Induced Fission Dynamics

Dario Vretenar
University of Zagreb




Energy

A Entrance

Channel
(Z-1,N+1)

Induced
Fission

Spontaneous
Fission

Future of nuclear fission theory
J. Phys. G: Nucl. Part. Phys. 47 (2020) 113002

Initial Fission Non-adiabatic Scission Fission
State Isomer Regime Fragments
Statistical Multi-chance
Decay Fission

/ Dissipative Motion

Tunneling

e
9

Elongation



Two basic microscopic approaches to the description of induced fission dynamics:

A) time- dependent generator coordinate method (TDGCM)

{\I’(t)> — / dq |q§(q))f(q, t). = represents the nuclear wave function by a superposition of
q<E generator states that are functions of collective coordinates.

= a fully guantum mechanical approach but only takes into account collective degrees of freedom in
the adiabatic approximation.

= no dissipation mechanism.
B) time-dependent density functional theory (TDDFT)
0 ; . . .
za—wk('r, t) = [h(fr, t) — 5;6(75)} Yr(r,t), = classical evolution of independent nucleons
t iIn mean-field potentials, cannot be applied in

classically forbidden regions of the collective
space, nor does it take into account quantum

z%nk(t) = np()AL() — ni () AR(t), fluctuations.
(1) = en(0) + 2 (O]me(t) + Ax(t)[2nk(1) — 1]

= automatically includes the one-body dissipation mechanism, but can only simulate a single fission event
by propagating the nucleons independently.



The time-dependent generator coordinate method (TDGCM)

= Griffin-Hill-Wheeler (GHW) ansatz: (1)) = / dq |9(q))f (g, 1).
q<kE

GHW equation:

d
\ / dq(H(q’aq) — ihN (q'>q)a)f(q, t) = 0.

H(q.9") = (¢p(q)|H|o(q))
N(g.q) = (p(q)|1]|o(q))

The collective wave function: g = Nl/zf.

m time-dependent Schréodinger equation for the collective wave function:

ihg = ’;f[g. for the collective operator: O =N"12oN"V2




TDGCM in the Gaussian overlap approximation (TDGCM+GOA)

m the overlap between two arbitrary generator states can be approximated by a Gaussian function:
/ 1 I\t - ’
N(q.q') >~ exp —E(q —q)G@q—1q)|,

w the Hamiltonian kernel can be approximated:  H(qg, q') ~ N(q, q')h(% ‘1’):

polynomial of degree two in the collective variables

m time-dependent Schroedinger-like equation for the collective wave function. The collective Hamiltonian:

2
Hio) = —%VaB(oc)Va + V(a).

Example Time-dependent Schroedinger-like equation for fission dynamics (axial quadrupole and
octupole deformation parameters as collective degrees of freedom):

0

ihag(527537t Z aﬁk kl 52753)8_& +V(52763) g(ﬂZaﬁ?nt)




RMF+BCS quadrupole and octupole constrained deformation energy surface of 226Th in the p2 — p3 plane.

TAO, ZHAO, LI, NIKSIC, AND VRETENAR
PHYSICAL REVIEW C 96, 024319 (2017)
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The collective space is divided into an inner region in
which the nucleus is whole, and an external region
that contains the two fission fragments. The set of
scission configurations defines the hyper-surface that
separates the two regions.

- statfic fission path

A triple-humped fission barrier is predicted along
the staftic fission path, and the calculated heights
are 7.10, 8.58, and 7.32 MeV from the inner to the
outer barrier.
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= continuity equation for the probability density: %\g(ﬁg, B3,1) \2 = -V -J(B2, B3, 1)

...The probability current:

3
Jk(527537t) - %ZBkl(52’53) [g*(527537t)ag<527637t)
[=2

9B

dg* (B2, B3, 1)
ol5)

o g(ﬁZaBBat)

The flux of the probability current through the scission hyper-surface provides a measure of the probability
of observing a given pair of fragments af fime t.

t
Pt = a J(Bo, B3, 1) - dS
(&, 1) /t:o /(62,53)65 (B2, B3, 1)

The yield for the fission fragment with mass A: Y(A) X lim F(€ t)
)

t— 400
cEecA

Collective parameters

The mass tensor associated with g2 = (Q2) and g3 = (Qg3) "™ perturbative cranking approximation
2 —1
Bri(q2,q3) = 72 {M(1)M(3)M(1) .

M(n),kl(qQa q3) = Z <i| ngﬁ g;{l 4 (uiv; + leuj)Q

i,]




Sensitivity of fission dynamics to the pairing strength

.. the TDGCM initial state is a Gaussian superposition
of quasibound states:

g(q,t =0)=> exp <(Ek2;2E)2> gr(q)

The mean energy is adjusted in such a way that:

(g(t = 0)\ﬁcou\g(t =0)) = E.1.

