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2. Langevin equations and fission dynamics

Stochastic approach

Dynamical effect

e path from equilibrium to scission
slowed-down by the nuclear viscosity

e description of the time evolution of the
collective variables like the evolution of
Brownian particle that interacts stochastically
with a "heat bath”.

e Monte Carlo method for choosing the
shape, initial angular momentum, type and
energy of emitted particles....

Coupling to the evaporation

Pre and post- scission emission of neutrons,
protons, o and ~.

Ingredients

Inertia ([Mfl((]‘)],-j); Friction (;(t)) and fluctuation ( gj )
Macroscopic potential
(V(§, K) = F(d K) = V(§, K) —a(@)T?)

Langevin equations

do
dt

dp;
dt

= Y @y
J

PPk

1 > d[M_l'(‘_f)]jk

2% dg; dg;

ik

_ dF(@,K)

=Y @M T @ ek + D> g (@T(8)
J
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o c- the elongation of the nucleus
|n o h- constriction coordinate

© « - mass-asymmetry parameter related
to the ratio of the masses of nascent
n fragments.
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2. Langevin equations and fission dynamics

Model Ingredients

Energies

e Potential energy in deformation space e.g:
FRLDM + Wigner or LSD + Congruence

2 24 22/3
buot {1 — riyoll} A+ baurt {1 — riqurs 1} A>*Boure(a)
24 A1/3 3, 22
S beurv {1 — Kcurv!“} A™ “Beurv(a) + ge WBCoul(q)

Eisa(a) =

I = (N—Z)/A
e Rotational energy:

2 242
— RII0+1) heK -1 _ ,—1 =il
Erot(q, I, K) = 27, (9) + 3 (@ where Jeff = _/H — JJ_ - the

rigid-body moments of inertia.

® The friction parameter controlling coupling
between K coordinate and the heat bath.

T. Dosing, J. Randrup, Nucl. Phys. A 433,215; J. Randrup, Nucl.Phys. A 383,
o 1 I [ Jetr | IR

TK = R Rom N

where Ry - neck radius, Rem- distance between the center of the nascent
fragments, np=0.0263 MeV zs fm % - the bulk flux in standard nuclear mass
and Jp = My Rfm/ll for reflection symmetric shape.
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Collective coordinates(4D)

o Description of the nuclear shape by
elongation, neck and asymmetry —

3 parameters.

® K — spin about the fission (symmetry) axis

fission
axis
7 g
~J / / beam
x4 A\Y axis

(=2

“Fission-fragment distributions within
dynamical approach” K. M., P. N. Nadtochy,
E. G. Ryabov, G. D. Adeev, Eur. Phys. J. A,
53 (2017) 79E
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Energy Models study: LSD or FRLDM, Congruence
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Nuclear level density

Importance
@ Statistical models of decay
@ Dynamical macroscopic models
@ Astrophysics

Level Density Formulas

Mass dependent LD a(A) = aA

Deformation depedent (Ignatuk) a(A) = aA + BA2/3
(N-Z) dependent a(A, Z) = aA/exp[B(N — Z)?]

(Z — Zp) dependent

a(A, Z) = aA/exply(Z — Z)°]

Zy = 0.5042A/(1 + 0.00734%/3) it
@ Energy dependent (Reisdorf) f‘
a(U, A, Z) = a(A) * [1+ dWg(Z, N) * f(Ucor) /(Ucor)] | £
f(x) =1 — exp(—~ * x)
y
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Nuclear level density

Importance

Statistical models of decay
Dynamical macroscopic models

Astrophysics

Level Density Formulas

Mass dependent LD a(A) = aA

Deformation depedent (Ignatuk) a(A) = aA + BA2/3
(N-Z) dependent a(A, Z) = aA/exp[3(N — Z)?]

(Z — Zy) dependent

a(A, Z) = aA/exply(Z — Z)°]

Zy = 0.5042A/(1 + 0.00734%/3)

Energy dependent (Reisdorf)
a(U, A, Z) = a(A) = [1+ dWg(Z, N)  f(Ucor) / (Ucor)]
f(x) = 1 — exp(—gamma * x)

