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1 Introduction 

In [l], heavy ion fusion reactions were considered as a long dynamical process between the 
capture of the projectile by the target and formation of the fully equilibrated compound nucleus. 
As a result an "extra push" energy needed to get compound mononucleus was obtained. But 
the synthesis of the superheavy elements Z = 110 - 112 [2, 3] shows a much smaller "extra 
push" energy than the one predicted by the macroscopic dynamic model (1]. The peculiarities 
of the fusion dynamics can be studied by the analysis of the entrance channel effect. The 
role of entrance channel' in the fusion-fission reactions leading to nearly the same compou11d 
nucleus was studied in several experiments [4], but the fusion mechanism is not fully understood 
yet. This fact has a large significance for fusion of massive nuclei where there are large and 
qualitative differences between capture and fusion processes. The entrance channel effects were 
also discussed in (5, 6) where authors affirmed that in order to have full understanding of the 
various data obtained in heavy ion fusion-fission reactions one must include the precompound 
nucleus dynamics in the analysis of these reactions. Usually, this process is not considered as 
it should be. The macroscopic models [1, 7) were not suitable for fusion of massive nuclei. The 
shell structure of the fusing nuclei should be taken into account in calculation. 

The study of the entrance channel effects in the dinuclear system (DN,S) concept reveals a 
drastic increase of the quasifission contribution in reactions with the symmetric (or almost sym
metric) massive.nuclei [8], in the fusion-fission reactions leading to nearly the same compound 
nucleus [9], and in synthesis of superheavy elements [10, 11, 12]. In the method presented in [8] 
the capture cross section was calculated in the framework of the optical model and the competi
tion between fusion and quasifission was calculated in a statistical approach. According to _this 
concept the fusion process is considered 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 advantage of the microscopic model application [13, 14, 15] is that it includes the pecu
liarities of the realistic single-particle states of the projectile and target, nuclei. '.fhis_allows us to_ 
calculate the evolution of the single-particle occupation numbers corresponding to the current 
kinetic energy losses, so the relative and intrinsic motions are considered self-consistently. It 
was demonstrated that the kinetic energy dissipation in deep-inelastic heavy ion collisions is 
a gradual process. Its time scale is similar to that of the nucleon exchange process. Notice 
the model takes into account a dissipation due to a non-exchange process like particle-hole 
excitations in nuclei. The competition between complete fusion and quasifission of the dinu
clear system formed after capture at its further evolution is taken into account by the statistical 
method as in [8]. An estimation of the capture probability T,c4pture(E, I) in a dynamic approach, 
taking into account the evolution of the relative motion of nuclei and intrinsic motion of their 
nucleons self-consistently, is an advantage of this paper· in comparison with [8]. Therefore, the 
present model is required to analyse fusion of light nuclei at high energies and of massive nuclei 
at all energies of collision where quasifission plays a decisive role, decreasing fusion cross section 
-[11, 12]. . 

In Section 2, the general remarks on the considered variables are discussed. Section 3 is 
devoted to main points of the method. Discussion of the calculated results of the 19F + 107 Ag 
and 28Si + 98Mo reactions and comparison of theoretical results with experimental data for the 
40 Ar + nat Ag reaction are made in Section 4. Our conclusions are presented in Section 5. 



2 General remarks 

Iii the dinucl~ar system (DNS) concept the fusion is considered as a transformation of a dinuclear 
syst~in in a compou~d nucleus hy multinucleon transfer after capture. This'means that DNS, 
formed in the initial stage cif coUisions, should live for a long enough time to' overcome the 
intrinsic fusion barrier [8] to-b~corh!! mononucleus (com.p'ound nucleus). Note this barrier could 
arise in the way to fusion, particularly in case of fusion of massive nuclei. It is connected with 
the mass asymmetry degree of freedom. Because of technical difficulti~s to perform the time 
dep~ddent microscopic calculations of competition between the fusion and quasifission processes 

'in DNS approach we were obliged to use a statistical way. 
The existence of this intrinsic fusion barrier leads to the increase of the quasifission process 

wh~n dinuclear system formed after capture decay~ not reaching the cornpoimd inononucleus. 
Notice the fusion of light and intermediate mass nucleus occurs without competition with 
quasifission at low energies. In this case, the capture cross section cari be identified with fusion 
cross section which is well de~cribed in· the surface friction model [7] and optical model. Tlie 
present model gives the same results for fusion and captur~ cross sections at low energies, since 
the pocket in nucleus~nucleus· potential is usually large enough: 

, In the, formation of massive nuclei the pocket is very shallow and the energy interval leading 
to the· capture of nuclei is narrow. As a result, the, colliding, system is allowed to trap and 
capture only at small numbers of partial waves. This limits the interval of elicitation energy of 
dinuclear system after capture and leads to an increase of quasifission which fn'deed'takes place 
,in reactions with massive nuclei. A gradual dissipation of relative kinetic energy Caines from 
the limited value of the friction coefficient [14]. 

As a result of 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 into a potential minimum of the entrance channel; the critical 
value of angular momentum lcr for a given collision energy can be calculated dynamically); 

ii) a value of the excitation energy is available before the complete fusion at given collision 
energy and impact parameter or orbital angular momentum (the excitation energy also a result 
of the dynamic calculation); 

iii) a beam energy window is favorable to the fusion: the low limit (Em,n) of this window 
is defined by the dynamical barrier in the entrance channel before the capture, and the upper 
limit (Emax) appears because friction forces cannot provide an intense loss of the initial kinetic 
energy in order to trap the diriuclear system into a pocket. 

