Heavy-ion reactions at low energies

1. Introduction (experimental and theoretical aspects)

2. Deep-inelastic collisions (properties and description)
3. Nucleus-nucleus interaction (methods of calculation)
4. Pecularities of fusion reactions (adiabatic and diabatic

treatments)



1% nuclear reaction with p beam: 1931
p, a, d beams for study of nuclear structure

50-60" years — ion sourses
heavy ion wave length < 0.1 fm (classical particles)

50" : linear accelerators in USA
60" : ciclotron in Dubna
70-80" : linear accelerator at GSI, ciclotron at GANIL and ...

beam of light nuclei:

nuclear reactions / processes: elastic, inealastic scattering,
nuclear transfer reactions, formation and decay of compound
nucleus

beam of heavy ions:

the Coulomb fission of heavy nuclei and excitation of high-spin
states, population of highly-deformed nuclear states, multinucleon
transfer reactions, compound nucleus formation



Problems of synthesis of superheavy nuclei
Production of exotic nuclei, new isotopes

Study of various decay modes including fission, emission of
delayed proton, p and 2p radioactivity

High-spin states
Highly excited compound nuclei
Sub-barrier processes

Cluster or molecule states



quasi-elastic scattering
direct reactions

grazing collision

fusion

deep-inetastic collision

distant collision

elastic scattering
Coulomb excitation

Classification of reactions by impact parameter.

impact parameter b=I/k



Reaction cross section
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For large angular momenta
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0 < [ < I fusion,
[r < | < Ipic deep-inelastic collisions,
Ipic < [ < Iy quasi-elastic collisions.
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Measurments of y-multiplicities show that the vy-rays emitted
after a DIC carry angular momentum, which is taken out of the
relative motion of the collision partners. This shows that there is
considerable transfer of angular momentum from the relative
motion to the internal system.

- Coulomb-like collisions. Collision partners are higly charged and
the incident energy is relatively low. The Coulomb repulsion
dominates and the projectile is strongly reflected to large,

backward angles.
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- Focussing collisions. Higher energies or lighter nuclei.
Scattering into a narrow angular region.
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- Orbiting collisions. The attractive nuclear force dominates over
the Coulomb force. This pulls the trajectory of the projectile
around the target into the region of negative scattering angles.
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End of 60" — discovery of new type of nuclear reactions — DIC

Mechanism: dynamic & statistic pecularities
formation of DNS — result of nucler viscosity and
microscopic effects

nuclear molecule «— DNS

guasistationary states dynamics

Study of DIC

identification of the products
scattering chamber
radiochemistry

AE-E detectors

time of flight

magnetic spectrometra
two-shoulder detectors
detectors for n, p, a, and y
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Characteristics of DIC
- total dissipation of kinetic energy — energy distribution has

maxima at Vb for the fragments, independent on Ec_m_

- angular distributions have maxima at forward angles

decrease of anisotropy with increasing number of transfered

nucleon

- large variation of mass (charge) distributions (max. at AIo
(A) and Zp (£))

- N/Z ratio

- sharing of excitation energy and angular momentum
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lllustration of the formation of WO  conour diagram representing the transfer
peaks in the energy spectrum reaction data for **Th(*Ar,K) at 388 MeV



Fot.

energy llustration of the dependence of

the potential energy of the system of two
touching nuclear drops on mass asymmetry
and parameter (Z, + Z,)*/(A, + 4,)

— Asymmetry ——




Set of coordinates for the description of DNS evolution:

Wz:[z1_zz]”‘z1*zﬂ, WZ[Al_AEI]”Al"'AEI] R

]

The potential energy of DNS:
LT['RJ r.'I: "?g: ﬁl}ﬁj}‘j]:B1+Bg+F[R”: ”E: ﬁhpﬁl‘jj

The nucleus-nucleus potential:
7 (R,n,n5, BB, T)=V (R0, B, B,)+V (R0, BB+ (. BB, T )

1.F2 raf !
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MON-PAIRING CORRECTIONS

CROUND
STATE

Qgy ={M, + M) - (M, +M,) corresponds to
transttion (G.5.)gne = (G.3)

acceplar

DEEP [NELASTIC TRANSFERS

GROUND
STATE

EXITED
STATE

tronsttions (G.S),. . —(E.5)

aeCceplor

pawring energy un accestor nucleus
8(p) - b(n)=

of transferred nucleon eaurs

Illustration of the necessity of introducing corrections for non-pairing.
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The Q,, systematics for the reaction 2**Th + 2*Ne, corrected for non-pairing.
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Langevin description

Two colliding nuclei with reduced mass M move in the field
of the interaction potential V(R), where R is the collective
coordinate. Lagrangian

Lo(R,R) = sMR* — V(R).

