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In this review article, we first briefly introduce the transport theory and quantum molecular dynamics
model applied in the study of the heavy ion collisions from low to intermediate energies. The devel-
opments of improved quantum molecular dynamics model (InQMD) and ultra-relativistic quantum
molecular dynamics model (UrQMD), are reviewed. The reaction mechanism and phenomena related to
the fusion, multinucleon transfer, fragmentation, collective flow and particle production are reviewed
and discussed within the framework of the two models. The constraints on the isospin asymmetric
nuclear equation of state and in-medium nucleon—nucleon cross sections by comparing the heavy ion
collision data with transport models calculations in last decades are also discussed, and the uncertain-
ties of these constraints are analyzed as well. Finally, we discuss the future direction of the development
of the transport models for improving the understanding of the reaction mechanism, the descriptions
of various observables, the constraint on the nuclear equation of state, as well as for the constraint on
in-medium nucleon—nucleon cross sections.
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1 Introduction

Heavy ion collisions (HICs) provide a unique way to in-
vestigate the basic nuclear physics problems in laboratory,
such as where is the end of nuclear chart? how can we
reach it? what is the properties of neutron-rich matter
in cosmos and on the earth? and the origin of elements
heavier than Fe? In the past 50 years, a large number of
experimental data for HICs have been accumulated and
lots of interesting results have been obtained [1-24]. It
has been found that the phenomena and the physics pro-
cesses in HICs at various energy domains are very rich and
complicated. Thus, understanding the mechanism behind
them is very helpful for us to obtain the knowledge of
related nuclear phenomena and physics.

For low energy heavy ion reactions (in this review pa-
per, we consider this energy domain to be FEpeqm <
10 MeV /nucleon), the synthesis of superheavy nuclei and
new neutron (proton)-rich isotopes are the hot topics [25—
61]. Related to them, there are also a lot of interesting
problems in the reactions, such as the role of the dy-
namical effect, the nuclear structure effect and the inter-
play between them, and the dependence of the barrier
on the reaction systems and incident energies, need to
be clarified. Multi-nucleon transfer (MNT) reactions be-
tween very heavy nuclei at near or above barrier energies,
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attracted a lot of attention as well [52-54] since it could
lead to production of new heavy and possibly superheavy
neutron-rich isotopes, especially those nuclei at waiting
point for r-process which are important to the nuclear
astrophysics. In addition, the study of MNT reaction is
highly required due to the new facilities of High Inten-
sity heavy ion Accelerator Facility (HIAF) and Argonne
Tandem Linac Accelerator System (ATLAS).

As the beam energy increases, the interplay of one-
body mean field and two-body scattering makes the phe-
nomena in this energy domain fascinating and compli-
cated. The ternary and four-fragment breakup process
may take place accompanying the binary process. At the
low-intermediate energies region, i.e., ~20 MeV /nucleon
to ~300 MeV /nucleon (the definition of energy domain
of intermediate energies, usually differs among authors),
multifragmentation process which was thought as a sig-
nal of liquid—gas phase transition in finite systems, ap-
pears and provides the opportunity to study the equa-
tion of state at sub-saturated densities [22, 23, 62-65] and
mechanism of liquid-gas phase transition in the finite sys-
tem. The phenomena relating to the multifragmentation,
such as isospin distillation, neutron-rich neck emission, bi-
modality, - - -, evolved with the isospin asymmetry and the
size of reaction system and the beam energy as well, are
very rich and complicated, and it provides us with the
hints of equation of state (EOS), mechanism of fragmen-
tation and information of liquid-gas phase transition for
two components finite system.

When the beam energies increase from around 100 MeV
per nucleon up to few GeV per nucleon, the collective mo-
tion of emitted nucleons and light particles appears, and
it was named as collective flow [3, 9, 11-14, 16]. The mea-
surement of collective flow also provides a possibility for
the study of the nuclear EOS at supersaturated densities
as well as the information of in-medium nucleon—nucleon
(NN) cross sections [24], because the changing of the mo-
mentum of emitted nucleons is related to the gradient
of pressure between the participant and spectator of the
reaction system, which is caused by the nucleonic mean
field and nucleon—nucleon collisions. The sub-threshold
and above threshold production of mesons take place in
addition to the multifragmentation and the collective flow
effects. The yields of mesons and their yield ratios between
different charge states as well as the flow effects evolve
with energy and isospin asymmetry of the system [66-84],
contain a lot of information of the isospin asymmetric EOS
of nuclear matter, the isospin dependent in-medium NN
cross sections and the reaction dynamics. The study of the
phenomena at the beam energy from low to intermediate
energies, such as the production of new isotopes, multi-
fragmentation, and flow effects closely relating to equa-
tion of state stimulate the building of next generation of
rare isotope facilities, such as the Intensity Heavy ion Ac-
celerator Facility (HIAF) at Institute of Modern Physics
(IMP) in China [85-87], Facility for rare isotope beams
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(FRIB) [88] in USA, Rare isotope Accelerator complex
for ON-line experiment (RAON) [89] in Korea, RI beam
factory (RIBF/RIKEN) in Japan [90], SPTRAL2/GANIL
in France [91], Facility for Antiproton and Ion Research
(FAIR) at GSI in Germany [92], Selective Production of
Exotic Species (SPES/LNL) in Italy [93], Nuclotron-based
Ton Collider facility at the Joint Institute for Nuclear Re-
search(NICA /JINR) in Russia [94], and the proposed Bei-
jing Isotope-Separation-On-Line Neutron-Rich Beam Fa-
cility (BISOL) [95] in China.

In order to describe the phenomena and processes in
HICs at each energy domain, kinds of successful mod-
els have been developed for explaining and investigat-
ing the related physics problems. For instance, for low
beam energy reactions, both the diffusion model by using
Langevin equation and the di-nuclear model can describe
fusion cross sections [46, 52, 53, 53, 54, 96-117]; for the
intermediate energy region, the statistical multifragmen-
tation model (SMM) is quite successful in describing the
charge distribution of multifragmentations at intermedi-
ate energy reactions [118-125], etc. However, heavy ion re-
action or collision process is essentially a non-equilibrium
process. It is highly demanded to develop a model or the-
ory which can describe the time evolution of reaction, so
that one can understand the reaction dynamics and the
transient states in the compressing and expanding stages
which are important for studying the equation of state
of nuclear matter. Also, the theories (models) describing
heavy ion collisions in a more unified way from low en-
ergies to higher energies are considerably demanded for
insight in depth of the properties of nuclear many-body
system and reaction dynamics. Thus, the microscopic dy-
namics models, namely, the microscopic transport models
for heavy ion reactions were developed and have been used
to study HICs with a great success [63-65, 73, 74, 126—
174].

Generally, the transport models adopt different phi-
losophy to solve the transport equations, which can be
roughly divided into two types, the Boltzmann—Uehling—
Uhlenbeck (BUU) model and the quantum molecular dy-
namics (QMD) model.

