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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

Frontiers in Physics | www.frontiersin.org

1 October 2020 | Volume 8 | Article 330


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2020.00330
http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2020.00330&domain=pdf&date_stamp=2020-10-06
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lwchen@sjtu.edu.cn
https://doi.org/10.3389/fphy.2020.00330
https://www.frontiersin.org/articles/10.3389/fphy.2020.00330/full

Wang et al.

Nuclear Collective Dynamics in Transport Model

(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):

o + 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 = - -
(mh)? /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

8| @rh)y Qxh)y @rh)
84 p1+p2 —p3 —pa) x (AL —£)0 —f) — ffs(0—f)A—H)],
(3)

I = [Mizosal? )

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\ ,t = -
fe(#,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) = Hi, (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%24(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=np

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 1,3, 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

N C[Z] 2 C[4 4 6
K no_ -4 >/ ,
s(.p) = 6h2 )+ ”2 ) +16h2(p r)
)
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),
- 1 - - -
HE@) = B p (VD) — [V @]}

1 - - -2

+ Y {0V ) - [V ]

T=n,p
1 - " =
= 82 {p® V2@ - [Vo ()|

1 -
+ 8OV @ - [Ve@F ). a

In the second line we have introduced g1 = 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, (¥) 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] Q2+ xgn]) n t[n] @+ [n])’ (13)

D = — M 1y 4 Ml 41, (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,

@ N OHL[F1(1), . . s Faseng (8); P1(0)s - s Pascne (1)]
dt E api
e t 9 MD
= PO N 3 e (19)
m aeV; pl
dpi N OHL[F1(1), ., Fasenp (1) P1(D)s ., Paxng (D]
dr E 37,'
= —Nelll,
n.p loc Cou DD
8(1oc +7(Cou 4 3(DD)
) Z { Z |: 0p¢
aeV; T o
IHE™ V0pry  IHMP
% — « . 20
+2::0( ) d "pt,a] 31’1' + 87’1' } ( )

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

pp(T’,)

- 2[00
7o — 7| 4 T

~ 2o, (7)1 = pp(ra’)lxlylz _§ 3pp('r’a) 1/3
Nepp(ra):z Z —— [ ] )

o, Tl 4l

HE (7o) = € py (. ){1

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(’,)
—— 8V, 7_,
T avem 0T v

. narHrad(r)
‘Z/Z R TTNCE

zpr(?)+-~-]d3f

0. () dr, (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; r; 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

BHMW%) aqnuy_m]
o7 o7
x { 3 S[50) — FulKu[5:(0.31(0)]
j€Va
=T
D BE ORI I8 10| NEEY
j€Va
IHMP (7y) - -
—7%—f=mhm—m]
[ pi(t), pi(t
x { 3 S[H) - ;“]M
j€Va Ppi
Tj:‘[i 8]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, =
P £ 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.
2= 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.

ANYFy B12) = g

(29)

The quantities |df T p1) |coll and |df (T(‘;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 .
/ @rhy rhy Ml )

‘ 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 o
From Equations (28)-(30) one obtains

pi€Vj,
Pi€Vp,
n- = = 11
AN (rol)ppr) = Z ANZ(':]O
ij

Eievﬁl
ijVlgz
= 2 7 Vet SGi = TS = 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 ij

Pi = Gne2 (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+68; V 4m* TgK3(m/T)

,» (36)

where K}, is the nth order modified Bessel function, N; (N;) is the
number of particles i (j) 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 (o, 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),Vz,of(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(7 —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,

50 = [ o156~ 7). (43)
To express p(7) in terms of 5(7), we have formally
o) = [ 565G - P
1
_ / [ v - s - Py
= 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., . S =
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 Ny = 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.
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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.
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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)() = (0'|QI0')(t) — (01Q0)(t)
226(¢) A . (Ep — Ep)t
== ; I(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 Er.
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 (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

# P 1y Py B AP, (51)
where we have added two identity operators. Considering the

definition of the one-body density matrix,
pG17) =4 [ Giy - T O) @R T PP,

and combining it with the one-body operator condition
Q= Z? > we can rewrite Equation (51) as

@ = [ oG PR . (52)
The density matrix can be expressed in coordinate space as the
inverse Fourier transform of f(7, p),

- 3 - g - = ‘B_») 3
— 2+ 2) = : —s) d’p. 53
p(r 5 r—l—z) /f(rp)exp(lhs P (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

9 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
AQ8(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 Qisym for
the isoscalar monopole mode and its one-body operator gism take
the forms

2

X.

=>

A
R 1, .
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),’ —2A—.

" (59)

AQpgpy (fm)
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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 grsp 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 SPé6s, 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

Frontiers in Physics | www.frontiersin.org

10

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

Isovector dipole response of  2%Pb ]

AQpypy (fm)

|
—
(=)

— SP6m

------ ISHE

|
Do
o

400 600
t (fm/c)

800 1000

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

NG, 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:

N
pz—) {Pz )Lé
Pz + A%

for protons,
P (61)
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; (74, 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 2%8Pb 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,ﬁﬁf. 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

/:/9x = 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 ofI$¢ 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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