o
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Nuclear level density

Previous works Previous work
@ Are the level densities for r- and rp-process nuclei different @ Isospin dependence of nuclear level density
from nearby nuclei in the valley of stability? S.I. Al-Quraishi at A = 120 mass region
et al. PRC 63,065803 R. Shil et al., PLB 831, 137145.
@ Level densities for 20 <A <110 S.I. Al-Quraishi et al. PRC RShiL K Baneree, .oy ol
67,015803
@ Continuum corrections to the level density and its dependence 100 A e s T A
on excitation energy, n-p asymmetry, and deformation
R. J. Charity and L. G. Sobotka, PRC 71, 024310 " ]
. 30 ]
@ Compound nucleus evaporative decay as a probe for the
isospin dependence of the level density & F OB (fHe + Tny a
R. Moro et al. EPJA 48,159 =
230
% 20
Partial multiplicity Total multiplicity 8 ok a
Protons Alphas Protons Alphas Neutrons =y 3
Exp 1214018 040+ 0.06 1794036 076+ 0.15 T S T T T |
Nolso 147 0.46 217 088 231 OExpt. (*He + "5
N-z 121 07 189 090 257 0
Z-Zn 217 0.61 3.08 117 0.68 50
40 ~Eq(1) - Eq(2)
0= 20° _Protons o Bxp |%lab= 197" Protons . Ep 30 —EaQ) Ea.h
- ), o e Nolso £y gL
< : E., (MoV)
'.E Fig. 4. Measured do /dQ at 150° plotted as a function of centre-of-mass energy
&0 Eco are shown in symbols. Lines represent calculated differential cross sections
g considring al neutron svaporation <hannels. Calculations are done using difer
g | ent formulae of NLD parameter described in Eqs (1{4). Calculated cross sections
2 | are scaled down by the same factors a5 used in Fig. (aH{c)
%
¢ 10’
TS T 1 2 o s 0 5 2 @ G.K. Prajapi et al. PRC 102, 054605
EjapMeV) Eigp MeV)
. 4. Experimental and calculated proton spectra i coincidence with the PPACdown. The Iaboratory angles of the detectors @ Pratap Roy et al. PRC 102, 061601(R)
with respect to the beam direction are indicated In the figure.
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Nuclear level density

Fusion-Fision
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While previous studies rely on the fusion- evaporation approach, and are
restricted to the mass range used to fit the functional forms of the (N, Z)
dependent 3, fission permits to test the predictive capability of the proposed
formulae outside the range of their adjustment.

C. Schmitt, P.N. Nadtochy, K.Mazurek Phys. Lett. B, 840 (2023) 137873
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4. Current study - Nuclear level density

Nuclear level density

Fusion-Fision - Validation of the method

Fusion-Fision - Verified reactions

10— ost N-Z 220 Ign cst N-Z z0 CN Sym. Fiss.
ol - (a) ZFm (Ejgy=215 MeV) (b) 19
o o mrISRoNY s 256Fm, E*=108 MeV | 256Fm 126g,,
R . ! aN-z 05267 3228
. az__ . =3.
I 5 . Is Z-2
4 = . 4
sb -t 3 252Fm, E*=150 MeV | 2%2Fm 12gy
2 . e W 2 aN-z 52 22
db e e Frag: 225 (330/(215) L az_z7 1.6 _2.15
10 10 Q
Z 91 (E,35=96 MeV) (© G (E,y=128 MeV) (@) Z 205F, E*—70 MeV 205, 102¢
, E*=
v % om e % om 7 an_z 31 16
ol |Fmo: 2628 3190200) Fog: 2328 (20n27n) s
c az—z 4.56 -1.36
=5 - . 5
4 . . 4
b+ : e s 215¢y, E*=113 MeV i 1057¢
= . . 2 ay_z 41 19
. T az—z 1.1 -2.54
10 0
of FEaszsmen (©) 1 F Egye1sasMev) o 28CF E*—55 MeV 208 ¢ 1231,
e WO o 7 an_z 52 25
6 Frag: 1415 (-0.76)(-057) Frag. 19 (2541(2.32) 6
; : . ’ az_z 0.92 -3.53
4 4
s . . E 248cf, E*=83 MeV 248 ¢t 122y,
f . . . . . . . . f an_z 52 24
: i : az_z 0.92 -3.15
Ign cst N-Z z-Z0 Ign cst N-Z z-Z0 4
NLD prescription
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Nuclear level density - Testing both side of stability line

Mass distribution

Fusion-fission (40:48Ca + 204:208pp, 22Ne-238Y))
. . 90q
Pre and post scission neutron multiplicity as a LD probe 00 @
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4
The *Ca + YPb collisions which populate the No chain by fusion is very good candidates,
since several projectile-target combinations can be readily accessible at current accelerator
facilities. The further enhancement of this set of reactions with 22Ne + 238U involving a
radioactive beam that is currently available. The PARIS+VAMOS detection system ca be

od
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- o’r
a) Angular momentum of fission fragments (with J. Randrup)

Useful framework for discussion of fission

fragment angular momenta:
Normal modes:
wriggling (XD Fission populates several distinct rotational modes
bending COTD whose presences reflect the physical mechanisms
o oy generating the angular momenta of the fragments
twisting m

Generation of fission fragment angular momenta
by nucleon exchange:

