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Editorial on the Research Topic

Advances in Time-Dependent Methods for Nuclear Structure and Dynamics

Among non-relativistic approaches to nuclear structure and reactions, the time-dependent
Schrédinger equation is the basic equation from which microscopic approaches derive.
Historically, stationary state methods which are not explicitly time-dependent have been
preferred for describing both structure and reactions. One motivation for not directly solving
time-dependent problems has been the computational difficulty, even if the physics case suggests
retaining a time-dependent approach. Over time, such computational barriers have been reduced,
and a general resurgence in time-dependent methods has occurred. In the last decade development of
time-dependent mean-field codes has been substantial. Unrestricted 3D calculations with full
effective interactions are now possible [1, 2], and full treatment of superfluidity at the mean-
field level has been included [3, 4]. These worldwide efforts were a strong motivation to curate this
Special Topic, which was conceived to draw together a snapshot of the current state of the wider field
of time-dependent methods and their application in a broad range of problems in nuclear physics.

The article collection includes reviews as well as original material. Some directly address problems
in the details of specific nuclei and in specific processes, while others deal with general problems, and
general solutions, touching on fields outside nuclear physics.

In their contribution, Tokeida and Hagino address how one deals with open quantum systems.
They start with a phenomenological description based on quantum friction and apply it to heavy-ion
fusion. They then develop a more microscopic approach, based on a system-plus-bath Hamiltonian,
appying it to the Caldeira-Legget model, with a discussion of how a future application to nuclear
collisions could be made. Dinh et al. give a review of applications of time-dependent DFT methods to
atoms, molecules and atomic clusters, concentrating on issues that are different from typical nuclear
scenarios, but which could be relevant for future applications, such as direct laser-nucleus
interaction [5].

Tohyama presents a review of the time-dependent density matrix method. This goes beyond the
basic self-consistent microsopic approach of time-dependent Hartree-Fock (TDHF) by considering
explicitly higher order terms in the BBGKY hierarchy, and Tohyama shows applications to both
structure (excited vibrational states) and heavy-ion reactions. Also combining structure and reaction
applications is Ebata’s contribution, in which the details of the canonical-basis time-dependent
Hartree-Fock Bogoliubov approach are reviewed and applied to resonances and heavy-ion reactions.
Wang et al.’s review of semiclassical methods based on the time-evolution of the Wigner function
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Guo et al.

show calculations of giant resonances, presenting results that
combine dynamics with excited state structures, demonstrating
the importance of nuclear collisions in determining excited state
widths.

The topic of fission is covered in a review by Bulgac et al,
giving an historical overview of methods used to tackle fission,
details of the current state of the art, and a plan for the future.
Fission is very much a current focus of time-dependent methods,
and the review by Bulgac et al. complements a substantial review
published recently elsewhere [6]. A method for describing
spontaneous fission from a microscopic approach is given in a
review by Sadhukhan. It brings together a WKB-like theory with
Langevin dynamics in a framework suitable for making broad
predictions of fission observables. An original research paper
looking at details of fission is presented by Pancic et al., where the
effect of the choice of underlying nuclear interaction is explored.
A considerable part of the contribution from Verriere and
Regnier concerns fission as described in the time-dependent
generator coordinate method (TD-GCM), though they also
highlight other processes and extensively review the theories
behind different flavors of TD-GCM.

Studies of reaction mechanisms find a natural home in time-
dependent approaches, and several contributions are geared
toward a better understanding of nuclear reactions. The mini-
review of Bao gives a critical analysis of different approaches to
fusion reactions for production of superheavy nuclei; Godbey and
Umar review some of the detailed observables that can be
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understood in quasifission reactions using TDHF-based
approaches; Jiang and Wang use a TDHF approach followed
by a statistical model for deexcitation to look at reactions leading
to new neutron rich isotopes.

Using time-dependent methods to link microscopic theories
with collective models is a theme of Wen and Nakatsukasa who
develop a new method to extract collective masses from
microscopic calculations, and also of Washiyama and Sekizawa,
who review the links between microscopic time-dependent
methods and nucleus-nucleus potentials and friction coefficients
in the Dissipation Dynamics-TDHF (DD-TDHF) method.

We mention finally the contribution of Iwata, which brings
ideas from the theory of solitons to throw new light on the
understanding of nuclear reactions making links to ideas perhaps
less familiar in the nuclear theory community.

The response to this special topic has more than matched our
expectations in terms of range and quality of contributions from the
research community. We think it shows amply the strength and
variety of developments and applications of time-dependent methods
in nuclear physics, and beyond, and hope the resulting collection and
e-book provide a useful reference for future developments.
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Toward the microscopic theoretical description for large amplitude collective dynamics,
we calculate the coefficients of inertial masses for low-energy nuclear reactions. Under
the scheme of energy density functional, we apply the adiabatic self-consistent collective
coordinate (ASCC) method, as well as the Inglis’ cranking formula to calculate the inertias
for the translational and the relative motions, in addition to those for the rotational motion.
Taking the scattering between two « particles as an example, we investigate the impact
of the time-odd components of the mean-field potential on the collective inertial masses.
The ASCC method asymptotically reproduces the exact masses for both the relative and
translational motions. On the other hand, the cranking formula fails to do so when the
time-odd components exist.

Keywords: nuclear reaction, inertial mass, nuclear fusion, nuclear collective dynamics, mass parameter

1. INTRODUCTION

The time-dependent density functional theory (TDDFT) [1-5] is a general microscopic theoretical
framework to study low-energy nuclear reactions. Based on the TDDFT, the mechanisms of nuclear
collective dynamics have been extensively studied for decades. The linear approximation of TDDFT
leads to the random-phase approximation (RPA) [5-7], which is capable of calculating nuclear
response functions and providing us a unified description for both structural and dynamical
properties. Despite the detailed microscopic information revealed by TDDFT, it has a difficulty
in describing nuclear collective dynamics at low energy [5]. For instance, it cannot describe the
sub-barrier fusion and spontaneous fission, due to its semiclassical nature [1, 5, 6].

The description of nuclear dynamics in terms of collective degrees of freedom has been explored
in nuclear reaction theories. However, the derivation of the “macroscopic” reaction model based
on the microscopic nuclear dynamics has been rarely studied in the past. For the theoretical
description in terms of collective degrees of freedom, the collective inertial masses with respect to
the collective coordinates are of paramount importance. One of the most commonly used methods
to extract the collective mass coefficient is the Inglis’ cranking formula [8-10], which can be derived
based on the adiabatic perturbation theory.

It is well-known that the cranking formula has a problem that it fails to reproduce the total mass
for the translational motion of the center of mass of a nucleus Ring and Schuck [6]. Therefore, it is
highly desirable to replace the cranking mass by the one theoretically more advanced and justifiable.
We believe that the adiabatic self-consistent collective coordinate (ASCC) method [11-14] suites
for this purpose. The method, in the first place, aims at determining the canonical variables on
the optimal collective subspace for description of a low-energy collective motion. The masses with
respect to those collective coordinates can be extracted by solving a set of the ASCC equations.
This method has been applied to many nuclear structure problems with large-amplitude nuclear
dynamics with the Hamiltonian of the separable interactions [13-16]. Recently, by combining the
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Wen and Nakatsukasa

Collective Inertial Masses

imaginary-time evolution [17] and the finite amplitude method
[18-21], we proposed a numerical method to solve the ASCC
equations and to determine the optimal collective path for
nuclear reaction [22]. At the same time, we obtain the collective
inertial mass in a self-consistent manner. In this work, we
calculate the collective masses for three modes of collective
motion, the translational motion, the relative motion and
rotational motion. We compare the ASCC results with those of
the cranking formula.

Our calculations are under the scheme of energy density
functional theory. In order to guarantee the Galilean symmetry
during a collective motion, most of the energy density functionals
must include densities that are odd with respect to the time
reversal. Under the assumptions of the time-reversal symmetry,
these terms vanish and therefore do not contribute to the
time-even states, while they have non-zero values in situations
of dynamical reactions. It has been found that the time-odd
components play an important role in the inertia parameters
for nuclear rotations [23, 24]. To investigate this problem in the
context of reaction dynamics of light nuclei, we investigate the
effects of time-odd terms on the different inertial masses, taking
the & + o reaction as the simplest example.

This paper is organized as the following. In section 2, we
recapitulate the formulation of the basic ASCC equations in
the case of one-dimensional collective motion. We present
the method of constructing the collective path and the
coordinate transformation procedure to calculate the inertial
mass parameter with respect to the relative coordinate. In
section 3, we apply the method to the reaction system a+a<>5Be.
We focus on the influence of the time-odd terms on both
the relative and rotational inertias. Summary and concluding
remarks are give in section 4.

2. THEORETICAL FRAMEWORK
2.1. Formulation of ASCC Method

In this section, neglecting the paring correlation, we recapitulate
the basic ASCC formulation, and introduce the numerical
procedure of constructing the collective path and calculating
the inertial mass. The details can be found in Wen and
Nakatsukasa [22].

For simplicity, here we consider the collective motion
described by only one collective coordinate g(t), which has a
conjugate momentum p(t). We assume that the time-dependent
mean-field states are parameterized by Slater determinants
labeled as |1/ (p, q)). The energy of the system reads

H(p,q) = (¥ (p, IHI|¥ (p, ), (1)
which defines a classical collective Hamiltonian. In the ASCC
method, the resulting collective path [/ (p, q)) is determined so
as to maximally be decoupled from other intrinsic degrees of
freedom. The evolution of q(t) and p(t) obeys the canonical
equations of motion with the classical Hamiltonian H(p, g).

In order to consider the adiabatic limit, we assume the
momentum p is small and the states are expanded in powers of
p about p = 0. The states |/ (p, q)) are written as

W (p,q)) = 72D [y(0,q)) = 2D |y (q)), @)

where the generator Q(q) is defined as (i)(q)|1p(q)) = —idp| ¥ (q)).
The conjugate P(q) is introduced as a generator for the
infinitesimal translation in g, P(q)|¥(q)) = i941%(q)). P(q) and
Q(q) can be expressed in the form of one-body operator as

Pg) =i ) Puy(@al(@ajq) +hc,
nep,jeh

Z Q”j(q)al(‘])aj(q) + h.c, (3)
nep,jeh

Qg =

where i in the expression of P(g) is simply for convenience. They
are locally defined at each coordinate q and will change their
structure along the collective path. The particle (n € p) and
hole (j € h) states are also defined with respect to the Slater
determinant |y (q)).

In the adiabatic limit, expanding Equation (2) with respect to p
up to second order, the invariance principle of the self-consistent
collective coordinate (SCC) method [11] leads to the equations
of the ASCC method [5, 12]. Neglecting the curvature terms, it
reduces to somewhat simpler equation set:

8(W(q) | Hmy W (q)) = (4)
1. Vv (q)

8 (¥ ()| [Hny, ;P(q)] QIv¥(g) = (5)

8(W(q)|[Hmy, iQ(q)] — e )P(q)l‘lf( 9) =0, (6)

with the inertial mass parameter M(q). The mass M(q) depends
on the scale of the coordinate g. Thus, we can choose it to
make M(q) = 1 without losing anything. The moving mean-
field Hamiltonian Hy,, and the potential V(g) are, respectively,
defined as

- B(q)

Ay =H— —2Q@), V(= W@HY@Q). )

Note that the collective path is given by |1/ (q), which represents
the state |y (q,p) with p = 0. Equation (4) is similar to
a constrained Hartee-Fock problem, however, the constraint
operator Q(q) depends on the coordinate g, which is self-
consistently determined by the RPA-like Equations (5) and (6),

called “moving RPA equations.” The conventional RPA forward
and backward amphtude X,i(g) and Yy;(g) can be regarded as the

linear combination of P(q) and Q(q)
\/> Quj — Pnj, (8)

Xn] ‘/ Qn] Pnp

where the RPA eigenfrequency w is related to the mass parameter
and the second derivative of the potential

, 1 32V(q)

9
T M(g) A ©
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As a pair of canonical variables, a weak canonicity condition
(W(q)l [ils(q), (i)(q)]|\IJ(q)) = 1 should be satisfied. This
canonicity condition is automatically satisfied if the RPA
normalization condition ), J(Xij — ng) = 1 holds.

It should be noted that the ASCC method is applicable
to systems with pairing correlations, in principle. However, in
this paper, we neglect the pairing correlation to reduce the
computational cost, and concentrate our discussion on effects
of mean fields of particle-hole channels for the inertial masses.
We present results for the & + « reaction in section 3, for which
no level crossing at the Fermi surface is involved. Therefore, the
pairing plays very little role in this particular case.

For superconducting systems, apart from the collective
coordinate and momentum, an additional pair of canonical
variables, the particle number and the conjugate gauge angle, are
needed to label the nuclear state. Details of the formulation are
give in Matsuo et al. [12] and Nakatsukasa et al. [5].

2.2. ASCC Collective Path and Inertial Mass

A change in the scale of the collective coordinate g results in a
change in the collective mass M(q). Thus, in order to discuss
the magnitude of the collective mass, we need to fix its scale.
This is normally done by adopting an intuitive choice of the
one-body time-even operator O. One of possible choices is the
mass quadrupole operator Qz = [ dry T ()2 Yoo () ¥ (v). In
the present study of nuclear scattering (nuclear fission), it is
convenient to adopt the relative distance R between two nuclei
with the projectile mass number Ap;, and the target mass number
Atar. Assuming that the center of mass of the two nuclei are on the
xaxis (y =z =0),

R E/drll}T(r)x@(r)x[e(x_xS) _ 90 _x)}, (10)

Apro Atar

where 0(x) is the step function, and x = x; is the artificially
introduced section plane that divides the total space into two,
each of which contains the nucleon number of Ap, and
Atar, respectively.

The operator R has an evident physical meaning when the
projectile and the target are far away to each other. When they
touch each other, the distance between two nuclei is no longer
a well-defined quantity, thus loses its significance. However, this
is not a problem in the present microscopic formulation of the
reaction model. We have determined the reaction path and the
canonical variables (g, p), through the ASCC method. It is merely
a coordinate transformation from g to R with a function R(g).
The reaction dynamics do not depend on the choice of R, as far
as the one-to-one correspondence between g and R is valid.

The coordinate transformation naturally leads to the
transformation of the inertial mass from M(q) to M(R);

d 2
zmm=M@<ﬁ). (a1

The calculation of the derivative dg/dR is straitforward, because
the collective path |1/(q) and the local generator P(gq) of the

coordinate g are obtained by solving the ASCC Equations
(5) and (6).

dq _l_dR_d -
G@ = 5 = 2 V@RV @)

-itp(@ [RP@]lv@). ()

The inertia mass parameter with respect to R or any other
coordinate can be easily calculated with this formula.

We solve the moving RPA Equations (5) and (6) by taking
advantage of the finite amplitude method (FAM) [18-21],
especially the matrix FAM prescription [21]. To solve the ASCC
Equations (4), (5), and (6) self-consistently and construct the
collective path | (g), we adopt the following procedures:

1. Prepare the Hartree-Fock ground state |y(q = 0) which can
be either the two separated nuclei before fusion, or the ground
state of the mother nucleus before fission.

2. Based on [1/(q), solve the moving RPA Equations (5) and (6),
to obtain Q(q)Aand ls(q). First, we start with an approximation
Qg+ 89) = Q(g).

3. Solve the moving HF Equation (4) to calculate the state
[ (g + 8q) by imposing the condition

(W(q+89)1Q(q)|¥(q + 89) = 8q, (13)

where we use the approximate relation, [Y(q+d8q) =~
e~ 0aP(q) |1 (), to constrain the step size.

4. With this new state [/ (g + §q), update the generators Q(q +
8q) and P(q + 8q) by solving the moving RPA equations
again. Then, with these updated generators, go back to the step
2.2. Repeat the steps 2.2 and 2.2 until the self-consistency is
achieved at g + 8q.

5. Then, regarding g + 8q as q with an initial approximation
Q(q +48q) = Q(q), go to the step 2.2.

Carrying on this iterative procedure, we determine a series of
states [ (0), | (8q), |¥(289), |¥(38q),- - - that form the ASCC
collective path. Changing the sign of the right hand side of
Equation (13), we can also construct the collective path toward
the opposite direction {|y(—38q), | (—28q), - - - }. In this way, the
collective path | (g), the potential V(g), and the collective mass
M(q) are determined self-consistently and no a priori assumption
is used.

3. APPLICATIONS
3.1. Solutions for the Translational Motion

First, we calculate the inertial mass for the translational motion,
for which we know the exact value Am. The calculation is done in
the three-dimensional coordinate space discretized in the square
grid in a sphere with radius equal to 7 fm. The BKN energy
density functional [25] is adopted in the present calculation.

The HF ground state is a trivial solution of Equations (4)-(6),
on the collective path since it corresponds to the minimum of
the potential surface, 3V /dq = 0. We calculate the translational
inertia mass of the ground state of an alpha particle, and examine
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FIGURE 1 | (Left panel) Calculated RPA eigenfrequencies based on the ground state of the alpha particle, as a function of mesh size. The red closed circles indicate
the values for translational mode, while the green asterisks and purple open circles indicate those for monopole and quadrupole modes, respectively. (Right panel)
Calculated translational mass M of a single alpha particle in units of nucleon’s mass m, as a function of the mesh size. The calculated mass with respect to the y
direction, perpendicular to the symmetry (x) axis, is shown. The one with respect to the x direction is presented in Figure 1 of Wen and Nakatsukasa [22].
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its grid size dependence. The left panel of Figure 1 shows the
eigenfrequency w in Equation (9) of the lowest several RPA states
as a function of the mesh size of the grids. The three translational
modes along x, y, z axis are degenerated and shown by the red
dots, the absolute value of this eigenfrequency decreases and
approaches zero as the mesh size becomes smaller. The value
of the translational motion is significantly smaller than all the
other collective modes. In the ideal case where the mesh size
is sufficiently small, this value is expected to be zero. For other
collective modes, the eigenfrequencies stay almost constant as
functions of the mesh size. Due to the compact nature of alpha
particle, except for the translational zero-modes, the lowest
physical excitation mode is calculated to be about 20 MeV, which
represents the monopole vibration.

Using Equation (11) we calculate the translational inertia mass
of one alpha particle. The right panel of Figure 1 shows the result
as a function of mesh size. As the mesh size decreases, the results
approach to the value of 4 in the unit of nucleon mass, which is
the exact total mass of the alpha particle. With the simple BKN
energy density functional, this exact value for the translation is
also obtained with the cranking mass formula of Inglis. However,
it underestimates the exact total mass when the energy functional
has a effective mass m*/m < 1. On the other hand, the ASCC
mass for the translational motion is invariant and exact even with
the effective mass. This is due to the Galilean symmetry of the
energy density functional which inevitably contains the time-odd
components. This will be discussed in section 3.4.

3.2. ASCC Reaction Path for a+o<8Be

The numerical application of the ASCC method to determine a
collective path for the nuclear fusion or fission reactions demands
a substantial computational cost. Here, we present the result for
the reaction path of a+a<>®Be, as the simplest example. It can
be regarded as either the fusion path of two alpha particles or the
fission path of ®Be. The model space is the three-dimensional grid
space of the rectangular box of size 10 x 10 x 18 fm? with mesh

size equal to 1.0 fm. The standard BKN energy density functional
is adopted.

Starting from the two ground states of « particle and carrying
out the iterative procedure presented in section 2.2, we obtain a
fusion path that connects the two well separated alpha particles
to the ground state of ®Be. If we start the calculation from the
ground state of 3Be, the same reaction path, that represents
fission of ®Be, can be obtained. In the left four panels of Figure 2,
we show the calculated density distribution of four different
points on the obtained collective fusion path. The panel (a) shows
the density distribution of two alpha particles at R = 6.90 fm,
(d) shows that of the ground state of 8Be which corresponds to
R = 3.55 fm. Those of (b) and (c) show those at R = 5.40 fm
and 4.10 fm, respectively. The collective path smoothly evolves
the separated two alpha particles into the ground state of ®Be.

The right panel of Figure 2 shows the potential energy along
this collective path, as a function of R. The dashed cure shows
the point Coulomb potential, 4e/R + 2E,, with the ground state
energy of a single alpha particle E, . With the BKN energy density
functional, the ®Be is bound in the mean-field level. The ground
state of ®Be is located in the potential minimum at R = 3.55 fm,
while the Coulomb barrier top is at R = 6.50 fm. This ASCC
collective path is self-consistently generated by the iterative
procedure presented in section 2.2. The generators (Q(q),f)(q))
for the relative motion are microscopically given. Since the
structure of the ®Be nucleus is very simple, this potential surface is
actually similar to that of the constraint Hartree-Fock calculation.

3.3. Inertial Mass for a+a<%Be

Upon the collective reaction path obtained, the inertial mass
with respect to the relative distance R, Mascc(R), is calculated
using Equation (11). In the asymptotic region, we expect the
inertial mass to be identical to the reduced mass, (g =
AproAtarm/(Apro + Atar), where m is the nucleon mass. For the
current system a+a <>5Be, the value of 14,4 is expected to be 2 m.
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FIGURE 2 | (Left panel) Calculated density distributions of four points on the ASCC collective fusion path a+a—8Be. Inset (A) shows the density distribution of two
well separated alpha particles at R = 6.90 fm, inset (D) is the ground state of 8Be at R = 3.55 fm. Inset (B,C) show the density distributions at R = 4.10 fm, 5.40 fm,
respectively. Those on the y — z plane are plotted. (Right panel) Potential energy as a function of R shown by the red curve. The blue the dashed line is calculated as
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The reduced mass (¢4 is justifiable when two alpha particles
are well separated. However, it loses its validity as two particles
approach each other. A widely used approach to calculate inertial
mass for nuclear collective motion is the “Constrained-Hartree-
Fock-plus-cranking” (CHF+cranking) approach [26]. In this
approach, the collective path is produced by the CHF calculation
with a constraining operator O given by hand, and the inertial
mass is calculated based on the cranking formula with respect
to these CHF states. The formula for the cranking mass can be
derived by the adiabatic perturbation [6]. In the present case of
the one-dimensional motion, based on the states constructed by
the CHF calculation with a given constraining operator O, the
cranking formula reads [26]

[{¢n(R)13/9R|g;(R)) |

a®—o® Y

MY ®R) =2 )

nep,jeh

where the single-particle states ¢, and their energies e, are
defined with respect to hcgr(2) = hurplp] — A0,

heur(Mlou(A)) = eu(W)len(2)),  w € p.h. (15)
We may use any operator O as a constraint, as far as
it can generate the states with all the necessary values of
R (f{). However, obviously the inertial mass M(R)
depends on this choice, which is one of drawbacks of the
CHF+cranking approach.

In most of the reaction models, the inertial mass with respect
to R is assumed to be a constant value of ft,e4. Our study reveales
how the inertia changes as a function of R. In Figure 3, both the
ASCC and the cranking masses are presented. For the cranking
mass, since the CHF state needs to be prepared first. We calculate
the CHF states in two ways with different constraining operators
O; the mass quadrupole operator Qy and the relative distance R
operator of Equation (10). The model space for both calculations
are the same. As we can see from Figure 3, at large distance,

4 ) ' ' i ! . T T
MR cons.) ----eeee
35 | My(Qypcons) ——-- |
,/'\'\ ASCC
£ 3t 7/ .
= 25¢
2
1.5

3 35 4 45 5 55 6 65 7
R [fm]

FIGURE 3 | (Color online) Inertia masses Mg for the reaction a+a<-®Be as a
function of relative distance R. The solid (red) curve indicates the result of
ASCC. The other curves show the cranking masses of Equation (14)
calculated based on CHF states. The dotted (green) and dash-dotted (blue)
lines indicate the results with constraints on R and @20, respectively.

both methods asymptotically reproduce the reduced mass of 2 m,
which is the exact value for the relative motion between two alpha
particles. In the interior region where the two nuclei have merged
into one system, these three masses give very different values.
Generally the cranking mass is found to be larger than the ASCC
mass, especially at around R = 4.7 fm where all the three masses
develop a bump structure.

The difference between the ASCC and the cranking masses
attributes to several factors. One is due to the fact that the
cranking formula neglects residual fields induced by the density
fluctuation. Another is that the constraining operators affect the
single-particle energies e, (R). We also note that the cranking
masses obtained with different constraints give very different
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show the results calculated with Bz = 0,25, and 75 MeV fm®, respectively.
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FIGURE 4 | Relative inertial masses in the presence of time-odd mean-field potential for the reaction a+a<>Be as a function of relative distance R. The results of the
cranking masses are shown in the left panel and those of the ASCC method are shown in the right panel. The solid (red), dashed (green), and dotted (blue) curves

values. This is true even at the HF ground state (R 3.55
fm), in which the single-particle states |¢, (R) and their single-
particle energies e, (R) are all identical to each other. This is
because the derivative 9/dR gives different values, since the
different constraint produces different states away from the HF
ground state. This ambiguity exposes another drawback of the
CHF+cranking approach, while the ASCC mass has an advantage
that the collective coordinate as well as the wave functions are

self-consistently calculated rather than artificially assumed.

3.4. Impact of Time-Odd Potential

All the results shown so far are obtained with the standard BKN
energy density functional that has no derivative terms. Therefore,
the nucleon’s effective mass is identical to the bare nucleon mass.
However, most of realistic effective interactions have effective
mass smaller than the bare mass, typically m*/m ~ 0.7. In such
cases, an improper treatment of the collective dynamics leads to a
wrong answer for the collective inertial mass [27]. This change in
the effective mass typically comes from the term pt in the Skyrme
energy density functional, which should accompany the term —j?
to restore the Galilean symmetry [27, 28]. These terms are absent
in the standard BKN functional.

To investigate the effect of the time-odd mean-field potential
on the collective inertial mass, we add the term B3(pt — jz) to
the original BKN energy density functional. The modified BKN
energy density functional reads,

Elp] = / St + / dr{gropz(r)+1—l6t3p3(r)}
—i—//drdr/p(r)v(r—r/)p(r/)
+8: [ dr o) - 0) (16)

where p(r), T(r), and j(r) are the isoscalar density, the isoscalar
kinetic density, and the isoscalar current density, respectively. In
Equation (16), v(7) is the sum of the Yukawa and the Coulomb

potentials [25]. The variation of the total energy with respect
to the density (or equivalently single-particle wave functions)
defines the single-particle (Hartree-Fock) Hamiltonian. In the
present case, the single-particle Hamiltonian turns out to be

1 3 3
hlp] = -V——V + =t —t30*
(o] Py +t3 op(r) + e (r)

+/dr’v(r —1)p),
+Bs3(t(r) + iV -j(r)) + 2iB3j(r) - V (17)

where the effective mass is now deviated from bare nucleon mass

h? n?
=—+8B )
2m*(r) 2m + Bsp(o)

(18)

For the time-even states, such as the ground state of even-even
nuclei, the current density disappears, j = 0. Even though, these
terms play an important role in the collective inertial mass. The
parameter B3 # 0 provides the effective mass and the time-
odd effect. The rest of the parameters are the same as those in
reference [25].

To examine the impact of the time-odd terms on the inertial
mass, in Figure 4 we show M(R) calculated with and without
the B3 term. When the time-odd terms are absent, B3 = 0,
both the ASCC and the cranking formula reproduce the o + &
reduced mass in the asymptotic limit (R — oc). However, the
cranking formula fails to do so with B3 # 0. As the value of B3
increases, the asymptotic cranking mass decreases. This can be
naively expected from the reduction of the effective mass from
the bare mass. In contrast, the ASCC inertial mass converges to
the correct reduced mass, no matter what Bz values are. This
means that the ASCC method is capable of taking into account
the time-odd effect and recovering the exact Galilean symmetry.

Another inertial mass indispensable in the collective
Hamiltonian of nuclear reaction models is the rotational
moments of inertia. The rotational motion is a Nambu-
Goldstone (NG) mode. To calculate this, we utilize a method
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FIGURE 5 | Rotational moments of inertias in the presence of time-odd mean-field potential for the system a+a as a function of relative distance R. The results of
cranking formula are shown in the left panel and the results of ASCC are shown in the right panel. The solid (red), dashed (green), and dotted (blue) curves show the
results calculated with Bg = 0, 25, 75 MeV fm?®, respectively, as labeled in the figure.
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proposed in the reference [29], where the inertial masses of
the NG modes are calculated from the zero-frequency linear
response with the momentum operator of the NG modes. The
formulation has been tested in the cases of translational and
pairing rotational modes, showing high precision and efficiency.
Based on the collective path obtained, we apply this technique to
calculate the rotational moments of inertia.

In Figure 5, the calculated moments of inertias are presented.
With B3 = 0, the moments of inertia calculated with the ASCC
and with the cranking formula well agree with each other in the
asymptotic region of large R. The value is equal to the point-mass
approximation in which the point « particles are assumed at the
center of mass of each « particle. However, when non-zero B3
comes in, the cranking mass formula can no longer reproduce
this asymptotic value. Similar to the case of relative motion, as
the value of B3 increases, the asymptotic moments of inertia
decrease and deviate from the asymptotic value. In contrast, the
ASCC method provides the moments of inertia almost invariant
with respect to the B3 values. These results show again that,
compared with the cranking formula, the ASCC method gives
the collective inertial masses by properly taking into account the
time-odd effects.

4. SUMMARY AND DISCUSSION

Based on the ASCC theory, we presented a method to
determine the collective reaction path for the nuclear reaction
as the large amplitude collective motion. This method is
applied to the fusion/fission a+a<>8Be, using the BKN energy
density functional. In the three-dimensional coordinate-space
representation, the reaction path, the collective potential, as
well as the inertial masses are self-consistently calculated. We
compare the ASCC results with those of the CHF+cranking
method. Since the reaction system is very simple, there is no
significant difference between the calculated CHF reaction paths
with different constraint operators. Despite of this similarity in
the CHEF states, the inertial masses calculated with the cranking

formula turn out to sensitively depend on the choice of the
constraint operator. The ASCC method is able to remove this
ambiguity in the inertial mass, by taking into account the residual
effects caused by the density fluctuation.

We add a term, which introduce the effective mass and time-
odd mean fields, to the standard BKN energy density functional,
to examine the effect of these terms on the inertial masses for
both the relative and rotational motions. In the presence of time-
odd term, the cranking formula fails to preserve the correct
asymptotic values, while the validity of ASCC mass is not affected
by the introduction of the effective mass. The time-odd mean-
fields properly recover the Galilean symmetry, leading to the
exact values of the asymptotic inertial mass. This is found to be
true in both relative and rotational motions. With this property,
we are quite confident that the ASCC method is promising to
be applied to the modern nuclear energy density functionals,
and make advanced microscopic theoretical analysis on various
nuclear reaction models. Another important issue is the inclusion
of the paring correlation, which may influence not only static
but also dynamical nuclear properties. In order to keep the
lowest-energy configuration during the collective motion, the
pairing interaction is known to play a key role [30]. Therefore,
we may expect significant impact on both the collective inertial
masses and the reaction paths. To study the above issues are our
future tasks.
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Open Quantum Systems

Masaaki Tokieda' and Kouichi Hagino %

" Department of Physics, Tohoku University, Sendai, Japan, 2 Department of Physics, Kyoto University, Kyoto, Japan

Couplings of a system to other degrees of freedom (that is, environmental degrees
of freedom) lead to energy dissipation when the number of environmental degrees
of freedom is large enough. Here, we discuss quantal treatments for such energy
dissipation. To this end, we discuss two different time-dependent methods. One is to
introduce an effective time-dependent Hamiltonian, which leads to a classical equation
of motion as a relationship among expectation values of quantum operators. We apply
this method to a heavy-ion fusion reaction and discuss the role of dissipation on the
penetrability of the Coulomb barrier. The other method is to start with a Hamiltonian with
environmental degrees of freedom and derive an equation that the system degree of
freedom obeys. For this, we present a new efficient method to solve coupled-channels
equations that can be easily applied even when the dimension of the coupled-channels
equations is huge.

Keywords: open quantum systems, quantum friction, Caldeira-Leggett model, barrier transmission, fusion
reactions

1. INTRODUCTION

Open quantum systems are ubiquitous in many branches of science. In general, a system is never
isolated but couples to other degrees of freedom, which are often referred to as the environment.
The couplings to the environmental degrees of freedom can strongly affect the dynamics of the
system. When the number of environmental degrees of freedom is huge, the couplings lead to
energy dissipation. It has been demonstrated by Caldeira and Leggett that such couplings suppress
the tunneling rate [1, 2], going into a transition from quantum to classical regimes. In nuclear
physics, it has been well known that a large amount of the relative energy and angular momentum
is dissipated during collisions of heavy nuclei at energies close to the Coulomb barrier, known as
deep inelastic collisions [3]. In this case, the dissipation occurs due to the couplings between the
relative motion of two colliding nuclei and nucleonic degrees of freedom in those nuclei. A classical
Langevin equation [4] has been successfully applied to describe such collisions [3]. The Langevin
approach has also been employed in order to discuss fusion reactions for syntheses of superheavy
elements [5-11].

The classical Langevin approach, by definition, is not applicable at energies around the Coulomb
barrier, at which quantum effects play an important role [12, 13]. One can then ask: what is a
quantum model that, in the classical Limit, is equivalent to a classical Langevin equation? There
are two approaches to address this question. One is to use a phenomenological quantum friction
model in which the expectation values of operators obey the classical equation of motion with
friction [14-17]. Recently, we solved such quantum friction Hamiltonians with a time-dependent
wave packet approach in order to discuss the effect of friction on quantum tunneling [18]. The
other approach to a quantum Langevin equation is to start from a system-plus-bath Hamiltonian,
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that is, a Hamiltonian that consists of the system and
the environmental degrees of freedom and eliminates the
environmental degrees of freedom. For instance, one can employ
the Caldeira-Leggett Hamiltonian [1] since the classical Langevin
equation can be derived from it [3, 4]. This approach is more
microscopic, and a computation would thus be more involved
than the quantum friction model. It has been known that, in
the Markovian limit, the time evolution for the reduced density
matrix for the system degree of freedom in general takes the
so-called Lindblad form [19, 20].

In this paper, we discuss both of these approaches for
open quantum systems from the point of view of the time-
dependent method. In the next section, we first discuss the
phenomenological quantum friction models using a time-
dependent wave packet approach. We apply them to heavy-ion
fusion reactions around the Coulomb barrier and discuss a role of
friction in fusion dynamics. In section III. we solve the Calderira-
Leggett Hamiltonian using a time-dependent coupled-channels
approach. Using a quantum damped harmonic oscillator, we
discuss how one can deal with a large number of degrees of
freedom. A summary of the paper is then given in section IV.

2. PHENOMENOLOGICAL QUANTUM
FRICTION MODELS

We first considered a phenomenological approach to quantum
friction. In this approach, one treats the environmental degrees
of freedom implicitly and introduce a phenomenological
Hamiltonian with which the classical equation of motion with
a frictional force is reproduced as expectation values. For this
purpose, several model Hamiltonians have been proposed so
far [14-17]. Among these, we focused in this paper on the one
introduced by Kostin [16].

Consider a particle of mass m moving in a one-dimensional
space g under the influence of a potential V(q). With a friction
coefficient y, the phenomenological Schrédinger equation in the
Kostin model is given by [16]:

2 92

.0
lhﬁllf(q’ t) = |:_2maq2 + Vig) +vS(g, f)] v(g,1), (1)

where S(q,t) is the phase of the wave function, ¥(q,1t)
[ (g, t)] exp(iS(g, t)/h). From this equation, it is easy to confirm
that one can derive the equation of motion with a frictional force:

v
dq’

d

dt @

(p) = —v{p) —<

as is desired. Here, the expectation value of an operator O
is denoted as (O) [dqy*(q,)O¢ (g, 1), and p is the
momentum operator.

When one simulates an energy dissipation in heavy-ion
collisions by means of friction, a frictional force should be active
only when the colliding nuclei are close to each other. In other
words, one needs to deal with a coordinate-dependent friction
coefficient, y = y(g). An extension of the Kostin model along

this line has been proposed in Immele et al. [21], Bargueno and
Miret-Artes [22], with which the modified Schrodinger equation
is given by:

2 a2

.0 _
zhﬁl/f(q, t) = |: + V(g)

C2mag?
q d

+/ dq V(41)T5(Q1,f)] ¥ (g, 1) (3)
q1

To apply the phenomenological model to realistic collision
problems, one further needs an extension to a three-dimensional
space, ¢ q(r,0,¢). To this end, we first must expand
the wave function with the Legendre polynomials Pj(x) as
Y(gt) = Zzo uj(r,t)Py(cos0)/r. One can then modify the
Schrodinger equation for u(r, t) in the same way as Equation (3)
to incorporate a frictional force,

B 92

B I+ 1)
2m 0r?

2

2m  r

0
ihgul(r, t) = |:
V) + / dr, y(n)aiﬁsl(n, t)} w(r ), (4)

where S;(r, t) is the phase of the radial wave function u;(r,t) =
|uy(r, t)| exp(iSy(r, t)/h). We have here assumed a spherically
symmetric potential, V(§) = V(r). Notice that only the radial
friction is taken into account here, while the angular momentum
dissipation is neglected.

In applying Equation (4) to scattering problems, one needs
to use the time-dependent approach since the Hamiltonian
depends explicitly on time. To this end, we propagate a wave
packet and observe how it bifurcates after it crosses the potential
region. Since a wave packet is a superposition of various energy
waves, one has to choose the initial condition carefully to get
scattering quantities at certain initial energy. Notice that the
energy projection approach [23] is inapplicable for our purpose
since the energy is not conserved.

In the initial condition, the width of the energy distribution
must be small enough to get reasonable results. In this context,
the energy refers to the expectation value of the asymptotic
Hamiltonian, Hy. If we restrict to the s-wave scattering, I = 0, and
if V(r) rapidly vanishes as r — o0, one can simply take the kinetic
energy operator as Hy, that is, Hy = —K*/2m (82/8r2). The
minimum uncertainty wave packet in this case has been discussed
in Bracher [24], which reads:

ugqin(r) t =0) o re—(r—ro)z/éla,zeikor’ (5)
where rg and o, are related to the mean position and the width of
the wave function in the coordinate space, respectively, and ky is
related to the mean initial energy.

In heavy-ion collisions, on the other hand, the potential is
a sum of the nuclear potential Vy and the Coulomb potential
Vel(r) ZpZre* /r with the projectile charge Zp and the
target charge Zr. Since the Coulomb potential is a long range
potential, the asymptotic Hamiltonian Hy has to include it: Hy =
—h%/2m (82 / 81‘2) + Vc. Thus, the minimum uncertainty wave
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packet in the form of Equation (5) would not be efficient in this
case. Instead, one needs to construct a wave packet from the
energy distribution, fc(E), of Hy in the presence of the Coulomb
potential. In analogy to the spherical Bessel functions, we find
that this can be achieved as:

uS(r,t = 0) o fo - dk Fo(n, kr)e* \/kfc(E), (6)

with E = h*k?/2m, where n = mZpZre? /h*k is the Sommerfeld
parameter and Fy(n, kr) is the regular Coulomb wave function.

With the initial condition given by Equation (6), we compute
the penetrability of the Coulomb barrier for the O + 208pb
system in the presence of friction. For the nuclear potential, we
employ the optical potential in Evers et al. [25]:

Vo Wo

N = e = R)Jay) T T+ explr — Ru)/aw)

» (7)

with Vo = —901.4 MeV, Ry = 8.44 fm, ay, = 0.664 fm, Wy =
—30 MeV, Ry, = 6.76 fm, and a,, = 0.4 fm. With this potential,
the Coulomb barrier height Vg is 74.5 MeV.

For a friction coeflicient y(r), we employ the surface friction

model [3],
dfws \ >
Vp——1 ,
( Par )

y =2
m

(8)

with the Woods-Saxon from factor fiys 1/(1 + exp ((r —
Ry)/ay)). This is a general form of the friction coefficient obtained
perturbatively [26], and it has successfully been applied to the
above barrier fusion reactions and to deep inelastic scatterings
[3]. We arbitrarily set yp = 4.7 x 10723 s/MeV, and this is used
in the classical calculations. We compute the phase of the wave
function in the same way as in Tokieda and Hagino [18].

For the initial energy distribution in Equation (6), we assume
the Gaussian form,

¢~ (E=E0)*/20}

felB) = ——

2
2oy

9)

where Ej and of, are the mean and the width of the initial energy
distribution. We have confirmed that o = 0.5 MeV is sufficient
in the present parameter set.

Figure 1 compares the penetrability obtained with and
without friction. One finds that the penetrability with friction
is shifted to higher energies around the barrier. That is, in
the presence of friction, a particle needs additional energy
to penetrate the barrier, which originates from the energy
dissipation. One can also see that the penetrability does not reach
unity at high energies, but it is almost saturated at around 0.9.
This means that the exit channel is in a quantum superposition
state of absorption and reflection even at sufficiently above-
barrier energies. Notice that, in classical mechanics without a
random force, the penetrability can be only 0 or 1. In this sense,
this is peculiar to the quantum friction model.

For a practical application to fusion reactions, one needs to
take into account explicitly low-lying collective excitations, as

1} e m—— o
Z08|
=
© 0.6
© No friction e o
d'cf 0.4 Friction —_—

0.2
0 I L L
70 75 80 85 90
EO (MeV)

FIGURE 1 | Energy dependence of the penetrability of the Coulomb barrier for
the "®0+2%8Pb reaction. The dashed line shows the result without friction,
while the solid line is for the result with friction.

they play a crucial role [27]. This can be achieved by extending
the above method to the coupled-channels formalism. In that
treatment, low-lying collective excitations are taken into account
explicitly, while other degrees of freedom, such as non-collective
excitations and nucleon transfers, are treated by means of a
frictional force.

In Tokieda and Hagino [28], we have applied the method
to the 1°0+2%Pb system. The nuclear potential is the Woods-
Saxon form as Equation (7). For low-lying collective states, the
first excited state of both 1°0O and 2%8Pb were taken into account.
The channel-coupling effect was treated in the same way as
the CCFULL code, and the iso-centrifugal approximation was
adopted [29]. The surface friction model was employed for a
friction coefficient [with a replacement of V with Vj in Equation
(8)], treating yp as an adjustable parameter. See Tokieda and
Hagino [28] and reference therein for details of the parameters.

To compute the penetrability at certain energy, we used the
same initial condition as Equation (9). It has turned out that
op = 0.5 MeV was sufficient for the employed parameter set.
By taking a sum of the penetrability at each angular momentum,
one could calculate fusion cross sections, which could then be
compared with experimental data.

In Figure 2, we compare the energy dependence of fusion
cross sections. Notice that the present method is reduced to the
conventional coupled-channels method when friction is turned
off. Thus, the no-friction result is nothing but the result of
the conventional coupled-channels approach. To reproduce the
experimental data, we set y = 0.6 x 1072* s/MeV. In the
left panel of Figure 2, on one hand, one finds that the fusion
cross sections at above barrier energies are suppressed in the
friction model (the solid line) compared to that in the no-friction
model (the dashed line). In the right panel of Figure 2, on the
other hand, one sees that the sub-barrier fusion cross sections in
both the models give almost the same result. Considering overall
energies, the present friction model provided a more consistent
description of fusion reactions around the Coulomb barrier as
compared to the conventional coupled-channels approach. In
this calculation, the same behavior as in Figure 1 has been found,
and this may be a key to achieve a consistent description [28].

In comparison with the classical Langevin approach, the
present method did not contain a random force originating from
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FIGURE 2 | Energy dependence of fusion cross sections for the 60 + 298P system. The results with and without friction are shown by the solid and the dashed
lines, respectively, while the experimental data are shown by the circles. The left panel (A) is in the linear scale, while the right panel (B) is in the logarithmic scale. The
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thermal fluctuation. For the 1°0+2%Pb system, the compound
nucleus was formed once the projectile and the target nuclei
touched each other, and the fluctuation played a much more
minor role compared to the massive systems. In that situation,
fusion cross sections were given as an averaged quantity, and it
was expected that the presence of a random force does not change
the result much. However, when one deals with phenomena
in which thermal fluctuation plays a crucial role, such as deep
inelastic scattering or a synthesis of superheavy elements, the
thermal fluctuation should be explicitly taken into account. One
could in fact directly add a random force to the Schrodinger
equation Equation (1) as was done in the original paper [16].
Alternatively, friction and fluctuation will naturally emerge by
explicitly treating environmental degrees of freedom, which we
have discussed in the next section.

3. SYSTEM-PLUS-BATH MODEL

We next considered a more microscopic model for quantum
friction, employing a system-plus-bath model. To be more
specific, we considered the Caldeira-Leggett model [1, 2], whose
Hamiltonian is given by,

Hot = Hs+ Y hoialai +h(g) Y dia] +a),  (10)
i i

= Hs+ Hp + Vcoup, (11)
where Hg and Hp are the Hamiltonians for the system and the
bath degrees of freedom, respectively, while Voup is the coupling
Hamiltonian between the system and the bath. Here, the bath
degree of freedom is assumed to be a set of harmonic oscillators,
whose creation and annihilation operators are denoted by an a?
and g;. The coupling Hamiltonian is assumed to be separable
between the system and the bath degrees of freedom. In there,
d; is the coupling strength, and h(g) is the coupling form factor,
where g is the coordinate of the system.

There are several ways to solve the Calderira-Leggett
Hamiltonian. In Caldeira and Leggett [1, 2], the bath degrees
of freedom were integrated out using the path integral in order
to obtain an effective action for the system degree of freedom
[see also Takigawa and Bertsch [31]]. One can also introduce

the influence functional [32]. Here we discussed the coupled-
channels approach [33].

In the conventional coupled-channels approach [27], one
expands the total wave function in terms of the eigen-wave
functions of Hp:

Wiot(@, ) = Y Yiny (9, 8) 1{mi}), (12)
{ni}
where the basis states |{n;}) are given by:
_ 1 +\
) =TT 72 (af) " 10). (13)

Here, |0) is the vacuum state defined as a;|0) = 0. One can derive
the coupled equations for vy,,(g, t) by evaluating the equation:

9
({"i}|iha|‘ptot> = ({ni}|Hot|Wiot)» (14)
that is,
)
lha‘/’{n,}(% t) = (HS + Xl: niha)i) W{Vl,‘}(q’ t)
+ ) (i Veoup i) Yy (g 0. (15)

)

The coupled-channels equations, Equation (15), can be
numerically solved when the number of the oscillator modes
is not large [27, 29]. However, in general, the number of
the oscillator modes can be huge, or the distribution of the
frequency of the oscillator may even be given as a continuous
function. In that situation, it is almost hopeless to solve the
coupled-channels equations directly. In order to overcome this
problem, we introduced a more efficient basis to expand the total
wave function [33]. To this end, we first expanded the function
exp(—iwt) with a finite basis set as:

K
e~ " (@)u(t), (16)
k=1
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where uy(t) is a known function such as a Bessel function, and
nk(w) is the expansion coefficient. We then introduced a new
phonon creation operator as:

d;
b= 7 mlwia. (17)
i

Notice that the number of k is finite, k running from 1 to K, even
though the number of i may be infinite. We then constructed
the basis states using the operators b,t and expanded the total
wave function with them. That is, instead of Equation (12), we
expanded the total wave function as:

Wiot(g 1) = Y Py (@ 1) ), (18)
{7}
with,
=11 ()" 10 19)

One can then obtain the coupled-channels equations similar to
Equation (15):

J - -
ihal/f{ﬁk}(q, t) = Hs ¥y (g5 1)

+ > (A Hp + Veoup (7)) ¥y (@.1). - (20)
{7}

We once again emphasize that the dimension of the coupled-
channels equations, Equation (20), is much smaller than that of
the original equations, Equation (15).

The structure of the coupled-channels equations, Equation
(20), becomes simple when the basis functions u(t) satisfy the
following two conditions.

1. The matrix D defined as:

1
Dy = 5 ) dink(@ln (), (21)
i

is diagonal with respect k and k. That is, Dgyy = A8y k- Notice
that the matrix D can be expressed also as:

1 o0
Du = [ dor@mir ) (22)

—00

with the spectral density given by:
1
J) =+ 21: d*5(w — ). (23)
2. The basis function uy(t) is closed under differentiation:
dug(t) &

;t = Z Cra g (8). (24)

kK'=1

Notice that Bessel functions satisfy this condition since the
following relation holds,

d 1 1
K = =2k + SJi-1 (), (25)

(with J_p(x) = (=1)¥Ji(x) for an integer value of k).

See Equation (31) in Tokieda and Hagino [33] for the explicit
form of the coupled-channels equations, Equation (20). Tokieda
and Hagino [33] also provides an alternative derivation of the
coupled-channels equations, which used the influence functional
of the path integral method. This allows one to extend the present
formalism to finite temperatures.

Before the present method is applied to heavy-ion collisions,
we should make sure that it works in principle. To this end,
we considered a damped harmonic oscillator in which the exact
solution can be obtained easily [33]. The Hamiltonian for the
system, Hg in Equation (10), is now given by
P

Hg= 2
ST oM

1 2 2 2 dlz
+ 5 Mwiq +h (Q)Xi: = (26)

where M and ws are the mass and the frequency of the system,
respectively, and the last term represents the so-called counter
term. In the following, we measured the length of the system
in units of the oscillator length gs defined by gs Vh/Muws,
and took the coupling form factor, h(q), to be h(q) = q/gs. We
assumed that the bath oscillators are distributed according to the
spectral density (see Equation 23) as:

w\ 2
1 (—) .
Q
In the numerical calculations shown below, we took Awg = 2 eV,
Vi=1leVand iQ2 =4eV. B
Att = 0, we assumed that V5,,(g,t = 0) = 0 for N =

211;1 n # 0. For N = 0, that is, for 71, = 0 for all k, we assumed
that the wave function is given by:

Jw) =V =2

o 27)

Yn=0(qt = 0) = ¢~ am /A9 gipoa/h - (28)

4 2
2oy

with qo/qs = —1, 00/qs = l/ﬁ, and pogs/h = 0.

Figures 3, 4 show the time evolution. The upper panel of
Figure 3 shows the norm for each phonon state N as a function
of wst. Here, the norm is defined as:

0= Y. [ dgli@0fonmy @)

{7}

To draw this figure, we took Bessel functions, Ji(21), for ux(f) in
Equation (16) with K = 20. A new basis was then constructed by
diagonalizing the matrix D in Equation (21). With this basis, we
solved the coupled-channels equations by including the phonon
states with N < 5. The expectation value of the norm was also
shown in the lower panel. As is expected, the number of phonons
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0-phonon
1-phonon
2-phonon
3-phonon
4-phonon
5-phonon

0.6

VvV 0.4

10

FIGURE 3 | (A) The norm for each phonon number, N = Zfﬂ fik. The solid
line with squares, triangles, inverted triangles, diamonds, pentagons, and
circles are for N =0, 1, 2, 3, 4, and 5, respectively. These are obtained by
solving the coupled-channels equations with the phonon states up to

Nmax = 5, for which the phonon operators are defined with the Bessel function
basis with K = 20. (B) The expectation value of the number of phonon.

in the bath gradually increases as a function of time. Notice that
the contribution of the 5-phonon states is small in the whole
time range shown in the figure. This justifies the truncation at
Nmax = 5 for the present parameter set. One can also see that the
contribution of each phonon reaches its equilibrium at around
wgt = 6.

Figure 4 compares the results of the present method with
the exact solution for the quantum damped harmonic oscillator.
To this end, we evaluated the expectation values for the
following four quantities: &; = (q) /qs, § = (p) qs/h &qq =
((q — (q))z) /qg, and &, = ((p - (p))z) qé/hz. We carried out
the calculations with three different values of Ny, that is, Nipax
= 3, 4, and 5, and compare them with the exact results shown
by the solid lines. One can see that all of the calculations with
Nmax = 3, 4, and 5 reproduce the exact results up to wgt ~ 5, for
which J50(€2¢) is negligibly small, and the expansion in Equation
(16) with Bessel functions up to K = 20 [that is, up to J19(£21)]
is therefore reasonable. The deviation from the exact results
becomes significant for larger values of wgt, especially for the
second order moments, £;4 and &,. This is a natural consequence
of the fact that the larger number of phonon states are required
to describe the finer structures.

We would like to make a few comments on an application
of the present method to heavy-ion collisions. Unlike the
phenomenological quantum friction models discussed in the
previous section, the total energy conservation was assured
with the Hamiltonian given by Equation (10). Therefore, one
can utilize the energy projection method [23] to calculate
the penetrability for a given energy. In the present method,

0.6

0.2

uF-0.2

o
N
I
()

FIGURE 4 | Comparison between the present method and the exact results for the expectation values of several quantities, that is, (A) & = (q)/as, (B) & = (p) gs/h,
(C) &g = ((— (q))2>/q§, and (D) &, = ((p— EN?) qg/hz. The solid lines show the exact results, while the solid lines with squares, triangles, and circles are the
results of the present method with Nmax = 3, 4, and 5, respectively.
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the number of Npayx required to achieve convergence was an
important parameter that controlled the numerical cost. We
expected that Ny, was small for collision problems since the
system-bath coupling was active only while a wave packet
overlapped with the potential region. Another issue in an
application to heavy-ion collisions was that one needs to model
properly the environmental degrees of freedom. Note that they
are described solely by the spectral density (see Equation 23) in
the Caldeira-Leggett model. That is, one needs to model a suitable
spectral density for heavy-ion collisions. A similar problem
has already been discussed in the linear response approach to
heavy-ion collisions [34] as well as to fission reactions [35]. We
anticipate that these approaches provide a useful means for our
future works of an application of the present method to heavy-ion
reactions.

4. SUMMARY

We have discussed two time-dependent methods for quantum
friction. The first method was based on an effective Hamiltonian,
which was constructed so that expectation values of operators
obey a classical equation of motion with friction. Such
Hamiltonian is in general time-dependent, and we have solved it
with a time-dependent wave packet method. The other method
is to start with a total Hamiltonian with both the system and
the environmental degrees of freedom and then eliminate the
environmental degree of freedom to derive an equation that the
system degree of freedom obeys. For this approach, we have
presented a new efficient basis for coupled-channels equations.
These two methods were complimentary to each other. In the
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This brief review illustrates on a few typical applications fully fledged dynamical
simulations of finite electronic systems (atoms, molecules, clusters) using time-
dependent density-functional theory (TDDFT). It concentrates on aspects which are
different from nuclear applications. These are: the correct handling of electron emission,
the self-interaction correction, the enormous versatility of laser excitation to probe
systems properties, and with it the exploitation of detailed observables of electron
emission as photo-electron angular distributions and photo-electron spectra (PES).
Finally, we demonstrate the impact of electronic dissipation putting question marks on
the reliability of TDDFT simulations over long times.

Keywords: time-dependent density-functional theory, molecules, electron emission, photo-electron distributions,
dissipation

1. INTRODUCTION

Far-off equilibrium dynamics in quantum many-body systems is since numerous decades a
challenging task much studied in experimental and theoretical investigations. In the realm of finite
electronic systems, the availability of versatile laser pulses has given way to detailed analysis of
the response of clusters and molecules [1-11]. In particular it allows one to explore the properties
of electrons emitted after irradiation in correlation with the laser pulse. This has led to detailed
analysis of angular- and energy-resolved electron spectra, e.g., their angular distributions and
photoelectron spectra (PES) or both simultaneously as angular resolved PES (ARPES) recorded
via Velocity Map Imaging techniques [12]. The theoretical description of such far-off equilibrium
situations is also demanding. It requires large phase spaces and must cover vastly different time
scales ranging from basic processes of excitation over collisional redistribution with subsequent
relaxation to ionic motion and possible coupling to environment. They thus require dedicated
fully time-dependent approaches, such as the widely used time-dependent density functional theory
(TDDFT), often combined with molecular dynamics for the description of ionic motion (see e.g.,
[13]). This approach is both versatile and robust and allows one to simulate numerous dynamical
scenarios with high degree of accuracy. The electronic part, TDDFT, is formally exactly the same
as time-dependent Hartree-Fock (TDHF) in the nuclear domain [14]. The difference lies mainly in
energy functionals which are constructed by very different strategies, see Dreizler and Gross [15]
for electronic systems and Bender et al. [16] for nuclei.

In a typical laser irradiation, electrons immediately react to the external electro-magnetic field
driving the system quickly far-off equilibrium long before ionic motion and thermal relaxation
processes set on [17]. Thus, the system fully remains in the quantum regime for quite a while,
as seen in recent experiments, exhibiting clear quantum and thermal pattern in photoelectron
spectra [18-20]. The crucial first stage, i.e., the doorway to any photo-reaction, is predominantly
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quantum-mechanical electron dynamics which is (as in nuclear
dynamics) well-described by TDDFT and we shall focus on this
domain below.

Actual implementations of TDDFT are often based on the
Time-Dependent Local Density Approximation (TDLDA) [8, 21,
22] which usually performs well at moderate excitation. However,
TDLDA is plagued by a self-interaction error [23] which
arises because the local approximation of Coulomb exchange
spoils the subtle balance with the direct Coulomb term (which
was still maintained in full Hartree-Fock calculations). This
is particularly disastrous for simulation of emission properties
because the ionization potentials in terms of the energy of the
highest occupied single-electron orbital are underestimated. The
problem is cured in ad hoc manner by augmenting TDLDA with
a self-interaction correction (SIC). As this is an aspect which is
less important in the nuclear domain and thus ignored, we will
address it below. Another aspect which is missing in TDLDA
and which becomes important in later stages of the dynamical
evolution are dynamical correlations and associated dissipative
features. Extensions beyond TDLDA which take dissipation into
account are presently under development. We shall address also
this question on one example.

The paper is organized as follows. Section 2 provides a brief
summary of the formalism, TDDFT in real time with SIC and
computation of observables, particularly ionization and PES.
Section 3 presents a few selected application examples starting
with the impact of SIC and basic features of optical responses
as the latter plays a crucial role as doorway to any dynamical
scenario. We then illustrate the capabilities of short laser pulses
and finally discuss the impact of dissipation.

2. THEORETICAL BACKGROUND
2.1. Electronic DFT

Asin nuclear TDHEF, the state of the electronic system is described
in terms of single-particle (s.p.) Kohn-Sham (KS) wave functions
@u(n = 1,...,N) from which the key ingredient in DFT, the
total electronic density, is built as o(r, t) = Zn:l,..‘,N lon(r, £)]2.
The total energy is composed as Eiot = Eyin + Ex + Exc +
Eion + Eext. The first three terms, namely kinetic energy, Coulomb
Hartree energy, and exchange-correlation energy, constitute the
purely electronic part and correspond to typical nuclear energy
expressions. The last two terms, the ionic energy with its coupling
to electrons and a possible external (laser) field, are specific to
atoms/molecules. Hartree and exchange-correlation energies are
approximated as functionals of o: Eyy + Exc =~ Erprpalo(r, 1)].
This constitutes in the dynamic domain the Time-Dependent
Adiabatic Local Density Approximation (TDLDA) [15, 24, 25],
the electronic analog of nuclear TDHF. Variation with respect to
@y yields the KS equations:

. K
ihdp, = _%VZ + vipale] + vien + Vext} Pn (1)
The LDA potential is obtained as a functional derivative with
respect to the local density : vipalo](r,t) = gg(LrD?) o The
e

ionic background vjo, is described by pseudopotentials [26].
We use the particularly simple and efficient soft local [27] or
Goedecker-type [28] pseudopotentials.

An external, coherent laser field is handled as a classical field in
the long wavelength limit, adding to the mean-field Hamiltonian
the potential

Vext(t,1) = €t - e, Ey cos(Awpst + ¢cep)f ()  with

f(t) = cos’ <7r Tt )9(t)9(Tpulse -1,

pulse

2

0 being the Heaviside function. The laser characteristics are:
linear polarization (here denoted by e,), peak field strength E
related to laser intensity (I o Ej), photon frequency fwy,
and total pulse length Tpyjee. The full width at half maximum
of intensity (FWHM) is given as FWHM =~ Tpye/3. The
parameter ¢cgp, the so-called carrier-envelop phase, is the phase
between the maximum of an oscillation at frequency hwj,s and
the maximum of the cos? envelope which plays a role particularly
for short pulses [29].

2.2. Self-Interaction Correction

The KS equations introduce a self-interaction (SI) error because
KS mean field vips employs the total density which includes also
the electron on which vipa acts. This is particularly disastrous
for the long-range Coulomb term which produces thus a shifted
single particle energy spectrum and, as a consequence, a wrong
ionization potential (IP). To overcome the SI error, the energy-
density functional is augmented by a SI correction (SIC) [30]

Eipa —> Ewpalo(r, )] = ) Eipaloa(r 1)) (3)

The price to pay is to deal with a Hamiltonian that is now non-
Hermitian and state-dependent, since the variation with respect
to ¢ of the SI-corrected energy explicitly produces a functional
of the s.p. density o, instead of the total electronic density (for
a broad overview of orbital-dependent functionals, see Kiimmel
and Kronik [31]). This difficulty is particularly severe in the time
domain and requires elaborate strategies to maintain unitary time
evolution [32, 33].

Still, a full solution of dynamical SIC is expensive. Fortunately,
there are many situations where one can employ a drastic
simplification, namely the average density SIC (ADSIC) which
was proposed already in the 1930s [34], and applied since then in
clusters [35]. The idea is to assume that all electrons fill about the
same region of space and thus contribute about equally to the SI
error. This amounts to replace Equation (3) by

Eipa — Ewpalor +0,] = Y Ny Eipales/No1 , (4)
ot}

where o, and N, are the total electronic density and the
total number of particles of spin o, respectively. This is, again,
a functional of the local spin-density only and thus can be
treated in the same manner as any LDA scheme. This works
nicely in a wide class of compact atomic/molecular systems [36]
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and particularly well for metal clusters. It is not applicable to
situations with fragmented electron density and to bulk systems
(the latter because the particle numbers N, grow infinite).

2.3. Observables

The KS equations are solved in real time on a 3D grid with
standard techniques [13, 17, 37]. The predominantly local
structure of the KS Hamiltonian allows one to use the very
efficient time-splitting scheme for time propagation [38]. The
Coulomb field is computed with successive over-relaxation [39]
or Fast Fourier Transform techniques [37, 40]. To describe
ionization dynamics, we use absorbing boundary conditions [17],
which, when properly optimized [41], gently remove outgoing
electron flow at the boundaries of the numerical grid. This
is a crucial ingredient which is so far not much used in
nuclear dynamics. But it is essential in atoms/molecules where
observables from electron emission (explained below) are
very important.

The analysis of electron dynamics is performed through a set
of well-established observables [10, 17, 42, 43] that we briefly
recall here. As the laser field couples to the electronic dipole,
dipole response is the most prominent observable in many
studies [10, 13, 42, 44]. We compute the dipole moment of
electrons (with respect to ionic background) from the electronic
density as:

D(t) = / drro(r, 1) (5)

Spectral properties are then obtained from the time-frequency
Fourier transform D(t) — ﬁ(a)) after unfolding the spectrum
of the exciting pulse [44]. Spectral analysis becomes particularly
simple for excitation by an instantaneous dipole boost. The
dipole strength becomes then S{ﬁ(w)} and the dipole power
spectrum |13(w)|2.

For sufficiently strong excitation, electron emission becomes
important. It can be analyzed at various levels of sophistication
thanks to the use of absorbing boundary conditions mentioned
above. Simplest is the global measure, the total ionization which
can be computed from the given density as

Newe() = N — f Fron1) (6)

where N is the initial electron number.

More detailed observables are Photo-Electron Spectra (PES),
obtained from measuring the distribution of kinetic energies of
the emitted electrons, or their angular distribution. Measuring
both simultaneously yields Angular-Resolved PES (ARPES) for
which often valuable experimental data exist to compare with
[43]. The strategy to compute PES consists in defining a set of
“measuring points” rpq near the absorbing boundaries, and to
record the time evolution of s.p. wave functions ¢, (r v, t) at these
points. The information thus gathered can be post-processed
in two ways. Simple time integration of |@,(r, )|? yields the
amount of ionization at this measuring point. This together with
properly accounting for the solid angle € ,, associated with
the vicinity of the measuring point direction yields the angular

distribution of emitted electrons [42, 45]. The PES is obtained
by Fourier transforming the s.p. wave functions at the measuring
point from time to frequency ¢,(raq,t) —> @i(raq, En) and
identifying the kinetic energy as Ei, = k*/(2m) = hw. This
delivers the PES from s.p. state i for emission in direction of the
measuring point r r¢. The total PES is then obtained by summing
up the contributions from each s.p. state

N
Ve, (Exin) o Z‘ai(rM:Ekin)yz .

n=1

™

This simple Fourier transform applies to weak and moderate
fields. For stronger field one still needs a phase correction which
is explained in detail in [46].

3. RESULTS

3.1. Impact of SIC

We illustrate the importance of SIC for TDDFT on the example
of the Nas cluster irradiated by a femtosecond (fs) laser pulse
with FWHM of 10 fs, intensity I 2.2 x 10" W/cm?, and
frequency iy 10.9 eV, well above ionization threshold
(ionization potential IP= 4.1 eV) and far away from dominant
eigenfrequencies of the system. We use the simple ADSIC
approximation (which is found to be appropriate for Na systems
[35, 36]) and compare it to LDA. Figure 1 collects the results. The
top right part of the figure shows the (planar) ionic configuration.
The lower right panel compares the sequence of s.p. energies
for LDA and ADSIC. The latter produces a global down-shift
of the s.p. levels as compared to those from LDA (by 1.2 eV
for the HOMO) due to the enhanced Coulomb attraction (self-
interaction neutralizes the asymptotic Coulomb field). The IP
can be checked independently by comparing with the difference
of energies of Nas and Na; (Koopman’s theorem) and ADSIC
matches this energy difference perfectly while LDA fails badly. As
a consequence, the s.p. spectrum from ADSIC carries the correct
information on the ionization threshold.

The left panels show the dynamical response of the system to
the laser pulse. The left lower panel displays the time evolution
of the electronic dipole moment along laser polarization (x axis).
There is almost no difference between LDA and ADSIC for
the dipole signal. This is also found for the optical absorption
strength (not shown here) which is no surprise because the
optical absorption is another way to look at the dipole response.
There is no urgent need to employ SIC when computing these
quantities. This is plausible because the dipole signal is a global
signal deduced from the density and density is, by construction,
well-described in DFT.

The left upper panel shows the time evolution of the total
ionization N (see Equation 6). This signal reveals a dramatic
difference between ADSIC and LDA. This is no surprise as
ADSIC provides a larger IP than LDA (and altogether, more
deeply bound levels, see bottom right panel). The reason is that,
in TDDFT, ionization is mediated via the actual s.p. energies such
that it is crucial to put the s.p. energies right within DFT.

Frontiers in Physics | www.frontiersin.org

24

February 2020 | Volume 8 | Article 27


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Mai Dinh et al.

Dynamics in Clusters/Molecules

T 4 == TDLDA y
= —
= ADSIC Z% -
NS 3L
Nas S
Z 9 L
a )
S
.Jc_é T T
S Lr
a | gL | |eemeeeccscssereeemessanss s s 0
=)
0 g
T T T T T T B - % T _lg
5 )
SR 123
. 0.01 ) 8
o %) 7] 20
< —— =
< o {-3¢
2 0 @
2 &
"'8 B T e--. <4 o
5 .0.01 Wias = 10.9 €V
FWHM=10 fs| [ e
I=22x 10" W/em?
_002 1 1 1 1 1 1 1 | _6
0 5 10 15 20 25 30 35 LDA ADSIC
time (fs)
FIGURE 1 | Comparison of (TD)LDA and ADSIC for the Nas cluster. (Top right) Sketch of ionic configuration of Nas. (Bottom right) Single particle (s.p.) energies for
spins up (full lines) and down (dashes). (Left) Time evolution of total ionization Negc (top) and of the electronic dipole in the x direction (bottom) after irradiation by a
laser pulse polarized along x with wigs = 10.9 €V, Tpuse = 24 fs, and / = 2.2 x 10" W/cm?.