In the BUU approach, the goal is to describe the evolu-
tion of the one-body phase space occupation probability
f(r,p;t) as a function of the time under the action of
a mean field potential U[f], usually derived from a den-
sity functional, and two-body collisions specified by an
in-medium cross section do™¢?/d{). The non-relativistic
BUU equation reads

9 p
(8t + m -V, =V,.U- Vp) f(r?pvt) = coll(r7p; t)
(1)

1.0y is the collision term, which accounts for the particles
entering and leaving the phase space d3rd3p. The integro-
differential non-linear BUU equation is solved numerically
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by using the test particle method (TP) [175], as

3 ANTp

>

i=1

(27h)

gN7p G(r—ri(t) G(p—pi(t), (2)

f(r,p;t) =

where Nrp is the number of test particles (TP) per nu-
cleon, r; and p; are the time-dependent coordinate and
momentum of the test particle i, G and G are the shape
functions in coordinate and momentum space, respec-
tively, with a unit norm (e.g., -functions or normalized
Gaussians). For nucleons, the degeneracy factor g = 4 is to
define f(r,p;t) as the spin—isospin averaged phase space
occupation probability. It is also possible to express the
distribution function for each isospin (or spin) state in a
similar way. In the BUU approach the phase space dis-
tribution function is seen as a one-body quantity and a
smooth function of coordinates and momenta and it can
be approximated better by increasing the number of test
particles in the solution. In the limit of Npop — oo, the
BUU equation is solved exactly. In this limit the solu-
tion is deterministic and does not contain fluctuations. In
case of studying the cluster and fragment production, it
will need to introduce the fluctuation which actually ex-
ist in low-intermediate energy heavy ion collisions. There
are some effort to do it through the Boltzmann—Langevin
equation (BLE) which adds a fluctuation term on the right
hand side of Eq. (1),

(gt + Py, _VTU-VP) f(r,p;t)

3)

This equation is solved approximately in the stochas-
tic mean field (SMF), Boltzmann-Langevian one body
(BLOB) [126, 127, 140142, 176-182].

In the QMD approach, the evolution of N-body phase
space density distribution fy(r1,...,7N,DP1,-..,PN;T) 18
formulated. Thus, in the philosophy of QMD, the effect of
go-beyond the mean field approach is realized by including
correlations and fluctuations from the beginning, and it is
at the expense of more rapidly destroying the fermionic
character of the system and of reverting to a classical sys-
tem. The QMD model can be seen as an event genera-
tor, where the time evolution of different events is solved
independently. The fluctuations in QMD-type codes are
regulated and smoothed by choosing the parameter o,
the width of the wave packet. The mean field part in
the QMD approach can also be viewed as derived from
the Time-Dependent Hartree method with a product of
trial wave function of single particle states in Gaussian
form that we will mention in Section 2. Also the collision
term, which relocates nucleon wave packets in momen-
tum space, introduces more fluctuations than those for
the collision term in BUU. The fluctuations among events
are not suppressed in QMD approach even in the limit of
infinite number of events. Taking into account all fluctu-
ations and correlations has basically two advantages: i)

- coll(ra p; t) + 5Icoll .
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many-body processes, in particular the formation of com-
plex fragments are explicitly treated, and ii) the model al-
lows for an event-by-event analysis of heavy ion reactions
similar to the methods which are used for the analysis of
exclusive high acceptance data [148-150].

Stimulated by studying the dynamical effects on the
heavy ion reactions near the barrier, we have made a
series of improvements on nucleon propagation in the
mean field part, nucleon—nucleon collision in two-body
collision part, the initialization and the cluster recogniza-
tion [155, 156, 159, 162] based on the original QMD model
during last 20 years. It was named as improved quantum
molecular dynamics model (also known as InQMD). One
of the important changes is that we adopt the potential
energy density functional to determine the nucleon propa-
gation, which was stimulated by a steady transition taken
place during the past several years from the mean-field de-
scription of nuclear properties in terms of effective forces
to an density functional approach [183-187]. The basic
idea of density functional is that the ground-state energy
of a stationary many-body system can be represented in
terms of the ground state density alone, and thus, energy
density functional theory calculations are comparatively
simple to implement yet often very accurate and com-
putationally feasible even for systems with large particle
numbers. Following this transition, we replaced the mean
filed potential part in terms of the effective nuclear inter-
action by the potential energy density functional, and we
will mention it in the following chapter.

Up to now, we have developed three versions of ImnQMD
designed for different purposes. The details will be given in
Section 2. A series of applications of the ImQMD model
to the fusion reaction, deep inelastic scattering (multi-
nucleon transfer reaction) at near Coulomb barriers and
to multifragmentation, collective flow effects and other im-
portant phenomena at intermediate and high energies will
be presented in this review paper. The study of liquid-gas
phase transition in finite nuclear systems connecting to
multifragmentation, and the constraints on symmetry en-
ergy for asymmetric nuclear matter by comparison of the
model calculations with the experimental data, are also
presented. Further more, the phenomena at intermediate
and high energies related to particle production and collec-
tive flow are presented and discussed within the framework
of UrQMD model.

This article is organized as follows. In Section 2, we will
briefly review the many-body transport theory and its so-
lution in the quantum molecular dynamics approaches.
In Section 3, we will focus on the study of phenomena
in heavy ion reaction (collision), and its reaction mecha-
nism. Section 4 will present the investigation on the in-
medium NN cross sections by using the closed time-path
green function method and one-boson exchange model,
and the efforts of extracting the in-medium NN cross sec-
tion by comparing the QMD type model calculations to
heavy ion collisions data. Section 5 will present the in-
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vestigation on the isospin asymmetric nuclear equation
of state, symmetry energy and the uncertainties of these
constraints. Section 6 will give discussions and prospect on
the development of transport theory and its applications
in the nuclear physics in the future.

2 Transport theory and the quantum
molecular dynamics model

Utility of the quantum—mechanical phase space distribu-
tions for the formulation and solution of scattering and
production problems is an important approach in heavy
ion collisions. In 1932, Wigner [188] discovered an interest-
ing version of the density matrix which allows the expres-
sion of quantum dynamics in a form directly comparable
with the classical analog while maintaining the quantum
integrity of the conjugacy of the variables p and x. This
approach can also be extended to the particle production
problem by expanding the field operator ¢ in terms of the
annilation operator a(p,t) [189], and the N-particle co-
variant distribution functions are directly connected with
the inclusive differential cross sections. The advantages
of this technique are clearly exhibited in application to
quantum transport theory [190-192].

The transport equation can be derived by means of the
nonequilibrium Green’s function technique, i.e., the closed
time-path Green’s function(CTPGF) technique which is
based on the theoretical concepts for a proper many-body
description in terms of a real time nonequilibrium field
theory initiated by Schwinger in the early sixties. By us-
ing the CTPGF technique, the transport equation and
the analytical expressions of in-medium two-body scatter-
ing cross sections applicable for heavy ion collisions are
simultaneously obtained. As the whole theory is compli-
cated but very useful, here we refer to the literatures (see
Refs. [193-201]).

In this section, we will shortly mention the transport
theory which is used for QMD approach.

2.1 Transport theory for N-body system

The derivation of Boltzmann’s N-body phase space dis-
tribution fx(71,...,7N;D1,...,PN) provide an intuitive
picture of complex collisions process based on the quan-
tum mechanics. As is known that the simultaneous prob-
ability for position r and momentum p is forbidden in
quantum mechanics by Heisenberg’s uncertainty principle,
i.e., Ar;Ap; > h/2. One way to map a quantum variable
to a classical one is to use coarse-grain method, such as
Wigner transformation [188] in which both respects the
rules of quantum mechanics and recaptures most of the
desired features of Boltzmann function. If a wave function
Y(ry,...,rN) is given, one may build the density matrix
with the representation as following:

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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fN(r rNaplf"?pN

(27771) / / do

W (ry —y1, -, TN —YN)

’(/)(7'1 +Yy1,-, TN+ yN) —2i(p1- ?!1+~~-|-PN'?1N)/7L7

(4)
to express the probability-function of the simultaneous
values of 71,...,ry and p1,...,pny. Eq. (4) is real,
but not everywhere positive and it means that the
fn(r1,...,PN;D1,...,pN) cannot be really interpreted
as the simultaneous probability for coordinates and mo-
menta. However, the lack of positivity will not hinder the
use of it since we are mainly concerned with computation
of positive definite asymptotic quantities. When Eq. (4)
is integrated with respect to p, the correct probabilities
[Y(r1,...,N)|? is given; if we integrate Eq. (4) with re-
spect to 7, the correct probabilities |C(py,...,pn)|? can
also be verified. Hence, one may get the correct expec-
tation values of mechanical quantities O as a function of
coordinate or momenta for the state ¢ as

:/ "'/dTl"‘dTNdpl"'deO(Ti,pi)

fN T1, yTN;P1, 7pN)

/ ]drl drN.w (ri, - ,TN)

O(r, —1hOp, ) (71, -+ ,TN), (5)

where fy(r1,...,7N;D1,...,PN) IS the probability-
function described above.

