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Introduction

Purpose of the work1

1J. Khuyagbaatar, K. Nishio, S. Hofmann, D. Ackermann, M. Block, S. Heinz, F. P.
Heßberger, K. Hirose, H. Ikezoe, B. Kinlder, B. Lommel, H. Makii, S. Mitsuoka,
I. Nishinaka, T. Ohtsuki, Y. Wakabayashi, and S. Yan, Phys. Rev. C 86, 064602
(2012)
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Introduction

The sketch of the damped reaction channels
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Dinuclear system model

Potential energy

Nucleus–nucleus potential

V (R) = VC (R) + VN (R) + Vrot(R) (1)
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Vrot(R) = ~2 l(l + 1)

2µR2
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Dinuclear system model
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Dinuclear system model

The nuclear part of the nucleus-nucleus potential

Vnucl (R) =

∫
ρ

(0)
1 (r − R)feff [ρ]ρ

(0)
2 (r)d3r,

feff [ρ] = C0

(
fin + (fex − fin)

ρ(0)− ρ(r)

ρ(0)

) (2)

Here C0=300 MeV fm3, fin = 0.09, fex = −2.59 are the constants of the effective
nucleon-nucleon interaction2; ρ = ρ

(0)
1 + ρ

(0)
2 .

ρ
(0)
i (r) = ρ0

{
1 + exp
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r − R̃i (β
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2 , β
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a0

]}−1

,

R̃i (β
(i)
2 , β

(i)
3 ; θi ) = R

(i)
0

(
1 + β

(i)
2 Y20(θi ) + β

(i)
3 Y30(θ′i )

)
,

ρ0 = 0.17 fm−3, a0 = 0.54 fm and i = 1, 2.

2A.B. Migdal, Theory of the Finite Fermi–Systems and Properties of Atomic Nuclei,
Moscow, Nauka (1983).
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Dinuclear system model

The influences of the rotational angular momentum on nucleus-nucleus potential;
for αP = 45◦ and αT = 30◦ solid line ` = 0, dashed line ` = 40, dotted line

` = 60, dash-dotted line ` = 80.
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Dinuclear system model

Relative motion

Equations of motion

µ(R)
dṘ

dt
+ γR (R)Ṙ(t) = F (R),

F (R, α1, α2) = −∂V (R, α1, α2)

∂R
− Ṙ2 ∂µ(R)

∂R
dL

dt
= γθ(R)R(t)

(
θ̇R(t)− θ̇1R1eff − θ̇2R2eff

)
(3)

L0 = JR (R, α1, α2)θ̇ + J1θ̇1 + J2θ̇2

Erot =
JR (R, α1, α2)θ̇2

2
+

J1θ̇1
2

2
+

J2θ̇2
2

2
.
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Dinuclear system model

Relative motion

The difference between capture (a) and deep-inelastic collisions (b) caused by the
dependence of the dissipation of the total kinetic energy (TKE) of the relative

motion and the nucleus-nucleus potential on the radial distance.
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Dinuclear system model

Relative motion

Capture cross section

σ(`)
cap(Ec.m., {αi}) =

λ2

4π
P(`)

cap(Ec.m., {αi});

(4)

Our model allows to calculate capture and deep-inelastic collisions of two
heavy-ions at the near Coulomb barrier energies. Initial physical quantities are
ZP ,AP ZT ,AT , Ec.m., L, α1, α2.
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Dinuclear system model

Deep inelastic collision (a) and capture (b),(c),(d) trajectories at collision energy
Ec.m. = 146.41 MeV for the 36S+206Pb reaction. Blue solid lines are Vint; black

dotted lines are Etot; red dashed lines Veff .
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Dinuclear system model

Sub-barrier capture stage

To investigate sub-barrier fusion process where excitation energy is less than 30
MeV:

P(Ecm, `) =

∫ Rout

Rin

√
2µ

~
(V (R)− Ecm)dt;

T (Ecm, `) = exp [−P(Ecm, `)]; (5)

σ(Ecm, `) =
π~2

2µEcm
(2`+ 1)T (Ecm, `).

