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The mechanrsm of the compound nucleus formatron (CNF) in heavy ion- 1nduced teac-
tions is of considerable 1nterest However 1ts e)tpe.rl'mental 1nvest1'ga’t10n rls'very‘ 'drrfﬁcir!rlt
since durlng the complete fusron the system does not glve srgnals w‘hrc‘h"all'ow one to
' Judge about thrs process unambrguously In experlments the decay prodlfcts of an ex-
c1ted compound lnucleus are reglstered however they contarn no 1nformatrogn‘ab(,)utl the
‘ mechanlsm of the CNF A consrstent theoretlcal analysrs of the complete fusron process of

Vil d

two multmucleon 1nteract1ng systems 1s a very comphcated problem Therefore a number

of models have been developed for the descrrptron of the experlmental data These models :

are based on srmplrfylng assumptrons about the fuslon process : £ .
- IS8 vhi . ,. ook ROt

The crrtrcal drstance model [1], the optrcal model [2] and the surface frrctron model

[3 4] wrdely used for the calculatron of fusron cross sectrons do not consrder the mechanrsm

of CNF 1tself It is postulated usually that after the capture of a pro_]ectrle by a target

nucleus the complete fusion occurs 1nev1tably One can say sometrmes that the process of

compound nucleus formatron looks lrke the nuclear collapse The macroscoprc dynanuc

model [5 -7 allows cne to trace the evolutron of the fusron system in trme However, such

1mportant propertros of nucler as therr nucleon composmon and shell structure’ are not

t

taken 1nto account In replacrng the real atomrc nucle1 by homogeneous and structureless

i

drops of a hypothetlcal nuclear quurd the real process. of the compound nucleus formatron

1s 1nev1tably drstorted

In [8] anew approach to the analysrs of the complete fusion process has been suggested.

Thrs approach is based on the 1nformatron about the rnteractlon of two complex nucler

f

belng in close contact whrch has been obtalned in the study of deep 1nela.st1c transfer. re-
actlons In the framework of thls a.pproach the complete fuslon of the nuclei i Is 1nterpreted

in the followrng way. At the capture stage after the full d1ss1patron of the collrsron krnetrc
energy a fdrnuc’learb,systern (DNS) is formed. I’}I‘he]i),NS)eVolve}sﬂto a_.compound nucleus

by the nucleon transfer from a light nucleus to a heavy one. An important peculiarity of




~ the DNS evolution is the retaining'of the individuality of nuclei through their way to the

compound nucleus formatlon Dur1ng the DNS evolutlon all nucleons of the donor-nucleus

occur to be transferred shell by shell to the acceptor nucleus Thls approach can be called -

the “DNS approach” : ‘
How to reveal the real mechanlsm of compound nucleus formation? Our calculations

‘of compound nucleus formatlon Cross sectlons in the framework of dlfferent models have
‘, demonstrated that the complete fusron of massive nucle1 (A>100) can be used as a good
! test of valldrty of var1ous complete fus10n models | ; v

' As an 1llustratlon for the reactlons 100Mo+1°°Mo and 110Pd+“°Pd the experlmenfal
’ data [9] on evaporatlon res1due Ccross sectlons are compared with results calculated in the
framework of the standard models the optlcal model [2], ‘the surface fr1ct1on model (4],
‘\the macroscop1c dynamlc model [7] (Sec II) The calculatlons 1nclude the determlna.tlon
Lof the cross sectlon of compound nucleus format1on and the analys1s of the competltlon
k between varrous de-excltatlon channels The calculated results are in dramatlc d1screpancy
' with the experlmental data For the reactlon lloPd+“°Pd the calculated data are several
| orders of magn1tude larger than the experlmental one. - .

" In our oplnlon this d1screpancy is the result of quas1—ﬁss1on of a massive DNS formed
in these react1ons after full d1ss1pat10n of the k1net1c energy of colllsron (Sec III) [10] In
the ex1st1ng models of complete fusion the compet1tlon between complete fusron and quash
fission in the initial DNS is not taken into account. On the basis of the DNS approach a
model is proposed to calculate the competition between complete fusnon and quas1 ﬁssxon
in massive symmetrlc DNS formed at the collision - energles above the Coulomb barrier.
~This model seems to be applicable also for ‘almost’ symmetric system 124Sn+9‘;Zr (Sec.
IV). The evaporation tesidue cross section (O'E'R( )) values calculated for the fe“actions
1000M5+1%Mo and ll°Pd+”°l‘*‘d by the proposed model are close to the experrmental data

; (Sec.” V). This fact can be considered as an indication of the val1d1ty of the 1nterpreta.t10n

of the compound—nucleus formatlon mechan1sm suggested in the DNS- a.pproach

II. CALCULATION OF ogr(E) IN THE FRAMEWORK OF STANDARD

MODELS OF COMPLETE FUSION

A: Calculation of the compound nucleus formation cross section in the framework

of the optical model

The CNF cross sect10n ocn(E) was est1mated by one of the var1ants of the optl( al
model that was used for the descrlptlon of the exper1menta.l data on the synthes1s of
transuranlum elements [2] The model parameters have been systematlzed in a w1de

reglon of the product of atom1c numbers of collrdlng nucler, Zl Zz by comparlng results

of the calculatlon w1th the experlmental data

The cross sect1on ocN is a part of the total reactlon Cross sectlon 9R

OR = Ym\?, 2(21 + )T, Ecan), . )
{=0
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‘vHere Ao 1s the de Broglie wave length of the relatlye motionlof‘ interacting nuclei, Ee .