3 Basic formalism 

3.1 Capture and fusion cross section in dinuclear system concept 

According to the scenario presented in the previous section the evaporation residue cross section 
is related to the partial'fusion cross section u{"'(E,l), as well as to t,he probability W,,,r(E,l) 

· that the compound nucleus survives fission during the de-excitation cascade at the bombarding 
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energy E: 

u.r(E) = f:or•(E, l)W,,,r(E, l); (1) 
l=O 

where 
o-{~'(E) = :: (21 + l)T,capture(E, l)PcN(E, l). (2) 

Here A is a wavelength, 

T,c"pture(E,l) = {· 1, '.f I~ lcr 
0, 1f l > lcr 

(where lcr is determined from the equations of motion for the internuclear distance and orbital 
angular momentum), while the factor PcN(E,l) 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 [8]. If DNS has been formed and lives long enough we can calculate 
the PcN probability of compound nucleus formation using the driving potential of this system. 

Knowing the intrinsic fusion ~arrier B1u, versus the mass asymmetry axis (see Fig.1) and 
the depth of the potential pocket Bqf versus the radial distance axis R (see Fig.2) from the 
driving potential we can calculate the competition between fusion and quasifission. This barrier 
is determined by the difference between the driving potential maximum in the way to fusion 
and the point corresponding to the entrance mass asymmetry in the driving potential (Fig.1). 
The depth of the potential pocket BqJ is considered like a quasifission barrier for the given 

dinuclear system. 
The calculation of competition between fusion and quasifission processes can be done ac

cording to principles of statistical physics by comparing the level density at the top point in 
the U(Z, A; l, Rm) driving potential with the level density to the bottom of the pocket of the 
exit barrier in the V( Z, A; l, R) internuclear potential. The driving potential, playing the main 

role in a fusion dynamics, was calculated as follows: 

U(Z, A; l, Rm) = B1(Z; A)+ B2(Zp + ZT - Z; Ap + AT - A)+ V(Z, A; l, Rm) - Bo, (3) 

where B1 and B2 are the binding energies [16, 17] of the nuclei in a dinuclear system, V(Rm) = 
V(Z, A, Rm) is the minimum value of the nucleus-nucleus interaction potential at the bottom 
of the pocket; Bo is the binding energy of the compound nucleus. For the given total charge and 
mass numbers, Z101 = Z1 + Z2 and Atot = 'A1 + A2, the A/Z ratio of considered fragment was 
determined from the minimum value of U(Z, A; l, Rm). The method of calculation of V(Rm) is 

presented in the next section. 
The available difference in calculation of the capture and fusion cross sections was required 

to introduce PcN(E, l, E*). Analytically this appears as follows: 

1PJus(E* - B1u,(Rm, l)) 
PcN(E, l) = IPJus(E• - Bjus(Rm, l) + !pqJ(E• - Bq1(Rm, l)) , 

(4) 

where 

g exp [27ry'g(E• - BK(Rm,l))/6] 

'PK(E* - BK(Rm,l)) = 2~ ag(E• _ BK(Rm,l))]¼ (E• - BK(Rm,l)),/43 
(5) 
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Fig.1. The driving potential (dashed curves) of compound nucleus 126Ba calculated for 
different values of angular momentum: I = 0 (a), I = 20/i (b), and I = 30/i (c). The 
different values of the entrance mass asymmetry are shown by arrows (Z1 = 9 and 14). 
BJ~. and BJ~. are intrinsic barriers in the way to fusion for the 19F + 107 Ag and 28Si + 
98Mo reactions, respectively 
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Here E• = E- V(Rm, l) is the excitation energy of the dinuclear system, at t_he relative distance 
Rm where an adiabatic nucleus-nucleus potential V(Rm, l) has a minimum; 9 = (91 + 92)/2, 
and 91 and g2 are the level densitie(of single particle states near the Fermi surface; B1u, and 
Bq/ are the intrinsic fusiori and quasifission barriers, respectively, and they will be discussed in 
Section 4. The s~rviyal probability W,ur(E) describes the compound nucleus decay. It is about 
1 for the reactions under discussion ;ind therefore it is not considered in this paper. · 

. The factor Tt"ptur•(E, l) is connected with the relative kinetic energy and angular momentum 

losses which were determined from the equation of motion 

µ(R(t))R + ,n[R(t)]R(t) = av[R(t)J 
ra-

dL 

dt 
,e[R(t)] (0R!JJ - 01Ri.11 - 02R~eJJ) 

(6) 

(7) 

where R(t) is the relative motion coordinate, R(t) is the corresponding velocity; 0, 01 and 02 
are angular velocities of dinuclear system and its fragments, respectively; 

. R + R1 + R2 - R1i2J -
R.11= 2 ,R1(2)e//= R1+R2R . 

The friction coefficients ,n and ,e, a change of the nucleus-nucleus potential during interaction 

V[R(t)J = Vo[R(t)J + oV(R), 
of nuclei, 

(8) 

and the dynamic contribution oµ(R) to the reduced mass 

µ(R) = mATAP/(AT + Ap) + oµ(R) (9) 

are calculated from the estimation of the coupling term between relative motion of nuclei and 
intrinsic excitation of nucleons in them [14]. The explicit expressions of these quantities induced 

by dynamics of heavy ion collisions will be presented in Section 3.3. 

