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Fusion-evaporation-fission:
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T he Modified Funny-Hills shape parametrization:
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Equations of motion:

The Langevin equation in the collective coordinates space
{q;}, = 1,2,...,m) is used to describe the fission dy-
namics of a highly excited compound nucleus:
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Here, M and V are the collective inertia tensor and the
potential. F;(t) = > ;9;;G;(¢) is the random force with
Gj a Gaussian distributed random number. Strength of
the random force is related to the diffusion tensor D;;=
>k 9ik 9k, Which is determined by the friction tensor v via
the Einstein relation D;; = ~;;T.



Langevin random trajectory
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Master equations:

The Langevin equation is coupled to Master equations for
the number (N') of evaporated light particles:

dNSP =19 (g, T) dt .

The emission rate I“,fﬁ can be evaluated using the Weis-
skopf or microscopic-semiclassical theory.

The index v denotes type of emitted particle (n,p, a,...).

The energy eo Of a particle is discretized in bins which are
marked by the index a = 1, 2, ..., nmmax, Where the width of
a bln |S Ae — emax/nmax.

The angular momentum £5 of the emitted particle (41, £2, -..; £max)
is denoted by 3



Weisskopf theory™:
The partial decay rate for emission of a particle of type v
with energy e, and orbital angular momentum Eﬁ from a
compound nucleus with excitation energy E* and angular
momentum L is given by
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where hz 3/2 62 aE*
E*, L) = (2L 1)(——
p(E",L) = 2L+ 1), )*2Va &,

is the level density in the emitting nucleus and wy(e, £; x)
IS the transmission coefficient for emitting a particle from
deformed compound nucleus. a is the s.p. level density.

* V. Weisskopf, Phys. Rev. 52, (1937) 295.



Single-particle level density™:

Using the Yukawa-folded single-particle potential we eval-
uate the free energy of a hot and deformed nucleus

F(ZaA5(TaT) — E(ZaAﬂTaT) _T'S(ZaA5§aT) ’

where § = — > [nylog(ny) + (1 — ny)log(l — ny)] and
E = ZV 2ey,n,;, are the entropy and total s.p. energy, re-
spectively and ny is the Fermi occupation number.

The s.p.
tropy by S = 2aT2, and is evaluated from

level density parameter a, is related to the en-

a(Z, A; Q) = (F(Z, 4;¢,T = 0) — F(Z, A;4,T) ) /T*

and approximated by the liquid-drop type expression:

CL(Z, A; q)

GeV
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*B. Nerlo-Pomorska, K. Pomorski and J. Bartel, Phys. Rev. C74 (2006) 034327.




Semiclassical emission theory™:
Here, the particle emission rates are defined as

of d?n,,

— Ae AV,

The number n, of particles of type v which are emitted
per time unit through the surface X is given by

= / o / B3 £,(7), 57) v/ (7) wp (v (7))
>

where fuj_ IS the velocity component perpendicular to the
surface and the primed quantities refer to the body-fixed
frame. The classical phase-space distribution function is:
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* K. Dietrich,K. Pomorski and J. Richert, Z. Phys. A351, (1995) 397.



Effective emission rate™:

Emission rates averaged over all particle angular momenta:

I'S(E*, L) =

25, +1

2mhp(E*)
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where p(E*) = p(E*,L)/(2L+1) is the angular momentum

independent part of the density and
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is the effective transmission coefficient.

* K. Pomorski, J. Bartel, J. Richert, and K. Dietrich, Nucl. Phys. A605, (1996) 87.




Particle and total emission rates:

The total particle emission rate for evaporation of a particle
of given type, irrespectively of its energy, is given by

25, +1

2hp(E*)
0

e

max

n

wS (e; xX)pr(ER)de = Y T(E*,L).

a=1

The total emission rate I' for emission of any kind of par-
ticles is the sum of the particle emission rates:




Evaluation of the transmission coefficients:

e Using the semiclassical and WKB approximation one evaluates the
transmission coefficients at three points (i=1,2,3) in which the main
body-fixed axes (X,y,z) cross the nuclear surface:

wy (e, £, £z;1) = (1 + exp|—27(Ep — e)/(hwy)])) ™

where W; — \/(dz‘/tot(i)/drizl)/mu and ‘/tot — Vnucl+‘/;entr+VC0ul_w£m-
e One averages w, over all projections of ¢

£
By (e, £34) = it S wyle,lylui) 5 i=1,2,3 N
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e The transmission coefficients at arbitrary surface point (0, ¢) are ob-
tained by interpolation:

W, (e, £;0,p) = sin’0 - [w,(e, £;1) cos® p + W, (e, £; 2) sin® ] + w, (e, £; 3) cos* 0

e Finally, the average transmission coefficient is given by:

wy(e, ;x) = /'LIJ,,(e,E; 0, p) da// do
> >




Numerical algorithm for the emission of particles™:

e One first decides in every time interval [t, t 4+ 7] whether a

particle is emitted or not. The probability of the particle
emission during a small enough time step 7, Is given by

P(r) = 1—e 17 = rr.