is the bombarding energy in the center-of-mass system, T is the penetration coefficient
of the [-th partial wave through the potential barrier. T'(l, E.,.) is approximated by the
penetration factor of a parabolic barrier. The potential describing the nucleus-nucleus

interaction includes nuclear, Coulomb and centrifugal potentials

V(R)=Ww+Ve+V,, . @
_ 1/3 1/3 -1
Ww=W {1 + exp [R' ro.,(A; + 4 )] } o (3)
‘ 7.72¢%/R, it R> R,
Vg = (4)

Z1Z2€2/2RC(3 RZ/R ), if R< RC,
V;;nna+1ymuﬂ, S ’ (5)

where R is the distance between nuclear centres; B = 1. 3(Al/3 + Al/3) fm, p is the

reduced mass of the system. The quantities corresponding to the projectile and target



nuclei are ma.ikéd g&indi‘ce‘:s ‘1 énd .2, respectively. The poténtial pérémeters Va, roy and
d are taken from [2]. = * - »

In- the classical optical model the CNF cross section is calculated by using the imag-
inary part of the nucleus-nucleus potential. In [2] the empirical systematics of the ratio
oen/or as a functions of Z,Z, have been established. This systematics is the result of
.cbmpa.rison of the ekpéfimental values of ocy and og, obtained in dozens of reactions.
The Vz;lues of_ ocn in the reactions 1"""“Mo-{;onVIo and\ 110pJ4119P( have been found by
calculating &R énd:using the empirical systematics of the ratio agn/og presented in [2].
In the calculations of O'CN‘yf(\)rr a heavy system with Zl Zs >.1500, the energy disl;)facefnent

between the fusion barrier and interaction bé.rrier should be taken into account. In the

present paper this is done according to [2].

B. Calculation of the capture cross section in the framework of the surface friction

model

Our calculations are based on one of the recent variant; of the surface‘ friction model
which takes into account the dynz;.mic deformation of both the colliding nuclei [4]. It
should be noted that in the framework of this model. the capture cross secti.on can be
described satisfactorily for such a massive ion as %K. «,

In this model the capture (fusion) is assumed to take place if the projectile after f;lll
dissipation of the kinetic energy finds oneself in thg potential pocket of V(R, a) (oi are
the deformation parameteré). By introducing the nuclear friction and solving the system
of classical equations of motion, we can obtain the critical angular momentum /.. All the
trajectories with ! < I lead to the capture or fusjqn. In the sharp cut off approximation

the capture (fusion) cross section is determined by the expression:

. L. « :
oe=mA3 Y (21 +1) = #223(I. + 1)~ v " (6)

=0

In the reactions with relatively light projecti'les o. is equal to ocn. iHoweve’r, in the

reactions between massive nuclei where the quasi-fission (fasf fission) takes place the

surface friction model can give only o.. ~ Nevertheless, we have made the calculation‘s

of o for the reactions 1°°Mo+!%Mo and ''°Pd+"'°Pd assuming that ocn = 0. The

>comparison of the calculation results with the experimental ogg values give the scale of

the quasi-fission in these reactions.

C. Calculation of the compound micleus formation cross section in the framework

of the macroscopic dynamic model”

i R ¢

A variant of the macroscopic dynaﬁlic model [7] has been used to calculate the; CNF

" cross section in the reaction '°Mo+1%Mo and °Pd+1°Pd. In this model ooy is deter-

mined by the following expression:-

S : 7;'7‘3 C]Cg+0.5 2‘,“ C%'*'EB—EC."‘_ 'v C]ég +05 | j -
on(Fem.) = T J( )\ a7 \Te ) @

€2

: ‘1/2 2 ‘{72 ) aA\thr ;—kll‘z‘ 8f* ¢
‘Cl =k [(Z/A)ef"‘(z /A)Ej]’ Cy = mm

k = 2025 - (A1 Ag) P(AV° 4 AYY230 (;) me*a/( Ay + Az)
7‘5=D1+D2+1.‘44fm, Di=Ri—l/Ri, )
Ri =1.284M° —0.76 + 0.8A; %, mc® = 931 MeV, ro = 1.224 fm.

In [7] the following values for parameters are recommended for a better description of the
experimgntal data: ' o .
f=3t,  a=1n  (ZYAN =%

In the model [7] the result of massive nuclei collision depends on a relationship between
the kinetic energy of the collision, Ecr,., the Coulomb barrier, Bg, gnd the extra-exira
push energy, Err. f Ecp. > Be + E. du}fng collision the nuclear syste;n takes a more
-compact shape than the saddle-point one of the compound nucleus, tﬁus the complete

fusion occurs. In the case of E.m < Be + E.; the nuclei cannot fuse and the system



decays via quasi-fission or deep inelastic transfer channel. In the reaction '®*Mo+1%Mo the
Ez; value is equal to 1 MeV, in the reaction "'*Pd+11°Pd the E,, value is equal to 60 MeV
[7]::Since in the second reaction the Bass barrier equals to 228 MeV, at E;m. > 288 MeV

the macroscopic dynamic model was expected to be capable of describing ocn.

#ro0 0. e <o Di De-excitation of compound nucleus -

In the reactions 100Mo+"’°Mo and 11°Pd+“°Pd the compound nuclei 2°°Po and 22"
are formed with the excitation energy of. dozens of MeV and w1th a large set of angular
momenta. - The competition between ﬁssxon and emission of a hght particle determines
the part of compound nuclei survrvmg as evaporatron residues.

