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Investigation of the Role of the Projectile—Target Orientation Angles
on the Evaporation Residue Production”

G. Mandaglio", G. Fazio", G. Giardina', F. Hanappe?),
M. Manganaro', A.l. Muminov®, A. K. Nasirov®¥** and C. Sacca®
Received December 25, 2008

Abstract—The measured yield of evaporation residues in reactions with massive nuclei have been well
reproduced by using the partial fusion and quasifission cross sections obtained in the dinuclear-system
model. The influence of the orientation angles of the projectile- and target-nucleus symmetry axes relative
to the beam direction on the production of the evaporation residues is investigated for the ¥¥Ca + 154Sm
reaction as a function of the beam energy. At the low beam energies only the orientation angles close to
ap = 30° (projectile) and ap = 0°—15° (target) can contribute to the formation of evaporation residues.
At large beam energies (about E. , = 140—180 MeV) the collisions at all values of orientation angles
ap and ap of reactants can contribute to the evaporation residue cross section which ranges between
10—100 mb, while at E. . > 185 MeV the evaporation residue cross section ranges between 0.1—1 mb
because the fission barrier for the compound nucleus decreases by increasing its excitation energy and

angular momentum.

PACS numbers: 25.70.Jj, 25.70.-z
DOI: 10.1134/51063778809100044

INTRODUCTION

The study of the role of the entrance channel dy-
namics in the formation of the evaporation residues
(ER) in reactions with massive nuclei is an actual
problem in establishing the conditions to obtain new
superheavy elements or new isotopes far from the
iceland of stability of chemical elements. The main
requirements to reach maximal cross sections in the
formation of the evaporation residues are as small as
possible values of the excitation energy and angular
momentum of the being formed compound nucleus
with large fusion probability. In the cold fusion re-
actions the main requirements have been satisfied
and 1n and 2n reactions (by emission of one or two
neutrons from the compound nucleus) led to obser-
vation events confirming the synthesis of superheavy
elements Z =110 [1], 111, and 112 (see [1, 2]), as
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well as element Z = 113 (see[2, 3]). The events prov-
ing the synthesis of more heavy new elements Z =
114, 115, 116, 118 were observed in the hot fusion
reactions with #Ca on the actinide targets 2**Pu,
243Am, 28Cm, and 24?CI, respectively, in which the
excitation energy of the compound nucleus was more
than 35 MeV [3]. There is an opinion that the values
of beam energy leading to the observed maximal cross
sections of evaporation residues correspond to the
equatorial collisions of the deformed actinide targets
(the orientation angle of the nucleus symmetry axis
to the beam direction is 90° [4]). The results of our
calculations showed that the maximal cross sections
should be observed at orientation angles less than 90°
because of influence of the entrance channel on the
dynamics of capture [5]. Therefore, to investigate the
evaporation residue production, it is important to an-
alyze the role of the entrance channel characteristics
as the beam energy, orbital angular momentum, ori-
entation angles of the symmetry axes of the projectile
and target nuclei relative to the beam direction in the
angular momentum distribution of the excited com-
pound nucleus. Although the reaction cross section
for the interaction of massive nuclei is large enough,
only very small part (0gR /T react ~ 1078 or lower) can
belong to the expected evaporation residue events at
synthesis of superheavy elements Z > 108 [1=3]. In
fact, the complete fusion of two massive nuclei is
in competition with the quasifission (QF) process.
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Fig. 1. (a) Potential energy surface for the *®Ca 4 '**Sm reaction leading to 2°?Pb as a function of the charge asymmetry of
the dinuclear system fragments and the relative distance between their centers. () The nucleus—nucleus interaction potential
V(R) for the *8Ca + 1*Sm system shited on the reaction Q44 value: the quasifission barrier Bqr as the depth of the potential
well. (c) Driving potential for the *Ca 4 '®*Sm reaction as a function of the charge asymmetry of the dinuclear system
fragments: the intrinsic fusion barrier By is shown as the difference between the maximum value of the driving potential
to the way of complete fusion and its value corresponding to the considered charge asymmetry of the entrance channel.