One then draws a first random number i in the interval
[0,1]. If m;y<P(7) the particle is emitted.

e If yes, one decides which type of particle is emitted by
drawing a second random number m2 € [0,1] falling into
one of three bins:

{T,/T + Ip,/T + To/T} = 1

* K. Pomorski, J. Bartel, J. Richert, and K. Dietrich, Nucl. Phys. A605, (1996) 87.



e One still has to determine the energy of the emitted particle.
Introducing a quantity

1
I, (ea) = T. Z Iy
g epseq

which is the probability that the particle of type v is emitted
with energy smaller than e, (Obviously elggo IT,(e) = 1).
Subdividing the interval [0,1] in a certain number of equal
bins, and inverting the function Il (e) one can decide with
which energy the particle is emitted by drawing a third
random number n3 € [0, 1]

Aegy Aey
s Eav > ]

that selects one of the energy bins thus deciding on the
energy of the particle.
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In three steps one decides: whether a particle will be
emitted, of which type, and with which energy :

A _
First draw lots: e Third draw lots: :
P=TIT
T 5
rl y ep € i i
Second draw lots;

| _—

rp I'n rd : | n
o [T 0 | :
n, n3

Here, 111, m2 and ng are the random numbers.



Free potential energy landscape:

188
Pt, L=0 — fission path in LSD pt =60 — fission path in LSD

The Modiffied Funny-Hills nuclear shape parametrisation (c,h,a,n) of
[A. Dobrowolski, K. Pomorski, J. Bartel, Phys. Rev. C75 (2007)
024613] and the Lublin-Strasburg Drop formula of Ref. [K. Pomorski
and J. Dudek, Phys. Rev. C67 (2003) 044316] are used.



Fusion and fission cross-sections®:

$i + ®Mo at E,,;=165.8 MeV
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Temperature of fissioning system:

5

E'=131.7 MeV

T [MeV]
w

2 118.5 MeV
101.4 MeV

84.1 MeV

0 20 40 60 80 100

Note: A given excitation energy (E*) is shared between
the thermal excitation (temperature T) and the rotational
energy of the compound nucleus (angular momentum L).



Viiss [MeV]

Effect of rotation and temperature on barrier heights
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Example of the time dependence of the fission and
the particle evaporation processes *

Without particle evaporation,
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Comparison of the Weisskopf and semiclassical rates™:
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Spectra of evaporated particles and the deformation
distribution of emitters:
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Solid line corresponds to prefission particles and deformations of the
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residua while the dotted line to the case when the a-emission is off.



Prefission neutron multiplicities for 266—278pg*:
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Estimates of the prefission neutron multiplicities:

Nucleus | Reaction | E* [MeV] | MS-LD | LSD exp
S4B Mo 131.7 1.50 2.48 | 2.52 £ 0.12
118.5 1.32 2.02 | 2.01 4 0.13
126 B3 101.4 0.38 1.36 | 1.32 4 0.09
E 4 107A¢ 118.5 1.32 2.08 | 1.85 4+ 0.11
101.5 1.00 1.23 | 1.31 &+ 0.17
34541549 m 66.5 1.75 2.29 | 2.50 £ 0.7
188 pt 100.0 4.48 4.44 | 45 4+ 0.7
1604 172yp 99.7 4.65 4.52 | 5.4 4+ 0.7
78.8 2.72 2.06 | 2.94 £+ 0.36
3.18 2.49
104.7 4.27 3.17 | 4.41 4+ 0.41
491 3.67
266 g S8Ni+208pp 125.1 5.52 4.03 | 4.74 4+ 0.49
6.20 4.59
144.6 6.61 4.85 | 6.17 4+ 0.48
7.38 5.43
164.6 7.66 5.61 | 7.35 & 0.50
8.46 6.18
185.9 8.76 6.42 | 7.83 4+ 0.46
9.64 6.99

The estimates typed in black are obtained with 50% reduction of the ww friction*.

* J. Blocki, J. Randrup and W. J. Swiatecki, Ann. Phys. 105 (1977) 427.



Find easy approximation of nuclear and Coulomb potential:
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and for the Coulomb potential:

v fit)

C’oul(z) — fﬁt(c’h & 77) Coul(z)

with
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Use the Coulomb potential of spheroidal charge distribution
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Summary and conclusions:

e Particle evaporation determines the time-scale of the fis-
sion process of compound nuclei.

e Deformation enhances the emission process of charged
particles.

e Energy spectra of charged prefission particles are shifted
towards lower energies with respect to the spectra of par-
ticles emitted by evaporation residua.

e T he magnitude of the wall4+window friction should be re-
duced by app. 50% in order to reproduce the data on the
prefission neutron multiplicities of low-excited compound
nuclei while the wwe-friction gives satisfactory results at
higher excitations.

e Lublin-Strasburg Drop model reproduces nicely the fis-
sion barrier heights of nuclei from different mass regions.
e Full four-dimensional calculations in the (¢, h,a,n) de-
formation space are in preparation.



Emission of a-particle in the semiclassical model:

The Wigners function for a-particle is defined as follows:

- 1
fa(R, P) pr— m/InlInzIplezdanlda'nzda'plda'pzp (Ua) .

where o, is spin of nucleon v;, P(oq) is the projection
operator for the spin of a-particle and

1 3 _(ri-R)* _ (5i-P/a)® s 3
I, = %/fk (¥ri,p1)e  20° e 20¢ d°r1d’pq

}_1 .

* A. Surowiec, K. Pomorski, C. Schmitt, J. Bartel, Acta Phys.Pol. B33 (2002) 479.

Here, f stays for the Fermi distribution function

2

fn(7,P) = {1 + exp [; <p —U(7) — wlg — un)

2m




Comparison of the Weisskopf and semiclassical (T-F)
rates for the emission of «-particles *:
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We have assumed here that the a-particle is described by a
distribution function built from two correlated proton and

neutron pairs.
* A. Surowiec, K. Pomorski, C. Schmitt, J. Bartel, Acta Phys.Pol. B33 (2002) 479.
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Energy spectra for different deformations:
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Deformation dependence of the total emission rates™:
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* K. Pomorski, J. Bartel, J. Richert, and K. Dietrich, Nucl. Phys. A605, (1996) 87.