To descrlbe the decay of the excited nucle1 2°°Po and 22°U, a statlstrcal model based
on the Monte Carlo method has been used- {11, 12] The angular momenta of compound
nuclel formed in the complete fusion reaction have a respective distribution of values of
I. The vector I is transversal to the ion beam By means of two random numbers the
drawing of the momentum value and its orientation in space are performed. Then for
- different. decay channels of the compound nucleus the maximum of residual energy is

defined in the followmg way

Efes;E'_E ~E,~V,; E’“—E"—E - B,.
Here E” is the excrtatlon energy of the compound nucleus E is 1ts rotatlonal energ,y,
V is the exit Coulomb barrier for a particle’ of the kind v (v =n,p,d,t,*He a) E is the
kmet1c energy of the particle and B; is the fission barrier. For all £ > 0 the’ I_(md of

the emitted particle or y-ray is drawn. For partial widths of the particle » emission, for

the fission and of the y-quanta emission the following expressions have been used [13]:

i s . U-8. e P . e )
TR ) G [l E)puU - B~ BB, )
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Ty (B In) m/ﬂw(&)ﬂd((f—Ev)E»f,dEw.» (10)
where U is the thermal energy of the mother nucleus, s, is the spin of emitted- partlcle
and g, is the reduced mass of the system partche v plus daughter nucleus. The symbols
m and d indicate a mother and a daughternucleus, respectively. The inverse cross section

Giny is calculated within the model [14):

i U 1)
aga:g(l—c,,V/E ), V—pdt He, : :
Here o, is the geometrlcai Cross sectlon T,C1,Cay c3, c4 are the parameters taken from [14]
In expression (9) the thermal energy U, and rotational energy E? are connected at the'
saddle point by the relatlon U'=E*— E?. This form of the width T’y takes into account
the change of the fission barrier of the rotating nucleus so far as By(I) = B(0)—(E; - E?)
(see details in {15]). In expression (10) for the partial width of the electric dipole radiation
044 1is the photoabsorbtion cross section (the dipole.electric 'y—-transitions dominate in
the statistical y—cascade at U >-1.5 +2.0 MeV; at lower values of U ‘the -quadrupole
~—transitions plays-the crucial role). '

To describe the level density as a function of the excitation energy, the well known

expression from {16]

HE) = oS EL @)

has been used: In (12) the dependence of the nicleus entropy S on the excitation energy

E*iis determined by the relation”

e

/ ‘  g=%at A ' (13)

‘

by using the connection of the nucleus temperature with its excitation energy:
(El=at R )

The parameter of the level density a = 2o /6 is expressed through the density of single

particle states near the Fermi energy go = f(E;) = const. The decrease of the influence



of shell effects on the level density with increasing excitation energy is taken into account

by the phenomenologlca.l expressmn [16]:
(B =alt+ HEwiE), (15)

Here f(z) = 1 — exp(—yz), 6W is the shell correction in the nucleus mass formula,
.& = A(a + BA) is the Fermi-gas value of the le\}el4density parameter, . A is the mass
number of nucleus. The empirical values of the parameters @ = 0.134 MeV™l, g =
~1.21 41074 MeV-! , Y = - 6.1- 10 IMeV-! have been obtained from the analysis of the
data on the level density with takmg into account the contrlbutlon of+the collective states

to the total level den51ty
peor(E”) = KrorKoinp(E") (16)
(see details in [16]).

. After the determination of the de-excitation mode (if fission does not occur) the char-
acteristics of the emitted paiticles or 7y-ray, namely their kinetic energy, orbital momentum
and emission angle were drawn. For a given kind of the particle the simultaneous selection
of E,, i (i is the particle orbital momentuni) and cos(©) (O is the angle between T and i)
has been performed by using three random numbers. Then'by using the fourth random

number they are rejected according to the three-dimensional probability density

P'(B., i, co8(0)) o i exp [2\/¢1(E,; — B, — K12+ 2))2] 4 K5 cos(@)/j)] .
Here j is the moment of inertia of the compound nucleus. - The azimuthal angle of the

evaporated particle is drawn in the coordinate system with the axis z paralle] to I. The

fission process is taken into account by the weight factor

F : fI[l - rj/rtot], ; ’ (]8)

v=1.

where Ty is the sum of all partial widths and z is the number of steps in the evaporation
cascade. This is convenient, in particular, for strongly fissionable nuclei. All the quantities

are transformed to the centre-of-mass system of interacting nuclei and the characteristics

10— )
f— 7 -~ - - -
10'F
- ‘-
a .
1 ]
10'F .
5 . |
£ = 8 - [ 1 1
= 180 200 220 240 260
b .-'_,—t"-r."'.:'.f_ﬁ',_ b)
101 o s
10k - |
10°F
RN = .
: : - u L ) . L I [ ‘
. 220 240 260 280 300 . . iy

E.m. (MeV)

Fig. 1 Evaporatlon re51due cross sections for the reactlons 1°°Mo+‘°°Mo (a) and
11[’Pd+“°Pd (b) as functlons of Ecm The results of calculahon in th(' Iramework of .
the optical model, surface friction model, macroscoplc dynamlc model and our model are
presented by dotted line, short dashed line, long dashed line and solid- line, respectively.