The latter process is reseparation of the intermediate
dinuclear system into two fragments without reach-
ing of the compound nucleus stage during its evo-
lution after the first capture -stage of the reaction. If
the heated and rotating compound nucleus is formed
by the alternative way against quasifission channel
the evaporation process (leading to the evaporation
residue nuclei) takes place which competes with the
fission of the compound nucleus and other interme-
diate nuclei along the deexcitation cascade of com-
pound nucleus. It is well known that the fission barrier
for a compound nucleus decreases by increasing its
angular momentum and disappears at the definite
value £; [6]. In this case dinuclear system (DNS)
being transformed into compound nucleus does not
reach an equilibrium state of compact shape and it
exists for short time in the nonequilibrium state of the
fast rotating mononucleus. Therefore, the mononu-
cleus having high values of the angular momentum,
splits into two fragments immediately if its angular
momentum is larger than £, because there is no bar-
rier providing stability. This process is called the fast
fission with formation of binary fragments. So it is a
disintegration into two fragments of the mononucleus
which has survived against quasifission.

In this paper we present the results of our study
showing how the orientation angles of the symmetry

PHYSICS OF ATOMIC NUCLEI

axes of the projectile and target nuclei relative to the
beam direction and orbital angular momentum affect
the yields of the evaporation residues. We analyze the
experimental data of the evaporation residue cross
sections presented in [7] for the Ca + %*Sm re-
action because fission probability of the compound
nucleus 292Pb is small, consequently, complete fusion
and evaporation residues cross sections are nearly
equal at relatively low excitation energies.

1. METHOD

We use the method developed in our previous pa-
pers [6—9] to describe the role of the full three stages
starting from the DNS formation [10] at capture of
the projectile by the target nucleus, then its evolu-
tion into a compound nucleus and the production of
the evaporation residues after emission of v quanta,
neutrons, protons, « particles. The method allows
us to determine the corresponding cross sections of
capture, complete fusion, and formation of the evap-
oration residues. By this method we are able to de-
termine the angular momentum distribution of the
cross section at the stage of the DNS formation (de-
termined by the conditions of the entrance channel)
and the competition between quasifission and com-
plete fusion affected by the conditions of the reaction

Vol. 72 No. 10 2009



INVESTIGATION OF THE ROLE OF THE PROJECTILE—TARGET ORIENTATION

mechanism. Therefore, also the deexcitation chain of
the compound nucleus (characterized by the fission—
evaporation competition) is affected by the reaction
dynamics [11, 12].

We should remind the strong difference between
fusion mechanism of light and massive nuclear sys-
tems: for the former system capture and fusion cross
sections are nearly equal, while for the latter system
there is a hindrance to fusion. This hindrance is com-
petition between complete fusion and quasifission.

In Fig. 1, we presented potential energy surface
(PES) calculated for the #Ca + 1°*Sm reaction lead-
ing to 2°2Pb. The probability of fusion is determined
by both the collision energy of nuclei and the relief
of PES of the DNS calculated as a function of the
relative distance and mass asymmetry (Fig. 1a). The
curve in Fig. 1b is the sum of the nucleus—nucleus
potential and reaction @Qg4-value calculated for the
48Ca + 1%Sm reaction. In our model, the depth of
the potential well is used as the quasifission barrier
Bqr for the given charge asymmetry. In Fig. Ic, the
curve connecting minima of the valley on the PES is
the driving potential (Uy;) as a function of the charge
asymmetry of the DNS fragments. The cut of PES
for the given charge number is the nucleus—nucleus
interaction potential V(R). For the interacting de-
formed nuclei PES depends on the orientation angles
of the symmetry axes and it is calculated by formula:

U(Z, AR ABP Y {an)) = Qoo — VIEV(0) (1)
+V(R, 2, Zen — Z: 8™}, {au})