3.2 Hamiltonian of collision 

In this model the capture of colliding nuclei at the initial stage is described by the total 

Hamiltonian of a dinuclear system written in the form 

iI = H,,i(R; P) + H;n(O + oV(R, €), 

where the Hamiltonian of a relative motion, 

• p2 .. 
Hret(R; P) = - + V(R), 

2µ 

(10) 

(11) 

consists of the kinetic energy operator and the nucleus-nucleus interaction potential V(R). 
Here, R is the relative distance between the centers of mass of the fragments, P is the conjugate 
momentum, e is a set of relevant intrinsic variables. The last two terms in (10) describe the 
internal motion of nuclei and the coupling between the relative and internal motions. The effect 

of inelastic excitations is explored in Section 3.3. 
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Fig.2. The nucleus-nucleus poten
tial U(R) calculated for the 28Si + 
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Fig.3. The fusion cross sections 
a Ju• against the collision energy in 
center-of-mass system, calculated in 
the present model (solid curve) and 
the same (dashed curve), but ob
tained when one assumes PcN=l in 
formula (2): for the 19F +107 Ag (a) 
and 28Si + 98Mo reactions (b) 

The dynamics of capture is sensitive to nucleus-nucleus potential 

V(R) = Vc(R) + Vnuc1(R) + V,.01(R), (12) 

where Vc(R), Vnuc1(R), and V,.01 (R) are the Coulomb, nuclear and rotational potentials, respec
tively. The nuclear shape is an important ingredient to calculate the Coulomb and nuclear 
interaction between colliding nuclei. Thus, the Coulomb interaction of quadrupole defc;irmed 
nuclei was calculated according to the expressions from [18): 

Vc(R) 
Z1Z2 2 Ile 
Z1 Z2 2 { ( 9 ) t/2 z z 3 z z 2} + R3e 20ir ~R0i,62;Pz(cosa;)+ 7irtr~;[,62iP2(cosa;)] , (13) 

where Z;, Ro;, and a; are the atomic number, the effective half density radius, and an angle 
between the line connecting mass centers of nuclei and the axial symmetry axis of the fragment 
i(i = 1,2), respectively; Pz(cosi:i,) is the second term of the Legendre polynom. The nuclear 
part of nucleus-nucleus potential is calculated using the folding procedure between the effective 
nucleon-nucleon forces f,1 I [p( x )] suggested by Migdal [19] and the nucleon density of projectile
and target-nucleus 

V..,.c1(R) = j p\
0
\r - Rt)f,11[p(r)]p~0)(r - R2)d3r (14) 

where p = p[0l + p~0>; R; (i = 1, 2) is the position of the center of mass of the fragment i. The 
nucleon densities are assumed as a Fermi distribution 

Pl01 (r,R;(t),a;,,B~i)) = { 1 + exp[lr- R;(t)I - Ro:(1 + .eii)y2o(a;))n-1, (15) 

where .B1i) and a; are their quadrupole deformation parameters and the axis ~rientation of the 
axial symmetry, respectively. Taking into account the deformation and orientation of nuclei 
allows us to consider nuclear collisions at so-called subbarrier energies. The explicit expression 
for the folding procedure with the nucleon density of the arbitrary-oriented colliding nuclei is 
presented in Appendix A. 

The orientation influences the geometrical cross section of the collision not so much as the 
value of lcr determining the reaction cross section. In collisions with tip-tip orientation the 
size of the pocket in the nucleus-nucleus potential is larger (deeper and wider) than in case of 
side-side orientation. 

The additional deformation of one ni:tcleus in the field of another partner is taken into 
account as an excitation of 2+ collective states which are easily populated at the near Coulomb 
barrier energies. The strong coupling to excited states leads to a set of Coulomb barriers 
of different heights and "weights" [20-23]. In our approach, relative motion was treated by 
including excitation of collective first 2+ state of nuclei. The quadrupole deformation parameter 
,62 was obtained from the experimental B(E2) values [24]. It was assumed that these states 
are easily populated at near barrier energies and are damped during interaction: the relaxation 
time of shape degrees of freedom is larger than one of relative motion. The shape of the nuclei 
of dinuclear systems changes by the evolution of the mass asymmetry degrees of freedom. In 
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order to calculate the potential energy surface as a function of charge number, we use the /3?+) 
deformation parameter from the data in [24). The atomic number was fixed from the minimum 
of the potential energy surface, the latter being considered as a function of A1 = A1o, - A2 at 
every intermediate charge number of the DNS nuclei. 

The rotational potential is calculated in the usual way: 

V..01(R) = ,-,_il(l + 1) 
2µR2 · (16) 

Taking the deformation of colliding nuclei into account means using the nucleus-nucleus 
potential depending on the mutual orientations of symmetry axis of the colliding nuclei. As 
a result the value and position of the entrance barrier and the pocket size in potential are 
dependent on the relative orientation of the axial symmetry axes of colliding nuclei. The final 
fusion.cross section is obtained after averaging u1(E) over all orientations. These effects are very 
important to interpret the results obtained at subbarrier energies for all nuclei. Particularly, 
using the dependence of the collision orientation in calculation, we reproduced the beam energy 
values at which the excitation functions in the synthesis of the Z = 110, 111 super heavy elements 
were experimentally obtained [25). 

3.3 Intrinsic energy and kinetic coefficients 

The inelastic excitation of nuclei is inherent in the initial stage of heavy ion collisions. Damping 
of the relative kinetic energy and angular momentum is obtained by a self-consistent solution 
of the equations of the intrinsic degrees of freedom and relative distance [13, 14). Friction 
coefficients of relative motion and the dynamical change of the nucleus-nucleus interaction are 
due to the nucleon exchange and particle-hole excitation in the fragments of a dinuclear system. 