For the equation of N-body system phase space distri-
bution fn(7r1,7r2,...,7N;D1,D2,-..,PN), it has been de-

rived by Aichline in Ref. [150] and is written as follows:

9 i
<8t+2fnvn> fN(T'17... , PN, P1, " " 7PN;t)

— [ M Quge

’ én)(Qla'"aQqulv'”»qN;t)
L (T) + 1(T) + Is(T)], (6)
where Q; and ¢; are the momenta of final states. T =
St + Z,#m Yom timthik + ..., tim is the sum of all
possible transition matrix combinations, and GJ(S are the

on shell propagators. fén) is the time evolved free wave
packet. The definition of terms I, I5, and I3 can be found
in Ref. [150]. The real part of I; + I acting as an effective
potential has been replaced by two-body potential in this
case, and it can be easily related to the nuclear equation of
state. The I3 term can be reduced to a sum of terms which
contains only absolute squares of transition matrices, and
it is assumed to be proportional to products of the cross
sections [150].

For the Vlasov equation of Eq. (6), i.e., without I3 term,
the time evolution of the phase space density of particles

which moves on classical orbits is specified by the Hamil-
ton equation. The equations of motion for the expectation
values of (r;) and (p;) are

a<pz> fr - .. r
at - _<V1V(T17 ) N)>7
ri) _ (pi)
o m’ (™)

Supposing the potential V(ry,...,ry) is slowly varying,
and we can expand % as a Taylor series about (r;) as
following:

OV (r, -~ ,TN)
8ri
_ 8V(T1,--- ;<Ti>7"' 7TN)
8<Ti>
2 T, 5 \Ti)y T
U a<r<i>2> )
g I g (9

Substitution of the above expansion into Eq. (7), and we
have

(pi)
ot
_ 6<V(’I"17 A <ri>7 e 7TN)>
a(ri)
G2 PV (ry, - (i) 7
with {(r; — (r;))) = 0 and o2 = ((r; — (r;))?). If
SV V(s () o
< |V i) V(T‘l,"' <7’1> T'N)| (10)

the second term in the right hand of Eq. (9) can
be mneglected. While, (V. \V(r1,...,{(ri),...,Tn)) =
VeayU((r1),...,(ry)) and the equations in Eq. (7) will
be the same as it in the classical equation. Here, the po-
tential energy U is a function of parameters {(r;), (p;)}
and thus U can also be thought as the potential at {(r;),
(pi)} in practical calculations. If the gradients of the po-
tential are strong, the high order terms in Eq. (7) cannot
be neglected and it causes not only strong force but also
large fluctuations around the mean trajectories.

For the collision term, in the actual calculations, the
particle collisions are simulated when the particles are suf-
ficiently close [202] with the Monte-Carlo method, and the
scattering angle is chosen randomly according to the dif-
ferential cross section. The outgoing states of collisions
also need to be checked whether the states of outgoing
particles have been occupied or how much is the proba-
bility of the occupation by other particles. If the outgoing
states have been fully occupied, the collision will not hap-
pen and it is named as Pauli blocking. Otherwise, the col-
lision will happen with certain probability. More details
will be given in following sections.

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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2.2 Quantum molecular dynamics approach

In the quantum molecular dynamics approach, each nu-
cleon is represented by a Gaussian wave packet,

a2
1 677(7‘12:50) +i(ri—7rio) Pio/h
- 2
2\3/4 ’
o)

Yi(r;) = (11)
here, o, and r;g are the width and centroid of wave packet,

respectively. Its Wigner density reads

fi(r7p; t)
_ b ooy L mpio)?0d)
(2mo2)3/2 (2%012))3/2
1 (ri—7r0)*  (pi — Pio)?
_ _ _ 12
(k)3 P 202 202 |’ (12)

where 0,0, = h/2. The features of f; from Gaussian wave
function are as follows: (i) f; does not spread with time
for fixed p or r, even though the underlying wave function
does. But it can reproduce the fine structure of nucleon
distance in fragmentation. (ii) An equation f(r,p;t) =
d(r—ri0)d(p—pio) is out of reach, because the uncertainty
relation AzAp, > 2. (iii) As o, tends to infinity, f; spread
uniformly over space, while the momentum factor is sharp
in momentum.

Since the nuclei of colliding is a N-body system, its wave
function should be ¥ (ry,...,rx). In the QMD approach,
the system wave function is assumed as a direct product of
N coherent states, which is in the Hartree approximation,

Y1, TN) = Oy (T1) Py (T2) - by (T, (13)
1
b, (i) = (2m02)3/4
N2 o (o
- exp —(rl 20;0) +1p10 (7; ?‘zo)y(M)

where ¢y, (r;) is the wave function of the ith particle at
state k; (p; = hk; form). ¢k, is chosen as Gaussian wave
packet to avoid the negative values of phase space distri-
bution (fx).

For the N-body Wigner function within the QMD as-
sumption, it reads

N
In(ri, - rNip1, L PN) = Hf("'iapi)
i=1
N
L (ri —rio)*  (Pi —Pio)?
— — — 15
il;[l (wh)3 P [ 202 202 (19

rio = (r;) and p;,y = (p;) are the centroids of wave pack-
ets in coordinate and momentum space, respectively. The
time evolution of the fy, ie., Eq. (6), is a highly non-
linear integral-differential equation and is difficult to be
solved exactly.

Since the width of wave packet is fixed during the time
evolution in the QMD approcah, the time evolution of the
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phase space density can be determined from the time evo-
lution of the centroids of the wavepacket in the coordinate
and momentum spaces, which are driven by the mean field
potential and nucleon—nucleon collisions. Two ingredients
in Eq. (6), such as the mean field part and the collision
part, are solved separately rather than self consistently in
practical calculations. The initialization is also very im-
portant for simulating the heavy ion collisions, and we
will mention it in the next section.

In the Vlasov model (i.e., only the mean field and with-
out collision part), the time evolution of the centroid of
wave packets in the coordinate and momentum space is
derived in previous section and is written as

3<Pi> 8U(7‘10, ce aTNO)
~ — 1
8t 87“1-0 ’ ( 6)
i) Pio
5 (17)

The time evolution of the centroids of p;p and 7;¢ has also
been derived by using the Euler-Lagrange equations as in
Ref. [150],

d oL oc . Pio _
Wops ~aps =V e =4V U (18)
d

oL oL =0— ﬁio = _vai~ (19)

&87;‘1'0 B 6’[‘1'0

The potential energy U in the quantum molecular dy-
namics model can be directly calculated from the potential
operator V= Vij + V55 +- - as follows based on the above
assumption,

U= Z/dridrjvijfi(ri,Pi)fj(rjaPj)

1<j
+ ) /dridrjdrkvijk
i<j<k
fi(ri, pi) £5(75,5) fre(Pie, PE) + -+
= Z<7"i77"j|vij|7“i,7“j>
i<j

+ Z (rismj, re|vijr|ri, m ) + -
i<j<k

:ZUij+ Z Uijk‘F"',

i<j i<j<k

(20)

dr'; = d3r;d®p;, vij, vijk are two-body interaction, three-
body interaction, respectively. As in Ref. [150], the in-
teractions may consist of local interaction, Yukawa and
Coulomb interactions.