The internal motion is described by a set of harmonic oscillators
of mass m and frequency «, with internal coordinate q.

The internal Lagrangian:

. m;
Linu(gi, qi) = E —(q, — wiq;).
!
The interaction between the collective motion and the internal

subsystem is assumed to be separable and linear in coordinate.
This drastic assumtion allows us to do analytic.



The full Lagrangian

LR R qi.4i) = Lo(R R) + L. 60) + Y fi(Rgi.

where f(R) is the form factor of the coupling, it vanishes at R

beyond which the reaction partners cease to interest and has
the same range as the potential V(R). The equations of motion:

i dV(R) ) qu a.’f,(R)

miq; = -~—m;w,-2q;' + fi(R).



In order to get the equation in R alone, we must eliminate the
internal coordinates. So,

! .
s Ji(R(s))

sin w; (f — 5),

gi(t) = q’(t) +
Iy m;wj

where the first term is the solution of the homogeneous part
with f,-=0’ and has the form

Pi0
m; w;

stnw; (f — ty);

g (t) = gio cos w; (t — 1)

q,and p_ are the values of the coordinates and momentum
of the oscillators of the bath at an initial time ¢ . The second
term incorporates the effect of coupling.



Substituting the solution for internal coordinates, we obtain
the differential equation for R

. dV(R) I - dfi(R)
MR = ————+ ,: — ds fi(R(s))sinw;(t - s) T
dfi(R)
0
+Z‘5],'(f) T

Integrating by parts in the second term,

! | , s=t
/ ds fi(R(s))sinw;(t —5) = filR(5)) COS w;(t — 5)

o Wi
_ [m 4 ;};(S)) R(s)w—f cos wi (7 — 5),




The surface term contributes only at the upper limit s=t

Ji(R(s))

Wy

As a result

cosw;(t — §)

§=1 _ f}(R)

S=1y Wy

MR = F(R) + Faict(R, R) + FL(R. 1).

The renormalized conservative force

F(R) =

dV (R)

dR

The renormalized potential

V(R) = V(R) >3

!

2m;w

Z[ﬁ(R)]Z.

!



We have defined the friction force
- L (" dfi(R(t)) dfi(R(s)) .
Fis (R,R)z—z_-—/ds R0 syt — o) I
rict | m;wf' Io o cos w; (t — §) R(s)

and the Langevin force

FL(R.1D) = ) (1)

{

dfi(R)
dR

The renormalization term can be taken away by writing the full
Lagrangian in Caderia and Leggett form

. . o\’
L(R. R gi. ;) = Lo(R R)+Z-q, Zﬁz‘“_(q_ﬂ’i).)

The equation for R derived from such a Lagrangian contains only
the original potential V(R).



The friction force (non-Markovian)
t

Firict (R, R) = _/ ds y (1, S)R(S)

0

Here, we introduce the friction kernel (assume, for simplicity,
m=m and f(R)=f(R))

, |
y(t,5) = f/(R®)f'(R(s)) Z

maw

5 cosw;(t — §),

!

where f'(R) =df(R)/dR. The sum overi is a sum of many

terms with varying signs which effectively vanishes except when
all the cosines have nearly vanishing arguments, i.e. |t — 5| < €;

the small time interval € is the memory time determining the
retardation of the friction force, i.e. Its length of memory.Therefore,

]
Z 5 COS wi(t —5) X 2906t — 5),

;I

where 8. (f — §) is a 'smeared-out §-function with a range e.




Integrating over t, we get

N 1
20 =/ dt Z COS w;f,
oo i

—

where the factor 2 is introduced for convenience. The friction kernel

then becomes
y(t,s) =2y (R)d(t — 5)

with the friction coefficient ,
!
Y(R) =wlf (K)]”
The dependence of R(f) on t is assumed to be weak, so that we can

set R(s)=R(t) for |s-t|<e.
Let us introduce the spectral density g(«w) of the intrinsic excitations,

which allows us
OO0
Z—)f dwg(w)---.
{ 0



Then - |

dw g(o))—2 cosw(t —s) ~ 2y b (t = 5),
0 ma

where

2y0 = / dt/ dw g(w) cos wt.
— 00 0

mw?
Fiic(R, R) = —=y(R) R

Energy loss

E(t) = Fiie(R, R)R = —=y(R) R*,



Langevin force

For simplicity, we assume the same form factors.

