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Extended temperature-dependent TDGCM

« Finite temperature time-dependent generator coordinate method

« Formalism of the extended temperature-depdendent TDGCM based
on the quantum theory of dissipation for collective motion (Kerman &
Kooning, 1974)

» lllustrative calculation: induced fission of 228Th

Generalized TDGCM

* Implementation of the generalized time-dependent generator
coordinate method

« Both the weight functions and the generator states are time-
dependent

« lllustrative calculation: induced fission of 240Pu

Work done in collaboration with:

* D. Vretenar (University of Zagreb)

 J. Meng, P.W. Zhao, Z.X. Ren, B. Li (PKU, Beijing)

« Z.P. Li(Southwest University, Chongqing)

» J. Zhao (Center for circuits and systems, Shenzshen)



TDGCM - introduction

The time-dependent generator coordinate method (TDGCM)

|lII(t)) = dq |¢(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.

TDGCM in the Gaussian overlap approximation (TDGCM+GOA)

Time-dependent Schroedinger-like equation for fission dynamics (axial quadrupole and octupole deformation

parameters as collective degrees of freedom):

o (6, B 1) = _—Z Bkl(ﬁz,53> 5+ V(B2.55) | 9(B2, B,




TDGCM - Introduction

Quadrupole and octupole constrained deformation energy surface of 226Th in the p2— s plane.

-1721

Tao, Zhaoo, Li, Niksi¢, Vretenar,

Phys. Rev. C 96, 024319 (2017).
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TDGCM - finite temperature effects
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Mass tensor — finite temperature perturbative cranking oE

approximation O 1 2 3 4 5 6
B Zhao, Niksi¢, Vretenar, Zhou
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TDGCM - finite temperature effects

Approximation: the compound nucleus is in a state Zhao, Xiang, Li, NikSiC, Vretenar, Zhou
of thermol equilibr!um at a temperature that corresponds Phys. Rev. C 99, 054613 (2019).
to the internal excitation energy.
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Charge yields for photoinduced fission of 228Th.

T=0.85 MeV corresponds to the intrinsic excitation
energy E;,, = 11 MeV (peak value of the photon
energy distribution).




Extended TDGCM - dissipation effects

Kerman, Koonin, Phys. Scr. 10, 118 (1974) Zhao, NikSi¢, Vretenar, Phys. Rev. C 105, 054604 (2022)

Extended TDGCM many-body wave function: |®(t)) = Z / dqf.(q,t) |nq)
n
o

... excited states at each value of the collective coordinate q

= the matrix integral Hill-Wheeler equation: Z / dq’ {'Hnn/ (q, q’)fn/ (q,, t)
n/

(nal '"’q’>/<q,q'> [ih8: fr (d, )]} = 0

—JVnn'/

<nq|n’q’>/
= another set of functions is defined:
gn(g.t) =) / dg N\ (q.q)fu(q 1)

= HillWheeler equation is re-expressed:

ihatgn(q, t) — Z / dq/Hnn/(q’ q/)gn/(q/’ t)
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Extended TDGCM - dissipation effects

... the level density for each value of q is high even at low excitation energies = the discrete label n can be

separated intfo a contfinuous excitation energy variable ¢, and a degeneracy label A:

> =p(q,€)de,

A, fixed €

gn(q,t) — g,(q,€;1),
H,/(q,q9) — Hy;/(q,q;€,€)

= substitution:

=statistical wave function is defined as average on A: / statistical collective wave function
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Extended TDGCM - dissipation effects

« Hamiltonian overlap kernel decreases rapidly with increasing g-q’
¢ expansion in a power series in collective momenta

« excitation energy — nuclear temperature €(T)

. 1
tho,y(q, Ts1) = [V(q, T)+ PW O(q;T,T") = n(q; T,T")de(T) /dT.
+3 [ 1P OGP, a1

Disipation term o . T TNy — 0, By < IBS
« Couples excitation energies via a phenomenological n(q, , ) = , 0
i (1,7), p.=2p
stochastic ansatz nt, ) 2 == P
* Matrix elements n(T,T") are modeled as Gaussian
random variables scaled by intrinsic nuclear level
densities

B3 - cutoff value beyond the second fission barrier

- Helmholtz free energy
Collective potential Vg, T)= €e(T)+ F(q, T), ———, normalized to the value at the
/ equilibrium minimum at

Internal excitation energy -> difference between the B.E. of the femperature T

equilibrium minimum at temperature T and at T=0

Inertia tensor -> finite temperature perturbative cranking approximation



Extended TDGCM - dissipation effects

ILLUSTRATIVE CALCULATION: INDUCED FISSION DYNAMICS OF 22Th

2D TDGCM+GOA calculation at fixed temperatures T.
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Extended TDGCM - dissipation effects

3D calculation of fission dynamics of 22Th in the space of axial shape variables (B2, B3) and temperature T

2D projections on the (B2, B3) plane of the probability

distribution of the initial wave packet, at different T. The (Ey — E)?

excitation energy of the initial state is E*= 11 MeV. g(q,t =0) = Z exp (—)gk (q)
o
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Extended TDGCM - dissipation effects

3D calculation of fission dynamics of 22Th in the space of axial shape variables (B2, B3) and temperature T

Collective flux B(T) through the scission contour as a function of temperature
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Total Kinetic Energy Distribution

M. Caamano and F. Farget, Phys. Lett. B 770, 72 (2017)
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Zhao, NikSi¢, Vretenar Phys. Rev. C 106, 054609 (2022).