To consider the interaction dynamics between relative motion and nuclear intrinsic motion 
the last two terms in (10) are obtained in the second quantized form 

H(R(t),0 = H,n(O +.SV(R,0 = I;cpafaap + LcTa;};a.i,+ I;V;,,(R(t))a,.+a,, +h,.., (17) 
P T i,i' 

where 

I; V;,,{R(t))ata,, = I: A};),(R(t))atap, + I; A~,(R(t))a:j;aT' + (18) 
i,i' P,P' T,T' 

L gPT(R(t))(ata.i, + h.c.). 
T,P 

Here cp(T) are the single-particle energies of nonperturbed states in the projectile (target) 
nucleus; A};), (Ai}.',l.,) are the nondiagonal matrix elements generating the particle-hole transi
tions in the projectile (target) nucleus and the matrix elements 9PT which are responsible for 
the nucleon exchange between reaction partners. These matrix elements are calculated using 
the approach proposed in [28, 29]. Since an explicit allowance for the residual interaction h,es 

is very complicated it is customary to take into account a two-particle collision term in the 
linearized form (r approximation) [13, 26, 27] which is discussed later. 

It is clear that the coupling term 8\/(R, ~) leads to dissipation of the kinetic energy into 
the energy of internal nucleon motion. The coupling between the intrinsic nuclear degrees of 
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freedom and the collective variable R is introduced by the R dependence of the transition 
matrix elements over the single-particle potentials 

V;k(R(t)) = (il\/p(r;-:-- R(t)) + \/T(r;)jk) (19) 

of the projectile-like and target-like components of the dinuclear system. The trajectory cal
culation shows· that the relative distan~e R( t) between the centers of the interacting nuclei 
could not be less than the sum of their radii. Therefore the tail of the partner single-particle 
potentials can be considered as a perturbation disturbing the asymptotic single-particle wave 
functions Ii), lk) and their energies c;. 

Using the Hamiltonian ( 17) and applying the formalism of the linear response theory we 
get the following expression for the friction tensor: 

where 

Bf;\t) 

hw,k 

1kj [R(t)] = L aV;., [R(t)] aV;., [R(t)] (I) 
i,i' aRk aR B,,, (t), 

J 

~ f' dt'(t - t't exp (t' - t) sin [w,k (R(t')) (t - t')] 
hk nk 

X [nk(t') - n,(t')j, 

l; + A;; - fk - Akk . 

(20) 

(21) 

(22) 

Here T,j = r,rk/(r;+rk)i T; is the parameter describing the da~ping of the single-particle motion. 
The expression for r; is derived in the theory of quantum liquids [27] using the effective nucleon
nucleon forces from [19] (see Appendix B). The physical meaning of r is explained below. This 
parameter approximately describes the effect of the residual interaction in 1i. 

The dynamical contribution .SV[R(t)] to the nucleus-nucleus potential is cakulated using 
the expression 

,5V [R(t)] =Lav;,, [R(I)] av;,, [R(t)] (0) 
i,i' aR aR B,,, (t), (23) 

where B,l.~\t) is given by Eq. (21). 
The third important ingredient of Eq. (6) is the reduced mass 11[R(t)] which is calculated 

using the expression 
µ(R) = mATAP/(AT + Ap) + 811(R), (24) 

where .Sµ(R) is the dynamic contribution to the reduced mass. This dynamic correction is 
calculated using the expression of the same type as found in the linear response theory: 

8µ [R(t)) = I: av;,, [R(t)] av;,, [R(t)] (2) 
;,;• aR aR B,;, (t), (25) 

where B}P(t) is given by Eq. (21). 
Since Eq. (6) is applied only to describe the initial stage of a colliding nucleus interaction 

( capture probability) we suppose that this approximation is quite satisfactory. 
To calculate all these quantities it is necessary to know the occupation numbers of the 

single-particle states. Since the excitation energy of the interacting nuclei changes significantly 

9 



during the collision, it is necessary to take into account the time dependence of the occupation 
numbers. This has been made by a numerical solution of the corresponding equations, which 
has been derived in (15, 30) starting from the von Neumann type equation for a density matrix 
and doing some approximations. The width of single-particle excitations due to a two-particle 
collision was taken into account using the linearized form (T approximation) of the collision 
integral (13, 26, 27). Then the equation for the occupation numbers of the single-particle states 
takes the form 

8fi(t) • • iii • •eq 
ili-

8
- = (1-l(R(t)), ii(t)) - -(ii(t) - ii (R(t))), 
f T 

(26) 

where T = {T;}, n•q(R(t)) is the local quasi-equilibrium distribution function of nucleons over 
the single-particle state, i.e. a Fermi distribution with the temperature 0(t) corresponding to 
the excitation energy at the internuclear distance R(t). In derivation of the final equation for 
the diagonal matrix elements of ii(t), which are the occupation numbers of the single-particle 
states n;(t), it was also assumed that the phases of the nondiagonal matrix elements of ii(t) are 
chaotic. 

The trajectory for the given orbital angular momentum at the beam energy Etab was cal
culated by the way of numerical solution of equations (6) and (26) self-consistently using the 
time step flt. The latter was chosen to- satisfy the smallness condition of perturbating part in 
the equation of occupation numbers (26). 