3.2. Optical Response

Optical response is the most prominent observable for dynamical
properties of a system. Its role in nuclear physics and in molecular
or cluster physics is similarly important. The conceptually
simplest way is to compute it by spectral analysis of a time-
dependent simulation (see section 2.3). Traditionally, it has
mostly been computed by linearized TDDFT which complicates
coding, but simplifies calculations, particularly if a system has
certain symmetries (see e.g., [47-49]). The pathway through
spectral analysis is competitive in fully 3D calculations and it is
more flexible as it also allows one to explore the transition to the
non-linear regime [50]. We use that here.

Figure 2 shows optical absorption strengths for a nucleus,
208pb, and three different electronic systems of different bond
types, a metal cluster Nay, a covalent molecule H,O, and
the noble gas Ar atom. The three electronic systems have
significantly different spectra. For Ar and H,O, the strength is
heavily fragmented over many dipole states, most of them having
predominantly the structure of one-particle-one-hole excitations.
Quite different is the metallic Nagy, with one dominating and
almost exhaustive peak, the highly collective Mie plasmon [54,
55]. The nuclear spectrum looks very similar to the cluster case.
It is dominated by the a strong collective mode, the giant dipole
resonance [56]. The similarity is not surprising as both, the
metallic electron cloud and the nucleons, have the same bulk
limit, namely a Fermi liquid [57].

The nuclear dipole resonance and the cluster’s plasmon
resonance both have some width. However, the mechanisms
producing these widths is different. The nuclear dipole resonance

lies in the nucleon continuum and a large part of the width
stems from limited lifetime due to nucleon emission. The
remaining part is due to dissipative processes from nucleon-
nucleon collisions. Both processes also play some role in metal
clusters. But here the dominant broadening mechanism is given
by thermal fluctuations of the underlying ionic configuration
[58, 59].

3.3. Laser Excitation

Laser pulses offer a unique and extremely versatile tool for
dedicated probing and switching of electronic systems. Coherent
pulses in keV and MeV regime, as required for nuclear
experiments, appear at the horizon [60-62], but deliver not yet
sufficient field strengths to attain the most interesting multi-
photon regime. This day will come and thus it is worth having
a look at electronic applications and see what experiments with
coherent pulses can reveal.

A great deal of information is gained when combining laser
excitations with detailed analysis of the emitted electrons. The top
panels of Figure 3 show as an example ARPES produced from
the Ar atom (left) and the Na;' cluster (right) after irradiation
by a few-cycle laser pulse. Cuts along a fixed angle represent the
PES and cuts along a fixed kinetic energy the angular distribution.
The PES decrease with increasing Ey;, because more photons
have to cooperate to supply the higher emitted energy. And yet,
one finds a plateau around 20 eV which is typical for above-
threshold ionization spectra [63, 64]. The two different systems
deliver different patterns, demonstrating that system properties
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form the signal which, in turn, can be used to analyze a system by
ARPES studies.

One of the interesting features in ARPES from very short
pulses is the asymmetry of the angular distributions which
appears in various energy bins for both systems. Indeed, in such
laser pulses, the carrier-envelop phase ¢cgp, see Equation (2),
becomes a decisive laser parameter because the CEP controls the
net momentum exerted on the electron cloud and so impacts
the pattern of the pulse dramatically which, in turn, can have a
strong impact on laser-induced electron dynamics. For example,
photo-electron emission induced by few-cycle laser fields can
be controlled by the CEP, leading to a pronounced forward-
backward (also called “right-left”) asymmetry in the PES. We can
quantify this asymmetry by a simple number as

180°

i d6 Y(Biin,0) — [ d0 V(Eign, 6)
180°

d60 V(Eiin,0) + [ d0 V(Eiin, 6)

N(Exin) =

where Y(Ey,,0) is the ARPES strength at given kinetic
energy and emission angle. For the opening angle in the
integration, we take ©® 15° in accordance with many
experiments in that field (see e.g., [65]). A value of 7
+1 indicates prevailing forward emission and 7

-1

backward dominance. Condensing the angular distribution into
one compact number 7 allows one to visualize trends with
laser parameter. The lower panel of Figure 3 shows an energy-
integrated asymmetry n as a function of ¢cgp. The effects are
impressive. Tuning ¢cgp allows one to switch emission from
forward to backward and vice versa. And we also see a significant
system dependence of the trend. The marked difference between
both systems can be explained by the difference in their optical
response displayed in Figure2. The 1.8 eV laser frequency
lies far below any considerable dipole strength for Ar while
it comes close to the strong Mie plasmon resonance for the
Na cluster. For a detailed discussion with more material see
Reinhard et al. [29].

3.4. Impact of Dissipation

So far, we have demonstrated the use of TDDFT in electronic
systems on a few selected examples. TDDFT has shown to be
a robust and versatile tool for simulating dynamical processes.
However, the more energy comes into a system, the more
likely come dynamical correlations beyond TDDFT into play.
This is also well-known in nuclear physics and a variety of
methods has been developed to deal with those correlations.
They employ all semi-classical concepts and most of them
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are based on the Vlasov-Uhling-Uhlenbeck collision term [66]
(for reviews see [67, 68]). This has also been applied to
clusters [10, 69, 70]. But laser excitation processes sail often
for a long initial time span through the quantum regime.
There is thus a need for a quantum description of dynamical
correlations from electron-electron collisions and associated
dissipation. Just recently, there were promising moves to
develop such approaches, one along the line of stochastic jumps
(comparable to the collisions in semi-classical methods) [71-
73] and another one with the more empirical relaxation-time
approximation (RTA) [74, 75]. Both approaches are based on
two-body collisions implying the in-medium electron-electron
interaction and take care of the available phase space of
final states. RTA, for which we will show an example here,
maps cross-section and phase space into a collision rate with
which the system relaxes toward local-instantaneous equilibrium,
the latter being evaluated at each relaxation step by density-
and current-constrained minimization of the free energy. By

construction, RTA maintains the continuity equation and
energy conservation.

Figure 4 exemplifies the consequences of the dissipation
thus introduced with an application of RTA to resonant laser
excitation of a Nayg cluster. The lower left panel shows the effect
on the dipole signal. The additional damping introduced by RTA
is clearly visible. It is interesting to note that the TDLDA signal
is also damped, although at lower rate. This damping stems from
electron emission which is the dominant cooling mechanism in
TDLDA. This is corroborated by the time evolution of ionization
shown in the lower right panel. The trends agree up to about
100 fs, the same span where the dipole signals agree. But then
the RTA curve levels off whereas TDLDA continues to emit.
That happens because RTA has meanwhile converted much of
the initial excitation energy into internal heat and so distracted it
from moving into direct electron emission.

A comparison of energy balances is detailed in the upper
panel of Figure4. It shows the contributions from intrinsic
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energy and energy invested in electron emission for TDLDA and
RTA (for details of the definition see [75]). It confirms what
we have inferred from the ionization trends in the lower right
panel. Most interesting is the large difference in the total energy
absorbed from the laser pulse (black line). In pure TDLDA, the
entrance channel for energy absorption, the dipole channel, has
limited capacity as one can see from the onset of oscillations
in the absorption signal. Dissipation in RTA clears the entrance
channel and thus allows more energy to come in. Altogether,
we see that dissipation can make a difference. Note, however,
that this example deals with a considerable excitation energy and
that deviations from TDLDA develop only slowly. In turn, we
can conclude that TDDFT provides a pertinent description of
dynamical processes in its early stages. The time scale of validity
of TDDFT depends on excitation energy: the lower the excitation
is, the longer TDDFT holds.

4. CONCLUSIONS

We have presented a couple of typical applications of time-
dependent density functional theory (TDDFT) to electronic

dynamics in clusters and molecules, as triggered by laser pulses.
Basis of our description is TDDFT propagated in real time
which delivers a versatile and robust tool for a great variety of
dynamical situations. At the numerical side it is important to
implement absorbing boundary conditions which then allow a
detailed description of electron emission. We have addressed
in detail two known defects of TDDFT in the local density
approximation, namely the self-interaction error and the lack
of dynamical correlations. The first problem is less important
in nuclear physics, but highly relevant in electronic systems. It
is solved by a self-interaction correction (SIC) which still can
be formulated within a mean field theory (thus affordable) and
which is particularly crucial if electron emission plays a role. The
second problem, also important in nuclear dynamics, requires
extensions beyond TDDFT for which manageable quantum
mechanical approximations are presently being developed.

We have considered typical examples of applications in
clusters and molecules excited by a laser pulses of different
strengths. In all cases, the early response of the systems addresses
predominantly the electrons and remains fully in the quantum
mechanical regime (as properly described by TDDEFT). In
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particular, we have focused on an analyzing tool which is
not yet available in nuclear dynamics, namely widely tunable
laser excitation in combination with detailed resolution of the
distributions of the emitted electrons with respect to angles and
kinetic energies. We have demonstrated that such a setup delivers
valuable information on the system and its dynamical response.
Finally, the inclusion of dissipative features is a key step to
address the long-time evolution of dynamics far off-equilibrium
in which one observes, in addition to ionization, a thermalization
of the electron cloud. Formerly, the problem was attacked
with semi-classical approaches much similar as done in nuclear
dynamics, particularly in heavy-ion collisions. This approach is
less justified in connection with laser excitations for which the
(electronic) system stays much longer in the quantum regime.
Promising and manageable solutions to deal with dissipation
in the quantum regime are just presently coming up. First
results from treating dynamical correlations in the relaxation-
time approximation (RTA) show that dissipation has a crucial
impact on the energy balance in the system (internal energy vs.
electron emission) and on the energy intake from the laser pulse.
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Aiming to produce new neutron-rich nuclei at N = 126, the multi-nucleon transfer
reactions 130Xe+19Ir, 298Ph are investigated by using the GRAZING model and
the three-dimensional time-dependent Hartree-Fock (TDHF) approach. Deexcitation
processes of the primary fragments are taken into account in both models. Comparison
with the experimental data of '36Xe+2%8Pb at E; m. = 450 MeV indicates that the isotopic
production cross sections around the entrance channel can be well reproduced by both
models. The results of GRAZING indicate that '36Xe+'94Ir is a promising candidate for
producing new neutron-rich isotones with N = 126. The limitation of using TDHF to
investigate multi-nucleon transfer reactions is also discussed.

Keywords: multi-nucleon transfer reactions, neutron-rich nuclei, GRAZING, TDHF, particle number projection

1. INTRODUCTION

Neutron-rich nuclei are of great importance for understanding the astrophysical r-process [1]. For
instance, those around the closed neutron shell N = 126 can provide information on the solar r-
abundance distribution [2]. The neutron-rich radioactive isotopes can also be used as projectiles for
synthesizing super-heavy nuclei which is one of the most interesting challenges in nuclear physics.
However, new heavy neutron-rich nuclei out of limits of the present nuclear chart are hardly to
be produced via traditional ways, such as fusion reactions with stable beams at low energies or
fragmentation of heavy projectile at relativistic energies.

In recent years, theoretical predictions indicate that multi-nucleon transfer (MNT) reactions
would be a possible route to produce heavy neutron-rich nuclei far away from the stability
line [3, 4]. The experimental results of 1*°Xe + %3Pt at the incident energy of 8 MeV/nucleon [2]
show that the production cross sections of neutron-rich nuclei with N = 126 are orders of
magnitude larger than those obtained in fragmentation reaction of 208p (1 AGeV) + Be [5]. But
in some other experiments of MNT reactions with stable beams such as ®*Ni + 29Pb [6] and
136Xe + 298Pb [7, 8], no new neutron-rich nuclei is detected. Based on the N/Z equilibrium concept,
theoretical predictions show that using neutron-rich radioactive beams can remarkably improve
the production cross sections of neutron-rich isotopes along N = 126 [9, 10]. However, due to the
fact that the experimental intensities of radioactive beams are orders of magnitude lower than stable
beams, the advantage of using radioactive beams may be canceled. Opportunities will arise in the
near future on the second generation radioactive beam facilities like the European EURISOL [11].
At the present time, to find an optimum stable projectile-target combination are highly appealed.

To describe MNT reactions, many theoretical models are developed. For example, the
multidimensional Langevin model shows great success on predicting the isotopic production
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cross sections, even for those nuclei far away from projectile and
target [3, 4, 12]. Semi-classical GRAZING model [13, 14] and
the complex Wentzel-Kramers-Brillouin (CWKB) model [15]
can well describe transfer process in peripheral collisions. In
GRAZING model, the reactants move on classical trajectories in
the combined field of Coulomb repulsion and nuclear surface-
surface attraction. Surface modes of the colliding nuclei are
taken into account. Independent single nucleon transfer between
the projectile-like and target-like nuclei during the collision is
governed by the quantum coupled equations [13, 14]. Neutron
evaporation is considered for the excited primary fragments. The
mass, charge, energy, and angular momentum distributions of
the products produced in grazing collisions can be obtained. For
details of GRAZING model and its applications (see, e.g., [16-
19], and references therein). The dinuclear system model can
reproduce the experimental data related with quasi-fission or
deep-inelastic collisions [10, 20-23]. The improved quantum
molecular dynamics (ImQMD) model [24-26] is capable of
describing collisions from central to very peripheral regions on
a microscopic basis, the widths of isotopic distributions can be
reproduced in ImQMD since stochastic two-body collisions are
taken into account [27-29]. The time-dependent Hartree-Fock
(TDHEF) theory shows success in describing few-nucleon transfer
process [30-34]. Recently, the stochastic mean-field (SMF)
approach beyond TDHF [35] has been proposed to investigate
the damped MNT reaction *¢Xe + 208Pb, the experimental broad
mass distribution can be reproduced.

In this work, the GRAZING model and TDHF theory
incorporating with GEMINI++! [36] are adopted to investigate
the production of neutron-rich nuclei in MNT reactions. The
TDHEF theory [37] is based on the independent particle picture
and is a good approximation to the nuclear many-body problem.
It is capable of describing low-energy heavy-ion reactions and
provides insight on the average behavior of the dynamics.
The state-of-art TDHF calculations are performed in a three-
dimensional (3D) framework without any symmetry constraints
due to the advances in computational power. It has been
applied for investigations on various subjects, for instance,
collective vibration [38, 39], fusion reaction [40, 41], fission
dynamics [42-44], dissipation mechanism [45-48]. Recently, 3D
TDHEF is applied to MNT reactions [30-33, 49]. Fluctuation and
dissipation can not be properly described in TDHF since two-
body collisions and internucleon correlations are not included.
Thus, widths of the mass or isotopic distributions in MNT
reactions at incident energies above the Coulomb barrier are
underestimated in TDHF. To consider these effects in TDHF is
beyond the scope of this paper and further studied will be carried
out in the future.

This paper is outlined as follows. In section 2, the TDHF
approach and particle-number projection (PNP) method as
well as the numerical details are introduced. In section 3,
numerical results of the isotopic production cross sections in
both GRAZING and TDHF approach are shown. Dynamical
properties of the reactions are also discussed for TDHF. Finally,
a summary is drawn in section 4.

Thttps://bitbucket.org/arekfu/gemini

2. BRIEF INTRODUCTION TO TDHF
APPROACH

In this section, we briefly introduce TDHF formalism, PNP
method and the coupling to GEMINI++. Details of the TDHF
theory can be found in, e.g., [50, 51], and references therein. In
TDHEF approach, time evolution for the single-particle states are
described by a set of coupled non-linear equations

ihatl/fa(") t) = h[‘(/jv(r) t)]WOK(n ), a,v=12---,N, (1)
where ¥, ,(r,t) is the single-particle state and N is the total
number of states.  is the self-consistent mean-field Hamiltonian
of single-particle motion and it is always related to Skyrme energy
density functional (EDF) which depends on local densities [52].
We underline that there are no adjustable parameters in the
TDHF approach. The uncertainty in TDHF calculations may
arise from the uncertainty of fundamental nuclear properties,
such as the distribution of shape deformation of the reactants in
their ground states. This can be obtained by preparing reactants
with deformation constraints. The above TDHF equations can be
derived from the variation of the action [53]

S= / dt(w|io, — H|W), )
where
U= ﬁdet{wa(n ), a=12,---,N, 3)

is the correlated many-body wave function of the system and is
given by a single Slater determinate.

In the present work, the 3D unrestricted TDHF code Sky3D
[51] with Skyrme SLy5 parametrization [54] is adopted for both
the static and dynamic calculations. The static HF calculations
are performed on 32 x 32 x 32 Cartesian grids with 1.0 fm
grid spacing in all three directions. In dynamical calculations, the
meshes are extended to 70 x 32 x 70 with the same grid spacing
in static HF. The projectile and target are initially placed at a
separation distance of 24 fm and then boosted with the associated
center-of-mass energy E.p, and the impact parameter b. The
time step At is set to be 0.2 fm/c and six-order Taylor series
expansion is employed. The TDHF simulations are stopped when
the separation distance of the primary fragments after collision
reaches 30 fm. Since single-particle wave functions are partially
exchanged between the projectile-like and target-like nuclei in
the collision process, the outgoing states are not the eigenstates of
the particle-number operators (Z for protons and N for neutrons)
but superpositions of them. One can only get the expectation
(mean) values of the charge and mass numbers for each fragment
after collision. If one wants to get the distributions of proton
or neutron numbers in one of the primary fragments, one
should project the many-body states on good particle numbers
by introducing the PNP operator [50, 55]

o 1
v(NT) 3
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where g = n,p labels the nucleon species, and N* means N
neutrons while N¥ means Z protons. The subscript V denotes
the region of coordinate space encompassing one of the primary
fragments, N?, = Zgil Ovy(r) and Oy (r) = 1 if r € subspace
V and 0 elsewhere. The integral is performed with an M—point
uniform discretion. For convergence, M is set to be 300.

The probability to find N4 particles in subspace V is then
obtained accordingly. The cross section of primary fragment with
neutron number N and charge number Z at a certain incident
energy is

bmax
o(N,2) = 271/ P(N, Z; b)bdb, (5)
0

where P(N, Z; b) = P(N; b)P(Z; b) represents the probability to
find N neutrons and Z protons at the impact parameter b; b,y is
a cutoff impact parameter which depends on the incident energy
and should be large enough to guarantee that most of the transfer
cross sections are included. But it is not necessary to set b,y to be
too large, because the transfer probability is extremely small and
elastic collision dominates in very peripheral collisions. In this
work, we set it to be 10 fm for 1*6Xe+2%8Pb at E ,,, = 450 MeV
and 13 fm for 3°Xe+!%4Ir at E.,,, = 720 MeV. b ranges from 0
to bmax with the interval A b =1 fm.

Deexcitation of the primary fragments are considered by using
the statistical code GEMINI++ with default parameters [36, 56].
All possible sequential binary decay modes, from emission of
nucleons and light particles through asymmetric to symmetric
fission as well as the y-emission are included in GEMINI++.
The code needs information of a primary fragment including
charge and mass number as well as the excitation energies and the
angular momentum as the inputs. Detailed calculations of these
quantities can be found in Jiang and Wang [34]. The deexcitation
of a certain projectile-like fragment (PLF) or target-like fragment
(TLF) should be repeated M,;, times due to the statistical nature
of GEMINI++. Here M, = 1,000 is used. The number of
events in which final fragment with (Nfpal, Zana) is counted
and denoted as M(Ngpa1, Zginal)- Then the final production cross
section is given as

bmax
0 (Nfinal> Zfinal) = 27?/ Z P(N, Z; b)
0

NZNfinals Z2Zginal

% M(Nﬁnalr Zﬁnal)

bdb. (6)
Mtrial

Owing to the intrinsic stochastic nature of the Monte Carlo
method employed in GEMINI++, Type A standard uncertainties
for the isotopic production cross sections are calculated in the
simplest case. The deexcitation process of a certain fragment is
performed ten times repeatedly with M, = 1,000 for each
time. Average values of o (Nfpal, Zfina) and the uncertainties can
be obtained straightforwardly. We find the uncertainties are very
small. For the sake of simplicity, the deexcitation process is
performed only once with My, = 1,000 in this work.

3. RESULTS AND DISCUSSIONS

136Xe + 298Pb is a candidate reaction for the production of
neutron-rich nuclei at N = 126. The experiment at E.;, =
450 MeV was performed at Argonne in 2015 [8]. In Figure 1
we plot the calculated isotopic production cross sections of the
PLFs in this reaction. The results of GRAZING are shown as blue
solid lines while those of TDHF+GEMINI are presented as black
dashed lines. The experimental data are shown for comparison.
The production cross sections of the TLFs are also calculated but
have already been published in another paper [34]. One can find
that for Z = 51 — 53 and Z = 55 — 58, the magnitude of
the peak values can be reproduced by TDHF+GEMINI. Whilst
those for Z = 52,53, 55, 56 can be reproduced by GRAZING. For
Z = 54, the peak values are overestimated in both models. This
is because the results of (quasi)elastic channels are not excluded
in our calculations. One can also find that better predictions are
obtained for proton pickup channels than stripping channels in
both models. As the number of transferred nucleons increases,
discrepancies between model predictions and the experimental
data get larger. These isotopes far away from the entrance channel
may be produced in strongly damped collisions. Such processes
can not be well estimated by the two models: two-body collisions
are not considered in TDHF [57, 58] while the GRAZING model
only takes grazing collisions into account.

However, no new neutron-rich nuclei were detected in
136Xe + 298Pb. The experiment results of 1*Xe+!%8Pt at E. 1, =
645 MeV [2] indicate that this reaction is a better candidate
to produce neutron-rich nuclei with N = 126. Calculations
of this reaction are performed by using both GRAZING and
TDHF+GEMINI. Unfortunately, no neutron-rich nuclei with
N = 126 is obtained in TDHF+GEMINI. The production
cross sections of those nuclei predicted by GRAZING are
given in Figure 2. Detailed discussions about the predictions
of TDHF on this reaction will be reported elsewhere. At the
end of this section, we will show some results of *¢Xe + *4Ir
given by TDHF+GEMINI and discuss the limits of TDHF
approach on investigating MNT reactions when the incident
energy is much above the Coulomb barrier. In the following,
we concentrate on the predictions of GRAZING on neutron-rich
nuclei with N = 126.

In order to find another optimum projectile-target
combination for producing new exotic neutron-rich nuclei
with stable reactants, we carry out a systematic study on 15 MNT
reactions with projectile around '3*Xe and target around '8Pt
at various incident energies by using GRAZING. The results
indicate that 13®Xe + !"Ir is a surrogate reaction to produce
neutron-rich nuclei around N = 126. The production cross
sections of isotones with N = 126 in 13°Xe + '**Ir are compared
with those of 1**Xe + 28Pb and !*°Xe + !°8Pt. The center-of-
mass energy for all the three systems is set to be E¢ ;m, = 645 MeV
(this energy is the same as the experiment of 136xe + 198pt [2],
and we will show later that it is also an optimum energy for
136Xe + '%4Ir). The simulation results are plotted in Figure 2
as open symbols. The experimental data of 1*°Xe + 18Pt taken
from [2] are shown as black solid squares for comparison. One
can first see that more N = 126 isotones with charge number
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FIGURE 1 | (Color online) Isotopic production cross sections of the PLFs for Z = 50-58 (A-l) in '¥Xe + 2%8Pb at £, ,,, = 450 MeV. The results of GRAZING and
TDHF+GEMINI are shown as blue solid and black dashed lines, respectively. The experimental data are taken from Barrett et al. [8] and shown as red solid squares.

Z < 78 can be produced in both 136X e + 19471 and 136Xe + 198Pt
rather than '36Xe + 298Pb. Particularly, the system 13®Xe + 14Ir
has huge advantages for producing N 126 isotones with
Z < 74. Those nuclei are out of the limits of the present nuclear
landscape and are of great interest for nuclear and astro-nuclear
physics. One can also find that the experimental data are
underestimated by GRAZING. This can be understood since
only peripheral collisions are treated in GRAZING and those
nuclei with large number of nucleon transferred are produced in
damped collisions at small impact parameters.

To find an optimum incident energy to produce more
neutron-rich nuclei with N 126 in 13Xe + 1%4Ir, the
production cross sections of N = 126 isotones with Z = 72 — 77
at various incident energies from E. , = 1.07Vp to 1.85Vp (Vp s
the Bass barrier [59] and it is around 410 MeV for this reaction)
are calculated by using GRAZING. The results are presented in
Figure 3. It can be seen that very neutron-rich isotones with
Z < 74 can not be produced if Ej,,/A < 5.5 MeV. The cross
sections of all these isotones increase with the increasing incident
energy when Ep,/A < 6.5 MeV. However, when Ej,,/A is in
the range of 7-9 MeV, plateau-like structures are observed for all
the curves. This phenomenon indicates that the production cross
sections of those nuclei are insensitive to the incident energy if
7 < Eppp /A < 9 MeV.

In Figure 4 we show the isotopic production cross sections of
the TLFs with Z = 72 — 77 in 13°Xe + %8Pt and '*0Xe + **Ir
at Ecy, = 645 MeV (Epp/A 8 MeV) as black dashed
and red solid lines, respectively. It can be found that for nuclei
on the proton-rich side, larger production cross sections are
obtained in *°Xe + ®Ir. For isotopes with Z = 76 and
77, more neutron-rich ones are produced in *°Xe + !8pt.
Whilst for Z = 75 the two systems give comparable results for
isotopes on the neutron-rich side. As Z decreases, the advantage
to produce more neutron-rich nuclei arises in 3°Xe + '%*Ir.
Note that the results of Z 72 in 136Xe + '8Pt are not
given by GRAZING. The above results of the two reactions are
difficult to be understood through the N/Z equilibrium process
because N/Z is around 1.52 for 13°Xe and '®*Ir while it is about
1.54 for 18Pt and 2%8Pb, respectively. It might be related with
the Qg value effect, where Qg is the ground state-to-ground
state Q value. Other quantum effect like shell effect might also
play a role. Further studies should be carried out to check
these discussions.

Finally, in Figure5 we show the density contour plots of
136Xe + 194Ir at some special reaction stages in TDHF for two
different initial configurations at E. ,, = 720 MeV (E,,/A & 9)
and b = 6 fm. Isodensities at half the saturation density (pg/2 =
0.08 fm~3) is plotted as black solid lines. We should mention

~
~
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FIGURE 3 | (Color online) Production cross sections of neutron-rich N = 126
isotones with Z = 72 — 77 in '35Xe + '9Ir as a function of the incident energy.
The lines are drawn to guide the eye.

that in TDHF the projectile and target are both deformed in their
ground states with 8, = 0.064 and 0.154, respectively. Since the
deformation of 13¢Xe is very small, we only take into account the
orientation effect of the deformed '**Ir at the beginning of the
dynamical calculations. The two initial configurations are named
“tip collision” (the symmetry axis of '**Ir is set parallel to the
bombarding direction: z-axis) and “side collision” (the symmetry
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FIGURE 4 | (Color online) Isotopic production cross sections of the TLFs with
Z =72 —77 (A-F) in 136Xe + 9Pt and '¥Xe + 9Ir at £, = 645 MeV,
which are plotted as black dotted and red solid lines, respectively.

axis of *Ir is set parallel to x-axis). It can be found that in both
configurations, the composite system is strongly elongated before
rupture of the neck. The primary fragments produced at the
end of the dynamical calculations also have large deformations.
Similar results are obtained for TDHF+GEMINI in *%Xe + %8Pt
at Ec . = 645 MeV. Such large deformation in the exit channel
makes the primary fragments have very large excitation energies.
This leads to strong evaporation of nucleons in the deexcitation
process. So no neutron-rich isotope with N = 126 is observed in
TDHF+GEMINI for **Xe + *Ir and '3°Xe + 19®Pt reactions
when the incident energy is much larger than the Coulomb
barrier. It is well-known that mean-field model such as TDHF is
suitable for low-energy reactions, however, the lack of two-body
collisions limits the predictive power of TDHF on estimating the
yields of MNT reactions when the incident energy is much above
the barrier.

4. SUMMARY

Employing the semi-classic GRAZING model and the
microscopic TDHF approach, we have investigated the MNT
reactions of !3°Xe + !%4Ir, 208Pb. Neutron evaporation is
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considered in GRAZING while GEMINI++ is coupled with
TDHF to deal with the deexcitation process. The calculated
production cross sections of the PLFs for 13*Xe + 2%pb
at E.m. 450 MeV are compared with the experimental
data. The model predictions can well describe the yields of
nuclei near the projectile. The predictions of GRAZING on
136Xe + !%Ir show that this reaction has the advantage to
produce more neutron-rich nuclei with N 126 compared
with 13¢Xe + 1%8Pt. The latter one has been carried out at
GANIL [2] and the results are inspiring. No new neutron-rich
isotope is observed for these two reactions at energies much
above the barrier in TDHF+GMINI which might be interpreted
as the lack of two-body collisions in the mean-field theory.
Further investigations on 13Xe + 1°*Ir by using other theoretical
models with two-body collisions included, such as InQMD, are
in progress.
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In the search for superheavy elements quasifission reactions represent one of the reaction
pathways that curtail the formation of an evaporation residue. In addition to its importance
in these searches quasifission is also an interesting dynamic process that could assist
our understanding of many-body dynamical shell effects and energy dissipation thus
forming a gateway between deep-inelastic reactions and fission. This manuscript gives
a summary of recent progress in microscopic calculations of quasifission employing
time-dependent Hartree-Fock (TDHF) theory and its extensions.

Keywords: time-dependent Hartree-Fock, quasifission, superheavy elements, multi-nucleon transfer, time-
dependent random phase approximation

1. INTRODUCTION

The ongoing search for discovering new elements in the superheavy regime is perhaps the most
exciting but at the same time challenging tasks in low-energy nuclear physics [1]. These searches
were historically motivated by theoretical predictions of an island of stability, somewhat detached
from the far end of the chart-of-nuclides [2-5], due to quantum mechanical shell closures. The
experimental search for the so called superheavy elements (SHE) was initially done by using target
projectile combinations that minimized the excitation energy of compound nuclei that was formed
in reactions studied in the vicinity of the Coulomb barrier. For this reason these reactions are
commonly referred to as cold fusion reactions and primarily involved closed shell nuclei, such as
208Pb target and projectiles in the chromium to zinc region. The cold fusion experiments were
able to produce elements Z = 107-113 [6-8], but showed no indication that extending them to
heavier elements were feasible. The identification of a SHE is done through the decay properties of
a formed evaporation residue. In such reactions involving heavy elements the dominant reaction
processes are quasifission (QF) and fusion-fission (FF), which are expected to strongly suppress
the formation of an evaporation residue at higher excitation energies. For this reason it was a
major surprise to observe that the so called hot fusion reactions, despite of their higher excitation
energy, were able to synthesize elements Z = 113-118 [9, 10]. The hot fusion reactions utilized
actinide targets with 8Ca projectiles. To further pursue the hot fusion reactions with heavier
projectiles to reach elements Z > 120 requires a deeper understanding of the reaction pathways
leading to an evaporation residue, particularly QF and FF components. In all of these reactions
the evaporation residue cross-section is dramatically reduced due to the quasifission (QF) and
fusion-fission (FF) processes. These processes occur during the reactions of heavy systems and
correspond to excited fission channels in the classically allowed regime above the barrier and
require a combination of statistical and truly dynamical approaches which are not necessarily
confined to a collective subspace. Fusion-fission occurs after the formation of a composite system
which then fissions due to its excitation, ultimately resulting in a fragment distribution that is
peaked at equal mass breakup of the composite system. Quasifission occurs at a considerably
shorter time-scale than fusion-fission [11-13] and is characterized by reaction fragments that differ
significantly in mass from the original target/projectile nuclei. Quasifission for being one of the
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primary reaction mechanism that limits the formation of
superheavy nuclei [14-16] has been the subject of intense
experimental studies of [11-13, 17-24, 24-34]. Studies have also
shown a strong impact of the entrance channel characteristics,
including deformation [18, 19, 22, 23, 35-37] and shell
structure [28] of the reactants. The final phase of the dynamics is
also impacted by the fissility of the composite system [26, 29], its
neutron richness [32], and by shell effects in the exit channel [12,
13, 20, 23, 24, 31, 38-40]. A number of theoretical approaches
have been developed that describe the quasifission in terms
of multi-nucleon transfer (MNT) processes [41-47]. Recently,
time-dependent Hartree-Fock (TDHF) theory have proven to be
an excellent tool for studying QF dynamics, and in particular
mass-angle distributions and final fragment total kinetic energies
(TKE) [31, 32, 34, 37, 45, 48-56]. While the fragments produced
in TDHF studies are the excited primary fragments [57] a number
of extensions based on the use of Langevin dynamics have been
successfully applied to de-excite these fragments [55, 56, 58—
60]. Theoretical studies of quasifission dynamics have taught us
that dynamics themselves may be dominated by shell effects [47,
61]. Despite the apparent strong differences between fission and
quasifission, it is interesting to note that similar shell effects are
found in both mechanisms [54]. Quasifission can then potentially
be used as an alternative mechanisms to probe fission mode
properties. For instance, this could provide a much cheaper way
than fusion-fission to test the influence of 2%8Pb shell effects in
super-asymmetric SHE fission.

2. MICROSCOPIC APPROACHES

The underlying approach to study quasifission on a microscopic
basis is the time-dependent Hartree-Fock (TDHF) theory [61-
64]. Alternative approaches employ Langevin dynamics [65-67].
Indeed, the TDHF calculations of the quasifission process have
yielded results that not only agree with the broad features of
the experimental measurements but also shed insight into the
relationship of the data to the properties of the participating
nuclei. Such features include static deformation that induces
dependence on the orientation of the nuclei with respect
to the beam axis, shell effects that can predict the primary
fragment charges, as well as the dependence of quasifission
on neutron-rich nuclei. TDHF calculations give us the most
probable reaction outcome for a given set of initial conditions
(e.g., energy, impact parameter, orientation). However, quantum
mechanically a collection of outcomes are possible for each of
these initial conditions. In order to compute such distributions,
one must go beyond TDHF and introduce methods to calculate
distribution widths or fluctuations for these reactions. Much
effort has been done to improve the standard mean-field
approximation by incorporating the fluctuation mechanism into
the description. Atlow energies, the mean-field fluctuations make
the dominant contribution to the fluctuation mechanism of the
collective motion. Various extensions have been developed to
study the fluctuations of one-body observables. These include
the time-dependent random phase approximation (TDRPA)
approach of Balian and Vénéroni [68-72], the time-dependent

generator coordinate method [73], or the stochastic mean-field
(SMF) method [74, 75]. The effects of two-body dissipation on
reactions of heavy systems using the time-dependent density
matrix (TDDM) [76, 77] approach have also been recently
reported [78, 79]. It is also possible to compute the probability
to form a fragment with a given number of nucleons [80-83],
but the resulting fragment mass and charge distributions are
often underestimated in dissipative collisions [71, 84]. Recent
reviews [47, 61] succinctly summarize the current state of
TDHF (and its extensions) as it has been applied to various
MNT reactions.

3. INSIGHTS FROM TDHF AND BEYOND

Experiments to discover new elements are notoriously difficult,
with fusion evaporation residue (ER) cross-sections in pico-
barns (for a recent experimental review see [85]). This cross-
section is commonly expressed in the product form [86]

Jmax

OER = Z Ocap (Ecm.» L)PeN(E", L) Wy (E*, L),
L=0

1

where ocap(Ecm.,L) is the capture cross-section at center of
mass energy E. . and orbital angular momentum L. Pcy is the
probability that the composite system fuses into a compound
nucleus (CN) rather than breaking up via quasifission, and
Weur is the survival probability of the fused system against
fission. It is thus clear that to have a good handle on the
evaporation residue cross-section estimates it is important to
understand each of these terms as well as possible. In this
endeavor both theory and experiment can have a complementary
role. Among these reaction mechanisms quasifission and fusion-
fission can be on the order of millibarns, making it easier to study
experimentally. However, the extraction of the Pcy requires the
proper disentangling of quasifission from fusion-fission [87-89]
as it may be given by

Ofusion Ocapture — Oquasifission

2

Pen =

Ocapture Ocapture

Of these cross-sections fusion-fission arises from an excited
and equilibrated composite system and therefore peaked around
equal mass breakup as calculated in a statistical approach [14, 16,
90-92]. On the other hand, quasifission, which is a faster process
and thus not fully equilibrated, could also contribute to the equal
breakup regime. Consequently, experimental analysis could use
assistance from theory to discern between the two processes.
The capture cross-section, being the sum of quasifission, fusion-
fission, and evaporation residue is relatively easy to measure or
calculate and TDHF predictions using the density-constrained
TDHF (DC-TDHF) approach have shown to give a relatively
good results [52, 93]. Below, we discuss various aspects of
the progress done in studying quasifission using TDHF and
its extensions.

3.1. Mass Angle Distributions
Study of quasifission together with capture is intimately related
to understanding the process for forming a compound nucleus,
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the quantity named Pcy in Equation (1) [87]. Figure 1 shows
the time-evolution of the *8Ca + 24°Bk reaction at E.,, =
234 MeV and orbital angular momentum L/A 60 [54]
and the initial orientation of the 2Bk with respect to the
collision axis B = 135°. For this orbital angular momentum
and energy TDHF theory predicts quasifission. As the nuclei
approach each other, a neck forms between the two fragments
which grows in size as the system begins to rotate. Due to
the Coulomb repulsion and centrifugal forces, the dinuclear
system elongates and forms a very long neck which eventually
ruptures leading to two separated fragments. In this case
the final fragments are 2°*Au and °*Sr. While the outcome
of such reactions in a single TDHF evolution vary greatly
depending on the initial conditions, analysis of the fragments’
properties can begin to suggest general behavior for systems
undergoing quasifission. For example, the composition of the
reaction products can be influenced by shell effects in the
outgoing fragments [54] which can be inferred by the slight pear
shape of the light outgoing fragment at the point of scission
in Figure 1.

However, the result from a single TDHF trajectory is
difficult to extrapolate to the system as a whole so systematic
investigations are often performed. As the reaction products
predicted by TDHF give only the most probable outcome
for any given collision geometry and energy, quantities like
mass angle distributions produced by direct TDHF calculations
result in collections of discrete points. By collecting data
from large numbers of TDHF evolutions one can reveal
deeper insights into the quasifission process. Recent studies
of the *8Ca+**Bk reaction at E.p, 234 MeV with the
TDHF approach went beyond solely considering the extreme
orientations of the deformed 2*Bk nucleus by undertaking
calculations spanning both a range of orientations and a range
of angular momenta. The orientation of the deformed 2*’Bk
was changed by 15° steps to cover the full range (0, 7) with
orbital angular momentum L changing in units of 104 from
0 to quasielastic collisions. A total of 150 TDHF collisions
were cataloged and analyzed. This allows for the study of

FIGURE 1 | Quasifission in the reaction “3Ca + 2*°Bk at E;,, = 234 MeV and
orbital angular momentum L /h = 60 and the orientation of the 24°Bk with
respect to the collision axis g = 135°. The darkening of tones depict
increasing excitation.

correlations between, e.g., mass, angle, kinetic energy, as well as
to predict distributions of neutron and proton numbers at the
mean-field level.

In Figure 2A we plot the mass angle distribution (MAD)
for this reaction. Figure 2B shows the corresponding yield in
arbitrary units as a function of the mass ratio Mp = M;/(M; +
M), where M) and M, are the masses of the final fragments. We
note that the yields are strongly peaked at Mg ~ 0.33 and 0.67,
with a full width at half maximum FWHM 2 0.1 corresponding
to a standard deviation oy, 2 0.042. The purpose of this figure is
to compare quantitatively the relative contributions to the yields
when going from central to peripheral collisions. For instance, we
see that, because of the 2L + 1 weighting factor, the most central
collisions with L < 20k, which are found at backward angles,
have the smallest contribution to the total yield. Despite the
discrete nature of the data, the tight grouping of points indicates
a peak in production probability in certain mass regions which
will be discussed further in the next section.

While nucleon transfer fluctuations can be calculated in
TDHE, the ability to compare with experiment is still limited
by the fact that TDHF vastly under predicts the widths of these
distributions. Ideally, calculations would account for fluctuations
in quantities, such as particle transfer, scattering angles, and
total kinetic energies in the exit channel to more closely
obtain what is observed experimentally. The simplest method
for calculating these widths is the particle-number projection
for the final fragments [81-83, 94]. However, these widths
are still seriously underestimated. This is where extensions,
such as TDRPA [68, 70-72] and SMF [74, 75] have proved
to be vital theoretical tools for studying deep inelastic and
quasifission reactions as both techniques provide methods to
calculate both fluctuations and correlations of neutron and
proton transfer based on a TDHF trajectory. Figure 3 shows
predicted mass angle and mass energy distributions for the
176Yb +176 Yb system from TDRPA. Production cross-sections
are obtained by integrating the probabilities calculated from
the predicted fluctuations over a range of impact parameters.
Such calculations further extend the insight offered by the base
TDHF theory and promise to be of great use for designing future
MNT experiments.

An alternate approach to TDRPA calculations for beyond the
mean-field approximation can be formulated by incorporating
the fluctuations in a manner that is consistent with the quantal
fluctuation-dissipation relation, namely the SMF method [75].
In a number of studies it has been demonstrated that the
SMF approach improves the description of nuclear collision
dynamics by including fluctuation mechanisms of the collective
motion. Most applications have been carried out in collisions
where a di-nuclear structure is maintained. In this case it
is possible to define macroscopic variables by a geometric
projection procedure with the help of the window dynamics.
The SMF approach gives rise to a Langevin description for the
evolution of macroscopic variables. A limited study for central
collisions was published in [95]. A general approach for non-
central collisions has been developed [96] and used to calculate
multi-nucleon transfer and heavy-isotope production in *¢Xe +
208p}y collisions [97, 98].
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FIGURE 3 | Mass angle (a) and mass energy (b) distributions predicted by TDRPA for the '76Yb +'76 Yb collision in the side-side orientation at £, = 880 MeV. Units
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3.2. Deformed Shell Effects in Quasifission
Returning to the inference of shell effects influencing fragment
production, this phenomenon can also be seen through thorough
TDHEF studies of a particular system and systematically analyzing
the fragments produced for different impact parameters
and deformation orientations. TDHF studies of quasifission
dynamics have taught us that the dynamics of a system may
be dominated by shell effects [47, 61]. An interesting finding
of these TDHF studies is the prediction of the role of shell
effects which favor the formation of magic fragments, in
particular in the Z 82 region in reactions involving an
actinide collision partner [31]. This prediction has been later
confirmed experimentally by Morjean et al. [99]. In addition,
the calculations show that these shell effects strongly depend
on the orientation of deformed actinide. Deformed shell effects
in the region of !°0Zr have also been invoked to interpret

the outcome of TDHF simulations of 4%48Ca+238U, 24Bk
collisions [37, 52].

Such results are shown in Figure 4 for the reaction **Ca +
298k at E. . = 234 MeV. Previous studies of the quasifission
dynamics have taught us that dynamics may be dominated by
shell effects [47, 54, 61]. These distributions are used to identify
potential shell gaps driving quasifission. In Figure 4A we plot
the charge yield obtained for this reaction. The right frame in
Figure 4B shows the expected neutron yield distributions. One
of the main driving features of this work was to show that shell
effects similar to those observed in fission affect the formation
of quasifission fragments. For this system the Z 82 shell
effect does not seem to play a major role contrary to previous
TDHF observations for the Ca+U target projectile combinations.
We also point out that mass-angle correlations could be used
to experimentally isolate the fragments influenced by N = 56
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octupole shell gaps [54, 100, 101]. We also find that more
peripheral collisions are centered about the proton number Z =
40 confirming similar observations from past calculations [37]
that the '°°Zr region plays an important role in determining the
lighter fragments due to the existence of strongly bound highly
deformed Zr isotopes in this region [102].

3.3. Mass Equilibration

Due to long reaction times, the quasifission process is also
suitable to study the time-scale of mass equilibration. Figure 5A
shows the mass ratio, Mg, of fragment masses as a function of
contact time 7 (1 zs = 1072! s) at Ec,, = 234 MeV for the
48Ca+2*Bk reaction. We define the contact time as the time
interval between the time #; when the two nuclear surfaces
(defined as isodensities with half the saturation density po/2 =
0.07 fm~2) first merge into a single surface and the time
when the surface densities detach again. The dashed line shows
a characteristic fit of a function in the form of ¢y + ¢;exp(—1/7).
Based on the quality of the fit and whether we exclude some
extreme points from the fit or not, we obtain equilibration times

between 8 and 10 zs. In Figure 5B we plot the ratio of final and
initial mass difference between projectile-like fragment, Aprp,
and target-like fragment, A7, defined by,

AA(t) = ArLp(t) — Aprr(2), 3)
as a function of contact time 7 for the **Ca +24° Bk system
at Ec;,, = 234 MeV. The points correspond to the impact
parameters used, ranging from head-on collisions to more
peripheral collisions and the full range of orientations angles for
249Bk. The horizontal lines on the right side of the figure indicate
the net number of particles transferred between the target and
the projectile. We note that more mass transfer happens at
longer contact times as expected. From this figure we can also
observe similar time-scale for mass equilibration. From these
results (and others not shown here) we can conclude that mass
equilibration takes substantially longer in comparison to other
quantities, such as the equilibration of total kinetic energy (TKE)
or N/Z equilibration. It is also interesting to observe that there is
clustering of results around certain mass ratios. This is shown to

w
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FIGURE 4 | (A) Fragment charge yield (histogram) and (B) Neutron yields for the reaction “6Ca + 2*°Bk at £, = 234 MeV. The smooth representations of the

histograms are obtained by using a kernel density estimation with bandwidth 0.012.
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FIGURE 6 | Plotted are the PESs calculated, using the DC-TDHF method, for central collisions of “%48Ca+238U, with the equatorial orientation of 233U. The PES on
the left is for the “°Ca+2%8U system at ., = 211 MeV, while the PES on the right is for the *4Ca+2%8U system at ¢, = 203 MeV.

be related to shell effects influencing the dynamical quasifission ~ compared to other heavy-ion reactions. The persistence of shell

process in reference [54]. effects for these time-scales has opened the possibility to view
. quasifission as a doorway process to fusion-fission and perhaps
3.4. Collective Landscape even fission. This wide applicability positions quasifission as

Quasifission and fusion-fission could be used to help map 3 vital process in understanding nuclear reactions across the
out the non-adiabatic collective landscape between the fusion  {oard. In advancing toward this goal, the TDHF theory and
entrance channel and the fission exit channel. It has been jts extensions have emerged as an excellent theoretical tool to
demonstrated that the TDHF theory is able to provide a good  tydy these reactions. The success of TDHF results in replicating
simulation of the quasifission process. Calculated time-scales experiment is particularly impressive as the calculations contain
of quasifission indicate that while fast quasifission events are  n¢ free parameters. Through the efforts of both theoretical and
dominant, much slower events resulting in a split with equal  experimental study of quasifission, we have been able to identify
mass fragments have also been observed. One of the open 3 pnumber of underlying physical phenomena affecting nuclear
experimental questions is how to distinguish quasifission from  reactions, such as the dependence on mass-angle distributions
fusion-fission. This is important for the calculation of the  op the orientation of deformed targets and the strong influence
evaporation residue formation probability in superheavy element  of shell effects in determination of reaction products. These
searches. In Figure 6 we show two such PESs calculated for the  predictions take steps toward a more complete understanding
central collisions of the ***Ca+**U systems, with the equatorial  of dynamical processes in nuclear reactions and may be crucial
orientation of the 2*3U. The PES on the left of Figure 6 is for  j, determining such quantities as the Pcy by calibrating
the °Ca+>*U system at Ec = 211 MeV, while the PES on the experimental angular distributions to that of the theory. To this
right is for the **Ca+***U system at Ecpn. = 203 MeV. Surfaces  end methods and techniques to discern between quasifission and

in Figure 6 are obtained by plotting the scattered £, f3, and  fysion-fission may emerge, paving the way for future studies of
E data obtained from the DC-TDHEF calculations for the time-  peutron-rich nuclei and superheavy elements.

evolution of the nuclear density. Since the scattered plot uses an

extrapolation algorithm points far from the valleys may not be DATA AVAILABILITY STATEMENT

precise. A number of observations can be made from the PESs

shown in Figure 6. First, we clearly see the valley corresponding  The datasets generated for this study are available on request to
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One of the major motivations for low-energy heavy-ion collision is the synthesis of
superheavy nuclei. Based on the following two main aspects, various theoretical and
experimental studies have been performed to explore the fusion dynamical process of
superheavy nuclei production. The first reason is to elucidate and analyze the synthesis
mechanism of superheavy nuclei; the other is to search the favorable incident energy and
the best combination of projectile and target to produce new superheavy elements and
isotopes of superheavy elements.

Keywords: low-energy heavy-ion collisions, superheavy nuclei production, fusion dynamics, transport theory,
TDHF model

1. INTRODUCTION

The maximum mass and charge of a nucleus is a long-standing fundamental problem in nuclear
physics [1, 2]. Pioneer studies have theoretically predicted the “island of stability” of superheavy
nuclei (SHN). The macroscopic-microscopic models predicted 2?2 Fl to be the double magic nucleus
[3-7]. However, results of the self-consistent models showed that the closed shell of Z = 114
becomes weaker, and Z = 114 is replaced by Z = 120 or 126 [8-13].

The production process of superheavy nuclei is a very complicated dynamical problem [14].
Many theoretical models have been developed to explain the experimental data. On one hand, the
synthesis mechanism of superheavy nuclei needs to be elucidated [15-21]. Different approaches
are devoted to calculate and analyze the fusion probability and the distribution of quasifission
fragments [15-41]. However, none of them has absolute advantage. On the other hand, in order to
produce the new superheavy elements, or isotopes of superheavy elements, the favorable incident
energy and the best combination of projectile and target should be evaluated.

The extended nuclear landscape allows us to investigate the nuclear structure of superheavy
nuclei and the nuclear reaction mechanism. To search for the optimal condition of synthesis, the
influence of the entrance channel [29, 42, 43] and the isospin of heavy colliding nuclei [44-46]
on the evaporation residual cross section have been studied systematically in many works. The
predictions of the possible way to synthesize the new superheavy elements Z = 119 and 120 have
also been carried out [17, 47-52].

2. EXPERIMENTAL PROGRESS

Producing superheavy nuclei in the laboratory is one of the major motivations of low-energy
heavy-ion physics [1, 2, 53-55]. Over the past 30 years, great progress has been achieved
for superheavy nuclei production in experimental studies [53-55]. The experimental trends
a decay half-lives, and the evaporation residue cross sections of the superheavy nuclei show
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that the stability of superheavy nuclei increases as the neutron
number approaches the closed neutron shell closure N = 184.
However, the location of the “island of stability” has not been
determined by experiment. Up until now, based on the fusion-
evaporation reaction, the superheavy nuclei with charge numbers
in the range of Z = 104118 have been synthesized successfully.

The superheavy elements Z = 107 — 112 was first synthesized
by using the cold fusion reactions [1, 53, 54, 56, 57]. The
excitation energy range of the formed compound nucleus was
10-18 MeV. The measurement of the evaporation residue cross
section decreased dramatically from Z 107 to Z 113.
Moreover, the final evaporated residual nuclei were extremely
neutron deficient. Experiments of producing superheavy nuclei
by cold fusion have been repeated and verified by other
laboratories [54, 58, 59].

The “8Ca-induced hot-fusion reactions were used to
synthesize Z 112 — 118 superheavy nuclei in experiment
[54, 55, 60]. From the measurement of evaporation residue cross
sections, we found that there was no significant difference from
Z = 112-118, and the values of the evaporation residual cross
sections were all in the order of picobarn. Experiments based on
hot fusion for synthesizing Z = 112 and 114-117 superheavy
nuclei have been verified by other laboratories [60].

To search for the optimal condition of the superheavy nuclei
production, various experiments have been performed to study
the entrance channel effect on the evaporation residual cross
section [61-65]. Recently, the isospin effect of the target nucleus
on the evaporation residue cross section has been explored [66-
68]. Some laboratories have also attempted to synthesize the Z =
119 and 120 superheavy elements by using hot fusion [69, 70].

Experimentally, the measurement of fusion probability is
required to distinguish quasifission between fusion-fission and
fast fission [71-76]. The experimental characteristics of the
quasifission process are different from the fusion-fission process
[77]. Therefore, it is important to distinguish the fusion
and quasifission fragments for a better understanding of the
fusion mechanism.

3. THEORETICAL DESCRIPTION OF
FUSION REACTIONS

Theoretically, the synthesis process of superheavy nuclei can be
divided into three stages [39]. A schematic diagram for this
process is shown in Figure 1. The first stage is the capture
process, which can be evaluated by the capture cross section.
The second stage is that the dinuclear system evolves from
the touching configuration to the formation of the compound
nucleus, which can be evaluated by the fusion probability. The
last stage is where the excited compound nucleus cools down
through emitting neutrons or fission, and this can be evaluated by
the survival probability. Finally, a very small evaporation residue
cross section is obtained for the superheavy nuclei production.
The evaporation residue cross section can be expressed as [39],

opr(Ecm.) = ZOdcap(Ec‘m.)])PCN(Ec.m.x])Wsur(Ec‘m.)])) (1)
J

Quasifission

‘\'\

Fusion process

Fusion-Fission

TR

Capture process

Survival process

FIGURE 1 | (Color online) Schematic diagram of production of superheavy
nuclei.

where E_ . is the incident energy in the center-of-mass frame.

3.1. Capture Cross Sections

For the low-energy heavy-ion collision, the capture cross section
from the sub-barrier region to above the Coulomb barrier is an
important issue for theoretical and experimental studies [78-
83]. One of reasons is that the overall uncertainties in predicting
superheavy nuclei production are associated with the calculations
of capture cross sections [50, 84, 85].

The capture process is closely related to the nuclear structure
of the interacting nuclei [86-97]. This is because the nucleus-
nucleus potential contains nuclear structure information. To
precisely describe the measurements of capture cross sections,
the nucleus-nucleus interaction potential is the most important
input quantity. In addition, the heavy-ion capture process is
intimately linked to nuclear deformation [87, 88]. Thus, the
nuclear deformation must be reliable to some extent.

Theoretically, the capture cross section is one of the important
components in the synthesis of superheavy nuclei. The capture
cross section have been explored extensively [82-84] from light to
superheavy by averaging the penetration probability over barrier
heights. Most of them have tested a number of experimental
data of capture cross sections, however, these experimental data
do not contain the capture cross sections of superheavy nuclei
[84]. Therefore, it is very important to examine carefully the
capture process for the study of the synthesis mechanism of
superheavy nuclei.

Usually, the capture cross section o is mainly calculated
with an empirical coupled-channel approach for the superheavy
nuclei production [17, 44-52]. From a theoretical point of
view, one of the powerful methods is to solve coupled-channels
equations numerically. This may help us to understand the
influence of the couplings between nuclear intrinsic degrees of
freedom and the relative motion on capture cross sections.

Recently, the quantum diffusion approach [98-101] has also
been used to calculate capture cross sections. This model takes
into consideration the influence of fluctuations and dissipation
effects on capture cross sections. The nuclear deformation
effects and mutual orientations of the colliding nuclei are taken
into account through using a double folding potential, and
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the influence of two neutrons transfer onto the sub-barrier
capture through the change of the deformations of the colliding
nuclei [100].

Another powerful theoretical tool is to calculate the
capture cross section by the time-dependent Hartree Fock
(TDHF) method. Recently, the pioneering work of studying
capture cross section based on TDHF has been completed
for the *°Ca+?3¥U reaction [102]. In addition, Umar
et al. found that the capture cross sections calculated by
TDHF method agreed with the experimental data within
20% [103].

3.2. Fusion Dynamics

In order to explain the fusion dynamics process (the second
stage), various theoretical approaches and models have been
developed. The simplification can be made in different ways, and,
as a result, we can obtain different theoretical pictures for the
same real nuclear process. Some of the models can be roughly
divided into two types. The first type is based on transport
equations to describe the fusion dynamics process [15-41]. The
second one is based on the time-dependent Hartree Fock method
to describe the mainly experimental features in the process of
fusion dynamics [104-115].

The first approach is that the multitude of degrees of freedom
are decomposed into a dominating collective degree of freedom
and other degrees (non-collective) of freedom. Therefore, the
dissipative processes are introduced to account for the coupling
between the collective motions and the intrinsic motions of
the freedom of the system. Many models based on transport
equations have been developed, and they assumed that the main
characteristics of fusion dynamics process can be described by
using the main collective degrees of freedom.

On the one hand, after eliminating the intrinsic motion, a
stochastic equation can be derived theoretically. Many models
adopted the Langevin forces (Langevin equation) to describe
stochastic characteristics of the coupling between collective
motions and intrinsic degrees of freedom. One can calculate a
bundle of trajectories by solving a stochastic equation [16, 17, 28,
31, 35, 36].

On the other hand, through eliminating the intrinsic degrees
of freedom, a diffusion equation can be derived theoretically to
describe the distribution of collective degrees of freedom in the
phase space [19-21, 27, 29, 29, 30, 32, 41-43, 46, 47, 49, 51, 116,
117]. Diftusion equations (the master equation, Smoluchowski
equation, etc.,) may be used to describe the transport process of
collective degrees of freedom in phase space.

The second approach is the time-dependent Hartree Fock
method. The basic idea of this method is that the mean field
produced by all nucleons not only determines the intrinsic
motion of a single particle but also describes the evolution
characteristics of collective degrees. TDHF calculations may be
used to compute the ratio of fusion cross sections to capture cross
sections. In addition, the TDHF method may be used to explore
the effect of the orientation of the projectile and the target at
the contact point, and the role of the nuclear shell structure and
tensor force [104-115].

3.3. Fusion Mechanism

For the real fusion dynamics process, a theoretical model may
be considered as a collection of theoretical assumptions. Up
to now, there have been proposed fusion mechanisms that
are incompatible with the compound nucleus formation. One
assumption is that all the nucleons are immediately collectivized
into one superdeformed mononucleus. Then, the dynamic
evolution behavior of the superdeformed mononucleus can be
described by the equation of motion or transport theory [15-17,
33, 34, 118]. The macroscopic dynamical model is the first model
to describe the fusion mechanism based on the idea of forming
one superdeformed mononucleus [15]. However, it encountered
serious difficulties in attempts to describe evaporation residue
cross sections for the synthesis of superheavy nuclei.

As the macroscopic dynamical models, the same
approximations are used in the fluctuation-dissipation model
[16, 118], the two-step model [17], and the fusion-by-diffusion
model [33, 34]. But two significant improvements are taken
into account for the description of the fusion-dynamics
mechanism: shell effects in the calculation of the potential energy
surface of the reaction system and statistical fluctuations in the
interaction of colliding nuclei. These improvements permit one
to describe the evaporation residue cross section of superheavy
nuclei, the mass distribution of quasifission, and fusion-fission
products [16, 17, 33, 34, 118, 119].

Another assumption is that two touching nuclei always
keeps its own identity with their ground state characteristics
and deformations (dinuclear system model) [19-21, 29], fusion
is achieved by means of nucleon transfer. However, the real
situation is due to strong Coulomb and nuclear interactions
between projectile and target; the dinuclear system should be
gradually deformed [30, 48]. This assumption has recently been
improved upon. The coupling of the deformations evolution of
project and target and the nucleon transfer has been studied
numerically [120, 121]. The calculated results for the cold and
hot fusion reactions by using the dinuclear system model match
well with the available experimental data [20, 27, 29, 29, 30,
32, 41-43, 46, 47, 49, 51, 116, 117]. The fusion probability and
the distribution of the quasifission fragments can be reasonably
described based on the dinuclear system model [120-122].

A new fusion mechanism on compound nucleus formation
was proposed by Zagrebaev [18]. The concept of a nucleon
collectivization model assumes that two nuclei gradually
lose their individualities through increasing the number of
collectivized nucleons [18]; the reliability of the theoretical
hypothesis needs further demonstration [123]. The nucleon
collectivization model allows us to describe reasonably the fusion
probability as well as the charge and mass distributions of the
quasifission products [124].

3.4. Selection of Collective Degree and
Calculation of Related Input Quantity in

Transport or Diffusion Equations

To theoretically describe fusion dynamics and the mechanism
based on transport equations as mentioned above, one needs
to assume that several important degrees of freedoms can be
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used to describe the main characteristics of fusion dynamics
process [15-21]. These important degrees of freedoms include
the distance between the nuclear centers, the neutron and
proton asymmetries of projectile-target combinations,
deformations, and corresponding orientation effects, which
influence the dynamics from touching the configuration to the
compound nucleus.

Because equations of motion contain time derivatives up to
the second order, there are three quantities in each equations
of motion. The first quantity is the conservative potential.
The second and third are the friction tensor (friction force)
and the inertia tensor (inertia parameter), respectively. For the
conservative potential, two different approaches have been taken
into account to calculate the potential energy surface. The two
assumptions of calculating potential energy surface are frozen
density or sudden approximation [19-21] and the adiabatic
approximation [15-18].

Recently, Diaz-Torres showed that the gradual transition
of potential energy surface from the diabatic to the adiabatic
should be more realistic for describing the fusion or quasifission
[125, 126]. In addition, one needs to consider how the shell
structure evolutes with excitation energy and deformation. The
excitation energy dissipated from kinetic energy of relative
motion makes the individual shell structure of nuclei become
damped [127-131], and deformation tends to be spherical
[132]. Thus, the dynamical potential energy surface has to
be further studied. However, a small amount of research
work has involved the shell correction energy employed in
the fusion process being temperature dependent [133] and
the potential energy surface from diabatic approximation
to adiabatic approximation to describe the whole dynamic
evolution process.

The dissipation tensor arises from the distinction between
collective motion and intrinsic motion. The dissipation
tensor accounts for the coupling between the collective
degrees of freedom and other degrees (non-collective) of
freedom. When equations of motion or stochastic equations
are used to describe the dynamic process, the friction
coefficients are mainly treated by the phenomenological
approaches for the description of the fusion dynamics
process [16, 124].

The inertial tensor describes the response of the system
to small changes in the collective degrees of freedom. The
macroscopic approach, macroscopic-microscopic approach,
and microscopic approach are used to calculate the inertia
tensor of the fission dynamics process [134-137]. However,
in the low-energy heavy-ion collisions process, it seems
that the proper calculation on inertial parameters has
not been paid enough attention compared to the fission
dynamics process. In the stochastic equation, the inertia
parameter is calculated by the Werner-Wheeler approach
[124, 127]. In the diffusion equation, the inertia parameter
is treated as a reduced mass of relative motion [138]. From
the theoretical point of view, the inertia parameters and
friction coefficient of theoretical calculations have to match
our understanding of the potential energy surface in the
transport equations.

3.5. Survival Probabilities

The last important factor is the survival probability of the
compound nucleus against fission in the deexcitation process.
For exciting compound nuclei, there are two methods to
describe the fission process: the statistical approach and the
dynamical approach. Based on the statistical model, two different
approaches are taken into account for the excitation energy
dependent shell structure. The first one is to introduce the
influence of excitation energy on the shell structure through the
energy level density parameter [139]. The second one is to ensure
the excitation energy-dependent shell effect is taken into account
by the effective potential energy surface [140].

The uncertainty of survival probability calculation based on
statistical model mainly comes from two aspects. On one hand,
a number of approximations are adapted in the calculation
of survival probability. One the other hand, the survival
probabilities for the xn evaporation channels are very sensitive
to the model input. The level densities, fission barriers, neutron-
separation energies, as well as the transmission coefficients
have to be known with sufficient accuracy. Only systematic
calculations based on the same assumptions and parameters can
help to confirm the validity and reliability of the theoretical
approximations and input quantities [28, 117].

4. THE OPTIMUM PROJECTILE-TARGET
COMBINATION AND BOMBARDING
ENERGY

4.1. Influence of Entrance Channel on
ERCSs

Systematic studies of the existing experimental ERCSs are helpful
to reveal reaction mechanisms. In addition, searching the optimal
combination of the projectile and target and the range of the
favorable beam energy is essential.

Some work systematically studies the influence of the neutron
number of a target or projectile on the evaporation residue cross
section [32, 36, 44-46]. Many researchers have found that the
fusion probability and survival probability are sensitive to the
neutron number of the target or projectile nuclei [32, 36, 44—
46]. For *8Ca-induced hot fusion, the excess neutron of target
nucleus is beneficial to the increase of the evaporation residue
cross section of the synthesized superheavy nuclei [32, 45, 46].

Using a different combination of projectile and target to
produce the same compound nucleus may help us to reveal the
effect of the ground-state deformations, the reaction Q value,
the asymmetry of charge and mass of target and projectile, and
the Coulomb barrier on the evaporation residual cross section
[33, 138, 141]. The results calculated by Liu et al. show that the
Q value of reaction has a significant effect on the capture cross
section and fusion probability [142].

4.2. The ERCS of Production Using

Radioactive Beams

In order to investigate the possibility of neutron-rich superheavy
nuclei production with radioactive beams, some calculations
have been made [25, 116, 143, 144]. The evaporation residue
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cross section by using radioactive beams are comparable with a
stable beam for some superheavy nuclei production [116, 143].
However, the choice of reaction channels is determined by
the product of beam intensity and evaporation residue cross
section [143].

The intensities of stable beams, in most of the cases, are
significantly larger than those of the radioactive beams [143],
and the results have shown that the calculated evaporation
residue cross section based on stable beam is more favorable
for the production of many superheavy nuclei [116, 143].
In addition, due to small evaporation residue cross sections
and low radioactive beam intensities, the synthesis of higher
charge number superheavy nuclei by using the neutron-
rich radioactive beams seems impossible based on today’s
experimental conditions [116, 143].

4.3. Prediction ERCS Z = 119 and 120

By comparing evaporation residue cross sections for production
Z = 119 and 120, we found that the calculations from different
models were obviously different [17, 47-52, 124]. On one hand,
the survival probability of the compound nucleus was very
sensitive to the fission barrier. However, the difference in fission
barriers of superheavy nuclei calculated by different models
was obvious not only due to the absolute values but also the
trends with charge number Z [2, 85]. On the other hand, due
to different assumptions, the fusion probability calculated by
different models was significantly different for synthesis Z = 119
and 120 [84].

According to our calculation and other theoretical
predictions, almost all the models that predicted evaporation
residue cross sections to produce superheavy new element
Z = 119 are generally greater than those in producing
Z =120 [17, 47-52].