The local interaction has the form

Uij = t15(7“1 — T2)7U2‘jk = tg(S(’l“l — 7‘2)5(7‘1 — 7‘3), (21)

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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and one has

. __t —(rio—750)2/(402)
Uij = tlp(rio"rjo) = W 0—"j50 r, (22)
to
Uitk = (ara2)s 5972
.e—[(7'7‘,0—Tj0)2+(7'10—"'k0)2+(7'k0_7'j0)2]/(6‘73)
t2 o~ l(rio=mi0)* +(rio=ri0)*)/(107) (93)

~ (2ro) - 372

In the spin saturated nuclear matter, the three-body inter-
action can be viewed as the density dependent two-body
interaction due to the hard core, and one can replace the
three-body interaction to its effective form

%25(7«1 o) (” ;"2> . (24)

The Yukawa interaction is as

tg(;(’f‘l — 7’2)5(7‘1 — 7’3) =

e—lmi—m2l/u
ey — ol /0

with p = 1.5 fm and t3 = —6.66 MeV which can give the
best preservation of nuclear surface for certain parameter
sets, and it also gives the contributions to two-body terms.

The parameter t; and to can be determined by fitting
the nuclear matter potential,

=)o ()

« term is related to the two-body interaction term, and
term is related to the three-body interaction. The two free
parameters « and § can be determined by the requirement
of average binding energy (Fy) and compressibility [Ky =
9 %(%) po] at the normal density. In order to study
the effects of different incompatibilities, one generalizes

the potential to be

2 (2

The additional third parameter v can allow us to fix the
compressibility independent of other quantities.

The momentum dependent interaction is also impor-
tant for describing flows over a wide incident energy range
with reasonable compressibility. There are the Logarithm-
type [203, 204] momentum dependent interaction,

U(Ap)§(r — ")

= 1.57[In(1 + 5 x 10~*ApH)]2p/pod(r — 7'),
with Ap = |p1 — p2| in units of MeV/c and U is in
MeV. Another form is the Lorentzian-type momentum-

dependent nucleonic mean field V,,4, which was used in
RQMD/S and JAM [205, 206]

_ r,p)
V= 3 C / p o) e

k=1,2

vk = (25)

(26)

(27)

(28)

(29)
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C*. and py are the parameters of momentum dependent
interaction. The mean field potential [Eq. (29)] leads to
the following potential energy,

(K)
md— Z Cer

k=1,2

f(r,p)f(r,p")
/drdpdp 1+ [(p—p')/m)?

Exact calculation of integral of Eq. (30) is time consum-
ing in the QMD-type model calculations. Thus, in the ac-
tual calculations [206], the momentum dependent poten-
tial which used in the relativistic QMD framework [174]
is

(30)

(31)

Z 2P0 Z ‘HPU/M prv

k=1,2

where p;; = fd rp;(r)p;(r). In their formulas, the rela-
tive distance r;; = r; — r; and p;; = p; — p; (for conve-
nience, we use r; and p; to represent r;g and p;o in the
following description) in the potentials were replaced by
the squared four-vector distance with a Lorentz scalar,

~2 2 2 2
T =15+ (T - Big)”s

2
2 2
m4s — m=
(zo_p]) +r>/z] (H) .

32
o (32)

P} = pj; —

The parameters in Egs. (28) and (31) are determined
by reproducing the real part of the global Dirac optical
potential (Schrodinger equivalent potential) of Hama et
al. [207], in which angular distribution and polarization
quantities in proton—nucleus elastic scatterings are ana-
lyzed in the range of 10 MeV to 1 GeV. One should note,
a, B, v should be readjusted by fitting the EOS in the
uniform nuclear matter after including the momentum de-
pendent interaction term.

In the collision part, only binary collisions (two-body
level) are considered. The collisions are performed in a
point-particle sense with a similar way as in cascade [208]
without considering the shape of nucleons. Each pair of
particles within an same event is tested for a collision at
every time step. In details, there is possible collision be-
tween particles 1 and 2, if their minimum distance dy5 in
center of mass of colliding pair satisfies

Utot(\/g)/ﬂv

where o401(1/s) is the total cross section of incoming
the particles 1 and 2 at the center of mass energy +/s.
Ciot = Ef\h oi, and 7 represents the outgoing channel and
N, is the maximum number of outgoing channels. An-
other condition is that the particles 1 and 2 can move
long enough for colliding in the time interval —dt/2 to
0t/2. The channel of outgoing particles (ic) is chosen ran-
domly according to the relative weights of the different
reaction cross sections, such as

di2 < (33)

ic—1 ic
Z 0i/0tot <& < ZUz‘/Utou (34)
i=1 i=1
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¢ is a random number. The momenta of the outgoing
particles are generated randomly according to the angu-
lar differential cross sections and in agreement with the
energy—momentum conservation laws. Thus, the cross sec-
tions constitute another major part of the model. In the
original QMD model, the experimental values of nucleon—
nucleon (baryon—baryon) cross sections in free space are
used and the medium correction on the cross section is
based on it. The Pauli blocking is considered as that in
VUU [148, 209-212).

In addition, fragmentation is an important mechanism
for intermediate energy heavy ion collisions. Thus, one also
needs to identify the fragments at the end of simulations.
A reasonable method for identifying the fragments from
the simulation results of QMD calculations is needed for
obtaining the reaction observables. It is found that the
analyzing code also contains important physical contents
and influence the final results to a certain extent.

2.3 Improved quantum molecular dynamics model

The original version of QMD code we used was developed
in the Frankfurt [213], and there are lots of developments
accompanied with appearance of the new generation fa-
cilities along the beam energy, as well as isospin degree
of freedom. Here, we briefly introduce the improvements
we have made in past decades, and it was also known as
improved quantum molecular dynamics model (ImQMD).

In our following description, for convenience, we use
r; and p; to represent the 7,9 and p;o. The adjustable
parameters in the model can be divided into two types.
One is related to the numerical calculations, and another
is related to physics parameters. The adjustable param-
eter related to the numerical calculations is the width of
Guassian wavepacket, the time step in computation, etc.
The adjustable parameters related to the physics are the
mean field parameters and in-medium correction parame-
ters, which totally have about 5-15 parameters. The exact
number depends on the physics we study.

2.3.1 Nucleonic mean field

With the beam energy decreasing to the Coulomb bar-
rier, the fermion properties of nucleons become more and
more important and it naturally requires to develop the
original transport model for including or mimicking these
effects, such as including the effects from antisymmetric
wave function and time evolution of width of wave func-
tion, which has led the antisymmetric molecular dynamics
model (AMD) [143, 144], Fermionic molecular dynamics
model (FMD) [214, 215], extended quantum molecular dy-
namics model (EQMD) [216]. However, these treatments
face a extremely large cost in calculation and thus hardly
apply to heavy nuclear systems. One has to find a way to
balance the efficiency of computation and physics before
the revolution of computation ability.