Total Kinetic Energy Distribution

. 2rea F(E;OTKE(E)
The TKE for the fission fragment with mass A is defined by: TKE(A) = lim gez F(E: 1)
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Generalized TDGCM

B. Li, D. Vretenar, T. Niksi¢, P.W. Zhao, J. Meng, Phys. Rev. C 108, 014321 (2023).
B. Li, D. Vretenar, T. NikSi¢, J. Zhao, P.W. Zhao, J. Meng, Front. Phys. 19, 44201 (2024).
B. Li, D. Vretenar, T. Niksi¢, P.W. Zhao, J. Meng, Phys. Rev. C 111, L051302 (2025).

The Griffin-Hill/Wheeler ansatz for the TDGCM nuclear wave function (discretized generator
coordinates are mass multipole moments f,, and £, ): |W(¢)) = Z gDy (1)),

The nuclear wave function is the solution of the fime-dependent equation:

iﬁ@t\‘I’(t»:ﬁl‘I’( —’Zl a'q(t)0: fq(t +ZH q(t) = Z%q’q(t)fq(t)

q
The fime-dependent kernels:

Nyg(t) = (D ()| D,(1)),
Hygt) = (@y(0)H|Dg(1)),
Hl (1) = (Dg (1)|ii0; | Dy (1))

Transformation parameters between the canonical and quasiparticle basis

Quasiparticle vacuum: / /
@4 (1)) = [ [ Ina.r(t) + var(tey i (Och £ (8)]]-)

k>0

q
Creation operator associated with the canonical state ¢kz ("“a t)



Generalized TDGCM

The time evolution of the quasiparticle vacuum is modeled by the time-dependent covariant DFT+

the time-dependent BCS approximation X
hi(r,t) = (p— Vg) + Vg + B(my + Sg)

A

a q _ q q q
Za¢k(r7t) — [h (’I",t) o 5k(t)]¢k(r7t)

el(t) = (W hd|yd)

The time evolution of the occupation probability (n, . (t) = |vq,k(t)|2) and pairing tensor (kg (£) = w) , (Vg (D))

k(1) = R (D)A (1) = K5 ()Aga(t),
5 qr(t) = [E0(0) + €20 qult) + AqD)2nga(t) — 1]

Pairing tensor -> monopole pairing with cut-off function for the pairing window

Aq,k (t> =

GZ f(sgl)/'iq,k'] f(eq)

k'>0



Generalized TDGCM

Collective wave function ¢ = N1/2f
ihg = N—V2(H — HME\N =12 1 ihNY2N 12
Observables
Ogrq = (Dq (£)|O]Dy(t)) O°¢ = N~12ON—1/2

(P[0 () = [TOf = g7 0%

Particle number projection

(W()| B B, | W)
Probability of finding z protons in the subspace Vs Pz, 1) = (\IJ(I)|pZ|\I—’(I))

corresponding to one of the fragments (total number

* pVi b
of profons is Z _ Laq o OSa (@ (P Py | g (1)

D aq SO fg() (g (1) | Pz | Dy (1))



Generalized TDGCM

25 different TDDFT trajectories that start beyond the outer barrier

Blue trajectory:

(B0, B3o) = (2.30, 1.13)

Time evolution of the
eigenvalues of the norm
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Generalized TDGCM

Components of the collective wave functions for 25 generalized TDGCM trajectories (each

trajectory starts from different initial point)
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Generalized TDGCM

Probability distributions of proton number for 25 generalized TDGCM trajectories (each trajectory
starts from different initial point)
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Yields [normalized to 200]

Charge yields for induced fission of 2490Py
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Starting from a quantum theory of dissipation for nuclear collective motion (Kerman &
Koonin, 1974) we have extended the temperature-dependent TDGCM for induced fission
dynamics, to allow for dissipation effects

-«  We have developed a method to calculate the corresponding distribution of total kinetic

energies as a function of charge and mass of fission fragments

* An extension of fime-dependent density functional theory, based on the time-dependent
generator coordinate method, has been applied to nuclear fission dynamics

« Time-dependent generator states provide more realistic description of the saddle-to-
fission phase of induced fission process

« Simultaneously Includes both the one-body dissipation mechanism and quantum

fluctuations
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