5. THE FUTURE

The synthesis of SHN in the laboratory has made great progress,
and all the elements up to Z=118 have been synthesized
successfully. However, the location of the island of stability has
not been confirmed in experiments. Although many theoretical
approaches were used to study the fusion mechanism, there
are still many problems that have not been solved properly.
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Significant progress in the understanding of the fission process within a microscopic
framework has been recently reported. Even though the complete description of
this important nuclear reaction remains a computationally demanding task, recent
developments in theoretical modeling and computational power have brought current
microscopic simulations to the point where they can provide guidance and constraints
to phenomenological models, without making recourse to parameters. An accurate
treatment compatible with our understanding of the inter-nucleon interactions should
be able to describe the real-time dynamics of the fissioning system and could justify or
rule out assumptions and approximations incompatible with the underlying universally
accepted quantum-mechanical framework. Of particular importance are applications
to observables that cannot be directly measured in experimental setups (such as the
angular momentum distribution of the fission fragments, or the excitation energy sharing
between the fission fragments, or fission of nuclei formed during the r-process), and their
dependence of the excitation energy in the fissioning system. Even if accurate predictions
are not within reach, being able to extract the trends with increasing excitation energy
is important in various applications. The most advanced microscopic simulations of the
fission process do not support the widely used assumption of adiabaticity of the large
amplitude collective motion in fission, in particular for trajectories from the outer saddle
toward the scission configuration. Hence, the collective potential energy surface and
inertia tensor, which are the essential elements of many simplified microscopic theoretical
approaches, become irrelevant. In reality, the dynamics of the fissioning system is slower
than in the case of pure adiabatic motion by a factor of three to four times and is strongly
overdamped. The fission fragment properties are defined only after the full separation,
while in most of the current approaches no full separation can be achieved, which
increases the uncertainties in describing fission-related observables in such methods.

Keywords: nuclear fission, total kinetic energy, total excitation energy, overdamped collective motion, adiabatic
collective motion, average neutron multiplicity

1. THE PAST

In a matter of days after Hahn and Strassmann [1] communicated their yet unpublished results to
Lise Meitner, she and her nephew Otto Frisch [2] understood that an unexpected and qualitatively
new type of nuclear reaction has been put in evidence and they dubbed it nuclear fission, in analogy
to cell divisions in biology. Until that moment in time nuclear fission was considered a totally
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unthinkable process [3, 4], “as excluded by the small penetrability
of the Coulomb barrier [5], indicated by the Gamov’s theory of
alpha-decay” [2]. Meitner and Frisch [2] also gave the correct
physical interpretation of the nuclear fission mechanism. They
understood that Bohr’s compound nucleus [6] is formed after
the absorption of a neutron, which eventually slowly evolves
in shape, while the volume remains constant, and that the
competition between the surface energy of a nucleus and its
Coulomb energy leads to the eventual scission. Meitner and
Frisch [2] also correctly estimated the total energy released in
this process to be about 200 MeV. A few months later Bohr and
Wheeler [7] filled in all the technical details and the long road to
developing a microscopic theory of nuclear fission ensued. In the
years since, a few more crucial theoretical results have been firmly
established: (i) the defining role of quantum shell effects [8, 9]
and in particular the special role played by the pairing type
of nucleon-nucleon interaction in shape evolution [10, 11]; (ii)
the fact that the subsequent emission of neutrons and gammas
can be described quite accurately using statistical methods [12,
13]; (iii) and that the non-relativistic Schrodinger equation
should be adequate as well, as no genuine relativistic effects,
such a retardation, are expected to play any noticeable role in
fission dynamics.

Whether a fissioning nucleus undergoes either spontaneous
fission or induced fission the time it takes the nucleus to
evolve from its ground state shape until outside the barrier
or past the outer saddle is very long in case of neutron
induced fission &~ O(107!%) s. in comparison with the time
the nucleus slides downhill until scission, which is estimated
to be O(1072%) s. Therefore, the saddle-to-scission stage of
nuclear shape evolution is the fastest and arguably the most non-
equilibrium stage of the nucleus dynamics from the moment
a neutron has been captured and the stage which plays a
crucial role in in determining the FFs properties. The many
intricacies of the fission process, the multitude of aspects,
which required a deep theoretical understanding, ultimately
rooted in the quantum nature of this phenomenon defied the
efforts of many generations of theorists, and a huge plethora
of mostly phenomenological models have been put forward,
often based on contradictory assumptions between models. The
extensive range of assumptions, range from adiabatic evolution
on top of which one adds (relatively weak) dissipation and
fluctuations, to strongly overdamped motion, when the role
of the collective inertia becomes irrelevant, to full statistical
equilibrium near the scission configuration, and to mixing
quantum and classical descriptions.

Microscopically inspired models are typically based on
the (ill suited choice of words, as the our analysis shows)
adiabatic approximation, which is often conflated with slow
motion. The class of adiabatic transformations, during which
only mechanical work is performed and no heat transfer
or entropy production occurs, are only a subclass of slow
motion or quasistatic processes. Theorists believed that the
nuclear shape evolution until the moment of scission was so
slow that individual nucleons had a sufficient time to adapt
to avoided single-particle level crossings [14] and the entire
nucleus would follow the lowest “molecular term,” using the

Espl

FIGURE 1 | The schematic evolution of the single-particle nucleons levels
(Upper panel) and of the total nuclear energy (Lower panel) as a function of
deformation parameter g [10, 16, 17]. The thick line represents the Fermi level
and the up/down arrows depict the Cooper pairs of nucleons on the Fermi
level only, in time-reversed orbits (m, —m). This figure is reproduced from
Bulgac et al. [17] under the terms of the American Physical Society copyright
agreement.

Born-Oppenheimer chemical terminology [15] (see Figure 1).
Following this assumption at first the generator coordinate
method (GCM) has been introduced by Hill and Wheeler [14]
and Griffin and Wheeler [18] and later on a related alternative
approach, the adiabatic time-dependent Hartree-Fock (ATDHF)
method [19-22]. GCM is still one of the most popular tools
still in use in the microscopic theories of fission [22-29]. The
GCM and ATDHF method have been shown to be basically
equivalent [30], when GCM is defined with complex generator
coordinates [31]. As however Goeke and Reinhard [30] succinctly
state: “Usually the |g) is obtained by an educated guess using
the preconceived knowledge of the process.” (Typically |g)
stands for a generalized Slater determinant, aka Hartree-Fock-
Bogoliubov many-nucleon wave function.) Even though many
efforts have been dedicated to find a better way to choose
the collective or generator coordinates the methods proved
to be too difficult to implement in practice and the quality
of the decoupling between collective and intrinsic degrees of
freedom either too not very good or difficult to assess [32].
An exact separation between collective and intrinsic degrees of
freedom (DoF) it is equivalent to an adiabatic evolution of the
set of collective DoF. Then the collective DoF would always
follow the lowest “molecular orbital” and only work would
be performed on the intrinsic DoF, and thus with no heat
transfer, and the intrinsic system would remain “cold” during the
entire evolution.
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2. THE PRESENT

Unfortunately until recently this crucial aspect of large amplitude
collective nuclear dynamics, whether the large amplitude
collective motion in fission is indeed adiabatic was never tested
and, as our results unequivocally show, the adiabatic assumption
is strongly violated. Surprisingly at first glance, we have recently
shown that the evolution of the nuclear shape is in reality
significantly slower that the adiabatic assumption would predict.
One would naively expect that if the motion is even slower then
at an avoided level crossing (see Figure 1), the probability that
the system would follow the lower “molecular term” is even
greater and thus the adiabatic assumption would be even more
likely be valid. An analogy with a classical system can help and
demonstrate just the opposite. If a railroad car is released on top
of a hill, it will convert basically all the gravitational potential
energy difference when reaching the bottom of the hill into
kinetic energy. Thus, only pure mechanical work on the intrinsic
DoF of the railroad car will occur with essentially no heat transfer
or entropy production. This is an adiabatic process. However,
if one were instead to block the wheels of the railroad car, the
friction will slow down the car and almost the entire gravitational
potential energy difference will be converted into heat, the wheels
will get red hot, thus increasing the “intrinsic energy” of the
car, and the speed of the car at the bottom of the hill would be
rather small.

The only practical theoretical framework to consider in
the treatment of the dynamics of large nuclei is the (Time-
Dependent) Density Function Theory [(TD)DFT], which has
been formulated a long time ago [33-38]. One of the main
difficulties consist in constructing the energy density functional,
for which no rigorous recipes exist, DFT and TDDFT arrive
at the mathematical conclusion that the stationary or time-
dependent solution of the many-body Schrodinger equation is in
a one-to-one-to-one correspondence with the number density,
an (arbitrary) applied one-body external potential, and that the
number density can be obtained by solving the much simpler
DFT or TDDFT equations. There is a continual debate in nuclear
physics that DFT is not applicable to nuclei, which are self-bound
isolated systems. At the same time however, no one would argue
that DFT cannot describe neutrons and protons in the neutron
star crust and deeper into the star. Neutrons are delocalized in
the neutron star crust and below it. In the rod, slab, and tube
phases in the neutron star crust and below both protons and
neutrons are delocalized and in this respect they are similar to
electrons in solids. One can imagine that in the future one might
produce a nuclear trap using some kind of y -lasers, similarly to
what nowadays experiments are made with cold atoms. Until
then one can mentally imagine that one can put an isolated
nucleus in a spherical infinite square well-potential with a radius
about 3...5x the nuclear radius (or even a harmonic potential)
and compare the results of such a DFT treatment of the nucleus
with the widely accepted DFT alter ego, the NEDF approach,
a tool of choice in theoretical nuclear calculations. The results
of the these two approaches are numerically indistinguishable
under these conditions, and therefore the debate alluded above is
merely pedantic. One deficiency of a pure DFT approach is that

the number density alone cannot disentangle between a normal
and a superfluid system, and one needs an order parameter, as
one does in the case of magnetization. The practical local density
approximation (LDA) [34], which is the local formulation of
DFT, has to be augmented with the anomalous density [39, 40],
and it was dubbed the superfluid LDA (SLDA). In Bulgac [39, 40]
one can find detailed reviews of the developments, verification,
and validation of TDSLDA for a variety of physical systems,
ranging from cold atoms, nuclei, and to neutron star crust.

A (TD)DFT framework for nuclear structure and dynamics
should satisfy several requirements (in this order of importance):
(i) the DFT and the Schrodinger description of observables
should be identical, as both in ultimate instance rely on the
same inter particle interactions; (ii) both DFT and Schrédinger
equations should describe correctly Nature, thus we need
accurate interactions between nucleons; (iii) the numerical
implementation of the (TD)DFT should faithfully reproduce
the theory. At present we definitely do not have acceptable
answers to the requirements (i) and (ii) and rely instead
to a significant amount of phenomenology. The numerical
implementation of DFT without any drastic physical restrictions
became possible only relatively recently, with the advent of
supercomputers [39, 40].

The TDSLDA is formulated in terms of Bogoliubov quasi-
particle wave functions (qpwfs). The evolution of the qpwfs is
governed by the equations:

Ujep hpr by 00 A Uy
P T B R N Uk, 1)
ot | vir 0 —A% =iy =iy [ v |

Vi, A* 0 —th _hjl Vi

where we have suppressed the spatial r and time coordinate ¢,
and k labels the qpwfs (including the isospin) [uy, (1, 1), Vi (15 1)],
with ¢ =%,] the z-projection of the nucleon spin. The
single-particle (sp) Hamiltonian A,/ (r,t), and the pairing field
A(r, t) are functionals of various neutron and proton densities,
which are computed from the qpwfs, see Jin et al. [41] for
technical details. No proton-neutron pairing is assumed in the
present study, and the pairing field is singlet in character. A
TDSLDA extension to a more complex pairing mechanisms
is straightforward.

While a nuclear system evolves in time one can uniquely
separate the energy into collective kinetic energy and intrinsic
energy contributions [17] using the nuclear energy density
functional (NEDF) & (t(r, t), n(r, t), ), in a similar manner as
in hydrodynamics:

mn(r, VA (r, t)

Eiot= Econ(t) + Emi(t) = / e

+ / dr& (z(r, 1) — n(r, ym*V(r, ), n(r,1),..) . (2)

Above n(r, t) is the number density, t(r, t) is the kinetic density
energy, and p(r,t) mn(r, t)v(r, t) are linear momentum
and local collective/hydrodynamic velocity densities, and ellipses
stand for various other densities. p(r, t)/n(r, t) is the position of
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the center of the local Fermi sphere in momentum space. The first
term in Equation (2) is the collective/hydrodynamic energy flow
E o1 and the second term is the intrinsic energy Ejy in the local
rest frame. For the sake of simplicity we have suppressed the spin
and isospin DoF, even though they are included in all the actual
calculations. The collective energy Eqj(f) is not vanishing only
in the presence of currents and vanishes exactly for stationary
states. The inertia tensor in E.y(¢) in the case of irrotational
collective motion is fully equivalent to the Werner-Wheeler
inertial tensor [23]. The intrinsic energy Ein(f) is determined
only by the fermionic matter distribution. The qualitative new
result established in Bulgac et al. [17] and also illustrated here
in Figure 2 is that in an fully unrestricted TDSLDA the collective
flow energy is almost negligible until scission, in total discrepancy
with what one would have naively expected if the adiabatic
assumptions would be satisfied.

Our simulations point to an unexpectedly small E., from
saddle-to-scission, corresponding to a collective speed v oy /c ~
0.002---0.004, significantly smaller than the Fermi velocity
vp/c = 0.25 (see Figure 2). Since in TDSLDA one simulates the
one-body dynamics exactly, it is natural to discuss adiabaticity
at the mean-field level. The transition rate between sp states
is suppressed if the time to cross an avoided level-crossing
configuration satisfies the restriction At < hi/Ae 400
fm/c, where Ae = 1/psp(er) is the average sp energy level
spacing at the Fermi level. Since on the way from saddle-to-
scission the time required is 1...3 x 10° fm/c and several
dozen of avoided level crossings occur [16, 43], this condition is
clearly violated. Somewhat surprisingly, the adiabatic assumption
is also violated even in the case of SLy4 NEDF (see Bulgac
et al. [42] and Figure 2), when the saddle-to-scission time is
O(10*) fm/c as well. The collective motion is thus expected to
be strongly overdamped. From saddle-to-scission the nucleus
behaves as a very viscous fluid, the role of collective inertia is
strongly suppressed, and the trajectories follow predominantly
the direction of the steepest descent with the terminal velocity
determined by the balance between the friction and the driving
conservative forces (see Figure 2).

This result serves as the first microscopic justification for the
assumption of the overdamped Brownian motion model [44-
49] and partially to the scission-point model [50-53]. In both
these phenomenological models it is assumed that the preformed
FFs are in statistical equilibrium and that the collective energy
flow is either vanishing or very small. The main difference
is that in the scission-point model there is no mechanism to
ensure that all equilibrium scission configurations could be
reached dynamically, while the nucleus evolves from the saddle-
to-scission. Moreover, the relaxed FF properties are defined only
after the FFs become sufficiently well-separated, see below. It is
equally unexpected that in the case of enhanced pairing, when
the pairing condensates retain their long-range order throughout
the entire saddle-to-scission evolution, the collective dynamics
remains strongly overdamped.

While evolving from saddle-to-scission a nucleus encounters
alarge number of avoided level crossings and instead of following
the lowest potential energy surface, as would happen in an
adiabatic evolution, many transitions to higher excited levels
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FIGURE 2 | (Color online) the collective flow energy evaluated for NEDFs [42]
realistic pairing SLy4 (dash-dot line), enhanced pairing SLy4* (dash line), and
for SkM* (dotted and dash-dot lines with error bars), and Seal L1 (solid and
dashed lines with errors bars) sets [17]. The error bars illustrate the size of the
variations due to different initial conditions in case of various Seal L1-1,2 and
SkM*-1,2 NEDFs used. In the case of realistic pairing NEDF Sly4 (larger
pairing) the time has been scaled by a factor of 1/10. This figure is adapted
from the results published in Bulgac et al. [17] under the Creative Commons
CC BY license.

[ A

FIGURE 3 | In nuclei the level density increases with the excitation energy
quite fast, practically exponentially at energies of the order of the neutron
separation energy, when p(E*) o< exp (\/ZaE*) [67, 58], and it reaches values
of ©(10%) MeV~" and various potential energy surfaces, corresponding to
different “molecular terms” display a large number of avoided level crossings.
Here we illustrate the generic behavior of the collective energy levels (y-axis) as
a function of a collective coordinate (x-axis), see Bulgac et al. [59] for details
and a similar figure.

occur. Similarly to what is known for decades in chemistry [54-
56], one should consider not only the lowest potential energy
surface, when initially the system could be found on the lowest
with unit probability, but all “molecular terms,” which become
populated during the evolution (see Figure 3). The separation
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FIGURE 4 | These are some selected snapshots of the neutron/proton
magnitudes (Left) and phases (Right) of pairing gaps (upper half/lower/half of
each frame) in the case of realistic pairing strengths (upper panels) and
enhanced pairing strength (lower panels), obtained in the case of SLy4 NEDF.
This figure is adapted from the results published in Bulgac et al. [17] under the
Creative Commons CC BY license.

between such potential energy surfaces reaches values of order
O(10) keV or even less, and only if the system traverses a level
crossing in a time much longer than &~ #/10 keV =~ 20,000
fm/c or longer the nucleus will remain on the lowest potential
energy surface. On the other hand the saddle-to-scission time is
O(10%) fm/c and this is why the adiabatic assumption is in the
final analysis strongly violated.

Why do pairing correlations play an important role in fission
dynamics? In a static nuclear configuration each single-particle
level is doubly-degenerate, due to the Kramers degeneracy.
At the level crossing both nucleons on the highest occupied
level (homo—highest occupied molecular orbital) would have
to transition simultaneously to the lowest down-sloping level
(lumo—lowest unoccupied molecular orbital) to ensure that the
local momentum distribution remains approximately spherical,
as otherwise it would acquire an oblate shape [10, 11, 14], while
the shape of the nucleus becomes more prolate. Nucleon-nucleon
interactions at low momentum transfer can be modeled with
a reasonable accuracy with a zero-range §-interaction, which
favors the transitions between pairs of time-reversed orbitals,
exactly as the Kramers degenerate orbitals (see Figure 1). The
up-sloping levels are characterized by larger projections of the
angular momentum on the fission axis, |m| ~ kproA'/3, and
these levels should be depopulated, since in a FF the largest
angular momenta are smaller, &~ kpro(A /2)1/ 3. While evolving
from one level crossing to the next, the entire evolution is likely
rather well-reproduced by a simple one-body dynamics, as each
single-particle level occupation probability changes little. What
one-body dynamics lacks is the contributions arising from the
Boltzmann collision integral. However, at each level crossing the
two-correlated nucleon pairs will undergo a collision, and at
low energies transitions between pairs of time-reversed orbitals
expected to dominate the collision rate. One should take with
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FIGURE 5 | The evolution of the quadrupole and octupole moments of the
FFs as a functions of their separation after scission [17]. Different lines
correspond to different initial conditions and different NEDFs, see Bulgac
et al. [17] more details. The solid/dashed lines are for the light/neavy FFs,
respectively. This figure is adapted from the results published in Bulgac

et al. [17] under the Creative Commons CC BY license.

a grain of salt this simplistic picture of “collisions” and jumps
between sp levels, as nothing happens instantaneously or at one
point in space in quantum mechanics. In the presence of a Bose-
Einstein condensate of nucleon Cooper pairs the nucleus has
a superfluid component and pair transfers are enhanced due
to the Bose enhancement factor. The dynamics of the nuclear
systems then approaches the evolution of classical inviscid (no
viscosity) or perfect fluid. An illustration of this behavior was
exemplified in Figure 4 in Bulgac [40] and in Figure 4. When the
magnitude of the pairing field was artificially increased from a
realistic value to a value 3...4x larger the evolution time from
saddle-to-scission decreased by a factor of &~ 10 and at the same
time the long range coherence of the pairing field across the entire
nucleus survived. For realistic values of pairing strengths during
the descent from the saddle-to-scission both proton and neutron
pairing fields fluctuate both in space and time, long range order
basically vanishes, but quite often it is revived.

Another important aspect which emerged from our TDSLDA
fission simulations [17, 42], which is of significant importance
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in the implementation of various phenomenological models,
concerns the shapes of FFs at scission and when they reach
their relaxed shapes (see Figure 5). This behavior is apparently
confirmed indirectly by experiments. In Langevin or Fokker-
Planck [60-65], TDGCM [26, 66], and scission-point [50-53]
models the calculation of the FFs yields consider only a very
limited range of nuclear shapes. In particular in such simulations
one never introduces the octupole FF moments. Our results,
as well recent analysis by Scamps and Simenel [67], clearly
demonstrate that the FFs emerge at scission octupole deformed
and also with a significantly larger quadrupole deformation
than the relaxed values. Moreover, even after scission the FFs
there is a significant Coulomb interaction between them, which
leads to the excitation of both low energy and giant resonances
in FF [68, 69]. This interaction enables additional excitation
energy exchange between the FFs after scission, and it also
affects their total kinetic energy, a behavior also seen in our
simulation, but yet not documented. In statistical scission-point
models there is no dynamics, and only the competition between
FFs configurations at the scission point are considered [50-53],
a model to which our results lend partial support. However,
the only shapes considered are quadrupole deformation of
the relaxed FFs, which clearly is not what our dynamical
simulation demonstrate.

Our simulations put in evidence another very important
aspect, the mechanism of the excitation energy sharing between
the FFs. As a rule the heavy FF emerges in the end cooler
than the light FE even though they have been in contact for
quite a long time before scission. Moreover, when increasing
the initial energy excitation of the fissioning nucleus we have
established that only the heavy FF becomes hotter and that is
reflected in the average neutron multiplicity number of emitted,
and results which is in apparent agreement with experimental
findings (see Figure 6). Experimentally it is extremely difficult to
infer the excitation energies of the FFs, which are a crucial input
in various statistical codes [70, 72, 73]. Bertsch et al. [74] argue
that the FFs spin distribution, which determines the prompt
gamma angular distribution, can be used to infer information of
the excitation energy sharing between FFs. Randrup et al. [73]
point to a pronounced anti-correlation between v(A) and mean
total kinetic energy TKE, which can be used reduce uncertainties
in data analysis. Schmidt and Jurado [75, 76] suggested a
phenomenological model, the “energy-sorting” mechanism based
on the empirical constant temperature parametrization of the
nuclear level densities due to Gilbert and Cameron [77]. In this
“energy-sorting” model the FFs before scission have different
temperatures, with a lower temperature of the heavy fragment,
which would generate an energy flow from the light/hotter
to the heavy/cooler fragment. Our simulations demonstrate
however that the near scission the two FFs have properties quite
different (shape, excitation energy, pairing correlations) from the
properties of relaxed fragments. It is therefore problematic to
relate the properties of excited isolated nuclei with the properties
of FFs in contact before rupture.

As we have mentioned above, the number of collective DoF
and their character is a long standing problem in microscopic
inspired theoretical and phenomenological models. The choice
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FIGURE 6 | We compare here the average neutron multiplicity v(A) emitted by
FFs using a CGMF simulation [70], which assumes an E, dependence for the
energy sharing extracted using the excitation energy sharing between the FFs
in our calculation with NEDF Seal L1, as a function of the equivalent incident
neutron energy in 23°U(n, ) reaction along with available experimental data [71].
Note that in this figure the parametrization was based on 2°Pu calculations,
while 236U calculations are in progress.
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FIGURE 7 | In the upper panel we show a typical scission configuration when
unlimited type of fluctuations are allowed as compared to a typical TDSLDA
scission configuration, in which axial symmetry is assumed in this case for
258Fm. This figure is reproduced form Bulgac et al. [81] under the terms of the

American Physical Society copyright agreement.

of collective DoF and their character is guided by the authors’
intuition, their computational and other abilities, educated guess,
imagination, and/or available resources [30]. It was never proven
or demonstrated that a GCM representation of the nuclear
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wave function is ever accurate. The wave function of a many-
fermion system in TDGCM is constructed according to the
following prescription

Woem(x ) = / daf (g HD(xIq), 3)

where ®(x|q) are (generalized) Slater determinants depending
on nucleon spatial coordinates, spin, and isospin x =
(x1,...,x4), x = (rg, 0k, ) and parameterized by the collective
coordinates q = (g, .. .,qn), and where f(q, t) is the collective
wave function. There is no criterion or small parameter which
controls the accuracy of such a representation, that is

1 — (YoM | Wexact) | K €. (4)

We have presented rather simple arguments that most likely such
an accurate representation does not exist in general, particularly
in fission large amplitude collective motion [17]. A rather simple
estimate of the possible number of different shapes, and therefore
of independent terms in Equation (3), shows that it is basically
infinitely small in comparison with the number of possible
terms in an exact multi-configurational Slater determinant
representation of Weyact. Can we check whether GCM is a good
approximation for the saddle-to-scission evolution? Now we
definitely can and we have the answer, and since

Eiotal = Econ(t) + Eine(t) = Eine(q, T) ~ V(g, T) ~ const. (5)

where T is the temperature of the intrinsic system, we know
that the collective motion is strongly overdamped, that there is
an irreversible energy flow from the collective/shape DoF to the
intrinsic DoF, and that during the saddle-to-scission evolution
the temperature of the intrinsic system increases, as does its
(entanglement) entropy as well. We should also remember, that
the evolution of the fissioning nucleus from saddle-to-scission
is a truly non-equilibrium one, and the notion of a “slowly
evolving” nuclear temperature T might be questionable. This
suggest that in phenomenological calculations a more physically
motivated choice for the potential energy surface would be
one in which with increasing deformation one would increase
the “temperature T, so as to keep the “collective potential”
energy V(g,T) essentially equal to the initial excitation energy
of the compound nucleus. Basically this is the prescription that
Randrup et al. [48, 49] have implemented lately.

There were indirect indication in microscopic approaches
that the number of collective DoF can vary along the fission
path. In the overwhelming majority of fission studies the only
deformation of the nucleus close to the ground state is the axial
symmetric quadrupole moment Qyg, in spite of the fact that
the Bohr-Mottelson five-dimensional collective Hamiltonian is
one tool of choice to describe the low energy structure of open-
shell nuclei [58, 78, 79]. Ryssens et al. [80] have shown in a
beyond mean field calculation of the 1-dimensional fission path
the nucleus 24Pu is axially deformed around the ground state
configuration, it becomes triaxially deformed when it reaches
the fission isomer region, and before it reaches the outer fission
barrier it breaks the axial symmetry as well. We have recently

developed a framework into which one can include fluctuations
and dissipation in a quantum approach [81], which allows
for shape fluctuations of any kind. What we observed that
by allowing a bending mode to become active (see Figure 7),
the mass and TKE distributions acquire shapes in quite nice
agreement with observations. It was discussed quite some time
ago that such bending modes might be responsible for the
angular distributions of the FFs [82] and this type of distributions
can be also extracted from TDSLDA calculations in the near
future [74, 83]. Phenomenological or even TDGCM approaches
do not consider so far such bending modes, which are definitely
physically relevant for a large number of observables.

3. WHAT ARE THE NEEDS?

Nuclear fission is a complex process, in which a heavy nucleus
evolves from a compact shape to a configuration in which
two or more fragments are produced, and is accompanied by
emission of prompt neutrons and gamma rays (and, eventually,
electrons and antineutrinos). Most of the energy is released in
form of kinetic energy of the fragments, while prompt neutrons
emitted before beta decays play the main role in applications like
energy production.

The dynamics of the nuclear system from the formation
of compound nucleus until after the acceleration of FFs and
prompt particle emission is too rapid to be experimentally
resolved. On the other hand, the time scale of the weak
interaction, which governs the decay of FFs in experiments
toward stability ranges from seconds to minutes, and thus
the dynamics involving beta decay toward stability, including
delayed neutron and gamma emissions, can be decoupled
from the initial more rapid part that is only governed by
the strong interactions. Consequently, the fragment properties
directly influence the properties of prompt fission and gamma
rays, which have been the subject of comprehensive, albeit not
exhaustive, experimental investigations over the years. Thus, at
Los Alamos National Laboratory, experimental campaigns have
investigated the prompt fission neutron spectra for neutron-
induced fission of major actinides (?3>238U, 2*°Pu) for a large
range of incident neutron energies using the ChiNu experimental
setup [84, 85]. On the other hand, experiments that measure
the average neutron multiplicity as a function of pre-fission
neutron mass [86-91], which can be used to guide energy
sharing in fission fragments, are more scarce, and for a limited
number of reactions (usually spontaneous fission or neutron-
induced fission with thermal neutrons). The surrogate reaction
technique is used by Lawrence Livermore National Lab and
Texas A&M to measure the *°Pu and 2*!'Pu prompt fission
neutron multiplicity (average and distribution) as a function of
equivalent incident neutron energy [92, 93]. Complementary,
significant resources have been devoted toward measuring the
prompt fission gamma rays produced in the decay of fission
fragments, after the neutron emission, at Los Alamos, using the
DANCE calorimeter [94-97], and worldwide employing high-
resolution detectors [98-102]. Such measurements complement
existing measurements of prompt-gamma rays by Verbinski et al.
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[103], and many others [104-106]. Furthermore, data on total
gamma production can be useful in evaluating the prompt fission
gamma properties, if no other data exist, fission dominates,
and the other gamma-producing channels can be modeled with
reasonable accuracy [107].

In addition to detecting and measuring the products of
decay of FFs, a concerted effort has been directed toward the
direct measurement of the FF distributions. While simpler,
the “2E” measurements [108-111] have the shortcoming that
additional information is required to identify the mass of the
fragment, hence the poor 4-6 amu resolution. Reducing such
large uncertainties was the main argument for the construction
of the SPIDER “2E-2v” experimental setup [112, 113] at the
Los Alamos Neutron Science Center, which should start taking
data in the near future. In this setup the two fragment kinetic
energies and velocities are measured simultaneously and can
achieve one mass unit resolution, as also demonstrated by similar
setups, COSI FAN TUTTE at ILL, France and VERDI at JRC-
Geel, Belgium. The Sofia experiment [114] at GSI has produced
an extensive amount of experimental data with accuracies in
mass and charge <1 mass unit, but suffer from the fact that a
large range of excitation energies that cannot be disentangled is
produced in Coulomb excitations. LLNL and LANL activation
measurements at TUNL have provided invaluable data on the
incident energy dependence of cumulative fission product yields
[93, 115], and ongoing efforts are directed toward testing the
Bohr hypothesis of independence between entrance and outgoing
channels in a compound reaction by comparing fission yields
in the 2*Pu(n,f) and 2*°Pu(y,f) reactions [116] that lead
to the same fissioning system, at least in mass and charge.
At CARIBOU, two projects are underway: (i) measurement
of fission product properties (isomeric yield ratios, gamma-
ray decay branching ratios, and f-delayed neutron emission
properties) and (ii) improvements of the antineutrino spectrum
simulations by performing measurements of the S-decay data
using GAMASPHERE [117]. Other experiments related to the
properties of FFs have concentrated on measuring the average
total kinetic energy (TKE) of the fission fragments at the LANSCE
WNR facility for energy from a few hundred keVs to 200 MeV
[111, 113]. The High Rigidity Spectrometer [118] at FRIB [119]
will allow to explore the fissioning of very neutron-rich nuclei,
study their shell structure, the presence of superheavy, the limits
of stability and the equation of state of neutron-rich nuclear
matter, the neutron skins, and shed light on the nature of the
r-process, so far an unknown territory.

Treating the evolution of a heavy nucleus from a compact
configuration until the start of beta decays in the FFs, including
prompt neutron and gamma emissions, is a complicated
task, computationally unfeasible within a unified microscopic
approach. Within this reality, one has to consider a mixture
of approaches, in which the initial part of the fission process
is treated within a microscopic framework that can inform
more phenomenological treatments that model the emission
of prompt neutrons and gamma rays, and whose results can
be directly compared against a large set of experimental data.
And the input from microscopic models does not necessarily
need to be restricted to the fission process. The systematics

of several physical quantities used in the phenomenological
models of neutron and gamma emission is based on data for
stable nuclei. Since the FFs are nuclei far from stability, it is
important to investigate within more microscopic models the
validity of various systematics far from stability, as prompt
neutron and gamma observables are sensitive to ingredients like
level densities, optical models, or gamma strength functions.

Several models have been proposed to describe the shape
dynamics, and to some extent many of them are able to
reproduce experimental quantities like the pre-neutron emission
mass distributions, irrespective of the approximations involved.
But, as noted above, the direct measurement of the FFs before
neutron emission is not possible. Therefore, even before one
goes into details regarding the validity of the approximations
involved in theoretical models, one needs to consider the
corrections involved in the analysis of the experimental data.
The post-neutron emission FF mass distributions are obtained
using information on average prompt neutron multiplicity as a
function of the fragment mass, ¥(A), either from measurements,
where available, or from phenomenological models. Given the
scarcity of the data, and the fact that these phenomenological
models have been built in a systematics based on little data, the
uncertainties arising from v(A) could be considerable. Another
assumption is that no neutrons are emitted during scission or
at neck rupture. It is conceivable that the number of neutrons
emitted during the scission dynamics is not necessarily large,
but how large is large? If the fraction of scission neutrons is
significant, as some phenomenological models predict, citing the
experimental prompt fission spectrum as evidence to support the
claim [120-125], what is the impact on the experimental analysis?
While these models are not universally accepted, a microscopic
approach should be able to answer such a question, and the
assumption of small numbers of neutrons emitted during scission
should not be implicitly included in the model. Moreover, it
would be rather impossible to asses the fraction of scission
neutrons if the model does not follow the dynamics of the process
until full separation.

All the codes that model the prompt neutron and gamma
emissions have been built in the assumption that the neutron
emission proceeds after the full acceleration of the fission
fragments [70, 126-130]. This assumption can have significant
consequences, as at full acceleration the neutrons are maximally
boosted. If the emission occurs instead during the acceleration,
then the prompt neutron spectrum in the lab frame can
noticeably be altered.

In addition to validating assumptions in phenomenological
codes, a reliable theoretical model should provide information
on observables that cannot be measured, but are essential in
modeling the neutron and gamma emission. Thus, while the total
excitation energy available in the fragments can be determined
from the Q-value and TKE, no additional constrains on how
this energy is shared between the FFs are available. As the
most efficient way to lower the energy in FFs is via neutron
emission, V(A) can be used to parameterize the excitation energy
sharing. However, such data are scarcely available, usually for a
limited number of spontaneous and neutron-induced fission with
thermal neutrons, and thus guidance from microscopic models
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on how the excitation energy is shared with increasing incident
neutron energy is required not only for minor actinides, but
even for induced fission reaction of major actinides 2*>?°%U and
239Py isotopes.

Gamma emission competes with the neutron emission when
the excitation energy in the nucleus is around the neutron
separation energy. The spin of the fragments, which cannot be
directly measured experimentally, determines the exact strength
on the neutron-gamma competition. Only indirect information
can be extracted regarding the spin distribution of the FFs
from properties of prompt gamma rays, like average multiplicity,
prompt gamma fission spectra [131], or isomeric ratios [132].
The measurements of gamma rays are also scarce with increasing
the incident neutron energy. Experimentally, one observes an
increase of the total prompt fission gamma energy released
in fission [133], which has been interpreted as an increase of
the average spin with the incident energy. However, only little
experimental data exist and no microscopic model has been able
to reproduce such trends.

The main message of this section is that experimentally
one cannot isolate and measure properties of post-scission FFs,
and any full model will have to include simulations of prompt
neutron and gamma emission, in order to compare and validate
against experimental data. Given that many quantities used in
the modeling of prompt neutron and gamma emission are taken
from data systematics, which in general is available only for nuclei
close to stability, the reliability of the theoretical model near
scission and beyond, until full separation, is very important. Such
models should allow for a full separation of the fragments, and
employ approximations that are validated and under control, as
to reduce any uncertainties regarding the FF properties.

4. WHAT LESSONS HAVE WE LEARNED SO
FAR AND WHAT IS THE MOST LIKELY
PATH TO THE FUTURE?

While pairing is not the engine driving the fission dynamics,
pairing provides the essential lubricant, without which the
evolution may arrive rather quickly to a screeching halt [134-
136]. So far we have not considered whether proton-neutron
pairing might have a role in fission. It is very unlikely that
a condensate of proton-neutron pairs exists in heavy nuclei,
but as we have learned from our simulations, proton-neutron
transitions with L = 0 between single-particle orbitals could be
important as the neutron-neutron and proton-proton transitions
with (S,L,T) = (0,0,1) at low excitation energies, even in the
absence of a condensate of such pairs, see the discussion
concerning Figures 1, 4.

TDSLDA framework for fission dynamics, while it does
not incorporate fluctuations, has provided a lot of insight
into the real quantum dynamics, and it revealed extremely
valuable information into nuclear processes and quantities,
which are either not easy or impossible to obtain in laboratory
or observations: FFs excitation energies and angular momenta
distributions prior to neutron and gamma emission, element
formation in astrophysical environments, as well as other

nuclear reactions in a parameter free approach. In particular,
the excitation energy sharing mechanism between FFs and its
evolution with the initial excitation energy of the compound
nucleus was not accessible until now within a dynamic approach.
Fluctuations, which are essential in order to reproduce mass and
charge yields for example, can be now incorporated into a pure
quantum framework [81].

The quality of the agreement with experimental data is
surprisingly good, especially taking into account the fact that
no attempt was made to reproduce any fission data. Basically
all phenomenological NEDFs satisfy the most important
requirements to describe the gross properties of nuclear fission:
saturation, realistic surface tension and symmetry energy,
Coulomb energy, realistic pairing and shell corrections energy.
Nevertheless, the quality of existing NEDFs needs improving.
One can make a strong argument that we have now a clear path
from more phenomenology and adjusted parameters to more
fundamental theory and increased predictive power [137].

Perhaps the most important aspect we have observed in all our
simulations is the strong violation of the adiabatic assumption
in fission large amplitude collective motion. Basically since the
1950% the adiabatic assumption was the main simplification
included in all microscopic frameworks, GCM, ATDHF and
a large majority of phenomenological models as well, such
as the Langevin and the Fokker-Planck equations, where one
needs to introduce a potential energy surface and an inertia
tensor in the space of the collective variables. If the collective
motion is overdamped, the inertia tensor becomes irrelevant, and
moreover, considering only the lowest potential energy surface is
physically unacceptable (see Figures 3, 2) and the corresponding
discussion in section 2. As we have established in Bulgac et al. [81]
the fluctuations, or equivalently the role of two-body collisions,
does not affect this conclusion.

A somewhat unexpected result was the character of the energy
sharing mechanism between the fission fragments, the fact that
the heavy fragment is cooler than the light fragment and it
has less excitation energy [17, 42]. And this conclusion is not
a result of the fact that the heavy FF is closer to the double
magic *2Sn nucleus. In the original experiment of Hahn and
Strassmann [1] the heavy fragment had a charge closer to Z =~
52 — 56, a fact recognized also by Meitner and Frisch [2, 138],
and explained by Scamps and Simenel [67], this is due to a
stabilization of the octupole deformation in FFs, also observed
in our simulations [17, 42]. With increasing excitation energy
of the fissioning nucleus the heavy FF appears to be the only
one who absorb the increase and emits more neutrons (see
Figure 6) and the accompanying discussion. The character of the
excitation energy sharing mechanism has major consequences on
the predicted spectrum of emitted neutrons and gammas.

Another important outcome was the clear indications that
many more collective DoF appear to be relevant in fission
than have ever been considered in either phenomenological or
microscopically inspired models, such as GCM and ATDHF
frameworks. At scission, both FFs are octupolly deformed.
Moreover, the FFs attain their relaxed shapes only after the
separation between them is ~ 5..6 fm. No phenomenological
or microscopically inspired approach on the market follow the
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FFs to such large separations. As we stressed in section 3 the
spectrum of emitted neutrons is affected by the number of
neutrons emitted before the full FFs acceleration. Another DoF,
which appears to be relevant as well is the bending mode (see
Figure 7 and Bulgac et al. [81]), the inclusion of which likely is
going to influence the angular momentum distributions of the
FFs [82].

We have pointed to several directions into which
phenomenological models and theoretical models, such as
GCM and ATDHF would have to be altered, in order to
describe nuclear fission in a manner more consistent with
theoretical expectations inferred from unrestricted quantum
mechanical simulations (see section 3). We did not cover
or mention all phenomenological models on the market
and not all microscopically inspired theoretical frameworks,
as this is not a review of such approaches, for which we
recommend [129, 139].
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The equations of motion for reduced density matrices form a coupled chain known as the
Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy. To close the coupled chain
at the two-body level, approximations for a three-body density matrix with one-body
and two-body density matrices are needed. The time-dependent density-matrix theory
(TDDM) assumes that the three-body density matrix is given by the antisymmetrized
products of the one-body and two-body density matrices. In this review the truncation
schemes of the BBGKY hierarchy beyond TDDM are discussed and a formulation for the
study of excited states which is derived from the time-dependent approach is explained.
The truncation schemes and the formulation for excited states are applied to the Lipkin
model and the Hubbard model to corroborate their validity. Two realistic applications of
the TDDM approaches are also presented. One is the dipole and quadrupole excitations
of 40Ca and #8Ca and the other the fusion reactions of 180 + 60,

Keywords: extended TDHF, extended RPA, Lipkin model, Hubbard model, giant resonances, fusion

1. INTRODUCTION

The time-dependent Hartree-Fock theory (TDHF) is the basis of the mean-field theories such
as the Hartree-Fock theory (HF) and the random-phase approximation (RPA): The HF ground
state is given as a stationary solution of the TDHF equation and RPA can be formulated as the
small amplitude limit of the TDHF equation. HF and RPA have extensively been used as standard
theories to study nuclear structure problem [1]. Extensive TDHF simulations have also been
performed for heavy-ion collisions [2, 3]. However, most experimental data suggest that beyond-
mean field theories are required for a more realistic description of nuclear structure and reactions.
In this paper an approach to extend the mean-field theories based on the equations of motion
for reduced density matrices is reviewed. The equations of motion for reduced density matrices
form a coupled chain known as the Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy
[4] where the time evolution of an n-body density matrix depends on n-body and n + 1-body
density matrices. The advantage of such a time-dependent density-matrix approach (TDDMA)
is that it is directly connected to TDHF in the lowest-level approximation: The truncation of
the BBGKY hierarchy at the level of the one-body density matrix by approximating the two-
body density matrix with the antisymmetrized product of the one-body density matrices gives
TDHF. A beyond TDHEF is obtained by the truncation of the BBGKY hierarchy at the two-body
level and it needs approximations for the three-body density matrix. A few truncations schemes
have been proposed. The simplest truncation scheme is to replace the three-body density matrix
with the antisymmetrized products of the one-body and two-body density matrices, neglecting
the correlated part of the three-body density matrix [the three-body correlation matrix (C3)]
[5, 6]. This truncation scheme has been called the time-dependent density-matrix theory (TDDM).
TDDM has been applied to heavy-ion collisions [7-9] and collective excitations [6, 10-12]. A
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simplified TDDM called TDDMP [13] where two-body
correlations are consider only for a pair of time reversed
single-particle (s.p.) states have also been employed to simulate
heavy-ion collisions [13, 14]. It was found that TDDM sometimes
overestimates ground-state correlations in a solvable model [15],
gives unphysical s.p. occupation probabilities in dynamical
simulations [16, 17] and causes divergent dynamical behaviors
in highly excited and (or) strongly interacting cases [18, 19].
Obviously the problems originate in the neglect of C3 and are
related to the loss of N-representability [20] which refers to the
properties of reduced density matrices derived from an N-body
total wavefunction and is completely fulfilled only in the case of
the untruncated BBGKY hierarchy. To remedy the difficulties
of the naive truncation scheme in the description of ground
states, an approximation for C; has been proposed based on
perturbative consideration [21], where Cs is given by the traced
products of the correlated part of the two-body density matrix
(C,). This truncation scheme is referred to as TDDM1 hereafter.
The correlation matrices C, and Cs are also called the two-body
and three-body cumulants and the above approximation for C;
corresponds to taking the leading-order terms of the three-body
cumulant [22, 23]. It has been demonstrated that TDDMI1
improves the TDDM results for the ground states of model
Hamiltonians [21, 23] and also '°O [24]. In the case of the Lipkin
model [25], however, TDDM1 was found to overestimate C; in
strongly interacting regions. There, another truncation scheme
[26] where C3 in TDDML1 is divided by a reduction factor was
introduced. This truncation scheme is referred to as TDDM2.
In this paper three truncation schemes TDDM, TDDM1 and
TDDM?2 are explained and their applications are presented.

The small amplitude limit of the TDDMA equations gives an
extended RPA (ERPA) which is used for the study of excited
states, as is the case of RPA which is formulated as the small
amplitude limit of TDHF. RPA and ERPA are also formulated by
using the equation of motion approach [27, 28]. ERPA consists of
the coupled equations for the one-body and two-body amplitudes
and include the effects of ground-state correlations through the
fractional occupation probability n, of a s.p. state @ and C,.
ERPA is related to so far proposed beyond-RPA theories. When
the coupling to the two-body amplitude is omitted, the ERPA
equation for the one-body amplitude is the same as the self-
consistent RPA (SCRPA) [29, 30] equation which includes both
ng and C. The neglect of C, in the SCRPA equation corresponds
to the renormalized RPA (rRPA) [27, 28] which includes the
ground-state correlation effect via n,. When the HF ground
state is assumed, the equations in ERPA are reduced to those
in the second RPA (SRPA) [31]. If particle-hole correlations
included in the two-body amplitudes were expressed by phonons,
ERPA would be connected the particle-vibration coupling or
quasiparticle-phonon models [32]. ERPA has been applied to
solvable models [23, 33]. Realistic cases have also been studied
in ERPA [34-36]. Main results of the ERPA applications are
presented in this paper.

The TDDM truncation scheme has been used for simulations
of heavy-ion collisions [7-9] where the TDDM equations are
formulated by using the time-dependent s.p. states which
obey a TDHF-like equation. The application of such a

TDDM approach to the fusion reactions of O + 1°0 is
also presented.

The paper is organized as follows: The equations of motion
for the one-body and two-body density matrices formulated
by using a time-independent s.p. basis are given in section 2
and the truncation schemes of the BBGKY hierarchy and the
formulation of ERPA are discussed. The applications are made
to two model Hamiltonians, the Lipkin model [25] and the one-
dimensional Hubbard model [37] in section 2 and the obtained
results are compared with the exact solutions. The ERPA results
for the dipole and quadrupole excitations in “°Ca and *8Ca are
presented in section 2 as realistic applications of ERPA. The
TDDM formulation using a time-dependent s.p. basis and its
application to the fusion reactions of '°0 + 6O are given in
section 3. Section 4 is devoted to summary and outlook.

2. FORMULATION IN TIME-INDEPENDENT
SINGLE-PARTICLE BASIS

The TDDMA equations are formulated for an N fermion system
described by the Hamiltonian H consisting of a one-body part ¢
(the kinetic energy term) and a two-body interaction v

1
H= Z(a|t|a’)a2‘aar + 3 Z (aﬁ|v|a’ﬁ’)a$a;‘aﬂ/aag

% afa’p’

where a and a, are the creation and annihilation operators
of a particle at a s.p. state @ and the s.p. states are assumed
time-independent.

2.1. Time-Dependent Density-Matrix
Theory and Truncation Schemes

The TDDMA equations given in Tohyama and Schuck [21] are
explained below. They consist of the coupled equations of motion
for the one-body density matrix (the occupation matrix) #144 and
the correlated part of the two-body density matrix Cygarg (C2).
These matrices are defined as

Naa (1) = (D(t)|a], a0 | D(1)),
Cotﬂa/ﬁ’(t) = paﬂa’ﬂ’(t) - A(”aa’(t)nﬁﬁ’(t)))

1)
2

where |®(1)) is the time-dependent total wavefunction |®(t)) =
exp[—iHt]|®(t = 0)), popa’p is the two-body density matrix
(Paparp (t) = (@(t)|a$a;a5aa|®(t))) and A is an operator
which properly antisymmetrizes nqq41g4 under the exchange of
the s.p. indices such as @ <> B and o’ <> B’. Units i = 1 are
used hereafter. The equations of motion for ny, and Cyge/pr are
derived from

g = ((b(t)Ha:raa) H]|®(1))
(@(0)l[a,a5apa0, H|D(1)),

3)
(4)

ipotﬁa’ﬂ’
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by evaluating the commutation relations. They are written as

iae = Y _(€arMa’ — Nur€rar) (5)
)
+ Z [ar11vI2243) Coyasarsy — Canynans (A2As|vie'Ar)],
AA2hs

Z(Eaxcma'ﬁ’ + €1Cara'p — €rar Caprp’ (6)

A

iCopa'p’
- 6)\/3’(:(1/30/)\) + Baﬁa’ﬁ’ + Pctﬁot’ﬁ/ + Hatﬂot’ﬁ’ + Taﬂa’ﬂ’)

where €4, is the s.p. energy including the mean field and is given
by

oo = (ltle) + Y (o [V A2) ami, (7)
A2

Here the subscript A means that the corresponding matrix is
antisymmetrized. The term Bygo/g in Equation (6) consists of
only the occupation matrices and describes 2 particle (p) - 2
hole (h) and 2h-2p excitations, while P, g, g and Hyga' g contain
C, and express p-p (and h-h) and p-h correlations to infinite
order, respectively [6]. The Tygqp term gives the coupling to the
three-body correlation matrix (Cs)

Taparp =Y L{eh1[vA223)Crsparn, p
A1Aa2A3

+ (MBIVIA2A3) Coyasaani B (8)
— (MAaVIe'A3) Conspriinp — A1AalVIA3B") Caispryina’ s

where Cygyarpy (C3) is given by

Coz,Byo/B’y’ (q)(t)m(-;a;/a;—/ayaﬁﬂa|Cb(t)) - A(”aa’l)ﬂyﬂ’y’)(9)
Approximations for Cs; are needed to close the equations of
motion within n,, and C,. Three truncation schemes TDDM,
TDDMI1 and TDDM2 have been proposed. In TDDM, Cjs is
simply omitted [5, 6]. In TDDMI, Cs is given by [21]

CP1P2h1P3P4h2 = Zchh1P3P4CP1PZh2h’ (10)
h
CP1h1h2P2h3h4 = Zch1h2P2PCP1Ph3h4’ (11)

p

where p and h refer to particle and hole states, respectively.
These expressions were derived from perturbative consideration
using the Coupled-Cluster-Doubles (CCD)-like ground state
wavefunction [38]. In a time-independent density-matrix
approach in quantum chemistry, known as the contracted
Schrodinger equation [20], Mazziotti [22] has proposed a
method for constructing the three-body cumulant (C3) with
Ny and C,. Equations (10) and (11) describe the leading-order
terms in the three-body cumulant [23]. TDDM2 [26] is the most

effective in the large N and strongly interacting limits of the
Lipkin model and gives

1
Cpipahipspahy = N Z Chhy p3ps Cpipahoh> (12)
h
1
CP1h1h2p2h3h4 = NZChIhZPZPCPIPhShM (13)
P
where N is
1
N =1+7 > Copiv Canpp- (14)

pp’hh’

The factor N was introduced to simulate many-body effects
which reduce Cs in large N systems and (or) strongly interacting
regions of the Lipkin model. In the perturbative region where the
second term on the right-hand side of Equation (26) is smaller
than unity, N has the meaning of the normalization factor of the
total wavefunction.

The conservation of the total energy and total particle
number is not affected by the truncation schemes for C;
as long as its symmetry and anti-symmetry properties under
the exchange of s.p. indices is respected. However, the trace
relation between the one-body and two-body density matrices
Ngo! = Y5 Para'a/(N — 1) is not conserved when any
approximation is made for Cs. This is an example of the loss
of N-representability [20]. It was pointed out [21] that the
fulfillment of the trace relation is drastically improved by going
from TDDM to TDDMLI. In an attempt to conserve the trace
relation, Cassing and Pfitzner [39] proposed an approximation
for C; which also contains quadratic terms of C,. However, Cs
is not uniquely determined only by the requirement of the trace
relation conservation. In contrast to TDDM1 their quadratic
terms do not have the leading-order terms (Equations 10, 11) of
the three-body cumulant [22, 23] and the dynamical effect of C3
was found small in one-dimensional heavy-ion simulations [39].
Cs in Reference [39] is not anti-symmetric under the exchange
of s.p. indices, which may violate even the conservation of the
trace relation as was pointed out by Gherega et al. [17]. There
is another attempt [40] to conserve the trace relation, where the
equation motion for C3 was solved by truncating the BBGKY
hierarchy at the three-body level. However, the application of
such an approach was limited to model Hamiltonians [40].

2.2. Ground-State Calculation

The ground state in TDDMA is given as a stationary solution
of the time-dependent equations (Equations 5, 6) which satisfies
flger = 0 and C, 0. Two methods have been employed
to obtain the stationary solution. One is the adiabatic method:
Equations (5) and (6) are solved by starting from the HF
configuration and gradually increasing the strength of the
residual interaction such as v(7 — 7_:’) x t/T. This method
is based on the Gell-Mann-Low theorem [41] and has often
been used to obtain approximate ground states with various
time-dependent functionals [11, 13, 14, 42, 43]. To suppress
oscillating components which come from the mixing of excited
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states, T must be much larger than the longest period in the
system considered. The other method is a usual iterative gradient
method which is useful to obtain a rigorously stationary solution.
Since it involves matrix inversion, the application of the gradient
method is limited to small systems: The gradient method has
been employed to obtain the ground states of the Lipkin model
[15] and the oxygen, calcium and tin isotopes [34-36] using
several s.p. states around the Fermi level [34, 36] or the valence
neutron s.p. states [35].

2.3. Excited-States Calculation

The formulation for excited states can be derived by either taking
the small amplitude limit of the TDDM equations or using the
equation of motion approach [1, 27]. Here the formulation based
on the equation of motion approach is presented. Let us consider
a generalized RPA operator with one-body and two-body sectors

qu/“/\ a, + Z

s VSPSYIV s

+
k M aklakzay as (15)

where there is no restriction on the s.p. indices: They can be
both p and h. As usual with the equation of motion approach,
the properties of the excitation operator Q:[IGDO) = |®,) and
Q,|®¢) = 0 are assumed and the following equations of motion
satisfied by exact states are taken into account

(Dolla) ar, H|®y) = wuPolay az|Py)

+ + +
(¢0|[akltlhﬂ;~/2a)h/l,H]|cbﬂ) = w;L(q)OW)\la)\zak’ a )

(16)
» (17)

where w,, is the excitation energy of an excited state |®,).

The equations for xM, and X' A Az, AT€ obtained by inserting

Equation (15) into the above equations. They are written in
matrix form [15, 40]

AB\ [\ (S T\ x 18)
CD Xt )] TR, S, X® )
The Hamiltonian matrices A, B, C and D are given by
Alaa’ :10') = (Do|([a) aq, H], @} a/]|o), (19)
Blad 1 hpigifay) = CT
= (®ollla au, H),a} af ay a; 1I®o),  (20)

D(aBa’B': M 22hj2y)

(¢0|[[ﬂ;ﬂ;§/aﬁaa,H],a;’1 “/Tzal’zal/l”d)())'
(21)

The norm matrices Sy, T1, T, and S, are given as

Si(aa’:11") = (Po|[a /aa’a)\ Ty Po),
Ti(aa’ : MAadiAy) = TS =

(22)
(Pollay aq, ay, ay, a;; a, 1|Do),
(23)
Sa(apa’ B 2radiAy) = (Pollag,afapaa, a) a; a; a; ]| Po).
(24)

These matrices are evaluated by assuming |®g) to be the ground
state in TDDMA. This means that the effects of ground-state

correlations are included in the above matrices through n,, and
C,. All matrix elements in Equation (18) are given in Tohyama
and Schuck [40]. The one-body sector of Equation (18), Ax* =
w, S1x", is explicitly shown below to explain how 1,4 and C; are
included. The matrix S; is given by

S1 (O{Ot/ : )\)‘/) = (Ng'a’ — Naa)Bandar (25)

and A by

A(aa’ : )b)\/) = (€x — €u)(Na'a) — Naar)Sandar s/
+ (”a’a’ - nota)(n)dl’ - YZ)L)L)<06)\/|V|O/)L)A

— Suw Y {aylvly'y")C

Yvy
— Sa Z VV/|V|‘X/V”>C)J)/”)/}/’

Iap00

Yvy
+Y (ay Ay aCuyrary + Ny IVa'y) 4Cayray)
124

= Y UGN My Y )Cpyran + (v ¥ W' 1) Canryy ),
vy’

y'v"ry

(26)

where €, and n,, are assumed to be diagonal for simplicity.
The first two terms on the right-hand side of Equation (22)
are of the same form as the RPA and rRPA eugations, the
next two terms with C, and the Kronecker delta 8, describe
the self-energies of the a-a’ configurations due to ground-state
correlations [29, 44], and the other terms with C, are interpreted
as the vertex corrections [29, 44]. Equation (18) has the most
general form of beyond RPA theories: It is reduced to SRPA
when the ground-state correlations are neglected and the one-
body sector of Equation (18) Ax" w, S1x* is formally the
same as the equation in SCRPA. Equation (18) is referred to as
the extended RPA (ERPA) hereafter.

Although ERPA has great advantages over other extended RPA
theories, it is worth pointing out its limitations. The numbers
of the matrix elements of C; and X" oo g inCrease rapidly with

increasing number of the s.p. states. Therefore, truncation of
the s.p. space is required in realistic applications. As shown
below, basic effects of two-body correlations can be described
with rather small s.p. space, however. The other limitation is
concerned with hermiticity of D in Equation (18), which is
related to the truncation of the BBGKY hierarchy. Equation (21)
contains C3 and it is approximated depending on the truncation
scheme. Hermiticity of D which is guaranteed only when all the
matrix elements of Cs satisfy the stationary condition as those
of ny and C, do is not fulfilled [40] when any approximated
is made for Cs. The non-hermiticity has not caused serious
problems in the applications thus far considered, though. In the
case of the Lipkin model, an attempt [40] to obtain Hermitian D
was carried out by solving the equation of motion for Cs.

2.4. Applications
TDDMAS in the time-independent s.p. basis have been applied
to model Hamiltonians [23, 33] to corroborate their validity:
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The Lipkin model [25] was used to compare three truncation
schemes TDDM, TDDM1 and TDDM2. Comparison of ERPA
with other beyond-RPA theories, rRPA, SCRPA and SRPA was
performed for the one-dimensional Hubbard model [37]. As
realistic applications of ERPA, the quadrupole excitations of
oxygen isotopes [34], the low-lying quadrupole states in tin
isotopes [35] and the dipole and quadrupole excitations of *°Ca
and *8Ca [36] have been studied. In the following some of the
results are presented.

2.4.1. Lipkin Model

The Lipkin model [25] has extensively been used to test
theoretical models. It describes an N-fermions system with two
N-fold degenerate levels. The upper (lower) levels have energies
€/2 (—€/2) and quantum number p (—p) with p = 1,2, ..., N. The
Hamiltonian is given by

14
H=eJ.+ 203 +)2) (27)
where the operators are the followings
L N
J2 =5 Y ey —cptey) (28)
p=1
N
Jy =7 = Zc;c_p. (29)
p=1

For x = |V|(N — 1)/e < 1 the HF ground state is given by
|HF) = ]_[}I;I:1 cfp|0), where |0) is the true vacuum. For y > 1
the lowest s.p. states are obtained by the transformation

airp . cosa  sina Cfp
a; ~ \ —sina cosa c;r ’

(30)

where « satisfies cos 2« = 1/x. The HF ground state in this case
is often called the “deformed” HF (DHF) state and is given by
IDHE(a)) = [T, a%,10).

The truncation schemes TDDM, TDDM1 and TDDM2 have
been applied to the Lipkin model and it was found that the
simplest scheme TDDM gives the exact solutions in the limits
of large N and x [45]. This is due to the unique property of
the Lipkin model that the ground-state energy in DHF becomes
exact in such limits [1]. The relation between the density-matrices
in DHF and TDDM is discussed below. The occupation matrix
in DHF is given by n_,_, = cos’a, nyy = 1 —n_pp =
sin®a, and np_, = cosa sina. The two-body and three-body
density matrices in DHF are given by the above elements of the
occupation matrix. For example the 2p-2h and ph-ph elements
of the two-body density matrix are expressed as

Ppp—p—p = (DHF(@)|ct,c" ey DHF(a)
cos® asin® & = np_pny_y = pp_y_py (p # p').
(31)

Similarly, the three-body density matrix is given by

2, 4
Pp—p'p"pp/—p" = COS" XS & = TppL—p'p"p'—p"- (32)
This means that the correlated part (Cp_pp7pp—p7) of the three-
body density matrix vanishes in DHF. The “spherical” total
wavefunction |W) in DHF which does not have the mixing of the
p and —p states is given by the two DHF solutions as

1

V2

Since the overlap between |DHF(«)) and |DHF(—«)) is negligibly
in the large x and N limits, the three-body density matrix
calculated with | W) has also no correlated part. This is the reason
why the results in TDDM approach the exact solutions in the
large x and N limits.

The ground-state energy Ey calculated in TDDM (solid line)
for N = 12 and 50 is presented respectively in Figures 1, 2
as a function of x. The dashed and green (gray) lines denote
the results in TDDM1 and TDDM2, respectively. In the case of
N = 50 the results in TDDM2 are not displayed because they lie
between the TDDM results and the exact values. The dotted and
dot-dashed lines depict the results in HF and DHF (x > 1) and
the exact values, respectively. As seen in Figures 1, 2, the factor
N in Equations (12) and (13) plays a role in greatly reducing Cs,
making TDDM2 almost equivalent to TDDM for N = 50. In the
limits of large N and x both TDDM and DHF results become
close to the exact solutions. In the transitional region x ~ 1,
however, TDDM1 and TDDM2 were found better than TDDM
and DHF [45]. In the case of N = 12 this extends to x ~ 2 as
seen in Figure 1.

The excitation energies of the first and second excited states
calculated from the small oscillations of the TDDM solutions
(dots) are compared with the exact solutions (dot-dashed line)
in Figures 3, 4 for N = 200 where TDDM is supposed to give
the nearly exact ground state. The dotted lines in Figures 3, 4
depict the results in RPA and the “deformed” RPA (x > 1) for
the first excited state. In contrast to RPA and the deformed RPA
TDDM reproduces the smoothly decreasing excitation energy of
the first excited state with increasing interaction strength beyond
x = 1. Figure 4 shows that TDDM also gives good description
of the second excited state. As seen in Figure 4, the excitation
energies for the first excited state calculated in the deformed RPA
become close to the exact values for the second excited state [1]
with increasing x. The excited states were also calculated for a
small system with N = 4 by using the ground states in TDDM
[15] and TDDM1 [23], and it was found that the TDDM1 ground
state gives much better results.

As was pointed out above, the fact that TDDM becomes
exact in large N and yx limits is due to the unique feature of
the Lipkin model that the mean-field theory DHF gives the
exact solutions in such limits. In the transitional region x =
1 TDDM1 and TDDM2 give better description of the exact
solutions than TDDM, and the applications to the ground states
of other solvable models [23, 26] and 'O [24] also showed
that TDDML1 largely improves TDDM whereas the improvement

|¥) (IDHF(a)) 4 [DHF(—a))). (33)
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FIGURE 1 | Ground-state energy in TDDM (solid line) as a function of

x = |V|(N —1)/e for N = 12. The results in TDDM1 where the three-body
correlation matrix is given by Equations (10) and (11) are shown with the
dashed line. The green (gray) line depicts the results in TDDM2 where the
three-body correlation matrix is given by Equations (12) and (13). The results in
HF and DHF(x > 1) are depicted with the dotted line. The exact values are
given by the dot-dashed line. Adapted from Tohyama and Schuck [45] with
permission from Societa lItaliana di Fisica/Springer-Verlag GmbH Germany.

204 N=200
1.5+ e TDDM
” - RPA
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FIGURE 3 | Excitation energy of the first excited state calculated in TDDM
(dots) as a function of x for N = 200. The exact values are shown with the
dot-dashed line. The dotted line depicts the results in RPA. Adapted from
Tohyama and Schuck [45] with permission from Societa Italiana di
Fisica/Springer-Verlag GmbH Germany.
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FIGURE 2 | Ground-state energy in TDDM (solid line) as a function of yx for

N = 50. The exact values are given with the dot-dashed line. The dashed line
depicts the results in TDDM1. The results in TDDM2 lie between the TDDM
results and the exact values and are not displayed here. The results in HF and
DHF(x > 1) are shown with the dotted line but cannot be distinguished from
the exact values in the scale of the figure except for the region x ~ 1. Adapted
from Tohyama and Schuck [45] with permission from Societa Italiana di
Fisica/Springer-Verlag GmbH Germany.

from TDDM1 to TDDM2 is not large [26]. Therefore, TDDM1

or TDDM2 may be a useful truncation scheme to be applied to

realistic cases except for strongly interacting regions.

4 N=200 nad
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FIGURE 4 | Same as Figure 3 but for the second excited state. The dotted
line depicts the RPA results for the first excited state. Adapted from Tohyama
and Schuck [45] with permission from Societa lItaliana di Fisica/Springer-Verlag
GmbH Germany.

2.4.2. One-Dimensional Hubbard Model

ERPA based on the TDDMI1 ground state has been applied to
the one-dimensional (1-D) Hubbard model [37] to compare with
other beyond RPA theories [33]. The Hubbard model is one
of the most widespread models to investigate strong electron
correlations and has often been used to corroborate the validity of
beyond RPA theories [46]. In momentum space the Hamiltonian
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FIGURE 5 | Ground-state energy Ey calculated in TDDM1 (dots) as a function
of U/t for N = 6 with half-filling. The exact solutions are displayed with the solid
line. Adapted from Tohyama [33] under the Creative Commons CCBY license.

is given by [46]

U
+ + +
H= Zekakﬁak,g + N Z a5 At qo By o Op—g—o> (34)
ko k.p,q,0

where U is the matrix element of the on-site repulsive Coulomb
interaction, o spin projection and the s.p. energies are given by
€y = —2tcosky with the nearest-neighbor hopping potential ¢.
In the case of the six sites at half filling considered here, there are
the following six wave numbers

T T
k = 0) k = —, k = ——,
1 2= 3 3 3
21 2
ky = —, ks=——. ke =—7 35
4 3 5 5 ke (35)
The s.p. energies are €; = —2t, €, = €3 = —1, €4 = €5 = 1,
and €5 = 2t. In HF the lower states with €], €, and €3 are fully

occupied by 6 particles.

The ground state energy calculated in TDDM1 (dots) with
the adiabatic method is displayed in Figure 5 as a function of
U/t. It was found [21] that TDDMI gives much better ground
states of this model Hamiltonian than TDDM and that the
improvement from TDDM1 to TDDM2 is minor [26]. The exact
values obtained in exact diagonalization approach are depicted
with the solid line. The TDDMI1 results agree well with the
exact values. The occupation probabilities of the four s.p. states
in TDDMI (circles and squares) given in Figure 6 as functions
of U/t also have reasonable agreement with the exact solutions
(solid, dotted, dashed and dot-dashed lines). The deviation of
the occupation probabilities from the HF values (14 = 1 or 0)
exceeds 10% at U/t = 4.