+ VN 180, {au ),

where  Qgg = Bi(Z) + Ba(Zcn — Z) — Ben(Zen),
Bi, Bg, and Bcy are binding energies of the con-
stituent nuclei of DNS and compound nucleus,
respectively; Zcn = Z1 + Z2, Z1 and Z, are charge
numbers of the projectile and target nuclei, respec-
tively; V(R,Z,Zcn — Z) is the nucleus—nucleus

interaction potential of the DNS nuclei; VFE)?NS)(E)
and V(CN)(E) are rotational energies of DNS and the

rot
compound nucleus. ﬁi(l’z) and a2 are deformation
parameters and orientation angles of axial symmetry
axis of interacting nuclei. The binding energy values
are obtained from the tables in[13, 14].

The cross section of evaporation residues, which
can be compared with the corresponding experimen-
tal data, is calculated by the determination of the
survived AN Z_ compound nucleus and other excited
intermediate nuclei along the deexcitation cascade

PHYSICS OF ATOMIC NUCLEI
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after emission of v neutrons, y protons, k a-particles
at the xth step of the cascade by the formula[11, 15]:

OER(2) (Ey) (2)
Ly
= Z(2€ + 1)U€m—1) (E;)Wsur(z—l) (E;7 6)7
£=0

where fo—n(E;) is the partial cross section of the

intermediate nucleus formation at the (z — 1)th step,
and Wyy(z—1)(E}, £) is the survival probability of the
(z — 1)th intermediate nucleus against fission along
the deexcitation cascade of compaund nuclei; E} is
an excitation energy of the nucleus at the zth step of
the deexcitation cascade. It is clear that Ufo) (E¢N)

is equal to the cross section of compound nucleus
. ¢ * . . .
formation oy, () with excitation energy

By = Bem. + Qgg — VIN(0), (3)

rot

where E. . is the collision energy in the center-
of-mass system. The numbers of the being emitted
neutrons, protons, a-particles and y-quanta, v(z)n,
y(z)p, k(x)a, and s(x)y, respectively, are functions of
excitation energy at the step x. The emission branch-
ing ratios of these particles depend on the excitation
energy E and angular momentum ¢, of the being
cooled intermediate nucleus.

In our model, we calculate of ((E&y) by estima-
tion of the competition of the complete fusion with
quasifission if we can calculate the partial capture
cross section:

Ufzus(Ec,m.) = Jfap(Ec.m.)PCN(EC.m.yE)v (4)

where Pen(Fem.) is the fusion probability for forma-
tion of the compound nucleus during evolution of the
DNS at presence of the competition between com-
plete fusion and quasifission. Details of the method to

calculate Jfap and of _ are described in [5, 15].

The partial capture cross section at given beam
energy F. . and orbital angular momentum ¢ is de-
termined by the formula

Ufap(EC-m-) = 7T)‘2Pfap(EC-m-)7 (5)

where Pfap(Ec,m,) is the capture probability which
is equal to 1 or O for the given beam energy and
orbital angular momentum in dependence on the col-
liding nuclei trapped or not trapped into the well of
the nucleus—nucleus potential after dissipation of a
part of the initial kinetic energy and orbital angular
momentum. Our calculations showed that in depen-
dence on the collision energy £ = E. 1, a window for

Vol.72 No. 10 2009
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the orbital angular momentum leading to capture can
be a function of the orbital angular momentum [5]:

Peap(E)
1, if lpin<l<{; and FE > Vo,
0, il £<tlmin or >4y
- and E > Voul,
(0, for all ¢ if F<Vecou.

The boundary values £y, and ¢4 of the partial
waves leading to capture depend on the dynamics
of collision and they are determined by solving the
equations of motion for the relative distance R and
orbital angular momentum ¢ [8, 16, 17]. At lower
beam energies /i, goes down to zero and we do
not observe the £ “window”: 0 < ¢ < £4. They are de-
fined by the size of the potential well of the nucleus—
nucleus potential V(R, Z1, Z2) and the values of the
radial yvg and tangential -, friction coefficients, as well
as by the moment of inertia for the relative motion [5,
8]. The capture cross section is determined by the
number of partial waves that lead colliding nuclei to
trap into the well of the nucleus—nucleus potential
after dissipation of the sufficient part of the initial
kinetic energy (see, for example Fig. la of [5, 8]). The
size of the potential well decreases by increasing the
orbital angular momentum £. The value of ¢ at which
the potential well disappears is defined as the critical
value £.;.