In the framework of QMD approach, it can also be re-
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fined by improving the mean-filed part in two sides. One
is to adopt a reasonable energy density functional, which
can well reproduce the properties of finite nuclei, in the
Hamiltonian equation. For example, one can include the
Pauli potential in Hamiltonian [149, 217-220], which is
a phenomenological repulsive momentum dependent po-
tential, for mimicking the fermions’ properties. Thus, the
equation of motion of centroid of wave packet for particle
1 reads

. OH 9QHPw

" op T op (35)
. OH OQHP

pi = _87“i B Bri ' (36)

Another ad hoc method to mimic this effect is to adopt the
phase space constraints [152-154]. This method requires
to check whether the phase space occupation number of
each particle (f;) violates the fermi-dirac distributions,
i.e., f; > 1, during the evolution. If the phase space occu-
pation number is greater than 1, the momentum direction
of nucleons will be rearranged to let the phase space oc-
cupation number less than or equal to 1. More details can
be found in Refs. [152-154].

In the ImQMD model, we mainly improve the mean
field part based on the concept of energy density func-
tional. It comes from the approximation used in the QMD
approach, where the potential energy as a function of cen-
troid of wave function are used [i.e., (V. V(r1,...,7n)) =
VeayU((r1),. .., (rn))]. Thus, one can also directly cal-
culate the potential energy U from its energy density
functional U = [u[p]d®r, by using the p(r) = > p; =
We_(”_"w)/(%?). In this case, the self contribution
to density is considered.

Till now, there are three kinds of Skyrme-type energy
density functional used in the ImQMD which depends on
the energy region we used.

1) In order to study the heavy ion reaction at low beam
energy, we adopt a reasonable energy density functional
(EDF) derived from the Skyrme EDF and the Fermi con-
straints (similar concept as phase space constraints) is
used. It is usually named as InQMD-v2 [155, 162, 221—
226], and mainly used at the beam energy above Coulomb
barriers and less than Fermi energy. In the simulations,
calculations are stopped when the dynamical processes
are finished, for example, whether the composite system
reach equilibrium. The corresponding stop time is later
1000-5000 fm/c than the projectile and target contacting
time.

The Hamiltonian reads

2
H:T—|—U:Z2pi;n+/upd3r+UCoul- (37)

The potential energy density functional u, used in the
ImQMD-v2 for low energy heavy ion collisions (near and

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Table 1 Model parameters adopted in ImQMD-v2.
Para. ot B ¥ Jsur gr n Cs Ks PO o) o1
(MeV) (MeV) (MeV-fm?) (MeV) (MeV) (fm?) (fm—3) (fm) (fm)
1Q2 —356 303 7/6 7.0 12.5 2/3 32 0.08 0.165 0.88 0.090
1Q3 —207 138 7/6 18.0 14.0 5/3 32 0.08 0.165 0.94 0.018
1Q3a —207 138 7/6 16.5 14.0 5/3 34 0.4 0.165 0.94 0.020
above the Coulomb barrier energy domain) reads 100-200 fm/c when the projectile and target contact, and
) _ the exact values depend on the beam energy we studied.
w, = =2 _Bp . Isur (7 )2 In the version of ImQMDO05 [156-158], it is mainly
2p0 v+1 pg 2p0 applied in the energy ranging from 20 MeV /nucleon to
+1 . . .
s o 91 <9 P 300 MeV /nucleon. The Coulomb interaction is as same as
+ 200 [P = £s(Vp)7]07 + gpr o (38) the previous treatments, but the nucleonic potential en-

where the asymmetry § = (pn, — pp)/(Pn + pp), pn and pp
are the neutron and proton densities. The gg,,, is the coef-
ficient related to the density gradient. C is the symmetry
potential coefficient, and k¢ is the parameter related to
isospin dependent density gradient term. g,, term is ob-
tained from the contribution of the pr term in Skyrme
energy density functional, where 7 is the kinetic energy
density and expressed with the density p. The details can
be found in Refs. [155, 162, 221, 222, 224]. The parameters
in the u, as well as the width of the wave-packet

o, =00+ 01 AY3 (39)
in the coordinate space, here A is the number of nucleons
in projectile or target, are given in Table 1 which are de-
termined by fitting the properties (including the stability)
of nuclei at ground state, the fusion excitation functions of
a number of heavy ion fusion reactions at energies around
the Coulomb barrier and the charge distributions in mul-
tifragmentation process at Fermi energies.

For the lower beam energies, the excitation of system is
low and the momentum distribution of the reaction sys-
tem is not far from the Fermi-Dirac distribution at zero
temperature. Thus, we roughly use n = 5/3 in the g,.
term to approximately describe the contribution from the
p1 term. Actually, the exact calculations of p7 terms in
transport models should be directly based on the relative
momentum of nucleons, and it will give the obviously mo-
mentum dependent interaction and effective mass. It will
be interesting to check how the momentum dependent in-
teraction influences the low energy reactions.

2) When the beam energies are high enough to trigger
the multifragmentation, which has close relation with the
EOS in a wide density range, investigation on the nuclear
EOS becomes possible, especially for isospin asymmetric
nuclear equation of state with the building of new gen-
eration rare facility in last couple decades. It requires to
develop the transport codes which can incorporate kinds
of effective interactions such as the widely used Skyrme in-
teractions (Skyrme potential energy density functionals).
At this energy region, the calculations are stopped after
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ergy density functional, i.e., v = u, + Umq, reads as

B p’Y—H Gsur 2
+ \%
T+ 5y o VP

ap?
2 po

Up =
. 8/3
gsur,zso p sym
+ [v(pn - pp)]2 + 9pr 5/3 + U’py : (40)
ro Po

The last term in Eq. (40) is the symmetry potential energy
density functional,

p P\’ P\
Asymi"rBsym <> +Csym () 52/)7
Po Po Po

(41)

sym _
™=

which makes it possible to investigate the different Skyrme
forms of density dependence of symmetry energy. For the
Skyrme interactions, symmetry potential energy terms
come from two-body, three-body and momentum depen-
dent interaction terms, and its related parameters are
Asym, Bsym, and Cgyp,, respectively. All the parameters
in ImQMDv such as a, Bv 75 Gsurs Ysur,isor 9pr and Asymv
Bgym, Csym can be derived from the standard Skyrme pa-
rameters, xg, 1, T2, T3, to, t1, t2, t3, 0. The relationship
between the standard Skyrme parameters and parameters
in the ImQMD can be found in Ref. [160].

If one sets Agym = Csym = 0 and Bgyp, = %, ugd™
becomes
C p Vi
sym — 2 2 52 42
wm =G (2) (12)

and one can easily investigate the power law form of den-
sity dependence of symmetry energy. In the following text,
we use y; to denote the symmetry potential parameters in
the power law form of density dependence of symmetry
energy.

According to Eq. (41) and Eq. (42), one can write the
density dependence of the symmetry energy of cold nu-
clear matter as

h* (3n2p 2/3 p

v 5/3
P P
+Bsm<> +Csm<) ’
. Po Y Po
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R (3r2p 2/3 Cs P\
(7)) +2 ()
respectively. In Eq. (43) and Eq. (44), the first term is ki-
netic symmetry energy term which comes from the kinetic
energy contributions. The rest terms are the symmetry
potential energy.

The energy density associated with the mean-field mo-
mentum dependence is represented as

Umd = 2p0 Z

-1.57[1n(1 +5x10”

S(p) = (44)

s [t (o0 v (02

Y(Aap)*)?

fn are nucleon Wigner functions, Ap = |p; — pa|. The en-
ergy is in MeV and momenta are in MeV /c. With the in-
teraction as in Eq. (45), the Skyrme-EOS will be modified
with additional repulsion from momentum dependent in-
teraction. In order to get the reasonable Skyrme EOS un-
der the momentum dependent interaction as in Eq. (45),
we use the u/, , in the model, which is obtained by sub-
straction the u,,q at T =0 MeV [160], i.e

(45)

Ui = Umd — Uma(T = 0), (46)
for refitting the Skyrme EOS.