ERPA is compared with other beyond RPA theories for the
spin mode with the momentum transfer g /3 which is
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FIGURE 6 | Occupation probability of each s.p. state calculated in TDDM1
(circles and squares) as a function of U/t. The exact solutions are depicted
with the solid, dotted, dashed and dot-dashed lines. Adapted from Tohyama
[33] under the Creative Commons CCBY license.

excited mainly by the one-body operator ak+4 18kt — az; 1k
Since the s.p. states are partially occupied, the h-h and p-p
transitions such as k; — kp and ks — ks also contribute
in rRPA, SCRPA and ERPA. In Figure 7 the excitation energies
in ERPA (dots), RPA (open triangles), rRPA (filled triangles),
SCRPA (squares) and SRPA (crosses) are shown as functions of
U/t. The exact solutions are given with the solid line. The rRPA
and SCRPA results are calculated with 714 and Cygqrg’ Which are
not self-consistently determined by the p-h and h-p amplitudes
[28, 29] but given by the TDDM1 calculations. In the case of a
repulsive interaction, the excitation energy of a spin mode where
the s.p. transitions between spin-up states and spin-down states
destructively interfere decreases with increasing U. The results in
RPA agree rather well with the exact solutions. In rRPA there are
two states below E/t < 2. The main components of the lower
state at E/t =~ 1 are the p—p and h-h transitions and the higher
state consists of the p-h and h-p components. Thus in rRPA
the configurations consisting of the p—p and h-h components
appear as the lowest state as if it is a physical state. This indicates
that it is not appropriate to include the ground-state correlation
effects only through n,. In SCRPA the states originating from
the p-p and h-h transitions gain self energies and move to the
high energy region (E/t > 10). This is because the terms in
Equation (26) with C; are divided by the small values ny,, — 1,/
or nyp, — Ny when Ax* = S;x* is solved. Thus in SCRPA the
states consisting of the p—p and h-h components are energetically
separated from the lowest state. The excitation energies of the
lowest state calculated in SCRPA, however, exceed significantly
the exact values. This is due to the neglect of the coupling to
the two-body amplitudes. SRPA includes the coupling to the two-
body amplitudes though the ground-state correlation effects are
neglected. As shown in Figure 7 with the crosses, the coupling to
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FIGURE 7 | Excitation energy of the spin mode with momentum transfer

g = 7/3 as a function of U/t calculated in ERPA (dots). The results in RPA,
rRPA, SCRPA, and SRPA are denoted with the open triangles, filled triangles,
squares and crosses, respectively. The exact solutions are depicted with the
solid line. Adapted from Tohyama [33] under the Creative Commons CCBY
license.

the 2p-2h amplitudes considered in SRPA downwardly shift the
RPA results with increasing U and SRPA collapses at U/t = 3.9.
The results in ERPA have reasonable agreement with the exact
solutions. The coupling to the two-body amplitudes included in
ERPA plays a role in bringing down the results in SCRPA.

From the application to the 1-D Hubbard model it was
clarified that when the couping to the two-body amplitude
is considered, the effects of ground-state correlations should
also be included, and vice versa. Therefore, rRPA, SCRPA and
SRPA which only include either the ground-state correlations
effects or the coupling to the two-body amplitude cannot give
satisfactory results.

2.4.3. Dipole and Quadrupole Excitations of “°Ca and
480g

In this subsection the applications of ERPA to the dipole
excitation of “8Ca and the quadrupole excitation of “°Ca [36]
are presented. It is demonstrated that the effects of ground-state
correlations which are not fully incorporated in other beyond
RPA theories play a significant role in the fragmentation of
transition strengths.

Since the numbers of C; and X! pop increase rapidly with
the number of the s.p. states, rather sever truncation of the
s.p. space is required in realistic applications. The occupation
probability 74, and C, were calculated within TDDM by using
the truncated s.p. basis consisting of the 2s-1d and 1f-2p states,
and only the 2p-2h and 2h-2p elements of C, were included
to reduce the dimension size. It was pointed out in Reference
[24] that TDDM with this truncation of C, gives as good results
for the ground state of 0 as TDDMI with all components
of C,. The Skyrme III force [47] was used to obtain the s.p.

TABLE 1 | Single-particle energies ¢, and occupation probabilities ne, calculated
in TDDM for 4°Ca.

€, [MeV] Nyg
Orbit Proton Neutron Proton Neutron
1ds2 —-156.6 —22.9 0.923 0.924
1d3)2 —-9.4 —16.5 0.884 0.884
(0.65 £+ 0.05) (0.80 £ 0.11)
2512 —-8.5 —-15.9 0.846 0.846
172 -3.4 —-10.4 0.154 0.154

Observed occupation probabilities [48] are shown for the 1ds/» states.

wavefunctions which satisty a HF-like n,,-dependent equation.
In Pfitzner et al. [11] and Peter et al. [12] a fixed harmonic
oscillator basis was chosen to facilitate the calculations of two-
body matrix elements when the TDDM equations were applied
to the study of giant resonances. A simplified interaction which
contains only the f( and t3 terms of the Skyrme III force was used
as the residual interaction. The ground states were calculated with
the iterative gradient method [15]. The one-body amplitudes xf; "
in Equation (18) were defined with a large number of s.p. states
including those in the continuum to satisfy the energy-weighted
sum rule: The continuum states were discretized by confining
the wavefunctions in a sphere with radius 15 fm and all the s.p.
states with €, < 50 MeV and j, < 11/2h were included. The
residual interaction in Equation (18) was assumed to have the
same form as that used in the ground-state calculations. Since
the residual interaction differs from the effective interaction used
in the calculation of the s.p. states, it is necessary to reduce the
strength of the residual interaction. The reduction factors 0.66
and 0.69 for “°Ca and *8Ca, respectively, were determined so that
the spurious mode corresponding to the center-of-mass motion
has zero excitation energy in RPA. To reduce the number of the
two-body amplitudes, only the 2p-2h and 2h-2p components of
Xg o' p Were considered for the 2s-1d and 2p-1f states.

The occupation probabilities calculated in TDDM for “°Ca
and *®Ca are given in Tables 1, 2, respectively. They deviate more
than 10% from the HF values (1144=1 or 0) in “°Ca. This indicates
that the ground state of 4°Ca is highly correlated as an RPA study
[49] and perturbative calculations [31, 50] have already shown.
Since the occupation of the neutron 1f;/, state in 48Ca blocks
some 2p-2h excitations, the ground-state correlations are weaker
in 48Ca than in *°Ca. As will be discussed below, the fractional
occupation of the 2p-1f states plays an important role in the
fragmentation of dipole and quadrupole transition strengths.
Occupation probabilities deduced from ground-state-to-ground-
state (p,d) and (e, ¢'p) reactions [48] are also shown for some
s.p. states in Tables 1, 2 (values in parentheses). These values
also strongly deviate from the HF value (n, = 1). The TDDM
results cannot be directly compared with these data, however.
A more appropriate formalism such as the odd-particle number
RPA [51] which deals with odd particle systems is needed to
compare with experiment.

The strength function for the isovector dipole excitation in
#8Ca calculated in ERPA (solid line) is displayed in Figure 8.
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TABLE 2 | Same as Table 1 but for “8Ca.

€a [MeV] Noy
Orbit Proton Neutron Proton Neutron
1ds)2 —22.6 —22.4 0.963 0.965
1ds/2 171 —-17.0 0.952 0.940
2812 —15.1 —-16.4 0.905 0.932
(0.54 + 0.04)
1f7,2 -10.6 —-10.6 0.059 0.919
(0.73 £0.14)
232 1.7 -3.8 - 0.103
201 0.1 -2.0 - 0.064
fs/2 —-2.2 -1.9 0.022 0.116

Observed occupation probabilities [48] are shown for the proton 2s1 > and neutron 1f7,2
states.

The dotted and dot-dashed lines depict the results in RPA and
SRPA, respectively. An artificial width I' = 0.5 MeV is used to
smooth the distributions. The strength distributions in Figure 8
exhaust about 90% of the energy-weighted-sum-rule (EWSR)
value including the enhancement term given by the t; and f,
parameters of the Skyrme III force. A better treatment of the
residual interaction and the continuum states is required to fulfill
the EWSR value. The sharp peak in RPA corresponds to the
giant dipole resonance (GDR). GDR strongly couples to the
2p-2h states and it is damped both in SRPA and ERPA. The
occupation of the neutron 1f;/; state in *3Ca allows the 2p-2h
states which include the neutron 1f;/, state as a hole state. Since
these states have energies close to the energy of GDR, GDR is
strongly damped due to the coupling to the 2p-2h states. The
SRPA result in Figure 8 dose not show a strong downward shift of
the dipole strength which has been reported in large scale SRPA
calculations [53]. This is due to fact that a rather small number
of the s.p. states are used to define the 2p-2h amplitudes. The
peak position and width of GDR in ERPA are comparable with
the experimental photo absorption cross section [52] as shown in
the inset of Figure 8.

ERPA gives 7 states below 10 MeV, which are compared with
experiment [54] in Figure 9. These states involve the transitions
from the partially occupied neutron 2p 2, 2p3/2 and 1fs,; states
and the p-p transition components exhaust 15 — 39% of the
transition amplitude (x*, X*). The summed strength below
10 MeV is 213 x1073e*fm?, which somewhat overestimates
the experimental value 61.5 & 7.8 x1073¢*fm?. SRPA gives
two dipole states at 9.2 MeV and 9.3 MeV with the summed
strength 21 x 10~3¢*fm?. The study of low-lying dipole strength
distribution has been attracting strong interests and various
theoretical approaches such as the large scale SRPA [55, 56] and
the quasi-particle phonon coupling models [57, 58] have been
successfully applied to calcium isotopes.

The strength function for the isoscalar quadrupole excitation
in *°Ca calculated in ERPA (solid line) is shown in Figure 10.
The dotted and dot-dashed lines depict the results in RPA and
SRPA, respectively. The distributions are smoothed with an
artificial width ' = 0.5 MeV. The energy-weighted sums of
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FIGURE 8 | Strength functions calculated in RPA (dotted line), SRPA
(dot-dashed line) and ERPA (solid line) for the isovector dipole excitation in
48Ca. The distributions are smoothed with an artificial width I' = 0.5 MeV. In
the inset the photo absorption cross section in ERPA (solid line) is compared
with experimental data [52] (dots). Readapted from Tohyama [36] under the
Creative Commons CCBY license.
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FIGURE 9 | Distribution of B(E1) strength below 10 MeV calculated in ERPA
for “8Ca. Experimental data (dashed line) are taken from Hartmann et al. [54].
Adapted from Tohyama [36] under the Creative Commons CCBY license.

the strength distributions in Figure 10 exceed the EWSR value
by about 10% due to the simple approximations for the residual
interaction and the continuum states. The main peak in RPA
corresponds to the giant quadrupole resonance (GQR). ERPA
brings much larger fragmentation of the quadrupole strength
than SRPA especially to the low energy region, indicating the
importance of the ground-state correlations effects included in
ERPA. The large fragmentation of the quadrupole strength is
consistent with experiment [59, 60]. The p-p transitions allowed
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FIGURE 10 | Strength functions calculated in RPA (dotted line), SRPA
(dot-dashed line) and ERPA (solid line) for the isoscalor quadrupole excitation
in 4°Ca. The distributions are smoothed with an artificial width T' = 0.5 MeV. In
the inset the ERPA strength distribution (lower part) is compared with the
experimental data from (p, p’) experiments at £, = 200 MeV and ap = 11°
[59] (upper part). Redapted from Tohyama [36] under the Creative Commons
CCBY license.

by the fractional occupation of the 1f7/, states and the coupling of
the 2p-2h amplitudes to the h-h or p-p amplitudes through C,
were found to play an important role in the large fragmentation
of the quadrupole strength [34, 36]. The importance of the
coupling of the one-body amplitude to C, in the fragmentation
of GQR in *°Ca was also pointed out by the 1p-1h®phonon
configurations model [61, 62]. A large scale SRPA calculation [63]
shows a downward shift of the quadrupole strength and larger
fragmentation of GQR than the SRPA result in Figure 10. This
difference again originates from the difference in the number of
the 2p-2h configurations used. In the inset the ERPA strength
distribution in the GQR region (lower part) is compared with
the experimental data from (p,p’) experiments [59] (upper
part). Although the peak position in ERPA corresponds to the
experimental data, ERPA cannot describe the large fragmentation
of GQR. The result of the large scale SRPA calculation [63]
suggests the importance of higher configurations.

There are 19 sates below 10 MeV in ERPA, which are
compared with experiment [54] in Figure 11. The first 27 state
in “°Ca cannot be described in RPA and ERPA because it mainly
consists of 4p-4h states [64] as in the case of '°O [65]. The
summed strength below 10 MeV is 166 ¢*fm* in ERPA, which is
about two thirds of the experimental value 263 4 46 e*fm* where
the first 27 state is excluded.

From the applications of ERPA to the dipole and quadrupole
excitations of *Ca and “°Ca it was clarified that the ground
state correlation effects should be included to explain the
large fragmentation of the dipole and quadrupole strengths
in doubly-magic nuclei. The ground-state correlation effects
in magic nuclei have extensively been studied for spin-isospin
modes [31, 50, 66-68].
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FIGURE 11 | Distribution of B(E2) strength below 10 MeV for “°Ca.
Experimental data (dashed line) are taken from Hartmann et al. [54]. Adapted
from Tohyama [36] under the Creative Commons CCBY license.

3. FORMULATION IN TIME-DEPENDENT
SINGLE-PARTICLE BASIS

The first applications of the time-dependent density-matrix
approach were based on the TDDM truncation scheme and
the TDDM calculations [6, 7] were performed by using the
time-dependent s.p. wavefunctions obtained from the then
available TDHF code with axial symmetry and without spin-orbit
force [69]. More advanced TDHF codes with spin-orbit force,
unconstrained symmetry and improved effective interactions
have been used to solve the TDDM equations [8, 13]. Since the
calculation of the two-body matrix elements is time-consuming,
a simpler approximation called TDDMP [13, 14] has also been
employed in heavy-ion collisions, where two-body correlations
are considered only for a pair of time reversed s.p. states to reduce
the number of matrix elements of C,. The TDDM approaches
based on the time-dependent s.p. basis have been applied to
study the particle transfers in heavy-ion collisions [7], the fusion
reactions [8, 9] and the damping of giant resonances at zero
[6,70, 71] and finite temperatures [10]. TDDMP has been applied
to the particle transfers in heavy-ion collisions [13] and the fusion
reactions [14]. In the following the TDDM formulation in the
time-dependent s.p. basis is given and the application to the
fusion reactions of '°0 + 160 is presented in some detail as
an example.

3.1. TDDM Equations

The one-body density matrix p and the correlated part C, of the
two-body density matrix p, are expanded with a finite number of
time-dependent s.p. states ¥y

POV, 8) = e (O (1, O (1, 1), (36)

%
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(1212, 1) = p2 — Alpp)
= Z Caﬂa’ﬂ/(t)wot(l) t)l//ﬁ(za t)T//;/(1/> f)l/f;/(z/, t))
Otﬂ()l/ﬂ/
(37)

where the numbers denote space, spin and isospin coordinates.
The equations of motion of TDDM in the time-dependent basis
consist of the following three coupled equations [6]:

d
io Vel D) = h(1, )i(1,0), (38)
MNya = Z[(aﬁlvly5)cy5a/ﬁ — Capys(ySlvia'B)l,  (39)
By
iCctﬁa’ﬂ’ = Baﬁa’ﬁ’ + Potﬁot’ﬁ’ + Haﬂa’ﬁ’» (40)

where h is the mean-field Hamiltonian given by p. When the
time-dependent s.p. states are chosen, the terms with the s.p.
energies on the right-hand side of Equations (5) and (6) are
incorporated into the equation for the s.p. wavefunctions [6]. In
TDDMP [13, 14] Hyparpr is neglected and two-body correlations
are considered only for a pair of time reversed s.p. states.

3.2. Fusion Reactions of 1°0 + 160
The fusion reactions of 0 + 'O studied in TDDM with
the time-dependent s.p. basis are explained below. This work
Tohyama and Umar [8] finally solved the longstanding problem
of fusion window anomaly. Early TDHF calculations showed that
the colliding heavy ions do not fuse in a small impact parameter
region when incident energy is higher than a certain relatively
low threshold value Ey, [2]. This is known as the fusion window
anomaly. Experimental search for the fusion window anomaly
has found no evidence [72-75]. It was found that the inclusion
of spin-orbit force introduced enough one-body dissipation to
160 + 10 collisions [76] because the degeneracy of the 1p3/,
and 1py; states is lifted. It was also found [77] that the effects
of two-body dissipation taken in TDDM resulted in the doubling
of Ey, without incorporating spin-orbit force. This is due to
the inclusion of additional unoccupied s.p. states in TDDM. In
Tohyama and Umar [8] the combined effects of spin-orbit force
and two-body dissipation were studied for 1°0 + 1°0. In this
study the Skyrme II force (SKII) [78] was chosen as an effective
interaction to calculate the s.p. wavefunctions since SKII has
often been used in TDHF calculations [69]. The s.p. states were
restricted to the 1s-1p and 2s-1d states and the simple force of
the & function form v = v83(F — 17’) with vy = —350 MeV-fm3
was used as the residual interaction to facilitate the calculation of
the matrix elements. The threshold energy Ey, was searched for
four different calculation schemes for the head-on collisions of
160 + 1°0: TDHF with and without spin-orbit force, and TDDM
with and without spin-orbit force.

The obtained results for Ey, in the center-of-mass (c.m.)
frame are summarized in Table 3. The inclusion of either spin-
orbit force or two-body dissipation dramatically increases Ey,.

TABLE 3 | Threshold energy £ in the center-of-mass frame for the head-on
collisions of 160 + 1°0.

Method Ey, [MeV]
TDHF without € - § 30
TDDM without € - § 66
TDHF with ¢ - § 69
TDDM with £ - § 80

Fusion occurs below Ey,.

However, two-body dissipation increases Ey, only about 10 MeV
when spin-orbit force is included. It was also found that the
translational motion damps faster in TDDM than in TDHF [8]
below E. . = 69 MeV where the colliding system fuses both in
TDHF and TDDM. The fusion reactions of 1°0 + 1O below Ey,
were also studied by Wen et al. [14] using the TDDM? approach
and a paring interaction as the residual interaction and it was
found that extracted friction coefficients are enhanced by about
20% due to two-body dissipation.

In the case of heavy-ion collisions the TDDM (and TDDMP)
equations ostensibly do not conserve the total energy because
of the truncation of the s.p. space [7, 14]. Wen et al. [14] has
proposed a method to recover the energy conservation within the
truncated s.p. space.

4. SUMMARY AND OUTLOOK

An approach which extends the time-dependent Hartree-Fock
theory (TDHF) based on the equations of motion for reduced
density matrices was presented. The equations of motions for
reduced density matrices form a coupled chain known as the
Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) hierarchy.
In this time-dependent density-matrix approach (TDDMA) the
truncation of the BBGKY hierarchy is applied at the two-
body level by approximating the correlated part of the three-
body density matrix (C3). TDDMA has great advantages that a
correlated ground state is obtained as a stationary solution of
the TDDMA equations and that the small amplitude limit of
the TDDMA equations gives the most general form of beyond
the random-phase approximation (RPA). TDDMA was applied
to the Lipkin model to test the approximations for Cs. It was
found that the simplest approximation where C; is neglected
becomes exact in the limits of large number of particles and
strong interaction. The extended RPA (ERPA) derived from the
TDDMA equations was applied to the one-dimensional Hubbard
model to compare with other beyond RPA theories. It was
pointed out that when the effects of ground-state correlations
are included, the coupling to the two-body amplitudes should
also be considered, and vice versa. As the realistic applications
of ERPA, the dipole and quadrupole excitations of 4°Ca and
8Ca were studied. It was found that the effects of ground-state
correlations play an important role in fragmenting the dipole
and quadrupole strengths. The TDDMA study for the fusion
reactions of 1°0 + 1°0 was also presented as an application of
the TDDMA formulation with a time-dependent singe-particle
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basis. It was pointed out that the two-body dissipation plays a
role in further damping the translational motion of 10 + 1°0.
Although the obtained results indicate that TDDMA provides
a promising beyond mean-field framework to include two-body
correlation effects which are missing in TDHE, TDDMA has
limitations and issues to be resolved. One limitation is the fact
that the number of matrix elements of the two-body density
matrix rapidly increases with increasing number of the s.p.
states, which forces us to use small s.p. space around the Fermi
level in realistic applications, though the obtained results show
that basic effects of two-body correlations can be described
with rather small s.p. space. In the realistic applications, simple
residual interactions of the § function form were used to facilitate
the calculations of two-body matrix elements whereas the s.p.
wavefunctions were obtained from the Skyrme interactions
included in TDHF codes. The consistent treatment of the
effective interactions is a subject to be addressed in TDDMA.
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Another point is the truncation scheme of the BBGKY hierarchy
itself. In TDDMA the BBGKY hierarchy is truncated at the two-
body level by making approximations for Cs. The truncation
violates the properties of reduced density matrices which should
be fulfilled if they are derived from an N-body total wavefunction.
It was pointed out that the TDDMI1 truncation scheme where
Cs is given by the traced products of the 2p-2h elements of the
two-body correlation matrix largely improves the simple scheme
where Cs is neglected. However, the validity of TDDMI cannot
be simply extended to highly excited cases such as heavy-ion
collisions. The study of the truncation schemes in such cases
remains a difficult but interesting subject to be investigated.
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Time-dependent Hartree—Fock (TDHF) method has been applied to various low-energy
nuclear reactions, such as fusion, fission, and multinucleon transfer reactions. In this
Mini Review, we summarize recent attempts to bridge a microscopic nuclear reaction
theory, TDHF, and a macroscopic aspect of nuclear reactions through nucleus—nucleus
potentials and energy dissipation from macroscopic degrees of freedom to microscopic
ones obtained from TDHF in various colliding systems from light to heavy mass regions.

Keywords: heavy-ion fusion reactions, TDHF, nucleus-nucleus potential, energy dissipation, fusion hindrance,
quasifission

1. INTRODUCTION

Time-dependent Hartree-Fock (TDHF) method has been widely used in analyzing low-energy
nuclear reactions since Bonche and his coworkers applied TDHF to collision of slabs in
one-dimensional space as the first application of TDHF to nuclear physics [1]. Since then TDHF
has been improved in several respects, e.g., including all terms in recent energy density functionals
(EDF) such as Skyrme [2] and Gogny [3] functionals and breaking symmetries such as space (from
one-dimensional to three-dimensional space).

It is well-known that the coupling between relative motions of colliding nuclei (macroscopic
degrees of freedom) and internal excitations of them (microscopic degrees of freedom) plays an
important role for describing low-energy nuclear reactions at energies around the Coulomb barrier.
To include such couplings, coupled-channel models [4-7] have been developed and widely used.
TDHF automatically includes couplings between relative motion and internal excitations since
TDHF describes the dynamics of single particles. Moreover, TDHF provides an intuitive picture
of nuclear dynamics through the time evolution of one-body densities constructed from single-
particle wave functions in nuclei. Recently, TDHF has been applied to nuclear collective excitations
[3, 8-15] and to nuclear reactions such as fusion [16-22], quasifission [23-25], fission [26-29], and
multinucleon transfer reactions [30-34], some of which include pairing correlations.

In this Mini Review, however, we do not discuss the development of TDHEF itself (see recent
review articles on the development of TDHF in [35-40]). Instead, we focus on a macroscopic aspect
of low-energy nuclear reactions described by TDHF. To this end, we show various applications
of the method called “dissipative-dynamics TDHF” (DD-TDHF) developed in Washiyama and
Lacroix [19], Washiyama et al. [20], and Washiyama [41].

2. DISSIPATIVE-DYNAMICS TDHF

The basic idea of DD-TDHF is to combine microscopic dynamics of nuclear reactions described by
TDHF and a macroscopic aspect of nuclear reactions through a mapping from microscopic TDHF
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Washiyama and Sekizawa

TDHF and a Macroscopic Aspect

evolution to a set of macroscopic equations of motion. We briefly
summarize DD-TDHF by the following steps: (1) We first solve
the TDHF equation to obtain time evolution of single-particle
wave functions for nuclear reactions:

a¢i(t)

5 = hlp(0)]¢i(t),

ik

(1)

where ¢;(t) is the single-particle wave functions with index i

(including spin and isospin degrees of freedom), and IAd[p(t)]
is the single-particle Hamiltonian as a functional of one-body
density p(t), obtained from an EDF E[p] by an appropriate
functional derivative il[p(t)] = OE/ép. (2) The next step is
to define macroscopic two-body dynamics from microscopic
TDHF simulations. Macroscopic two-body dynamics can be
constructed once collective coordinate is defined from TDHF
simulations. To do so in TDHE, we introduce a separation plane
which divides the density p(r,t) of a colliding system to two
subsystems, p1(r,t) and py(r, t), corresponding to projectile-like
and target-like densities. This separation plane is perpendicular
to the collision axis, and at the position where the two densities
pp(r,t) and pr(r,t) constructed from the single-particle wave
functions initially in the projectile and in the target, respectively,
cross (see Figure 1 of [19] for an illustrative example). We then
compute the coordinate R; and its conjugated momentum P;
for each subsystem i = 1,2 from p;(r,t) and pa(r,t). Also,
we compute the masses of the two subsystems by m; = P; /R;.
From these, two-body dynamics for the relative distance R as
a collective coordinate and its conjugated momentum P, and
reduced mass p that may depend on R is constructed. (3) For the
case of central collisions, we assume that the trajectory of the two-
body dynamics obtained from TDHEF follows a one-dimensional
equation of motion for relative motions,

dR p

a2 2
i (2)
b dv d (P P 3)
dt~  dR dR\2u n

where V(R) and y (R) denote the nucleus-nucleus potential and
friction coefficient expressing energy dissipation from the relative
motion of colliding nuclei to internal excitations in nuclei,
respectively. An important point is that these two quantities
V(R) and y(R) are unknown in TDHF simulations. (4) To
obtain those two unknown quantities we prepare a system of
two equations from two trajectories at slightly different energies.
Then, we solve the system of two equations at each R to obtain
V(R) and y(R). The details of numerical procedures for the
calculations described above can be found in Washiyama and
Lacroix [19], Washiyama et al. [20], and Washiyama [41]. In the
following results, we used the SLy4d Skyrme EDF [16] without
pairing interactions.

3. NUCLEUS-NUCLEUS POTENTIAL AND
ENERGY DISSIPATION

3.1. Light and Medium-Mass Systems

In light and medium-mass systems, whose charge product Z; 2,
is smaller than 1,600, it is known that fusion occurs
once two nuclei contact each other after passing the Coulomb
barrier. Indeed, TDHF simulations for head-on collisions at
energies above the Coulomb barrier lead to fusion, keeping
a compound system compact for sufficiently long time. We
first provide selected results of nucleus-nucleus potential
and energy dissipation obtained from DD-TDHF and discuss
their properties.

In Figure 1A, we show obtained nucleus-nucleus potentials
as a function of relative distance R near the Coulomb barrier
radius for °Ca + “°Ca. The lines show the nucleus-nucleus
potentials at different center-of-mass energies (Ecm.) by DD-
TDHE, while the filled circles show the potential obtained by the
frozen-density approximation, where the energy of the system is
calculated with the same EDF except that the dynamical effect
during the collision is neglected and the density of each fragment
is fixed to be its ground-state one. Moreover, in the frozen-
density approximation, the Pauli principle is neglected between
nucleons in the projectile and in the target, leading to worse
approximation as the overlap of projectile and target nuclei
becomes significant. Important remarks from this figure are: (1)
Potentials obtained at higher energies (Ec,. = 90, 100 MeV)
agree with the frozen-density one, indicating the convergence of
the potentials obtained by DD-TDHEF at higher energies. (2) DD-
TDHEF potentials express an E.p, dependence at lower energies
E.m. = 55, 57MeV. (3) The height of DD-TDHF potential
decreases with decreasing E.p,. The Coulomb barrier height
decreases from ~ 54.5MeV at E.,,, = 90, 100 MeV of DD-
TDHEF and of the frozen-density approximation to ~ 53.4 MeV
at Ecm. 55MeV of DD-TDHF. The above remarks can
be understood by the dynamical reorganization of the TDHF
density profile of each TDHF trajectory. Figure 1B shows the
TDHEF density p(x,y,z = 0,t) at each R for E.,, = 55 (top
panels) and 90 MeV (bottom panels). At E.,,, = 90 MeV, the
shape of each “°Ca density keeps its shape spherical, while at
Ecm. = 55MeV the shape of each *°Ca density deviates from
its ground-state spherical shape as R becomes smaller. This is
a dynamical reorganization of density during fusion reactions.
This dynamical reorganization changes the shape of each nucleus
when two nuclei approach sufficiently, then reduces the height
of the nucleus-nucleus potential obtained by DD-TDHEF. This
dynamical reduction of the nucleus-nucleus potential is seen
in various light- and medium-mass systems in Washiyama and
Lacroix [19].

We would like to note that, in the density-constrained TDHF
(DC-TDHF) method [17], in which constrained Hartree-Fock
calculation is performed to obtain the nucleus-nucleus potential
under the condition that the density is constrained to the density
obtained from TDHEF at each time, similar E., dependence of
nucleus-nucleus potentials is seen in various colliding systems
reported, e.g., in Umar and Oberacker [18], Umar et al. [42],
Oberacker et al. [43], and Umar et al. [44]. Moreover, in the

~
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FIGURE 1 | (A) Nucleus—nucleus potentials denoted by lines obtained by DD-TDHF at different energies and by the frozen-density approximation by filled circles with
the dotted line as a function of R in “°Ca + “°Ca. (B) Contour plots of density profile p(X, Y, 0) obtained from TDHF at £, = 55MeV (upper panels) and at
Eom. = 90MeV (lower panels), at R = 10.26 fm (left panels), 9.82 fm (middle), and 9.52 fm (right) in 4°Ca + “°Ca. The isodensities (contour lines) are plotted at each
0.025fm=2. (C) Same as (A) but for %Zr + 1243n. (D) Friction coefficient divided by reduced mass, y /., from DD-TDHF. (E) Extra-push energy from experiments
(EZ?) and from TDHF (Eg5ra) together with potential increase AV and dissipated energy Eqiss for 909294267y + 1245 (see text for detail). (A,B) adopted from
Washiyama and Lacroix [19], (C,D) adopted from Washiyama [41], and (E) adopted from Washiyama [41] with slight change with permission from APS and SciPris.

40Ca + 1Ca system, we find no significant difference in the
potential extracted by DD-TDHF and the one by DC-TDHF [44].

3.2. Heavy Systems

Contrary to light and medium-mass systems described in
section Light and Medium-Mass Systems, it was experimentally
observed that fusion probability at energies near the Coulomb
barrier is strongly hindered in heavy systems (Z;Z, > 1,600)
[45, 46]. The main origin of this hindrance has been considered
as the presence of the quasifission process, where a composite
system of two colliding nuclei reseparates before forming an
equilibrated compound nucleus. This fusion hindrance indeed
has been observed in TDHF e.g., in Simenel [35], Washiyama
[41], Simenel et al. [47], and Guo and Nakatsukasa [48]. Namely,
TDHF simulations for head-on collisions at energies above the
Coulomb barrier lead to touching configuration of a composite
system, and then to reseparation after a while (several to tens
of zeptoseconds). In Washiyama [41], the extra-push energy

EIDHE — Egllr)gl: — VED in TDHF was systematically obtained
in heavy systems, where Egi?gF and VEP denote the fusion
threshold energy above which fusion occurs in TDHF and

the Coulomb barrier energy obtained in the frozen-density

approximation, respectively. We show in Figure 1E extra-push
energies in TDHF for 20929497y 1 1245y compared with those
deduced from experimental data, EU?, taken from Schmidt and
Morawek [49], where the Bass barrier Vg, [50] was employed
as the Coulomb barrier height. We found that the difference
between V};D and Vpgg in 209294907 4 124Gn js at most ~
1 MeV. These obtained extra-push energies in TDHF reasonably
reproduce observations.

One may think why the fusion hindrance in heavy systems
appears in both experiments and TDHF simulations. In
Washiyama [41], we address this question and analyze where
finite extra-push energies arise. For the analysis, we first
derive the nucleus-nucleus potential and energy dissipation
by DD-TDHF because we think that these two quantities are
strongly related to the appearance of finite extra-push energy.
In Figure 1C, we show an example of nucleus-nucleus potentials
extracted in heavy systems, which is for the *°Zr + 124Sn system
for three different energies in DD-TDHF and the frozen-density
one. One can clearly see the difference between the potentials
in °Ca + “Ca (Figure 1A) and °Zr + 124Sn (Figure 1C): the
potentials in *5Zr + 12Sn extracted by DD-TDHF monotonically
increases as the relative distance decreases while the potentials in
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40Ca + *0Ca and by the frozen-density approximation in **Zr +
1245 show a barrier structure at a certain relative distance. We
have observed monotonic increase in potential in other heavy
systems [41]. We consider the increase in potential in heavy
systems as the transition from two-body dynamics of colliding
nuclei to one-body dynamics of a composite system with strong
overlap of the densities of colliding nuclei in TDHF and as the
appearance of the conditional saddle point inside the Coulomb
barrier in heavy systems [51-54].

We would like to note here that this is different property
from the one obtained from the DC-TDHF method in the
same colliding system in Oberacker et al. [43]. This difference
comes from a different interpretation of the nucleus-nucleus
potential between the two methods. In the DC-TDHF method
energy minimization is carried out at a given density of a system
obtained from TDHF to deduce a nucleus-nucleus potential
that eliminates internal excitations in this system. In the DD-
TDHF method the potential is deduced under the assumption
that TDHF evolution is reduced to a one-dimensional equation
of motion for relative motion. We consider that the DD-TDHF
potential can include a part of the DC-TDHEF internal excitation
energy. We make a comment on the origin of the difference
between the two potentials in the following: In heavy systems
with larger Coulomb replusion, larger overlap of projectile
and target densities during a collsion in TDHF is achieved
at a short relative distance. In TDHE, diabatic level crossings
can occur more in larger overlap region, leading to a part of
internal excitations and to a transition from two-body to one-
body picture of a system. This part of internal excitations is
interpreted as potential energy in DD-TDHE, while this is treated
as excitation energy in DC-TDHF. In the DC-TDHF method, the
flattening of the potential at short distances inside the Coulomb
barrier radius is seen in heavier systems leading to the synthesis
of superheavy elements in Umar et al. [42].

In Figure 1D, reduced friction coeflicient (y /), the friction
coefficient divided by the reduced mass extracted from Equation
(2), are plotted for selected systems. The friction coefficient
increases as R decreases, and shows oscillations in heavy systems.
We consider that the fact that the friction coefficient becomes
negative indicates breakdown of the assumption that the TDHF
trajectory follows a macroscopic one-dimensional equation of
motion for relative motion of a two-body colliding system.

Finally, we consider the origin of the fusion hindrance
in heavy systems through the analysis with DD-TDHEF.
As mentioned above, nucleus-nucleus potential and energy
dissipation are main contribution to the appearance of finite
extra-push energy. We evaluate the potential increase at short
distances and the accumulated dissipation energy from the
friction coefficient using the formula [41],

t
Eaoo(t) = /0 dt'y [RWYR(EY @)

up to time ¢ when the kinetic energy of the relative motion of
the system is completely dissipated. In Figure 1E, we also show
the contribution of potential increase AV and dissipated energy
Egiss to the extra-push energy in the 0929497y + 1248 systems.

The result AV > Eg;, indicates that the potential increase is a
main origin for the appearance of the finite extra-push energy,
i.e,, fusion hindrance. Though the energy dissipation is known to
play an important role in this fusion hindrance, it is not sufficient
to explain the amount of the extra-push energy in the analysis
with the DD-TDHF method.

3.3. Off-Central Collisions

So far, the applications of the DD-TDHF method has been limited
to central collisions. Here we discuss a possible extension of the
method to off-central collisions. Regarding (R, P) and (¢, L) as
sets of canonical coordinates, where ¢ represents a rotation angle
of the colliding system in the reaction plane and L = uR% is
the angular momentum of the relative motion, we obtain a set of
macroscopic equations of motion:

dR P

di = (5)
o

de L

-4 = 6

dt  uR? ©)

p dv N 1/ P? N L* \du I? )

dt = drR 2\ u?  wuPR2)dR = uR3 VRM’

dL L

—_— ==Yy 8

dr Yo m (8)

Here, yr(R) and y,(R) denote the radial and tangential (or
“sliding”) friction coeflicients, respectively, where the former
already appeared in Equation (3), the case of central collisions,
and the latter governs the angular momentum dissipation (cf.
Equation 8).

At first sight, there are three unknown quantities: the nucleus-
nucleus potential V, the radial friction coefficient yg, and the
tangential friction coefficient y,,. However, since time evolution
of ¢(t) and L(f) can be obtained from TDHE a single TDHF
simulation already provides the tangential friction coefficient by

L
Yo(R) = —u(t)ﬂ

108 ©)

Thus, there are only two unknown quantities in Equations (5)-
(8), i.e,, V(R) and yr(R), and we can apply the same procedure
applied for central collisions.

In Figure 2, we show the results for the 1°0+!°0 reaction at
E/Vp = 1.4 including off-central collisions, as an illustrative
example. In Figure 2A, the nucleus-nucleus potential is shown
as a function of the relative distance, R. We also show the
potential in the frozen-density approximation by open circles, for
comparison. Figure 2A clearly shows that the method provides
almost identical nucleus-nucleus potentials V(R) irrespective
of the impact parameters. In Figure 2B, the effective potential
Veg(R), the sum of nuclear, Coulomb, and centrifugal potentials,
is shown. It can be seen that, for b = 6 fm, the closest distance
is achieved at around R = 10 fm, at which the effective potential
coincides with the incident relative energy. In Figures 2C,D, the
reduced radial and tangential friction coefficients, Br YR/ I
and By, = v, /L, are shown as a function of the relative distance.
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We found no significant dependence of the friction coefficients
on the impact parameters in this system. In this way, this
approach enables us to access the angular momentum dissipation
mechanism and a systematic calculation is in progress.

Note that non-central effects on nucleus-nucleus potentials
and effective mass parameters in fusion reactions have been
studied in TDHF and DC-TDHF in Jiang et al. [21]. It is
interesting to make detailed comparison between those and our
DD-TDHF in a future work.

4. SUMMARY

The macroscopic aspect of TDHF dynamics for low-energy
nuclear reactions at energies near the Coulomb barrier was
discussed within the DD-TDHF method. We showed that the
dynamical reorganization of single-particle wave functions inside
the colliding nuclei affects the macroscopic nucleus-nucleus
potential that leads to dynamical reduction of the potential
around the Coulomb barrier radius in light- and medium-mass
systems. In heavy systems, the dynamical reorganization leads
to the fusion hindrance, increase in potential compared with
the potential obtained from the frozen-density approximation
in which the dynamical reorganization effect is neglected. By
extending the DD-TDHF method to off-central collisions, the
tangential friction coefficient was extracted in the °0+!%0
reaction in addition to the nucleus-nucleus potential and the
radial friction. As expected, the nucleus-nucleus potentials
do not show a significant dependence of the initial angular
momentum. The strength of the tangential friction is in
the same order of magnitude as the radial one. From this
extension, one can access the mechanism of angular momentum

dissipation from microscopic reaction models. Possible future
extension would be a systematic study of angular momentum
dissipation mechanism in various systems, especially in heavy
systems to address the fusion hindrance problem. Another
possible extension would be a systematic study of collisions with
deformed nuclei. It is interesting to study an orientation effect,
a dependence of an angle between the collision axis and the
principle axis of a deformed nucleus, on the nucleus-nucleus
potential and the friction coeflicient. It would be important to
investigate how orbital angular momentum dissipation couples
to a rotation of deformed nucleus during collision.
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Studies on Nuclear Structure and
Nuclear Dynamics Using Cb-TDHFB

Shuichiro Ebata*

Graduate School of Science and Engineering, Saitama University, Saitama, Japan

In this paper, we briefly review the studies on nuclear structure and nuclear dynamics
using the Canonical-basis time-dependent Hartree-Fock-Bogoliubov (Cb-TDHFB) theory
which is one of the time-dependent mean-field models which deal with nuclear pairing
correlation. At first, after a brief introduction of the time-dependent mean-field models,
we explain the derivation and the properties of Cb-TDHFB equations. Next, we introduce
the methods to study the nuclear linear responses and to simulate the nuclear collision
in terms of the time-dependent mean-field models. Then, we display parts of the results
obtained by using the time-dependent methods; Strength functions of electric dipole (E1)
excitation mode of '72Yb, Systematic study of low-energy £1 mode, and Comparison of
the simulations of the fusion reactions using time-dependent mean-field models with and
without pairing correlation. Finally, we summarize the Cb-TDHFB activities and discuss
its perspectives.

Keywords: TDHF, TDHFB, Cb-TDHFB, nuclear structure, nuclear dynamics

1. INTRODUCTION

Our subject is the atomic nucleus which is a self-binding finite quantum many-body system
composed of two kinds of particles (nucleon: proton and neutron). The nuclear system in which the
nucleons are the primary degree of freedom has various aspects depending on its nucleon number
and its energy. To describe the structure and the dynamics of the finite quantum many-body system
from the degree of freedom of nucleon is the core aim of nuclear physics.

The existence of mean-field is a unique and essential property in the nucleus, which is supported
by the nuclear magic numbers. The independent-particle model, like the Hartree-Fock (HF)
approximation, is based on the mean-field aspect of the nucleus and expresses the many-body wave
function in terms of the single-particle states. The HF is a useful method in the Fermi particle
system, in which the anti-symmetrization of the single-particle wave functions are necessary to
satisfy the Pauli principle. Furthermore, the pairing correlation is also an important nuclear aspect
[1]. The ground-state properties of a nucleus with the pairing correlation is successfully described
by the well-known theory [2] proposed by Bardeen-Cooper-Schrieffer (BCS) in the condensed
matter physics.

The time-dependent (TD) mean-filed models, such as TD Hartree-Fock-Bogoliubov (TDHFB)
theory [3], have been proposed with the aim at describing the nuclear structure and dynamics,
taking account of the mean-field property as well as including the pairing correlations. However,
the number of TDHFB applications is not so large. It is because huge computational costs are
required in the TDHFB calculations. Hence, several methods have been proposed to solve the
TDHFB equation, not in its full size but some approximate ways. The canonical-basis TDHFB
(Cb-TDHEFB) is one of such approximation methods [4] of solving the TDHFB equation. In
this mini-review, we introduce the framework of the Cb-TDHFB, which is a feasible TD model
dealing with nuclear pairing correlation, together with the results obtained by the Cb-TDHFB to
demonstrate its possibilities.
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2. TIME-DEPENDENT MEAN-FIELD
MODELS

In order to obtain to the Cb-TDHEFB equations, we will
briefly follow the naive derivation of TD Hartree-Fock (TDHF)
and TDHFB equations, from time-dependent many-body
Schrodinger equation (1). When a time-dependent many-body
wave function is written as |®(t)), the time evolution of | (t))
which obeys the many-body Schrédinger equation, is given by,

|B(1) = ¢ 1/1D(0)). (1)
Here the Hamiltonian H is assumed as the sum of a kinetic and
a two-body interaction terms for the Fermion system, which is
described by a Fermion creation and annihilation operators (c',
c). The time-dependent density matrix p(t) and pairing tensor
K (t) are defined with the |®(¢)) as p;(t) = (¢(t)|c;rci|<b(t)) and
kij(t) = (P(t)|cjci|(t)). The subscripts i, j mean the label of the
particle states. The equations to describe the time-dependence of
p(t) and k(t) are written as follows, using Equation (1):

ih%pij(t) = (d)(t)|[c;rci, H]|®(1)),

(1) = (@05 HII9(0). @
The TDHF (TDHFB) equation is derived by replacing |®(%))
in the Equation (2) with the HF state |®yp(f)) (the HFB state
|®HEB(1))), respectively. The | Pyp(t)) is written as a single Slater-
determinant composed of single-particle states ¢;. The number of
the single-particle states in the HF state is usually the same as the
particle number of the system. The |®ypp(#)) is the vacuum of the
quasi-particles whose creation and annihilation operators (87,
) are composed of particle operators (c', ¢) and the coefficient
matrices U and V; ;32 =3, UakCI[ + Vakck. The matrices U and
V are the general form of the BCS factors and are defined under
the normalization and the unitary condition. The number of the
quasi-particle basis is infinite in principle.

2.1. Cb-TDHFB Equation

There was an attempt to develop a time-dependent method
that incorporates the nuclear pair correlation without directly
solving the TDHFB equation [6]. Blocki and Flocard [6] proposed
the equation of motion for the canonical basis ¢; and their
BCS factors u; and v; with a simple effective interaction and a
very schematic pairing functional. In Cusson et al. [7], Scamps
et al. [8], and Magierski et al. [9], the equation of motion is
called TDHF+BCS which is essentially equivalent to the Cb-
TDHFB. The difference between their formulation and the Cb-
TDHFB is in the derivation of the basic set of equations.
The equations in Blocki and Flocard [6] were derived from
the time-dependent variational principle with constraint terms
for the norm conservation of particle wave functions and the
number conservation. The constraint for the norm conservation
finally induces the phase term in the equation of motion of the
canonical basis, which is written as &; in Blocki and Flocard
[6]. The Cb-TDHFB equation is derived from the TDHFB

equation with the canonical basis representation, in which the
density matrix is diagonal. This is equivalent to replacing the
HFB state by a state with the ordinary BCS form under an
assumption for the functional form of the pair potential. In
the Cb-TDHFB derivation, the phase term is naturally induced
from the orthonormal property of the canonical basis. The
phase term is essential to connect the canonical basis with pair
probability «; [4] and to keep the total energy conservation in
the time evolution. The Cb-TDHFB equations are composed of
three types of differential equations with respect to the time of
the canonical basis, the occupation provability p; and the pair
probability ;.

The BCS state can always be derived from the HFB state as
a special solution, which is guaranteed by the Bloch-Messiah
theorem. On the other hand, in the dynamical cases, the time
dependence of the unitary transformation from HFB to BCS
state is unclear on the way of time evolution. This leads to
the fact that the canonical basis can not be guaranteed to keep
their property in general. This is the most crucial key point in
the formulation of the Cb-TDHFB derivation. The major factor
that disturbs the canonical basis is the non-diagonal elements of
pair potential A. Therefore, the assumption is introduced in the
formulation of the Cb-TDHEFB that the pair potential should be of
the diagonal form: Az = — A8y, which is equal to the ordinary
BCS approximation.

The number of canonical basis in the Cb-TDHFB equation
is about twice the particle number at most, although it depends
on the nucleus and the energy cutoft for the pairing channel.
On the other hand, the TDHFB needs an infinite number of
quasi-particle orbitals in principle. This property that the number
of dynamical variables in the Cb-TDHFB is much smaller is a
significant advantage of the Cb-TDHFB compared with the other
time-dependent method which deals with pairing correlation.
Therefore, the computational costs of the Cb-TDHFB and the
TDHF applications are comparable, and it is computationally
feasible to employ the three-dimensional (3D) representation of
the orbitals: e.g., ¢;(r, t) = (r|¢;(t)).

Here, let us mention two major concerns for the particle
“gas” problem and the continuity equation in the Cb-TDHFB
application. The gas problem is famous in the BCS treatment for
the finite nuclear system, which is reported in previous studies
[10, 11]. The problem is caused by the expression of the many-
body wave function in the BCS approximation, which is well-
checked and summarized by a recent study in Anguiano etal. [12]
from the practical point of view. The single-particle states with
the positive energy near the Fermi surface cause the unphysical
particle gas. Because the initial state of the Cb-TDHFB is also
HF+BCS state, we should avoid the nuclei near the drip-line.

In Scamps et al. [8], the problem of the continuity equation
in the Cb-TDHFB calculation is studied relating with the particle
transport phenomena. The Cb-TDHFB satisfies the conservation
laws for the orthonormality of the canonical states, the average
particle number, and the average total energy. The local density
of HF+BCS and Cb-TDHEFB is given by sum of [vi(0) 12| i(r, )]
in which the coefficients depend on time only. The separable
expression of the density and the lack of the spatial degree
of freedom in the occupation probability cause the unphysical
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density oscillation, which is the same reason as the particle
gas problem and is unavoidable as long as the BCS expression
is adopted. And the expression also causes the difficulty in
describing the relative gauge angle between the superfluid
nuclei in the collision reaction, which is well-explained in the
supplemental material of Magierski et al. [9]. However, we know
the source of the unphysical results, and we can find a method to
address it. The frozen occupation approximation is suggested in
Scamps et al. [8]. We should use the Cb-TDHFB as a feasible and
beneficial tool while knowing the matters stated above.

2.2. Linear Response Calculation Using TD
Mean-Field Model

There are many models to study nuclear excitation modes, such
as the random phase approximation (RPA) or quasi-particle RPA
(QRPA) formalism, which are the most used mean-field methods
for nuclear excitation. The (Q)RPA formalism can be derived
as the small-amplitude limit of the TDHF(B) method, which is
the so-called linear response theory [3, 5]. The strength function
calculated with the (Q)RPA can be reproduced by the TDHF(B)
calculations of the small-amplitude oscillation.

The procedure to calculate the strength function is as follows
[13-17]. (A) We prepare the initial states of the TD method
and add a weak and instantaneous external field Vey(t)
—nE8(t) to them. The 5 stands for a strength of the external
filed, and F is an operator to excite the oscillations with a set of
quantum numbers like multipolarity L, projection K, parity m,
etc. The 7 should be small to guarantee the linearity throughout
the numerical iteration, since we consider the linear response.
In practice, the size of the  depends on the operator F. (B)
We calculate the time-evolution of |®(f)) by using the time-
dependent method and calculate the time-dependent expectation
value of F: f(t) = (®(t)|F|®(t)). After the calculation of |®(£)),
the strength function S(E; 1:") can be obtained from the Fourier
transformation of f(z).

Here, it is to be noted that some operators F are related
with the spurious mode of excitation. For instance, the operators
isoscalar-compressional dipole and the quadrupole mode Q31,
induce the spurious modes of translational and rotational
modes, respectively.

2.3. Collision Simulation by Means of TD
Mean-Field Model

There have been many studies for the low-energy heavy-ion
collisions by means of several types of TD mean-field models
[18-25]. In the procedure to apply the TD mean-field models to
the nuclear collision simulations, however, there is no essential
difference among the models. The typical procedure for the
collision simulation is as follows; (A) Set the wave functions
of the target and the projectile to the positions with an
impact parameter b, (B) Boost the wave functions with the
incident energy Ej,, (C) Calculate the time-evolution of the wave
functions which are within the common mean-field.

The b and E;, are values when the relative distance between
the two nuclei is infinite. Then, they must be changed due to
the Coulomb field in the calculation space, which obeys the

Rutherford’s trajectory. This is realized by setting the initial
wave functions at the positions where the interaction between
projectile and target can be regarded as Coulomb force only. The
frozen density approximation is well reasonable to indicate the
initial positions. Indeed it is applied to the simple estimation of
the Coulomb barrier [26-28]. When setting the wave functions
for projectile and target to the initial positions, it is safe in practice
to avoid the overlaps of them because the duplications cause
complex interference in the phase of each other state.

3. APPLICATIONS

3.1. Electric Dipole Excitation in the Linear
Response Theory

In this and the next subsection, we show examples of the
linear response calculations using the Cb-TDHFB. Following the
procedure described in section 2.2, we investigate the strength
functions for the electric dipole (E1) excitation of ytterbium-
172 (172Yb, Z=70). '72Yb is an open-shell nucleus with the
nuclear pairing correlation and has a prolate deformed shape
in its ground state, which is calculated with SkM* Skyrme
parameter set.

The characteristic structure of the quadrupole deformed
nucleus appears in the shape of the E1 strength function of }72Yb
in Figure 11, in which two peaks corresponding to the K=0and 1
modes appear. The photo-absorption cross-section of 172Yb can
be deduced from the strength function. The experimental data
[29, 30] were well-reproduced by the cross section.

Furthermore, the strength function can be compared with the
HFB+QRPA results shown in Figure 7 of Terasaki and Engel [31].
The peak positions of the strength functions are almost the same,
although the small difference in the shapes of the peaks appears
in the width and height of K = 0 mode. The results illustrate that
the Cb-TDHFB works well in dealing with the pairing correlation
at the small-amplitude limit.

The Cb-TDHEFB calculations can be performed in the 3D
Cartesian coordinate space, with a single-core computer and
several hundred hours. The HFB+QRPA calculations had been
performed in axial symmetric space using the many-core parallel
computer (about 10,000 cores), which could be estimated
from the proposal [32]. If we restrict ourselves only to the
strength functions, the Cb-TDHFB can significantly reduce the
computational cost compared with the other TDHFB methods,
which is one of the practical benefits of using the Cb-TDHFB.
Taking advantage of the benefit of the Cb-TDHFB, we can carry
out the systematic study of the linear responses of a large number
of nuclei on the nuclear chart. Here we note that the finite
amplitude method (FAM) is also an effective method to calculate
the excitation energies [33-36] within the (Q)RPA theory.

3.2. Systematic Study of E1 Excitation
Modes

We have performed a systematic investigation of the E1 strength
functions using the Cb-TDHFB represented in the 3D Cartesian
coordinate [37]. The purpose of the systematic study was to
clarify the excitation mechanism of low-energy dipole (LED)
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resonances, which have been called the pygmy dipole resonance  using the single-particle Hamiltonian with the fixed density at
(PDR). The PDR has been considered as the excited modes  the ground state. In the mechanism, there are the pure single-
which is deeply connected with the characteristic structure of  particle excitation mode and the decoupling modes from the
the neutron-rich nucleus [38, 39]. However, the systematic study =~ giant dipole resonance. The decoupling modes might have a
showed that the PDR is not a unique excitation mode of the  collective isoscalar character [37].
unstable nucleus, but can also be found in a stable nucleus, which Figure 11I shows the neutron number dependence of the LED
suggests the PDR has a composite mechanism [37]. ratio figp of nickel, zirconium, and tin isotopes. The figp is
The comparison between the results of unstable heavy nuclei  defined as m;(Ejoy)/m1 where mj(Ejyy) is the energy weighted
with and without a self-consistent residual interaction indicates ~ sum of the E1 strength function up to the energy Ej,,=10 MeV,
that the PDR has the composite mechanism. The residual and m; is the value of the energy weighted sum rule of El
interaction can be excluded from the real-time calculation by = mode. The panel shows the characteristic behavior of figp at

10 T 8 e
ogNi —e—
7 4Zr+
_ 8 ql?%n+
= 6
S
=
= =i
= 4 NS
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l_x‘ﬂ:uff""...‘.“ _
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FIGURE 1 | Example for linear response calculations: (I) £1 strength function of '7Yb calculated by Cb-TDHFB with SkM', (ll) Systematics of the LED ratio in the
energy weighted sum rule for £1 of (circle) Ni, (triangle) Zr, and (square) Sn isotopes with respect to neutron number.

Cb-TDHFB

t=19.73 fm/c t=443.98 fm/c

t=19.73 fm/c t=443.98 fm/c t = 739.97 fm/c

FIGURE 2 | Time-evolution of nucleon density for the 20+%2Ca collision reactions which are calculated by (Upper panels) Cb-TDHFB and (Lower panels) TDHF.
The calculations are performed with the parameters b=4.1 fm and Ej,=35.6 MeV.
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the neutron numbers which correspond to the magic numbers
(N = 28,50, 82) of the spherical nuclei as well as those of the
deformed nuclei (N = 60 — 74).

The systematic application of the Cb-TDHFB is carried out
also for the quadrupole type excitations [40, 41], including
modes with K = 0,1, and 2. As mentioned in section 2.2, the
quadrupole excitation with K = 1 induces the spurious mode.
The authors in Scamps and Lacroix [41] employ an excellent
practical method to avoid the spurious mode. The systematic
study of the nuclear linear responses performed by using the TD
method is significantly useful to prospect for understanding the
nuclear structure of the broad range of nuclear mass number,
although several techniques are necessary to extract physical
quantities from the calculated data.

3.3. Fusion Reaction

The pairing effect on the large amplitude collective motion is
one of the most exciting topics in nuclear physics. Many studies
for nuclear collision and fission by using the mean-field models,
including the pairing correlation, have been performed [7, 9,
42-50]. We performed the Cb-TDHFB and TDHF calculations
for symmetric and asymmetric collisions; 220+220, >2Ca+°2Ca,
and 220+°2Ca, in Ebata and Nakatsukasa [46]. In Figure 2,
we show examples of the simulations of the fusion reactions.
Upper and lower panels show the snapshots of the time-
evolutions of nucleon densities calculated by Cb-TDHFB and
TDHE respectively.

The Cb-TDHEB results indicate the repulsive effects of pairing
correlation in the fusion reaction. The nuclear pairing correlation
attractively acts in the ground state basically, although the
discussions of the pairing role for the anti-halo effect have
not yet converged [51-53]. The strength dependence of pairing
correlation is reported for the fission reaction using full TDHFB
calculations [50]. The pairing correlation might not be wholly
clarified yet in the static and the dynamic processes.

4. SUMMARY AND PERSPECTIVES

We have introduced the studies using Cb-TDHFB [4] and the
points to note for its applications. The problems due to the BCS
treatment are pointed out: the particle gas and the continuity
equation. The linear response study for El excitation of 72Yb
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The soliton existence in sub-atomic many-nucleon systems will be discussed. In
many nucleon dynamics represented by the nuclear time-dependent density functional
formalism, much attention is paid to energy and mass dependence of the soliton
existence. In conclusion, the existence of nuclear soliton is clarified if the temperature
of nuclear system ranges from 10 to 30 MeV. With respect to the mass dependence
4He and 80 are suggested to be the candidates for the self-bound states exhibiting the
property of nuclear soliton.

Keywords: TDDFT, multi-dimensional solition, full skyrme interaction, many-nucleon system, ion collisions

1. INTRODUCTION

The concept of nuclear soliton is proposed by its existence in the three-dimensional nuclear
time-dependent density functional formalism. The solitons in this article are the waves stably
traveling without changing shape and velocity even after collisions between waves (Figure 1). In
this sense, as for the terminologies of classical and quantum field theory, what we study in this
article is not similar to the topological soliton [1, 2], but rather corresponds to the non-topological
soliton [3]. From here on, we refer simply to “soliton” for a kind of non-topological soliton. The
mathematically common property of a soliton (for example, see Ablowitz [4]) has been clarified as

e Non-linearity
e Dispersive property

being independent of the size and medium of wave. The common properties of solitons are essential
to the solitons existence, and several uncommon properties specific to nuclear solitons such as

o Quantum effect with the fermi statistics
e Many-body effect leading to the collectivity

can modify the conditions of soliton existence, where a competition between them possibly appears.
In most soliton research mentioned here, the size and model dependent additional properties are
not seriously considered. Here we employ the nuclear time-dependent density functional theory
(TDDFT) in which all the above four properties are included in a self-consistent manner. In
particular the collectivity of many-nucleon systems has been successfully treated by the nuclear
DFT with and without time-dependence (for example, see Greiner and Maruhn [5]).

The solitons are observed in any scale, if the mathematically common property is held by the
master equation. This fact has something to do with the size and model dependence of the two
common properties. The nuclear soliton is found in sub-atomic femto-meter scales whose energy
is at the order of MeV (mega electron volt). Such a specific scale arises from the effective unit of
motion: the nucleon degree of freedom in the case of a nuclear soliton. For example, the effective
unit of motion for the optical soliton is the photon. In other words, as is known in nuclear physics,
the motion of the nucleus at the energy order of MeV is governed by the independent nucleon
motion (for example, see Ring and Schuck [6]).
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FIGURE 1 | Two soliton solution of KdV equation (@ = 1). Although the
momentum and shape are exactly conserved, time delay appears due to the
collision (around (t, x) = (0, 0)).

The soliton is a wave with both individuality and stability.
On the other hand, the nuclear soliton is also regarded as
bringing about a nuclear matter state with perfect fluidity. It is
worth mentioning here that perfect fluidity can be rephrased
as inertness in the context of reaction theory. Accordingly, the
nuclear soliton is expected to be associated with some important
physics if its existence is established. Indeed, perfect fluidity leads
to the conservation of the number of vortexes. Since celestial
bodies consist of nuclear matter, the quantitative understandings
of the nuclear soliton are able to show a new aspect of
the matter/heat transportation inside the (compact) stars.
Furthermore, perfect fluidity is associated with the dissipation
property of low-energy heavy-ion collisions that has been a
long standing open problem in microscopic nuclear reaction
theory. Perfect fluidity is also associated with the conservation of
nuclear matter without the loss of any information: i.e., isentropic
property arising from the time-reversal symmetry [7]. As the
conservation property of the soliton has already been utilized in
the optical fiber, the preservation property of nuclear matter is
expected to be utilized in the nuclear engineering for preserving
and condensing a certain projectile nucleus. In particular, the
well-preserved nuclear matter is expected to be used for the
reduction of nuclear waste by the nuclear transmutation, with
the extremely high intensity/density projectile of reactions, which
is not only to make a high intensity/density beam but also high
projectile-density matter in the nuclear reactor.

This article is organized as follows. The basic concepts of wave
propagation are introduced in section 2. The general definition
of solitary wave and soliton is shown in section 3. The existence
of nuclear soliton is discussed in section 4. The summary and
perspectives are presented in section 5.

2. EQUATION OF WAVES

This section is devoted to introducing the basic concepts for
wave propagation, which provides a working area of the soliton
research. For the purpose of introducing the concept of dispersive
property, we begin with the linear wave:

u(t, x) = Aexp(i(kx — ot + o)), (1)

in one-dimensional space, where k means the wave number, o the
angular frequency, and « the phase. This wave is also referred to
as the plane wave in the multi-dimensional case, and to a traveling
wave in more general fields. The first order linear hyperbolic
equation (advection equation) is written by

ot + coxyu =0 (2)
in one-dimensional space IR, where c is a real constant, meaning
the propagation speed. It is well-known that this equation holds
the solution represented by the d’Alembert’s formula, so that
the plane wave (1) satisfies this equation. The linear dispersion
relation ck is satisfied by the plane wave solution. The
plane wave solution can also be associated with the second order
linear wave equations, more closely to the present interest, the
Klein-Gordon equation:

mc*
Oru—c*u+ <7> u

=0 (3)

describing a quantum scalar or pseudoscalar fields [8].
considering the same plane wave solution, another relation @
A(k* + m>2/h?) is obtained, which is asymptotically equal to
1) =+ck (Figure 2). Note that the dispersion relation in the
massless case (m = 0) also becomes w = k.

The Schrédinger equation is known to describe the non-
relativistic quantum physics. The linear dispersion relation w =
ck is violated in case of Schrédinger type waves. On the other
hand, it is readily confirmed that the plane-wave solution is also
the solution of the linear Schrédinger equation:

By
2=

i0iu + cafu =0 (4)
in one-dimensional space R, where ¢ is a real constant being
represented by ¢ —h/2m using the Dirac constant / and
the mass m. In this case another dispersion relation » = ck?
is satisfied instead. Such waves, without satisfying the linear
dispersion relation w ck, are called the dispersive wave.
It is worth noting here that the non-relativistic approximation
of Klein-Gordon equation corresponds to the Schrodinger
equation. As a result, the Schrodinger equation is a typical
example of dispersive wave equations.

3. NON-LINEAR DISPERSIVE WAVES
3.1. Korteweg-de Vries Equation

The concepts of solitary wave and soliton are introduced. For
verifying the soliton existence in sub-atomic quantum equations,
we focus on two relevant equations: the Korteweg-de Vries
equation and non-linear Schrédinger equation. These equations
are not only dispersive wave equations but also non-linear
evolution equations.

First, in the flow of shallow water, the concept of a solitary
wave was introduced by Scott-Russel [9] in 1844. Indeed, they
observe that

e A single wave moves stably on the flat surface without
changing the shape and velocity.
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FIGURE 2 | Dispersion relation associated with Equations (2) and (3).

This is the essential property of the solitary wave. Here the single
wave means the wave without undergoing any collisions with
the other waves. Although such a property is common in linear
cases, this should not be true in non-linear cases. If solitary waves
preserve their shape and speed after a collision, the solitary waves
holding a transparency is called the soliton. In particular, the
terminology “soliton” is introduced by Zabusky and Kruskal [10].
Indeed, for the initially given sine waves, they are split into several
solitary waves, and

e The Solitary wave moves stably by preserving momentum and
shape even after the collisions.

e The Solitary wave possibly experiences a phase shift and time
delay during the collision.

These are the properties to be satisfied by the soliton wave.
That is, the solitary wave is called soliton if it satisfies the
above properties. The transparency leading to the individuality
is often called the particle-like property in the soliton theory. In
particular, by comparing soliton waves before and after collision,
there are no changes in the momentum and shape, but there is
for the phase.

The equations holding the soliton as a solution are called
the soliton equation, and the Korteweg-de-Vries equation (KdV
equation, for short) is known as a soliton equation. In a
mathematical sense the concept of a solitary wave was initially
studied by the KdV equation [11]

0 + aud u + 8,?14 =0, xeR, (5)
where « is a real constant. In the second term ou plays a role
of propagation speed (cf. Equation 2), so that the propagation
speed depends on the state of the wave. This non-linear equation
models the shallow water waves including both the non-linearity
and the dispersive property, but not the dissipation leading to
the non-unitary time evolution. It is worth noting here that the
KdV equation is obtained by approximating the incompressible
Navier-Stokes equation (for example, see Lamb [12]).

The plane wave (1) can be the solution at small amplitude
oscillation limit, and then @ = ck — k? is approximately satisfied.
On the other hand, KdV equation admits some exact traveling
wave solutions:

u= Esech2 |:\/E(x - ct)] (6)
o 2

where ¢ means the speed of wave propagation. It is remarkable
that Equation (6) holds the form of d’Alembert’s solution for the
wave equation. This solution corresponds to the solitary wave
solution (one-soliton solution) whose amplitude depends on the
propagation speed c. The solitary wave solution can hold the
soliton property that has been examined by obtaining the exact
two-soliton solution (Figure 1).

_ 723+ 4cosh(2x — 8t) + cosh(4x — 64t)
"« {3cosh(x — 28¢) + cosh(3x — 36t)}2

™

asymptotically equal to the superposition of two solitons for
large ¢

12k;
X sech? [kilx — 4ft) + 8], (8)
o

u=

wherei = 1,2,k; = 1, k> = 2, and §; are constants. The existence
of the two-soliton solution ensures the existence of soliton in a
given theoretical framework. In several equations the two-soliton
solutions are extended to N-soliton solutions (for example, see
Scott et al. [13]).

3.2. Non-linear Schrédinger Equation

A typical soliton equation for non-relativistic quantum dynamics
is the non-linear Schrédinger equation (NLS equation, for short).
It reads

i8m+8§u+k|u|2u =0, 9)

where a real number k means the interaction constant, and also
the height/depth of potential hill/well. Indeed, in the case of
positive k, V(1) = —k|u|? provides a potential well. Indeed, it
holds a solution

2_» 2_»
e = [ | [ )

exp [i(uo/2)(x — uct)],

where the amplitude of u depends on the constant k, which is a
specific feature arising from the angular speed u, and the wave
propagation speed u,. Contrary to the previous KdV equation,
the amplitude is proportional to k~/? and u,. Consequently, the
two factors have been considered to be essential to the soliton
propagation: the dispersive property and the non-linearity.