4 Results and discussion 

The incident projectile energy, atomic masses, and charges of the colliding nuclei are the initial 
information used in the calculations. The single-particle potentials of the colliding nuclei are 
taken in the Woods-Saxon form with the parameters r0=1.15 fm and a = 0.54 fm. The 
characteristic time parameter flt (introduced in Section 3.3 in order to solve Eq. (26) ) is taken 
to be equal to 0.8· 10-22 s. 

The description of the relative motion depends on the nucleus-nucleus interaction potential, 
which is determined by a double folding of the effective nuclear and Coulomb interactions of 
the nucleons with the nuclear densities of the interacting nuclei. Due to nucleon exchange and 
particle-hole excitations the nuclear densities of the colliding nuclei evolve during the reaction 
and the nucleus-nucleus potential correspondingly changes (13, 15). This effect is included in 
our calculations. In contrast to the classical model, assuming the idea of fast kinetic energy 
losses and thermalization of the excitation energy at the beginning of the reaction, our model 
and results support the idea of a gradual kinetic energy dissipation. This conclusion is in line 
with the results of the analysis of the very heavy ion collision mechanism (31). The kinetic 
energy of the relative motion is found to be dissipated as nucleons are exchanged, indicating 
that the time scales of both processes are similar. 

In Fig.3, the fusion cross sections (u1u,) calculated by the presented model (solid curve) and 
the cross section (dashed curve) obtained when one assumes PcN=l in formula (2) for the 19F 
+ 107 Ag (a) and 28Si + 98Mo (b) reactions are shown. It is clear that the dashed curve describes 
the capture cross section (a-cap), i.e. where there is no quasifission. Therefore, in this case the 
capture and fusion cross sections are exactly alike. 
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The first common feature is i) an energy window for the capture and fusion processes. The 
low limit (Emin) of this window is determined by the dynamic barrier in the entrance channel 
before capture; the upper limit (Emar) comes from the incomplete dissipation of the relative 
kinetic energy. When the beam energy is larger than Emar, a binary transfer reaction would 
be observed. In the presented dynamic model, the values of Emin and Emar (which define the 
size of the energy window) are determined by both the intense dissipative forces and the size 
of the pocket in the U(R) nucleus-nucleus potential (Fig. 2). At beam energies larger than 
Emar, the limited magnitude of friction forces could not provide the sufficiently intense loss of 
initial kinetic energy to trap the dinuclear system into a pocket. This is an important point in 
reactions with massive nuclei, where U(R) usually has a small pocket. 

The second common feature is ii} a deviation of the fusion and capture cross sections starting 
from the definite excitation energy EJ.v (its value is indicated by an arrow in Fig. 1 for each 
reaction in respect to the threshold of capture) (see Figs. 3a and 3b). The difference between 
solid and dashed curves is due to the inclusion of the quasifission process. The solid curve 
represents the complete fusion of DNS in competition with quasifission. For the 19F +101 Ag 
(Fig. 3a) and 28Si + 98Mo (Fig. 3b) reactions there is a quantitative difference in the interval 
of the excitation energy in which the capture and fusion cross sections are coincident. This 
is connected with the difference in the corresponding ratios of the quasifission B91 (Fig. 2) 
and intrinsic fusion B1u, barriers of these reactions (Fig. 1). One can see that there is not 
an intrinsic fusion barrier (BJ~. = 0) for the 19F + 107 Ag reaction while it is about 3 MeV for 
the 28Si + 98Mo reaction at small values of the orbital angular momentum (Fig. la). At the 
same time the first reaction has a larger quasifission barrier than the second one (B!}l > B(2)) 
(Fig. 2). As a result of these peculiarities of the entrance channel we obtain a larger differe~ce 
between the fusion and capture cross sections in the 28Si + 98Mo (Fig. 3b) reaction than in the 
19F + 107 Ag (Fig. 3a) one. Another consequence of the entrance channel effect is a difference in 
absolute value of the capture cross sections (Fig.4a), and of the fusion cross sections in Fig. 4b 
of the above-mentioned reactions. So, the first peculiarity of the entrance channel is the pocket 
size of the nucleus-nucleus interaction potential, which is different for these reactions (Fig. 2). 
In the case of the larger pocket (dashed curve) more partial waves contribute to the capture 
cross section than in the other case (solid curve). From Fig. 4b it is seen that O"/u, is larger 
for the 19F + 107 Ag reaction in comparison with the 28Si + 98Mo one, at the same excitation 
energy (~part from a little interval at the high energy tail), although both reactions give the 
same compound nucleus but with a different angular momentum distribution (see Fig. 5). 

The second peculiarity of the entrance channel is different B1u, intrinsic fusion barriers for 
various initial values of the mass (charge) asymmetry. In case of complete fusion, both of these 
reactions lead to the same compound nucleus 126Ba and they are driven by the same driving 
potential, calculated using (3). The entrance point is defined by the charge and the atomic 
number of the projectile (the arrows in Fig. la). While there is no fusion barrier at small 
angular momenta for the 19F + 107 Ag reaction (more asymmetric than another one), there is a 
finite value of B1u, for the 28Si + 98Mo reaction (more symmetric) (see Fig.la). In this case the 
system has to overcome B1u, to fuse. In addition, the quasifission barrier for the first reaction 
is larger than that for the second one (see Fig. 2, B!~ > B!}l). This means that the second 
reaction suffers more quasifission as compared with the first one. As a result, also for this 
reason, we obtained smaller fusion cross sections for the 28Si + 98Mo reaction in comparison 
with 19F + 101 Ag. 
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Fig. 4. Comparison between 
the capture (a) cross sections calcu
lated for the 28Si + 98Mo ( dashed 
curve) and 19F +107 Ag (solid curve) 
reactions, and between the fusion 
(b) cross sections calculated for the 
same reactions 

Fig.5. The spin distribution cal
culated for the 19F + 107 Ag (solid 
curve) and 28Si + 98Mo (dashed 
curve) reactions 

r. 