Where P(Ecm, `)–action integral; T (Ecm, `)–transmission coefficient;
σ(Ecm, `)–partial fusion cross section.
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Dinuclear system model

Sub-barrier capture.
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Comparison of 34S+208Pb and 36S+206Pb reactions products

Potential energy surface

U(Z ,A,R) = B1(Z ,A) + B2(ZCN − Z ,ACN − A)− BCN + V (Z ,A,R)

Potential energy surface of the dinuclear system leading to ∗242Cf
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Comparison of 34S+208Pb and 36S+206Pb reactions products

Potential energy surface

Contour maps of the PES calculated for the 36S+206Pb and 34S+208Pb reaction
with the non-equilibrium distribution of neutrons between the DNS fragments.
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Comparison of 34S+208Pb and 36S+206Pb reactions products

Driving potential which is leading 242Cf

U(Z ,A,Rmin, `) = B1(Z ,A) + B2(Z ,A)− BCN + V (Z ,A,Rmin, `)
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Comparison of 34S+208Pb and 36S+206Pb reactions products

Charge and mass distributions of the DNS products

The yield of decay fragments

The probability YZ of formation of the reaction products with the charge number
Z is found by expression

YK (E∗K , `, tint) =

tint∫
0

PK (E∗K , `, t)Λqf
K dt, (6)

here PK (E∗K , `, t) is the probability of the charge and mass (K = Z ,N)
distribution between nuclei of dinuclear system which is calculated by solving the
transport master equation:

∂

∂t
PK (E∗K , `, t) = ∆

(−)
K+1PK+1(E∗K , `, t) (7)

+ ∆
(+)
K−1PK−1(E∗K , `, t)

−
(

∆
(−)
K + ∆

(+)
K + Λqf

K

)
PK (E∗K , `, t)

Kayumov B.M. (INP AS RUz) Reaction between sulfur and lead NUUz, November 7, 2018 19 / 27



Comparison of 34S+208Pb and 36S+206Pb reactions products

Yield of DNS products

Evolution of the N/Z ratio in a fragment of dinuclear system formed in the
36S+206Pb and 34S+208Pb reactions.
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Total cross section of reactions

Calculation of total cross section and yield.

σ
(`)
fus(E∗CN, {αi}) = PCN (E , `, {αi})× σ(`)

cap(E∗CN, {αi}); (8)

PCN (E∗Z , `, {αi}) =
Zmax∑
Zsym

YZ (E∗CN)× P
(Z)
CN (E∗Z , `, {αi}). (9)

3

3K. Kim, Y. Kim, A.K. Nasirov, G. Mandaglio and G. Giardina Phys. Rev. C 91,
064608 (2015).
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Total cross section of reactions

Comparison of partial fusion cross section for 36S+206Pb
and 34S+208Pb.

Kayumov B.M. (INP AS RUz) Reaction between sulfur and lead NUUz, November 7, 2018 22 / 27



Conclusion

Comparison of experimental results for 36S+206Pb.
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Conclusion

Comparison of experimental results for 34S+208Pb.
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Conclusion

The low barrier of the entrance channel in the 36S+206Pb reaction is
favorable to decrease the CN excitation energy since it makes lower threshold
value of the beam energy leading to the CN formation.

Non-equilibrium stage of the charge and mass distributions between nuclei of
DNS at the time t = 6 · 10−22 of evolution of DNS is studied to estimate the
difference in the fusion probabilities between 36S+206Pb and 34S+208Pb
reactions.

The difference between the fusion cross sections in these reactions is
explained by the higher intrinsic fusion barrier in the 34S+208Pb reaction.
This fact is caused by the distinction of the N/Z -ratios in the light fragments
of the DNS formed during the capture in 36S+206Pb and 34S+208Pb
reactions.
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Thanks for attention!
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The frequencies ωm and ωqf are found by:

ω2
m = µ−1

qf

∣∣∣∣∂2V (R)

∂R2

∣∣∣∣
R=Rm

,

ω2
qf = µ−1

qf

∣∣∣∣∂2V (R)

∂R2

∣∣∣∣
R=Rqf

.

The calculated values of ~ωm and ~ωqf were equal to 46.52 MeV and 22.37 MeV,
respectively. The collective enhancement factor of the rotational motion Krot is
calculated by the well known expression4:

Krot(E∗Z ) =

{
(σ2
⊥ − 1)f (E∗Z ) + 1, if σ⊥ > 1

1, if σ⊥ ≤ 1 ,

where σ⊥ = JDNST/~2; f (E ) = (1 + exp[(E − Ecr )/dcr ]); Ecr = 120β̃2
2A

1/3 MeV;

dcr = 1400β̃2
2A

2/3. β̃ is the effective quadrupole deformation for the dinuclear
system.

4A. R. Junghans, et al., Nucl.Phys. A 629, 635 (1998)
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