3.3. Sturm-Liouville Formalism

Following Lax [14], the relation between the KdV and the
Schrodinger type equations are understood by a simplified Sturm
Liouville equation:

Ly: = ny — Ux, )y = Ay, (10)
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where the periodic boundary condition is imposed, for
instance. This equation can be regarded as the Schrodinger
equation with the potential —A + U(x,t). It is readily
seen that

0(Ly) = (3:L)y + L(dry) = (3A)y + A(0ry) = —(0,U(x, 1))y
+ (97 — U(x, 1) (3y) (11)
leads to
(0:L)y = —(0;U(x, t))y. (12)

If t-independence of parameter A: ;A = 0 is further assumed,

(0:M)y = —(0: U(x, 1))y + L(3ry) — (9:Ay)
= —(0:U(x, 1))y + L(dsy) — (0:Ly)

(13)

is obtained, where [-,-] denotes the commutator product. After
generalizing this equation as

the KdV equation with the potential U and « = —6
is obtained by —(9;U(x,t)) + [L,D] = 0 with D =
£33 + goy + h, g = —3Uf/2 and h = —3(du)f/4
Consequently, KdV and Schrédinger equations are associated
not only with having a soliton solution, but with holding a
common mathematical structure. An interesting reminder here
is the relation between Schrédinger, Heisenberg, and interaction
pictures in quantum field theory (for a textbook, see Fetter and
Warecka [15]).

4. SOLITONS IN NUCLEAR TDDFT
4.1. Many-Nucleon System

Atomic nucleus is a finite-body many-nucleon system consisting
of nucleons: protons and neutrons. Proton numbers range from
1 to 120 (at the present), and neutron numbers from 1, roughly,
to 200. It is thought that almost 300 stable nuclei exist in
nature, and the theoretical calculations such as nuclear density
functional calculations simulate those nuclei as being sufficiently
comparable to the experiments.

We are interested in the soliton propagation at the scale of
atomic nuclei. The size of one nucleus ranges from 10~!° to 102
m, and the corresponding energy is below several 10s of MeV per
nucleon. One of the unique features of the many-nucleon system
is found in their finite-body property, which is quite different
from most of many-electron systems being treated as infinite
matter. This feature brings about the fact that the self-bound
state (the localized wave) is naturally realized in both nature and
theory of many-nucleon systems. Following the general usage of
low-energy nuclear physics, the terminology “low-energy” is used
for energy below 30 MeV per nucleon. The relativistic effect plays
a considerable role, only if the relative velocity of the collision is
over 30% of the speed of light, and it roughly corresponds to the
collision energy 30 MeV per nucleon.

Ground states and some excited states of stable nuclei (in the
following, self-bound nuclei) are classified to the localized self-
bound system. Each self-bound system is the solitary wave in the
soliton theory because it is satisfied that

e A self-bound nucleus moves stably without changing the shape

if there is no collision with the other nuclei/particles. Therefore,
the existence of a solitary wave is trivially true for many-nucleon
systems, where this issue should be examined by the non-linear
framework with the ultimately determined density functional. In
other words, all the self-bound nuclei are candidates of soliton.
All we have to do to verify the soliton existence is to check that

e [Conditional] a nucleus moves stably by preserving
momentum and shape even after the collisions.

e The nucleus possibly experiences the phase shift and the
time delay.

The first condition is expected to be satisfied conditionally. On
the other hand, the second condition is trivially satisfied in
case of atomic nuclei, as phase shifts have been observed and
theoretically calculated in nuclear reactions, as well as the time
delay. One of the general motivations is to find a valid condition
for the existence of the nuclear soliton.

4.2. Theoretical Framework
Among several theoretical models in nuclear physics, nuclear
time-dependent density functional theory [16, 17] (TDDFT, for
short), which describes the nuclear collision dynamics with
the nucleon degree of freedom, is a unique theory including
time dependence, non-linearity, and the dispersive property
simultaneously. The solution of the TDDFT shows the unitary
time evolution, which is preferable because of exact conservation
of the total energy. The dispersive property is satisfied by
the non-relativistic theory, while it is violated in the massless
relativistic theories. In this context, we remind that the sine-
Gordon equation is known as a soliton equation. Furthermore,
it is worth noting here that, among sub-atomic theories except
for the TDDFT, it is not easy to find a calculationally-feasible
theoretical framework including the time-dependence. Note that
the TDDEFT is also called nuclear time-dependent Hartree-Fock
theory, and nuclear reaction is often referred to as heavy-ion
collision or ion collision. The theory with nucleon degree of
freedom is called the microscopic treatment, because a nucleus
is a smaller component that builds up a nucleus. The TDDFT is
usually calculated in three-dimensional space, and the TDDFT
have many stable localized stationary solutions corresponding
to the self-bound nuclei. Non-linearity, dispersive property,
and the unitary time-dependence realized in the TDDFT are
preferable for examining the soliton existence. Furthermore,
nuclear saturation property brings about rather universal shallow
potential well with a depth of 50 MeV at the deepest, whose
environmental setting is ideal for the existence of certain kinds
of shallow water waves.

Before moving on to the nuclear theoretical models, a few
remarks are made on the multi-dimensional treatment. There
is limited knowledge on the multi-dimensional soliton, where
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the shape of colliding waves plays more roles. In the multi-
dimensional case, the soliton existence depends on whether the
waves are spatially finite or not, and whether the waves are
spherical or deformed. As a multi-dimensional version of KdV
equation, Kadomtsev-Petviashvili equation (KP equation, for
short) is known. In particular the multi-dimensional version of
NLS equation (2) cannot have the self-bound solution, while the
multi-dimensional NLS type equation

iatu+8£u+8}%u+k|u|2u= Uy V, 15
v — dyv = —28x(Jul) (15)
is known to have the soliton (or dromion) solution instead [18-
20], where v means the velocity potential. Roughly speaking, the
addition of a non-linear term contributes to keeping the soliton
property in this case.

4.2.1. One-Dimensional Soliton Model

Let us begin with reviewing the preceding work on soliton
propagation in nuclear physics. In one-dimensional space, the
Hamiltonian of N bosons interacting through a §-force is
represented by

1 N N
2
H:—Ei;axi—v Z S(xi—xj).
i=

i<j=1

(16)

The corresponding stationary and non-stationary problems are
known to be exactly solvable for bound states and for scattering
states [21-26]. Application of the variational principle to

< W[ —H|¥ >= Nfdx(t//*iaﬂ// + 2oy
(17)
+3(N — 1>w*w*w)

leads to

iy + 1029 + L(N — Dy >y =0, (18)

where W means the many-nucleon wave function and  denotes
single-nucleon wave function. The similarity to the NLS equation
(2) is clear, so that the soliton solution follows. The static solution
is

V(N—1)v

Vil = s =D (19)

with the energy
Ey = _N<N;741>2v2 (20)

and the density
p(x) _ N(N—1v (21)

4cosh?(N—1)vx/2)

For the 2N particle case, a two-soliton solution is obtained. The
two-soliton solution is represented by

Yt x) = Y2 /D —a)t

ein [efu(fot)+(K2/(K_ia)2)efa(3x+l<t)}_,'_(K(_)_K)
1+2e29%cosh(2aKt)—2a2e—20%Re(e2 KX /(K +ia)?)+(K* /(K2 +a?)2)e—4ax *

22)

The existence of the two-soliton solution ensures the existence
soliton in a given theoretical framework.

4.2.2. Three-Dimensional Model

A two-dimensional model is realized as the axial symmetric
model in nuclear density functional theory dealing with finite
quantum systems, and the axis of symmetry is taken as the
collision axis in the time-dependent collision calculations. In this
sense two dimensional calculation computes one-dimensional
colliding motion along the center axis. One and two-dimensional
models are toy models for simulating the collision, because
the effect described by the outer product (vector product)
cannot be rigorously incorporated. Consequently spin effect
on the dynamics such as spin-orbit force effect cannot be
rigorously treated in one and two dimensional models (cf. the
representation of spin current J(r) in Equation (24)). Note that
spin-orbit force in the non-relativistic framework arises from the
special relativity theory. In particular the spin orbit force is well-
known to play a decisive role in the structure of nuclei (cf. magic
numbers of nuclear structure [6]).

Let us consider the three-dimensional case. It is remarkable
that the nuclear medium as a nucleon degree of freedom consists
of two different kinds of fermions: protons and neutrons. In
the following, the formalism of TDDFT [11, 16] for low-energy
nuclear reactions are introduced based on [27], where the Skyrme
interaction [28] is utilized as the effective nuclear force in most
of the TDDFT calculations. The Skyrme interaction is a zero-
range formalism of effective nucleon-nucleon interaction. The
TDDEFT with Skyrme type zero-range interaction is represented
by several densities

,o(r) = Zi,g(w;{(r’a)‘/fi(r)oi)))
t(r) =3, (VYi(r,0) - Vii(r,0)),
jr) =52, WiVYi(r,0) — ¥iVyi(r, o)),

(23)

and

s(r) =350 W (ro)i(r,0') (ol |o')),

I(r) =3, (VY (r,0) - Vii(r,o")(o|610")),

J(r) =3 3, (Wi VYi(r0) = ¥ VY (r,0)) x (0]60")),

(24)

where ¥i(r, o) and ¥ (r, ) are i-th single wave functions and its
complex conjugate, respectively, p(r), T(r), and j(r) denote the
density, the kinetic energy density, and the momentum density,
respectively, and s(r), T(r), and J(r) stand for the spin density, the
spin kinetic density, and the spin current density, respectively.
Single wave functions depend on both spatial variable r € R®
and the spin o, while the spin dependence is summed up in each
density. By assuming wave functions and densities as depending
also on the time variable ¢ € R, each single-nucleon satisfies the
equation of the form.

ihosyri(t,r, o) = hyi(t,r, o) (25)
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with

Wit r,o) =Y | = V- 2% Voo + Ug(r)Ss,0r
+V4(r) - (ol6|o’) +iCq(r) - Vs 40 (26)

+iWy(r) - ((o]G]o”’) x V)} vi(t,r,07),

where h is the single-particle Hamiltonian, mj denotes the
effective mass, and Uy, V4, Cy, and W, mean the spin scalar
potential, the spin vector potential, the current potential, and
the spin orbit potential, respectively. The isospin index g
distinguishes protons (g = p) from neutrons (g = n).
For realizing the fermionic statistical property, single wave
functions are assumed to form the single Slater determinant,
where this assumption is necessary to derive Equation (26).
First, the nucleon-nucleon interaction is fully represented by
the densities. Here the reason this formalism is called the
nuclear TDDFT. Second, this formalism tells us that each single
nucleon does not interact directly with the other nucleon,
but with the force field described by the collectively summed-
up densities (23) and (24). This is the reason the nuclear
TDDFT is claimed to be the theory, based on the mean-
field description of the many-body interaction (in the same
context, the nuclear TDDFT is also called the nuclear TDHF).
Furthermore one-body dissipation with the unitarity appears
mainly due to the internal excitation of nucleus. Note that the
concept of one-body dissipation is a kind of dissipation, but it
does not violate the unitarity of time evolution. The details are
given by

i h?
i = amy T B30+ Bapg,

Uy(r) = 2B1p + 2Bapg + B3(t +iV - j) + Ba(1g +iV - j,)
+2BsAp + 2By Apg + (2 + o) By po !
+Bs {ap"’l(pﬁ +pp) +20%pg +Bo(V - J+ V- Iq)}
+0ap® 1B12s® + Biasi(s: + 312,)}

op(r') 30, \1/3
+ |:62 f er rld v (7}7) 8‘1’}7’
Vq(r) = Bo(V x j+Vx ]q) + 2Bjos + 3B115q
+2p%(2B12s + 2B13s4) + Bo(V x J +V x ),

Cy(r) = 2B3j + ZB4jq — Bo(V x s+ V x s4),

W(r) = —Bo(Vp + Vpp),
(27)
where a part shown inside the parenthesis [-] in Uy(r) shows the
Coulomb interaction acting only on protons. Thirteen different
coeflicients (Bj, By, - ,Bj3) must be determined, while they
are reduced to only 10 parameters (fo,?;,- - ,x3,a). For the
derivation of the above effective nuclear interaction, see [27,
29].
Although more than 100 parameter sets are proposed for
the Skyrme-type effective nuclear interaction (the values for
{to, t1, t2, t3, Wy, X0, X1, X2, X3, @}), the ultimate parameter set is

TABLE 1 | Parameter setting in the TDDFT.

(a) Reduced coefficients (b) Skyrme parameter set (SV-bas) [30]

By = to(1 + X0/2)/2 to = —1879.640018 [MeV - fm?]
B = —tolxo +1/2)/2 t; = 313.7493427 [MeV - fm?]

(t1 +t2)/4 + (t1x1 + tox2)/8 tr = 112.6762700 [MeV - fm®]

= (tp — t1)/8 — (toxo — t1X1)/4 ts = 12527.38921 [MeV - fm*+%]
(

(

to — 3t1)/16 + (toxo — Bt1x1)/32 Wo = 124.6333000 [rmMeV - fm®]
Xo = 0.2585452462
x; = —0.3816889952
= —2.823640993

Bs = (3t1 +12)/32 + (t1x1 + tox2)/16
B7 =t3(1 4+x3/2)/12
Bg = —t3(x3 +1/2)/12

By = —Wy/2 x3 = 0.1232283530
Bio = —toxo/4 «=03

Bi1 = —to/4

Bio = —tsx3/24

Big = —t3/24

The reduced coefficients (a) and a Skyrme parameter set (b) are shown. Among many
parameter sets (models for the effective nuclear force), the SV-bas model is taken in this
paper.

not known to include such an existence. Here we take SV-bas
parameter set (Table 1). The SV-bas parameter set is known
well for reproducing the neutron skin thickness of heavy
nuclei such as 2%Pb (for a compilation of experimental and
theoretical results, see von Neumann-Cosel [31]). The quality
of SV-bas in some relevant heavy nuclei can be found in
Iwata and Stevenson [7]. On the other hand, the description
of light ions (helium isotopes) using SV-bas is also confirmed
to be sufficiently good [32]. The pairing interaction is not
introduced in the present density functional, as the collision
energy of the present study is sufficiently high for pairing
interaction not to play a significant role. Indeed, from an
energetic point of view, the nuclear pairing is the effect of
less than a few 100s of keV per nucleon. A set of equations
(25), (26), and (27) are called the nuclear TDDFT or the
nuclear TDHF equations. The nuclear TDDFT is known to
reproduce the result rather sufficiently nowadays (for recent
reviews, see [33-35]).

4.3. Solitons in Many-Nucleon Systems
4.3.1. Similarity of Master Equations

To verify the soliton existence, we begin by finding similarities
between NLS (4) and the nuclear TDDFT. For one-dimensional
cases, as the soliton solution has been obtained, Equation (18) is
essentially identical to Equation (9). For three-dimensional cases,
a term with A? /2my in the TDDFT corresponds to the second
term of the left hand side of Equation (9). Here we see that
the TDDFT is a Schrodinger type equation. Meanwhile the non-
linear term |u|?u in Equation (9) corresponds to terms with the
coefficients B; and B, (depending essentially on the parameter
to). The terms with the coefficients B; and Bg (depending
essentially on the parameter t3), which are known to be
indispensable to reproduce the nuclear saturation properties [29],
are also relevant, because they introduce additional fractional
power contributions (cf. @ in the Skyrme parameter set: the
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fractional power). The dominance of #, and t3 terms has been
confirmed for the binding energies of *He and 8He [32], where
the experimental binding energy is 28.30 MeV and 31.40 for *He
and ®He respectively. No self-bound states of He and 8He are
obtained if the ty term is turned off, and even in the presence
of the #( term the calculated binding energies are at the order of
1,000 MeV which are far from the realistic binding energy. More
quantitatively, with respect to the bindings of *He, a large binding
(due to the attractive force property of #y term) at the order of
1,000 MeV is obtained only by the t; term, it is substantially
modified by the 3 term (due to the repulsive force property of
t3 term) as 63.80 MeV, and the momentum density contribution
(t; term) reduces it to a realistic value of 27.71 MeV, where the
binding energy calculated by including all the terms is 27.73 MeV.
Note that the spin-orbit contribution is known to be important in
the nuclear structure, but it does not play a prominent role in this
case because “He is a spin-saturated system. A rough estimation
tells us that the interaction part of the TDDFT with the SV-
bas model (the inhomogeneous term of non-linear Schrodinger
type equation) is dominated by the fy and t3 terms with
the percentage:

163.80]
163.80] + |63.80 — 27.71| + |27.71 — 27.73]

x 100 = 63.9%,

where the amplitudes of the #y and #3 terms, #; term and the
other terms are estimated as |63.80|, |63.80 — 27.71|, and |27.71 —
27.73|, respectively. Dominance of those terms in the nuclear
density functional implies the validity of an energy-dependent
soliton existence in which the fy and 3 terms are responsible
for the soliton existence and energy dependence, respectively.
This similarity between NLS and the nuclear TDDFT provides
a sound motivation to investigate the soliton propagation in
nuclear TDDFT.

4.3.2. Mechanism of Soliton Propagation in the
TDDFT
Some specific physics associated with many-nucleon systems
are presented with respect to the soliton propagation. In three-
dimensional nuclear TDDFT, the existence of a solitary wave
corresponds to the existence of self-bound stationary states. For
low-energy nuclear reactions, fusion, deep inelastic collision,
and collision-fission such as fusion-fission and quasi-fission may
appear. Particularly, in case of fusion, the solitary waves are
totally destroyed. It implies that a solitary wave cannot necessarily
be the soliton, and the soliton existence is inevitably conditional.
Let us begin with the collision between *He and ®He. Following
the usage of nuclear reaction representation, the fusion reaction
realized by collision between two self-bound nucleus *He (helium
4: 2 protons and 2 neutrons) and $He (helium 8: 2 protons and 6
neutrons) is represented by

8He +* He — '’Be, (28)
where '2Be (beryllium 12: 4 protons and 8 neutrons) is produced
as a result of fusion reaction. Fusion reaction is generally
an exothermic or endothermic reaction according to the total

binding energy difference between reactants and products, where
a chemical element iron (Z = 26) is the most stable element.
On the other hand, if self-bound states “He and 8He hold the
soliton property,

He +* He = “He +® He (29)
takes place in which the total energy is conserved before and
after the collision. In the context of reaction theory, the soliton
property is included in a class of reactions with the time-reversal
symmetry. The goal is to find the condition for the appearance
of soliton events shown by Equation (29). The time reversal
symmetry arises from the energy conservation, according to
Noether’s theorem, and the total energy is strictly conserved
by the nuclear TDDFT framework. For each collision there are
two controllable parameters: the relative velocity of collision
(i.e., the collision energy) and the impact parameter of collision
(usually denoted by b fm). The condition for soliton existence is
expected to be written by these two control parameters (i.e., the
initial condition).

The soliton existence is confirmed by systematically
calculating collision events. The fast charge equilibration
mechanism, which is the generalized concept of fusion reaction,
has been suggested to govern the mixing of protons and neutrons,
including fusion and deep inelastic collisions [36]. Under the
appearance of fast charge equilibration, the mixing between
protons and neutrons is known to take place quite rapidly within
the order of 10722 s [36] that should be compared to the typical
duration time of low-energy nuclear reactions (~1072% s). The
charge equilibrating wave propagates at around 90% of the fermi
velocity of many-nucleon systems (corresponding to the speed of
zero sound propagation [37]), so that the propagation speed of
the charge equilibrating wave is roughly equal to a quarter of the
speed of light. Soliton existence is false if we observe the charge
equilibration. Consequently, the soliton propagation is realized
by the competition between the fast charge equilibration and the
transparency, originally due to a certain non-linearity (ty and
t3 terms) of the TDDFT. The fast charge equilibrating wave has
been confirmed to play a role only if the collision energy is below
the charge equilibration upper-limit energy [36].

In the lower energies less than a few MeV per nucleon, nuclear
fusion appears, and soliton cannot survive. In higher energies
larger than 50 MeV per nucleon, the nucleus breaks up into small
pieces. On the other hand, the fast charge equilibration wave
can exist only below the upper-limit energy, where the upper
energy is almost 80% of the fermi energy which is in accordance
with the fact that the propagation speed is almost 90% of the
fermi velocity. In case of nuclear collisions, this energy is roughly
equal to 10 MeV per nucleon. This fact may contain a hint for
finding the soliton existence condition, i.e., it is reasonable to
search for the energy just above the fast charge equilibration
upper-limit energy.

4.3.3. Numerical Experiment

The heuristic aspect of the numerical experiment plays important
roles in the past and present soliton theory (e.g., Fermi-Pasta-
Ulam [38]). In this section systematic large-scale calculation
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TABLE 2 | Self-binding energies of the ground states [7] are calculated using the
SV-bas effective nuclear force.

A,2) B(AZ) B(A+4Z) B(*A+422)
4,2 6.93(7.08) 4.48(3.93) 6.07(7.06)
(16,8) 8.21(7.98) 7.84(7.57) 8.75(8.59)

Binding energy per nucleon (MeV) of the initial nuclei are compared to those of the
intermediate fused system, and the corresponding experimental values are shown in
parenthesis [40].

of the nuclear collision dynamics is carried out based on the
TDDFT. Three-dimensional nuclear TDDFT calculations with
the fully-introduced Skyrme-type interaction (10 parameters,
as in the present calculations) were initiated in the 1990’
[39]. On the other hand, many self-bound stationary states
have already been calculated (theoretically found) by static
calculations (dv;(t,#,0) = 0 in the TDDFT) in the 1980, and
they are compared to the experiments. The impact parameter
dependence of the soliton existence is systematically considered
in three-dimensional calculations.

Before moving on to the main discussion, we briefly
review the preceding results [7, 32]. According to the
calculations dealing with ®He+*He, 2°0+!°0, *!Ca+1°Ca,
2Ca+"Ca, 1%4Sn+1008n, 1245n+129Sn reactions, the energy-
dependence of soliton emergence has been clarified only for
lighter cases: *He+*He, and 2°0+!°0O (cf. Figure4 of Iwata
and Stevenson [7]). For those lighter cases, a rough sketch
of the energy-dependence is as follows: the soliton property
is not so active for low energies less than a few MeV per
nucleon; soliton property becomes active around 10 MeV per
nucleon, it achieves almost the perfect transparency around
10-30 MeV per nucleon, and the transparency again decreases
for much higher energies (Figures 2, 3 of Iwata and Stevenson
[7]). For a mass dependence, the most decisive factor for the
soliton propagation in heavier collisions has been clarified to
be the appearance of the fragmentation including the nucleon
emissions (mostly neutron emission). On the other hand, massive
momentum equilibration leading to the momentum equilibrium
of each spatial point are activated around 80-100 MeV per
nucleon, and those energies are too high to be relevant to the
suppression of nuclear soliton propagation. In this article, by
focusing on the stability of N = Z nucleus of the two colliding
nuclei, we clarify the energy-dependent soliton property of *He
and 1°0.

The initial state of the non-stationary problem is prepared by
the two stationary solutions. Let A and Z be mass number and
the proton number of a colliding nucleus #Z. We consider a set
of collisions:

A 7 + A+4 7 (30)
as a generalization of Equation (28), where (A,Z) = (4,2),
(16, 8), (40, 20), (48,20), (100, 50), and (120, 50) are considered.
Numerical solutions are obtained based on the finite difference
method (for the details, see Maruhn et al. [41]). Three-
dimensional space is incremented by 1.0 fm, and the unit time
step is set to one-third of 10723 s. Vacuum boxes are prepared

as 24 x 24 x 24 fm> for the stationary problems, and as 64 x
32 x 32 fm? for the non-stationary problems. The center-of-
mass of 4Z and 4t4Z are set to (10,b/2,0) and (—10,b/2,0),
respectively, and the initial momentum of 4Z and A4z
to (—+/2M4Ek,0,0) and (/2Ma14Ek,0,0), respectively. The
parameter b fm imitates the impact parameter. The quantities
My and M 44 denote the mass of 4Z and 41427, respectively. The
periodic boundary condition is imposed in the three-dimensional
Cartesian grid.

In Table 2 the binding energies of initial states are shown
to confirm the quality of the present calculations. The binding
energy is not precisely the same as the experiment on the whole,
but the difference is less than 15% for the lighter nuclei, and less
than 5% is achieved for heavier nuclei. It simply shows the quality
of the SV-bas parameter set. By changing A, Z and the two control
parameters, we can examine the mass and energy dependence of
the final products. In particular, if the soliton wave is dominant,
no nucleon transfer takes place between 4Z and A+*Z. If charge
equilibrating wave is dominant, two neutron transfer from 442
to 4Z is expected to be the most frequent reaction process. For
an astrophysical comparison it is practical to define the typical
temperature of collision using the kinetic energy per nucleon or
the relative velocity of the collision. Based on the Bethe formula
[42], the temperature of nuclear collision [7, 43] is defined by

_ KTcT
Ex = {/cT2

(T < T¢),
(T > 1), (31)

where Ek is the total kinetic energy per nucleon, and Tc =
k=1 = 7.2 MeV is associated with the translation of the fermi
energy of the many-nucleon system to the relativistic center-of-
mass kinetic energy [44]. It shows that Ex behaves linearly in low
temperature and quadratically in high temperature. In this article
the results are shown by the kinetic energy Ex =1, 2, 3, -- -,
10 MeV.

According to the previous study [7], helium (Z = 2) and
oxygen (Z = 8) isotopes have been proposed as candidates
of nuclear soliton. This issue is examined from a stationary
aspect. For nuclei with Z < 20, heavier nuclei become more
stable than lighter nuclei, so that lighter nuclei tend to capture
a neutron or proton easily. If this is also true for “He and 'O,
they cannot hold the soliton property. For the verification of the
proposed mechanism, the single neutron addition energy and
single proton addition energy are approximately calculated using
the energies of even-even nuclei. From an energetic point of view,
the following quantities are calculated.

A7) = EAt220-BAZD)
ZEA,Z; _ E(A+2,Z%+22)—E(A,Z)’ (32)
where E(A,Z) means the binding energy for the ground state
of a nucleus consisting of Z protons and A — Z neutrons.
These quantities show the stability against adding one neutron
(€n(A,Z)) or one proton (&,(A,Z)), respectively. Neutron
capture or proton capture is not preferred if the value is positive.
The upper panel of Figure 3 shows that the formation of the
density-functional field (a kind of mean-field) is not enough

Frontiers in Physics | www.frontiersin.org

June 2020 | Volume 8 | Article 154


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Iwata

Solitons in Nuclear TDDFT

for Z < 8 cases, and the directly-interacting few-body features
are more important instead, where doubly-magic nuclei (helium
and oxygen cases) show relatively good results comparable to
experiments. The stability of *He and '°O can be found in the
lower panel of Figure 3. A nucleus is stable against the addition
of nucleons, if both £,(A,Z) and &£,(A, Z) are positive. 4He and
160 show the stability (lower panel of Figure 3), although heavier

-4
L 2
sl —a— SVbas model
< -6 . - - - - Experiment
S
S ¢ 2 -
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FIGURE 3 | Single particle energy and the corresponding energy differences
are compared to experiments [40]. (Upper) For Z < 20 nuclei with (A, 2)=(4,2),
(8,4), - -+ (40,20), the binding energies E(A,2), EA+2,2), EA+2,Z+ 2) are
shown by the connected lines in this order in each column. (Lower) The
corresponding energy difference £,(A, Z) and £,(A, Z) for each nucleus ZAis

shown by the connected lines in this order.

cases with Z > 10 will find a more stable bound system by adding
neutrons. From an experimental point of view, “He, 12C, and
160 are candidates of soliton, where 8Be itself is known to be an
unbound system even before comparing it to its neighbor nuclei.
From a theoretical and experimental point of view, *He and 1°O
are the candidates of soliton in which &£;(A, Z) values are positive.
Consequently, the stability of soliton candidates “He and '°O are
confirmed with respect to the stability of the stationary state in
comparison to the neighbors.

A time evolution of #He + *He collision is shown in Figure 4.
8He is coming from the left hand side, and *He is moving
from the right hand side. It forms a rotating merged system
around t 28/3 x 10722 5, and it is separated into two
fragments as a result of collision. As for Figure 4, the collision
energy is selected as the lowest energy at which the soliton wave
component starts to appear. That is, taking this energy as the
standard energy, for lower energies soliton cannot exist, and
fusion reaction takes place; for higher energies almost perfect
transparency with respect to both mass and momentum is
realized. It is a non-central collision (b # 0) in which the axial
symmetry along the collision axis is essentially violated. The
shape (more precisely, non-spherical property of the density and
momentum distribution) is an important factor in the multi-
dimensional case, where a less-symmetric shape of the merged
system is introduced by the parameter b. In addition to the
internal excitation, a part of the total energy is delivered to the

angular momentum of each nucleus in case of multi-dimensional
and b # 0 cases. To a certain degree, the appearance of rotational
motion of the merged nucleus is a specific factor for the multi-
dimensional soliton existence.

The detail of the nucleon transfer depends on the impact
parameter, therefore on the shape and geometry. For 8He + 4He
collision transferred nucleon numbers are shown in Figure 5,
where the impact parameter dependence is shown in an energy-
dependent manner. By increasing the energy, nucleon transfer
starts to disappear after Ex =7.50 MeV. Indeed, for cases with

t=8/3 x 10~%%

t=28/3 x 10722

FIGURE 4 | Imperfect soliton including the spin degree of freedom, fermionic statistical property, the multi-dimensionality, and the effect due to the non-central
collision. Time evolution of 8He + *He for £ = 7.50 MeV and b = 3.0 fm are shown. The collision energy is around the upper-limit energy of fast charge equilibration
[36]. That is, by increasing the energy, the transparent component becomes dominant. For better sights, time evolution of total density is depicted by projecting them
on the reaction plane (z = 0). The density is plotted on the vertical axis taken from 0 to 0.6 fm~", where the horizontal area is fixed to (x, y) = 24 x 20 fm?. In this
situation, 0.29 protons are transferred from “He to 8He, and 0.26 neutrons are transferred from 8He to “He, where we can find a weak effect of dual-way type charge
equilibration [45] leading to the contamination of pure soliton. The self-bound property of 8He and *He contributes to recovering the original shape if the
transparencies of both mass and momentum is sufficiently high (kinetic energy loss is less than 5 MeV, see Figure 3).

t=48/3 x 107225
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energy case with Ex = 2.50 MeV and b= 2, 3, 4, 5 fm, fusion appears.

FIGURE 5 | For collisions 8He + “He, transferred nucleon from 8He to “He are shown depending on the relative velocity of the collisions. The impact parameter
dependence with six different energies Ex are shown. Red circles show the amounts of neutron transfer, and the blue squares show those of proton transfer. In a low
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Ex =7.50, 10.0, 25.0, 50.0 MeV, the expectation value for the
number of nucleon transfers are always less than 0.50, so that the
soliton wave is concluded to be dominant in those cases.

With respect to the quantum mechanical observation, the
calculated results are statistically summed up for a given

collision energy (a given relative velocity). Indeed, we cannot
divide possible events by the impact parameter. Using the
concept of geometric cross section [46], the numbers of
total cross sections of all the inelastic events (events with
touching between two nuclei) for a given collision energy Ex is
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TABLE 3 | The observation probability [%] of soliton state of “He calculated by
Pm(Ex) and Py (Ex) for given collision energies Ex.

Pm(Ek) Pp(Ek)
Ek [MeV] Proton Neutron Ek [MeV] Proton Neutron
2.50 68.3 61.4 2.50 74.5 72.5
5.00 75.2 69.4 5.00 60.2 56.2
7.50 86.5 82.1 7.50 64.6 62.4
10.0 90.7 95.0 10.0 76.9 73.7
25.0 98.5 98.2 25.0 95.0 93.5

Since the positions of center-of-mass are not so different for protons and neutrons in
the present cases, the momentum transfer is shown as the total momentum transfer of
all nucleons. According to the preceding study, the soliton is suggested to exist around
Ex =25.0 MeV [7].

calculated by
10
1.50)2T'(by, E b; + 0.50)2
7(1.50)2T(bo, Ex) +;(n( +0.50) (33)
—7(bj — 0.50)*)T(b;, Ex))
where b; fm imitates the impact parameter; T(b;, Ex) = 1

for touched cases, and T(b;, Ex) = 0 for untouched cases. As
readily understood by the definition, events with a large impact
parameter hold a larger cross section. The rate of transparent
events measured by the particle transparency for a given collision
energy is calculated by

Pm (EK) =1-
10
7 (L50)2 [N(bo.Ex)) [+ ) ((bi-+0.50)2 ~t (bi—~0.50)) [N (b Ex))|
bi=1 (34)
10
7(1.50)2 T (bo,Ex )+ Z (77 (bj40.50)2 —7 (b;—0.50)2) T(b;,Ex))
bi=1

where N(b;) is the transferred nucleon numbers. This definition
can be regarded as the probability, in which [N(b;, Ex)| is taken
as 1 for |[N(b;, Ex)| > 1. According to this treatment, P,,(Ex) can
be regarded as the probability for the particle transparency. Using
the same definition in the geometric cross section, the transferred
momentum rate is calculated. The rate of transparent events
measured by the momentum transparency for a given collision
energy is calculated by

7Dp (Ex) = 1—
10
7 (150)2 [M(bo,Ex) |+ D (r(bi-+0.50)2 7 (bi—0.50)%) M (b Ex )|
bi=1 (35)
10

7(1.50)2T(bo,Ex )+ Z (77 (bi+0.50)2 —7 (b;—0.50)2) T(b;,Ex))

i=1

where —1 < M(b;) < 1is the transferred momentum divided by
the initial momentum.

The soliton probability for all the possible collisions at given
energies is summarized in Table 3. To find the soliton events
at the energy just above the charge equilibration upper limit
energy, it is reasonable to focus on Ex = 7.5 MeV and Ex =
10.0 MeV cases. Indeed, for the reference case Ex = 25 MeV,
single nucleon emission (neutron emission in most cases) took
place during and after the collision, and the shapes are not
well-conserved.

In case of helium collisions, almost 90% of the reaction is
mass transparent for Ex = 10.0 MeV, and almost 80% is for
Ex = 7.5 MeV. The corresponding momentum transparency
rate is 89.6 % for Ex =10.0 MeV, and 92.1 % for Ex =7.5
MeV. Consequently, the probability for finding the soliton events
calculated by the product

Pp(Ex)Pp(Ek)

are 81 % for Ex =10.0 MeV, and 76 % for Ex =7.5 MeV.
In case of oxygen collisions, almost 70 % of the reaction is
mass transparent for Ex = 10.0 MeV, and almost 60 % is for
Ex = 7.5 MeV. The corresponding momentum transparency
rate is 92.4 % for Ex =10.0 MeV, and 87.8 % for Ex =7.5
MeV. Consequently, the probability for finding the soliton events
are 65 % for Ex =10.0 MeV, and 53 % for Ex =7.5 MeV.
In both cases with helium and oxygen collisions, the cross
section for soliton events is at the order of 1,000 mb (milli-
barn). The soliton observation probabilities are larger than 50
%, so that those collisions tend to be observed as the soliton
time-reversible events.

5. SUMMARY

The soliton existence is nothing but the existence of perfect
transparency, therefore the existence of perfect fluidity. The
theoretical evidence for the imperfect nuclear soliton existence
has been presented for the first time in a realistic setting. As a
result, “He is concluded to be a candidate of nuclear soliton. 0
also behaves like a soliton to a lesser degree. As the fermi energy
can be different for different fermions, the present study brings
about new insights on the validity of the different physics in
different scales. Through the competition relation, the existence
of nuclear soliton has been shown to depend essentially on
the fermi energy of many-nucleon systems. An essential role
of non-linearity in the formation of our material world is
understood by the soliton propagation, since nucleon degree of
freedom is related to the synthesis of chemical elements (H, He,
Li, Be, ---). In conclusion, He and '°O are suggested to be
candidates for nuclear soliton. From an applicational point of
view, the soliton property of these nuclei will be utilized for the
preservation of *He matter, the condensation of “He matter, and
the production/synthesis of certain nucleus (by adding several
“He intentionally).

As seen in the competition mechanism between soliton wave
propagation and charge equilibrating wave propagation, the
conditions for the soliton propagation depend essentially on the
fermi energy of the fermionic quantum system. Accordingly,
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there are some conjectures that need to be confirmed in the near
future. In quantum systems,

The fermionic soliton exists in different scales in different
ways, as the fermi energy is determined by fixing effective
degrees of freedom.

The solitons between fermionic and bosonic systems are
essentially different.

The general and special relativity effects change the soliton
existence.

Another type of the soliton appears the event
when fermions and bosons are tightly correlated (e.g.,
supersymmetric systems).

Another type of the soliton exists in anionic systems.

1.

in

5.

Where the first, second, and third conjectures are partly
studied in this article. The third and fifth conjectures are
also associated with clarifying the difference compared to the
Maxwellian systems or anionic systems. That is, as in the present
research, the soliton propagation in quantum systems should be
examined by considering the spin degree of freedom and multi-
dimensional spatial-degree of freedom. The fourth conjecture is
expected to play a role in clarifying and identifying the theory
of everything.

As a closing remark some related open problems should be
pointed out. Although there are several unknown and interesting
topics in nuclear physics, we focus on the soliton propagation in
many-nucleon systems.

e Show the similarity/difference between the soliton “perfect
fluidity” and the bosonic “superfluidity.”

e Show quantitatively that the soliton propagation is
suppressed/enhanced by the interaction terms other than t;-
and t3-terms.

e Show the soliton existence probability under the influence
of many-body dissipation (cf. one-body dissipation in the
main text).

REFERENCES

1. Manton NS,  Sutcliffe P.  Topological  Solitons. ~ Cambridge
University Press (2004). doi: 10.1017/CB0O97805116
17034

2. Weinberg EJ. Classical Solutions in Quantum Field Theory. Cambridge
University Press (2012).

3. Lee TD, Pang Y. Nontopological solitons. Phys Rep. (1992) 221:251.
doi: 10.1016/0370-1573(92)90064-7

4. Ablowitz M]J. Nonlinear Dispersive Waves: Asymptotic Analysis and Solitons.
Cambridge University Press (2011).

5. Greiner W, Maruhn JA. Nuclear Models. Berlin, Heidelberg: Springer-Verlag
(1996). doi: 10.1007/978-3-642-60970-1

6. Ring P, Schuck P. The Nuclear Many-Body Problem. Berlin, Heidelberg:
Springer-Verlag (1980). doi: 10.1007/978-3-642-61852-9

7. Iwata Y, Stevenson P. Conditional recovery of time-reversal
symmetry in many nucleus systems. New ] Phys. (2019) 21:043010.
doi: 10.1088/1367-2630/ab0e58

8. Bjorken JD, Drell SD. Relativistic Quantum Mechanics. New York, NY:
McGraw-Hill Companies (1998).

9. Scott Russell J. On Certain Effects Produced on Sound by the Rapid Motion of

the Observer. Report of the Eighteenth Meeting of the British (1848).

e Find the charge-parity symmetry breaking reaction in
terms of the conditional/unconditional soliton existence
(conditional/unconditional time-reversal symmetry).

These things will clarify the role of the imperfect soliton in many-
nucleon systems. This kind of soliton should be different from the
solitons in many-quark systems.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was partially supported by JSPS KAKENHI Grant
No. 17K05440. Numerical computation was carried out at
Yukawa Institute Computer Facility of Kyoto University, and a
workstation system at Kansai University.

ACKNOWLEDGMENTS

This article is a transcript of the seminar “The fundamentals of
soliton theory and its applcation to many-nucleon systems” at the
department of physics, Kyoto University, Japan on Nov. 21, 2019.
Fruitful comments from Profs. K. Hagino, Y. Kanada-Enyo, N.
Itagaki, K. Yoshida of Kyoto University and the other participants
are acknowledged. The author is grateful to Editors Profs. C.
Simenel, P. Stevenson, D. Lacroix, L. Guo, and N. Schank for
giving him a chance to write this article.

Zabusky NJ, Kruskal MD, Interaction of "Solitons" in a collisionless
plasma and the recurrence of initial states. Phys Rev Lett. (1965) 15:240.
doi: 10.1103/PhysRevLett.15.240

. Korteweg DJ, de Vries G, On the change of form of long waves advancing in
a rectangular canal, and on a new type oflong stationary waves. Philos Mag.
(1895) 39:422-43. doi: 10.1080/14786449508620739

Lamb GL Jr. Elements of Soliton Theory. New York, NY: John Wiley
& Sons (1980). Available online at: https://www.cambridge.org/
core/journals/laser-and- particle-beams/article/g-1-lambjr-elements-
of-soliton-theory- john-wiley-sons-new-york-1980-302- pages/
B7746782CA289EFE25F3A17BD6DB3DB2

Scott W, Chu FY, Machlaughlin DW. The soliton: a new concept in applied
science. Proc IEEE. (1973) 61:1443. doi: 10.1109/PROC.1973.9296

Lax PD. Integrals of nonlinear equations of evolution and solitary waves. Pure
Appl Math. (1968) 21:467. doi: 10.1002/cpa.3160210503

Fetter L, Warecka JD. Quantum Theory of Many-Particle Systems. Mineola,
NY: Dover (2003).

Dirac PAM. Note on exchange phenomena in the thomas atom. Proc Camb
Philos Soc. (1930) 26:376. doi: 10.1017/S0305004100016108

. Engel YM, Brink DM, Goeke K, Krieger SJ, Vautherin D. Hartree-Fock
calculations with Skyrme’s interaction. I. Spherical nuclei. Nucl Phys A. (1975)
249:215. doi: 10.1016/0375-9474(75)90184-0

Frontiers in Physics | www.frontiersin.org

109

June 2020 | Volume 8 | Article 154


https://doi.org/10.1017/CBO9780511617034
https://doi.org/10.1016/0370-1573(92)90064-7
https://doi.org/10.1007/978-3-642-60970-1
https://doi.org/10.1007/978-3-642-61852-9
https://doi.org/10.1088/1367-2630/ab0e58
https://doi.org/10.1103/PhysRevLett.15.240
https://doi.org/10.1080/14786449508620739
https://www.cambridge.org/core/journals/laser-and-particle-beams/article/g-l-lambjr-elements-of-soliton-theory-john-wiley-sons-new-york-1980-302-pages/B7746782CA289EFE25F3A17BD6DB3DB2
https://www.cambridge.org/core/journals/laser-and-particle-beams/article/g-l-lambjr-elements-of-soliton-theory-john-wiley-sons-new-york-1980-302-pages/B7746782CA289EFE25F3A17BD6DB3DB2
https://www.cambridge.org/core/journals/laser-and-particle-beams/article/g-l-lambjr-elements-of-soliton-theory-john-wiley-sons-new-york-1980-302-pages/B7746782CA289EFE25F3A17BD6DB3DB2
https://www.cambridge.org/core/journals/laser-and-particle-beams/article/g-l-lambjr-elements-of-soliton-theory-john-wiley-sons-new-york-1980-302-pages/B7746782CA289EFE25F3A17BD6DB3DB2
https://doi.org/10.1109/PROC.1973.9296
https://doi.org/10.1002/cpa.3160210503
https://doi.org/10.1017/S0305004100016108
https://doi.org/10.1016/0375-9474(75)90184-0
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Iwata

Solitons in Nuclear TDDFT

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Davey Stewartson K. On three-dimensional packets of surface waves. Proc R
Soc Lond A. (1974) 338:101. doi: 10.1098/rspa.1974.0076

Boiti M, Leon JJP, Penpinelli F. A new spectral transform for
the Davey-Stewartson I equation. Phys Lett A. (1989) 141:101.
doi: 10.1016/0375-9601(89)90767-6

Hietarinta J, Hirota R. Multidromion solutions to the Davey-Stewartson
equation. Phys Lett A. (1990) 145:237. doi: 10.1016/0375-9601(90)90357-T
Bethe HA. On the theory of metals. Z Phys. (1931) 71:205.
doi: 10.1007/BF01341708

Dolan L. Scattering of quantized solitary waves in the cubic Schrodinger
equation. Phys Rev D. (1976) 13:528. doi: 10.1103/PhysRevD.13.528

McGuire JB. Study of exactly soluble one dimensional N body problems. J
Math Phys. (1964) 5:622. doi: 10.1063/1.1704156

Yang CN. Some exact results for the many-body problem in one dimension
with repulsive delta-function interaction. Phys Rev Lett. (1967) 19:1312.
doi: 10.1103/PhysRevLett.19.1312

Yoon B, Negele JW. Time-dependent Hartree approximation for a one-
dimensional system of bosons with attractive dfunction interactions. Phys Rev
A. (1977) 16:1451. doi: 10.1103/PhysRevA.16.1451

Zakharov VE, Shabat AB. Exact theory of two-dimensional self-focusing and
onedimensional self-modulation of waves in nonlinear media. Sov Phys JETP.
(1972) 34:62.

Bonche P, Flocard H, Heenen PH. Solution of the Skyrme HF +
BCS equation on a 3D mesh. Comput Phys Commun. (2005) 171:49.
doi: 10.1016/j.cpc.2005.05.001

Skyrme THR. The effective nuclear potential. Philos Mag. (1956) 1:1043; Nucl.
Phys. (1956) 9:615. doi: 10.1080/14786435608238186

Vautherin D, Brink DM. Hartree-fock calculations with Skyrme’s interaction.
L. Spherical Nuclei. Phys Rev. (1972) C5:626. doi: 10.1103/PhysRevC.5.626
Kliipfel P, Reinhard P-G, Biirvenich TJ, Maruhn JA. Variations on
a theme by Skyrme: a systematic study ofadjustments of model
parameters. Phys Rev C. (2009) 79:034310. doi: 10.1103/PhysRevC.79.
034310

von Neumann-Cosel P. Complete electric dipole response in 120Sn 208Pb
implications for neutron skin symmetry energy. J Phys Conf Ser. (2015)
590:012017. doi: 10.1088/1742-6596/590/1/012017
Iwata Y. Energy-dependent existence of soliton
of chemical elements. Mod Phys Lett A.
doi: 10.1142/S0217732315500881

Simenel C, Umar AS. Heavy-ions collisions and fission dynamics with the
time-dependent Hartree-Fock theory and its extension. Prog Part Nucl Phys.
(2018) 103:19. doi: 10.1016/j.ppnp.2018.07.002

in the
(2015)

synthesis
30:155008.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Stevenson P, Barton MC. Low-energy heavy-ion reactions and effective forces.
Prog Part Nucl Phys. (2019) 104:142. doi: 10.1016/j.ppnp.2018.09.002
Sekizawa K. TDHF theory and its extensions for the multinucleon transfer
reaction: a mini review. Front Phys. (2019) 7:20. doi: 10.3389/fphy.2019.00020
Iwata Y, Otsuka T, Maruhn JA, Itagaki N. Suppression of charge equilbration
leading to the synthesis of exotic nuclei. Phys Rev Lett. (2010) 104:252501.
doi: 10.1103/PhysRevLett.104.252501

Iwata Y. Zero sound propagation in femto-scale quantum liquids. ] Mod Phys.
(2012) 6:476. doi: 10.4236/jmp.2012.36064

Fermi E, Pasta JR, Ulam SM. Studies of Nonlinear Problems. 1. Los Alamos
report LA-1940 (1955). doi: 10.2172/4376203

Kim K-H, Otsuka T, Bonche P. Three-dimensional TDHF calculations
for reactions of unstable nuclei. J Phys G. (1997) 23:1267.
doi: 10.1088/0954-3899/23/10/014

Nudat 2.7. Available online at: www.nndc.bnl.gov/nudat2/

Maruhn JA, Reinhard P-G, Stevenson PD, Umar AS. The TDHF code Sky3D.
Comput Phys Commun. (2014) 185:2195: doi: 10.1016/j.cpc.2014.04.008
Bethe HA. Nuclear physics nuclear dynamics B theoretical. Rev Mod Phys.
(1937) 9:69. doi: 10.1103/RevModPhys.9.69

Frobrich P, Lipperheide R. Theory of Nuclear Reactions. Oxford: Oxford
University Press (1996).

Iwata Y. Time-scaled scenario of low-energy heavy-ion collisions. J Phys Conf
Ser. (2013) 445:012017. doi: 10.1088/1742-6596/445/1/012017

Iwata Y, Otsuka T, Maruhn JA, Itagaki N. Geometric classification of
nucleon transfer at moderate low-energies. Nucl Phys A. (2010) 836:108.
doi: 10.1016/j.nuclphysa.2010.01.242

Iwata Y. Reaction cross sections for time-dependent density functional
calculations. In: Fission and Properties of Neutron-Rich Nuclei - Proceedings
of the Fifth International Conference on ICEN5. Singapore: World
Scientific. 643-649. Available online at: https://www.worldscientific.com/
worldscibooks/10.1142/8910

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Iwata. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

110

June 2020 | Volume 8 | Article 154


https://doi.org/10.1098/rspa.1974.0076
https://doi.org/10.1016/0375-9601(89)90767-6
https://doi.org/10.1016/0375-9601(90)90357-T
https://doi.org/10.1007/BF01341708
https://doi.org/10.1103/PhysRevD.13.528
https://doi.org/10.1063/1.1704156
https://doi.org/10.1103/PhysRevLett.19.1312
https://doi.org/10.1103/PhysRevA.16.1451
https://doi.org/10.1016/j.cpc.2005.05.001
https://doi.org/10.1080/14786435608238186
https://doi.org/10.1103/PhysRevC.5.626
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1088/1742-6596/590/1/012017
https://doi.org/10.1142/S0217732315500881
https://doi.org/10.1016/j.ppnp.2018.07.002
https://doi.org/10.1016/j.ppnp.2018.09.002
https://doi.org/10.3389/fphy.2019.00020
https://doi.org/10.1103/PhysRevLett.104.252501
https://doi.org/10.4236/jmp.2012.36064
https://doi.org/10.2172/4376203
https://doi.org/10.1088/0954-3899/23/10/014
https://doi.org/10.1016/j.cpc.2014.04.008
https://doi.org/10.1103/RevModPhys.9.69
https://doi.org/10.1088/1742-6596/445/1/012017
https://doi.org/10.1016/j.nuclphysa.2010.01.242
https://www.worldscientific.com/worldscibooks/10.1142/8910
https://www.worldscientific.com/worldscibooks/10.1142/8910
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

1' frontiers
in Physics

REVIEW
published: 03 July 2020
doi: 10.3389/fphy.2020.00233

OPEN ACCESS

Edited by:
Paul Denis Stevenson,
University of Surrey, United Kingdom

Reviewed by:

J. Luis Egido,

Autonomous University of
Madrid, Spain

Marco La Cognata,
Laboratori Nazionali del Sud
(INFN), Italy

*Correspondence:
Marc Verriere
verriere1@lInl.gov

Specialty section:

This article was submitted to
Nuclear Physics?,

a section of the journal
Frontiers in Physics

Received: 17 April 2020
Accepted: 28 May 2020
Published: 03 July 2020

Citation:

Verriere M and Regnier D (2020) The
Time-Dependent Generator
Coordinate Method in Nuclear
Physics. Front. Phys. 8:233.

doi: 10.3389/fohy.2020.00233

Check for
updates

The Time-Dependent Generator
Coordinate Method in Nuclear
Physics

Marc Verriere ** and David Regnier®*

" Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA, United States, 2 Los
Alamos National Laboratory, Los Alamos, NM, United States, ° CEA, DAM, DIF, Arpajon, France, * Université Paris-Saclay,
CEA, Laboratoire Matiere en Conditions Extrémes, Bruyeres-le-Chatel, France

The emergence of collective behaviors and the existence of large amplitude motions are
both central features in the fields of nuclear structure and reactions. From a theoretical
point of view, describing such phenomena requires increasing the complexity of the
many-body wavefunction of the system to account for long-range correlations. One
of the challenges, when going in this direction, is to keep the approach tractable
within our current computational resources while gaining a maximum of predictive
power for the phenomenon under study. In the Generator Coordinate Method (GCM),
the many-body wave function is a linear superposition of (generally non-orthogonal)
many-body states (the generator states) labeled by a few collective coordinates. Such
a method has been widely used in structure studies to restore the symmetries broken
by single-reference approaches. In the domain of reactions, its time-dependent version
(TDGCM) has been developed and applied to predict the dynamics of heavy-ion collisions
or fission where the collective fluctuations play an essential role. In this review, we
present the recent developments and applications of the TDGCM in nuclear reactions.
We recall the formal derivations of the TDGCM and its most common approximate
treatment, the Gaussian Overlap Approximation. We also emphasize the Schrédinger
Collective-Intrinsic Model (SCIM) variant focused on the inclusion of quasiparticle
excitations into the description. Finally, we highlight several exploratory studies related
to a TDGCM built on time-dependent generator states.

Keywords: nuclear reactions, energy density functional, configuration mixing, TDGCM, time-dependent, fission

1. INTRODUCTION

Since the early days of nuclear physics, the variety of shapes that atomic nuclei can take is a core
notion of our interpretation of nuclear processes. The fission reaction provides a typical example
since it was quickly interpreted as the elongation of a charged liquid drop of nuclear matter, leading
to a scission point [1]. Descriptions in terms of vibrations and rotations of the nuclear shape also
lead to quantitative reproductions of the low energy spectra [2] of atomic nuclei. These successes
of the theory suggest that the shape of the nuclear density is somehow a relevant degree of freedom
(DoF) to describe several phenomena. In addition to the classical picture of the time evolution of a
well defined nuclear shape, taking into account its associated quantum fluctuation is of particular
importance. For instance, these fluctuations directly drive the width of the probability distribution
of particles transferred during low energy heavy-ion collisions, as well as the modal characteristics
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of the fragment distribution produced by fission. The
incorporation of these fluctuations into a quantum description
leads to a many-body wave function describing the system that
is a mixture of states with different shapes. With this intuition,
one may attempt a direct description of nuclei in terms of shape
DoFs. However, transforming the 3A positions and A spins of
the nucleons into a new system of coordinates involving a set
of deformations parameters is both cumbersome and problem-
dependent [3, 4]. Another possibility consists in keeping the
nucleons coordinates and build an ad-hoc quantum mixture of
many-body states with different relevant shapes. This is precisely
the starting point of the Generator Coordinate Method (GCM).

The GCM method was first developed in the seminal papers
of Hill and Wheeler in the context of nuclear fission in 1953 [5],
and later on generalized in [6]. The global philosophy is (i) to
generate a set of many-body states parameterized by a set of
shape variables (the generator states), (ii) to derive an equation
of motion for the many-body wave function of the system in
the restricted Hilbert space spanned by the generator states. The
first applications of this method focused in introducing shape
degrees of freedom, such as the multipole moments of the one-
body density. It turns out to be very versatile and has been applied
since with different families of generator states. The static GCM
has demonstrated over the years its ability to describe the low
excitation spectrum of nuclei [7, 8]. For this kind of application,
the generator states are, in general, parameterized by some
gauge variables associated with the breaking and restoration of
symmetry groups (Euler angles for rotational symmetry, gauge
angle for the particle-number symmetry) . Similar approaches
based on generator states labeled by a few multipole moments
of the one-body density also provided predictions of the giant
monopole, dipole, and quadrupole resonances [9-14].

Studies based on the time-dependent flavor of the GCM
are less abundant in the literature than the ones using its
stationary counterpart. Therefore, the goal of this review is to
recall the formal developments related to the Time-Dependent
Generator Coordinate Method (TDGCM) and highlight their
current applications in the field of nuclear physics. In section 2,
we present some general aspects of the time-dependent
generator coordinate method in its standard and full-fledged
implementation. In section 3, we focus on the Gaussian overlap
approximation framework that is commonly used in most of the
state of the art applications of the TDGCM. In particular, we
discuss the fact that such an approach has difficulties accounting
for the diabatic aspects of nuclear collective motions. We then
devote the two last sections to two possible extensions of the
TDGCM that aim to overcome this issue. The section 4 highlights
the Schrodinger Collective Intrinsic Model (SCIM), a framework
based on the symmetric moment approximation of the TDGCM.
Finally, section 5.1 reports alternative methods involving a
TDGCM-like ansatz built on time-dependent generator states.

2. GENERAL FORMALISM OF THE TDGCM

2.1. Generator States
Predicting the structure and dynamics of medium to heavy nuclei
starting from the nucleons degrees of freedom is a challenging

task. The difficulty arises from a large number of correlations
present in the many-body wave function of nuclear systems. A
feature that helps us tackle this problem is the existence of two
nearly separable time scales in nuclear processes. On the one
hand, we have the typical time for the motion of individual
nucleons inside the nucleus, which is roughly 10722 s. On the
other hand, the time scales associated with the system’s collective
deformations are roughly ten times bigger than the former (1
zs = 10721 5). Such separation in time scale motivated attempts
to describe the dynamics in terms of shape coordinates only. As
mentioned in the introduction, one possibility is to transform the
3A positions of the nucleons into a set of collective coordinates
plus some residual intrinsic DoFs. Such an approach could
then be combined with an adiabatic approximation similar to
the Born-Oppenheimer approximation in electronic systems to
reduce the dynamics to the collective DoFs only. The GCM
proceeds with an alternative approach that introduces collective
deformations DoFs without relying on a transformation of the set
of nucleons DoFs.

The first step of the method consists in building a family of
many-body states {|¢(q)>} parameterized by a vector of labels
q = qo---qm—1. We can summarize the essence of such a
construction in the following few points:

e The labels gq; are referred to as the generator coordinates
or collective coordinates. They are continuous real numbers
that can, for instance, characterize the shape of the nuclear
density. The vector q takes arbitrary values in a m-dimensional
subspace E C N,

e The states {‘q&(q))} are the generator states. They are many-
body states associated with the system of A nucleons under
study. In the standard TDGCM framework, these states are
time-independent.

e The function ¢ — |¢(g)) should be continuous. In other
words, for any sequence of collective coordinates {q;} that
converges to ¢q, the corresponding sequence |¢(‘1k)) must
converge to |¢(q)). This property is required for a sound
mathematical construction of the GCM framework as detailed
in [15].

The choice of a family of generator states fulfilling these
properties is then arbitrary, which gives great versatility to the
GCM method!. The generator states should span a sub-Hilbert
space that contains each stage of the exact dynamics to describe a
physical process optimally. Therefore, building a pertinent family
of generator states requires a good a priori knowledge of the
dynamics of the system.

A standard procedure to handle nuclear deformations consists
in the definition of the generator states as the solutions
of a constrained Hartree-Fock-Bogoliubov equation. In this
approach, each collective coordinate is typically associated with
a multipole moment observable (i.e., the quadrupole moment of

'For some applications, it may be convenient to add one or several discrete
generator coordinates. We will then note the generator states as }d)k(q)) where k
is a vector of discrete labels. A typical example of a discrete label could be the K
quantum number associated with the projection of the total spin onto a symmetry
axis of the nucleus. Another example is provided in section 4.
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the one-body density). The generator state }d)(q)) is then obtained
by minimizing the Routhian
2

Rip@) = Enralo (@) = Y i (6@ Qlo@) —a) . (1)

where the Q; refer to the chosen multipole operators and A;
are their associated Lagrange multipliers. This method presents
the benefit of controlling the principal components of the shape
of the states through a small set of DoFs. The other DoFs are
determined automatically from the HFB variational principle. It
is often qualified as an adiabatic method because the generator
states will minimize their HFB energy under a small number
of constraints. One drawback of this method is that it does not
necessarily ensure the continuity of the function ¢ — |¢(q)).
This could severely affect some applications as mentioned in
sections 2.6, 3.3.

In the context of nuclear structure, the now-standard strategy
of symmetry breaking and restoration provides a different yet
natural way of building generator states. In this context, we
typically define the generator states as the result of applying a
parameterized group of symmetry operators on a reference (and
symmetry breaking) HFB state |¢). Typically, for the particle-
number symmetry, the relevant collective coordinate is the gauge
angle 6 [16] and the generator states |¢(0)> read

[6(6)) = exp (i0(4 - 2)) 19). @

Note that the two strategies mentioned above to create the
generator states are often mixed when dealing with several
collective coordinates [8].

2.2, Griffin-Hill-Wheeler Ansatz
Once the family of generator states is chosen, the Griffin-Hill-
Wheeler (GHW) ansatz assumes that the many-body state of the
system reads at any time
)= [ dalotalsa. ®)
qeE

The function f(q,t) gives the complex-valued weights of this
quantum mixture of states. It should belong to the space
of square-integrable functions that we note here L*(E). The
expectation value of any observable O for a GHW state has the
compact form

(©O)() = / dqddf @00, @
We used here the notation O(q,q’) for the kernel of the
observable defined by

0(q.9) = (¢(9)|0]#(q)). (5)

Significant kernels that we will discuss through this review are
the norm kernel and the energy (or Hamiltonian) kernel. They
are defined as

H(g.q) = (¢(q)|H|¢(q))
N(g.9) = (¢(@)|1]¢(q))

(6)
(7)

(Hamiltonian),

(norm).

We emphasize that the choice of collective coordinates q is
somehow arbitrary. From one choice of collective coordinate, we
may switch to a different one while keeping invariant the space of
GHW states. We can show this by defining a change of variable ¢

a=¢(q). (8)

Then we may consider the GHW ansatz built on the transformed
generator states ‘d;(a)> = |¢(go_1(a))>

i) = [ dalita) . ©)
acg(E)

Any GHW state defined by Equation (3) can be cast into
Equation (9) with the weight function

fla,1) = flp™ (@), )| det(J, (a))| . (10)
Here J, is the Jacobian matrix of the coordinate transformation.
Also, the formula for the expectation value observables is

invariant by this change of coordinate. Typically we have in
the a representation

(O)(t) = / [ dada'f*(a,1)O(a,d)f (d, 1), (11)

with

Oa.a) = ($(a)| 0|p(@)). (12)
Although applying such a change of variable does not change
the physics of the ansatz, it does change intermediate quantities
involved in the GCM framework. In some cases, it may be
essential to change the variables to obtain valuable mathematical
properties of the kernel operators [15, 16].

As a final remark, we would like to highlight that the
integral of Equation (3) may not be well defined for some
weight functions and family of generator states. The [15] gives
a mathematically rigorous presentation of the GCM framework.
We retain from this work that a sufficient condition for the GHW
ansatz to be valid is that norm kernel defines a bounded linear
operator on L*(E).

2.3. Griffin-Hill-Wheeler Equation

The time-dependent Schrédinger equation in the entire many-
body Hilbert space,

oo d 3
<H - 1ha> |W (1)) =0,

drives the exact time evolution of a many-body system |\I/(t)). We
assume here that all the interactions between the nucleons are
encoded into the Hamiltonian H acting on the full many-body
space. From this starting point, the TDGCM equation of motion
can be obtained by assuming that at any time ¢:

(13)

1. the wave function of the system keeps the form of
Equation (3),
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2. the equality
~oo.d
(P (H - zha> |w () =0 (14)

is satisfied for every GHW state | ).

In other words, we impose that the residual (I:I — ihd/dt) |\IJ(t))
is orthogonal to the space of GHW states. This last assumption
is equivalent to a Frenkel’s variational principle whose link to
other time-dependent variational principles is discussed in [17].
By injecting the GHW ansatz (3) into (14), we obtain

/ / dqdq’f$(q’)(H(q’,q)—ihN<q’,q)%)f(q,t)=0. (15)

Here fo is the mixing function defining the GHW state |®).
Solving Equation (15) for any state |®) is equivalent to look for a
function f verifying the so-called Griffin-Hill-Wheeler equation
in its time-dependent form

, d
v [ da(Ha.0 - N3 )@ =0 9
The time-evolution of the norm and the energy reads

d i N N
= (O w () = (v d - e ) (17)

dt

d_ = i it
aE(t)_E(qJ(t) (H' — H)H|¥ (). (18)

Thus, this equation of motion preserves the norm of the wave
function and the total energy of the system if the many-
body Hamiltonian is Hermitian. However, it is not always the
case. To simulate open systems, for instance in the context
of nuclear reactions, a common practice consists in adding
an imaginary absorption term to the Hamiltonian that acts
in the neighborhood of the finite simulation box. Finally,
the time-dependent GHW equation is a continuous system
of integrodifferential equations. Its non-local nature in the g
representation brings a serious hurdle to its numerical solving.

2.4. Mapping to the Collective Wave

Functions

The equation of motion (15) and an initial condition for
the system is sufficient to determine the dynamics in the
TDGCM framework. It is possible to numerically integrate in
time this equation with an implicit scheme such as Crank-
Nicolson [18]. However, the TDGCM framework offers another
natural approach that turns out to be both enlightening from
the mathematical perspective and more stable from a numerical
point of view. This method resorts on a mapping between the
GHW states and some functions of the collective coordinate q.
The rigorous mathematical construction of this mapping in a
general case is detailed in [15]. Here we will only build this
mapping in the case where the norm kernel N is of Hilbert-
Schmidt type [19]. It is the case as long as the domain E of the
collective coordinates is bounded, which is valid for a wide range
of applications.

To start with, we recall that any kernel O(q, q’) also defines a
linear operator acting on the space of functions L*(E)

N = [ dq0Ga) @), (19)
q€E

as long as this integral is mathematically defined. The Hilbert-

Schmidt property of the norm operator implies the existence of a

complete, discrete and orthonormal family of functions {u;(q)};

of L*(E) that diagonalizes the linear operator associated with the

norm kernel

Vi>0: Nu = Aju;. (20)

Since N is a Hermitian positive semidefinite operator, its
eigenvalues are real and positives. We adopt here the convention
where they are sorted by decreasing order and assume that only
the first r eigenvalues are not zero. From this diagonalization, we
can split the space of functions f into two orthogonal subspaces:
the one associated with the vanishing eigenvalues and the one
associated with the strictly positive eigenvalues. Formally, we
write down the two projectors

Aq.q) =Y uilqu;(q) (21)
Pla.q) =) uilgui(q) (22)
with

The projected space PL*(E) is associated with the null
eigenvalues of the norm operator A/. Any GHW state built from
a weight function belonging to this space gives the null many-
body state. Its orthogonal complement is the subspace Q(E) =
QIL2(E). We call collective wave functions, the functions living in
this subspace.

We can define uniquely the positive hermitian square-root of
N (which is also Hermitian) with

N(g.9) =f

ac

NY2(q,a) NV (a,q') da. (24)
E

We can, therefore, associate to any GHW state its collective wave
function g(q) € Q(E) by the equation
g =NV (25)

Conversely, the operator 1/2 is invertible in Q(E). Therefore,
for any collective wave function g € Q(E), one can build its
corresponding GHW state with the weight function

f :N_l/zg.

Finally, this mapping between Q(E) and the GHW states is
isometric as we may show that for any pair of GHW states W and
® we have the property

(V) = (gw|go)

- / 2 (@20 (@) dg.
qeE

(26)

@7)

Frontiers in Physics | www.frontiersin.org

July 2020 | Volume 8 | Article 233


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Verriere and Regnier

The TDGCM in Nuclear Physics

Going further, any many-body observable O can be mapped into
a collective operator O acting on the space Q(E). This operator is
defined by 2

O =N"2oNT12, (28)
The isometry of the mapping gives a simple mean to compute
matrix elements of observables.

(¥]0|®) = (gv|Olga) (29)
Finally, we can reduce the TDGCM equation of motion

(Equation 16) in this language. It becomes a time-dependent
Schrodinger equation for the collective wave function

ihg = Hg. (30)
This equation of motion presents several practical advantages
compared to Equation (16). The collective Hamiltonian H is,
in general, still non-local, but the time derivative of g has an
explicit expression. It opens the possibility of using faster time
integration schemes at the cost of computing first the collective
Hamiltonian through Equation (28). Also, the collective wave
function is expected to have a smoother behavior compared to the
weight function f. This comes directly from Equation (26) where
we see that eigenvalues of the norm kernel approaching zero add
diverging components to f. The Equation (30) may be directly
solved by discretizing the collective wave function g(q). In many
cases, it is appropriate to solve it directly in the representation
given by the basis {u;(q)}i<,. The collective Hamiltonian #, as
well as other collective observables, are indeed easier to compute
in this particular basis.

