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Fusion-evaporation reactions
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The evaporation residue cross-section

UER( ) ZJ OUC( cm.,J)PCN(Ec.m.,J)Wsur(Ec.m.7J)

depends on the capture cross section o. describing the transition of the colliding
nuclei over the entrance (Coulomb) barrier, on the probability Pcx of the
compound nucleus formation after the capture, and on the survival probability
W Of the excited compound nucleus against fission.

At small angular momenta,
UER(Ec.m.) ~ O-C(Ec.m.)PCN (Ec.m.)Wsur(Ec.m.),
where o (Ee.m.) = 52— (Jmaz + 1)2Pe(Ee.m.).
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Capture probability

a) Parabolic approximation
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Dynamics of fusion. Collective coordinates

Heavy and superheavy nuclei can be produced by
fusion reactions with heavy ions.

Two main collective coordinates are used for the
description of the fusion process:

e Relative internuclear distance R
e Mass asymmetry coordinate n=(A,-A,)/(A +A ) for
transfer of nucleon between nuclei



Description of fusion dynamics depends

strongly whether adiabatic or diabatic
potential energy surfaces are assumed.
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a) Models using adiabatic potentials

Minimization of potential energy, essentially
adiabatic potential in the internuclear
distance, nuclei melt together.
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Large probabilities of fusion for producing
nuclei with similar projectile and target
nuclei.



Adiabatic potential.

% entrance
fusion /C—>— quasifission

| iy
touching R
configuration




b) Dinuclear system (DNS) concept

Fusion by transfer of nucleons between the

nuclei (idea of V. Volkov, also von Oertzen),
mainly dynamics in mass asymmetry degree
of freedom, use of diabatic potentials, e.q.
calculated with the diabatic two-center shell

model.
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PHDCESSES IN THE INITIAL DNS
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DNS model. Master equation.

d _
S PzN(t) = &(Z.ﬁ??NPZ-l-l,N(t) N }Pz 1,n (1)

&(Z{?}E-?-IPZ N1 + A +)1PZ’ N-1(1)
- (a7 4855+ &% 2+ 8850) Pyt
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Rates A depend on single-particle energies
and temperature related to excitation energy.

Only one-nucleon transitions are assumed.
A%, . rate for quasifission

A"s, rate for fission of heavy nucleus



The charge and mass Yyields for
quasifission can be expressed

Ly
YZ.N (rm) — Ag.ﬁf*_[ szw (1)dt
0

The time t, of reaction is determined by
solving the normalization condition

Z Y, v(@)+ Fepy = 1
Z.N



Survival probability

The survival probability under the evaporation of a certain sequence s of x
particles is considered as

. i} T (E* )
WSUT‘(ECN) (ECN) H I‘t(E*

1s=1

Here, is, Ps, and E; are the index of the evaporation step, the probability of
realization of the channel s at the initial excitation energy E5 5 of the compound
nucleus, E; is the mean value of excitation energy at the step 7.

In the case of the emission of  neutrons:

x

', E * E;k

The dependence of P,, on ECN Is Gaussian-like function with the maximum at
E&n =Y %i_, Br + 2T, B, (k) is the separation energy of the k" evaporated
neutron, T the average nuclear temperature.

In the case of the emission of one neutron:

* * L (Ec
Weuwr(EGN) & Pln(ECN)WET%°
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Survival probability

The decay width of channel i is given in terms of the probability Rcn, of this
process as

Ron;
I, =
2mp(E

CN)J) )

The probability of evaporation of particle 5 (neutron, proton, «-particle)
Ecn—Bj

Ron;(E&n, J) =3, [ depa(E&y — By — €, Ja) gy o il 5 s Tii(e)
0

can be calculated by using the separation energy B; of particle 5 with spin s and
the level density pq.(E&ny — Bj — €, Jq) of the daughter nucleus. The transmission
coefficient T};;(¢) through the barrier is calculated by using an optical model
potential.

The fission probability in the case of an one-hump barrier of height B¢ (E¢ ) and
curvature hw is given as

EEN_BJC(EEN)

* o pf(E* —Bf(E* )—e)de
RCNf (Ecn,J) = bf 1+exp[27r(ec+]\§3f(Ech)fEéN)/(hw)]'
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Calculation of level density. Fermi-gas model.

B 1) = geresbhbreexp {2/alE =) - S22 ).

24~/203al/4(E* —5§)5/4 exp 202

where o = 6m2./a(E* — §)/x>, § is the pairing correction. The level density
parameter a IS proportional to the density of single-particle states at the Fermi
surface. The average projection of the angular momentum of these states is
estimated as m? ~ 0.24A4%/3.

The damping of shell effects with the increasing of the excitation energy is taken
into account in fission barrier.

By(E*) = By” 4+ B} (E* = 0) exp[—E* /Ep].
The main parameters here are a, ay/an, Ep.

For small excitation energies, E* — § < U, it is better to use

(B, J) = iexP (E*T_OUO) exp{—(Jz—i\—/%i)?) /(20 )},

1o
which corresponds to the model with constant temperature T'. U, = 2.2 MeVW.