Due to the dependence of the nucleus—nucleus
potential V(R) and moment of inertia (Jgr) for DNS
on the orientations of the axial symmetry of deformed
nuclei, the excitation functions of the capture and
fusion are sensitive to the orientation angles under
discussion. This was demonstrated in [5, 18]. The
present paper is devoted to the study of the depen-
dence of the evaporation residue cross section on
the orientation angles of the deformed nuclei. Cer-
tainly, it is impossible to establish directly the above-
mentioned dependence in an experimental way. But
the theoretical analysis allows us to estimate the con-
tributions of collisions by different orientation angles
to the measured evaporation residue cross sections.
Conclusions of such kind of analysis are useful to find
favorable values of the beam energy for the synthesis
of superheavy elements in reactions with deformed
nuclei.

Usually, the final results of the evaporation residue
cross sections are obtained by averaging the contri-
butions calculated for the different orientation angles
of the symmetry axis of the reacting nuclei:

PHYSICS OF ATOMIC NUCLEI
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(0ER(Eem.)) (6)
w/2 w/2
= /sinap/UER(Ec_m_;ap,aT)sinaTdapdaT,
0 0

where ogR(Eem.; ap, ar) is calculated by formula (2)
for all considered orientation angles of the symmetry
axes of the projectile and target nuclei. The fusion
excitation function is determined by product of the
partial capture cross sections o, and fusion prob-

cap
abilities Pcy of DNS:
orus (B ap, ar) (7)
Ly
= (20 + 1)oeap (B, b ap, ar) Pen(E, b ap, o),
£=0

while the quasifission cross section is defined by
Lq
oqr(E;ap,ar) = Z(% +1) (8)
=0
X Jcap(Ev 67 ap, OéT)(l - PCN(E7£; ap, OZT)),

where the capture cross section includes all events
with the full momentum transfer as complete fusion,
quasifission, and fast fission cross sections:

Ugap(E) = Ufzus(E) + JéF(E) + Jfgast ﬁss(E)' (9)
Here,
V4 _ ¢ V4
iys(E) = opr(E) + 0jiss (E).

The fission cross section of compound nucleus with
the excitation energy Efy and angular momen-
tum fcy is calculated by the advanced statistical
code [15, 19, 20] that takes into account the damp-
ing of the shell correction in the fission barrier as
a function of the nuclear temperature and orbital
angular momentum. Memory from the entrance
channel is pronounced in the angular momentum
distribution of the heated and rotating compound
nucleus o5 (E¢y, £on; aop, ar) which depends on the
orientation angles ap and ag of the symmetry axes of
the reactant nuclei.

(10)

2. RESULTS AND DISCUSSION

To investigate the influence of the orientation an-
gles of the projectile and target nuclei on the evap-
oration residue yields, we choose the 48Ca + 1%4Sm
reaction because fission probability of the compound
nucleus 2°2Pb is small and, therefore, at not so large
beam energies complete fusion cross section is nearly
equal to the evaporation residue cross section ac-
cording to formula (5). The experimental data of the

Vol. 72 No. 10 2009
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Fig. 2. The theoretical excitation functions for capture (solid curve), fusion + fast fission (dash-dotted curve), quasifission
(dashed line), evaporation residue (thick short-dashed curve), the fusion—fission (thin short-dashed curve) and fast fission
(dash-double-dotted curve) versus the beam energy E. . for the ®Ca + 5*Sm reaction leading to the 2°*Pb compound
nucleus. Open circles are the experimental data of the evaporation residues given in [20].

