [14]. It is expressed by the
formula for the actual fission barrier used in our calculations:

Be(J,T) = cBf"(J) — f(T)g(J)oW, (6)
with
1 T < 1.65 MeV
HT) = { kexp(—mT) T > 1.65 MeV
and

o(7) = {1 - expl(J - Jm)/AJ]}_ ,

whereBf* (J) is the parameterized macroscopic fission barrier [13] dependidgamgu-
lar momentumyW = 6Wsaq — 6W,s = —0W,y is the microscopic (shell) correction to
the fission barrier taken from the tables [15] and the constants for the macroscopic fission
barrier scaling, temperature and angular momentum dependencies of the microscopic cor-
rection are chosen to be as follows= 1.0, k = 5.809, m = 1.066 MeV 1, Jij2 = 24N
(for nuclei with anA mass number of about 210) and/ = 3/. These constants were
obtained as the result of analysis of a large set of the data on the fissility of nucleiin the Lu—
At range obtained in the reactions induced by lightt anda) and heavy {2C and®0)
projectiles [14]. This makes our shell corrections become dynamical quantities too. The
J1/2 parameter slowly decreases increasing4hmass number. For nuclei with > 250
we use/; ;, = 20h.

The systematics obtained by Bhattachaeyal [16] gives the possibility of taking into
account the incident energy per nucleoand compound nucleus mads.,, dependen-
cies of the reduced dissipation coefficigh{the ratio between the friction coefficient
describing the coupling to the fission degree of freedom anentheduced mass of the
system.

We use the same set of parameters for all superheavy nuclei and there are no free param-
eters in our calculations. By this model it is possible to tracdthfl;; values at each
step of the de-excitation cascade.

3. Results and discussion

We present the results of the investigation on massive systems that lead to the formation of
theZ = 110,112 and 114 superheavy elements, and we compare our calculation with the
available experimental data.

Figure 3 shows the fusion cross section (full line) for fii&li + 2°®Pb reaction that
forms the?"2110 excited compound nucleus bgald fusion reaction In the same figure
we report the quasifission contribution (dotted-dashed line), the evaporation residue cross-
section (dashed line) after 1 neutron emission from the excited compound nucleus, and the
fission barrier (dotted line). In this figure we also report the experimental data of the
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Figure 3. Fusion cross section for reacti6tNi + 2°*Pb = 272110.
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Figure 4. Fusion cross section for reactiétCa+ 2**U = 286112,

evaporation residues [1]. We can observe the full agreement between experimental data
and calculation. It is possible to analyse the rétio—"-2 x 10~*) between the complete
fusion and quasifission, and the ratibx 10 3-10°) between the evaporation residue
production and fusion. At low beam energies (lower than 307 MeV) the ER cross section is
limited by the low value of the fusion formation. At high beam energies (higher than 313
MeV) the ER production decreases because the fission process strongly increases. This
last effect is related to the fade-out of the fission barrier, due to the damping of the shell
correction.

Figure 4 shows the results obtained for ti€a +238U reaction that lead to th&%112
excited compound nucleus. From this figure one can observe the beam energy window
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(Ebeam ~ 218-262 MeV, corresponding to abodt* = 21-58 MeV) that allows for the
complete fusion formatioft> 1 nb). In this energy interval and for the above-mentioned
hot fusion reactionthe ratio between fusion and quasifission is about®Q x 10~ and

the ratio between the ER cross section and complete fusion is abot#ad6& 10-8. At

lower beam energies the ER production is limited by the fusion formation, at higher beam
energies the ER cross section is limited by both the low fusion formation and the fade-out
of the fission barrierBgs < 0.12 MeV) that strongly increases the fission process.

In figure 5 we report the excitation functions for theCa 33U, zn) 28627112 reac-
tion after ther (z = 2, 3,4) neutron emission from the excited compound nucleus. In this
figure we also report the experimental ER cross section [17] obtained b}Gh& 112
(triangle) spontaneous fission events. For e 47112 residual nucleus (diamond) the
experimental estimation of the upper limit is reported. The agreement between the cal-
culation and experimental data is very good, even if until now only partial experimental
measurements are known. Dotted line is the fission barrier for the compound nucleus (see
figures 4 and 5).