3) In the version ImQMD-Sky [161, 227], a standard
parametrization of the Skyrme potential energy density
functional with only the spin—orbit interaction neglected
is used. It is also mainly used in the beam energy ranging
from 20 MeV /nucleon to 300 MeV /nucleon.

The nucleonic potential energy density functional u is

2 +1
ap B Jsur 1o \2

U=-—+— + = (Vp

2p0  v+1 pg 2/)0( )

9sur,iso
+ [V(pn = pp)] 2
Po

Y
+Agym (,2) 52p + Baym (;;) §2p

_"_usky.

md

(47)

The difference between Egs. (40, 41) and Eq. (47) is that

we replace ng( ) 5/8 p and Csym( ) p52 in Eq. (40)
with the exact Spkyrme type momentum dependent inter-

action terms u;’}fé as in Eq. (48). The energy density of

Skyrme type momentum dependent interaction we used
is
k
ufng = Umd(PT) + umd(pnTn) + Umd(ppr)

e / & pdp f(r, p) F(r,p)(p — P')?

1Dy / Bpd®p [fo (. ) fu (. 0) (P — 1)?

+fo(r,p) fo(r.p) (P —P')?].
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This formula is derived based on the Skyrme-type momen-
tum dependent interaction, §(r —r')(p—p’)?, and f(r,p)
is the nucleon phase space density. In QMD approaches,
Fr,p) = ¥, s expl—(r—7,)2/ (202)— (p—p1)*/(202)].
The coefficients Cy and Dy can be determined for fitting

%[t1(2 + 1) +t2(2 4 x9)|Tp

+é[t2(2$2 + 1) —t1(2z1 + 1)](Tnpn + Tppp), (49)

Hepp =

in nuclear matter at T = 0 MeV, where f in Eq. (48)
becomes the zero temperature Fermi—Dirac distributions

and 7 = %( )2/3 2/3 in Eq. (49). Finally, we have
1
Co = 62 [t1(2 + z1) + t2(2 + x2)], (50)
Dy = e [to(20 4+ 1) — t1 (221 + 1)]. (51)

Thus, both the effects of symmetry energy potential and
the neutron/proton effective mass splitting on the isospin
asymmetric heavy ion collisions can be studied simultane-
ously with this code.

Furthermore, the same parametrization of the potential
energy density makes better relation between the stud-
ies of heavy ion collisions and the nuclear structure. One
should note that if the form of u‘:,]fé’ is adopted in the
ImQMD model, one cannot use it to study the reaction at
the beam energy above 300 MeV /nucleon. The reason is
that the Skyrme type optical potential increases to infinity
with the momentum, which violates the optical potential
behavior obtained in experiments of nucleon—nucleus re-
action.

Correspondingly, the equation of state of cold nuclear
matter from the density functional used in the ImQMD
can be written as

3h% [ 3r2 2/3
E/A=— | —
/ 10m( 2 P )
«a ¥ 5/3
o ’ f—l . Jer p5/3
po Y Po Po
+5(p)o?, (52)

with the gradient terms vanish in the uniform nuclear mat-
ter. The density dependence of symmetry energy S(p) is as
same as in Eq. (43) or Eq. (44), depending on which form
of density dependence of the symmetry energy is used.
The terms g,, in Eq. (52) and Cly.m, in S(p) come from
the energy density of Skyrme-type momentum dependent
interaction as in Eq. (48) when T' = 0 MeV in nuclear
matter.

2.8.2  Collision part

In transport models for simulating the low-intermediate
energy heavy ion collisions, the nucleon—nucleon collisions
are determined with the concept of closest approaches. In

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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the ImQMD model, each pair of particles within an same
event is tested for a collision at every time step. More
explicitly, suppose there is possible collision between par-
ticles 1 and 2, specified with (¢9,71) and (E1,p1), and
(to,72) and (Es,pa), respectively, at the current time tg in
the reference frame of system. In the center-of-mass frame
of the two particles, their trajectories ﬁj(t*) without a
mean field are straight lines pointing along the constant
velocities 05 = p5/E5 and U5 = ps/E5. The asterisks rep-
resent quantities in the two-particle center-of-mass frame,
while quantities without asterisk are in the calculational
reference frame. The transformations from system center
of mass reference to the two-particle center of mass refer-
ence frame for momentum and coordinate are

pi = (1= Ui 5~ vEi| 4+ (53)
ri=(—1r;- %,@ + 7y, (54)
where,

TE+E T ioE

As the trajectories of 1 and 2 are known exactly, the
minimum distance can be calculated as

(7} —73) - 1)
*2 ’
V13

with ¢, = 9] — ©5. In the ImQMD codes, the distance
condition for a collision to occur is

d? = (7f —73)* - (56)

ndi? < o. (57)
Here, the frame-independent definition of the cross sec-
tion (via the impact parameter in the two-particle rest
frame) is an important factor in ensuring the approximate
reference-frame independence.

Another criteria is to judge whether the collision occurs
during the time interval of the current time step. In the
ImQMD codes, the time of the closest approach is con-
sidered in the two-particle center-of-mass frame, where it
may be written as

R ok .
teon = to — (7 7;22) o2 ; (58)
12

corresponding to the minimum distance d’ given by
Eq. (56). Note that 7} and 7% are the positions at different
times t] and t3, respectively, in this frame.

In the Bertsch prescription [202], the condition of the
closest approach for this time step is set as |(F} — 75) -
Ut /vi3| < 26t which is equivalent to t%,, € [t — 16t t5+
%515}. 0t is the time interval in c.m. of two colliding parti-
cles, and it is related to the At in computation reference
is, 6t = aAt and « is defined as

E{ s

= 59
Ry (59)
54301-11

with Lorentz factor v = 1/4/1 — 32 where § is the ve-
locity of the center-of-mass of the colliding pair. We have
the usual time dilation factor o = 1/7 in the limit that
the two particles have a common velocity. This method
can well describe the nucleon—nucleon collision ranging
from low-intermediate energy heavy ion collisions. With
the beam energy is high enough, the relativistic effects
become more and more important, and the time order of
nucleon—nucleon collision may depend on the frame. There
are some discussions on it [173], but we will not extend
this point in detail according to the scope of this paper.

The nucleon—nucleon cross sections and the differen-
tial cross sections in free space are taken from Ref. [228].
The in-medium total nucleon-nucleon cross section o},
is taken as the form, o7,,,; = (1 — 7(Epeam )01, where
the 07" is taken as that in Ref. [228]. 07,,,, = 0%+ 05015
and o}; and o}, ; are the in-medium elastic and inelastic
two-body cross section. The elastic and inelastic channel
is determined by the possibility, P.; = o¥,/0} ;- After
generating a random number &, the collision for elastic
channel is determined by § < o%/0},,,;- If the inelastic
collision happens, for example NN — NA, the mass of
A resonance should be sampled according to a normalized
probability distribution for the mass of produced A, i.e.,
P(m,s) [229], where m is the mass of produced A and s
is the center of mass energy. The momentum direction of
outgoing nucleons is determined by the differential cross
section with the Monte-Carlo method by considering the
energy—momentum conservation [202].