2.5. Difficulties Related to the Energy

Kernel

We discussed general features of the TDGCM approach valid
for any family of generator states. In nuclear physics, most
applications of the GCM rely on families of Bogoliubov vacua.
A crux of the GCM approach is then the determination of
the norm and Hamiltonian kernels between such many-body
states. The [20] provides a general and now-standard approach
to fully determine the norm kernel between Bogoliubov vacua
based on the calculation of a matrix Pfaffian. However, the
evaluation of the energy kernel in nuclear physics applications
suffers from several major difficulties. The origin of these
flaws stems from the fact that our practical applications
do not rely on a linear many-body Hamiltonian but some
effective Hamiltonians or energy density functionals. This topic
was extensively discussed in the context of static GCM for
nuclear structure [21-25]. We briefly list here the pitfalls
raised by the determinations of the energy kernel in practical
nuclear applications.

2Note that such a definition is possible for any observable O due to the property

Q0 =0.

2.5.1. Neglecting Some Exchange Terms

A common practice to avoid unbearable numerical costs is the
neglection or the approximation of parts of the many-body
Hamiltonian. For instance, it is widespread to use the Slater
approximation of the Coulomb exchange term or to neglect
the exchange part of the pairing force between nucleons [26].
Although convenient from a numerical point of view, it was
shown in [27] that such approximations may introduce poles
in the expression of the energy kernel. These poles lead to a
divergence when calculated between some Bogoliubov vacua.
The [28, 29] illustrate this behavior in a case of particle number
symmetry restoration.

2.5.2. Violation of Symmetries by Energy Density
Functionals

In many practical applications, the nucleon-nucleon interaction
is encoded in an energy density functional (EDF). Using
such a formalism in combination with a GCM mixture of
states requires a sound definition of a multireference energy
density functional [22]. Such a definition is often provided
and implemented in the form of the reduced energy kernel
h(q.q) = H(q,q9)/N(q,q') between two non-orthogonal
Bogoliubov vacua. For a two-body Hamiltonian case, the
reduced energy kernels may be expressed from the generalized
Wick theorem

’ 1 B ’ ’ 1 _ ’ ’

M) =D tspi" + 5 D Vo o + 5 D vt
ij ijkl ijkl

(31)

It involves the matrix elements of the one- and two-body parts of
the interaction ¢ and v as well as transition densities such as

o (0@]a;ale(d)
pi' = -
I (p@|e(@))

a}a,-
(32)

In the practical implementations of the multireference EDF
approach, such a kernel is defined by analogy as the same bilinear
form whose coeflicients come from a fit procedure. The main
differences compared to the EDF case are:

1. the coefficients defining the EDF may depend on some
densities of the system,

2. the coefficients in the particle-particle channels may differ
from the ones in the particle-hole channels,

3. the matrix ¥ may not be antisymmetric.

As detailed in [22, 30], the violation of these properties leads
in some cases to a divergence of the reduced energy kernel that
biases or prevents practical applications.

2.5.3. Density Dependent Terms of Energy Density
Functionals

In an EDF framework, the coefficients of Equation (31) depend
on the density of the system. The exact formulation of this
dependency is yet subject to an arbitrary choice, especially for
the non-diagonal part of the kernel. Several prescriptions have
been developed and tested during the last two decades [31,
32]. A prescription that fulfills many important conditions
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expected from a Hamiltonian is the transition density defined
by Equation (32) (see [33]). However, this prescription yields
to complex-valued densities. It is then incompatible with most
of the EDFs developed at the mean-field level with terms that
contain a non-integer power of the density. Finding a satisfying
pair of density prescription and EDF valid for GCM calculations
is still an open problem.

In conclusion, the current usage of the GCM formalism with
effective Hamiltonian or energy density functionals suffers from
several formal and practical flows when it comes to determining
the energy kernel. This situation has been a major obstacle to the
development of GCM applications in nuclear physics in the last
years. Several ongoing efforts attempt to overcome this difficulty
by building new energy functionals valid for multireference
calculations [34] or going toward ab initio treatments [35].

2.6. Fission Dynamics With the Exact
TDGCM

The exact solving of the time-dependent GHW equation in a
realistic case has rarely been carried out. To our knowledge, the
only published work tackling this task is presented in [36, 37] in
the context of fission. It shows the challenges raised by an exact
TDGCM calculation, especially when dealing with large collective
coordinate domains.

In [36], the authors used the TDGCM to describe the
reaction 2*?Pu(n,f). This study relies on two common collective
coordinates for fission, namely g9 and g3, that are associated
with the expectation value of the quadrupole and the octupole
moments of the one-body density. The dynamics in this
collective space accounts for the evolution from a compound
to a fragmented system with, also, information on the mass
asymmetry between the two fragments produced. It is well
suited to determine the mass yields of the fragments. The set
of constrained HFB solutions (a total of 20,212) obtained for
a wide range of these collective coordinates forms the family
of generator states. Each generator state is practically obtained
with a finite-range Gogny interaction in its D1S parametrization.
A two-center axial harmonic oscillator basis with 12 shells has
been used where the parameters defining the basis have been
optimized for each value of the collective coordinates.

The norm kernel has been calculated for each couple of
generator states. The upper-left panel of Figure 1 presents its
values between the mean-field ground-state and the surrounding
points, whereas the lower-left panel of the figure shows its values
obtained for a more elongated configuration in the potential
energy surface (PES). We see that the overlaps are above €,resh =
1.0 x 10~ only in a neighborhood of g in both cases. As noted
in [16], it is due to the large number of nucleons in the system.

This behavior is at the heart of the Gaussian Overlap
Approximation, discussed in more detail in section 3. The
reduced Hamiltonian h(qy, q), defined as the ratio between the
collective Hamiltonian and the norm kernel

(0(a0)|H|p(q)

5 33
(6(a0)[9(@) 33

h(qy, @) =

has also been calculated for all overlaps greater than €. In this
work, only the kinetic and central terms of the interaction were
included. The right panels of Figure 1 presents the slices of the
reduced Hamiltonian for the same cases as in its left panels. The
relative variation of the reduced Hamiltonian (where the norm
kernel above the threshold) is almost constant, being only 2%
around the ground state and 1% for the elongated configuration.
In addition to the overlaps rapid decrease discussed above,
it numerically justifies the standard second-degree polynomial
approximation of this quantity (a further study with all the terms
of the interaction is, however, required). The bottom panels
highlight a discontinuous behavior around g9 ~ 130 b. This
specific discontinuity is due to the existence of two competing
valleys in the three-dimensional PES obtained by adding the
hexadecapole moment g49 = (Q40) as a collective DoF [38]. Such
a discontinuity gives a similar label in the collective space to two
HEFB states that are far in the full many-body space. The Figure 2
is an illustration of such a discontinuity in a two-dimensional
PES embedded in a three-dimensional collective space. It is not
possible to reduce the loop C to a point: the discontinuity is a
hole whose edges are highlighted by the red line of Figure 2.
Such a discontinuity may add spurious boundary effects in the
description of the reaction of interest. It is especially the case
when the discontinuity appears in an area of the collective space
that gives important contributions to the targeted observables.
Note that in approximate treatments such as the ones based on
the Gaussian Overlap Approximation, discontinuities are always
neglected, leading to a spurious connection between distant
regions of the full many-body space.

It is possible to determine the time evolution of the weight
function f(gq,t) of the GHW ansatz (3). In cases where the
size of the discretized space of the collective coordinate
is still tractable, this task has been achieved through a
direct diagonalization of the collective Hamiltonian [37].
For this two-dimensional application, the straightforward
diagonalization involves a prohibitive numerical cost. It is
still possible to use a Crank-Nicolson method to integrate
in time the GHW equation (16). Figure3 presents a
snapshot at time t = 0.55 zs of the quantity P(q,t)
defined as

Pg.0) = (W] (|o(@)(¢@]) [¥(®). (34)

This corresponds to the probability to measure the system
in the state |¢(q)) 3. Even though the simulation was a
proof-of-concept, we see that the bottom of the asymmetric
valley is slightly more populated than the other parts of the
PES near scission. This leads mostly to asymmetric fission
fragments, which is in agreement with experimental data [39,
40]. The GCM wavefunction evolves in a slightly non-local
way in the collective space (in the range of the width of
the overlaps along q — ¢), leading to non-zero probability

3 Note that due to the non-orthogonality of the generator states its sum over all the
points q is not equal to 1.
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FIGURE 1 | (Left) Overlaps N(qy, q) as a function of g and where q, = (30, 3), in barn units, corresponds to the ground state (upper panel) or g, = (127, 1), in barn
units, which corresponds to a point at higher elongation (lower panel). This was obtained for a 24°Pu nucleus. The white parts correspond to values below a threshold
of 1.0 x 10~%. The yellow crosses correspond to q,- (Right) Same as the corresponding left panels for the reduced energy kernel h(g,, q).

N

G20 (b) 40

20 \\‘ \\.

FIGURE 2 | Schematic representation of a discontinuity in two-dimensional calculations with constraints on gep = (ézo) (x-axis) and gz = (éso) (y-axis). The z-axis
and the color scale are associated with the average values of the unconstrained hexadecapole moment (Qa0).

“drops” appearing and disappearing along the time-evolution of
the system.

The most time-consuming part was the calculation of the

length of time for which the weight function was determined is
not enough for the calculation of mass and charge probability
distributions. A more realistic calculation would require at least

norm and Hamiltonian kernels that required the use of 512 cpus
for two weeks (~ 170,000 cpu.h). The calculation of the time-
evolution of the weight function f(q, t) for times up to 0.55zs was
done using 64 cpus for one week (~ 10,000 cpu.h). The short

200,000 cpu.h, for the determination of the weight function up
to 10zs only.

The principal difficulty of such an application stems from
the big size of the discretized space of the collective coordinates
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(substantially bigger, for example, than in the case of the
static GCM calculations for nuclear structure). This makes the
computation of the norm and Hamiltonian kernel intensive
but still embarrassingly parallel. Besides, in the case of fission,
techniques to determine the post-scission observables of the
fragments still need to be developed for the exact TDGCM. For
instance, some simplifying hypotheses on the way to treat open
domains of collective coordinates are commonly used under the
Gaussian Overlap Approximation [41] but are no longer valid in
the exact TDGCM framework.

3. GAUSSIAN OVERLAP APPROXIMATION
(GOA)

In its straightforward application, the TDGCM leads to a
non-local equation of motion that must be solved in a high-
dimensional space in most of the practical calculations. As
mentioned in Sec. 2, solving this equation involves a high
numerical cost that strongly hurdles its applications in nuclear
physics. Several approximate treatments of the TDGCM have
been developed with the aim to build a local equation of
motion for the collective wave function g(q, t) (cf. Equation 30).
The Gaussian overlap approximation (GOA) is one of these
approximations, which leverages the fact that the overlap and
Hamiltonian kernels can, in some cases, be parameterized
in terms of Gaussians of the variable q. In its static form,
the GOA has been largely used and applied for nuclear
structure. Especially, it provides a nice bridge between the Bohr
Hamiltonian equation that was first formulated in [42] and a
quantum treatment based on the 3A + A nucleons degrees of
freedom [43-47]. Extensive reviews of the static version of the

GOA can be found in [16, 48]. We focus here on its time-
dependent flavor.

3.1. TDGCM+GOA With Time Even

Generator States

3.1.1. Main Assumptions

In its most standard form, the GOA framework assumes the
following situation:

1. we have a family of normed generator states {|¢>(q))}
parameterized by a vector of real coordinates g € iR";

2. all the states of the set are time-even, i.e., they are their own
symmetric by the time-reversal operation;

3. the function g — |¢(q)> is continuous and twice derivable;

4. the overlap between two arbitrary generator states can be
approximated by a Gaussian shape

N(q,q") ~ exp [—%(q —4)'G@)(q — q’)] . (35)

with g = (9 + q)/2 and G(q) a real positive definite matrix;
5. the Hamiltonian kernel can be approximated by
H(q.q) =~ N(q,9)h(q.9), (36)

where h(q,q'), a polynomial of degree two in the collective
variables q and ¢/, is the reduced Hamiltonian.

In most applications of the TDGCM+GOA, the generator states
are built as constrained Hartree-Fock-Bogoliubov states of even-
even nuclei which ensures the time even property. The question
is then: what are the situations where the Gaussian shape
approximation is verified within a small error? Already from the
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time-reversal symmetry, we can infer that the overlaps are real
and symmetric in (q — q'). Therefore, the following relation is
satisfied in the vicinity of g

(sa+ Do) =exp[n((a+Ja-2))]-
A Taylor development of this expression up to order two

in s already yields locally a Gaussian shape without any
additional assumption

(37)

(ea+|oa—2)=exp [—ést(zps - o(sz)] (38)
with
Gii(q) = (0ip(q)|0j0(q)). (39)
ad
|0ip(q)) = @ (40)
: q

We used here some identities coming from the fact that generator
states are normalized. In situations where the coordinates
correspond to some collective deformations of the nucleus, it
turns out that the Gaussian shape holds for larger values of s.
This is justified from the central limit theorem in [48] for Slater
determinants or in [16] for Bogoliubov vacua. It especially holds
for heavy nuclei.

Finally, note that although we limit here our description to
the case of time-even generator states, it is possible to build
a GOA framework without assuming this symmetry. Such a
generalization can be found, for instance, in [48].

3.1.2. Equation of Motion

Starting from the GOA hypothesis, one can reduce the equation
of motion (30) to a local equation involving the first and second-
order derivatives of the collective wave function. In this section,
we give only the main ideas to derive this local equation. For more
exhaustive demonstrations, we refer the reader to [16, 48, 49].

In its historical version, the GOA framework assumes that
the width of the Gaussian shape is constant. However, in most
of the practical cases, this assumption is too restrictive. To
overcome this issue, a series of papers published in the 70-
80s generalized the GOA framework to account for a varying
Gaussian width [49-51]. The idea is to perform a change of
collective variables to recover the constant width case. The
mapping between the new collective coordinates o and the
original ones q reads

a(q) :/ P G%(a) da (41)

0

where C{ is a path from the origin to g. With this new labeling of
the generator states, we get 4

()| ¢p(a”)) = exp —l(ot —a')?|. (42)
2

4 Note that this assumes (i) that the integrals of G'/2(a) are independent of the
integration path (ii) that its evaluation properly approximates the average of G'/2
on the path at the central point of the path [51].

We can therefore perform all the derivations with the «
coordinates and make the inverse transformation on the final
expressions only.

Starting with this simple form of the overlap, we seek an
equation of motion involving a local collective Hamiltonian in
the collective coordinate representation. The Gaussian shape of
the norm kernel allows expressing its positive Hermitian square
root analytically as

N (@, o) = C-exp[—(a — )], (43)
where the constant C only depends on the dimension of the
coordinate «. Additionally, there is a simple link, involving
Hermite polynomials, between the successive derivatives of
a Gaussian shape and its multiplication by polynomials. For
instance, we have for the two first derivatives in &

3_/\/'1/2
doy = —2(ay — Otlk)./\/’l/z, (44)

32N1/2
dada; = [—281 + 4(orx — o)) (ot — a;)]j\/’l/z, (45)

In the following, we build a local collective Hamiltonian. After
the change of variable (41), the Hamiltonian kernel between two
arbitrary GHW states reads

(v|H|) (46)

= / fa(@N(a, &)h(a, o )N'2 (€, o )fp () dex der’ dE.
oo’

By assuming that the reduced Hamiltonian is a second-degree
polynomial, we can write down for any point &

h(e, @) = h(§,&) + ha(a — &) + he (@' — &)

+ %[l’laa(a — &) + 2hge (@ — E)@ — &) + hyror (0 — £)*],
(47)

where hy is a shorthand notation for the vector of the first
derivatives of the reduced Hamiltonian estimated at &

he = (M ) . 48)
oa=a'=§

80(1

Similarly hyg, hge'> and hyry are the tensors of second derivatives
with respect to the collective coordinates and evaluated at
point &. The idea is then to inject this local development into
equation (46). Using the relation (44), we express the reduced
kernel as a local operator containing derivatives acting on the
right-hand side A/V/2. Finally, after rearranging all the terms
and performing some integrations by parts, we obtain the
expected result

oh(o,a’)
oy,

P

a=o'=§

<‘P\ﬁ|<1>)=f /gfp(a)ﬁ(otﬁ(a—oc/)gq>(oc/)dada’. (49)

oo
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The identification of this expression with (29) shows that the
collective Hamiltonian is local. It reduces to a standard kinetic-
plus-potential Hamiltonian acting on the collective wave function

2

- h
H(x) = —EVaB(oc)Va + V(e). (50)
The potential and inertia matrices in this coordinate
representation are >
1
Via) = h(a, o) — = Tr(hyg')
2
(51)

1
B(a) = ?(haa’ — hye).

Injecting this expression of the collective Hamiltonian into (30)
and solving the resulting equation gives the time-evolution of the
unknown function g(et). The ultimate step is to transform back
this equation of motion to another one acting on the original

set of coordinates q. Doing so, we get the same equation with a
transformed local collective Hamiltonian

Hlg) = ——==V4 [y @B@ | Vg + V@) (52)

ﬁ

The new collective Hamiltonian involves a metric y (q) defined by

y(q) = det (G(q)). (53)

The inertia tensor takes the more involved form

B@) = -G (@[ hag —haq + D T"@hy, |6 @) (59)

The notation I'"(q) stands for the Christoffel symbol. It is a
matrix related to G(q) through the relation
oG
. —”‘) . (55)

G, d9G;
F;:l(q) Z G kl il
aq; 3‘1k 0q;

Finally, the potential becomes in this set of coordinate

Vi) = hap) - 3 Tr (6 @hyy). 6O
The first term is the HFB energy of the generator state ‘(b(q)).
The second term is a zero-point correction that contains second
derivatives of the reduced Hamiltonian. With some additional
work, it is possible to express this zero-point correction ezpg in
a slightly more practical form that involves the inertia tensor and
second derivatives of the energy h(q, q) only

H? 1 82h(q,
R N e aliC X
2 8 0q>

1 -1 »0h(q,q)

5 Note that some higher-order correction terms in the potential are neglected here
[see [48] for more details].

ezpe(q)

The equation of evolution (30) along with the expression
of the collective Hamiltonian (52) and its components (53),
(56), and (54) define the dynamics of the system in the
TDGCM+GOA framework.

3.1.3. Inertia and Metric

The inertia tensor and the metric are quantities that depend
on the derivatives of the generator states and the reduced
Hamiltonian. One possibility could be to determine these
derivatives numerically, for instance, with a finite difference
method. In the standard situation where the generator states are
constrained HFB solutions, one can find an analytical expression
of the inertia and the metric. We recall here this result at any
point q

1
G= E[M(l)]’lM(z) M), (58)
B=MOMO MY M@ MO, (59)

The moments MK and M involve the QRPA matrix M
of the state |¢>(q)> and are defined in Appendix 7.1. For the
complete derivation of these results, we refer the reader to [52]
and references therein. Note that this result neglects the term
involving the Christoffel symbol in the inertia. The argument
for this approximation relies on the slow variation of the metric
according to the collective coordinates. We are not aware of
the systematic verification of the validity of this assumption in
applications.

In all TDGCM+GOA practical applications, the so-called
perturbative cranking approximation is used to avoid a costly
inversion of the QRPA matrix required to compute the metric
and inertia. It consists in approximating the QRPA matrix by a
diagonal part only, in the quasiparticle basis that diagonalizes the
generalized density matrix of |¢(q)). This gives a simple and well
known form for the moments M®)

. Z (9] Qi o (@) (@)| Q| av)

()
M.
¥ (E, + E)K

=M = ,  (60)

where |pv) is a two quasiparticles excitation built on top of
the generator state, and E, and E, are the corresponding
quasiparticle energies.

The GCM+GOA framework unambiguously defines the
metric and inertia as functions of the successive derivatives
of the generator states and reduced Hamiltonian. However, it
is known that this inertia and its approximate perturbative
cranking estimation is too low to describe several situations
correctly. One example is the case of a translation motion [48].
Several studies compare the GOA inertia with inertia provided
by other theories yielding an equivalent collective equation of
motion, such as quantized ATDHFB [53-55]. In [56], the authors
extend the TDGCM+GOA framework by introducing conjugate
coordinates that bring time odd components into the generator
states. In particular, they show that the resulting collective
Hamiltonian takes the same form as Equation (52) but where
the ATDHFB inertia replaces the GOA inertia. This justifies the
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FIGURE 4 | Reflection coefficients as a function of the center of mass energy
(in MeV) of a 12C+'2C head-on collision. The position of the resonances
estimated from a GCM+GOA framework are compared to a set of
experimental data. Figure taken from [57].

common practice of using the ATDHFB inertia when solving the
collective equation of motion.

3.2. Applications in Nuclear Reactions

3.2.1. Low Energy lon Collisions

The force of TDGCM+GOA is its versatility in the choice
of collective coordinates and its ability to treat in the same
framework the nucleons DoFs as well as more collective DoFs.
It seems an appropriate way to tackle the dynamics of low
energy ion collisions where the principal degree of freedom is the
relative distance between the two reaction partners and where
the collision affects the internal organization of the nucleons.
It is possible to build a family of generator states along this
line, describing the two reaction partners and parameterizing
them by their relative distance. Several papers followed this idea
during the 1980s. In particular, Berger and Gogny [57] treated the
frontal collision of '2C+'2C within a GCM+GOA approach. This
kind of study focuses on the determination of the cross-section
resonances for some specific output channels of the reaction.
Figure 4 shows a typical result where the resulting positions
of the resonances are compared to available experimental data.
The predictions give a rough estimation of the position of the
0% resonances, but they mostly fail to reproduce the presence
of other resonances and their energy spacing. Many lacunae
of the theory could explain such discrepancy, including the
rough treatment of angular momentum, the breaking of some
symmetries, or the mostly adiabatic characteristic of the GCM
built on constrained HFB solutions.

Other similar studies have been performed on the base of
the GCM (without the GOA) and have made the connection
to the resonating group method. Baye and Salmon looked
at the 1°0+%°Ca back angles scattering [58] along with the
work of Friedrich et al. [59]. Also, Goeke et al. studied the
1604190 collision in the framework of the quantized adiabatic

time-dependent Hartree-Fock approach which yields a collective
equation of motion identical to the one of TDGCM+GOA [60].

After this series of applications, treating collisions with the
TDGCM+GOA framework was progressively abandoned to the
profit of other methods such as the time-dependent Hartree-Fock
plus pairing [61]. One difficulty that could explain this transition
is the numerical cost required to build the generator states at the
self-consistent mean-field level (note that this cost is nowadays
completely acceptable). Beyond this, deeper problems raised, for
instance, by the conservation of the total angular momentum
of the collision or the generation of a continuous manifold of
generator states appear with this method. Overall, the resulting
cross-sections give only rough and qualitative estimations of the
experimental data. The position of resonances, as well as the
absolute value of cross-sections, are both observables that are
very challenging to predict due to their extreme sensitivity to
the kinematics of the reaction as well as the internal structure of
the nuclei.

3.2.2. Fission Dynamics

The prediction of the fission fragments characteristics from a
dynamical description is a domain where the TDGCM+GOA
performs successfully. Fission involves heavy nuclei and begins
with large collective motions that are mostly adiabatic. These two
factors make the TDGCM+GOA framework built on constrained
HFB solutions a suitable candidate. Moreover, the important
width of the measured fission yields is the fingerprint of large
quantum fluctuations of the one-body density of the compound
system. Handling these fluctuations is precisely the purpose of
the GCM.

The quest to predict fission yields from a dynamical
TDGCM+GOA calculation began in the 1980s with the work
of Berger et al. exploring the rupture of the neck between
prefragments in terms of different collective coordinates [62,
63]. The first calculation of the mass distribution of fission
fragments was later on performed among the same group for
238U [41]. The authors have described the fissioning system’s
dynamics using the two collective coordinates: g9 and g3
associated with the quadrupole and octupole moments of the
compound nucleus. The [64] reports the same technique applied
to a few other actinides with a qualitative reproduction of
the experimental values. Younes and Gogny further proposed
an alternative set of collective variables in [65]. Still, an
impediment to this approach was its numerical cost, from the
determination of the generator states (up to 40,000 states in
a 2-dimensional description) to the time integration of the
collective Schrédinger equation. The development of new tools
based on state-of-the-art numerical methods enables today’s
continuation of this work. For instance, the code FELIX [66,
67] solves the collective GOA dynamics efficiently based on a
spectral element method. Also, the use of Bayesian processes to
determine the best-suited parameters of a harmonic oscillator
basis induced a significant speedup of some Hartree-Fock-
Bogoliubov solvers.

In the last couple of years, we have seen a fast increase
in the number of fission studies relying on this technique.
All papers focused on the actinide region emphasize similar
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results. In this region, the potential energy landscape presents
mostly one asymmetric fission valley. The exact topology
of this surface reflects the internal organization of the
nucleons that would correspond to the shell effects in a
microscopic-macroscopic picture. By starting from a collective
state localized in the low deformation first potential well,
the dynamics mostly populates the configurations of the
asymmetric channel. The left panel of Figure5 shows the
resulting yields obtained on an experimentally well-known
nucleus, namely 24°Pu.

The TDGCM+GOA captures within a few mass units the
position of the asymmetric peaks that are, in fact, mostly
determined by the position of the asymmetric valley in the
collective space. A similar quality of results has been obtained
with the same method for other actinides, such as 23U or
252Cf. Finally, this framework seems to be able to describe
the transitions between symmetric and asymmetric fissions that
are measured outside of the actinide region. The left panel of
Figure 6 shows the prediction versus experiment comparison of
such a transition in the neutron-rich Fermium isotopes [70].
In this chain of isotopes, the addition of a few neutrons to
254Fm changes the dominant fragmentation mode completely.
This can be interpreted as different shell effects occurring
because of the new neutrons, that change the potential energy
of the intermediate configurations leading to fission. This
perturbation favors the population of the symmetric mode
for 2°8Fm.

Several ingredients of the TDGCM+GOA framework for
fission are still not adequately controlled and bring significant
uncertainties on its predictions. Zdeb et al. [71] investigated
in detail the impact of the choice of the initial state of the
dynamics on the fission observables. They showed in particular
that the global features of the fission yields (mostly the position
and width of the peaks) are quite resilient to changes in the
energy or the parity of the initial state. Furthermore, Tao
et al. computed the fission yields from a relativistic mean-
field approach [69] and looked at the sensitivity of the results
to the pairing strength. The right panel of Figure5 gives
a clue of their results, showing the variation of the charge
yields induced by a 10% variation of their nominal pairing
strength in the case of the multimodal fission of 2°Th. For this
nucleus, we see that the pairing strength is an essential factor
that drives the ratio between the yields of the symmetric and
asymmetric modes. Finally, the same team explored the inclusion
of temperature into the generator states as a way to better
account for the diabatic aspects of the dynamics [72, 73]. The
Figure 6 (right panel) shows that warming up the generator states
changes slightly the topology of the potential energy surface.
Increasing the temperature generally tends to smear out the
shell effects and the structures in the potential energy surface.
In the case of 22°Th, it favors the symmetric fission and reduces
the height of the asymmetric peaks of the mass yields by a
factor ~1.4.

Other components or approximations of the TDGCM+GOA,
such as the perturbative cranking approximation for the
collective inertia, may also bring their source of bias and
uncertainty on the prediction.

3.3. Main Limitations

Despite its success in determining the fission fragment
distribution, the TDGCM+GOA framework suffers from
several shortcomings.

First, on the same ground as the exact TDGCM, its derivation
relies on the knowledge of a many-body Hamiltonian. However,
in all practical applications, it is used with an energy density
functional (cf. section 2.5). Indeed, the GOA method does not
require an explicit calculation of the off-diagonal elements of
the energy kernel responsible for divergent behavior in GCM.
However, the GOA’s formal construction still depends on the
existence and sound mathematical definition of these matrix
elements to be a valid framework. In that sense, the GOA suffers
from the same flaws as the exact TDGCM concerning the use of
energy density functionals.

A second issue comes from the requirement that the function
q— |¢(q)> is continuous and twice differentiable. The latter is a
necessary condition to develop the formalism and, in particular,
to compute the GOA metric and inertia. However, the standard
construction of the family of generator states from constrained
HEFB solutions does not guaranty this property [38]. Different
studies highlight discontinuities of this function in the treatment
of fission, similar to the one visible in Figure 1. In the common
(20> g30) space of collective coordinates, a line of discontinuity
is present in the vicinity of scission configurations. This feature
limits the domain of validity of the collective dynamics and
ultimately prevents the determination of the fission fragments
characteristics after their complete separation.

Finally, we have seen that most of the current applications
of TDGCM+GOA rely on constrained HFB solutions for the
generator states. Certain diabatic aspects of the nuclear dynamics
are then difficult to grasp with the corresponding GHW many-
body wave function. This is the case of the dissipation as
well as the viscosity of the shape dynamics predicted with
Langevin methods [74, 75] or time-dependent Hartree-Fock-
Bogoliubov calculations. Past and ongoing studies to improve
the description of these effects include efforts to quantize the
Langevin equation [76, 77], to couple the Langevin dynamics
with the GCM [78] or to couple TDHFB trajectories with
TDGCM [79]. Other techniques, such as the SCIM and TDGCM
based on time-dependent generator states, are also promising
avenues that we discuss in this review.

4. SCHRODINGER
COLLECTIVE-INTRINSIC MODEL (SCIM)

Intrinsic degrees of freedom are often neglected in the
microscopic modeling of the dynamics of reactions. However,
including intrinsic degrees of freedom in a static GCM
framework has already been performed, for instance, in [80, 81].
These studies show that taking into account two-quasiparticle
excitations significantly improves the prediction of high spin
levels, such as the 67 states in medium mass isotopes as well
as the prediction for S excitation bands and its transition
probabilities to other rotational bands in heavier systems. On
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another topic, the TDHFB/SLDA methods [82, 83] and semi-
classical approaches to the description of fission [84, 85] clue
that dissipation (and therefore intrinsic degrees of freedom) are
necessary to describe the fission fragments properties correctly.
Therefore, a few collective degrees of freedom are not enough to
adequately model such a reaction. Several paths can be taken to
overcome this limitation without resorting to the determination
of an exact solution of the GHW Equation (16). A strategy in
development consists in using the TDGCM+GOA with finite-
temperature inertia tensors and collective potential. However,
the inclusion of statistical mechanics on top of the TDGCM
framework still lacks a solid formalization. The idea of the
Schrodinger Collective-Intrinsic Model (SCIM) [86-88] is to
derive a local Schrodinger-like equation from a generalization
of the GHW ansatz (3) that contains individual quasiparticle
degrees of freedom. The transformation to a local equation relies
on the symmetric moment expansion method [89, 90]. The full
SCIM formalism can be found in [86-88] in the stationary case.
However, we would like to present here a derivation of the time-
dependent SCIM equations consistent with the ones given for the
TDGCM and the TDGCM+GOA equations.

4.1. Main Assumptions

The SCIM involves four main assumptions. The first one is the
expression of the state ‘\I/(t)> that describes the evolution of
the many-body wavefunction associated with the reaction. This
expression is assumed to be a generalization of the GHW ansatz

o)=Y [ dalona)ita.. (61)
k

In [87], the authors consider a family of generator states
associated with one collective coordinate g defined as the
quadrupole moment of the system. The index k iterates over
the labels of the sheets of collective space which correspond, in
this case, to two quasiparticle excitations. Figure 7 shows the
evolution of the excitation energies of the non-adiabatic points
of the potential energy surface of 2°U.

Note that the scope of expression (61) is broader than the
only explicit inclusion of intrinsic DoF in the formalism. For
example, it is used for K-mixing in the context of stationary
angular-momentum-projected GCM on a triaxial configuration
basis. In this case, the index k iterates over the values of K. The
second assumption is the analyticity of the weight function f of
the GCM ansatz (61) that allows the symmetrization of the GHW
equations. The third assumption is the vanishing of the weight
function and its derivatives at the boundaries of the integration
domain. An implicit corollary of this property is the continuity
of the functions g — |¢7k(q)>. It turns out that this assumption
is in practice not verified for a broad range of applications, for
example, in the actinide region, as emphasized in section 3.3.
These three assumptions lead to the symmetrized GHW equation

) d .
) / ds 772 [H[shk(zp - iN[shk(q)a] &P fi(g.t) = 0,
k

(62)

where the following notations are introduced

Hlsli(q) = Hu(q + /2,9 — s/2) (63)
Nslu(q) = Ni(q +s/2,9 — s/2), (64)
and where the Hermitian operator
.0

corresponds to the conjugate moment associated with the
collective variables. The symmetrized GHW equation can be
written in a more compact operator format as

/ ds P /2 [H[s] - i./\/[s]%i| P2 = 0,

where f(f) denotes the function q + fx(q,t). The fourth and
last assumption of the SCIM is the validity of the truncation
of the symmetric moment expansion (SME) of the norm and
Hamiltonian kernels of (66) up to order two. It was, for instance,
verified numerically in the context of the study [87]. The SME of
K = N, H, in the case of one collective variable,

1 (1)
— = ()
K= Z nl {]C ’P} >
n

is obtained through the properties of the so-called Symmetric
(n)
Ordered Product of Operators (SOPO) [ K, ’P} ’ presented in

(66)

(67)

Appendix 8 where K is the moment of order # of K[s] in the
variable s

KM = i / dss"K[s]. (68)
The properties of the SOPO used to obtain these expressions are
listed in Appendix 8.

The expression (67) can be generalized to the case of m
collective variables,

K= Z {IC(" }),

where the index n iterates over all the m-tuples of positive
integers and where we have introduced the following notations

(69)

n!=mnglng! - ny_q! (70)

(n1) (nm—1)
(e, Py = { i Py, 1) ~-~,7>m_1} 71)

K™ = / ds |:1_[(isk)”k:| KIs].

k

(72)

Their second-order approximation in their SME development is
then given by

MY L e p) (73)
n<2

H~ Y % fu,2)", (74)
n<2
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FIGURE 7 | (Color online) Excitation energies as a function of the quadrupole moment constraint g and associated with 2-gp excitations of HFB states. The system
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where 71 is the sum of the elements of n. In the one-dimensional
case, the expressions reduce to.

2
1 (n)
~ = (n)
N~X;n! {N ,P} , (75)
n=|
2
1 (n)
H ~ ;{H(”),P} . (76)
n=0

4.2. Schrodinger Collective-Intrinsic

Equation
The Schrodinger-like expression of the SCIM equations is given
by

d
[’HCI - ia} g(t) =0, (77)
where g(t) is defined according to
g(t) = N'V*f(1) (78)

and normalized as
g'(t)g(t) = / dqg*(q,t)g(g,t) = 1. (79)

The operator A'//? is the only positive-definite hermitian square-
root of N''/2 and A'~1/2 is the inverse of the latter. Finally, using
the hermicity of A"~1/2, the collective-intrinsic Hamiltonian !
has the expression

HO = NTI2YN L2, (80)

An explicit form for H¢(g) is given by

1
HY = (B, PIY (T PV +V, (81)

where the expressions of U/ = /2,7 and V are given in [86-88].
By analogy with the TDGCM+GOA collective Hamiltonian (52),
the first term of (81) can be interpreted as a kinetic term and
B as the inertia tensor, related to the mass tensor M through
the relation

B=M"1 (82)

Similarly, the third term of (81) is comparable to the potential
term of the TDGCM+GOA. However, the last term

@ 1 0 0
(T, P} = 3 |:T8q + BqT:| , (83)
contains first-order derivatives according to the collective
variable, at the opposite of the TDGCM+GOA. In the Langevin
equations, such a term corresponds to viscosity and arises in the
SCIM from the coupling between intrinsic and collective degrees
of freedom.

4.3. Choice of Quasiparticle Excitations

In [86-88], the generator states consist in

e constrained HFB states .q&k:o(q: (ng))> describing the

compound system at different elongations,
e intrinsic excitations of these HFB states

|9r=0()) = X(Qx |¢0(q))- (84)

Note that the specific expression of X(q)x is never used in
the derivations of the Schrodinger-like equation, and it is only
assumed that all the states in the collective space are time-reversal
to avoid complex-valued overlaps. In practice, the intrinsic
excitations taken into account in the existing developments of
SCIM are considering 2-qp excitations. The included HFB states
are breaking the rotational and particle number symmetries.
In order to avoid restoring these symmetries, the quasiparticle
excitations are chosen according to the following rules
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1. the operators )A(k are two quasiparticles operators,

2. all the states in the collective space have to be time-
reversal invariant,

3. the chosen excitations have to preserve “as much as possible”
the number of particles and K, the projection of the total
angular moment on the symmetry axis,

4. and they must be associated with an excitation energy below
10 MeV.

The time-reversal condition limits the possible excitation
operators to be

ST A@T _ A (@ AT

X(q)k = kM, My, b T (85)
! (1+3 (1 ! )) (36)
= — -—1
k «/E k1.ka «/E
where ﬁ](g” is the creation operator of the quasiparticle k;

associated with the HFB state

lbo(@) =[] 10). (87)
1

Additionally, the selected quasiparticles in X(q) are assumed to
have the same projection on the total angular moment on the
symmetry axis K, = K}, so that the K of the total system is
unchanged. In case the HFB states are obtained with preserved
parity, the same condition on 7 is added.

Couplings between collective and intrinsic excitations play a
major role in many reactions. For instance, it is known to play
a crucial role in the distribution of excitation energy between
the nascent fragments produced by fission. The TDGCM+GOA
enables a microscopic description of nuclear reactions without
internal degrees of freedom, while Langevin-based methods
allow the semi-classical description of the reaction with the
inclusion of thermal effects. The SCIM leads to a local
Schrodinger-like equation, much simpler to solve than the exact,
non-local, Griffin-Hill-Wheeler equation while being based on
fewer assumptions than the TDGCM+GOA or Langevin. The
collective-intrinsic Hamiltonian includes a viscosity term that is
known to be relevant to the description of nuclear reaction from
Langevin’s calculations. However, the method still involves the
full calculation of the norm and Hamiltonian kernels, which is
extremely time-consuming. Furthermore, the formalism is rather
complex compared to other methods such as the TDGCM+GOA.
At present, this method did not lead to any application beyond
the works presented in [86-88], and still needs to be tested
thoroughly against experimental data.

5. QUANTUM MIXTURE OF
TIME-DEPENDENT STATES

In its standard form, the TDGCM relies on the ansatz (3)
that expands the many-body wave function on a family of
time-independent generator states. The dynamics of the system
is, therefore, entirely carried out by the time evolution of
the collective wave function g(q) driven by Equation 30.

Although successful in describing some nuclear phenomena
like collective vibrations, such an expansion suffers from two
significant drawbacks.

The first one resides in the large dimension of the
ensemble of generator states required to describe processes
like nuclear reactions correctly. Despite the efforts reported in
sections 3 and 4 to reduce the collective Hamiltonian to a
local approximation, this high dimension quickly becomes a
hindrance to the numerical applications of TDGCM. An origin
of this difficulty is the fact that all the many-body configurations
populated at any time of the reaction must be represented in
the set of generator states. In many situations, this expansion
is not optimal in the sense that most of the associated weights
are close to zero at a given time. To give an example, we may
consider the translation motion of a localized particle. While
the translated states at any positions are to be incorporated in
a TDGCM description of its motion, the collective wave function
at a given time only has a small spatial expansion. A natural idea
is then to express the wave function as a linear superposition of
a few time-dependent states that follow the expected particle’s
translation motion. It may even happen that one well-chosen
time-dependent basis state is enough to describe the dynamics of
the system very accurately. The time-dependent energy density
functional treatment of the giant resonances in nuclear physics
provides such an example [91, 92].

The second drawback of the TDGCM is the construction
of a family of generator states before the determination of the
system evolution. The equation of motion provides only the
probability of the system to populate parts of this predefined
space. For this approach to work, the physicist must rely on an
a priori knowledge of the relevant states for the dynamics. For
nuclear reactions, it typically means that one should correctly
guess what will be the reaction’s output channels and include an
ensemble of states representative of these channels in the working
space. Beyond the difficulty to generate states representative of
the systems far from the initial state, the typical risks of this
method are

e to miss important channels/states in the construction of the set
of generator states,

e to include states that will not be populated at all but will still
increase the numerical cost.

A solution to overcome these difficulties is the expansion of
the ansatz (3) on a set of time-dependent states, as shown
schematically in Figure 8. In this case, the many-body wave
function of the system reads

(D) = f F@06a,0). (88)
qe

This very general ansatz brings more flexibility as the
configuration basis can vary in time. However, this flexibility
comes with additional complexity in the equation of motion
for the collective wavefunction g(q,t) and the generator states
|¢>(q, t)>. Studies in both chemistry and nuclear physics are
exploring different strategies in the choice of generator states and
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FIGURE 8 | Schematic dynamics of a localized collective wave packet. With
the TDGCM strategy (static set of generator states), most of the working
space does not contribute, and part of the final state is not captured. In
contrast, a small, well-chosen set of time-dependent states is sufficient to
capture the system’s dynamics entirely.

the determination of the equation of motion of the system. We
review these recent efforts in this section.

5.1. The Multiconfiguration
Time-Dependent Hartree-Fock Approach

In 1990, Meyer et al. introduced the multiconfiguration time-
dependent Hartree (MCTDH) approach to tackle the dynamics of
molecules [93]. Contrary to the fermionic many-body problem,
the system’s degrees of freedom are distinct from each other
and correspond typically to distances between some atoms of a
molecule. Their associated wave function is assumed to be at any
time a mixture of product states

myp—1 my—1

W) = 3 e Y gy % '(pi(ll)(t)>... o).
i1=0 iy=0

(89)

where at any time, the {Igogf)(t)} form a basis of the space
associated with the kth degree of freedom, and the c;,...;, are the
mixing coefficients between all the product states. The equation
of motion of both the individual states and the mixing coefficients
can then be obtained from applying the Dirac-Frenkel variational
principle. This method was since applied to different dynamical
processes in chemistry [94-96] and up to five degrees of freedom
in the treatment of the inelastic cross-section of H,O + H, [97].
Note that in 2003, Wang et al. proposed an extension of this
method referred to as multilayers MCTDHF to tackle more
degrees of freedom (up to a few thousand) [98].

A natural extension of this work to the fermionic many-
body problem is the replacement of the product states by
Slater determinants in the trial wavefunction. This extension was

introduced in [99] and the new ansatz reads

mp—1 my—1
’\Il(rlr Ty, t)) = Z e Z Ciy-eeiy ¢i1~-in(t)> > (90)
i1=0 in=0
with the time-dependent Slater determinants
o _ At At
{¢11--~1,,(t)) =4a; &)--- a;, ()10). (91)

In this expression, &Z((t) stands for the fermionic creation
operator of a particle in a single-particle state |(pik(r, t)). This
many-body wave function can then be injected into a time-
dependent variational principle whose parameters are both the
mixing coefficients c;,...;, and the single-particle wave functions
|</)ik)~ Note that there is no one-to-one mapping between the
many-body state |1/(t)) and the parameters of the right-hand
side. In practical applications, the set of single-particle wave
functions is assumed to be orthonormal at any time
(@i()] i) = 85 (92)
This criterion lets some freedom in the choice of the ¢;, and |<p,-k>
for a given many-body wave function, leading to an additional
degree of freedom in their associated equation of motion. A
usual convention to fix this freedom consists in imposing the
additional constraint
a
(wit)] | ;D) = 0. (93)
ot
This choice stabilizes the single-particle states against rotations
among the occupied states. If such rotation has to be described,
only the mixing coeflicients will be affected while the single-
particle states will stay constant. This convention yields to
equations of motion that are often more suited for the numerical
time integration.
With this criterion, the Dirac-Frenkel variational principle
applied to a two-body Hamiltonian system leads to the equation
of motion for both the coefficients and the single-particle states

mp—1 my—1
i, () =Y o > by O H iy i, (D) iy () (94)
i1=0 i, =0

i |@u(0) = P L E[@u(®) + (0™ up Piabe s |04 (1)
PqTS

(95)

where 7 is the one-body part of the Hamiltonian, h is the mean-
field potential that implicitly depends on the one-body density,
o and p® are the one- and two-body density matrices and
P is a projection operator on the orthogonal complement of
the occupied single-particle states. Such equation of motions
have then been numerically solved for chemical systems with six
valence electrons [99], to study the two photons ionization of
helium [100] or the dynamics of di-molecular molecules [101,
102]. In nuclear physics, the multiconfiguration Hartree-Fock
approach has been applied in its static version to determine
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the structure of light nuclei mostly in the s-d shell [103, 104].
Such an expansion of the many-body state enables a good
description of the low lying excitation spectrum with typically
the first 2T excitation reproduced within a few 100 keV. For
the ground-state binding energy, this work still emphasizes a
significant overestimation of the theory by 8.3 MeV in average
in the s-d shell nuclei. This discrepancy would mostly come
from (i) double-counting coming from the usage of energy
functional that have been fitted at the mean-field level, (ii)
the truncation of the configuration space that still cuts too
early the population of single-particle states with the largest
spatial expansion. Even though it would be interesting to study
photoabsorption phenomena in light nuclei or diffusion between
light nuclei, this method has not yet been applied in its dynamics
version for nuclear physics. A generalization of the ansatz (90)
to a superposition of Bogoliubov vacua and its corresponding
equation of motion is yet to be formalized and tested.

5.2. Multiconfiguration With

Time-Dependent Non Orthogonal States
The trial state of Equation (90) at the core of the MCTDHF
method expands the wave function on a set of orthonormal Slater
determinants. The orthonormality between such generator states
simplifies the equation of motion as typically the norm kernel
defined in Equation (6) is the identity at any time. In contrast,
it may be more efficient in some situations to expand the many-
body wave function on a set of non-orthogonal generator states
(i.e., time-dependent Bogoliubov vacua with time-dependent
deformations). Such a strategy was explored, for instance, in
chemistry by mixing TDDFT trajectories with a shift in time to
include memory effect [105] into the dynamics. This approach
was proven to correctly include the description of dissipation in
the two electrons dynamics of a Hooke’s atom.

In nuclear physics, the idea of mixing time-dependent TDHF
trajectories was already proposed in 1983 in the pioneering work
of Reinhard et al. [106] to treat nuclear collisions. Starting back
from the ansatz (90), the authors proposed to take as the time-
dependent generator states a set of TDHF trajectories starting
from different initial conditions. A time-dependent variational
principle is then applied to obtain the equation of motion only
for the mixing function f(q, t) (or the collective wave function
g(q, ). Such a principle is schematically pictured in Figure 9
(left panel).

The idea behind this scheme is that the TDHF trajectories will
carry most of the one-body dynamics of the system, whereas the
weight function will encompass part of the two-body collisional
dynamics, in such importance as to account for additional
dissipation and fluctuation. In this paper, a GOA approximation
was performed to determine the evolution of the collective
wave function in a one-dimensional nuclear collision model.
The results showed in particular that the widths of the internal
excitation energy of the collision partners after the collision were
increased by a factor of seven compared to a TDHF trajectory
alone. This additional fluctuation is directly coming from the
additional correlations tackled by the enriched ansatz for the
many-body wave function.

Even though promising, applications of this method to
realistic systems were not carried out. One possible explanation is
the numerical cost associated with TDHF trajectories. However,
the advances in numerical methods and the recent development
of supercomputers induced a surge of interest for such studies. In
particular, the inclusion of superfluidity in our time-dependent
mean-field codes [82, 108] opened the possibility to predict
collisions between open-shell nuclei. Along this line, Scamps et al.
attempted to predict the transfer of pairs of fermions in the
contact between two superfluids based on a statistical mixing
of TDHFB trajectories [109-111]. The idea is that the one-
body dynamics of the nuclear processes would be already well
accounted for by TDHFB like trajectories, while a statistical
ensemble of such trajectories would account for the additional
fluctuation induced by the residual two-body collisions terms of
the dynamics. Up to now, these methods were only tested on toy-
model cases and collisions between a few light systems such as
2004290, Experimental data on such collisions still lack, which
prevents a rigorous theory versus experiment comparison.

Nevertheless, the tests on exactly solvable models show that
these semiclassical approaches manage to recover some crucial
fluctuation related to the relative gauge angle between the
reaction partners. In particular, they can predict the probability
of one pair transfer with the proper order of magnitude in the
perturbative regime where the nuclear interaction during the
collision is weak compared to the pairing forces acting in each
subsystem. Still, they partially miss the quantum interference
between the TDHFB trajectories. Depending on the method’s
details, this may either lead to underestimating fluctuations of
one-body observables or, in the worse case, predicting unphysical
behavior such as particle transfer after the re-separation of the
two reaction partners.

Coming back to a full quantum treatment of the problem,
Regnier et al. recently attempted the full-fledged mixing of
TDHEFB trajectories in [107]. In this context, the time-dependent
variational principle on the ansatz 90 leads to the equation of
motion of the collective wave function g(g, t)

ihg = (H —D +ihNV2N—1/2) g (96)

This equation involves the collective operators H and D defined
by the application of Equation (28) on the kernels

H(g.q) = (¢(a.0)| H |o(d. 1), (97)

9
D(q.q) = (¢(q.1)| ih— ¢(d,1). (98)

All the kernels and collective operators involved now depend
on time. Compared to the TDGCM on static generator states
(Equation 30), this equation contains two additional terms. The
first one contains the time derivative of the generator states,
whereas the second one is linked to the time derivative of the
norm kernel. These equations were numerically solved only
in a simple case modeling the contact between two superfluid
systems. The main results are summarized in the right panel
of Figure9. The full black line represents the system’s exact
many-body dynamics, and it is compared with a prediction
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pair of fermions during the collision (d) are plotted against the time of the collision for the exact many-body solution (black line), a statistical mixture of TDHFB
trajectories (blue circles) and a quantum mixture of the same TDHFB trajectories (red squares). Reprinted figure with permission from [107]. Copyright 2019 by the
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obtained from a statistical mixture of TDHFB trajectories (the
PSC method, dashed blue line) as well as the quantum mixing
of the same TDHFB trajectories. While the statistical method
recovers the good order of magnitude for most predictions,
the inclusion of interference between the TDHFB trajectories
significantly improves these results. In particular, a factor of
two is highlighted between each method’s predictions of the
probability P, to transfer a pair of fermions during the collision.

At a time where performing series of independent time-
dependent mean-field calculations in nuclear physics becomes
possible, such a method could be a suitable candidate to tackle
nuclear reactions with a complex interplay between one-body
and many-body degrees of freedom. The caveat to its direct
application on a realistic nuclear collision would still be the
difficulty that current implementations of the nuclear mean-field
dynamics formalisms rely on energy density functionals instead
of a linear Hamiltonian (cf. section 2.5).

6. CONCLUSION

This review presents four variants of the Time-Dependent
Generator Coordinates Method that is rooted in a configuration-
mixing principle. This class of methods is of particular
interest to microscopically describe heavy-fermion systems.

It allows the physicist to focus the description on the
correlations of interest through the choice of the collective
coordinates. Most of the time, the collective coordinates
are related to some of the first multipole moments of the
intrinsic one-body density or some groups of symmetry
operators. Such freedom makes the TDGCM extremely
versatile. Still, its practical applications in nuclear physics
are plagued by the usage of effective Hamiltonians or
energy density functionals that lead to misbehaviors of
the energy kernel, an essential ingredient shared by all the
TDGCM approaches.

The Time-Dependent Generator Coordinate Method is
the most direct implementation of the configuration-mixing
principle. In this case, the only approximations are the
expression of the nuclear Hamiltonian, and the restriction of
the total Fock space to the one spanned by the configuration
basis. The Griffin-Hill-Wheeler (GHW) Equation (3) is the
corresponding equation of motion. The main limitation of this
method arises from the non-locality of the GHW equation in
the collective coordinates representation, leading to intensive
parallel computation. By resorting to some approximations,
it is possible to rewrite the GHW equations into local
equations, reducing hereafter substantially the calculation
needs. The Gaussian Overlap Approximation (GOA) transforms

Frontiers in Physics | www.frontiersin.org

July 2020 | Volume 8 | Article 233


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Verriere and Regnier

The TDGCM in Nuclear Physics

the GHW equations to a local Schrodinger-like equation
essentially under the condition that the norm kernel is of
Gaussian character. The TDGCM+GOA is the most widely
used implementation of the TDGCM for the description of
nuclear reactions and especially for fission. The Schrodinger
Collective-Intrinsic Method is based on the truncation of
the GHW equation in the second-order to obtain a local
Schrodinger-like equation. In its current form, it still requires
to calculate the full norm and Hamiltonian kernels. Finally,
it is possible to generalize the standard TDGCM approach by
expanding the many-body wave function on a set of time-
dependent generator states. The recent progress of TDHFB
solvers opens new possibilities for practical applications along
this line.

Overall, most of these methods were first developed in the
1980s, at a time when they were quickly facing intractable
numerical costs. The computational power at our disposal
nowadays is an incentive to revisit the TDGCM approaches
and look for new opportunities in the description of nuclear
reactions. One of the most significant challenges in this path
is the determination of energy density functionals or effective
Hamiltonians, which are compatible with the GCM formalism
and yield quantitative predictions of nuclear observables.
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7. APPENDIX
7.1. Expression of the GOA Moments

The expression (58) involves some moments M®&) and MK
that we define here. We recall that we consider generator states
that are Bogoliubov vacua. Any generator state is then fully
characterized by its generalized density matrix R(q)

e[ 0]

Additionally, each collective coordinate g; is associated to a one-
body observable Q; that is used as a constraint. Expressed in the
basis of quasiparticles that diagonalizes R(q), this operator takes
Q! Q?
1 1

the matrix form
[ Q' Q” } |
1 1

One can define the standard QRPA matrix M in this same basis
as detailed in [16]. With these notations, the moments MK)
involved in the determination of the GOA inertia and metric
tensors are

0

—k* 1— (99)

Qi (100)

® _ 1 e 12 k[ Q°
M = S(Q", QH)M™ s |- (101)
2 Qj
We also define the modified moments M) by,
~xk) |10 |1 0
M _[O_I]M [0_1 . (102)

8. BESTIARY OF SOPO PROPERTIES

The Symmetric Ordered Product of Operators (SOPO) are
defined, for any two operators .4 and B, as

1 < (7
(n) _ k n—k
{A, B} = o E (k)B AB" . (103)

k=0

They can be equivalently defined recursively through their
relation with the anti-commutator
(A B =

1
3 {A, B} (104)

1
(4B = {48, B}. (105)
The SOPO are used to obtain the Symmetric Moment
Expansion (SME) of the symmetrized GHW Equation (66),
based on

o0

P
wB/2 4 B2 _ « ®)
P12 Ae _EO !{A,B} ,
p:

(106)

For any operators A, B, and C, the following relation
is satisfied

n

(k)
ABPY =3 {B(f;’%,P} : (107)
k=0
where the operators Ba”% are given by
BAC _ ik S or( " V(T A g otk
(k) = on—k 21D k+r)\ r :
r=0
(108)

and where A" the short-hand notation for the local operator
associated with the kernel

A[f] (q) —

oA
A (109)
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Shape Evolutions in Fission
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Marko Pancic "2, Yu Qiang', Junchen Pei™ and Paul Stevenson?

! State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijjing, China, ? Department
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We studied the nuclear shape evolutions in fission process of 240Pu by the
time-dependent Hartree-Fock approach with various Skyrme forces. Calculations are
performed for the later phase of the fission with large initial deformations toward the
scission. We show that calculations with Skyrme forces with large surface energies
and large symmetry energies can have extremely long fission evolution time. The
symmetry energy plays a role in the evolution of neutron-rich necks. In addition, we also
demonstrated the shape oscillations of fission fragments after the fission. We see that
particularly the heavy near-spherical fragments have remarkable octupole oscillations.

Keywords: nuclear fission, TDHF method, Skyrme force, fission fragments, surface energy, symmetry energy

1. INTRODUCTION

Nuclear fission is a very complex and large amplitude collective motion of many-body quantum
systems. Although fission was discovered in 1939, the development of a fully self-consistent and
predictive microscopic fission theory is still very challenging [1, 2]. The earlier studies [3, 4] of
nuclear fission are mainly based on macro-microscopic models, which have gained many insights
about the fission mechanism. Thanks to the developments of supercomputing capabilities in
recent years, microscopic fission theory has achieved remarkable progresses. The time-dependent
Generator-Coordinate Method [5-7] as an adiabatic dynamical fission theory can describe
reasonably well the mass distributions of fission yields, based on parallel calculations of complex
potential energy surfaces. On the other hand, the time-dependent Hartree-Fock (TDHF) or time-
dependent density functional theory [8-16] as a non-adiabatic dynamical theory is helpful for
understanding fission mechanisms, particularly in the part of the trajectory close to scission.

There are extensive studies of real-time nuclear dynamics based on the time-dependent Hartree-
Fock approach. Indeed, fusion and fission involving transitions between one-body and two-
body quantum system are unique non-equilibrium processes. Nuclear dynamics in the TDHF
framework provide an opportunity to probe effective nuclear interactions, many-body correlations
and transport properties. TDHF has been extended to TDHF+BCS and TD-HFB approaches by
including dynamical pairing [9, 17]. The pairing interactions has been demonstrated to increase
the fission lifetime by allowing orbital exchanges [9]. On the other hand, the pairing can facilitate
the fission at some initial deformations where fission doesn’t occur within TDHF [17]. The effective
nuclear forces have also been demonstrated to be important in heavy-ion collision reactions [18].
For example, the tensor force is expected to be crucial in nuclear dynamics [19, 20] and in the
reproduction of fission barriers [21].
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The effective forces are usually obtained by reproducing static
nuclear properties. The SkM* force has been widely used for
fission studies with good surface properties [22]. However, SkM*
is not good at descriptions of global binding energies [23]. The
static fission barriers due to different Skyrme forces can lead to
significant differences in fission tunneling lifetimes [24-26]. In
addition, the symmetry energy has been extensively studied in
nuclear collision reactions for transport properties and equation
of state [27-29]. It would be interesting to study the role of
effective nuclear forces in the evolution of fission dynamics while
static fission barriers are not observables in TDHF.

The real-time nuclear fission dynamics can be directly
demonstrated by the evolution of nuclear density distributions.
The fourier analysis of time-dependent deformations are
connected to collective vibrations and damping effects. The non-
adiabatic fission studies can only be performed after the saddle of
the fission barrier. The nuclear shapes at the scission deformation
and after scission are of particular interest. The octupole
deformations and shell effects of fission fragments are essential
for descriptions of fission yields [13]. The collective oscillations
of fission fragments are also an interesting topic [10, 30]. The aim
of the present work is to study the role of different Skyrme force
in nuclear fission dynamics, as well as the oscillations of fission
fragments based on the TDHF framework, which can capture
the major features of real-time fission dynamics, at least close to
scission. In this work, the studies are about the later phase of the
fission with large initial deformations after the tunneling.

2. THE TDHF THEORY

The TDHF equations can be formally derived from the time-
dependent variational method. In the formalism of density
matrices, TDHF is the approximation in which the two-body
interaction term is approximated by a product of one-body
terms [8, 18]. The TDHF equation is written as:

%00y, gyt M

where ¢y are the time-dependent single-particle wave functions
in coordinate spaces. The single-particle hamiltonian h is
also time dependent. The wave functions is always a Slater
determinant during the evolution.

We utilize the 3D Skyrme-TDHEF solver Sky3D [31, 32] and
calculations are performed in the 3D uniform coordinate space.
There are no symmetry restrictions on the wavefunctions. For
the effective interactions, we adopted the series of SLy5sX [33]
forces to study the influences of surface energies. In addition, we
adopted the series of SV-sym forces [34] to study the influences
of symmetry energies. The pairing has not been included in
this work. The grid spacing is set to be 1 fm and the time
step of dynamical evolution takes 0.2 fm/c. In Sky3D, the
time propagator is evaluated by the Taylor series expansion
up to the sixth order [31]. Computations with these settings
have been demonstrated to be good enough for descriptions
of dynamical properties. The static constrained calculations of
240py are firstly carried out to obtain the wave functions by

SLY5s1
12 SLY5s3| |
SLY5s5
SLY5s8

18 + t t t +

SV-sym28
SV-sym30 |4
SV-sym32
SV-sym34 | |

FIGURE 1 | The fission barriers of 24°Pu calculated by Skyrme
Hartree-Fock+BCS with SLy5sX and SV-sym forces, respectively. Calculations
are performed with octupole deformations but without triaxial deformations.

the axial-symmetric Skyrme-Hartree-Fock solver SKYAX [35],
which are inputs for time-evolution calculations. The 3D box
size in static and dynamical calculations is taken as 50x50x70
fm, along x, y, z-axis respectively. Note that the static wave
functions are obtained by the SKYAX solver [35] in axial-
symmetric cylindrical coordinate spaces and are transformed
into 3D coordinate spaces by interpolations. The interpolation
from a 2D grid to a 3D grid can result in small numerical errors,
which are around 100 keV in binding energies. In this case,
the initial wave functions at any constrained quadrupole and
octupole deformations (B2, 83) can be obtained efficiently. The
energies and density distributions as a function of time are the
main outputs of the time-dependent solver.

3. RESULTS AND DISCUSSIONS

3.1. Influences of Surface Energies in

Fission Dynamics

The surface energy coefficients of effective nuclear forces are
critical properties as the fission is mainly determined by the
competition between surface energies and Coulomb energies.
To study the influences of surface energies in fission dynamics,
we adopted the series of SLy5sX forces [33]. These Skyrme
forces are obtained based on the SLy5 force but with varying
surface energies in the fit protocol. The properties of equation
of state (EoS) of SLy5sX forces are listed in the Table 1. The
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FIGURE 2 | The evolutions of quadrupole deformations in TDHF calculations

with the SLy5s1, SLy5s3, SLy5s5, SLy5s8 forces.

calculated potential energy curves of SLy5sX forces as a function
of quadrupole deformations f, are shown in Figure 1. The two-
dimensional potential energy surfaces of 2*°Pu from different
calculations can be found in [5, 36, 37]. The SLy5s8 has the
largest surface energy and SLy5s1 has the smallest surface energy.
Consequently SLy5s8 has the highest fission barriers.

The TDHF calculations of the fission process of 24Pu
are performed at the same initial deformations with SLy5s1,
SLy5s3, SLy5s5, SLy5s8 forces. Figure 2 shows that the evolutions
of quadrupole deformations, in which initial deformations
are ;=24 and fB3=0.9 in four calculations. The multipole
deformation f; is defined as [38],

4 i
Bi=—7<rYp> (2)
3AR) ’

where Ry = 1.2A'3 fm. The quadrupole moment shown
in Figure2 is defined as < Y,y >. We can see that in
calculations with SLy5s1, SLy5s3, and SLy5s5, 24°Pu goes to
fission very quickly at time around 700 fm/c. With increasing
surface energies, the fission lifetime increase slightly. However,
in calculations with SLy5s8, the fission lifetime is extremely
long. We see very slow and large-amplitude oscillations in the
quadrupole deformation toward the fission. The results indicate
that the fission would be strongly over-damped above a critical
surface energy coeflicient. This is understandable since the large
surface tension would prohibit the fission movement.

3.2. Influences of Symmetry Energies in

Fission Dynamics

The symmetry energy is expected to be crucial in the equation
of state (EoS) of neutron stars and in exotic neutron-rich
nuclei [39]. In Skyrme forces, the symmetry energy is density-
dependent and is usually determined according to EoS properties
at the saturated density. The larger symmetry energy coeflicient
indicates that neutron-rich systems are less stable. In the
transport model, the large symmetry energy could lead to rapid

TABLE 1 | The relevant EoS properties of SLy5sX [33] and SV-sym [34] forces are
listed, including the incompressibility K (MeV), the symmetry energy asym (MeV),
the effective mass m*/m, the slope of the symmetry energy L (MeV), the surface
energy coefficient agy+ (MeV).

Forces K asym m*/m L Asurf

SlLy5s1 2221 31.43 0.739 48.1 17.16
SlLy5s3 224.3 31.77 0.731 48.4 17.55
SlLy5s5 226.4 32.11 0.724 48.6 17.93
SlLy5s8 2291 32.64 0.718 49.0 18.52
SV-sym28 234 28 0.9 7 17.06
SV-bas 234 30 0.9 32 17.24
SV-sym32 234 32 0.9 57 17.38
SV-sym34 234 34 0.9 81 17.49

For SV-sym forces, L and as+ are taken from [27] and [33], respectively.

isospin balance [28]. To study the role of symmetry energy in
fission dynamics, we calculate the fission evolutions with Skyrme
forces SV-sym28, SV-bas, SV-sym32, SV-sym34 [34], which differ
in symmetry energy coefficients, but are otherwise similar. The
calculated potential energy curves of SV-sym forces as a function
of quadrupole deformations f, are shown in Figure 1. The EoS
properties of SV-sym forces are listed in the Table 1. The fission
barrier of SV-sym34 is slightly lower than that of SV-sym28,
although the surface energy coefficient of SV-sym34 is slightly
larger than that of SV-sym28. This is consistent with the results
of fission barriers in [34]. Note that the surface symmetry energy
is important for descriptions of fission barriers [40]. We also
noticed that the slopes L of symmetry energies of SV-sym forces
are very different, which are difficult to be constrained. The
series of SV-sym forces have been used to study the influences
of symmetry energies in nuclear fusion processes [27].

Figure 3 shows that the quadrupole deformation evolutions
with initial deformations of f,=2.25 and B3=0.9 in our
calculations. The initial deformation f,=2.25 used for SV-sym
forces is slightly smaller than ,=2.4 used for SLy5sX forces. This
is because 2*°Pu doesn’t fission in calculations with SLy5s8 if the
initial deformation is 8,=2.25. We can see that in calculations
with SV-sym28, SV-bas, SV-sym32, 24°Pu goes to fission quickly.
The fission time is longer than that with SLy5s1-3-5 forces (see
Figure 2), since the initial deformation used for SLy5sX is slightly
larger. The evolutions of SV-sym34 results are similar to three
other cases at the beginning. However, just before the scission,
the fission with SV-sym34 feels a strong restoring force that
delays its fission. Such a restoring force has also subtle influences
in SV-sym32 evolutions. The origin of such a restoring force
can be understood that the formation of neutron-rich neck is
not favored due to a large symmetry energy. Both symmetry
energy and surface energy are positive contributions to total
binding energies. During the fission process, the kinetic energy
and Coulomb energy would decrease while total energies are
conserved. Once the kinetic energies are strongly dissipated after
several oscillations, the fission would finally occur. This is similar
with the case of SLy5s8 with a large surface energy. The fission
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FIGURE 3 | The evolutions of quadrupole deformations in TDHF calculations
with the SV-sym28, SV-bas, SV-sym30, SV-sym34 forces.

life times of SV-sym28, SV-bas, SV-sym32 are 1260, 1320, 1530
fm/c respectively. We see that with increased symmetry energies,
the fission lifetimes increase non-linearly. This could be related
the quantum critical point in dissipation dynamics [41]. Note
that the over-damped fission phenomena with SV-sym34 would
not appear if the initial deformation is very close to the scission
point. The very different slopes of symmetry energies of SV-
sym forces could also play a role in fission dynamics. In all
cases, the octupole deformations increases very rapidly before
100 fm/c, then varies moderately before scission. At the scission,
the octupole deformations increase more rapidly than quadruple
deformations. The evolutions of hexadecapole deformations are
similar to that of quadruple deformations before the scission.