FL(R.t) = fI[(R)E@),
E(r) = Zq?(r)

The oscillators are assumed to represent a 'heat bath' (Brownian
motion). Owing to the implicit interactions of the oscillators of the
bath, the coordinates g and momenta p_are treated as random

variables whose distributions has mean value zero,

(gio) =0, {pio) =0,
where (...) denotes the average over the ensemble of these variables. They are regarded
as uncorrelated,

where



(qi0 gjo) = 8i;{qio)
(pio Pjo) = 8ij (Pio)

where the quantities <qi20> and (qizo) are the mean-square elongation and momentum of
the i-th oscillator, respectivelv.

(&) =0,

EME)) =) (g) coswi(t — o) cosw(t' = 1o)

*

!

I . . /
1. Z W(pfo) sinw; (t — ty) sinw;(t — tp).



2cos w; (1 — to) cosw; (t —tg) = coswi(t —t') +cosw;(t +1 + 2p),
2sinw;(t —to) sinw; (' —tg) = coswi{t —t') —cosw; (t + 1 + 2tp),

Thus,

(EMEED) ~ ) 532 cosw;(t —1'),

where (€;0) 1s the mean energy of the i-th oscillator,

<P%ﬂ
(€i0) = — + tm;w? (g3).
2m{_ 7MW (g

We assume that the heat bath is in equilibrium and can be
characterized by a temperature T.

(€j0) = kBT,



Then

EWEE) ~ kaT Y —— cosa(t =)

{

mi=m

(EME()) = 2dy 8 (r — 1)
where the correlation strength dy is given by

dy = yokpT.

The normalized time-dependent variable

1
[(1) = — &(1),
\/d_oé()

with Gaussian distribution.



(') =0,
(C(OT (")) = 281 — 1),
The average of the Langevin force is

(FL(R(1),1)) =0.

Its correlation function is

(FL(R(t), )FL(R(t"), 1)) = 2D(R) 8¢ (t — 1),

where we have introduced the fluctuation strength coefficient
D(R) = dol f'(R)1?,

Fi(R,t) =/ D(R)T ()



Fluctuation-dissipation theorem

D(R) = y(R) kT,

connects the fluctuation strength coefficient D of the Langevin
force with the friction coefficient . It is a consequence of the fact
that the friction and Langevin forces have their origin in the
coupling between the collective motion and the bath.

At low temperatures

(e;) = L (S
€;) = 5hw; CO
2 2k T




Langevin equations, their applicability to DIC

MR = F(R) + Fiic(R, R) + FL(R, 1)

Fric(R, R) = —y(R) R,

FL(R, 1) =V D(R) I'(1),

. P
R = —.
M
L~ P
P = F(R) — y(R)M -/ D(R) T'(1).

Generalization to the multidimensional case.

The internal system equlibrates quickly, its equilibration time is
smaller than the correlation time € and also smaller than the
time scale of collective motion.



Fokker-Planck equation for distribution function

)
—d(x;1) = - Z a—v, ()d(x; 1) + Z

Dij(x)d(x; 1),

x,ax,
P
VR = —,
R ™M
vp = F(R) — v(R) £
P - y Ms
Drr =0,
Dpp = D(R),
Dpp =

Jd P 0 ~ P
—d(R, P; 1) = [—-—— — (F(R) - y(R)—M-)

2
+ —-—D(R)] d(R,P:1).



Simple examples
1-dim., const. coefficients

8a{(Z-r)— 8 D 0° d(Z; 1)
ar T\, 572 )

Introducing the new variable X = Z ~ vt in the place of Z, we obtain the equation

2

3 3
—d(X:t) = D d(X::1).
—d (X 1) Sz d (XD

With the initial condition d(X; 0) = §(X) it has the solution

| 2
d(X: 1) = X /4D1
vamr Dt
or
d(Z: 1) = I e—(Z—vt)2/4Dr.

van Dt



(1) = de d(Z:t) = 1.

The mean value and the variance are found from the first and
second moments of the distribution function.