The spin distributions for these reactions are shown in Fig. 5. The effect of the entrance 
channel leads to larger values of the cross sections for the 19F + 107 Ag reaction because of 
larger values of the spin distribution. It is clear that the deeper and wider potential pocket 
allows one to include more contributions of partial waves. Only the presence of the competition 
between quasifission and complete fusion leads to the large difference in the absolute value of 
<T/ = da1u,/dl and its extension on the angular momentum axis. 

In order to show the role played by quasifission in reactions with massive nuclei, we compare 
(see Fig. 6) the calculated capture (dashed curve), fusion (solid curve), evaporation residue 

• ( dotted curve and solid circles) cross sections to the experimental data of the evaporation cross 
section (solid symbols) and to the estimations deduced from the experiments of the fusion cross 
sections (stars and open symbols) for the 40Ar + na•Ag reaction. The experimental data were 
obtained from (32-37] where the fusion process and/or the mechanism of light charged particle 
emission were studied. 

Our fusion calculation ( and the evaporation residue calculations too) are in good agreement 
with the measured evaporation residue production at beam energies up to E1ab=337 MeV, apart 
from a larger deviation registered·for the measurement at 288 MeV. This result is in agreement 
with our estimation for which the fission contribution (dotted-dashed curve in Fig. 6) is small 
in comparison with the evaporation residue production (dotted curve) (therefore W,,,, is about 
1), while when the quasifission starts (at about 160 MeV of the beam energy) it becomes 
comparable or larger than the fusion increasing the energy. The smallness of fission contribution 
(see dotted-dashed curve in Fig. 6) confirms that the decrease of fusion and evaporation cross 
section, by increasing the beam energy, is caused mainly by the entrance channel effects as the 
capture and quasifission cross sections. As a result, the evaporation residue measurements for 
the 40 Ar + nat Ag reaction are comparable with the fusion cross sections obtained in our model. 

The main goal of the present pa.per is to clarify the evident difference between the fusion 
cross section extracted from the experimental data (of evaporation residue nuclei and/or light 
charged particles emission spectra) and our calculated fusion cross section. According to our 
model the dinuclear system, formed after the capture of colliding nuclei, survives quasifission 
in ordC'r to be transformed into a. compound nucleus. This stage is fusion and, therefore, the 
fusion process is a mechanism in competition with the quasifission. Then, if mononuclcus 
survives fission we obtain, as a product, evaporation residue nuclei. In this case the quasifission 
takes place along the way between the dinuclea.r system (capture) and the compound nucleus 
formation (fusion). 

Other authors, particularly the authors of Refs.[32-37], consider the quasifission as a process 
that occurs before the compound nucleus reaches the configuration of the saddle point. Then'
fore, both this process (fast fission), as a kind of fission, and standard fission are considered 
in competition with the light particle emission (that leads to evaporation residue formation). 
In this case, the quasifission fragments are some of the products of the compound nucleus de
cay and the fusion cross section is the sum of the evaporation residue production and fission 
fragment formation cross sections. Since a large part of fission fragments coming from the fast. 
fission (which are not easily distinguishable from our qua.sifission products)and the ones coming 
from the standard fission overlap, the fusion cross section extracted from the experimental data 
of the light charged particle emission spectra is overestimated. Therefore, from our point of 
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Fig. 6. The experimental data 
cif the fusion (stars and open sym-
bols) and evaporation residue (solid 
symbols) cross sections from (32-
36] for the 40 Ar + nat Ag reac-
tion are compared with the capture 
(dashed curve), fusion (solid curve) 
and evaporation residue (solid cir-
des and dotted curve) cross sections 
calculated in the present work, while 
the dotted-dashed curve represents 
the fission contribution. The trian-
gles and stars are the experimental 
data of Refs. (32,33], the squares are 
the experimental data of Ref. (34], 
the circles are the data given in (35], 
and the diamonds are the data given 

in (36] 

Fig. 7. A sketch of the interaction 
between the deformed projectile

nucleus ( the axial symmetry axis 
forms an angle a 1 with the beam) 
and the deformed target-nucleus 
(the axial symmetry axis forms an 
angle a 2 with the beam), with the 

impact parameter b = Reos 0. The 

planes, in which the axial symmetry 
axes of nuclei lie, cross the Oz line 
and form an angle <l> 

view, the evaluated fusion cross section (stars and open symbols) are overestimated. Conse
quently, since these fusion cross sections are close to our calculated capture cross sections, we 
assume that it is impossible to extract the fusion cross section from experimental data without 
any ambiguity because the compound nucleus stage is only one of the channels of reaction 
leading to the same reaction products, i.e. fusion is not the starting point of composite nuclear 
systems. Therefore, the method of extracting the fusion cross section from experimental data 
of the evaporation residues and/or light particle spectra without including the quasifission in 
entrance channel dynamics substantially leads one to identify the fusion and capture cross sec
tions. These cross sections are significantly different for reactions with massive nuclei where 
quasifission is present. 