The experimehta] data are presented by solid squares.



of the residual nucleus are calculated. Then the maximum residual energies of all emission
processes and fission channel are calculated for this nucleus. Among the allowed values
of Er** and E™ > 0 the next drawing of the de-excitation type is performed. This is
done while the condition E™* > 0 is satisfied. The gathering of the required statistics
) for‘the calculation of diﬁ'erent reaction characteristics has provided about 5% calculation
accuracy. :

The computation of the compound nucleus de-excitation on the basis of the Monte-
Carlo method is performed for all the considered variants of the CNF cross section calcula;
tion (see the subsections A, B and D) Theiratio of the level densiti] peremetere asfa, =1
is used. The calculated eveporetion residue cross sections for the reactions 1°Mo+'Mo
and '°Pd+'°Pd are compared in Fig. 1 with the experimental data [9] Strong- dis-
crepaney is observed between the calculated and experimental results.’ The discrepancy
is particularly large for the reaction '°Pd+4-''°Pd when the CNF cross section is calcu-
lated‘within the optical model and the surface friction model. The macroscopic dynamic
model gives lower values of o¢n, but the discrepancy between the calculated results and
the experimental data is eeveral orders of magnitude. The observed discrepancy cannot
be explained in the framework of the standard conhepts of the fusion of complex nuclei.

Therefore, to inveetigate the reason of strong decreasetof the evaporation residue cross

N Ld
sections in these reactions, the DNS-approach was used.

III PECULIARITY OF THE COMPLETE FUSION OF MASSIVE NUCLEI

FUSION BARRIER OF A NEW TYPE

'According to the' DNS-approach the first stage of the complete fu:;ion of nuclei ‘ends:
with the formation of the DNS. The DNS.evolution is defined by the potential energy
of the system V(Z,!) as a function of the charge asymmetry and the angular momen-
tum. The calculated potentiaI energies of the DNS for the reactions °®Mo+°Mo and

110pd4-119pd are presented in Ref. [10]. The liquid-drop mass of nuclei {17] and nucleus-
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nucleus potential V(R) = Vn(R) + Ve(R) + V.(R) have been used-to calculate V(Z,1).
The calculation has been performed undera simple ‘assumption about the DNS form.
The DNS is considered as two spherical overlap nuclei. The distance R between.their
centres corresponds to the minimum of potential pocket of V(R):- The:overlap. of nu-
clei in the DNS is small and we can use the frozen densrty assumption to calculate the
nucleus~nucleus potential. This assumption corresponds to the retaining individuality of
the DNS nuclei used'in the'DNS-approach which is used successfully-in the description -
of deep inelastic transfer reactions [24]. The energy scales are normalized to the total
energy of the correspondlng spherrcal compound nucleus (see Fig. 1 in Ref: '[10]). ' 'The.
iisotopic composition'of the nuclel. formmg the DNS is chosen from the condition of N/Z
equilibrium in the system. -

The nuclear interaction Va(R) is'taken'in two variants: - “proximity” and* “double
folding”. According to {18] the expression for Vy(R) in the “proximity” variant looks

‘V LR Vo 3(1 4 s/30)exp{—1.65/s0],78 2 0, .:'(19)
N(R) = —27(m1 + 12) Ao B sfso—Msfso) s<0, .

where v = 0.9517(1 — 1.7826(1 — 2Zi/A)?), s = R — Rip — Rap, Rip = 11743 fm,

R = RuRy/(Fay+ Rap)y so = 1fm. Here s is the distance between the surfaces of
interectingfspherical nuclei.” The expression for VN(R) in the “double foldmg” form"

(R = [ “’l(rl)wa(R—rz)f(rl - rz)dndrz o ‘, ; Y

is taken from [19j Here w,(r.) are the den51t1es of 1nteract1ng nuclel .7-'(1'1 — l‘z) is the

nucleon nucleon 1nteract10n potential. To take 1nto account the repulsrve pa.rt of the

nucleus—nucleus potentlal the density- dependlng nucleon- nucleon 1nteract10n is used [20]

The ﬁnal expressxon has the form [19] . ; I s '

e

), Vn(R) = Co{—"':-——ei (/wl wa(r - R)dr+ /wl r)wz(r - R)dr)
+Fe,~'/w1(r Yo (r - )dr}', SRR S (@)
Fines = finie + el Ni = Z0)[ (N2 = B} [ Ay R
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where ' N; are neutron numbers. - The values of the dimensionless parameters f, f are
known from the fit of a great set of the experimental data within the theory of the finite
Fermi-systems [20]: Co = 300MeV fm®, fi,.= 0.09, f., = —2.59, fi, = 0.42, f,. = 0.54.
‘For massive nuclei the following expression

1.4+ exp({r — Ri0)/a0)

wi(r) = (22)

can. be used with parameters wge=0.17.fm™3, Ry = roA}IB.V The position and height
of the barrier for many reactions are well described by the values of parameters ro-=
(1.08=1.17) fm and ap = (0.50=0.55) fm [19]. The same set of ptara.meters has been used
to calculate the DNS potential energies for all the considered reactions For the reactions
1®Mo+'*Mo and '°Pd+'*Pd the nucleus-nucleus potentials are presented in Ref. {10].
The double foldlng form of Vy(R) has been used there.

A partial overlap of the volumes of interacting nuclei [21] is taken into account in
the Coulomb potentjal. A complete sticking takes place for the DNS evolving to the
compounri nucleus; therefore tlre eentrifugal potential V,.(R) has the form:

R+ 1)

Vi(R) = o
‘( ) 2(1 +j2 + pR?)

(23)
-where j; = 2mA;R?/5 are the rigid-body moments of inertia of the DNS nuclei.
The potential energy of the DNS V(Z,1) as a function of charge asymmetry and the

nucleus-nucleus potentlal V(R) as a function of R are presented in Flg 2 schematically. It

is seen that for the reactions 100Mo+l°°Mo and ll°Pd+“°Pd the initial DNS seems to be

at the minimum of the potential energy. The DNS is similar to a giant nuclear molecule.