Z(t) = (Z) = deZd(Z; ) = vt,

oz, =(Z—-7Z1% = [dZ (Z — vt)*d(Z; 1) = 2Dt



1-dim., variable drift coefficients
2

Sazy=(-Lozy+ D2 N az
ot T\ Tgz" 972 (2, 1),

The equilibrium solution (f—o0) has the form of Boltzmann

distribution
d(Z) o e~V D)/ kel

where T is the temperature of the system.

2 v+ LY az. =
57 (_U( ) + 5—2—) (£Z,1) =0,

‘ D d(Z),

W)= T8 az



D aU(Z)
kT 087

v(Z) =

In the first approximation

C 2
U(Z) = —(Z - Z))*
Li |
Here Z,, is the total charge of projectile and target, and Zg = Zyyi/2. The factor C 1
the stiffness of the driving potential.

0 d 2CD 3*
— — Z-7)+D— |d(Z.1).
TR (aZkBTZEm( ) az~) el
Z —Z()?
AZ 1) = 1 exp( [ : (D)) )
ﬁnaéz(t) 207 7(1)



for an initial projectile charge Z(0) = Zpyq;,

- 20D
L(t) = Zs — (Zproj — Zs) CXp t

kpTZ2,

ke TZ2. T ACD \

o%z(t): B~ Ztot lmexp( t) .
2C | kpTZ2,

For large interaction times the system evolves towards symmetry,

Ztot

Z(t) > Zs = for t — o0.

kpT Z?
05,(t) — Bzctm for 1 — o0.




General case

d(R,P;1)

R(t) = (R(1)) .—_fdedP RA(R, P:1).

P(t) = (P(1)) = /dedP Pd(R, P: 1),

U;ZQR(I) = (
Ufzap(f) = {

ogp(t) = (

R — R(t)

P — P(1)

R — R(1)

Y = (R*) — R*(1).
)y = (P?) — PA(1),
[P — P(t)]) = (RP) — R(t)P(1).
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Fusion

stability of the formed compound nuclei

fisility parameter

X =~

x>1 — unstable
x<1 - stable
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The projectile moves in the field of the Coulomb-plus-nuclear
potential V(r). For a given impact parameter b the radial motion
IS governed by the potential

b2
Vp(r) = V(r) + E—,
!
VB = V(RB) = Vp—o(Rp),
b=
Vg + E—= = E,
B







Total fusion cross section

P
OfF = J‘Tbér.
VR
or(E) = 7 R (1
F(E) B I3
o 1 20Ne+27Al
[mb]
nRé

1000




Limutation by angular momentum

The compound nucleus becomes unstable against fission above
the certain value of angular momentum / =/ ' bcrit — lcm/k,

crit crit’
rrbér for bgr < Derit,
OF =
nb?. for bor > berit.

crit
7 R5(1 — Vg/E) for E < Egit,
OF =
Th*l? S22 E for £ > FE.p;.

Cri
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Sub-barrier fusion

transmission coefficient in the WKB approximation

2 “ 4 /
I' = exp (_;’Z/b IP(X)IdX),.

p(x) = 2ulE — V(x)].

For the parabolic barrier, Hill-Wheeler formula

T = T(E) !
- 1 +exp[2n (Vg — E)/hw]




|
| + exp{27[Vg + R*I(L + 1)/2uR3 — El/hws)

' 2 2
2 | d (V(r) R l(1+l))

I(E) =

\

o dr? 2ur>

o (E) = %Z(zz + DTH(E)
[=0

27 /00 ld]
k2 Jo 1+ exp{2n[Vp + 122/ 2uRE — E)/hwg)



With the substitutions y = P oa= expl2n(Vg - E)/hwpl and b = nh /uR%wg we
obtain

(E) = ”/OC & (!
— —1In — .
F k2 Jo 14+aexpby) k2b a

Going back to the original parameters, we arrive at the Wong formula for the fusion cross

section hwg R
op(E) = T In{1l 4+ exp[27(E — Vg)/hwgl}.