evaporation residue cross sections measured in de-
tail for this reaction are presented in [7]. To under-
stand in detail the preceding mechanism leading to
the formation of the evaporation residues we study
the dependence of the competition between quasifis-
sion and complete fusion on the orientation angles
ap and ar of the symmetry axes of the projectile
and target nuclei, respectively. The quadrupole de-
formation parameter of **Sm is equal to 0.27 in the
ground state. Although #8Ca is spherical, calculation
of fusion cross section considering ®Ca as a spher-
ical nucleus does not allow us to describe the low-
energy part of the experimental excitation function of
evaporation residues. Therefore, in our calculations
we take into account the quadrupole 2% and oc-
tupole 37 collective excitations and we used for it the

value ((87) = 0.101) (from [21]) and (8}7)) = 0.25
(from [22]) as the effective deformation parameters.
We stress the good agreement between our results for
evaporation residues and the experimental data of [7]
(see Fig. 2). The evaporation residue data are compa-
rable with the fusion cross section at the beam ener-
gies lower than E., = 150 MeV while at the beam
energies higher than F., = 160 MeV the fission
cross section becomes larger than the evaporation
residues becoming comparable with the fusion cross
section. Theoretical results for evaporation residues
data were obtained by the use of formula (6).

At energies E¢ . = 140—180 MeV, collisions with
all orientation angles contribute to the evaporation
residue formation and the evaporation residue cross
section ranges between 10—100 mb, while at E. , >

PHYSICS OF ATOMIC NUCLEI

185 MeV the formation probability of the evapo-
ration residues decreases and opp ranges between
0.1—1 mb. The decrease of evaporation residues is
explained by a decrease in the fission barrier By of
the compound nucleus (CN), which is caused by an
increase in its excitation energy and angular mo-
mentum [11]. The angular momentum distribution of
the heated and rotating CN (and other intermediate
nuclei along the deexcitation cascade of CN) plays a
decisive role in the formation of evaporation residues
and is taken into account in our calculation of CN
survival probability againts fission [11].

At energies lower than about E.; = 140 MeV,
the quasifission contribution is comparable with the
capture formation, and the fusion process is strongly
hindered. Because at low energies only the small ori-
entation angles of the symmetry axis of the projectile—
target nuclei relative to the beam direction give appre-
ciable contributions to the fusion cross section (see,
for example, in Fig. 3 the configurations near to about
ap = 30° and ap = 15°). Calculations of the driving
potential Uy, show that the hindrance to complete
fusion is larger for collisions with small values of
ap and ap. The hindrance factor is connected with
the intrinsic fusion barrier B} . which is a function
of ap and ar (see Fig. 4). This is connected with
the dependence of PES, particularly of the driving
potential Uy, on the orientation angles (see Fig. 4).
As a result, the competition between complete fusion
and quasifission becomes a function of ap and ar
(see [15]). In this model, B is determined as a

f
difference of the value of the (ijrsiving potential which
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Fig. 3. Spin distribution of the fusion cross section as a function of E.m. and ¢, at various ap—ar orientation angles of the

reacting nuclei.

corresponds to the initial mass asymmetry (its value is
marked by square in Figs. la and 4) and its maximum
value (the point marked by a circle in Figs. la and 4).
One can see in Fig. 4 that the intrinsic fusion barrier

~ , decreases by the increase of ap and ar. As a re-
sult, the fusion probability Pcy increases. The values
of By, are larger for the small orientation angles of
the symmetry axes relative to the beam direction in

comparison with that for the large orientation angles.

PHYSICS OF ATOMIC NUCLEI

Figure 3 shows the angular momentum distri-
bution of the compound nucleus as a function of
the beam energy E. . for some orientation angles
of the symmetry axes of the projectile—target nuclei.
The volumes of distributions strongly depend on the
orientation angles ap—ar of reactants. This figure
shows that the orientation angles close to ap = 30°
and ar = 15° can only give the main contribution
to the complete fusion at beam energies lower than
about E. ., = 130 MeV because for these orienta-
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Fig. 4. The dependence of the driving potential
(ap) and target () nuclei for the *Ca + 4 Sm reaction.

tions the Coulomb barrier is low. At larger values
of the beam energy, the number of the orientations
which give contributions to the complete fusion in-
creases.