As it has been emphasized in [8], the exi'sterlce of the shell structure gives signiﬁcént
stability for nuclei of DNS. ‘ C

It is clear from Fig. 2 that on its way to the compound nuclei the DNS has to overcomne

the potential barrier that is equal to the difference of the potentié,l energy V(Z,1I) at the

Businaro-Gallone (BG) point and symmetric configuration. This difference can be called

the fusion barrier B}u,.. Even at a considerable surplus of the kinetic energy over the

12

entrance barrier the fusion barrier appears on the way to the compeund nucleus. This

is a specific feature of the coﬁlplete fusion of massive nuclei which can be revealed only
within the DNS-approach. In further calculations the double folding‘ potential is used as
Vn(R). lf we replace it by the proximity potential, the values of B}‘u, lower and acy

. . 1 . .
increases (Fig. 3). Therefore, the total cross section of the fusion of massive nuclei seems

to be very sensitive to the potential Vx(R). This fact can be used for a more precise

definition of the potential Vn(R).

COMPETITION PROCESSES
IN THE INITIAL DINUCLEAR
SYSTEMS

QUASI-FISSION- COMPLETE FUSION -+

V(R)
v(Z,L)

S
[

Syminetric -

DNS -+ 74

Flg 2. Schema.tlc presentation of the process of competmon betwccn compkt(' fusion
and quasi-fission. Potential energy of DNS V(Z,l)asa function of charge asymmetry and

nucleus-nucleus potential V(R) as a function of R are presented.
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Fig.3. Potential energy of DNS as a function of charge asymmetry at [ = 0 and 40A in

the case of reaction 110pd 1 119Pq, The nuclear interaction is taken in pro;limity (dashed

’ lines) and double folding (solid lines) forms. The energy scales are normalized to the total

energy of the corresponding compound-nucleus. The sequence ! = 0, 40, 0, 40, 0% is

_assigned to curves from top to bottom.

The physical nature of this fusion, barrier drastically differs from the extra-extra push
of the macroscopic ds'namic model {5—7] The extra-extra push is an additional kinetic
energy over the entrance potential barrie{r which should provide the compact forrn of fusing
nuclei, i.e. a more cornpact form than‘ the form of the-fissile compound nucleus to be
reached at'the saddle point. Unlike the extra-extra push, the source of energy for getting
‘over the fusion barrier Bj,, is the DNS excitation energy. Namely, the excitation energy

allows the system to realize such an endoergic redistribution of the nucleons between the
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DNS nuclei after which the system turns out to be at the top of the fusion barrier These
changes of A; and Z; can be considered as a large fluctuation in the 1n1t1al DNS After
reaching the fusmn barrier the DNS potentlal energy begins to decrea.se w1th 1ncreas1ng‘
charge asymmetry and the driving forces lead the DNS to a compound nucleus

At the same time if we look at the nucleus- nucleus potent1al in the entrance cha.nnel
V(R) (Fig. 2) we can see the capture of the prOJectlle by the target nucleus 1nto a rather
shallow potentlal pocket The shallow potential pocket and sllght overlap of the two
mass1ve nuclei, as a result of strong Coulomb repulsion, can lea.d to the dlsmtegratlon of
the DNS to two fragments having close ‘masses, 1 e. the mltlal DNS can eas1ly undergo
quasi-fission. The sma.ll values of ogr(E), espec1ally, in the react1on 110Pd-i-lwl’d 1nd1cate
the predominance of the qua.si-ﬁsslon channeljoverthe complete fusion one.: To determine
UER(E), it‘ is necessary to calculate t‘he competition'between the channels of complete

1n1t1al DNS.
IV. MODEL OF THE COMPETITION BETWEEN COMPLETE ‘F‘USION ‘AND

QUASI-FISSION IN MASSIVE SYMMETRIC DINUCLEAR SYSTEM

In according with (8] the fusion process starts after th‘erf‘or‘mvation of the DNS. There
is competition between the complete fusion and quasi-fission channels in the initial DNS -
formed by massive nuclei. - Therefore, this competition should be taken into account in
the calculation of cross section acN( ). Unfortunately, the existing models don’t allow
to calculaterthe:competltlon betweenvthe complete fusion and quasi-ﬁssion in the DNS.

: The thermal equilibrium is established in the DNS rather fast, for several units of
107225, As the quasi-fission tlme is one order ofima.gnitude longer [22] one can try to use
the statistical approach to analyse the_cornpetition between complete fusion and quasi-
ﬁssion. The possibility of using the statistical approach to the l)NS decay is indicated by

the Qgg—systernatics of cross sections of deep inelastic transfer reaction products [23]."
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We assume that the probability for the initial DNS to evolve via the complete fusion

or to decay by the qua.sr—ﬁssron channel is deterrnined by the DNS level densities at
the maxima of the fusxon and quam—ﬁssnon barriers. A similar approa.ch was used in
[24] to describe the charge distribution of the deep inelastic transfer reactions. The fusion
barrier B}“, can be calculated from the DNS potential energy V(Z 1) (see Fig. 2). How to
.estima.te the quasr—ﬁssron barriers? Usually quasr—ﬁssion in asymmetric nuclear systems is
considered [25] "These systems evolve towards a symmetric shape with a subsequent decay
into two nuclear fra.gments with close masses. In the reactions %Mo + %Mo and llOl"d
+ 110pq the"initial VleS has a symmetric shape already at the mornent of formation.
This shape is. fa.vourable for the decay because of the maximum value of the Coulomb
,repulsron The assumption about the retaining ind1v1dua11ty of the DNS nuclei [8], its
sma.ll overlap and the system pos1t10n in the minimum potential energy are favourable to
use in’the analysis of the d:e‘cia.y of a massive syrnrrletrio DNSin a sudden approximation.
In the process of quasi-fission the DNS should overcome the potential barrier (B,s) which
coincides with the depth of the pocket of 1nteraction potential V(R) (see Fig. 2)