Obviously, the calculated beam energy window for fusion can also be extended to higher 
energies if one includes the prethermalization emission of light charged particles in calculation. 
In fact, in this case the preequilibrium emission leads to the removal of a part of relative 
kinetic energy and to the increase of capture and fusion cross sections. The decrease of relative 
kinetic energy leads us to trap the dinuclear system into a potential pocket, increasing the 
energy window to larger energies_. As affirmed by the authors of experiment (33], a significant 
evaporation of light charged particles came from the composite system with a very large effective 
deformation (bf a ~ 2.8). The latter, according to our approach, corresponds to a dinuclear 
system which evolves to fusion after capture in the initial stage. This means that indeed fusion 
is not such a very fast process as to neglect its relaxation time. The second reason is connected 
with the experimental condition. The authors could not exclude the detection of target-like 
fragments coming from a deep inelastic process mixed with evaporation residues due to similar 
masses. 

5 Conclusions 

The width of the energy window is analysed as a subject influenced by the entrance channel of 
reactions. It depends on the size of the potential pocket and dissipative properties of the formed 
dinuclear system which can be fused. The effect of the two peculiarities of the entrance channel 
is considered for the 19F + 107 Ag and 28Si + 98Mo reactions leading to the same compound 
nucleus 126Ba in the case of complete fusion. One of them is the pocket size of the nucleus
nucleus interaction potential which is. different for these reactions. It defines the number of 
partial waves contributing to the capture and fusion cross sections, as well as the quasifission 
barrier for the dinuclear system formed after capture. It was clear that a more asymmetric 
system has a deeper potential pocket. The other peculiarity of the entrance channel is the 
different B1u, intrinsic fusion barrier which is defined by the position of initial values of the 
mass (charge) asymmetry in the potential energy surface. Again the more asymmetric 19F + 
107 Ag system is favorable to the fusion because it has a smaller value of the intrinsic fusion 
barrier in the mass (charge) asymmetry axis in the way to the fusion. 

The calculations show that an energy dissipation takes place nearly continuously after the 
colliding nuclei have been touched, not immediately as was often assumed. The second im
portant result is that if the above-mentioned barrier energy could not be enough dissipated, 
the capture does not take place like in the case of absence of pocket in the nucleus-nucleus 
potential. It seems to be ~ne of the reasons why in the synthesis of the superheavy elements 
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the experimentalists observe a small window for the bombarding energy of projectile [3].It is 
revealed in the smallness of the excitation energy variance. This. is an important point for 
reactions with massive nuclei where U(R) usually has a smaUpocket. The comparison between 
calculated results and the available experimental data shows the _role played by. quasi fission 
in reactions with massive nuclei and, at larger beam energies, also for the intermediate mass 
nuclei. The increase of the difference between the experimental evaporation residue and ex
tracted fusion cross sections by the beam energy for the 40 Ar + nat Ag reaction is explained 
as an increasing effect of quasifission process. Therefore, if one does not include dynamical 
effects in the entrance channel in the analysis, the method to extract the fusion cross section 
from experimental data substantially leads one to identify the fusion and capture cross sec
tions. Moreover, it is impossible to reach an agreement with. the experimental data until the 
prethermalization emission of the light charged particles is taken into account. 

Acknowledgements 

The authors are grateful to Prof. V.V. Volkov, Drs. N.V. Antonenko, G.G. Adamian, and E.A. 
Cherepanov for the fruitful discussions. One of the authors (A.K.N) would like to express his 
gratitude for the warm hospitality during his stay at the Dipartimento di Fisica dell'Universita 
di Messina, and also for the financial support from INFN, the Russian Foundation for Basic 
Research under grant No.97-02-16030 and the Uzbek State Foundation of the Scientific and 

Technical Committee No. 4/98. 

Appendix A 

The angles between the axial symmetry axis of the projectile- and target-nucleus and the beam 
direction are a 1 and a 2, respectively (Fig. 7). The spherical coordinate -system O with the 
vector r, angles 0 and q, is placed at the mass center of the target-nucleus and the Oz axis is 
directed opposite to beam. In this coordinate system, the direction of the vector R connecting 
the mass centers of interacting nuclei has angles 0 and iii. The coordinate system is chosen 
thus that the planes, in which the axial symmetry axes of nuclei lie, cross the Oz line and form 

an angle iii. For the head-on collisions 0 = 0 and iii=</,. 
The nucleon distribution functions of interacting nuclei in integrand of (14) can be expressed 

using these variables in the same coordinate system O. 
In the O system the axial symmetry axis of the target-nucleus is turned through an a 2 

angle, so its nucleon distribution function is as follows: 

(0) { [r - m2) (1 + f.1(2) ) P2 (r) = p
0 

1 + exp :2 ½o(cos0;) ] }-1, (27) 

where p0 =0.17 fm- 3
, 

cos 0; = cos 0 cos( 7r - a 2) + sin 0 sin( 7r - a2) cos q,. (28) 

The mass center of the projectile-nucleus is shifted to the end of the vector R and its axial 
symmetry axis is turned through a 7r - a 1 angle. According to the transformation formulae of 
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the parallel transfer of vectors the variables of the transferred system 0' look as follows: 

r12 = r2 + R2 
- 2rRcos(w12), 

cos(w12) = cos 0 cos 0 + sin 0 sin El cos( cp - 4> ), 
(rcos0- RcosE>) 

r' 
coso; 

cos 4>; = (I+ tan2 4>; i-112, 

tan cp; = r sincpsin 0 - Rsin E>sin iii 
rcos cpsin 0 - Rsin E>cos 4> • 

(29) 