[t is seen that at small values of E. , the partial
fusion cross sections are small at tip—tip collision
(ap =0° and ar = 0°) due to strong competition
with quasifission channel. The dominant role of
the quasifission in reactions with massive deformed
nuclei at low energies was discussed in the paper
by Hinde et al. [23] showing the increase of the
anisotropy of the fragment angular distribution at
the lowest beam energies in the 160 4 233U reaction.
This phenomenon connected with the contribution
of quasifission in the observed anisotropy of the
fragment angular distribution was explored in [18] in
the framework of the model based on the dinuclear-
system concept [24]: competition (Pcn) between
complete fusion and quasifission is determined by the
ratio of level densities on the maximum of the PES
(marked by circle) taken as a function of a fragment’s
charge number (Fig. 4).

The increase of the angular momentum ¢ of the
compound nucleus by the increase of the beam energy
is a common phenomenon for the collisions of all
orientation angles. As it was mentioned above, that if
angular momentum of the DNS being fused is larger
than £y, when there is no barrier providing stability of
compound nucleus, the system undergoes fast fission
with formation of binary fragments. The difference
between fast fission and quasifission processes is that
for the former the necessary and sufficient conditions
for complete fusion are satisfied but the condition of
stability of compound system is not satisfied, while

PHYSICS OF ATOMIC NUCLEI

and intrinsic barrier B;

s (for £ = 0) on the orientation angles of the projectile

for latter process even the sufficient condition of fu-
sion is not satisfied. The binary fragments of these
processes can be recognized by their angular distri-
butions: the angular distribution of the fast fission
products expected to be less asymmetric than one of
quasifission products. The lifetime of DNS leading to
fast fission is longer and its angular momentum is
usually large (/pns > £f) according to definition of
fast fission. So fast fission is a disintegration of the
mononucleus into two fragments which has survived
against quasifission. We remind that the compound
nucleus is not formed in both cases. The cross section
of the fast fission events is shown by dash-double-
dotted curve in Fig. 2. So the fast fission cross section
becomes appreciable at the collision energies higher
than E. . = 160 MeV, while the evaporation residue
cross section strongly decreases. The decrease of the
evaporation residue yield is explained by increase of
the excitation energy and angular momentum of com-
pound nucleus 292Pb formed at complete fusion in
48Ca + 154Sm reaction. The dependence of the an-
gular momentum distribution of compound nucleus
on the orientation angles of colliding nuclei is pre-
sented in Fig. 3. Moreover, the figure also shows a
completely different shape of the volume and features
between the 90°—0° and 0°—90° angular configura-
tions of reacting nuclei, because the used deformation

parameters are different for the projectile (<5§2+)> =
0.101) and target ((3*")) = 0.270).
The large and extended distribution of the partial

cross section for the orientation angles ap = 30° and
ar = 45° is caused by wide and deep potential well.
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Fig. 5. The dependences of the depth (left panel) of the potential well (or quasifission barrier Bqr) and (right panel) of the
Coulomb barrier (for £ = 0) on the orientation angles of the projectile (ap) and target (o) nuclei for the *¥Ca + '**Sm

reaction.

Oggr, Mb
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Fig. 6. Evaporation residue cross section versus the ar orientation angle, at some fixed energies E.m. and for a set of the aup
orientation angles for the *¥Ca + ' Sm reaction: (solid curve) ap = 0°, (dashed curve) 30°, (dash-dotted curve) 60°, (dotted

curve) 90°.

Deep potential well means the large quasifission bar-
rier Bqr (left panel of Fig. 5). Our results showed
that for these angles the intrinsic fusion barrier Bjys
is small (Fig. 4) that creates favorable condition for
complete fusion.