To describe the DNS level den51ty, one has to use the express10n proposed in Ref [26]

1/2’ g = 2
)= ] e @

where i denotes Bi,, or _Bq/, g1 and g; are densities of single-particle states near the

Fermi surface for the two nuclei incorporated in DNS, 2¢ = g + ¢; and a = 72g/3. The

values of g, and g, are taken according to the systematics [27]. The excitation energy '

E:is the difference between the DNS excitation energy in the sy'rnmetric conﬁgiiration
E* = E¢ . —V(R*) and the value of the corresponding barrier. R* is the R for the bottom
of a pocket in the V(R). Ta.king into account the above assumption we can get for the
probability of complete fusion Whee i

Y . o ‘
Wiy = —L22— (25)

. . . ; . PB;-” + qul . X
The ratio ps,,/ (pg;“ + p,,e) determines the quasi-fission probability. Therefore, in the

general case the fusion cross section can be written in the following form
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|
ocn( Ecm)=1Xg 2’2(21 + DT Ecm )Wius (!, Eem.), (26)
1=0
where Iy is the angular momentum corresponding to the vanishing fission barrier. In our
case the last multiplier takes into account the competition between the fusion and quasi-
fission-like process. It is supposed that Wjy,,=1 in the optical model and in the surface
friction model. Usually the fusion of nuclei js considered there when the quasi-fission-
like channel is negligible. However, in the case of symrnetric combination of the massive
colliding nuclei the- quiasi-fission dominates. o

The DNS excitation energy is deﬁned by E. .. and the DNS potentlal energy We
used the data of Ref. [22] where it-was shown that in contrast-to fission in the process -
of quasi-fission llght pai'ticles do not ca.rry away a considerable portion-of the excitation
energy of the system.

In the classical quasi-fission rnodels [25] the initial asymmetric DNS evolves to the
symmetric form of which it decays into two fragments with close masses. A possibility of -
the system decay lrorn asymmetric configuration is ignored. Here we followed this tradi-
tional concept about quasi-fission proc‘ess.' At the same time there is a definite probabilityl
of the DNS decay frorn the intermediate configurations on its way to the Businaro-Gallone
point. The question is whether this probability i‘sie"ompa‘rable with_~ the quisi-fission prob—‘
ability from symmetric configuration. ‘To estimate the quasi-fission probability from the
intermediate configurations, we replaced the 6-funetional distrib’ution of Z in the initial
DNS by the function:proportional to exp(—V/(Z,1)/t) assuming the thermal equilibrium -
in'the DNS. Fof: each Z between the symmetric and BG point conﬁgnrations (Fig. 2) the
quasi-fission probability has been calculated as given above taking into account the weight

factors proportional to exp(~V(Z,1)/t). The DNS EOnﬁgurations close to the symmotri('

“one seem to give the main contribution (~90%) to the quasi-fission. This allows one

-
to use in the first approximation the traditional statistical model for the analysis of the
competition between the complete fusion and quasi-fission in the massive symnetric INS

ignoring quasi-fission from the intermediate configurations of DNS.
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Fig.4. Compound nucleus formation cross sections for the reaction 1007\ f5419°Mo (a) and
110pJ:110pq (b), as functions of Ecm. The fesults of calculation in the framework of
the Ié‘pticalk model,’su;faéé f\rictibn model, macroscopic dynamic model and our model are
- presented by dotted line, short’ dashed line, long dashed line and solid line, respectively.
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Fig.5. Probabilities of .CNF .defined only by the penetration factor of.the entrance

_ parabolic barrier are presented by dotted line and dashed line for the reactions “° Ar4-18°Hf

and 124Sn+%Zr, respectively. For the reaction 124Sn+97Zr the result of calculation in the
framework of the DNS-approach is presented by solid:line. Probabilities of CNF. obtained
from.the experimental data are presented by. solid squares and:solid circlés for the reac-
tions “°Ar-+!80Hf and 124Sn+%7r, respecti;lely. The absci.ésa for.the “Ar-induced reaction

(upper scale) is shifted by the difference of the Coulomb barriers of bot.h‘rea‘ctions.
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The results of UCN(E).calculation are presented‘in Fig. 4. Our data for ocn(E)
calculated by the standard com_plete fusion models, namely, the optical [2], surface-friction
(4] and macroscopic dynamical ;[7] ones, are also given in these figures for comparison.
As one can see, tlle formation of the potential barrier Bj,, on the way of DNS to the
compound nucleus and the com’petitlon between complete fusion and qua.si—‘lission in the

initial DNS lead to a sharp decrease of 6¢N(E) values in reactions between massive nuclei.
The position of Bj,, slightly shifts towards larger asymmetry of the DNS with increasing
> 1. To simplify our calculation, we fix the place of B3, i in the conﬁguratlon w1th 18Ca as
a light nucleus. )

' The proposed model has been used also to analyse the competltxon between the com-
plete fusion and quasi-fission for almost symmetric massrve dlnuclear systems In Ref.
[28] the cross sections of the reaction channels (HI,xn) have been measured for two re-
actions leading to the same compound nucleus 20T, 0AT+1%Hf and 2Sn+%7Zr. The
standard model of complete fusion was able to describe the experxmental data for the first