The height of the fission barriers (in MeV) with respect
to the corresponding ground-state minima:

asy asy sym Sym
Bj Bu B[II B BIII

90% pairing 8.23 9.47 7.74 15.64 6.38
100% pairing 7.10 8.58 7.32 14.21 5.72
110% pairing 5.92 7.78 7.09 12.72 5.17

Yield (normalized to 200)

Pre-neutron emission charge yields for
pho’ro mduced fission of 226Th.
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Induced Fission - Finite Temperature Eftects
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Finite temperature effects:

—— —

... entropy of the compound nuclear system:

S=—kp Y [felnfe+ (1— fi)ln(l— fz)

... thermal occupation probabilities:

1
1+ ePEk

fio =

PV-Z% )Y () [ (1 = fr) + up fx),
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Perturbative cranking mass tensor: MEP = h2M(1) M(3)M(1)

1 5 A (u,u, — v,0,)? 1 By
M lijr =35 ;MQWW i { (lLEu - Ei)k [tanh <2k;T> St (2k3T>] }

1 A A (u Uy + Uy )2 £ By
_|_§ %;<()|QZ-\,LW><,LW\QJ-\O> { (MEM n Ey)/]: [tanh (2/@:T) + tanh (2/€BT>] }

.. the initial state is a Gaussian superposition of quasibound states:

g(q,t = 0) :Zexp( (B _E)Q)gk(Q)

k

The mean energy is adjusted in such a way that:  (g(t = 0)|Heon|g(t = 0)) = E*



Free energy along the least-energy fission pathway. Temperature dependence of the pairing energy.
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- Zhao, NikSi¢, Vretenar, Zhou
2 Phys. Rev. C 99, 014618 (2019).




Yields (normalized to 200)
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Dynamics of induced fission

Charge yields:
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Zhao, Niksi¢, Vretenar, Zhou
Phys. Rev. C 99, 014618 (2019).

Experimental results m photoinduced fission with
photon energies in the interval 8 — 14 MeV, and @
peak value Ey = 11 MeV.

T=0.5,0.75, 1.0, and 1.25 MeV = corresponding

intfernal excitation energies E* are: 2.58, 8.71,
16.56, and 27.12 MeYV, respectively.



Zhao, Xiang, Li, NikSi¢, Vretenar, Zhou

Mass-asymmetric fission of actinides Phys. Rev. C 99, 054613 (2019).
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*The temperature is adjusted so that the intrinsic excitation energy corresponds o the experimental exc. energy.



Induced fission: dynamical pairing degree of freedom

Zhao, Niksi¢, Vretenar
Phys. Rev. C 104, 044612 (2021).

SCMF deformation energy surface = constraints on the mass multipole moments and the particle-number
dispersion operator:  AN? = N2 — (N)2.

%.,=0.0

... The Routhian: atic BCS pairing T
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2D projections of the deformation-energy el
manifold of 228Th on the quadrupole- 1
octupole axially symmetric plane, for selected
values of the pairing coordinate As. ok




3D TDGCM+GOA calculation Heon
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Charge yields calculated in the 3D collective space
— deformation B2, B3 and dynamical pairing A2
coordinates.

Comparison to the results obtained in the 2D space
of B2 and B3, with static pairing correlations adjusted
to empirical ground-state pairing gaps (100% pairing
strength), and enhanced (110% pairing strength).
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Effect of dynamical pairing on the flux of the probability current
through the scission hyper-surface:

B()\2> X thm F(f, )\Q,t)
ceB — 00

— time-integrated flux through the scission contour in the (2, B3)
plane, for a given value of the pairing collective coordinate A2 .
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f Adiabatic evolution |

Adiabatic evolution and dissipative dynamics

Ren, Zhao, Vretenar, NikSi¢, Zhao, Meng
Phys. Rev. C (2022)

§ Dissipative motion §

DEFORMATION



Negele et al. (1978) = use an adiabatic model for the time interval in which the fissioning nucleus evolves from
the quasi-stationary initial state to the saddle point, and a non-adiabatic method for the saddle-to-scission and
beyond-scission dynamics.
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Bao

TDDFT fission trajectories

3 1 MeV below the minimum
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Total kinetic energies (TKEs) of the fragments

TDGCM+GOA Bre = <2128

Y
dch — distance between centers of charge at the point of scission.

1 1
TDDFT ETKE — 5777“,411{'1)%1 -+ imAL’U% + ECouh

(= 25 fm, at which shape relaxation brings the fragments to their equilibrium shapes)
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Dynamical synthesis of 4He in the scission phase of nuclear fission

Density profiles at times immediately

TDDFT fission trajectories : o
prior to the scission event.

Trajectory 1 Time=1650 fm/c
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Ren, Vretenar, NikSi¢, Zhao, Zhao, Meng (2022)



Nucleon localization functions:

kinetic energy density

o (T orl) Cro (F) =

q (n or p)

1+

TqoPqo

density current density

A/1~ 7/2‘

R Z’qu0|2 o ]ga

For homogeneous nuclear matter: Cfy, = 1/2

Cgo (T)

For the a-cluster of four particles:

X [fm]

~ 1

TF
IOC](TTqa

—1

TF
qo

Uy

(672)2/

5/3
Spqc/f



Trajectory 2

Proton localization Density
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When are these light clusters formed?

What is their structuree

What is their role in the scission mechanism?@ Ren, Vretenar, Niksi¢, Zhao, Zhao, Meng (2022)



Methods (TDGCM, TDDFT) based on the framework of universal

Energy Density Functionals

v/ ...accurate microscopic description of universal collective phenomena (fission)
that reflect the organisation of nucleonic matter in finite nuclei.

« Finite tfemperature effects

- Energy dissipation and TKE of fragments

«  Neck formation and scission mechanism

« Ternary fission

-  Fragment angular momentum generation

¢ Symmetry restoration