Survival probabilities
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Model with the collective enhancement of level density

p(E",J) = Kyin(E™) Krot (E7) 24\/§agff(a(A,E2’:]jéc)[E*—Ec]5)1/4 :

exp {2\/CL(A, E* — E.)|E* — E.] — %} ,

where the condensation energy F/. decreases the ground state energy of the Fermi-gas by 1-3

MeV due to the correlation interaction.

s %i/?’oﬁ/?’ \/(E* — FE.)/a for axial deformed nuclei,

eff —
3 \/ Ex — /a for spherical nuclei.

The damping of shell effects with the increasing of the excitation energy is taken into account in level

density parameter

E*_E,

which depends on the microscopic correction 6 W and excitation energy E™
The fission barrier: By = By (E™ = 0).

The main parameters here are a(A), Ep.
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The variation of parameters can be very
influent to the results of calculation!




Survival probability. Scheme of calculation.

® Choice of theoretical model which predictions of nuclear properties (binding
energies, fission barriers, microscopic corrections, etc) for the nuclei in the
considered region will be used in the calculation.

® Determination and verification of the parameters of statistical model by
comparison of the calculated values for some nuclei from considered region
with the existing experimental data.

°

Set of these parameters for the whole region.

°

The description of the other experimental data and predictions for the cross
sections of the reactions which have not been investigated experimentally yet.
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Superheavy nuclei. Pb-based reactions.
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Pb(*Ca,xn)**No

208
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The predictions of

microscopic-macroscopic model by A.
Sobiczewski et al. are used:

Set of parameters:
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1) Fermi-gas model:

an = A/10, ay = 1.02an,
Ep = 0.4A%3/a.

2) Model with the collective
enhancement of level density:

a(A) = 0.114A + 0.162A2/3,
E}, = 0.4A%3/a

Determination of parameters — from the analysis of the reactions 48 Ca+204:206,208pp,

Survival probabilities
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Superheavy nuclei. Pb-based reactions.
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Superheavy nuclei. Pb-based reactions.

Reactions EXy oth, oth, onr
(MeV) | (fermi) (coll)
1BCa+209Bj—255103+2n 20 05ub | 0.15 ub
48Ca+209Bj—254103+3n | 30.5 25 nb 14 nb
50Ti+208ph256104+2n | 215 | 44nb | 44nb | 185%1 33 nb
50Ti+208ph255104+3n | 29.5 | 2.3nb | 45nb | 0.993793; nb
50Ti+209Bj—257105+2n | 21.9 | 1.7nb | 0.6nb 2.4703 nb
50Tj+209Bj—256105+3n, 31 150 pb | 70pb 1907735 pb
54Cr+208pp—260106+2n | 22 | 0.27nb | 0.16nb | 0.579:0% nb
54Cr+208pph—259106+3n 32 27 pb 41 pb 10737 pb
54Cr+209Bj—261107+2n 22 145pb | 3pb
54Cr+209Bj—260107+3n 32 3.2pb | 0.8pb
58Fe+208pp_,264108+2n, | 205 | 4.7pb | 5.1pb 4.54757 pb
58Fe+208pph_,263108+3n, | 32 | 0.96pb | 1.5pb
58Fe+209Bj—265109+2n 22 5 pb 1.2 pb
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Production of neutron-deficient actinides in
the reactions

24,25,26Mg + 204,206,207,208Pb — Pu + xn

28,305 + 204,206,207,208Ph —Cm + xn and axn
27Al + 204,206Pp — Am + xn

40,44,48Cg + 184,186\\/ — Pu + XN

10.44Ca + 19019205 — Cm + xn and axn

28Si + 192Pt, #Ca + 7®Hf —U + xn

34G + 204.206ph — Cf + xn

Fusion probabilities are calculated with the
master equations.



Parameters to calculate W,

For N>128 (N<125), we take a=A/10 (a=A/8) in all
evaporation channels.

For the near magic nuclei with N=125-128,
a=an=aQ=A/10 and ap=A/9.7.

af=1.03a (af=1.02a) for Z<95 (£=99)



Reaction |FE.n,. (MeV) Channel oth. O b

SOKr+'%®*Ba 213.3 n+ an + 2an 4 nb | 2055 nb
218.6 n+an+2an |15nb | 8% nb
225.3 n + an 4+ 2an 65 nb 5U+ nb

225.3 2n + a2n + 2a2n| 23 nb | 19798 nb
232.3 2n + a2n + 2a2n (140 nb|[1407.2° nb

237.4 3n + a3n 213 nb (180130 nb
SOKr+191Ba 220 2n + a2n 4nb | 2% nb
220.9 np + anp 1 nb | 67;% nb
227 np + anp 4nb | 6X;° nb
229 np + anp 7 nb
Si+2"Pb 141 in 3.5nb | 1.7773 nb
141 a3n 16 nb | 6'3 nb

143 3np 6 nb 612 nb
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Incomplete fusion reactions
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The evaporation residue cross-section
UER(27 N — 33) — O-capYZ,NWsur(xn);
where Z and N are charge and mass of the heavy fragment.

We desrcibe the production of nuclei with 101 < Z < 108 in reactions *®Ca+23%U,
243 Am, 244:246.248Cm_ The produced ER have mass numbers between those for
superheavies produced in the cold and hot fusion reactions.

Survival probabilities ... — p. 21/26



il
HEEHE e

113 278
0.24 ms

07 ms

valley o

f B-stability




48Ca _|_244Cm A
E. =207 MeV

48Ca +246Cm ®
E_=205.5 MeV
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