Due to the large Coulomb barrier Viqy for the
collisions with large orientation angles (right panel of
Fig. 5) there is no contribution to fusion at low val-
ues of collision energy E¢ . < 140 MeV. In collisions
with the orientation angles ap = 90° and ar = 90°,
the compound nucleus is formed at large values of
beam energy with large probability due to smallness
of Bjys. In collisions with these orientation angles,
the compound nucleus is formed only at large beam
energies because the Coulomb barrier has large val-

PHYSICS OF ATOMIC NUCLEI

ues for these orientation angles. This phenomenon
was discussed in [5] and we observe it clearly for the
investigated ®Ca + '%*Sm reaction.

Calculations of dynamics of incoming paths show
the following properties of the capture cross section:

(i) The capture of the projectile by the target nu-
cleus takes place if the collision energy in the center-
of-mass system is larger than the Coulomb barrier
for the collision with corresponding orientation angles
ap and ar.

(ii) The number of partial waves which determine
the capture cross section increases by increasing the
beam energy.

(iii) The number of partial waves is larger if the
depth of the potential well is large.
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E.,, = 133.42 MeV
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E.,, = 141.04 MeV

Fig. 7. Complete fusion cross section as a function of the orientation angles aup and ar for a set of fixed E..m. energy values.

(iv) The number of partial waves ceases to increase
by increasing the beam energy for the given orienta-
tion angles ap and ag if the beam energy is larger
enough than the Coulomb barrier due to the restricted
value of the radial friction coefficient. So, for small
values of the orbital angular momentum and large
values of the beam energy we have a ¢ “window” be-
cause ¢min > 0. Infact, after dissipation of the relative
kinetic energy the projectile could not be trapped into
the potential well. The ¢ “window” properties may be
inherent to all orientation angles of reactants [5].

At high energies the rate of the fusion formation
at competition between quasifission and fusion in-

creases. We note that the capture and fusion could
occur in collisions with the large orientation angles of
the reactants by increasing the beam energy. More-
over, at the high beam energies the number of partial
waves /£ also increases and the part of complete fu-
sion going to fission of compound nucleus becomes
comparable or larger than the cross section of the
evaporation residue formation along the deexcitation
cascade of the compound nuclei. In such a range of
beam energies, due to the population of rotational
states ¢ > ¢y the contribution of the fast fission ap-

pears and becomes noticeable (¢; = 82h for 202Pb).
This phenomenon is seen from our results (see Fig. 2)
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E., = 141.04 MeV

Fig. 8. Evaporation residue cross section as a function of the orientation angles aup and ar for a set of fixed E¢.m. energy.

obtained for the complete fusion, quasifission, and
fast fission events in the reaction under discussion.

The dependence of the production of the evapora-
tion residue nuclei on the orientation angle o of the
target—nucleus symmetry axis is presented in Fig. 6
for some values of the beam energy and orientation
angle ap of the projectile symmetry axis. In the figure,
the different curves are related to various values of
ap. At the smallest beam energy E. ,,, = 125.8 MeV
(corresponding to B¢y = 35.1 MeV) we observe the
evaporation residue cross section only for ap = 30°
and the ap = 0°—12° range. At E. ;. = 137.2 MeV

PHYSICS OF ATOMIC NUCLEI

(E&y = 46.5 MeV), the number of orientation angles
giving contributions to the evaporation residue pro-
duction increases and we obtain observable results
for ap = 0°, 30°, 60°, 90° in the ranges of the ar
orientations from 0° up to 59°, 58°, 28°, and 13°,
respectively, because in the collisions with these beam
energies the capture and complete fusion are impos-
sible for larger values of the orientation angles arp.
Therefore, when the beam energy is large enough (for
example, Fem = 156.3 MeV or E.,, = 171.2 MeV
corresponding to E¢y = 65.6 or 80.8 MeV), all ori-
entation angles of reactants lead to the observation
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of the evaporation residues with cross sections in the
range 10—100 mb. At Ec . = 194.4 MeV (E¢y =
103.7 MeV) all orientation angles can contribute to
form the evaporation residues, but with small cross
sections, ogg = 1—0.1 mb. Because by increasing
the beam energy the number of partial waves leading
to the complete fusion increases. The decrease of ogg
at B, . = 194.4 MeV is connected with the fact that
the fission barrier for a compound nucleus decreases
by increasing its excitation energy[11, 17] and angu-
lar momentum [6]. Therefore, survival probability of
the heated and rotating compound nucleus along de-
excitation cascade decreases. Another phenomenon
leading to the decrease of ogg at higher beam energy
is the fast fission process which takes place if angular
momentum of the being formed compound nucleus
is larger than £ (see dash-double-dotted curve in
Fig. 2).