_ reaction. 7 At the same tlme, there was a large dlscrepancy between the calculated and
experimental data for the second react10n. .From our point of view, the reason of this is
the quasi—fission which is a predominant reaction channel in the second‘reacti‘on.’ Indeed,
the probability for the CNF, which has been determined from the experimental data by
using some model assumptions [28], seems to be larger for the reaction °Ar+'8°Hf than
for'the reaction 1**Sn+%7Zr. The initial DNS formed in' the reaction *°Ar+!%°Hf corre-
sponds approximately to the BG point configuration. In this case Wy, & 1 in (26) and
the values of the probability for the CN F are described rather well (aboye‘barrier) by the
penetration factor T of the entrance parabolic barrier (Fig. 5). On the contrary, for the
almost symmetric system 1245n+97Zr the values of Wy,,, which can be much smaller than
unity, decrease the probability for the CNF. A good description of the experimental data

+ in the framework of the DNS-approach is demonstrated for this reaction in Fig. 5. Thus,

our model can be applied to almost symmetric systems.
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V. CALCULATION OF EVAPORATION RESIDUE CROSS SECTIONS IN TH‘E

v

REACTIONS Mo + Mo AND !19Pd 4 119pg

Three factors taken into account in calculating the oggp(E) for the reactions
1%Mo+'®Mo and ''°Pd+''°Pd are as follows: (i) the capture cross section a.(E), (u)
the competition between complete fusion and quasi-fission in the initial D‘NS, and_ (i)
the competition b’etween fission and the emission of light particles and y-rays in the
compound-nucleus de~excitation ,The capture cross section o.(E) has been calculated
using an optical model {2]. The competition between .complete fusion and quasl ~fission
has been calculated in the framework of the proposed model (Sec. 1IV). The compound-
nucleus de—exc1tat10n has been analyzed in the framework of a statistical model by the
Monte-Carlo method [11,12]. ’

As is shown in Ref. [29], a considerable part of the excitation energy of the massive
compound nucleus 1s carried away by neutrons before the nucleus reaches the scission
point. The independence of pre-scission neutron multiplicities on the total kinetic energy
of the fission fragments indicates that the neutron emission just before and lust after scis-

sion is not very 1mportant in fusion-fission reactions (22]. The survwal of the evaporation

fresxdues of heavy nuclei at a hlgh excitation energy [29) allows one to assume that the

pre- scission neutron emission takes place mamly before the compound nucleus reaches

. the saddle point. Therefore, based on the results of Refs. [22,29] we can assume that the
¢ . h . .

excitation energy at the saddle point is about 30-40 MeV. Taking into account the fission
of compound nucleus only at E* <35 MeV we obtained a better ,agreement between the
calculated and experlmental data. The calculated results seem to be not too dxff(‘ront if
instead of 35 MeV we take 50 MeV. The fact that in the reactlon 11OPd + 1P the inter-
mediate system on the way to a compound nucleus, emits an o~ partlcle [9] has also been
taken into account Due to the dynamic coupling of the DNS modes of motion [19] tlns

emission takes place mainly on the route from the Busmaro-Gallone point to a compound

nucleus. So, it does not influence the competition between thc fusion and quasi-fission.
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The probability of the pre-compound. a emission is about 1072 [9].in the reaction ‘“°Pd +

119P(d and has a negligible influence the quasi-fission that 1s the dominant channel of the
initial DNS decay. In the reaction ®Mo+'®Mo the probability of the pre-compound a
emission is‘considerably smaller than the probability of the compound nucleus formation
and we can neglect it. "

The results of ogr(E) calculations by the developed model ‘are presented'in' Fig. 1.
The optical model used by us to calculate o.(E) does not take into account the coupling of
various fusion channels at E... near the Coulomb barrier. This leads tothe’disa.g'reement
between: the calculated and experimental data at low E'c_m_. Therefore, our model is
applicable to describe the experimentaivelues‘of o5r(E) at the collision energy exceeding
the Coulomb barrier.

The drastic disagreement between the experimenta.l data and the results of calculations
by the optical and surface-friction models is'due to the fact that these models do not take
into account quasi-fission “process fovllowing”the massive DNS formation. We presented
these'calculated results in Figs. 1 and 4 to demonstrate the quasi—fission role in'the fusion
of massive nuclei.

: ‘The macroscopic dynamic model {7] takes into account many nuclear 'processes that
occur in the entrance channel of the reactions. At Eem > B. + E.; the maérosco;)ic

dyna,mic model was expected to be ca.pa.ble of describing adN(E). Ho‘\\/‘eve.r; the aEﬁ(E‘)

value calculated by this model is about three orders of magnitude larger than the exper-

imental one. From our point of view, this la.rge.di.fference 1s the re's:ult of 'the a.bsence 'of
the compétition‘ between complete fusion and que,si-ﬁSSion in the mecroscopic dyna.mlc
model Indeed at Ecm > B + E,, the CNF takes place and the quasi- ﬁsswn is absent.
At Em < B + E.. the quas1 fission is realised but the CNF is not p0551ble Therefore,
the competltlon between complete fusion and qua.51 ﬁsslon is not taken into a.ccount for
g,vm Ecm : o .
Accordmg to Ref. [7], at energles below B, + E" no compound nucleus can be formed

at all. However as one can see from experlmental data (Flg 1), JER(E) goes smoothly to
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energies severa.l dozens of MeV below B.+ E',, In the used variant of the ma.croscopic
dynamical model the fusion barrier fluctuations are not cons1dered Introductlon of these
fluctuations [31] allows one to sprea.d O'ER( ) to the reglon Ecm < Bc + Eu However,
the consldera.ble disagreement between the calcula.ted and experlmenta.l da.ta. remains for
a high collision energy. Appa.rently the reason for the dlscrepa.ncy lies in the ma.croscoplc
approach itself, 1n wh1ch real nuclel possessmg shell structure are repla.ced by drops of