3.3. The Collective Oscillations of Fission

Fragments

The shapes of fission fragments at the scission point are far
away from the equilibrium shapes. The octupole deformations
of the fragments would strongly impact the fission yields [13].
For example, **Ba with favorable octupole shell effects would
play a significant role in asymmetric fission yields [13]. In fission
dynamics, the oscillations of fission fragments can be connected
to the low-lying multipole excitations [30].

Figure 4 shows the multipole deformation oscillations of
the heavy fission fragment after the 24°Pu fission. The heavy
fragment is around '32Sn and is nearly spherical at ground
state which is resistant to octupole deformation. However, it
can be seen that the oscillation amplitudes of octupole shapes
are most significant compared to quadrupole and hexadecapole
deformation oscillations. This is understandable since the initial
octupole deformation is far from equilibrium. The hexadecapole
oscillations are also significant compared to quadrupole
oscillations since the initial hexadecapole deformation is
very large. It is interesting to see that the large fragments
have significant octupole oscillations. The dependence of the

FIGURE 4 | The TDHF evolutions of quadrupole, octupole, and hexadecapole
deformations of the heavy fragment after the 2*°Pu fission with the SV-sym32
force.
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FIGURE 5 | The evolutions of octupole deformations in TDHF calculations of
two fission fragments with the SV-sym34 force. The fragment-A is the heavy
fragment and fragment-B is the light fragment.

octupole oscillation frequencies on different Skyrme forces is
not significant.

Figure 5 shows the octupole oscillations of both fragments
of the 2*0Pu fission. The corresponding density evolutions are
shown in Figure 6. Figure 6 also shows that evolution of fission
neck before scission in calculations with SV-sym34. We see that
the neck is thin at 1000 fm/c and becomes thick at 1,900 fm/c. The
main differences in nuclear shapes are the evolutions of neutron-
rich necks, in which the symmetry energy can play a role. The
shapes of fragments before scission don’t change much. The small
fragment around %Mo has a significant octupole deformation
before scission. The heavy fragment around '**Te which is
close to '32Sn is nearly spherical but with an initial octupole
deformation before scission. The sizes of the fragments can vary
slightly with different Skyrme forces and initial deformations.
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The amplitudes and frequencies of octupole oscillations of both
fragments are comparable. The two fragments are oscillating
with opposite octupole deformations. As shown in Figure 6,
the small fragment has a significant quadrupole deformation
at equilibrium. The heavy fragment has a spherical shape at
equilibrium so that the octupole oscillation is very significant.
The oscillation frequencies fiw obtained by Fourier analysis
are about 1.3 MeV, which is much lower than the typical
experimental energies of the octupole vibration states of the
fragments. For descriptions of vibrations of fragments, the
finite-temperature QRPA [42] would be appropriate since the
fragments are actually thermal excited.

4. CONCLUSION

In summary, we studied the shape evolutions in fission process
of 29Pu with the TDHF approach. Firstly, the dependence of
Skyrme forces in fission dynamics has been investigated. We
found that Skyrme forces with large surface energy coefficients
and large symmetry energy coeflicients can result in extremely
long fission times. Before the final scission, in these cases, the
fission process would be over-damped with slow and small-
amplitude shape oscillations. The symmetry energy can play a
role in the evolution of neutron-rich necks before the scission.
The evolutions of octupole deformations don’t follow that of
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quadrupole deformations. In addition, we also studied the
shape oscillations of the fragments of the 24°Pu fission. It is
interesting to see that the heavy fragment which is close to
spherical at equilibrium has significant octupole oscillations.
Both fragments have comparable octupole oscillation amplitudes
and frequencies. On the other hand, the quadrupole and
hexadecapole oscillations of the fragments are less significant.
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We review recent progress in studying nuclear collective dynamics by solving the
Boltzmann-Uehling-Uhlenbeck (BUU) equation with the lattice Hamiltonian method,
treating the collision term with the full-ensemble stochastic collision approach. This lattice
BUU (LBUU) method has recently been developed and implemented with a GPU parallel
computing technique, and achieves rather stable nuclear ground-state evolution and
high accuracy in evaluating the nucleon-nucleon (NN) collision term. This new LBUU
method has been applied to investigate nuclear isoscalar giant monopole resonances
and isovector giant dipole resonances. While calculations using the LBUU method
without the NN collision term (i.e., the lattice Hamiltonian Vlasov method) provide a
reasonable description of the excitation energies of nuclear giant resonances, the full
LBUU calculations can well reproduce the width of the giant dipole resonance of 2%8Pb
by including a collisional damping from NN scattering. The observed strong correlation
between the width of the nuclear giant dipole resonance and the NN elastic cross-section
suggests that the NN elastic scattering plays an important role in nuclear collective
dynamics, and the width of the nuclear giant dipole resonance provides a good probe of
the in-medium NN elastic cross-section.

Keywords: Boltzmann-Uehling-Uhlenbeck equation, lattice Hamiltonian method, nuclear giant resonances,
Thomas-Fermi initialization, stochastic collision approach

1. INTRODUCTION

Transport models deal with the time evolution of the Wigner function or phase-space distribution
function f(7, p, t) that arises from the Wigner representation of the Schrédinger equation [1, 2],
and provide a successful semi-classical time-dependent approach to studying nuclear dynamics,
especially with regard to heavy-ion collisions (HICs). One of the main ingredients of transport
models is the mean-field potential, which embodies information on the nuclear equation of
state (EOS) or the in-medium effective nuclear interaction. Therefore, transport models serve
as an important theoretical tool for investigating the EOS of asymmetric nuclear matter from
observables in HICs. A good deal of information on the nuclear EOS, from sub-saturation [3-5]
to supra-saturation densities of about 3-5 times saturation density [6-18], has been obtained from
transport model analyses of various observables, such as collective flows and particle production,
in intermediate- and high-energy HICs. Exact information about the nuclear EOS is crucial for
describing reaction dynamics of exotic nuclei [19, 20], various properties of both finite nuclei
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(e.g., neutron skin thickness [21-23] and drip lines [24, 25]) and
neutron stars (e.g., masses and cooling mechanisms [26-30]), and
astrophysical processes, such as supernova explosion scenarios
[31-33]. In particular, it should be mentioned that the first
gravitational wave signal GW170817 [34] of a binary neutron star
merger has recently been observed and localized by the LIGO and
Virgo observatories, inaugurating a new era of multimessenger
astronomy and supplying important constraints on the dense
nuclear matter EOS [35-39]. Moreover, very recently, using
X-ray data from NASAs Neutron Star Interior Composition
Explorer (NICER), the mass and radius of the millisecond pulsar
PSR J0030+0451 have been simultaneously estimated [40, 41] and
the implications for the dense nuclear matter EOS analyzed [42].
In addition, a new record for the maximum mass of neutron stars,
namely a millisecond pulsar J0740+6620 with mass 2.14J_r8:(1)3M@
(68.3% credibility interval), has been reported recently [43]; this
heaviest neutron star observed so far can rule out many soft
nuclear matter equations of state, and in particular, the supersoft
high-density symmetry energy [44].

The time-dependent Hartree-Fock (TDHF) theory provides
a very successful quantum many-body framework at the mean-
field level for describing low-energy nuclear reaction dynamics,
including the nuclear collective dynamics (see e.g., references [45,
46] for a review of recent work). Given that the Vlasov equation,
i.e., the Boltzmann-Uehling-Uhlenbeck (BUU) equation without
the nucleon-nucleon (NN) collision term, corresponds to the
semi-classical limit of the TDHF equation, transport models can
thus be seen as an efficient semi-classical approach to studying
nuclear collective dynamics. In particular, the two-particle-two-
hole (2p-2h) correlation beyond the mean-field approximation,
which dominates the collisional damping of nuclear giant
resonances, can be effectively taken into account in transport
models via binary collisions. The literature contains many works
that study nuclear giant resonances based on the pure Vlasov
equation [47-49], the Vlasov equation with a collision relaxation
time [50], and the full transport model with both the mean-
field and the NN scatterings [51-53]. For example, based on
simulations of transport models, the excitation energies of
nuclear giant resonances have been used to extract information
on the nuclear EOS and neutron-proton effective mass splitting
[54], while the width of nuclear giant dipole resonance (GDR)
has been proposed as an effective probe of the in-medium NN
elastic cross-section [55]. The width of the nuclear GDR can also
serve as a fingerprint of «-particle clustering configurations in
nuclei [56].

Although transport models have been extensively used in the
study of nuclear giant resonances, the accurate description of
giant resonances within transport models is still a challenge. In
transport models, unlike in simulations of HICs at intermediate
and high energies, the calculation of nuclear giant resonances,
which are the collective excitation states with an excitation energy
of about 20 MeV, requires a more proper description of nuclear
ground states and an accurate implementation of Pauli blocking.
In particular, Pauli blocking is intimately related to the collisional
damping and hence the width of nuclear giant resonances in the
transport model calculations. In this sense, studying the nuclear
collective motion provides an ideal way to examine and improve

transport models, since the effects of several deficiencies, such as
the inaccurate treatment of Pauli blocking, are more pronounced
in nuclear collective dynamics with small-amplitude oscillations.
Transport models for HICs can be roughly divided into two
categories, the BUU equation (see e.g., reference [2]) and the
quantum molecular dynamics (QMD) model (see e.g., reference
[57]). From the viewpoint of transport models, the essential
difference between these two types is that the BUU-type models
mimic f(7, p, ) by having a large number of ensembles or test
particles for each nucleon, while the QMD-type models use a
Gaussian wave packet for each nucleon. Recently, the transport
model community started a code comparison project [58-60]
to try to understand the source of the discrepancies between
various transport model codes and thus eventually reduce the
uncertainties in transport models. For the issue of Pauli blocking,
the QMD-type transport models seem not to be as good as the
BUU-type models [59]; therefore the BUU-type transport models
are more suitable for the study of nuclear collective motions,
especially for the calculation of the spreading width, in which the
accurate treatment of Pauli blocking is essential.

In order to study (near-)equilibrium nuclear dynamics within
the framework of transport models, a BUU-type transport model,
namely the lattice BUU (LBUU) method [55, 61], has recently
been developed, which can achieve good stability for the ground-
state evolution [61] and treat Pauli blocking with very high
accuracy [55]. The resulting LBUU framework has the following
features: (1) a smearing of the local density, which is commonly
used in transport models to obtain a smooth mean field, is
included self-consistently in the equations of motion through
the lattice Hamiltonian (LH) method; (2) the ground state of a
nucleus is obtained by varying the total energy with respect to
the nucleon density distribution based on the same Hamiltonian
that governs the system evolution; (3) the NN collision term
in the BUU equation is implemented through a full-ensemble
stochastic collision approach. The above features, as well as a
sufficiently large number of ensembles, make it possible to solve
the BUU equation almost exactly, and thus one can obtain very
accurate results for the nuclear collective motions within the
BUU equation. We note that the high accuracy of the LBUU
method relies on a large amount of computational resources;
therefore, high-performance GPU parallel computing [62] has
been employed in the LBUU implementation to improve the
computational efficiency.

This paper is organized as follows. In section 2, we first
introduce the LBUU method for solving the BUU equation,
including the mean field, the collision integral, and the
initialization for the nuclear ground state, and then describe
how to deal with the nuclear giant resonances within transport
models. In section 3, we present results on the peak energies of
the nuclear giant resonances obtained from lattice Hamiltonian
Vlasov (LHV) calculations, i.e., LBUU calculations without
the NN collision term, and then compare these with results
from the random-phase approximation (RPA). In section 4,
we give results on the strength function and the width of
the GDR from the full LBUU calculations, and compare these
with experimental data from the 2%8Pb(p,p’) reaction carried
out at the Research Center for Nuclear Physics (RCNP) in
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Osaka, Japan [63]. Finally we give a brief summary and outlook
in section 5.

2. MODEL DESCRIPTION

The starting point for calculating the nuclear collective motion
is the BUU equation with a momentum-dependent mean-field
potential U(7, p):

P + i - Vif + V3U(r,p) - Vif = ViU p) - Vif =L, (1)

where f (the Wigner function) is the Fourier transform of the
one-body density matrix p(7 +35/2,7 — 5/2), i.e.,

f@p) =

! p < 4 = - -
(rh)? /e’q’("% 'S)P(r+5/2,r—s/2)d3s. )

In the local density approximation, f(7,p) is reduced to
the classical one-body phase-space distribution function. The

collision term I, which takes into account the Pauli principle due
to nucleons’ Fermi statistics, reads

d’py  d’ps  dps

& | @rh)y Qxh)y Qrh)
84 p1+p2—p3 —pa) x (AL —£)0 —f) — fs(0—f)A—-H)],
(3)

I = [IMizosal?2)*

where g = 2 is the spin degeneracy factor and M, 34 is the in-
medium transition matrix element. Note that we have ignored the
isospin index in the above three equations, but it can be restored
easily. The BUU equation without the collision term I is referred
to as the Vlasov equation, which is the semi-classical limit of
the quantum transport theory with the system described by the
one-body phase-space distribution function [1, 2], whereas the
quantum corrections can be included perturbatively [64, 65].

We use the LH method, originally proposed by Lenk and
Pandharipande [66] in 1989, to solve the BUU equation. The
LH method has been successfully employed in the study of HICs
[67, 68]. It improves the sample smoothing technique of the usual
test particle approach [69] and conserves the total energy almost
exactly. In the LH method, the phase-space distribution function
f: (7, p, 1) is mimicked by A x N test nucleons with a form factor
S in the coordinate space to modify the relation between the test
nucleons and the Wigner function, i.e.,

3 ANE,‘L'

> S[E® —Fs[pio -], @)

i

N 1 (2mh)
T\l ,t = -
fe(7,p. 1) . No

where A is the mass number of the system and NE is the number
of ensembles or number of test particles, usually a very large
number, used in the calculation. The sum in the above expression
runs over all test nucleons with isospin 7. The form factor S
can take a Gaussian form, or a certain form with a finite range
that ensures the particle number conservation. By giving each
test nucleon a form factor, the movement of a test nucleon
leads to a continuous variation of the local nucleon density of

nearby lattice sites, which is useful for smoothing the nucleon
distribution functions in phase space. A similar form factor in
momentum space [here the §-function is used in Equation (4)]
could be introduced and might help to reduce fluctuations if
a momentum-dependent mean-field potential is employed, and
in the future it would be interesting to carry out a systematic
investigation of the effects of a form factor in momentum space.
The equations of motion of the test nucleons are governed by the
total Hamiltonian, and we approximate the latter by the lattice
Hamiltonian, i.e.,

H= f HE) dF ~ L)Ly " H(Fy) = Hy, (5)

where 7, denotes the coordinates of lattice site «, and I, ly, and
I, are the lattice spacings. Therefore, in the LH method only
the values of the phase-space distribution function at lattice sites
fr(F, P, t) need to be calculated.

By solving the BUU equation or Vlasov equation using
the LH method, one obtains the time evolution of f(7,p,t),
or the test nucleons’ coordinates 7; and momenta p;, and
then the time evolution of other physical quantities can be
calculated accordingly.

2.1. Mean Fields

We employ the Skyrme pseudopotential to calculate the lattice
Hamiltonian in Equation (5). The next-to-next-to-next leading
order (N3LO) Skyrme pseudopotential [70], which is a mapping
of the N3LO local energy density functional [71], generalizes
the standard Skyrme interaction [72] and can reproduce the
empirical nuclear optical potential up to about 1 GeV in kinetic
energy [73], which the standard Skyrme interactions fail to
describe. The Hamiltonian density from the N3LO Skyrme
pseudopotential contains the kinetic term #5"(7), the local term
H'°¢(7), the momentum-dependent term HMP(7), the density-
dependent term #PP(7), and the gradient term #8%?4(7). The
kinetic term

. 2
g = 3 [ap LG ©
T=n,p T

and the local term

HlOC(?) — %)[(2 +.x()))02 — (2xo + 1) Z 1012’] (7)

T=n,p

are the same as those from the standard Skyrme interaction. The
momentum-dependent term is written in the form

HMD Gy — / Fpdp K. G PG F)

+ > / Fpdp KK,3, 5 G D) FF),  (8)

T=n,p

with f(7,p) = fu(F,p) + f,(7.p). The quantities K(p,p’) and
KCy(p, p') in Equation (8) represent the isoscalar and isovector
kernels of the momentum-dependent part of the mean-field
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potential, respectively; Ks(p,p’) and Ky(p,p') for the N3LO
Skyrme pseudopotential are expressed as

oo C[Z] 2 C[4 4 6
K no_ -4 >/ ,
s(p.p) = 6h2 P+ ”2 ) +16h2(p p)
)
i) = 2G5+ 2 G-yt 2 G gy
VPP = e P st 16h2 PP
(10)

If we keep only the CP?l and DP! terms, the N3LO Skyrme
pseudopotential reduces to the standard Skyrme effective
interaction. For the sake of simplicity in performing numerical
derivatives, we truncate at the second order of the spatial gradient
of p(7),

HEG) = B 0V ) — [V}

+ 3 S 0@V ) - [V O |

T=n,p

1 - " =
= 82 {p® V2@ - [Vo ()|

1 - - -2
+ G| m@Vie® - [Vo®]')  ap
In the second line we have introduced gl = E@! + %F[Z],
gl[szg = %F[Z], and ps = pn — pp. We neglect the second term

in Equation (11) since it is much smaller than the first term; in
other words, we keep only the second-order spatial derivative of
the total nucleon density p(7). The density-dependent term for
the N3LO Skyrme pseudopotential takes its form in the standard
Skyrme interaction,

HPP (@) = 2% [(2 +x3)p? — s+ 1) Y pf}p“ (12)

T=n,p

One can see that the Hamiltonian density H(7), expressed as the

sum of Equations (6)-(8), (11), and (12), is explicitly dependent

on f; (7, p) as well as on the densities p, (7) and their derivatives.
In the above expressions, the parameters CI"J, DI, EI"] and

Fll are recombinations of the Skyrme parameters £."), "), x"!

and xz I which are related to the derivative terms of the Skyrme
two-body potential vg (71, 72), i.e.,

clnl _ t[n] @+ xgn]) n t[n] @+ [n])’ (13)

DI =~ 1y A a1, (14)

Bl — ;;[t[”] e+ - dle+ 4], (15)

Pl = D [Pedt 1+ dled + 0] ae
Specifically, we obtain the coeflicient of the gradient term,

g2 =g 4 %F[Z] = —é[ﬂz] 25 + 4x[2])]. (17)

Substituting f(?,f), t) as expressed in Equation (4) into
Equations (6)-(12) and noting that the local nucleon density
p:(7) is given by the integral of f;(7,p,t) with respect to
momentum,

o,T

- 1 = =
pet) =g [ FiGpt) b (2 L5 = N Ll -7

we can express the lattice Hamiltonian Hj in Equation (5) in
terms of the coordinates and momenta of the test nucleons. Since
the coordinates and momenta of the test nucleons 7 and p; can
be regarded as the canonical variables of the lattice Hamiltonian,
their time evolution is then governed by the Hamilton equation
for all ensembles,

dri . 9HL [FL(), - . Faseg (8); P1(E)s .. s Pasvs (1)]
ar 3;7,'
pi(t dHMDP
= PO N 3 e (19)
m aeV; pl
dp; AHL[F1(D)s . > Faxng (8); Pr(B)s - - > Pasve ()]
dt ar;
= —NgLll,
p loc Cou DD
O(HY + H + Hy )
) Z { Z |: 0pr
aeV; T o
IHE™ V0pra  IHMP
-1V — « . 20
+§( ) p} 5 T or } (20)

In the above two equations, the subscript « refers to values at
lattice site @. The V; under the summation sign represents the
volume that the form factor of the ith test nucleon covers, and the
sums run over all lattice sites inside V;. The Coulomb interaction
contributes to the Hamiltonian density through the term

Couy) = ! ﬂ , 373pp(Fa) 71/
H(Ty) = e Pp( ){ 77 dr 4[ - ]
~ 2o, (7)) = pp(ra’)lxlylz B 3 3pp('r’a) 1/3
ePp(ra):zag [Fo — Tl 4[ p ] >

1)

where the second term represents the contribution from the
Coulomb exchange energy. Further tests show that the Coulomb
energy H°%(7, ) converges at the lattice spacing of I, = =1 =
0.5 fm used in the present LBUU simulations. The gradient term

ngad in Equation (20) is obtained by considering

rad = & angadG) .
angad(’,) ngad(’,) 2, s
4-78V T()(SV T()+7fo(_r’) pf(r)—l—---]dr
grad
_ Z / Z el i Er; P ) P, (22)
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where we have integrated by parts to obtain the second line. The
spatial derivative of p; o in Equation (20) is related to the spatial
derivative of S through

S e -
9 9 2 oL dS({i—m), =1,

e Y S =] 1 (23)
or; or; Hev, 0, T # T.

Substituting the f; (?,‘TJ) from Equation (4) into Equation (8),
we obtain the momentum-dependent parts of the equation of
motion for the test nucleons, and these are expressed in terms
of the sums over the test nucleons as

BHMD(?O[) 8S[rl(t) — Ty
o7 o7
x { 3 S[5(0) — FulKu[5i(0.31(0)]
j€Va
=T
D BEUIORE IS I8 10| NEEY
j€Va
IHMP (7y) - -
BT 28[Fit) — 7o |
[ pi(t), pi(t
x { 3 S[H) - ;“]M
j€Va Ppi
Tj:‘[i a]CV _'i t )_.‘ t
+ 2 S[H®) _?a][;;a;;),()]}. (25)
jeVy i

Using Equations (19)-(25), one can evaluate the time evolution of
the coordinates 7;(¥) and momenta p;(t) of the test nucleons, and
then obtain f (?,f), t) from Equation (4), based on which physical
observables can be calculated.

The choice of the form factor S(7; — 7) should ensure particle
number conservation,

- 1 .-
> pGaldyl, = N DO SGE—Fa) . =A.  (26)
o a i
In the present LBUU framework, we use a triangular form
S 1
S(ri —71) = Wg(Ax)g(Ay)g(Az),
nl nl
g@ = (5 —1a)o(5 —al). 27)

where 0 is the Heaviside function and n is an integer that
determines the range of S. Generally speaking, calculations
on lattices violate momentum conservation since they break
Galilean invariance. Early studies have shown that the total
momentum can be conserved to a high degree of accuracy if
n > 4[66].

It should be mentioned that compared with the conventional
test particle method, in which the equations of motion for the
test nucleons are derived from single-particle Hamiltonians, the
equations of motion for the test nucleons in the LH method,

Equations (19) and (20), are derived from the total Hamiltonian
of the system. In the former approach it is difficult to conserve
energy exactly [2, 66], while the latter approach can ensure exact
energy conservation in the dynamic process [66].

2.2. Collision Integral

In the present LBUU method, the stochastic collision method
[74], instead of the commonly used geometric method, is
implemented for the NN collision term in the BUU equation.
In the stochastic collision approach, the collision probability of
two test nucleons can be derived directly from the NN collision
term, I in Equation (3), as follows. Considering nucleons around
lattice site 7y, from two momentum space volume elements V5, =
pr £ 1A% and V3, = p, + JA%p,, one can average over
momentum space volume V3, to obtain the distribution function
f(*u, pi) according to Equation (4):

pieVs.
LG ng S(7j — 7o)
> i —Tq).
ASPi gNE - J o

f(Gaspi) = (28)

The number of collisions between nucleons from these two
momentum space volumes that happen in a time interval At is

coll

Lelyl At

A3py ’df(rompl)
(2mh)3 dt

A3py | df (Fo, p2) ol
= 8 ‘7‘1 L L AL,

AN F B1P2) = g

(29)

The quantities |df Fep1) |coll and |df (:‘;t’P 2) |IC3(:H are the changing

rates of f(7q, pl) and f (ra, pz), respectively, caused by two-body
scatterings between the nucleons in V3 and V},. These terms can
be obtained directly from Equation (3), i.e., the NN collision term
in the BUU equation, as

coll A3 p
Z)z (27'[ h)3

#ps dpy o
/ @rhy rhy M O

‘ df(?wf)l)
dt

f rOtapl f(rot)PZ)

8*(p1 +p2 — p3 — pa)
%,

2mh (30)

:g )3f ra;pl f(ronpz)vrelUNN,

where we have substituted in the definition of the cross-section,

% Pps dpy 4
UNN - Vrel f (2rh)? (2mh)? |M12—>34| (277)

84(p1 + p2 — p3 — pa) (31)

with v being the relative velocity of the test nucleons in the
two momentum space volumes and oy the scattering cross-
section in the two-nuclei center-of-mass frame. Here, we obtain
the in-medium NN cross-section o by multiplying the free
NN cross-section ofree by a medium-correction factor. The
NN elastic scattering cross-section in free space, o<, is taken

from the parameterization in reference [75] with a cutoff of
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free

ong Prab < 0.1 GeV/e) = ogﬁf(plab = 0.1 GeV/c¢) for
neutron-neutron (nn) or proton-proton (pp) scatterings and a
cutoff of alfflff(p]ab < 0.05 GeV/c) = alfff\f(plab = 0.05 GeV/¢)
for neutron-proton (np) scatterings, since the parameterization
is shown to be valid for nucleon momentum pp;, down to
the corresponding cutoff [75]. We note that the pp cutoff
actually corresponds to only a few MeV of incident kinetic
energy (i.e., 1.3 MeV for pj, = 0.05 GeV/c and 5.3 MeV for
Plab = 0.1 GeV/¢), and these very low-energy scatterings are not
important in the present transport model calculations. Since this
parameterization of oy is given in the two-nucleon center-of-
mass frame, its value in the two-nuclei center-of-mass frame can
be obtained through the Lorentz invariant quantity E1 Ey vy oy
From Equations (28)-(30) one obtains

I;fevﬁl
Pi€Vp,
n- = = 1
AN (rol)ppr) = Z ANZ(':]O
ij

Eievﬁl
ijVlgz
= 2 7 Vet SGi = T)SG — Tl lzAL - (32)
ij E

where ANl?O11 denotes the number of physical collisions from the
scattering of the ith and jth test nucleons. Given that every test
nucleon is 1/Ng of a physical nucleon, one obtains the collision
probability of the ith and jth test nucleons as

coll
AN i

Pi = /e (33)

= Vrelo'liﬁINS(?i - ?Q)S(?j — ?a)lxlylel'.

One can reduce statistical fluctuations of the collision events
by allowing collisions of test nucleons that come from different
ensembles. In this case the collision probability is reduced, P;; —
P;j/Ng, via the scaling ofy — oy /Ne. In our case, the NN
scattering probabilities are very small within one time step, so
instead of evaluating the probabilities of all possible collisions
of test nucleons, we randomly divide the test nucleons that
are available for scattering around the lattice site o into many
pairs for scattering, and amplify the corresponding scattering
probabilities accordingly, which is a common practice when one
allows the scattering of test nucleons from different ensembles
[74, 76]. The amplified scattering probabilities are given by

P;=p; NalNa — 1)/2 (IX;‘, /21)/ 2, (34)
o
where N, is the number of test nucleons that contribute to
lattice site 7, and N, is the number of test nucleons available
for scattering. Since we choose a finite-range form factor for
coordinates in the LBUU framework, one test nucleon can be
involved in different collision events at different lattice sites.
Those test nucleons that have already collided at another lattice
site are excluded from the scattering at the present lattice site,
so N/, is not necessarily equal to N,. The time step At needs to
be sufficiently small to pin down the effect of such an exclusion

by suppressing the chance of multi-scattering attempts, as well as
to keep ng less than unity. In the present LBUU framework, we
choose At = 0.2 fm/c for the full LBUU calculations and At =
0.4 fm/c for the Vlasov calculations (i.e., the LBUU calculations
without the NN scatterings).

To verify the accuracy of the stochastic collision treatment
within the present LBUU framework, we simulate collisions of
nucleons confined in a cubic box of volume V = 10 x 10 x
10 fm’ with periodic boundary conditions. In this simulation, we
ignore the nuclear mean-field potential and the quantum nature
of nucleons. Initially, 80 neutrons and 80 protons are uniformly
distributed over the box, corresponding to a nucleon density of
p = 0.16 fm’. Their momenta are generated according to the
relativistic Boltzmann distribution,

\/mTTp} | -

P(p)  p* exp|:
where m = 939 MeV is the free nucleon mass. Here, the
temperature T is taken to be 14.24 MeV so that the system
has the same kinetic energy density as the zero-temperature
isospin-symmetric Fermi gas of nucleons.

Using the NN elastic scattering cross-section in free space
[75], we simulate the time evolution of this system up to 1 fm/c
with a time step of 0.2 fm/c and Ng = 1,000. It is constructive
to see the collision rate as a function of the center-of-mass
energy +/s of the colliding nucleon pair. The /s distributions
of the collision rates for np and for nn plus pp are plotted as
red circles in the left and right panels of Figure 1, respectively.
Theoretically, considering two species of particles following
relativistic Boltzmann distributions, the /s distributions of their
collision rates can be derived as

dNeow 1 NiNjs(s — 4m*)Ki(s'/?/T)o (s'/?)
dtds'!/2  1+8; V 4m* TgK3(m/T)

,» (36)

where K}, is the nth order modified Bessel function, N; (N;) is the
number of particles i () in the volume V, and o is their scattering
cross-section. The expected distributions are shown as black
solid lines in Figure 1 for comparison. It is seen that the LBUU
calculations are in excellent agreement with the expected results.
Given the quantum nature of nucleons, we handle Pauli
blocking in the LBUU method as follows. If the NN scattering
between the ith and jth test nucleons happens at the lattice site
74 according to Pjj or ng, the directions of their final momenta p;
and p4 are determined by the differential cross-section given in
reference [75], and then the Pauli blocking factor [1 —f (?a,f)3)] X
[1 — f(F4,p4)] is used to determine whether the collision is
blocked by the Pauli principle. The distribution function f; (74, p)
is calculated according to Equation (28). For the momentum
space volume A3f7i, we take a sphere with radius R‘I; (7’0,,‘77)
centered at p;. In typical BUU transport models, RY (fo, p) is a
constant of about a hundred MeV. For the calculation of small-
amplitude nuclear collective dynamics near the ground state, a
specifically proposed RI; (4, p) is more suitable [51], i.e.,

RE(Fy, p) = max[Ap, pE (7y) — 11, (37)
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FIGURE 1 | The /s distribution of (A) np and (B) nn + pp elastic
collision rates for the Boltzmann distribution at T = 14.24 MeV, with
80 neutrons and 80 protons in a cube of volume

V =10 x 10 x 10 fm3, for theoretical predictions (black solid line)
and LBUU calculations (red circles). In both calculations, we choose
free NN cross-sections as parameterized in reference [75].

where Ap is a constant that should be sufficiently small and
pf = h(32p;)!/? is the nucleon Fermi momentum.

2.3. Ground State Initialization and

Evolution Stability

In the present LBUU method, we obtain the ground state of
nuclei at zero temperature by varying the Hamiltonian with
respect to the nuclear radial density, which is sometimes called
Thomas-Fermi (TF) initialization [51, 66, 77, 78] in the one-body
transport model. We assume that for a ground-state nucleus at
zero temperature, its Wigner function satisfies

- = 2 - F =
fz(r,p) = WQ[W —Pf(r)]> (38)
where pf (7) is the local Fermi momentum given by
PE® = n[3r 0. (0] (39)

It should be noted that, in principle, with the inclusion of
NN scatterings, which goes beyond mean-field correlations, the
nucleon momentum distribution in the ground state may differ
slightly from the zero-temperature Fermi distribution. If we
assume for simplicity that the nucleus is spherical, the total
energy of a ground-state nucleus at zero temperature can be
regarded as a functional of the radial density p.(r) and its
spatial gradients,

E= /H[r,p,(r),Vp,(r),Vzpf(r),...]dr. (40)
The neutron (proton) radial density in a ground-state nucleus
can be obtained, by varying the total energy with respect to
pr(r) [note that for protons the contribution from the Coulomb
interaction in Equation (21) should also be included in the
Hamiltonian density], as

Pl M) + U {pE[oe D] 7} = ies (41)

1
7l

where p4; is the chemical potential of a proton or neutron inside
the nucleus, with value determined by the given proton number
Z or neutron number N. The quantity U, { pf [p,(r)],r} refers
to the single nucleon potential of the nucleon with local Fermi
momentum. The single nucleon potential is derived by varying
the Hamiltonian density in Equations (6)-(12) with respect to
the phase-space distribution function and density gradients, and
its detailed expression for the N3LO Skyrme pseudopotential is
given in reference [73]. The physical significance of Equation (41)
is very intuitive: in a classical picture, in a ground-state nucleus at
zero temperature, the nucleons in the Fermi surface at different
radial positions have the same chemical potential. The local
density p;(7) for a ground-state spherical nucleus is obtained
by solving Equation (41) subject to the following boundary
conditions on the total local density o(r) = pu(r) + pp(r):

dp(r) _ dp(r)
or |,— ar

=0. (42)

r=rg

Here, rp is the boundary of the nucleus and it satisfies p(rg) = 0.

In the present LBUU framework, the initial coordinates
of test nucleons are generated according to the obtained
pr(7), while their initial momenta are generated from a zero-
temperature Fermi distribution with the Fermi momentum
given in Equation (39). Owing to the presence of the form
factor S(r —7') introduced in Equation (4), the density is
smeared slightly in the LBUU calculations compared with
the realistic local density. Thus the initial ground-state radial
density distribution is slightly different from the solution of
Equation (41). Unlike the Gaussian wave packet that is used to
mimic the Wigner function in QMD model [57], the form factor
S(7 — 7’) does not have any physical meaning; it can be regarded
as a numerical technique introduced in the test-particle approach
so that one can obtain well-defined densities and mean fields. As
shown in the following, an additional gradient term in the local
density can compensate for the effects caused by the smearing of
the local density due to the form factor. In this subsection, we
will denote by p(7) the local density in the LBUU calculation and
by p(7) the realistic local density. The local density p(7) can be
regarded as a convolution of the realistic local density with the
form factor,

o7 = / p(FSGE —7") dr. (43)
To express p(7) in terms of 5(7), we have formally
o) = [ 56576 - P
1
_ / [ v - s -y
= n!
~ p(F) + V2 5(7), (44)

where we have truncated at next-to-leading order [the V5(7)
term vanishes because of the symmetry of the integral] and
S™I(#¥ — 7') is the inverse of S(+ — 7'), which satisfies

/5(7—7”)5—1(7” - & =sF -7). (45)
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The parameter ¢, defined by
L., . < =
cz/i(r/—r)zS_l(r/—r)tf , (46)

is a small constant that depends only on the form of S. In the
LBUU framework, to obtain p(7) by direct correction of 5(¥)
is not feasible since numerically the density in Equation (44) is
not always positive. If we substitute Equation (44) into the total
Hamiltonian, with several necessary approximations, we obtain
an additional term that is proportional to ¢5(7)V25(¥). This term
leads to an additional gradient term E[?/V2 in the equations of
motion (20). Therefore, in practice we can add the extra gradient
terms E2'V25 to the equations of motion, to compensate for
the smearing of density due to the form factor. In principle,
the parameter E[?! should contain higher-order effects, so we
adjust it to roughly obtain the ground-state root-mean-square
(rms) radius evolution with the smallest oscillation, since the rms
radius in the exact ground state should not change with time.
Normally E?! is a small parameter, around 15 MeV for various
(N3LO) Skyrme parameter sets. It should be mentioned that this
correction of the density gradient term improves the stability
of the ground-state evolution (rms radius and radial density
profile) only slightly, and does not lead to much difference in
the results for collective motions. In ideal cases with Ng — oo
and Iy, ly,I; — 0, the local density in the LBUU calculation will
approach the physical local density, and E!?! will become zero.
Since all the LBUU calculations are based on 5(7), we do not
distinguish between 5(7) and p(7), and p(7) should be interpreted
as p(7) in the rest of the article.

We first examine the ground-state evolution stability of the
LHYV calculation, i.e., the LBUU calculation without the collision
term, since in principle all NN scatterings should be blocked in
the ground state. We show in Figure 2 the time evolution of the
radial density profile from the LHV calculation for the nucleus
208Pb in ground state up to 1,000 fm/c, obtained with N =
10,000 and a time step of At = 0.4 fm/c by using the N3LO
Skyrme pseudopotential SP6m. We notice from Figure 2 that the
profile of the radial density exhibits only very small variations
with time, which indicates the success of the above initialization
method. It also shows that the smearing of the local density
caused by the inclusion of the form factor S does not affect the
dynamic evolution significantly. Such features indicate that the
present LBUU method of solving the BUU equation can be used
to study long-time nuclear processes, such as nuclear spallation
and heavy-ion fusion reactions.

Apart from the radial density profile, other properties of the
ground-state evolution stability are also examined. In Figure 3
we present the time evolution of the rms radius, the fraction
of bound nucleons, and the binding energy of the LHV
calculation (i.e., the LBUU calculation without NN scatterings).
The calculations are performed with time step At = 0.4 fm/cand
with Ng = 5,000 and 10, 000. The test nucleons for which the
form factor does not overlap with that of others are considered
free test nucleons, and they are excluded when calculating the
fraction of bound nucleons and the rms radius. We notice from
Figure 3A that although in the Ng = 5,000 case the rms radius

0.25 T T T T T
28pp ground state with SP6m

~ 02 N = 10000 t = 200 fn/c 7
' t = 400 fm/c
“ t = 600 fm/c 1
. t = 800 fm/c
CHE t = 1000 fm/c ]
a

0.05 .

0. 00 - L

0 2 4 6 8 10 12

r (fm)

FIGURE 2 | Time evolution of the radial density profile of the ground state of
208ph based on the LHV calculation (i.e., the LBUU calculation without NN
scatterings) with the N3LO Skyrme pseudopotential SP6m up to 1,000 fm/c.
Reproduced from reference [61] with permission from the American Physical

Society.

starts to decrease after about 800 fm/c, the LHV calculation gives
a fairly stable time evolution of the rms radius. The observed
decrease is due to the evaporation of test nucleons from the
bound nuclei, which is illustrated in Figure 3B. Such evaporation
of test nucleons is inevitable in transport model calculations
because of the limited precision of the numerical realization, but
it can be suppressed by increasing Ng, as seen in Figure 3B,
though the result with Eg = 5,000 is already satisfactory
[61]. As Figure 3C shows, the LH method ensures the energy
conservation to a very high degree. The difference between the
cases of Ng = 5,000 and Ng = 10,000 is mainly due to the
numerical precision of the gradient term in the Hamiltonian.
It is seen from Figure 3 that the present LBUU framework can
give a fairly stable ground-state time evolution. Owing to the
high efficiency of GPU parallel computing, it becomes possible to
include more ensembles or test particles in the LBUU calculation.
As one will see in the following, to obtain the correct GDR
width, as many as 30,000 ensembles are needed in the full LBUU
calculation with NN scatterings.

For the stability of the ground-state evolution in the full LBUU
calculation, we note that for Ulffﬁf with Ng = 30,000, the rms
radius and the ground-state energy of 2% Pb vary <3.6% (0.2 fm)
and 3.2% (50 MeV), respectively, during the time evolution of 0-
500 fm/c [55]. The stability of the rms radius in the full LBUU
calculation is not as good as in the LHV case, and this may
be due to the fact that with the inclusion of NN scatterings,
i.e,, beyond mean-field correlations, the nucleon momentum
distribution in the ground state may differ slightly from the zero-
temperature Fermi distribution. Apart from this, although the
LH method can conserve the energy almost exactly for the mean-
field evolution without NN collisions, the non-perfect energy
conservation in the LBUU calculation could be caused by the NN
scattering processes, which usually violate energy conservation
when the momentum-dependent mean-field potentials are used.
Both problems require further investigation of transport model
calculations in the future.

Frontiers in Physics | www.frontiersin.org

October 2020 | Volume 8 | Article 330


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang et al.

Nuclear Collective Dynamics in Transport Model

5.8 T .

5.7 & Ground state evolution of
56F

208pp with SP6m 1

55F
54+

rms radius
(fm)

5.3 t t
1.00

0.98F
0.96
094

Fraction of
bound nucloens

-1.54 t t
-1.56
-1.58 £

o~

B
GeV

-1.60 F
-1.62+

=

-1.64 x
0 400

FIGURE 3 | Time evolution of (A) rms radius, (B) fraction of bound nucleons, and (C) binding energy of the 2°Pb ground state from the LHV calculation (i.e., the
LBUU calculation without NN scatterings) with the N3LO Skyrme pseudopotential SP6m up to 1,000 fm/c. Calculations are performed with a time step of
At = 0.4 fm/c and with Ng = 5,000 and 10, 000. Reproduced from reference [61] with permission from the American Physical Society.

660
t (fm/c)

2.4. Nuclear Giant Resonances Within

Transport Models

We consider a small excitation of the Hamiltonian,
Hex(t) = 1.Q8(t — to), (47)

where Q is the excitation operator for a given mode and A is

the initial excitation parameter, which is assumed to be small.

In linear response theory [79], the response of the excitation
operator Q as a function of time is given by

A{Q)(t) = (0'|QI0')(t) — (01Q0)(t)
226(¢) A . (Ep — Ep)t
== ; |<F|Q|0)|2smT,

(48)

where |0) is the unperturbed nuclear ground state with energy
Ep, |0’) is the nuclear state after the perturbation, and |F) is the
energy eigenstate of the excited nucleus with eigen-energy Ep.
The strength function, which is defined as

S(E) =Y _ [(FIQI0)|* 8(E — E + Eo), (49)
F

can be expressed as a Fourier integral of A(Q)(t) in
Equation (48):

S(E) = _ L /oo dt AQ)(1) sinZ, (50)
TA 0 h

By evaluating the time evolution of A(Q)(t) within the transport
model, we can obtain the strength function and, subsequently,
other quantities, such as the peak energy, width, and energy-
weighted sum rules. The time evolution of A(Q)(f) can be
expressed in terms of the Wigner function f(7, p) as follows.

If we assume that Q is a one-body operator, then it can be
written as the sum of single-particle operators g acting on each
nucleon, Q = Zf‘ g, and the expectation value of Q for a given
state is evaluated as

(@) = (@Q1®) = /<<1>|?1 ) Gy QIR T

# ) 1y Py B - AP, (51)
where we have added two identity operators. Considering the

definition of the one-body density matrix,
pG17) =4 [ G T IO @R T PP,

and combining it with the one-body operator condition
Q= Z? g, we can rewrite Equation (51) as

@ = [ oGP . (52)
The density matrix can be expressed in coordinate space as the
inverse Fourier transform of f(7, p),

o(7- %,?Jr %) — / P exp(i‘%?) £ (53)
In the above equation we have changed the integration variables:

71 =74 5 and 7| =7 — 5. We define the Wigner transform of g
in coordinate space,

E/exp(—i‘% ~§)q<7+ ;7— ;)d%, (54)

where q(7 + %,? - %) = (F+ %I?gl? - %) represents the matrix

element of g in coordinate space. By substituting Equation (53)

=

q(#,p

Frontiers in Physics | www.frontiersin.org

150

October 2020 | Volume 8 | Article 330


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang et al.

Nuclear Collective Dynamics in Transport Model

and the inverse transform of Equation (54) into Equation (52),
the expectation of Q can be written in the form

Q= /f(iﬁ)q('r’,ﬁ) &Erdp, (55)

A~

which means that the time evolution of (Q) can be calculated
through the time evolution of f(7, p).

In the transport model, different external excitations
1Q8(t — ty) can be generated by changing the positions and
momenta of the test nucleons as follows [47]:

L aq(ripi) - . aq(i, pi)
ri—>ri+)»7qaﬁip , Pi—>Pi—A7q87ip . (56)

The detailed forms of g(#;, p;) for different collective modes and
their corresponding initializations in the transport model will be
given later.

3. LATTICE HAMILTONIAN VLASOV
CALCULATIONS

In this section we compare the peak energy of nuclear giant
resonances obtained from LBUU calculations without the NN
scatterings, i.e., LHV calculations, with that obtained from the
RPA, since the 2p-2h correlation is absent in both cases. Both
the isoscalar monopole and isovector dipole modes of 2®Pb
are examined.

3.1. Isoscalar Monopole Mode

Since the isoscalar giant monopole resonance (ISGMR) provides
information about the nuclear matter incompressibility [80-85],
which is a fundamental quantity that characterizes the EOS of
symmetric nuclear matter, it is interesting to study the ISGMR
within the transport model to make a cross-check with the
incompressibility extracted from the HICs.

From the point of view of the one-body transport model,
the isoscalar monopole mode is regarded as a compressional
breathing of the nuclear fluid. The excitation operator Qs for
the isoscalar monopole mode and its one-body operator gism take
the forms

2

X.

=>

A
R 1S, .
Qism = 7 Xl: 5, qisM = (57)

From Equation (54) we obtain the Wigner transform of gisy as

=1
)

qusm (7, p) = (58)

X.
According to Equation (56), we can generate in the transport
model the initial isoscalar monopole excitation by changing the
initial phase-space information of test nucleons with respect to
that of the ground state:

7

Z)i e Z),’ — 21—,

" (59)
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FIGURE 4 | Time evolution of A(Qisu) of 2°2Pb after a perturbation by

Hex(t) = ACA?\SMS(Z‘ — to) with & = 100 MeV - fm~" /¢ in the LHV calculations. The
results correspond to three N3LO Skyrme pseudopotentials, SP6s, SP6m,
and SP6h, and one conventional Skyrme interaction MSL1. Reproduced from
reference [61] with permission from the American Physical Society.

The spatial coordinates of the test nucleons remain unchanged
since grsM in Equation (58) is independent of momentum. Note
that the rms radius of a nucleus, shown in Figure 3, is given by
the square root of the expectation value of Qrsy.

We show in Figure 4 the time evolution of A(QISM), ie.,
the difference between the expectation values of (QISM) for the
excited state and the ground state from the LHV calculations.
The results are from one conventional Skyrme interaction MSL1
and three N3LO Skyrme pseudopotentials, SP6s, SP6m, and
SP6h. In the calculation, we set the number of ensembles Ng
to 5,000, and the initial excitation parameter A is taken to
be 100 MeV - fm™!/c. One sees from the figure that the time
evolution of A(QISM), or equivalently the rms radius, displays
a very regular oscillation, and the rapid increase of the radius
with time that is generally seen in most BUU calculations using
the conventional test particle method does not show up here.
Besides that, since the only damping mechanism in the LHV
calculation is Landau damping, the amplitude of the oscillation
only decreases slightly. Landau damping is caused by one-
body dissipation, which is governed by a coupling of single-
particle and collective motions. It should be mentioned that in
the RPA framework, the damping also comes only from one-
body dissipation, since the coupling to more complex states,
such as 2p-2h states, is missing in RPA [86]. We obtain the
peak energy of the giant monopole resonance through Fourier
transform of the time evolution of A(Qrsy) shown in Figure 4.
The obtained peak energy is 13.8 MeV for SP6s, 13.6 MeV for
SP6m, 13.9 MeV for SP6h, and 13.5 MeV for MSL1. In order
to compare the result from the LHV calculation with that from
RPA, we calculate the strength function of the giant monopole
resonance using the Skyrme-RPA code of Colo et al. [87] with
the MSL1 interaction. The obtained peak energy of 14.1 MeV is
comparable to that from the LHV calculation with MSLI, and
the small discrepancy may reflect the difference between their
semi-classical and quantum natures.

3.2. Isovector Dipole Mode
The isovector giant dipole resonance (IVGDR) of finite nuclei
is the earliest observed nuclear collective excitation. Systematic
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FIGURE 5 | Same as Figure 4 but for the isovector dipole mode with
A = 25 MeV/c. Reproduced from reference [61] with permission from the
American Physical Society.

experimental investigation of the IVGDR with photon-nuclear
reactions was conducted decades ago [88]. Recent precise
measurements of the isovector dipole response have been
performed at the RCNP for *8Ca [89], 2°Sn [90], and 2%8Pb
[63] with inelastic proton scattering, as well as at GSI for 08N
[91] by using Coulomb excitation in inverse kinematics. Recently,
a low-lying mode called pygmy dipole resonance (PDR) has
been observed experimentally [92-95], and this effect has already
been studied based on the Vlasov equation [47]. The IVGDR
[54, 96, 97], PDR [98, 99], and electric dipole polarizability ap
[100-103], which are dominated by these isovector dipole modes,
provide sensitive probes to constrain the density dependence of
the nuclear symmetry energy.

For the isovector dipole mode, the external perturbation can
be written in the form

N, Zo
Qvp = Zzi 2 Zzz‘- (60)
1 1

The coefficients in front of the single-particle position operator
are chosen so as to keep the center of mass of the nucleus at
rest. According to Equation (56), in transport models the excited
nucleus can be obtained by changing the initial phase-space
coordinates of test nucleons:

for protons,

_\ N
e — {Pz A (61)

pz+ k% for neutrons.

We show in Figure5 the time evolution of A(QIVD) for
208ph with the interactions SP6s, SP6m, SP6h, and MSLI1 of
the LHV calculations. The number of ensembles Ng and the
initial excitation parameter A are set to 5,000 and 25 MeV/c,
respectively. Based on the time evolution of A(QIVD) shown
in Figure 5, the obtained peak energies for SP6s, SP6m, SP6h,
and MSL1 are 13.4 MeV, 13.5 MeV, 13.7 MeV, and 13.1 MeV,
respectively. The peak energy of MSL1 from the RPA calculation
is 13.3 MeV, which is comparable to that obtained from the
LBUU calculation without the NN collision term.

4. SPREADING WIDTH OF THE GIANT
DIPOLE RESONANCE AND COLLISIONAL
DAMPING

It is generally thought that in low-energy HICs with incident
energies of only a few MeV/nucleon, the NN scatterings can
be safely neglected since they are mostly blocked by the
Pauli principle. However, when it comes to the width of the
GDR, the collisional damping caused by NN scatterings is
an essential mechanism for enhancing the insufficient GDR
width obtained through the pure Vlasov calculation [55].
Nevertheless, to properly implement the damping mechanism
caused by NN scatterings in transport models requires a rather
accurate treatment of the Pauli blocking, which is a challenge
in transport model calculations. The main difficulty lies in
accurately calculating local momentum distributions f; (74, p) in
transport models. Inaccuracy of f; (4, p) negatively affects the
accuracy of the Pauli blocking and leads to spurious collisions,
which enhance the collisional damping and thus overestimate the
width of nuclear giant resonances. There are three main origins of
the inaccuracy of the calculated f; (?a,f)) and hence the spurious
collisions in transport models:

(1) fluctuations in calculating f; (74, p) through Equation (28)
caused by too-small Ng;

(2) a spurious temperature caused by a finite Ap in calculating
fr (o, p) (also see reference [51]);

(3) the finite lattice spacing [ causing diffusion in local
momentum space due to the averaging of different local
lattice densities in the nuclear surface region.

In order to obtain the spreading width with high accuracy from
the BUU equation, one should choose a large Ng together with
sufficiently small and Ap. After a careful test, it is found [55] that
to get a convergent GDR width, I should be smaller than 0.5 fm,
Ap smaller than 0.05 GeV, and Ng larger than 30, 000. Further
reducing Ap and [ or increasing Ng leads to only a negligible
decrease of the calculated GDR width. Therefore, in the following
full LBUU calculations of the GDR width, we take [ = 0.5 fm,
Ap = 0.05 GeV, and Ng = 30, 000.

The collisional damping or NN scattering can have a
significant effect on the width of nuclear giant resonances.
Figure 6 shows the time evolution of the isovector dipole
response A(Qiyp) of 2°8Pb and its strength function obtained
from the LHV calculation and the full LBUU calculation with the
free NN elastic scattering cross-section [55]. In both cases, the
N3LO Skyrme pseudopotential SP6h is adopted, and the same
initial excitation with A = 15 MeV/c is employed (we note
that varying A by 2/3 leads to almost the same value of the
GDR width). The dotted line in the left panel of Figure 6 is the
time evolution of the expectation value (OléwD |0) in the ground
state of 28Pb as obtained from the LBUU calculation with the
free-space NN cross-section. The expectation value (0|Qrvp|0)
in the ground state of 2%8Pb is negligible compared with that
in the GDR cases with and without NN scatterings. It is seen
that including NN scatterings significantly increases the damping
of the oscillations and leads to a much larger width. From the
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FIGURE 6 | Time evolution of A(Qup) (left) and its strength function (right) for 2°8Pb after a perturbation Hex = AQupd(t — to) with A = 15 MeV/c obtained from the
LHV (Vlasov) calculation and the LBUU calculation with the free NN cross-section o,ﬁ[ﬁf. The dotted line in the left panel is the expectation value of Qup in the ground
state from the LBUU calculation with o%°. Reproduced from reference [55] under the Creative Commons CCBY license.
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FIGURE 7 | Strength function of the GDR in ?%®Pb after a perturbation

/:/ex = AQVDS(t — to) with 2 = 15 MeV/c obtained from the LBUU calculation
using the FU4FP6 parameterization [107] for the in-medium NN scattering
cross-section. The strength function measured in the RCNP experiment [63] is
also shown for comparison.

strength functions, the obtained GDR width of 2%®Pb is 1.5 MeV
in the Vlasov calculation and 6.5 MeV in the LBUU calculation
with NN scatterings. We also notice from the right panel of
Figure 6 that the peak shifts to a higher energy when the NN
scatterings are included. The impact that the NN scatterings have
on the width indicates that they may also affect some particular
observables in low-energy HICs, such as the nuclear stopping of
HICs in the Fermi energy region, which merit further study.
Recent experiments performed at the RCNP on the
208pb(p,p’) reaction [63] have measured the GDR width of
208pb accurately, giving a value of 4.0 MeV. Therefore, the
LBUU calculation with the free NN elastic cross-section (which
predicts a GDR width of 6.5 MeV) significantly overestimates
the GDR width of 2%8Pb. It is well-known that the NN elastic

cross-section is suppressed in the nuclear medium, so the
overestimation of the GDR width with oI is understandable
since the medium effects on the NN elastic cross-section will
weaken the collisional damping and thus result in smaller GDR
width. As shown in reference [55], in order to reproduce the
experimental GDR width of 2%Pb obtained at the RCNP, a
strong medium reduction of the NN cross-section is needed.
There are many parameterizations for the medium reduction
of the NN cross-section [104-107], which could be dependent
on density, collision energy, or isospin. As an example, we
choose the FU4FP6 parameterization [107] for the medium
reduction of the cross-section to calculate the strength function
and width of the GDR in 2%8Pb. The FU4FP6 parameterization
of the medium reduction is density-, momentum-, and isospin-
dependent; it is preferred by the nucleon induced nuclear
reaction cross-section data [107] and predicts a very strong in-
medium reduction of NN scattering cross-sections. The strength
function of the GDR in 2%Pb from the LBUU calculation is
shown in Figure 7 and compared with the RCNP data [63]. The
GDR width obtained from the LBUU calculation through the
full width at half maximum (FWHM) of the strength function is
4.32 MeV, which is consistent with the value of 4.0 MeV found
in the RCNP experiment. However, the Skyrme pseudopotential
SP6h used in the calculation overestimates the peak energy by
about 1.5 MeV. Using effective interactions with a different
symmetry energy slope parameter L or different nuclear effective
masses can easily reproduce the correct peak energy [54]. In
order to compare the shape of the strength function and the
value of the width of the GDR in 2%Pb, we shift the strength
function from the LBUU calculation to match the experimental
peak energy. We conclude from Figure 7 that the present LBUU
method with the FU4FP6 parameterization [107] for the medium
reduction of the NN scattering cross-section can well reproduce
the measured shape of the strength function and the width
of the GDR in 2%8Pb. It should be stressed that the FU4FP6
parameterization suggests a very strong in-medium reduction
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of NN scattering cross-sections, consistent with the conclusions
obtained in reference [55].

5. SUMMARY AND OUTLOOK

We have reviewed recent progress in calculating nuclear
collective motions by solving the BUU equation with the LH
method. In order to calculate the nuclear collective motions
accurately with the BUU equation, the present LBUU framework
includes the following features: (1) the smearing of the local
density is incorporated in the equations of motion self-
consistently through the lattice Hamiltonian method; (2) the
initialization of a ground state nucleus is carried out according
to a nucleon radial density distribution obtained by varying
the same Hamiltonian that governs the evolution; (3) the
NN collision term in the BUU equation is implemented
through a full-ensemble stochastic collision approach; (4) high-
performance GPU parallel computing is employed to increase
the computational efficiency. The present LBUU framework with
these features affords a new level of precision in solving the
BUU equation.

Within the LBUU framework, it has been shown that the
peak energies of the ISGMR and IVGDR obtained from the
pure Vlasov calculation are consistent with those from the RPA
calculation, and the full LBUU calculation can yield a reasonable
GDR strength function compared with the experimental data.
The peak energies can be used to extract information about the
nuclear EOS, while the width of the GDR can constrain the
medium reduction of the elastic NN scattering cross-section.

The success of the present LBUU framework in describing the
nuclear collective motions has demonstrated its capability in
treating the stability of ground-state nuclei and the nuclear
dynamics near equilibrium. Thus the present LBUU framework
provides a solid foundation for studying long-time processes of
heavy-ion reactions at low energies, such as heavy-ion fusion
and multi-nucleon transfer reactions at near-barrier energies,
based on solving the BUU equation. The significant effects of the
collisional damping on the width of the nuclear GDR indicate
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Nuclear fission is a fascinating field of research that involves large-amplitude
collective dynamics of a microscopic many-body system. Specifically, the process
of spontaneous-fission decay can only be explained within the quantum tunneling
phenomenon. The present review discusses recent advancements in the theoretical
understanding of spontaneous fission. These concern precise prediction of the
spontaneous fission observables like fission lifetime and distribution of fragment yields.
The theoretical developments presented here are based on a coherent coupling between
the adiabatic collective dynamics and the static inputs obtained from the nuclear energy
density functional formalism.

Keywords: spontaneous fission, density functional theory, heavy and superheavy nuclei, fission fragment mass
distribution, quantum tunneling

1. INTRODUCTION

Nuclear spontaneous fission (SF) is a unique decay mechanism that has crucial applications in both
basic and applied sciences [1-3]. Particularly, the stability of very heavy and superheavy nuclei
strongly depends on the SF probability [4-6]. Although superheavy nuclei predominantly decay
via a-emission at the beginning of a decay chain, SF leads to terminate the chain. This type of decay
sequences are experimentally observed for isotopes of Fl and Ts [7, 8]. Moreover, in comparison
to a-emission, SF is predicted to be the preferred decay mode for neutron-rich superheavy nuclei
(5,9, 10]. In the case of nuclear astrophysics, SF strongly impacts the abundances of heavy elements
in stars by participating in the r-process recycling mechanism [11-13]. Specifically, distributions
of fission-fragment yields from different fission modes (SE beta-delayed fission, and neutron-
induced fission) are essential components of the r-process abundances [9, 14-19] and, therefore,
very accurate prediction of these yields is required to improve the r-process network calculations.
Further, as suggested in a recent study [20], the precise estimation of fission yields is indispensable
for a better understanding of the chemical evolution of r-process elements produced in binary
neutron-star mergers. In the application frontier, SF data are important to calibrate the nuclear
material counting techniques relevant to power generation and international safeguards [21, 22].
However, measurements in actinide nuclei are restricted due to safety issues. Therefore, for both
basic science and applications, predictive modeling of SF observables is of utmost interest. The
present scenario and the prospects of fission theory are described in a recent review [23].

In the SF process, a fissioning nucleus undergoes quantum tunneling through a single or
multiple potential barriers generated by the coherent motion of strongly interacting nucleons.
Ideally, the time-dependent density functional theory (TDDFT) provides the most realistic
microscopic framework to deal with such large amplitude collective dynamics [24-27]. Specifically,
in the characterization of fission yields, nuclear dissipation plays a crucial role near the scission
configuration and would be best accounted for by TDDFT. Albeit very promising, TDDFT poses
several limitations in its application to SF. Primarily, the quantum tunneling is energetically
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forbidden within this semiclassical approach. Besides, current
implementations of TDDFT simulate only a single fission path
for a given initial condition; reconstruction of a full yield
distribution requires large-scale Monte Carlo sampling, which
is beyond the current computational capabilities. The exascale
computing platforms may open up the avenues to overcome such
restrictions [23].

In general, the collective dynamics of a nucleus is believed
to be a much slower process than the random motion of
the constituent nucleons. Consequently, majority of the fission
models are implemented within the adiabatic approximation that
segregates the collective degrees of freedom from the intrinsic
coordinates. The same approach is adopted in a static nuclear
density functional theory (DFT) based model [28], where the
collective motion is simulated by incorporating the DFT inputs
within an appropriate equation of motion. Specifically, in case of
SE the dynamics of a fissioning system can be divided into two
successive steps as depicted in Figure 1 [29]. In the first step, the
system tunnels through a multidimensional space of collective
coordinates. This process is mainly governed by the potential
energy profile and the collective inertia, which is often calculated
within the adiabatic time-dependent Hartree-Fock-Bogoliubov
(ATDHFB) formalism [30, 31]. The region beyond the outer
turning point (“out” in Figure 1) is energetically accessible
and the time-evolution in this space can be followed with a
simple classical prescription, e.g., the Langevin dynamical model.
Finally, the system breaks into two fragments at the scission
configuration. The dynamics in the second phase involves the
collective inertia and the dissipative forces as well. The SF half-
life is primarily decided by the tunneling phase as, for most of
the relevant nuclei, it is significantly slower than the subsequent
propagation outside the barrier. The second dynamical phase
controls the fission fragment properties like yield and total kinetic
energy (TKE) distributions.

T T T T T T .
< Langevin A
> g
o 10 i
= _
§ 5 stochastic
o dynamics
5
g 0 ~ol -
> -
5 5 collective action o ‘\ i
o I minimization scission | |
1 | 1 | 0 1 o
100 200 300

Quadrupole moment (b)

FIGURE 1 | Variation in potential energy calculated along the most-probable
fission path of 24°Pu. The region marked as WKB is classically forbidden as the
fission excitation energy Ey is less than the potential energy. Shape evolution:
the collective action is minimized between the turning points “in” and “out” by
using the WKB method and, from “out” to scission, dynamics is governed by
Langevin dynamics. The figure is adapted from Sadhukhan et al. [29].

Apart from the standard inputs discussed in the previous
paragraph, paring correlations play a critical role in controlling
the SF lifetime and the connected fission pathway. The individual
nucleonic motion leads to shell structures that guide both the
nuclear shape and the potential energy along a fission path.
Moreover, crossings of single-particle levels can modify the
collective inertia through associated changes in the single-particle
configurations [32-34]. The residual interaction among these
crossing configurations is strongly influenced by the pairing
force. Precisely, a larger pairing gap A helps the collective motion
to be more adiabatic [35-40]. The enhancement of pairing
fluctuations along the fission path was first postulated in Moretto
and Babinet [41] by using a simple parabolic potential. In fact,
the collective inertia and potential energy show opposite trends
as A changes. The potential energy increases as A deviates
from the static value A;, obtained from the self-consistent
energy minimization procedure. In contrast, the collective inertia
varies as AT2 [35, 42-45] and, therefore, the dynamic A,
corresponding to the minimum collective action, may differ from
A;. This suggests that the parameter A should be implemented
as an independent dynamical variable to determine the least
action trajectory. Indeed, a reduction in the collective action
due to pairing fluctuations is observed in many macroscopic-
microscopic studies [46-49]. In addition, the pairing fluctuations
are recently treated as dynamical variables in microscopic models
based on the DFT formalism [50, 51].

2. A MODEL FOR SPONTANEOUS FISSION
HALF-LIFE

2.1. Fission Half-Life

The SF mechanism involves a very wide range of timescales
depending on the choice of the fissioning nucleus. For example,
the observed SF half-life for actinides varies from a few ms to 102
yrs. Therefore, it is impractical to develop a SF model based on
the real-time quantum dynamics. The most common approach
for the calculation of SF half-life is rooted in the one-dimensional
WKB approximation to the quantum tunneling process. The
corresponding half-life can be expressed as [52, 53], Ty, =
In2/(nP), where n is the rate of collision on the fission barrier
and P is the barrier penetration probability given by

P=(1+expl251)]))". (1)
In the above equation, S(L) is the action integral calculated along

a predefined fission path L(s) in the multidimensional collective
space. The expression for S(L) is given by,

Sout ]
s = [ 5 2Mato (VO - E) s @)

where V(s) and M.g(s) are the potential energy and collective
inertia, respectively, along the path L(s). Here, si, and sou
indicate the classical turning points defined by V(s) = Eo; Eo
being the zero-point energy at the ground state configuration.
We can define different fission paths [L(s)] by choosing different
values of g;(s) along the path’s length s. The minimum of S(L)
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corresponds to the most probable fission path [35, 54]. The Mg
can be expressed in terms of the multidimensional collective
inertia tensor M;;(q1, g2, ...) as [52, 53, 55]:

dqi @

ds ds’ ®

Megi(s) = Z Mij(q1, q2s ..
ij

Generalization of the WKB method to several dimensions is
recently recommended as a future goal [23].

The potential energy V is obtained by subtracting the
vibrational zero-point energy Ezpg [56] from the Hartree-
Fock-Bogoliubov (HFB) energy Eprp(= (I:IHFB)). In the DFT
formalism, Eypp can be computed self-consistently by solving the
constrained HFB equations for the Routhian:

H = Hyps — Y 25Qi— Y ()»rNr - lerle), “)
ij

T=n,p

where I:IHFB, Qij, and N, represent the HFB hamiltonian,
the mass multipole moment operators, and particle-number
operators for neutrons (t = n) and protons (t = p), respectively.
The Lagrange multipliers A,; can be used to control the particle-
number fluctuation terms: AZQ]f = Nf — (V)2 Pairing
correlations in nucleons are interconnected to the particle-
number fluctuations [57, 58] and, hence, expected to be stronger
for A; > 0, compared to its static value obtained with 1, = 0.
Further, the overall magnitude of pairing correlations is linked to
the average pairing gap [31, 59]. Therefore, A2, and Az, can be
utilized as dynamical coordinates [50] to scan the configuration
space over a wide range of A. It is indeed more physical to select
the isoscalar (A2, + A2p) and the isovector (A2, — A2p) variations
as independent coordinates. Consequently, a one-dimensional
path L(s) can be identified with the collective variables {g;} =
{Q20, Q22, Q305 s A2n + Azps Aan — Agp} as functions of path’s
length s. In a recent study [50], the role of dynamical isovector
pairing is found to be negligible and, therefore, the associated
coordinate A, — Az can be set to zero. I denote Az, + Azp as
Az in the subsequent discussions. Also, I should mention that an
appropriate normalization scheme for all the coordinates must be
adopted to make ds dimensionless in Equation (2) [50].
Minimum-action paths can be simulated by using two
different techniques named as the dynamic-programming
method (DPM) [52, 56] and the Ritz method (RM) [53, 56].
In DPM, the dynamical space is first discretized into a multi-
dimensional mesh. Then, at any intermediate step, minimum
action paths are calculated for all the mesh points on a
hypersurface perpendicular to the elongation coordinate (Qxp).
Calculation is propagated along the Qg direction and finally the
hypersurface of the desired outer-turning point is reached. In this
method, path lengths are further divided into smaller segments
whenever the distance between two adjacent mesh points is large.
This is essential to ensure numerical accuracy as the collective
inertia may vary quite sharply in certain regions of the collective
space. In the case of RM, trial paths are defined in terms of
Fourier series of dynamical coordinates and the coefficients
of different Fourier components are obtained by minimizing

the action. Although RM is easier to implement numerically,
efficiency of this method depends on the number of Fourier
components needed to reproduce the actual fission path. On the
other hand, DPM is free of such limitations.