D wcw-:

bend

< t

twst << {

tilt

n Wriggling will reach equilibrium

Bending probably has some presence;

it increases with the mass asymmetry

Twisting is unlikely to play a major role;
it grows more prominent with excitation

Jergen Randrup Zakopane 2024

26
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a) Angular momentum of fission fragments

Relaxation times
of dinuclear rotational modes caused by nucleon exchange

.
Mg = mNR? C
TuRr, — TpRe\? ¢ <<R?
t, = 1M, | Mot m[(%) +c§ve] lﬂc

2
Mewse = mNco,

Transfer rate:

scission N = Lpome?
S——
SN A e B S
5 —  Twisting
= —  Bending
= 10 Wriggling
10
()]
£
5 T Ay
g 134
[
© 1144
2 1152
« + R, (touching)
1 3 4 5
Neck radius c (fm) R =R, +R,+4fm

(@) 6’:) C:j J. Randrup, T. Dgssing, R. Vogt,

Phy.s Rev. C 106, 014609 (2022)

Jorgen Randrup Zakopane 2024 14
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a) Angular momentum of fission fragments

Preliminary results of Langevin trajectory from saddle to scission
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5. Plans

Pb + Pb Collision

The excited Compound Nuclei (eight) have been evaluated in 4D Langevin code

to estimate the evaporatlon and fission channels. We assume

Vs

Reaction

planK

Evaporation Residue charge distribution

1e+07 pr T T T T

1e+06 p
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K. M., A. Szczurek, C. Schmitt, P.N. Nadtochy, Phys.
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Pb 4+ Pb Collision

ABRA+Langevin
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Dynamic Evolution of Spectator

Impact parameter b=10.5 fm

following predictions of A. Rybicki and A. Szczurek, PRC75 (2007)

Yield [a.u.]

0.001

0.0001

 —
ABRA-Lang 1 1

3 LSD-Lang = = -7
Glauber-Lang — - — 1 1

1 13

L 1 I
rog

- , I
Vsl 2 a il Nl

. = - - -
L R Sae 1

F b=10.5 fm 14

054903;PRC87 (2013) 054909.

Charge

200

dofdb (mb)

4DLangevin

T T T T
Glauber (A E=10 MeV)
(20 MeV) -
ABRABLA =
sphere-cylinder M

200 400 600 800 1000 1200
Excitation energy (MeV)

November 29, 2024

17 /19



b) Fission in ultrarelativistic collisions

Nuclear processes in ultrarelativistic, ultraperipheral Pb+Pb collisions

Multiplicity of emitted particle

Results of our calculations using photon flux, photoabsorption cross

section, and de-excitation models (EMPIRE and HIPSE) compared to
values obtained from ALICE.

o [b] EMPIRE HIPSE+GEMINI++ ALICE data
in 100.8 124.1 108.4 +3.9
2n 25.3 15.6 25.0+1.3
3n 5.9 4.9 7.95 +0.25
4n 5.6 3.6 5.65 +0.33
5n 3.4 3.9 4.54 10.44
Ntot 152.21 174.79 151.5 +4.7
1p 7.1 28.5 40.4
lo 64.0 42.4 -
1d 2.65 5.24 -

fission - 18.3 -

<)
<
£
+
<
<
T
o
o
s
[

©

ALICE data

T T T T T T T

{5 = 5.02 TeV, UPC

®  Phys. Rev. G107, 064902 (202!

--------- HIPSE+GEMINI++
——— TCM+GEMINI++
—— GEMINI++

— . - EMPIRE

(5]
Ll =

2 3 4
number of neutrons

P. Jucha, M. Klusek-Gawenda, A. Szczurek, M. Ciemala, and K. Mazurek, arXiv:2411.17865
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Summary

The fission description with Langevin type transport equation solving gives good
estimation of various observables: mass, charge, TKE, angular distributions, emitted
particles multiplicities and spectra and so on.

The study of the correlation between mass and angular distributions allows to distinguish
between fission and quasifission reactions.

Four different prescriptions of 4 have been implemented in the code, and their predictions
for a number of reactions and the pre- and post-scission neutron multiplicity observables
were analyzed.

A single fission reaction makes available simultaneously two observables, viz. Mpre and
Mopost, which scan different regions of the (N , Z) phase space with the CN and
fragments, respectively.

Such analytical parameterizations remain of valuable guidance for fundamental theory, in
particular for probing the relative evolution with a specific quantity, like e.g. here the
isospin.

The angular momentum of the fission fragments will be estimated, including the effects of
exotic rotation on the path from the saddle to the scission point.

The new field of interest for fission fragment calculations is the deexcitation of spectators
in ultrarelativistic ultraperipheral Pb+Pb collisions.
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