homogeneous nuclea,r llquld
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Fig.6. . (a) Dependence of the fusion barrier, B3,, on the angular=momentum for the
system '®Mo+'%Mo (long dashed line) and for the system M'9Pd+11°Pd (solid line). (b)
Dependence of the quasi-fission barrler, Bys on the angula.r momentum for the system
100Mo+1°°Mo (long dashed line) and for the system 110Pd+“°Pd (solid line). Fission

barrler for the compound nucleus 2207y according [32] is prese_nted by short"dashed line.
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A satlsfactory descrlptron of UER(E) by the model of competltlon between comple: te
fusron and quasr—ﬁssron can be consrdered as indicative of the realistic 1nterpretatron of
mechanism of the compound nucleus formatlon proposed in the DNS approach (8] -

Calculatlons of the evaporatlon resrdue Cross sectrons on the basis of the DNS- approach
allow us to understand reasons of the sharp decrease of cross sectlons in the transition
from the reactron 10°M0+1°°Mo to 11(’Pd-i-m’Pd In these reactions the mass and charge of
compound nucle1 are dlfferent only by 10% but the cross sectlons dlﬁer by several orders of
magnrtude The dependence of the fusion barrler and quasr “fission barrier on the angular
momentum for both reactrons is shown i in Frgs. 6a and 6b. One can see that the quasi-
fission and fusion barriers change n opposrte d1rect10ns the quasr ﬁsswn barriers decrease
in the transition from the reaction 100Mo-i-wOMo to the reactron 110Pd+”°Pd and on the
contrary the fusion barrrers considerably increases.

The exchange with valence nucleons between the nuclei of the DNS increases the
nuclear attraction [33]. Thls leads usuall); to an increase of the capture Cross sectlon but
the fusion barrier Bj,, i is changed slightly. Therefore, all the peculiarities of the fusion
process. of massive nuclei seem to be conserved. | L R

The deformation of the DNS nucle1 under the influence of the Coulomb forces shgh1 ly
changes Bj,, as well. This influence ‘of the déformation has been estimated. It was
supposed that in the symmetrrc;]}NS the nuclel look like rotating prolate ellipsoids with
collinear located large axis. In both the reactions on the fusion barriers the light nucleus of
the DNS was “8Ca while the heavy nuclei were 152Fr and '7?Hf (if the particle evaporation

.is'neglected). For this configuration the deformation is introduced only for heavy nuclei

of the DNS. The surface of the deformed nucleus is described byl‘the expression:

Ru= fR(+BYull0), (27)

o refuenfBo-af]”

The factor f is introduced for the volume conservation. Calculations of Bj,, were per-

formed with Vy(R) in the “proximity” form. In (19) R has been modified according to
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[34]. The potential of the Coulomb interaction Vz(R) was calculated following [34], as
well. In V(Z,1) the corresponding changes have been done in the components describing
the surface and the Coulomb energies. For the symmetric configuration of the DNS the
value 8 = 0.2 was taken; and for the BG point, §-= 0.4, which is'in accordance with
the data on the deformation in symmetric and asymmetric fission. [35}. By.our estima-
tions the deformation of the DNS nuclei increases Bj,; nearly by .2 MeV for-the reaction

110p4 4119P( and by 1 MeV for the reaction °Mo+!Mo.

VI. CONCLUSION

In the paper the cross sections of the evaporation residues in the reactions between
massive nuclei are analysed in the framework of different models of complete fusion. This
analysis allows us to estimate the validity of the CNF mechanism suggested in different
models. ‘ , R ’

The determination of the evaporation residue cross sections includes the calculation of
the CNF cross sectlon and the competition between ﬁssron and emission of light partlcles ,
~-rays at the compound nucleus. de-excitation. The CNF cross sectlons have been cal( u-
lated in the framework of the standard models of complete fusIon and the de—exc1tat10n
ofa compound nucleus has been calculated by the Monte-Carlo method

The obtamed results were calculated by the optlcal model, the model wrth surface
friction and the macroscopic dynamrc model seem to be in sharp coutradlctlon wnh the
experlmental data. Especially, for the reaction ”°Pd+”°Pd the calculated evaporahon
residue cross sectjons exceed the experlmental value by several orders of magmtudc

The analysrs of the complete fusion in the massrve symmetrrc and almost svmmvt rrc
systems on the basrs of the DNS- approach revealed an lmportant spec1ﬁc feat ure of this
process, the appearance of the fusion barrler after the capture on the way of the DNSY

g :
evolution to a compound nucleus. 'lhrs barrier i is, in prmclple dlflerent from the extla

extra push energy of the mmacroscopic dynamrcal model.’ As a resu]t, the competition
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‘between the-channels of quasi-fission and complete fusion arises and strongly reduces the
CNF cross section.

On the basls of the DNS- approach amodel of the competltxon between (,omplete fusion
and quasi-fission in massive symmetric DNS has been developed which includes the fusion
and quasi-fission barriers as main elements.

. ~Th.e calqua.tions of the evaporation residues cross sections in the reactions %Mo +
* 1000 and 1'°Pd+!1°Pd on the basis.of this model give satisfactory agreement with the
experimental data, which can‘ be considered as an evidence of the validity of the concept

of the CNF mechanism developed in-the DNS-approach.
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