TR:(1 - (Vg/E)] for £ > Vg,

0f(E) = |
(thR J2E)expl-2n(Vy — E)/hwg] for E < V.
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Nucleus-nucleus potential

U (R )= Uy (R)+ Ueoep (R) + Uppy (RT)

Ph e/zome/w/OfL'aa/ /ooz‘eﬂ lZials

4. (R) = Y RiR R -Pr-R2
N Ozf—-l-—gaz— e.XP( e = )
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Sudden approvimalion remains the
strweluses of Z/zszz,ﬁnf nuelsd

P ) =ﬁ(’?) + 0, (7 )

small compressibility of nucleay malter —
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<W(Q)IQI‘P(R)> =Jd?a(3)

Uy (R) =jef‘? {a(gwgz)-e(gf)—e(gz)}

parametiigation of £(p)

V.N. Bragin, M.V Zhukor, Part. pucl #5:198y) 225



Uy (R)= C ¢

3y + 54 (SHE)S S L-16 fm

\J
e =C1C2/(cl+c.e)

| s
S=R-C-C, , R =4,16 ,4‘-37%, Ci=Ri-1/R;
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p zo.zz'mz.'é%_ polential
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DOUBLE FOLDING POTENTIAL

Uy(R) = |py(r,)p,(R-1,)F (x, —1,)dr,dr,

The method allows us to take into account the finite size of
interacting nuclei by their densities. However, there is a
question of the choice of the nucleon-nucleon interaction. The
microscopic theories were developed together with the
phenomenological approaches.

With the density-independent nucleon-nucleon interaction Uy is
deep and does not take into account the exchange effects
connected with antisymmetrization. These effects are
separately treated excluding the forbidden states of the deep

potential well from consideration,



The density dependence of the nucleon-nucleon interaction
allows one take into account the exchange and saturation
effects phenomenologically. Among that kind of interactions,
the Skyrme-type interactions are often used due to their simple
structure. Without momentum dependence the expression for
the Skyrme interaction reduces to the expression for local

Interaction



F(r1 - 1‘2) — Co(Fm ﬂﬁ) + Fex [1 N p(l‘l ))]5(1'1 - rz)
P oo P oo

p(r)=p,(r)+ p,(r)

GR=G (" ( [P ()0, (R-r) + [3(0) o2 (R- )

+F, Ipl (r)po, (R - l‘)dl‘}

FCP\ ~ 0.4 Fe,x ~ -2.6
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} % ‘L
Two-parameter Woods-Saxon function 2 .
_ ., %

Poo |
pir) = rexp[(r—R(6,0))/a,]

or symmetrized Woods-Saxon function

Loo Smh[R (6,9)/a,]

pi(r) = cosh[R, (6)”(01)/51 ]-I;COSh[I’/a ]




For light spherical nuclei,

p(r)=A4,(y* /7)"" exp[-y°r’]

p; (r) = —pya, sinh . - 2 pi(;)
a;, dR,, sinh -0
a.

l

| 0o, (R -rdr

Ry d
a;, dR

. 1 .
= -A7py,a, sinh o |P(D)P(P)jo(PRIP dp

o ginh "% 0
a.

l



(P) _fa/x ’0 f(ﬁ) — the Fouwview
transform of J[/f)

U (r)=[di, d5, p(7) T, ~R+1-5) p,(13) =

(.zja.)sja/,o Jz, d7, ﬂ'(la)et/’(ewza-h}{(z!ﬁ (Z )=

« = =H

=_1 -+ T - - ~ -&
(275}5]0//0 ﬁ(/’)ff (p) po(-p)e P



L (R)= 2¢ zz
Ueout ( /,ex}: ,,/Q/Pe ﬂ, (/o)ﬂa é/o)_.
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COULOMB POTENTIAL
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Classical desription

The Rayleigh dissipation function
R = —LK.(r)i* = 1Kp(r)r°e”,
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Models of complete fusion with
adiabatic and diabatic potentials

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

1. Relative internuclear distance R

2. Mass asymmetry coordinate n for transfer



Idea of Volkov (Dubna) to describe fusion
reactions with the dinuclear system concept:

Fusion is assumed as a transfer of nucleons (or
clusters) from the lighter nucleus to the heavier
one in a dinuclear configuration.

This process is describable with the mass
asymmetry coordinate n=(A,-A,)/(A;+A,).

If A, or A,get small, then |[n|—1 and the system
fuses.



The dinuclear system model uses two main

degrees of freedom to describe the fusion and
quasifission processes:

1. Relative motion of nuclei, capture of target
and projectile into dinuclear system,
decay of the dinuclear system: quasifission

2. Transfer of nucleons between nuclei,

change of mass and charge asymmetries
leading to fusion and quasifission



Description of fusion dynamics depends strongly
whether adiabatic or diabatic potential energy
surfaces are assumed.

'
- \ diabatic
\

LK

K‘l
\
\
\_
%
e

_~ adiabatic
| >
touching R
configuration




Diabatic potentials are repulsive at smaller
internuclear distances R<R..