In Fig. 7 the dependence of the fusion cross section
omus on the orientation angles of interacting nuclei is
presented for different values of E. .. At low values
of E¢m. small values of the orientation angles ap
and ap can only contribute to ojs. At large E¢
values the large orientation angles ap and ar start
to contribute to the fusion cross section, while the
contribution of the small orientation angles ap and
ar to oy, decreases. It is connected by appearing of £
window in capture.

At last, Fig. 8 shows the evaporation residue pro-
duction as a function of orientation angles ap and ar
at moment of the DNS formation. This dependence is
connected with the angular momentum distribution

Uf(ﬁ of the compound nucleus (Fig. 3) because the

survival probability of the heated and rotating com-
pound nucleus depends not only on excitation energy
but on its angular momentum too. It was widely
presented and discussed in [11]. Certainly, at low
E. . noticeable evaporation residue cross section can
be observed only for collisions with small values ap
and ap. At E. . = 150—160 MeV the evaporation
residue yields reach the remarkable contributions for
large ap and ar angles, and at E. ;. > 170 MeV
the evaporation residue production is contributed by
the large ap—a configurations, but the evaporation
residue yield is strongly reduced due to the intense
fission process.

3. CONCLUSIONS

The role of the orientation angles ap and ar of
the symmetry axes of reacting nuclei in the complete
fusion and evaporation residue cross sections is stud-
ied for the ¥ Ca + '%*Sm reaction at near and above
Coulomb barrier energies. The dependencies of the
quasifission—fusion competition during the evolution

PHYSICS OF ATOMIC NUCLEI

1649

of the dinuclear system and the sensitivity of the
fission—evaporation competition during the deexcita-
tion cascade of the compound nucleus on the values of
orientation angles ap and o are demonstrated. The
analysis of the dependence of the compound nucleus
and evaporation residue formation cross sections on
the orientation angles ap and ar of the reacting
nuclei showed that the observed yield of evaporation
residues in the ¥¥Ca + 1°*Sm reaction at low beam
energies (F.m < 133 MeV) is formed in the colli-
sions with small low orientation angles (about ap =
30° and ar = 0°—12°). Because a collision with the
given orientation angles ap and a can contribute to
formation of evaporation residues if the beam energy
is enough to overcome the corresponding Coulomb
barrier. Only in this case it is possible formation of
dinuclear system which evolves to compound nucleus
or breaks up into two fragments after multinucleon
exchange without formation of the compound nu-
cleus. At more large beam energies (about E., =
140—180 MeV) all ap—ar orientation angles of re-
actants can contribute to ogg and its values are in the
10—100-mb range. At more large beam energies, at
E.m. > 185 MeV, the complete fusion increases (see
Fig. 3), but the evaporation residue cross section opp
goes down and its values are in the 1—0.1-mb range
due to the strong decrease of the survival probability
of the heated compound nucleus along deexcitation
cascade. This is connected by the decrease of the fis-
sion barrier for a compound nucleus by increasing its
excitation energy[16, 17] and angular momentum [6].

Another phenomenon leading to decrease of ogg
at more high beam energy is the fast-fission process
which is the splitting of the mononucleus into two
fragments due to absence of the fission barrier at very
high angular momentum ¢ > £y, where £ is the value
of angular momentum at which barrier disappears.
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