The HFB energy Enpp can be calculated by employing either
covariant or non-relativistic energy density functionals (EDFs).
In the case of non-relativistic EDFs, the SkM* parametrization
[60] of the zero range Skyrme functionals is commonly used in
fission studies together with the density-dependent mixed pairing
interaction [61], where the pairing strengths are calculated locally
by reproducing the odd-even mass differences around 24°Pu [62].
The parameters of this parametrization are benchmarked for
large deformations relevant to fission. Recent optimizations of
the Skyrme functionals are performed within the UNEDF project
[63] and one of its variants, UNEDF1ygg, Schunck et al. [64]
is successfully applied to fission works [65-67]. Apart from
these, other microscopic interactions like the finite-range Gogny
interaction [68-70] and the Barcelona-Catania-Paris-Madrid
EDFs [9, 69, 71, 72] are widely used in the SF calculations. Despite
different groups of EDFs exist, appropriate benchmarking with
the experimental data are performed to ensure the consistency
of model predictions. For example, it is recently shown that the
SF yields of the superheavy 2**Og nucleus are robust against
different choices of EDFs [66]. Covariant EDFs [51, 73-78]
based frameworks for large-amplitude collective dynamics are
becoming more accessible with the increasing computational
resources. Interestingly, SF pathways, calculated within covariant
EDFs [51, 74], are found to be in close agreement with the
non-relativistic results.

2.2. Calculation of Fission-Fragment Yields
It is desirable to use the TDDFT framework to study the
evolution of a fissioning system in the collective space beyond
the outer-turning point (Figure 1: region in-between “out” and
“scission”). However, as pointed out in a recent study [79],
the dynamics near scission is strongly dissipative and existing
versions of TDDFT are not adequate since they are lacking
fluctuations in collective coordinates. Also, an advanced TDDFT
framework is recently proposed that incorporates fluctuations
to generate TKE and yield distributions of fission fragments. In
this approach, density fluctuations are assumed to prepare an
ensemble of different configurations outside the barrier region
and the subsequent propagation is followed with the standard
TDDEFT [80]. However, the fluctuations are considered in a
somewhat restricted configuration space and a more exhaustive
calculation may require huge computations. A feasible alternative
to TDDFT is the time-dependent generator coordinate method
(TDGCM) [77, 81-84]. However, in this approach, the Gaussian
overlap approximation [81, 85] is additionally assumed to
derive simple expressions for the parameters of the collective
Hamiltonian. As a result, structural details like large fluctuations
in the collective inertia are diluted [86]. It is also pointed out
in the recent proposal [23] by Bender et al. that a stochastic
mean-field approach with large fluctuations is more suitable for
calculating fragment yields. Furthermore, the requirement of
strongly dissipative dynamics for yield distributions of excited
nuclei is well-established [87].
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The stochastic Langevin dynamical model is a plausible
option to avoid all the above-mentioned difficulties. It is quite
straightforward to implement this model even in a complicated
multidimensional collective space. In Langevin dynamics, the
intrinsic motion of the nucleons is assumed to form a heat bath.
The collective coordinates interact with the heat bath through
random and dissipative forces. This decoupling of the collective
coordinates from the internal degrees of freedom is performed
under the adiabatic approximation. Fluctuations (random forces)
introduce stochasticity in the collective dynamics and dissipation
hinders the motion by transferring collective energy to the
heat bath. Also, the collective motion experiences the standard
conservative force exerted by potential energy. First, a family
of SF probabilities P(soy) is obtained on the hypersurface of
outer turning points soy. The hypersurface should contain mass
octupole moment Qs as one of the coordinates since this variable
defines different realizations of the fragment mass and charge.
Subsequently, fission paths are computed for all the sous by
solving the Langevin equations [88, 89]:

dp; Pipx 0 1 oV ~1

= g — — i . STi(8),

= 2 5g M D= 5 = M D+ T 0
(5)

dg; _

i =M iipj,

where p; is the momentum conjugate to g;. 7;; and g;; represent
the dissipation tensor and the strength of the random force,
respectively, and these two quantities are connected through
Einstein’s fluctuation-dissipation theorem: )\ gigix = nijkpT.
Here, T is the temperature of the nucleus. It is calculated at each
instant of the Langevin evolution by assuming the nucleus as
a non-interacting Fermi gas and the resulting formula is T =
VE¥/a (T in MeV); a being the level density parameter and
E* = V(sout) — V(s) — %Z(M‘l)ijpipj. In the case of SF
studies, a can be approximated as a shape independent constant
given by a = A/10 MeV ™! [29, 66]. The stochastic variable
I'i(t) signifies the Markovian nature of the random force with
the time correlation property: (Ir(H)[y(¢')) = 28x8(t — t'). The
excitation energy E* increase as the system slides down to lower
potential resulting stronger effects from fluctuations. The scission
configuration is defined with the condition that the number of
neck-particles (N,) in the fissioning system is less than a critical
value [28]. Each point on the scission hypersurface uniquely
identifies the particle numbers of two fission fragments and these
numbers can be calculated by integrating the nucleonic density
distributions [62]. Owing to the random force, an ensemble of
Langevin events with the same initial configuration (i.e., same
Sout) vields different fission pathways. Finally, the charge and
mass distributions of the yields can be extracted by counting
the number of events terminating at a given fragmentation. The
numbers are weighted with P(sqyt) to account for the tunneling
phase. Further, to incorporate the uncertainties in Ny, Langevin
yields are convoluted with Gaussian functions [90].

Although the Langevin model does not explicitly simulate the
time evolution of nucleonic degrees of freedom, it incorporates
all the essential microscopic effects through the input quantities

like PES and collective inertia which are obtained from effective
nucleon-nucleon interactions. A special characteristic of the
Langevin formalism is the presence of fluctuating and dissipative
forces. In the case of induced fission, the importance of
fluctuations and dissipation is well-established [87, 91] as the
compound system is produced at least with a reasonable amount
of excitation energy. In SF, the ground-state zero-point vibration
is the initial source of excitation energy and it is inadequate
to trigger any noticeable randomness in the collective motion.
However, for all the relevant nuclei, potential energy drops
rapidly below its ground state value as the deformation grows
beyond the tunneling region. Consequently, nuclei acquire
sufficient excitation energy that enhances fluctuations to a
considerable level. In the following section, I have demonstrated
the impact of the random force in Equation (5) on SF pathways.

2.3. Nucleonic Localization Function and

Pre-fragments

For a better understanding of the structural evolution in a
fissioning nucleus, nucleonic localization functions (NLF) are
calculated [25, 92, 93]. NLF measures the probability of finding
two nucleons with the same spin ¢ and isospin q at the same
spatial localization. It is computed as described in references
[93, 94]:

-1
1 2_ 2 \2
Tgo Pgo — 11V Pgo 1 — j
Cor = | 1+ - & ., (6
Pgo Tgo

where 0405 Tyo> qu and Vpu are the particle density,
kinetic energy density, current density, and density gradient,
respectively. The Thomas-Fermi kinetic energy density t;aF =

%(6n2)2/ 3p§(/,3 is introduced as a normalization parameter. A
value of C ~ 1 indicates a large nucleon’s localization, i.e., a
low probability of finding two nucleons with the same quantum
numbers at the same spatial location. On the other hand,
C = 1/2 corresponds to the limit of a homogeneous Fermi
gas. The concept of NLF was originally applied to characterize
chemical bonds in electronic systems. In nuclear physics, it is
first used to visualize the cluster structures in light nuclei [94].
As illustrated in references [93, 94], the clustering of nucleons
inside a nucleus can be predicted more precisely by NLFs in
comparison to the scalar density distributions given by o4
This is because the spatial distributions of NLFs exhibit pattern
of concentric rings that reflect the underlying shell structure,
but such patterns are averaged out in the density distributions.
Recent studies [66, 67, 92, 93] suggest that NLFs can be utilized
to identify prefragments in a fissioning nucleus. The method is
described in Sadhukhan et al. [92] for a typical case of elongated
240py, The corresponding NLFs are shown in Figure 2. Evidently,
the parts of NLFs for z > z, and z < zy contain ring-like
patterns delineating the presence of localized nucleons inside
the deformed 2*°Pu. This finding is further extended to define
prefragments by integrating the densities of the localized portions
and doubling the result to account for reflection symmetry.
As replicated in Figure 2, the compound nuclear NLFs were
found to be in remarkable agreement with the ground-state
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FIGURE 2 | Right of each panel: neutron (a) and proton (b) localization
functions in a deformed configuration on the fission path of 2*°Pu. Left of each
panel: NLFs of the localized prefragments, 89Ge and '?Sn, as indicated.
Vertical lines are symmetry axes. Maximum extensions of the NLFs along the
radial coordinate r, (z) are marked with horizontal dotted lines: z = z, and

z = zy. The figure is adapted from Sadhukhan et al. [92].

NLFs of the predicted prefragments (128sn and %°Ge) [92].
Similarly, prefragments are predicted successfully by comparing
the scalar densities [95, 96]. Here, I should mention that the
notion of prefragments is a purely theoretical concept as it
cannot be measured experimentally. Moreover, other definitions
of pre-fragment exist [25, 97]. Therefore, the validity of a pre-
fragment based description depends on its ability to reproduce
the experimental observables.

3. RESULTS ON DIFFERENT ASPECTS OF
SPONTANEOUS FISSION

Calculation of SF observables is a very active field of research
as the theoretical capability is increasing. In parallel, appropriate
sets of fission observables are required to benchmark theoretical
models [98]. In the rest of this review, I will discuss selected
results from the recent theoretical achievements pertinent to both
of these aspects.

3.1. Effect of Collective Inertia in Fission
Pathway

In recent studies [56, 74], it is demonstrated that the SF
pathways are strongly influenced by the characteristics of the
collective inertia. The microscopic collective inertia is usually
calculated within the ATDHFB formalism [30, 31] and it is
commonly known as the cranking inertia M [86]. An exact
calculation of MC requires derivatives of the particle and pairing
densities with respect to the dynamical coordinates. These can
be achieved by employing the three-point or a higher-order
Lagrange formula [99, 100]. On the other hand, in case of the
commonly used perturbative cranking inertia M [86], these

0,,b)

0,,(b)

FIGURE 3 | Square-root-determinant of inertia tensors (A) |MC|/2 and (B)
IMC 1172 (both in h> MeV~1 b~2/1,000) calculated for 264Fm. The figure is
modified from Sadhukhan et al. [56].

derivatives are reduced to matrix elements of mass multipole
moments (Q;). Figure 3 demonstrates the variations of square-

root-determinants of both M€ and M calculated for 264Fm in
a two-dimensional collective space of (Qz0, Q22). As discussed in

1 MC| 2 shows large fluctuations as an outcome of crossings
in single-particle levels at the Fermi energy [39]. To affirm this,
single-particle energies for 2°Fm are displayed in Figure 4 along
two straight lines defined by Q; = 0 and Qy = 61 b.
Multiple level crossings near the Fermi energy are clearly visible
at deformations where M changes sharply. Similar features
of the inertia tensor are observed within the covariant EDF
formalism [74].

The dynamical minimum-action paths (or equivalently most
probable paths), obtained with M€ and M, are drawn
in Figure5. The same figure also shows the static path
that traverses the minimized collective potential [56]. Due
to strong dynamical hindrance by the perturbative inertia
the corresponding minimum-action path avoids large triaxial
shapes. M varies rather smoothly along both the deformation
coordinates and, therefore, the minimum in the action integral
in Equation (2) is achieved by minimizing the path-length.
This weaker dependency on the triaxial shapes, imposed by
collective inertia, is also observed in older fission studies [101-
105]. On the other hand, due to localized large variations in
ME, the non-perturbative path passes through the triaxial shapes
that are fairly close to the static pathway. Apparently, both
the non-perturbative and static trajectories always adhere to
a configuration that tries to minimize the density of single-
particle levels on the Fermi energy by avoiding level crossings.
In short, the underestimation of structural details in M
results in an artificial restoration of axial symmetry, which
is broken in both static and non-perturbative approaches.
This conclusion is also verified within the relativistic mean-field
formalism [74]. Although the inertia strongly influences the
topology of the minimum action path near the first fission barrier
in actinides, it is rather simple in the space outside the fission
isomer. Here, the SF path usually follows the minimum distance
from a mass-symmetric configuration to the nearest outer
turning point [29] (shown in the following figure, Figure 8).
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FIGURE 4 | Variation in single-particle energies of neutron (top) and proton
(bottom) calculated for 264Fm along Qoo (left, at Qoo = 0) and Qq» (right, at
Qo0 = 61Db). The Fermi energies are marked with thick dash-dotted lines. The
arrows indicate regions of level-crossings near Fermi energy. The figure is
adapted from Sadhukhan et al. [56].
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FIGURE 5 | Minimum-action (or most-probable) fission paths of 264Fm [56],
calculated for MC (solid line) and MC” (dashed line) using the DPM
technique. cranking inertia using DMP technique. The static pathway is shown
by the dash-dotted line. The loci of turning points are marked by thick solid
lines. The PES (in MeV) is plotted for reference. The figure is modified from
Sadhukhan et al. [56].

Most importantly, apart from modifying the fission pathways,
collective inertia strongly impacts the fission lifetime. The SF
half-life changes by orders of magnitude depending on the choice
of collective inertia, even for the same fission trajectory [56].
For example, values of T/, and S(L) corresponding to different
selections of the fission path and inertia are given in Table 1.

3.2. Role of Pairing Correlations

In the previous subsection, I demonstrated that a fissioning
system tries to always follow single-particle configurations
with comparatively lower level density. This can be fulfilled
by avoiding the regions of level-crossing. In contrast, pairing
correlations increases with the single-particle level density and, as
I have discussed in 1, it affects the potential and collective inertia

TABLE 1 | Values of the action integral (2) and half-lives for different spontaneous
fission pathways shown in Figure 5.

Path S(L) log(T+,2/yr)
Static + MC 23.4 -7.7
Static + M 20.8 —10.0
Dynamic + M 19.1 —11.4
Dynamic + M” 16.8 —13.4

0,,(b)

FIGURE 6 | Projections of (A) potential energy (in MeV) after subtracting the
ground state value, and (B) | MC|'/2 (in h> MeV~1/1,000). Both are calculated
for 264Fm in the three-dimensional space of (Qzg, Q22, A2) and then projected
on the Q2 = 0 plane. The figure is modified from Sadhukhan et al. [50].

in the opposite way. The potential energy use to increase with
pairing fluctuations, while the collective inertia diminishes as the
pairing correlations become stronger than self-consistent values.
The least-action path is determined dynamically by the interplay
between these two inverse effects. Typical nature of a PES and
ME along the pairing coordinate is shown in Figure 6 [50].
It portrays clear evidence of the opposite tendencies discussed
above. Minimum action paths for two different nuclei are
calculated in Sadhukhan et al. [50] by including the pairing
degrees of freedom. Corresponding projections onto the
(Q20,Q22) and (Qa0,A2) planes are shown in Figure 7. Also,
two-dimensional (2D) fission paths calculated without pairing
fluctuations are compared in this figure. In the case of
264Fm, the three-dimensional (3D) pathway, calculated with
pairing fluctuations, closely follows triaxial configurations of
the corresponding 2D path. However, this scenario changes
for 240Pu, where the difference between the axial and triaxial
barrier-heights is small and, as a result, pairing correlations could
enforce the axial symmetry of the path in the region between
the ground state configuration and superdeformed fission
isomer. Nevertheless, irrespective of this system dependence,
the pairing fluctuations are substantially enhanced in both the
cases. Therefore, the dynamic coupling between pairing and
deformation coordinates can produce dramatic changes in the SF
process. Relativistic mean-field calculation [51] for Fm isotopes
also shows a similar behavior of the fission pathway under the
influence of dynamic paring fluctuations. Moreover, owing to
the associated reduction in the action integral, the calculated SF
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half-life decreases by as much as three decades. These strong
dynamical effects, predicted for SE, are however expected to
disappear at higher excitation energies of the compound system.
The subsection is concluded by demonstrating the average
pairing gaps (A, and A,), in Figure 8, along the SF path of 2*°Pu
[29]. Although the dynamic (3D) path overlaps with the static
pathway in the (Q20, Q30) space, average pairing gaps are always
higher in case of the 3D path except near the outer turning line
where pairing correlations are quenched.

3.3. Fission-Fragment Yield Distributions

Stochastic Langevin dynamics is widely used to study fission
fragment yield distributions of excited compound systems [89,
91, 106, 107]. Only recently, it is successfully applied to calculate
SF yields [29]. The detailed formalism is described in 1. Since
the dynamics is stochastic in nature, it is difficult to understand
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N
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1 ‘ 3Dipath |,
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60
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100

9, (b)

40 80

FIGURE 7 | Thick solid lines: projections of the three-dimensional (3D)
minimum-action paths for 25*Fm (left) and 24°Pu (right) on the

(Q20, A2; Qoo = 0) (top) and (Q2p, Q22; A2 = 0) (bottom) planes. Thick dashed
lines: two-dimensional (2D) paths computed without pairing fluctuations. The
PES corresponding to Q> = 0 (top) and static pairing, i.e., Ao = 0, (bottom)
are shown for reference. The figure is modified from Sadhukhan et al. [50].

the time evolution from a single fission event. Therefore, the
concept of effective fission path (EFP) is devised in Sadhukhan
et al. [92] for a better realization of the post-tunneling dynamics.
First, for a given initial configuration, the local density of
Langevin trajectories [108] is computed by counting the number
of tracks in a small volume element of the collective space.
Such distributions for two initial configurations are presented in
Figure 9. Evidently, these two distributions are quite distinct in
nature. The spreading of distribution is mainly governed by the
interplay between the conservative and fluctuating forces. As I
explained in 1, fluctuations become dominant near the scission
and it leads to broader trajectory distributions.

Next, the EFP is calculated by tracing the maxima in a
trajectory-density distribution. Effectively, an EFP guides to
the most probable fragmentation for the associated initial
configuration. Eleven distinct EFPs are calculated in Sadhukhan
et al. [92] for the representative system 24Pu, and these
are further shown in Figure9. Also, the partial contribution

FIGURE 9 | (A) The density of Langevin trajectories for two different initial
configurations and the corresponding EFPs in the (Q20, Qao) plane. The loci of
outer turning-points land scission configurations are shown by dashed and
dash-dotted lines, respectively. (B) Eleven EFPs marked according to their

initial coordinates. The figure is adapted from Sadhukhan et al. [92].
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9, ®
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FIGURE 8 | (A) The 3D dynamic path (solid line), projected on the i, = O surface, and the 2D static path (dashed line) in the two considered regions (Reg1:

(Qoo, Qo2, A2), Reg2: (Q20, Qao, 12)) of the collective space. The reason for this choice of 3D-3D configuration space is explained in Sadhukhan et al. [29]. The contours
of inner and outer turning points are shown by dash-dotted lines. (B) Average pairing gaps, for neutrons (n) and protons (p), along the 3D dynamic (with pairing
fluctuations) and 2D static (A, = 0) pathways shown in (A). The figure is modified from Sadhukhan et al. [29].
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of each EFP to the total mass distribution is extracted by
weighing the corresponding distribution with the appropriate
tunneling probability. All the eleven partial mass distributions are
plotted in Figure 10 along with the overall distribution. Due to
higher tunneling probability, the peak region of the cumulative
distribution is mostly contributed by EFPs close to the most
probable path (EFP 5). On the other hand, contributions are
negligible from those EFPs which originate far away from the
most-probable outer turning point. For example, EFP 1 and EFP
11 hardly alters the total mass distribution. Most interestingly,
certain EFPs (e.g., EFP 3 and EFP 4), associated with high
tunneling probability, end up at large mass asymmetries and
these constitute the tail part of the yield distribution. Such fission
trajectories can only appear due to the presence of the random
force in the Langevin dynamics.

In addition to the isolated yield distributions corresponding
to either mass or charge of the fission fragments, DFT inputs
enable the Langevin model to predict the correlation between
mass and charge numbers of the fragments. In a recent study
[66], it is calculated for the heaviest discovered element ﬁgOg.
Three different EDFs are used for this purpose and, as shown in
Figure 11, all of them predict a strongly asymmetric fission, or
cluster emission, to be the dominant decay mode for this nucleus.

3.4. Uncertainties in Yield Distributions

It is necessary to estimate the uncertainties due to different model
parameters [112]. In case of SF yield distributions, predicted
within the hybrid WKB + Langevin method, uncertainties are
primarily associated to the three input quantities: ground state
zero-point energy Ep, dissipation tensor n;; in Equation (5), and
scission configuration which is defined with the neck-particle
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FIGURE 10 | (A) Partial mass distributions for different EFPs of Figure 9B as
indicated. The distribution corresponding to the most-probable fission path,
i.e., EFP 5, is shown by a thick line. (B) The mass distribution for the SF of
240py obtained by counting contributions from all the Langevin trajectories, in
addition to the eleven selected EFPs. The experimental data [109, 110] are
shown by circles that include mirror points (open circles). Only the
heavy-fragment parts are plotted in both (A,B). The figure is partially adapted
from Sadhukhan et al. [92].

number N,. Moreover, the use of a particular EDF may induce
additional bias in the results. In practice, the SF half-life is
reproduced by tuning the free parameter Eg [5, 29] that effectively
shifts the location of the inner and outer turning-points. As a
result, both P(soyt) and fission paths are modified. Secondly,
the fragment properties are expected to strongly depend on the
scission configuration. However, no method exists that defines
the scission configuration uniquely within the static adiabatic
description of fission. Usually, different values of N are used to
identify the scission hypersurface in a multidimensional space.
In the case of 7, a microscopic theory is still missing and it is
considered as an adjustable parameter in the SF model [29, 66].
Considering all these limitations, a sensitivity analysis of the
yield distributions with respect to all the model parameters is
essential. Calculations are performed in Sadhukhan et al. [29]
to illustrate the uncertainties in the yield distributions produced
by Eo, Ng, and 7;;. As demonstrated in Figure 12, the mass and
charge distributions of 2°Pu are found to be robust against
wide variations of all these input quantities. A similar response
to the dissipation tensor is observed for the yield distributions
of 1730g [66]. Further, as plotted in Figure 13, both mass and
charge distributions show weak dependency on the choice of the
EDF and also on the dimensionality of the configuration space.
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FIGURE 11 | Fission fragment distributions for 2750g17¢ obtained in
UNEDF14es (A), D1S (B), and SkM* (C) EDFs using the non-perturbative
cranking ATDHFB inertia and a standard value of dissipation strength [66].
Known isotopes are marked in gray [111]. Dotted lines indicate the magic
numbers: 50, 82, and 126. The figure is adapted from Matheson et al. [66].
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FIGURE 12 | Mass (left) and charge (right) distributions of heavier fragment in
the SF of 240Pu. The symbols are experimental values as shown in Figure 10.
The shaded regions describe uncertainties in the yield distributions
corresponding to different values of the model parameters: Eq (narrow red
band), dissipation tensor (wider cyan band), and scission configuration (linear
hatch pattern). See Sadhukhan et al. [29] for details. The figure is adapted
from Sadhukhan et al. [29].
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FIGURE 13 | Predicted heavy-fragment mass and charge yields of 2*Og
obtained by employing UNEDF 15 functional in the 4D (Q2o, Qoo, Qao, A2) and
the 2D (Q20, Qao) spaces, and in the 2D (Qu0, Qz0) space for other functionals
(SkM* and D1S). The figure is adapted from Matheson et al. [66].

Therefore, the hybrid model, with reasonable values of the input
parameters, can be used for a reliable prediction of the SF
yields. Of course, theoretical progresses toward a more precise
calculation of input parameters is required [23].

3.5. Prediction of Fragments From

Localized Pre-fragment

I have already argued how a pre-fragment can be defined from
NLFs (see section 1). Properties of such prefragments are needed
to be scrutinized very carefully to validate their applicability
in predicting the fission fragments. To this end, the particle
numbers of the prefragments are extracted along the EFPs shown
in Figure9 [92]. The results are reiterated here in Figure 14
and it displays that the pre-fragment particle-numbers remain
remarkably stable as the deformation increases toward scission.
Moreover, variations in these numbers, indicated by the bands
in Figure 14, become fairly narrow (< =2 particles) at large
deformations. This suggests that the prefragments formed in
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FIGURE 14 | The ranges for the number of localized neutrons (A) and protons

(B) for heavier (N, Z4) and lighter (N, Z;) prefragments as a function of the

configurations along the EFPs marked in Figure 9B by circles. The magic

numbers are marked by horizontal dotted lines.

an initial configuration of the fissioning nucleus hardly change.
This early development of the prefragments is a manifestation
of the freeze-out of single-particle energies along the fission
pathway [25, 39, 56, 113], since the system tries to retain its
microscopic configuration by escaping the level crossings. The
concept is further extended to predict the particle numbers
of the fission fragments. This is accomplished by distributing
the neck nucleons to each pre-fragments following a statistical
prescription. The predicted yield distributions are found to agree
well with the experimental data [67].

This fast and efficient method of fission-fragment
identification will be very useful in the r-process network
calculations that predict the astrophysical abundances of more
than half of the elements heavier than iron. In a very neutron-rich
environment, such at those exists in the ejecta of neutron-star
mergers, neutron-induced and S-delayed fission are highly
probable. It is speculated that nuclear fission terminates the
r-process paths near A ~ 300. The location of the r-process
endpoint can significantly influence the final yield distribution
[114]. Since these superheavy nuclei can not be studied with a
standard laboratory procedure, reliable theoretical predictions
are of utmost interest. Hence, the density functional formalism,
which is deeply rooted in the underlying nucleon-nucleon
interactions, provides an ideal platform. Moreover, there can
be multiple fission cycles along the r-process path and these
cycles involve a wide variety of fissioning nuclei. Therefore, the
theoretical method needs to be very time-efficient. The model
prescribed in Sadhukhan et al. [67] fulfills both the requirements.
In parallel, precise measurements of fission fragment yield
distributions of neutron rich actinides and heavier elements may
help to minimize the theoretical uncertainties associated with
model parameters.
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4. CONCLUSION

In this review, I have elaborated on a successful theoretical
model for the spontaneous fission yields and lifetime. It
is developed in a hybrid manner by combining the WKB
approximation for quantum tunneling with the stochastic
Langevin dynamics. Several recent advancements to enhance
the predictive capabilities of this hybrid model are presented.
In particular, I elucidated the intricate role of collective inertia
and pairing correlations in guiding the dynamics during the
tunneling phase. The inevitable presence of fluctuation and
dissipation in the final stage of the fission dynamics is explained
in connection with the calculation of fragment yields. This
approach could be a prospective candidate for large-scale
applications to a wide range of fissioning nuclei. In parallel,
further improvements in different aspects of the model are in
queue [23].

Although an accurate prediction of the fission observables is
the foremost priority for a fission model, global calculations of
fragment properties related to stellar nucleosynthesis processes

REFERENCES

1. Krappe HJ, Pomorski K. Theory of Nuclear Fission: A Textbook. New York,
NY: Springer (2012).

. Shultis JK, Faw RE. Fundamentals of Nuclear Science and Engineering. 2nd
ed. Boca Raton, FL: CRC Press (2007).

. Wagemans C. The Nuclear Fission Process. Boca Raton, FL: CRC Press (1991).

. Oganessian YT. Heaviest nuclei from “®Ca-induced reactions. | Phys G.
(2007) 34:R165. doi: 10.1088/0954-3899/34/4/R01

. Staszczak A, Baran A, Nazarewicz W. Spontaneous fission modes and
lifetimes of superheavy elements in the nuclear density functional theory.
Phys Rev C. (2013) 87:024320. doi: 10.1103/PhysRevC.87.024320

. Giuliani SA, Matheson Z, Nazarewicz W, Olsen E, Reinhard PG, Sadhukhan
J, et al. Colloquium: superheavy elements: Oganesson and beyond. Rev Mod
Phys. (2019) 91:011001. doi: 10.1103/RevModPhys.91.011001

. Khuyagbaatar J, Yakushev A, Diillmann CE, Ackermann D, Andersson LL,
Asai M, et al. #Ca +2% Bk fusion reaction leading to element Z = 117:
long-lived a-decaying 2°Db and discovery of 2°Lr. Phys Rev Lett. (2014)
112:172501. doi: 10.1103/PhysRevLett.112.172501

. Utyonkov VK, Brewer NT, Oganessian YT, Rykaczewski KP, Abdullin
FS, Dmitriev SN, et al. Neutron-deficient superheavy nuclei obtained
in the 2%Pu +% Ca reaction. Phys Rev C. (2018) 97:014320.
doi: 10.1103/PhysRevC.97.014320

. Giuliani SA, Martinez-Pinedo G, Robledo LM. Fission properties of

superheavy nuclei for r-process calculations. Phys Rev C. (2018) 97:034323.

doi: 10.1103/PhysRevC.97.034323

Afanasjev AV, Agbemava SE, Gyawali A. Hyperheavy nuclei: existence and

stability. Phys Lett B. (2018) 782:533. doi: 10.1016/j.physletb.2018.05.070

Arnould M, Goriely S, Takahashi K. The r-process of stellar nucleosynthesis:

Astrophysics and nuclear physics achievements and mysteries. Phys Rep.

(2007) 450:97. doi: 10.1016/j.physrep.2007.06.002

Panov IV, Korneev IY, Rauscher T, Martinez-Pinedo G, Kelic-Heil A, Zinner

NT, et al. Neutron-induced astrophysical reaction rates for translead nuclei.

Astron Astrophys. (2010) 513:A61. doi: 10.1051/0004-6361/200911967

Erler J, Langanke K, Loens HP, Martinez-Pinedo G, Reinhard PG.

Fission properties for r-process nuclei. Phys Rev C. (2012) 85:025802.

doi: 10.1103/PhysRevC.85.025802

Horowitz CJ, Arcones A, Coté B, Dillmann I, Nazarewicz W, Roederer IU,

et al. r-process nucleosynthesis: connecting rare-isotope beam facilities with

the cosmos. ] Phys G. (2019) 46:083001. doi: 10.1088/1361-6471/ab0849

10.

11.

12.

13.

14.

additionally demand a faster and more reliable technique
compared to existing models. This is because such calculations
involve a large variety of fissioning nuclei most of which
are outside the valley of nuclear stability. For this purpose,
a quicker method [67] is recently proposed that utilizes
the idea of shell-stabilized/localized prefragments. This model
enables the identification of fragments by performing self-
consistent calculations within a very localized domain of
the configuration space. Clearly, theoretical investigation of
the fission process is a diverse field of research with a
broad perspective.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this review
work and has approved it for publication.

ACKNOWLEDGMENTS

The author acknowledges useful discussions with Witold widows.

. Goriely S, Sida JL, Lemaitre JE, Panebianco S, Dubray N, Hilaire S, et al. New
fission fragment distributions and r-process origin of the rare-earth elements.
Phys Rev Lett. (2013) 111:242502. doi: 10.1103/PhysRevLett.111.242502

. Eichler M, Arcones A, Kelic A, Korobkin O, Langanke K, Marketin T, et al.
The role of fission in neutron star mergers and its impact on the r-process
peaks. Astrophys J. (2015) 808:30. doi: 10.1088/0004-637X/808/1/30

. Goriely S. The fundamental role of fission during r-process
nucleosynthesis in neutron star mergers. Eur Phys J A. (2015) 51:22.
doi: 10.1140/epja/i2015-15022-3

. Vassh N, Vogt R, Surman R, Randrup J, Sprouse TM, Mumpower MR,
et al. Using excitation-energy dependent fission yields to identify key
fissioning nuclei in r-process nucleosynthesis. J Phys G. (2019) 46:065202.
doi: 10.1088/1361-6471/ab0bea

. Vassh N, Mumpower MR, McLaughlin GC, Sprouse TM, Surman R. Co-

production of light and heavy r-process elements via fission deposition.

Astrophys J. (2019) 896:28. doi: 10.3847/1538-4357/ab91a9

Coté B, Fryer CL, Belczynski K, Korobkin O, Chruslinska M, Vassh N, et al.

The origin of r-process elements in the milky way. Astrophys J. (2017) 855:99.

doi: 10.3847/1538-4357/aaad67

Nichols A, Aldama D, Verpelli M. Handbook for Nuclear Data for Safeguards:

Database Extensions, August 2008. INDC(NDS)-0534. Vienna: International

Atomic Energy Agency (2008).

Murray R, Holbert KE. Nuclear Energy: An Introduction to the Concepts,

Systems, and Applications of Nuclear Processes. Elsevier (2014).

Bender M, Bernard R, Bertsch G, Chiba S, Dobaczewski JJ, Dubray N,

et al. Future of nuclear fission theory. J Phys G. (2020) arXiv:2005.10216.

doi: 10.1088/1361-6471/abab4f

Nakatsukasa T, Matsuyanagi K, Matsuo M, Yabana K. Time-dependent

density-functional description of nuclear dynamics. Rev Mod Phys. (2016)

88:045004. doi: 10.1103/RevModPhys.88.045004

Scamps G, Simenel C. Impact of pear-shaped fission fragments

on mass-asymmetric fission in actinides. Natute. (2018) 564:382.

doi: 10.1038/s41586-018-0780-0

Simenel C, Umar AS. Formation and dynamics of fission fragments. Phys Rev

C. (2014) 89:031601. doi: 10.1103/PhysRevC.89.031601

Scamps G, Simenel C, Lacroix D. Superfluid dynamics of $A258\mathrmFm$

fission. Phys Rev C. (2015) 92:011602. doi: 10.1103/PhysRevC.92.011602

Schunck N, Robledo LM. Microscopic theory of nuclear fission: a

review. Rep Prog Phys. (2016) 79:116301. doi: 10.1088/0034-4885/79/11/1

16301

20.

21.

22.

23.

24.

25.

26.

27.

28.

Frontiers in Physics | www.frontiersin.org

167

October 2020 | Volume 8 | Article 567171


https://doi.org/10.1088/0954-3899/34/4/R01
https://doi.org/10.1103/PhysRevC.87.024320
https://doi.org/10.1103/RevModPhys.91.011001
https://doi.org/10.1103/PhysRevLett.112.172501
https://doi.org/10.1103/PhysRevC.97.014320
https://doi.org/10.1103/PhysRevC.97.034323
https://doi.org/10.1016/j.physletb.2018.05.070
https://doi.org/10.1016/j.physrep.2007.06.002
https://doi.org/10.1051/0004-6361/200911967
https://doi.org/10.1103/PhysRevC.85.025802
https://doi.org/10.1088/1361-6471/ab0849
https://doi.org/10.1103/PhysRevLett.111.242502
https://doi.org/10.1088/0004-637X/808/1/30
https://doi.org/10.1140/epja/i2015-15022-3
https://doi.org/10.1088/1361-6471/ab0bea
https://doi.org/10.3847/1538-4357/ab91a9
https://doi.org/10.3847/1538-4357/aaad67
https://doi.org/10.1088/1361-6471/abab4f
https://doi.org/10.1103/RevModPhys.88.045004
https://doi.org/10.1038/s41586-018-0780-0
https://doi.org/10.1103/PhysRevC.89.031601
https://doi.org/10.1103/PhysRevC.92.011602
https://doi.org/10.1088/0034-4885/79/11/116301
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Sadhukhan

Microscopic Theory for Spontaneous Fission

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sadhukhan J, Nazarewicz W, Schunck N. Microscopic modeling of mass and
charge distributions in the spontaneous fission of 24°Pu. Phys Rev C. (2016)
93:011304. doi: 10.1103/PhysRevC.93.011304

Baranger M, Vénéroni M. An adiabatic time-dependent Hartree-Fock
theory of collective motion in finite systems. Ann Phys. (1978) 114:123.
doi: 10.1016/0003-4916(78)90265-8

Dobaczewski J, Flocard H, Treiner J. Hartree-Fock-Bogoliubov description
of nuclei near the neutron-drip line. Nucl Phys A. (1984) 422:103-39.
doi: 10.1016/0375-9474(84)90433-0

Hill DL, Wheeler JA. Nuclear constitution and the interpretation of fission
phenomena. Phys Rev. (1953) 89:1102. doi: 10.1103/PhysRev.89.1102

Wilets L. Surface coupling mechanism for approaching statistical
equilibrium in compound nucleus formation, with application to fission.
Phys Rev. (1959) 116:372. doi: 10.1103/PhysRev.116.372

Hasse RW. Approaches to nuclear friction. Rep Prog Phys. (1978) 41:1027.
doi: 10.1088/0034-4885/41/7/002

Brack M, Damgaard ], Jensen AS, Pauli HC, Strutinsky VM, Wong CY.
Funny Hills: the shell-correction approach to nuclear shell effects and
its applications to the fission process. Rev Mod Phys. (1972) 44:320.
doi: 10.1103/RevModPhys.44.320

Schiitte G, Wilets L. Dynamics and non-adiabaticity in the fission process.
Nucl Phys A. (1975) 252:21. doi: 10.1016/0375-9474(75)90598-9

Schiitte G, Wilets L. Excitation during collective deformation: how simple it
is. Z Phys A. (1978) 286:313. doi: 10.1007/BF01408263

Strutinsky VM. Collective motion at large amplitudes and finite velocities. Z
Phys A. (1977) 280:99. doi: 10.1007/BF01438114

Nazarewicz W. Diabaticity of nuclear motion: problems and perspectives.
Nucl Phys A. (1993) 557:489. doi: 10.1016/0375-9474(93)90565-F
Nakatsukasa T, Walet NR. Diabatic
motion in a model pairing system. Phys Rev C. (1998) 57:1192.
doi: 10.1103/PhysRevC.57.1192

Moretto LG, Babinet RP. Large superfluidity enhancement in
the penetration of the fission barrier. Phys Lett B. (1974) 49:147.
doi: 10.1016/0370-2693(74)90494-8

Urin MG, Zaretsky DF. On the spontaneous fission of nuclei. Nucl Phys.
(1966) 75:101. doi: 10.1016/0029-5582(66)90749-8

Ledergerber T, Pauli HC. On the dynamics of fission: the role of
reflection asymmetry in the nuclear shape. Nucl Phys A. (1973) 207:1-32.
doi: 10.1016/0375-9474(73)90022-5

Lazarev YA. Influence of pairing correlations on the probability and
dynamics of tunnelling through the barrier in fission and fusion of complex
nuclei. Phys Scr. (1987) 35:255. doi: 10.1088/0031-8949/35/3/007

Pomorski K. Pairing as a collective mode. Int ] Mod Phys E. (2007) 16:237.
doi: 10.1142/S0218301307005685

Staszczak A, Baran A, Pomorski K, Boning K. Coupling of the
pairing vibrations with the fission mode. Phys Lett B. (1985) 161:227.
doi: 10.1016/0370-2693(85)90750-6

Staszczak A, Pitat S, Pomorski K. Influence of the pairing vibrations
on spontaneous fission probability. Nucl Phys A. (1989) 504:589.
doi: 10.1016/0375-9474(89)90559-9

Lojewski Z, Staszczak A. Role of pairing degrees of freedom and higher
multipolarity deformations in spontaneous fission process. Nucl Phys A.
(1999) 657:134. doi: 10.1016/S0375-9474(99)00328-0

Mirea M, Bobulescu RC. Cranking mass parameters for fission. J Phys G.
(2010) 37:055106. doi: 10.1088/0954-3899/37/5/055106

Sadhukhan J, Dobaczewski J, Nazarewicz W, Sheikh JA, Baran A. Pairing-
induced speedup of nuclear spontaneous fission. Phys Rev C. (2014)
90:061304. doi: 10.1103/PhysRevC.90.061304

Zhao J, Lu BN, Niksic T, Vretenar D, Zhou SG. Multidimensionally-
constrained relativistic mean-field study of spontaneous fission: coupling
between shape and pairing degrees of freedom. Phys Rev C. (2016) 93:044315.
doi: 10.1103/PhysRevC.93.044315

Baran A, Pomorski K, Lukasiak A, Sobiczewski A. A dynamic
analysis of spontaneous-fission half-lives. Nucl Phys A. (1981) 361:83.
doi: 10.1016/0375-9474(81)90471-1

Baran A. Some dynamical aspects of the fission process. Phys Lett B. (1978)
76:8. doi: 10.1016/0370-2693(78)90085-0

and adiabatic collective

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Skalski J. Nuclear fission with mean-field instantons. Phys Rev C. (2008)
77:064610. doi: 10.1103/PhysRevC.77.064610

Baran A, Lojewski Z, Sieja K, Kowal M. Global properties of even-even
superheavy nuclei in macroscopic-microscopic models. Phys Rev C. (2005)
72:044310. doi: 10.1103/PhysRevC.72.044310

Sadhukhan J, Mazurek K, Baran A, Dobaczewski J, Nazarewicz W,
Sheikh JA. Spontaneous fission lifetimes from the minimization
of self-consistent collective action. Phys Rev C. (2013) 88:064314.
doi: 10.1103/PhysRevC.88.064314

Vaquero NL, Rodriguez TR, Egido JL. On the impact of large amplitude
pairing fluctuations on nuclear spectra. Phys Lett B. (2011) 704:520.
doi: 10.1016/j.physletb.2011.09.073
Vaquero NL, Egido JL, Rodriguez
fluctuations in atomic nuclei. Phys
doi: 10.1103/PhysRevC.88.064311
Dobaczewski ], Nazarewicz W, Werner TR. Closed shells at drip-line nuclei.
Phys Scr. (1995) 1995:15. doi: 10.1088/0031-8949/1995/T56/002

Bartel J, Quentin P, Brack M, Guet C, Hikansson HB. Towards a better
parametrisation of Skyrme-like effective forces: a critical study of the SkM
force. Nucl Phys A. (1982) 386:79. doi: 10.1016/0375-9474(82)90403-1
Dobaczewski J, Nazarewicz W, Stoitsov. MV. Nuclear ground-state
properties from mean-field calculations. Eur Phys ] A. (2002) 15:21.
doi: 10.1140/epja/i2001-10218-8

Schunck N, Duke D, Carr H, Knoll A. Description of induced
nuclear fission with Skyrme energy functionals: static potential energy
surfaces and fission fragment properties. Phys Rev C. (2014) 90:054305.
doi: 10.1103/PhysRevC.90.054305

Nam H, Stoitsov M, Nazarewicz W, Bulgac A, Hagen G, Kortelainen M,
et al. UNEDF: advanced scientific computing collaboration transforms the
low-energy nuclear many-body problem. J Phys Conf Ser. (2012) 402:012033.
doi: 10.1088/1742-6596/402/1/012033

Schunck N, McDonnell JD, Sarich J, Wild SM, Higdon D. Error
analysis in nuclear density functional theory. J Phys G. (2015) 42:034024.
doi: 10.1088/0954-3899/42/3/034024

Tsekhanovich I, Andreyev AN, Nishio K, Denis-Petit D, Hirose K, Makii
H, et al. Observation of the competing fission modes in 178Pt. Phys Lett B.
(2019) 790:583. doi: 10.1016/j.physletb.2019.02.006

Matheson Z, Giuliani SA, Nazarewicz W, Sadhukhan J, Schunck
N. Cluster radioactivity of 2330g,,. Phys Rev C. (2019) 99:041304.
doi: 10.1103/PhysRevC.99.041304

Sadhukhan J, Giuliani SA, Matheson Z, Nazarewicz W. Efficient method for
estimation of fission fragment yields of r-process nuclei. Phys Rev C. (2020)
101:065803. doi: 10.1103/PhysRevC.101.065803

Rodriguez-Guzman R, Robledo LM. Microscopic description of fission in
uranium isotopes with the Gogny energy density functional. Phys Rev C.
(2014) 89:054310. doi: 10.1103/PhysRevC.89.054310

Giuliani SA, Robledo LM, Rodriguez-Guzman R. Dynamic versus static
fission paths with realistic interactions. Phys Rev C. (2014) 90:054311.
doi: 10.1103/PhysRevC.90.054311

Bernard RN, Pillet N, Robledo LM, Anguiano M. Description of the
asymmetric to symmetric fission transition in the neutron-deficient thorium
isotopes: role of the tensor force. Phys Rev C. (2020) 101:044615.
doi: 10.1103/PhysRevC.101.044615

Baldo M, Robledo LM, Schuck P, Vifas X. New Kohn-Sham density
functional based on microscopic nuclear and neutron matter equations of
state. Phys Rev C. (2013) 87:064305. doi: 10.1103/PhysRevC.87.064305
Giuliani SA, Robledo LM. Fission properties of the BCPM functional. Phys
Rev C. (2013) 88:054325. doi: 10.1103/PhysRevC.88.054325

Abusara H, Afanasjev AV, Ring P. Fission barriers in covariant density
functional theory: extrapolation to superheavy nuclei. Phys Rev C. (2012)
85:024314. doi: 10.1103/PhysRevC.85.024314

Zhao J, Lu BN, Niksic T, Vretenar D. Multidimensionally constrained
relativistic Hartree-Bogoliubov study of spontaneous nuclear fission. Phys
Rev C. (2015) 92:064315. doi: 10.1103/PhysRevC.92.064315

Agbemava SE, Afanasjev AV, Ray D, Ring P. Assessing theoretical
uncertainties in fission barriers of superheavy nuclei. Phys Rev C. (2017)
95:054324. doi: 10.1103/PhysRevC.95.054324

TR. Large-amplitude pairing
Rev C. (2013) 88:064311.

Frontiers in Physics | www.frontiersin.org

168

October 2020 | Volume 8 | Article 567171


https://doi.org/10.1103/PhysRevC.93.011304
https://doi.org/10.1016/0003-4916(78)90265-8
https://doi.org/10.1016/0375-9474(84)90433-0
https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRev.116.372
https://doi.org/10.1088/0034-4885/41/7/002
https://doi.org/10.1103/RevModPhys.44.320
https://doi.org/10.1016/0375-9474(75)90598-9
https://doi.org/10.1007/BF01408263
https://doi.org/10.1007/BF01438114
https://doi.org/10.1016/0375-9474(93)90565-F
https://doi.org/10.1103/PhysRevC.57.1192
https://doi.org/10.1016/0370-2693(74)90494-8
https://doi.org/10.1016/0029-5582(66)90749-8
https://doi.org/10.1016/0375-9474(73)90022-5
https://doi.org/10.1088/0031-8949/35/3/007
https://doi.org/10.1142/S0218301307005685
https://doi.org/10.1016/0370-2693(85)90750-6
https://doi.org/10.1016/0375-9474(89)90559-9
https://doi.org/10.1016/S0375-9474(99)00328-0
https://doi.org/10.1088/0954-3899/37/5/055106
https://doi.org/10.1103/PhysRevC.90.061304
https://doi.org/10.1103/PhysRevC.93.044315
https://doi.org/10.1016/0375-9474(81)90471-1
https://doi.org/10.1016/0370-2693(78)90085-0
https://doi.org/10.1103/PhysRevC.77.064610
https://doi.org/10.1103/PhysRevC.72.044310
https://doi.org/10.1103/PhysRevC.88.064314
https://doi.org/10.1016/j.physletb.2011.09.073
https://doi.org/10.1103/PhysRevC.88.064311
https://doi.org/10.1088/0031-8949/1995/T56/002
https://doi.org/10.1016/0375-9474(82)90403-1
https://doi.org/10.1140/epja/i2001-10218-8
https://doi.org/10.1103/PhysRevC.90.054305
https://doi.org/10.1088/1742-6596/402/1/012033
https://doi.org/10.1088/0954-3899/42/3/034024
https://doi.org/10.1016/j.physletb.2019.02.006
https://doi.org/10.1103/PhysRevC.99.041304
https://doi.org/10.1103/PhysRevC.101.065803
https://doi.org/10.1103/PhysRevC.89.054310
https://doi.org/10.1103/PhysRevC.90.054311
https://doi.org/10.1103/PhysRevC.101.044615
https://doi.org/10.1103/PhysRevC.87.064305
https://doi.org/10.1103/PhysRevC.88.054325
https://doi.org/10.1103/PhysRevC.85.024314
https://doi.org/10.1103/PhysRevC.92.064315
https://doi.org/10.1103/PhysRevC.95.054324
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Sadhukhan

Microscopic Theory for Spontaneous Fission

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zhao ], Niksic, Vretenar D, Zhou SG. Microscopic self-consistent description
of induced fission dynamics: finite-temperature effects. Phys Rev C. (2019)
99:014618. doi: 10.1103/PhysRevC.99.014618

Zhao ], Xiang J, Li ZP, Niksic T, Vretenar D, Zhou SG. Time-dependent
generator-coordinate-method study of mass-asymmetric fission of actinides.
Phys Rev C. (2019) 99:054613. doi: 10.1103/PhysRevC.99.054613

Shi Z, Afanasjev AV, Li ZP, Meng ]. Superheavy nuclei in a microscopic
collective Hamiltonian approach: the impact of beyond-mean-field
correlations on ground state and fission properties. Phys Rev C. (2019)
99:064316. doi: 10.1103/PhysRevC.99.064316

Bulgac A, Jin S, Roche K], Schunck N, Stetcu I Fission dynamics of
240Py from saddle to scission and beyond. Phys Rev C. (2019) 100:034615.
doi: 10.1103/PhysRevC.100.034615

Tanimura Y, Lacroix D, Ayik S. Microscopic phase-space exploration
modeling of 2 Fm spontaneous fission. Phys Rev Lett. (2017) 118:152501.
doi: 10.1103/PhysRevLett.118.152501

Reinhard PG, Goeke K. The generator coordinate method and quantised
collective motion in nuclear systems. Rep Prog Phys. (1987) 50:1.
doi: 10.1088/0034-4885/50/1/001

Goutte H, Berger JE, Casoli P, Gogny D. Microscopic approach of fission
dynamics applied to fragment kinetic energy and mass distributions in 24U.
Phys Rev C. (2005) 71:024316. doi: 10.1103/PhysRevC.71.024316

Regnier D, Dubray N, Schunck N, Verriére M. Fission fragment
charge and mass distributions in 2**Pu(n,f) in the adiabatic nuclear
energy density functional theory. Phys Rev C. (2016) 93:054611.
doi: 10.1103/PhysRevC.93.054611

Regnier D, Dubray N, Schunck N. From asymmetric to symmetric
fission in the fermium isotopes within the time-dependent generator-
coordinate-method  formalism. Phys Rev C. (2019) 99:024611.
doi: 10.1103/PhysRevC.99.024611

Ring P, Schuck P. The Nuclear Many-Body Problem. Berlin; Heidelberg:
Springer-Verlag (2000).

Baran A, Sheikh JA, Dobaczewski ], Nazarewicz W, Staszczak A. Quadrupole
collective inertia in nuclear fission: cranking approximation. Phys Rev C.
(2011) 84:054321. doi: 10.1103/PhysRevC.84.054321

Randrup J, Moller P. Brownian shape motion on five-dimensional potential-
energy surfaces: nuclear fission-fragment mass distributions. Phys Rev Lett.
(2011) 106:132503. doi: 10.1103/PhysRevLett.106.132503

Abe Y, Ayik S, Reinhard PG, Suraud E. On stochastic approaches of nuclear
dynamics. Phys Rep. (1996) 275:49. doi: 10.1016/0370-1573(96)00003-8
Frobrich P, Gontchar II. Langevin description of fusion, deep-inelastic
collisions and heavy-ion-induced fission. Phys Rep. (1998) 292:131.
doi: 10.1016/50370-1573(97)00042-2

Younes W, Gogny D. Fragment Yields Calculated in a Time-Dependent
Microscopic Theory of Fission. LLNL-TR-586678. Livermore, CA: Lawrence
Livermore National Laboratory (LLNL) (2012).

Sierk AJ. Langevin model of low-energy fission. Phys Rev C. (2017)
96:034603. doi: 10.1103/PhysRevC.96.034603

Sadhukhan J, Zhang C, Nazarewicz W, Schunck N. Formation and
distribution of fragments in the spontaneous fission of 24°Pu. Phys Rev C.
(2017) 96:061301. doi: 10.1103/PhysRevC.96.061301

Zhang CL, Schuetrumpf B, Nazarewicz W. Nucleon localization and
fragment formation in nuclear fission. Phys Rev C. (2016) 94:064323.
doi: 10.1103/PhysRevC.94.064323

Reinhard PG, Maruhn JA, Umar AS, Oberacker VE. Localization in light
nuclei. Phys Rev C. (2011) 83:034312. doi: 10.1103/PhysRevC.83.034312
Warda M, Staszczak A, Nazarewicz W. Fission modes of mercury isotopes.
Phys Rev C. (2012) 86:024601. doi: 10.1103/PhysRevC.86.024601

Warda M, Zdeb A. Fission fragment mass yield deduced from density
distribution in the pre-scission configuration. Phys Scr. (2015) 90:114003.
doi: 10.1088/0031-8949/90/11/114003

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Scamps G, Simenel C. Effect of shell structure on the fission of sub-lead
nuclei. Phys Rev C. (2019) 100:041602. doi: 10.1103/PhysRevC.100.041602
Bertsch GF, Loveland W, Nazarewicz W, Talou P. Benchmarking
nuclear  fission  theory. ]  Phys G.  (2015)  42:077001.
doi: 10.1088/0954-3899/42/7/077001

Giannoni MJ, Quentin P. Mass parameters in the adiabatic time-dependent
Hartree-Fock approximation. II. Results for the isoscalar quadrupole mode.
Phys Rev C. (1980) 21:2076. doi: 10.1103/PhysRevC.21.2076

Yuldashbaeva EK, Libert ], Quentin P, Girod M. Mass parameters for large
amplitude collective motion: a perturbative microscopic approach. Phys Lett
B. (1999) 461:1. doi: 10.1016/S0370-2693(99)00836-9

Smolanczuk R, Klapdor-Kleingrothaus HV, Sobiczewski A. Role of the
deformation space admitted in the analysis of spontaneous fission. Acta Phys
Pol B. (1993) 24:685.

Smolanczuk R, Skalski ], Sobiczewski A. Spontaneous-fission half-
lives of deformed superheavy nuclei. Phys Rev C. (1995) 52:1871.
doi: 10.1103/PhysRevC.52.1871

Gherghescu RA, Skalski ], Patyk Z, Sobiczewski A. Non-axial shapes in
spontaneous fission of superheavy nuclei. Nucl Phys A. (1999) 651:237.
doi: 10.1016/S0375-9474(99)00126-8

Warda M, Egido JL. Fission half-lives of superheavy nuclei in a microscopic
approach. Phys Rev C. (2012) 86:014322. doi: 10.1103/PhysRevC.86.014322
Delaroche JP, Girod M, Goutte H, Libert J. Structure properties of even-even
actinides at normal and super deformed shapes analysed using the Gogny
force. Nucl Phys A. (2006) 771:103. doi: 10.1016/j.nuclphysa.2006.03.004
Karpov AV, Nadtochy PN, Vanin DV, Adeev GD. Three-dimensional
Langevin calculations of fission fragment mass-energy distribution
from excited compound nuclei. Phys Rev C. (2001) 63:054610.
doi: 10.1103/PhysRevC.63.054610

Nadtochy PN, Ryabov EG, Gegechkori AE, Anischenko YA, Adeev GD.
Four-dimensional Langevin dynamics of heavy-ion-induced fission. Phys
Rev C. (2012) 85:064619. doi: 10.1103/PhysRevC.85.064619

Pal S, Chaudhuri G, Sadhukhan J. The role of neck degree
of freedom in nuclear fission. Nucl Phys A. (2008) 808:1.
doi: 10.1016/j.nuclphysa.2008.05.001

Laidler JB, Brown F. Mass distribution in the spontaneous fission of 240Pu. |
Inorg Nucl Chem. (1962) 24:1485. doi: 10.1016/0022-1902(62)80001-3
Thierens H, De Clercq A, Jacobs E, De Frenne D, D’hondt P, De Gelder P, et al.
Kinetic energy and fragment mass distributions for 24°Pu(s.f.), 2**Pu(ny,, ),
and 24°Pu(y, f). Phys Rev C. (1981) 23:2104. doi: 10.1103/PhysRevC.23.2104
Interactive Chart of Nuclides. NuDat 2.7. Available online at: https://www.
nndc.bnl.gov/nudat2/

Dobaczewski ], Nazarewicz W, Reinhard PG. Error
of theoretical models: a guide. ] Phys G. (2014)
doi: 10.1088/0954-3899/41/7/074001

Negele JW. Microscopic theory of fission dynamics. Nucl Phys A. (1989)
502:371. doi: 10.1016/0375-9474(89)90676-3

Kajino T, Aoki W, Balantekin AB, Diehl R, Famiano MA, Mathews GJ.
Current status of r-process nucleosynthesis. Prog Part Nucl Phys. (2019)
107:109. doi: 10.1016/j.ppnp.2019.02.008

estimates
41:074001.

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sadhukhan. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

169

October 2020 | Volume 8 | Article 567171


https://doi.org/10.1103/PhysRevC.99.014618
https://doi.org/10.1103/PhysRevC.99.054613
https://doi.org/10.1103/PhysRevC.99.064316
https://doi.org/10.1103/PhysRevC.100.034615
https://doi.org/10.1103/PhysRevLett.118.152501
https://doi.org/10.1088/0034-4885/50/1/001
https://doi.org/10.1103/PhysRevC.71.024316
https://doi.org/10.1103/PhysRevC.93.054611
https://doi.org/10.1103/PhysRevC.99.024611
https://doi.org/10.1103/PhysRevC.84.054321
https://doi.org/10.1103/PhysRevLett.106.132503
https://doi.org/10.1016/0370-1573(96)00003-8
https://doi.org/10.1016/S0370-1573(97)00042-2
https://doi.org/10.1103/PhysRevC.96.034603
https://doi.org/10.1103/PhysRevC.96.061301
https://doi.org/10.1103/PhysRevC.94.064323
https://doi.org/10.1103/PhysRevC.83.034312
https://doi.org/10.1103/PhysRevC.86.024601
https://doi.org/10.1088/0031-8949/90/11/114003
https://doi.org/10.1103/PhysRevC.100.041602
https://doi.org/10.1088/0954-3899/42/7/077001
https://doi.org/10.1103/PhysRevC.21.2076
https://doi.org/10.1016/S0370-2693(99)00836-9
https://doi.org/10.1103/PhysRevC.52.1871
https://doi.org/10.1016/S0375-9474(99)00126-8
https://doi.org/10.1103/PhysRevC.86.014322
https://doi.org/10.1016/j.nuclphysa.2006.03.004
https://doi.org/10.1103/PhysRevC.63.054610
https://doi.org/10.1103/PhysRevC.85.064619
https://doi.org/10.1016/j.nuclphysa.2008.05.001
https://doi.org/10.1016/0022-1902(62)80001-3
https://doi.org/10.1103/PhysRevC.23.2104
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1088/0954-3899/41/7/074001
https://doi.org/10.1016/0375-9474(89)90676-3
https://doi.org/10.1016/j.ppnp.2019.02.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Advantages
of publishing
In Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW
Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

E

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

uil

IMPACT METRICS

Advanced article metrics
track visibility across
digital media

FOLLOW US
@frontiersin

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover

	Frontiers eBook Copyright Statement
	Advances in Time-Dependent Methods for Nuclear Structure andDynamics
	Table of Contents
	Editorial: Advances in Time-Dependent Methods for Nuclear Structure and Dynamics
	Author Contributions
	References

	Collective Inertial Masses in Nuclear Reactions
	1. Introduction
	2. Theoretical Framework
	2.1. Formulation of ASCC Method
	2.2. ASCC Collective Path and Inertial Mass

	3. Applications 
	3.1. Solutions for the Translational Motion
	3.2. ASCC Reaction Path for α+α8Be
	3.3. Inertial Mass for α+α8Be 
	3.4. Impact of Time-Odd Potential

	4. Summary and Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References

	Time-Dependent Approaches to Open Quantum Systems
	1. Introduction
	2. Phenomenological Quantum Friction Models
	3. System-Plus-Bath Model
	4. Summary
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Far Off Equilibrium Dynamics in Clusters and Molecules
	1. Introduction
	2. Theoretical Background
	2.1. Electronic DFT
	2.2. Self-Interaction Correction
	2.3. Observables

	3. Results
	3.1. Impact of SIC
	3.2. Optical Response
	3.3. Laser Excitation
	3.4. Impact of Dissipation

	4. Conclusions
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References

	Predictions of New Neutron-Rich Isotopes at N=126 in the Multinucleon Transfer Reaction 136Xe + 194Ir
	1. Introduction
	2. Brief Introduction to TDHF Approach
	3. Results and Discussions
	4. Summary
	Data Availability Statement
	Author Contributions
	Funding
	References

	Quasifission Dynamics in Microscopic Theories
	1. Introduction
	2. Microscopic Approaches
	3. Insights From TDHF and Beyond
	3.1. Mass Angle Distributions
	3.2. Deformed Shell Effects in Quasifission
	3.3. Mass Equilibration
	3.4. Collective Landscape

	4. Summary
	Data Availability Statement
	Author Contributions
	Funding
	References

	Fusion Dynamics of Low-Energy Heavy-Ion Collisions for Production of Superheavy Nuclei
	1. Introduction
	2. Experimental Progress
	3. Theoretical Description of Fusion Reactions
	3.1. Capture Cross Sections
	3.2. Fusion Dynamics
	3.3. Fusion Mechanism
	3.4. Selection of Collective Degree and Calculation of Related Input Quantity in Transport or Diffusion Equations
	3.5. Survival Probabilities

	4. The Optimum Projectile-Target Combination and Bombarding Energy
	4.1. Influence of Entrance Channel on ERCSs
	4.2. The ERCS of Production Using Radioactive Beams
	4.3. Prediction ERCS Z = 119 and 120

	5. The Future
	6. Summary
	Author Contributions
	Funding
	References

	Nuclear Fission Dynamics: Past, Present, Needs, and Future
	1. The Past
	2. The Present
	3. What Are the Needs?
	4. What Lessons Have We Learned so far and What Is the Most Likely Path to the Future?
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Applications of Time-Dependent Density-Matrix Approach
	1. Introduction
	2. Formulation in Time-Independent Single-Particle Basis
	2.1. Time-Dependent Density-Matrix Theory and Truncation Schemes
	2.2. Ground-State Calculation
	2.3. Excited-States Calculation
	2.4. Applications
	2.4.1. Lipkin Model
	2.4.2. One-Dimensional Hubbard Model
	2.4.3. Dipole and Quadrupole Excitations of 40Ca and 48Ca


	3. Formulation in Time-Dependent Single-Particle Basis
	3.1. TDDM Equations
	3.2. Fusion Reactions of 16O + 16O 

	4. Summary and Outlook
	Author Contributions
	References

	TDHF and a Macroscopic Aspect of Low-Energy Nuclear Reactions
	1. Introduction
	2. Dissipative-Dynamics TDHF
	3. Nucleus–Nucleus Potential and Energy Dissipation
	3.1. Light and Medium-Mass Systems
	3.2. Heavy Systems
	3.3. Off-Central Collisions

	4. Summary
	Author Contributions
	Funding
	Acknowledgments
	References

	Studies on Nuclear Structure and Nuclear Dynamics Using Cb-TDHFB
	1. Introduction
	2. Time-Dependent Mean-Field Models
	2.1. Cb-TDHFB Equation
	2.2. Linear Response Calculation Using TD Mean-Field Model
	2.3. Collision Simulation by Means of TD Mean-Field Model

	3. Applications
	3.1. Electric Dipole Excitation in the Linear Response Theory
	3.2. Systematic Study of E1 Excitation Modes
	3.3. Fusion Reaction

	4. Summary and Perspectives
	Author Contributions
	Acknowledgments
	References

	Solitons in Nuclear Time-Dependent Density Functional Theory
	1. Introduction
	2. Equation of Waves
	3. Non-linear Dispersive Waves
	3.1. Korteweg-de Vries Equation
	3.2. Non-linear Schrödinger Equation
	3.3. Sturm-Liouville Formalism

	4. Solitons in Nuclear TDDFT
	4.1. Many-Nucleon System
	4.2. Theoretical Framework
	4.2.1. One-Dimensional Soliton Model
	4.2.2. Three-Dimensional Model

	4.3. Solitons in Many-Nucleon Systems
	4.3.1. Similarity of Master Equations
	4.3.2. Mechanism of Soliton Propagation in the TDDFT
	4.3.3. Numerical Experiment


	5. Summary
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	The Time-Dependent Generator Coordinate Method in Nuclear Physics
	1. Introduction
	2. General Formalism of the TDGCM
	2.1. Generator States
	2.2. Griffin-Hill-Wheeler Ansatz
	2.3. Griffin-Hill-Wheeler Equation
	2.4. Mapping to the Collective Wave Functions
	2.5. Difficulties Related to the Energy Kernel
	2.5.1. Neglecting Some Exchange Terms
	2.5.2. Violation of Symmetries by Energy Density Functionals
	2.5.3. Density Dependent Terms of Energy Density Functionals

	2.6. Fission Dynamics With the Exact TDGCM

	3. Gaussian Overlap Approximation (GOA)
	3.1. TDGCM+GOA With Time Even Generator States
	3.1.1. Main Assumptions
	3.1.2. Equation of Motion
	3.1.3. Inertia and Metric

	3.2. Applications in Nuclear Reactions
	3.2.1. Low Energy Ion Collisions
	3.2.2. Fission Dynamics

	3.3. Main Limitations

	4. Schrödinger Collective-Intrinsic Model (SCIM)
	4.1. Main Assumptions
	4.2. Schrodinger Collective-Intrinsic Equation
	4.3. Choice of Quasiparticle Excitations

	5. Quantum Mixture of Time-Dependent States
	5.1. The Multiconfiguration Time-Dependent Hartree-Fock Approach
	5.2. Multiconfiguration With Time-Dependent Non Orthogonal States

	6. Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References
	7. Appendix
	7.1. Expression of the GOA Moments

	8. Bestiary of SOPO Properties

	Shape Evolutions in Fission Dynamics Within Time-Dependent Hartree-Fock Approach
	1. Introduction
	2. The TDHF Theory
	3. Results and Discussions
	3.1. Influences of Surface Energies in Fission Dynamics
	3.2. Influences of Symmetry Energies in Fission Dynamics
	3.3. The Collective Oscillations of Fission Fragments

	4. Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	Nuclear Collective Dynamics in Transport Model With the Lattice Hamiltonian Method
	1. Introduction
	2. Model Description
	2.1. Mean Fields
	2.2. Collision Integral
	2.3. Ground State Initialization and Evolution Stability
	2.4. Nuclear Giant Resonances Within Transport Models

	3. Lattice Hamiltonian Vlasov Calculations
	3.1. Isoscalar Monopole Mode
	3.2. Isovector Dipole Mode

	4. Spreading Width of the Giant Dipole Resonance and Collisional Damping
	5. Summary and Outlook
	Author Contributions
	Funding
	Acknowledgments
	References

	Microscopic Theory for Spontaneous Fission
	1. Introduction
	2. A Model for Spontaneous Fission Half-Life
	2.1. Fission Half-Life
	2.2. Calculation of Fission-Fragment Yields
	2.3. Nucleonic Localization Function and Pre-fragments

	3. Results on Different Aspects of Spontaneous Fission
	3.1. Effect of Collective Inertia in Fission Pathway
	3.2. Role of Pairing Correlations
	3.3. Fission-Fragment Yield Distributions
	3.4. Uncertainties in Yield Distributions
	3.5. Prediction of Fragments From Localized Pre-fragment

	4. Conclusion
	Author Contributions
	Acknowledgments
	References

	Back Cover