(30) 

(31) 

(32) 

In the coordinate system 0', the deviation of the axial symmetry axis of projectile-nuclei relative 
to the 0' z' axis is determined by the angle 

cos 0: = cos 0; cos( 1r - a 1) + sin 0; cos <t,;. (33) 

Now the nucleon distribution function of the projectile-nucleus looks like 

(0) { [r'-m
1
l(1+p~

1
l½o(cosOD)]}-1 

P1 (r, R) = Po 1 + exp ---"------~ . (34) 
a 

The nuclear part of the nucleus-nucleus potential was calculated by the folding procedure 
of the effective nucleon-nucleon forces by Migdal [19] with the nucleon distribution functions 
(27) and (34) of interacting nuclei: 

Vnuc1(R) = f p\0l(r,R)/,11[p(r)]p~0)(r)d3r. (35) 

Appendix B 

The value of T; is calculated using the results of the theory of quantum liquids [27] and the 
effective nucleon-nucleon forces from [19]: 

(a)= y'2~a)[(JK-g)2 +}(fr+g)2][(1r0K)2+(€;-,\k~l)2] 
T; 32ficFK ~ 

[ 
,\(~l_g. 

1
_1 

x l+exp( /(0K ') , (36) 

where 

01<(t) = 3.46,I AEj,((t)) 
~ < Kt > 

is the effective temperature determined by the amount of the intrinsic excitation energy Ej, = 
E;JZl + E;JNl, and by the mass number< A1<(t) > (with < A1<(t) >=< ZK(t) > + < 
N1<(t) > ). In addition, ,\tl(t) and E;J0 l(t) are the chemical potential and intrinsic excitation 
energies for the proton (a = Z) and neutron (a = N) subsystems of the nucleus I<(/{ = 
!(projectile), 2(target)), respectively. Furthermore, the finite size of nuclei and the available 
difference between the numbers of neutrons and protons need to use the following expressions 
for the Fermi energies [19]: 

(Z) _ [ 2 , < NI< > - < ZK >] 
cFK - cF 1 - 3(1 + 2/I<) < AK > , 

(N) [ 2 , < NK > - < ZK >] 
cFK =cF 1+ 3(1+2/g) <AK> , (37) 
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where fF=37 MeV, 

2 
fK = f;n - < AK >1/3(/;n - f,x), 

Jk = ftn - < A: >lf3(f:n - J:,,) (38) 

and f;n=0.09, f/n=0.42, J,,,=-2.59, J!,,=0.54, g=0.7 are the constants of the effective nucleon-

nucleon interaction. 
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.I1>1rnapmrna ,II;)!(. H Jlp. 
KoHKypeHUH» Me)l(JlY KBa3ll)lerre,rneM H crrH»HHeM nocrre 3axBaTa 
B CTOJIKH0BeHH»X rn)KeJiblX llOHOB 

E4-98-279 

Hccrre)lOBaHa 3aBHCllMOCTb pa311l1Ubl Me)KJ.ly IlOJIHblM cmrnmieM II 3aXBaTOM 
OT BXO)lHOro KaHarra B paMKax KOM6mrnpoBaHHOH JlllllaMll'-IeCKOH H CTaTllCTli'IeCKOH 

MO)leJIH. Pacc•rnTaHbl cpyHKUllll B036y)KJ.leHH» COCTaBHOro »Jlpa 126Ba, o6pa3yeMoro 

B peaKUH»x 19F + 107 Ag H 28Si + 98Mo. YcrnHoBrreHbl rpaHHUbI OKHa CJIH51HHSI 
£min H Emax JlJI» 3Hepnm nyqKa. TTpoBe)leHO cpaBHeu11e TeopeTH'IeCKHX pe3yrrbTaTOB 

C Ce'-leHl1»Ml1 CJIH»Hll», 113BJie'-leJrnblMl1 113 3KCnep11MeHTaJibHblX ce'-leHl1H o6pa30-

BaHl1» »Jlpa OTJla'-111 B peaKu1111 40 Ar+ natAg. OTMe'-leHa Ba)KHOCTb porr11 KOHKY
pettu1111 KBa3ll)leJieHl1» C IlOJIHblM CJil1»Hl1eM 11 3HepreTl1'-leCKOro OKHa wrn 3axBaTa 
np11 11HTepnpeTaUl1ll co6b1THH, Ha6JIJO)laeMblX B 3KcnepHMeHTe. 

Pa6orn BhmorrHeHa B Jla6opaTOpm1 Teopem'-leCKOH cp11311K11 HM. H.H.EororrJ0-
6oBa omrn. 

npenpmn 061.eJIHHeHHOro HHCTHTyra llJlepHblX HCCJJe)lOBaHHM. lly6Ha, 1998 

Giardina G. et al. 
Competition between Quasifission and Fusion after Capture 
in Heavy-Ion Collisions 

E4-98-279 

A dependence of the difference between the complete fusion and capture 
processes is studied as a function of the entrance channel in the framework 
of the combined dynamical and statistical model. The excitation functions 

for the compound nucleus 126Ba formed in the 19F + 107 Ag and 28Si + 98Mo 
reactions were calculated. Borders of a beam energy window for the fusion cross 
section, £min and £max• were established. The experimental data on evaporation 

residues and extracted from them fusion cross sections and t_he theoretical results 

for the 40 Ar+ natAg reaction were compared. The importance of competition be
tween quasifission and complete fusion and of the beam energy window 
for the capture for interpretation of the observed experimental data is discussed. 
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