In figure 4 the experimental data of capture cross section [17] (full squares) and [18]
(open squares), the symmetric fragment cross section [17] (full circles), the ER production
[17] after3n (triangle) andin (diamond) emission and the fusion—fission production [18]
(open circles) for the reaction induced HiCa (where an intrinsic fusion farrié?; ~ 13.5
MeV exists) are also reported. In the same figure we report, for comparison, our capture
cross section calculation (dashed-dotted line), fusion cross section (full line) and the total
ER production (dashed line) after 2, 3 and 4 neutron emission from the exéfigd2
compound nucleus. As one can see, the capture cross section calculation and the total ER
calculation are in agreement with the experimental data of [17,18], whereas the fusion cross
section calculation is lower than the symmetric fragment production [17] and the fusion
cross section [18] extracted from the experimental fragment production. Therefore, the
fragment production should be mainly contributed from the quasifission process, whereas
the fission products after fusion at the various beam energies can reach the fusion cross
section value. In fact, for the beam energy range corresponding to the experimental data of
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Figure 5. Excitation functions for thé®Ca (23U, zn) 286-2"112 reactions.
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Figure 6. Calculated cross sections for the reactid@a+ >**Pu.

ER, the ratio between our ER calculation and the fusion cross section calculation is about
10-5-10—%, whereas the ratio between the experimental ER production and the experi-
mental symmetric fragment production is abdut 10 85 x 10~? (corresponding to a

very small ER value, considering that tBg; fission barrier is about 1 MeV).

From these considerations it is possible to affirm thatdiy fusion reactiondt is very
difficult to synthesize superheavy elements (and to observe the evaporation residue prod-
ucts) because thBj)g excitation energy of the dinuclear system (after capture) is gener-
ally lower than (or close to) thB; intrinsic fusion barrier, whereas Itwt fusion reactions
the Efyyg energy is higher thai;.

In figure 6 we report the calculation for tH&Ca +244Pu reaction that lead to tH¢*114
compound nucleus at beam energies of 228-255 MeV, corresponding to excitation energies
lower than 52 MeV and thé&*"—2°0114 residue nucleus production. Full line represents
the fusion cross section, dashed-dotted line is the quasifission contribution, dashed line is
the total ER production aftar neutron emission. Dotted line represents the fission barrier
against the excitation energy of the compound nucleus. In figure 7 we report the excitation
functions for the®®Ca (¢**Pu, zn) 292-°"144 reaction after the (z = 2,3,4 and5)
neutron emission from the compound nucleus. The ER to fusion ratio is included in the
10—2-10~% range while the fusion to quasifission ratio changes betaw@efi-10~" in the
considered energy range.

In figure 8 we present the systematics of fhg/Ty ratio, at first step of the de-
excitation cascade of the compound nucleus, for reactions that lead to heavy and super-
heavy nuclei withZ = 102-114. This figure shows the trend of tig, /T, ratio against
E*/Bgs for many reactions at different energies. As one can sed th&' ratio is
strongly correlated (within a factor 2) to the* / Bgs ratio. It is to be noted that the emis-
sion of the gamma rays, neutrons, protons and alpha particles is not considered in the
present model. This effect (that will be the subject of a future work) can be relevant at
higher energies, and can significantly changeIthgT'.,, trend at higherE* / Bgs val-
ues. Therefore, the trend of the ER production versus the excitation energy (in comparison
with the effective fission barrier) has the same behaviour for all investigated reactions.
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Figure 7. Excitation functions for thd®Ca ¢**Pu,zn) 2°2~*" 144 reaction.
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Figure 8. Systematics of th&,, /T'.o. ratio for the reaction leading to heavy nuclei with
Z =102-114.

This means that the ratio between the ER production and fusion cross section is mainly
related (for all reactions) to thE*/ Bgs value, while the absolute ER value is related to

the competition between the fusion and quasifission during the evolution of the dinuclear
system (after capture) in the entrance channel. Therefore, the ER production (normalized
to the fusion cross section) for the heavy and superheavy nuclei is mainly dependent on the
E* / Bgs, while the fusion process is related to the dynamic effect (the ratio between the
intrinsic fusion barrier and the quasifission barrier) in the entrance channel.
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