The decay time of resonance is sampled according to its
decay probability in its rest frame, i.e.,

tdec

P(tdec) =1—e 77

_ —Ttgec
=1—e ,

(60)

where 7 is 1/I", and I is the decay width. Thus, we have

1
tdec = _f ln(l - 5)7 (61)
¢ is a random number. The decay time in the computa-
tional frame (t),.), is related to that in the rest frame of

the decaying particle (¢4e.) by a Lorentz factor, e.g.,

tyspo =tasBe = —tasBo, (62)
ma

where E4 = \/m? + p? is the energy of particle A in com-

putation reference. The momentum of decayed particles

can be calculated based on the kinematic relationship.
After the collision or decay, the corresponding momenta

will be changed if there is no Pauli blocking, but the po-

sitions of them do not change.

2.3.3  Pauli blocking

The outgoing nucleon or baryon after attempted scatter-
ing will be checked whether it is Pauli-blocked. The oc-
cupation probability f/ at the centroid of the scattered
wave packet with final momentum P is obtained from the

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Wigner distribution function corresponding to the QMD
wave function given in Eq. (11), with the self-contribution
excluded, i.e.,

fl = f-(Ri, P))
1 1
~ 2/(27h)3 (wh)3

Z o (Bi=FRi)?/(207)
keT (ki)
> 67(203/52)(}3;713,6)27 (63)
with 7 = n or p, which estimates the probability of finding
nucleons in a phase space cell of dimension (27h)2. The
factor 2/(27h)3 results from consideration of the spin in
the phase-space cell. The prefactors combine into a total
factor 4. The occupation probability for ¢ is finally taken
as min{1, f/}.

Furthermore, the criteria %ﬂrf’,k%ﬂp%k > h3/8 is also
used in the ImQMD codes. i’ denotes the outgoing nu-
cleon, k represents the other surrounding nucleon which
should be in the range of all nucleons except itself. It
means that the outgoing nucleon should not be too close
to others in phase space. Similar method used in our de-

veloped UrQMD model.
2.83.4 Initialization

When solving the equations of motion for nucleons, i.e.,
Eq. (7), one needs to know the initial coordinate and mo-
mentum of each nucleon in projectile and target, which
is the staring point of simulating heavy ion collisions. A
reasonable initial condition is of vital importance for cor-
rectly describing heavy ion collision.

In the initialization, the positions and momenta of the
nucleons in reaction system are sampled according to the
density and momentum distributions of projectile and tar-
get nuclei. Considering the reaction geometric (such as the
impact parameters) and the beam energy, the projectile
and target nuclei are boosted into the center of mass frame
of the reaction system. Since the width of wave packet
is fixed and missing some quantum effects, the ground
state of nuclei in the QMD approaches may deviate from
its ground state in nature. The initial nuclei obtained in
QMD approaches usually have certain excitation. In or-
der to obtain the reasonable initial nuclei with less excita-
tion, there are two methods to handle it. One is to reduce
the excitation energy by solving the damped equation of
motion to find the energy minimum of the system, and
it was introduced in Ref. [216]. This method sometimes
encounters a difficulty of finding the reasonable damping
parameters and the evolution time for different systems.
Another method is to select the pre-prepared initial nu-
clei that satisfactorily describe the properties of projectile
and target nuclei, such as the binding energy, the root-
mean-square radius ((r2)'/2) and the shape for deformed
nuclei. Furthermore, the selected pre-prepared initial nu-
clei should be stable long enough time. One should note
that all these check should be under the same nucleon—
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nucleon interaction or the same energy density functional
used in the dynamical calculations.

In the ImQMD model for low energy heavy ion reac-
tions, the second method is adopted [155, 162]. To better
describe the properties of neutron-rich nuclei, the neu-
tron skin thickness of neutron-rich nuclei is taken into ac-
count in the initialization of the ImQMD model. Based on

the 4-parameter nuclear charge radii formula proposed in
Ref. [230]

R.(fm) = 1.226 A% 4 2.86 A2/3

—1.09(I — I*) +0.99AFE/ A, (64)

with which the 885 measured charge radii can be repro-
duced with a rms deviation of 0.022 fm (rms deviation

is \/% S (Ri,, — Ri,.)? ), and the linear relationship be-

exrp
tween the neutron skin thickness AR, = (r2)1/2—(r2)1/2
and the isospin asymmetry I = (N — Z)/A [231]

AR, =0.91 —0.03, (65)

one can obtain the proton radii R, = /2 [(r2) — 0.64]

from the charge radii (r2)'/? = \/ERC and the neutron

c

radii R, = \/g [(r2)}/? + AR,p]. The nucleon positions
are sampled within the hard sphere with a radius R, —w,
for the protons and R, — w, for the neutrons, respec-
tively. Here, w, = 0.8 fm is to take into account the
influence of the width of the wave-packet in the coordi-
nate space. Only those initially prepared nuclei kept good
ground state properties and stable for a long enough time
are finally selected as the initial nuclei applied for the sim-
ulation of the reaction.

For study of fusion reaction at near barrier energy, a
more fine procedure is adopted. Figure 1 shows the average
density distribution of 2°®Pb and !3?Sn with 500 events.
The solid symbols denote the results of the ImQMD model
at the initial time, in which the value of o, is obtained
based on Eq. (39), and the curves denote the correspond-
ing results of the Skyrme Hartree-Fock calculations with
the force SkM* [232]. One can find the event averaged
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Fig. 1 Density distribution of *?Sn and 2°®Pb at the initial
time. The red for neutrons and the black for protons. Repro-
duced from Ref. [221].
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Initial distribution from ten different events in QMD
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Fig. 2 The thick black line is the required density profile,

p(r) = po + 0.2pg sin(27/(Lz)). The lines with different colors
correspond to the density distribution from 10 different events.

density distribution is in very good consistency with the
Skyrme Hartree-Fock calculation at given o,.

In version ImQMD-05 and ImQMD-Sky, the sampling
is treated less complicated than in the lower energy ver-
sion. The binding energy and nuclear radius are adopted
to select the reasonable initial nuclei, but the stability of
initial nuclei are not forced to keep very long time due
to the fact that the reaction time decreases quickly with
beam energy increases.

One should note that the initial fluctuation is involved
naturally in the QMD-type models. It comes from the
randomness of the position and momentum of each par-
ticle at the initial time when each event is initialized
under the macroscopic conditions. To illustrate the ini-
tial fluctuation in QMD type models, Fig. 2 shows the
density distribution sampled in the box with periodic
boundary condition. The required density profile is p(r) =
po + 0.2pg sin(2wz/L) with L=20 fm, which is shown as
black solid line. The color lines are the sampled density
profile in QMD approach from ten different events. One
can find that the profiles of the density distribution fluc-
tuate obviously. This initial fluctuation propagates fol-
lowing the evolution of system controlled by the equa-
tion of motion Eq. (7) and scattering process. It plays
important roles in many processes of heavy ion reactions,
for instance, in the MNT reaction, and multiframenta-
tion process. However, one should note it is not as exactly
same as the fluctuations due to many-body correlations
(ie., fn(r1,...,TN; D1, ..., PN), with N >2), which is the
main venue to go beyond dissipative mean field dynamics.
The physical fluctuation contributes part of the random
force in terms of macroscopic dynamics model for heavy
ion reactions [126, 127, 140-142] and the other part is
from the scattering process [160, 233]. It is still quantita-
tively unclear what is the strength of the random force, so
as the strength of fluctuation, in the heavy ion reactions
at different energies. How to extract the initial physical
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fluctuation obviously needs further study.
2.3.5  Cluster recognization

One obvious character of QMD approach is that it can
describe the cluster formation due to the N-body correla-
tions caused by the overlapping wave packets, initial fluc-
tuation, and nucleon—nucleon scattering process fluctua-
tion. They are identified by the cluster recognition method
in the real calculations at the end of simulation time at
which the dynamical process is finished. All the fragments
are still in excitation, and the secondary decay is allowed.
Thus, one can expect that the distance between nucleons
in the same fragment should not be changed beyond the
criteria of nucleon force range.