Explanation with two-center shell model:

=

2R - > R
adiabatic model diabatic model

Velocity between nuclei leads to diabatic
occupation of single-particle levels, Pauli
principle between nuclei




a)Models using adiabatic potentials

Minimization of potential energy, essentially
adiabatic dynamics in the internuclear distance,
nuclei melt together.

COCOC

Large probabilities of fusion for producing nuclei
with similar projectile and target nuclei.



> entrance

: e > uasifission
fusion q} ,

| .
rd

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.g. calculated with the

diabatic two-center shell model.

CO COCO




fusion

A
. entrance
g . quasifission
| >
touching R

configuration
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Fig.2. Diabatic potentials for the systems:

(1) 100Mo + 100Mo (TCSM)

(2) 110Pd + 110pd (TCSM)

(3) 110Pd + 110Pd (double folding)

(4) Neck parameter ¢ is diminished with decreasing A






Calculation of diabatic potential:

Udiab(A) = Uggiap(A) + ; b (N b)) — ; eadiab( ) )nadiab(\)
diab adiab = singl ticle energies
eB0()), a01ab( )) single partic g

nd1b()), n@%%()\) = occupation numbers

Diabatic occupation numbers depend on time:
ng (A, t)

De-excitation of diab. levels with relaxation
time, depending on single particle width.
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Dynamics of fusion in the dinuclear

system model

Evaporation residue cross section for the
production of superheavy nuclei:

G-ER(ECT”! J) —
Y17 0 cap(Eemy ) Py (Bemy J)Wsur (Bem, J)



a) Partial capture cross section o

cap

Dinuclear system is formed at the initial stage
of the reaction, kinetic energy is transferred
into potential and excitation energy.

V(R) 4

/ B.=barrier for

' 4
| *—T_' quasifission
touching point R




b) Probability for complete fusion P,

DNS evolves in mass asymmetry coordinate by
diffusion processes toward fusion and in the
relative coordinate toward the decay of the
dinuclear system which is quasifission.

-1

=inner fusion barrier

B*

fus






Competition between fusion and quasifission,
both processes are treated simultaneously.

Calculation of P, and mass and charge
distributions in n and R:

Fokker-Planck equation, master equations,
Kramers approximation



Kramers formula for P_:

Rate for fusion: A,

Rate for quasifission: A= A+ A, s I1-€.

decay in R and diffusion in n to more
symmetric DNS.

N
Fen =4 ”fwA
nffw"' qf

PCN it exD(_(B;'us _ qf)/kT)

Cold fusion (Pb-based reactions): AR > Npsym

Hot fusion (“8Ca projectiles): AR < Apsym






Competition between fusion and quasifission,
both processes are treated simultaneously.

Calculation of P, and mass and charge
distributions in n and R:

Fokker-Planck equation, master equations,
Kramers approximation.

1.256xp[—(B;“S—qu)/T]
1+1.25exp[—(B/“—B,)IT]

Py ™

— i R 1
qu—mm(qu,qu)
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—Pz N(t) = &(z+1)NPZ+1N(t)+ﬁ(+1)NPz 1,N(t)

+ ﬁ(ZUNLPZN+1(t)+ﬁ(D )1PZN 1(t)
(850 + 850 + a8+ 2% o)
— (N N+ APz ®)

Rates A depend on single-particle energies and
temperature related to excitation energy.

Only one-nucleon transitions are assumed.

A%, . rate for quasifission

A", . rate for fission of heavy nucleus



The charge and mass vyields for
quasifission can be expressed

tO
YZ,N(tO):Ang PZ,N(t)dt
0

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

ZYZN "’1

PCN: Z PZ,N(tO>
£<Zpe N<N o

Z..=8-14 in the reactions considered



Survival probability W,

De-excitation of excited compound nucleus by
neutron, alpha, proton and gamma emissions in
competition with fission. The survival probability
under the evaporation of a certain sequence s of x
particles is calculated as:

~ F(Ez)

W (Ecy )~ P (E o) -
- - H r,(E,)

S

P. =probability of realisation of s channel The

total width for the compound nucleus decay is
the sum of partial widths.



The fission barrier B; has a liquid drop part
B, and a microscopical part BV .
B.'°=1.9-3.2 MeV for Pu and Cm isotopes

M A
By~—AW"

B,(Eqy)=B; +B; exp[~E [ E ]

/

E,=0.4A"q
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