Based on this idea, the minimum spanning tree algo-
rithm is adopted to recognize the fragments. In this algo-
rithm, the nucleons with relative distances of coordinate
and momentum satisfying the conditions |r; — r;| < Ro
and |p; — p;j| < Py are supposed to belong to a fragment.
Here, r; and p; are the centroid of a wave packet for ith
nucleon in their coordinate and momentum space. Ry and
P, are phenomenological parameters determined by fit-
ting the global experimental data, such as the intermedi-
ate mass fragments (IMF) multiplicities [150, 156]. They
should roughly be in the range of nucleon—nucleon inter-
action. Typical values of Ry and Py used in the QMD
approaches are about 3.5 fm and 250 MeV/c [150, 156],
respectively. This approach has been quite successful in
explaining some fragmentation observables, such as the
charge distributions of the emitted particles, IMF multi-
plicities [150, 156], yield ratios of free neutrons to pro-
tons (n/p), and the double n/p ratios in heavy ion colli-
sions [158].

On the other hand, the MST method fails to describe
other details in the production of nucleons and light
charged particles [150, 156, 234]. For example, while the
yields of Z = 1 particles are overestimated, the yields of
Z = 2 particles are underestimated partly because the
strong binding of a particle cannot be well described in
transport models. Strong enhancements of the productions
of neutron-rich isotopes observed in isoscaling [235], dy-
namically emitted heavy fragments [236] in neutron-rich
HICs, and neutron-rich light charged particles (LCP) at
mid-rapidity [237] have not been described well. Further-
more, most transport models predict more transparency
than that observed experimentally in central collisions
at intermediate energy [160, 238] due to insufficient pro-
duction of fragments in the mid-rapidity region. Previ-
ous studies show that these problems cannot be resolved
by changing only the mean field or nucleon—nucleon cross
section in transport models.

There have been many attempts to improve the
cluster recognition algorithm. More sophisticated algo-
rithms such as the early cluster recognition algorithm
(ECRA) [239], the simulated annealing clusterization al-
gorithm (SACA) [240, 241], and the minimum span-
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ning tree procedure with binding energy of fragments
(MSTB) [242], have been developed to provide better de-
scription of the IMF multiplicities or the average Z,,,, of
the fragments. However, these algorithms do not address
the lack of isospin dependence in cluster recognition.

By considering the properties of neutron-rich nuclei,
such as neutron skin or neutron halo effect and Coulomb
effects, in Ref. [159] a method of cluster recognition,
namely, the iso-MST was proposed to mimic the isospin
dependence in the cluster formation, in which the differ-
ent values of Ry, , R}, and R are chosen. It was found
that RO, = R?Lp =6 fm and R, = 3 fm give the suitable
description on the isospin related observables in heavy ion
collision at intermediate energies.

Our results show that the iso-MST method makes the
suppression of Z = 1 particles and enhancement of frag-
ments, especially for heavier fragments with Z > 12. Fur-
thermore, we find enhanced production of neutron-rich
isotopes at mid-rapidity. Consequently, isospin-sensitive
observables, such as the double ratios, DR(t/?He), and
isoscaling parameter « increase to larger values. The
widths of the longitudinal and transverse rapidity distri-
butions of Z =1-6 particles also change. In all observables
examined, the effects introduced by the iso-MST algo-
rithm are relatively small but in the direction of better
agreement with data [159].

2.4 Ultra-relativistic quantum molecular dynamics
model

In relativistic heavy ion collisions, kinds of baryons and
mesons can be produced and the relativistic effects should
be well considered. It is known that the UrQMD model
inherits analogous principles as the QMD model [213] in
its mean-field part and the relativistic QMD (RQMD)
model [174] in the corresponding two-body collision part.
It is successfully extended to describe HICs with beam
energy starting from as low as several tens of MeV per nu-
cleon (low SIS) up to the highest one available at CERN
Large Hadron Collider (LHC).

In the UrQMD model [84, 173, 243, 244], it contains
55 different baryon species (including nucleon, A and hy-
peron resonances with masses up to 2.25 GeV/c?) and
32 different meson species (including strange meson res-
onances), which are supplemented by their correspond-
ing antiparticle and all isospin-projected states. The col-
lision part of UrQMD has a good treatment on the se-
quence of collision/decay and on the frame dependence
issue by using the collision/decay time table in the com-
putational frame, where the collision time of baryons or
decay time of reasonances is calculated based on Eq. (58)
and Egs. (61), (62) and sorted according to the time or-
der. This method is much better for handling the reso-
nance particles’s collision and decay during the propaga-
tion time step [229]. When the beam energy is less than
200 GeV /nucleon, the above described algorithm predicts

54301-14

that the particle multiplicities and collision numbers are
less than 3% between the laboratory frame and the center
of mass frame. Further discussion on the different treat-
ments on the attempted collision are reviewed and com-
pared in Refs. [229, 378].

In addition, based on the cascade mode which is also
constantly updated [245], it is also possible to incorporate
mean field interactions in the transport calculation. Since
the EOS based on the first-principle lattice QCD calcula-
tions is still not available in current model investigations,
two alternative methods to consider the strong influence
of EOS on the dynamics of the expanding system have
been tried by our group: the (mean-field) potential up-
dates [73, 74, 246] and the UrQMD+hydrodynamics hy-
brid mode [247, 248]. In recent years, some improvements
we incorporated in the UrQMD especially for HICs at in-
termediate and low energies are, briefly, as follows: i) in-
cluding and enriching the potentials such as the symme-
try potential [249], the spin—orbit interaction [250], the
magnetic field effect [251], the potentials for produced
mesons [252, 253], as well as the Skyrme potential en-
ergy density functional [254, 255]; ii) incorporating the
medium corrections effects on the NN elastic cross sec-
tions [77, 172, 256]; iii) improving the Pauli blocking by
introducing the restriction of phase space for scattered
particles [172].

3 Study of the phenomena and the mechanism
in low-intermediate energy heavy ion
reactions

3.1 Heavy ion fusion reactions

Searching for the limits of the existence of nuclei is of
fundamental importance for nuclear physics study. It is
known that demarcation line for existence of a nucleus
is driplines beyond which protons or neutrons leak out
of nuclei [25-61]. The proton dripline has been reached
for many isotopic chains. However, the neutron dripline is
known only up to oxygen (Z = 8). The superheavy nuclide
with Z = 118, A = 294 marks the current upper limit
of nuclear charge and mass. Thus, to search for the way
to produce new isotopes near driplines and superheavy
nuclei becomes one of the most important tasks in nuclear
research. The heavy ion fusion reactions and multi-nucleon
transfer reactions are the most important methods for this
aim.

In heavy ion fusion reactions, it is of great importance
to explore the nucleus—nucleus potential and the forma-
tion process (neck dynamics) of compound nucleus, which
are usually affected by dynamic effects, nuclear structure
effects, isospin effects and so on. In this part, we try to
understand it in the framework of microscopic transport
model, InQMD-v2, from the following points: i) dynam-
ical nucleus—nucleus potential, ii) neck dynamics and iii)
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excitation function of fusion reaction, as they are the most
important and relevant aspects relating to the reaction dy-
namics.

3.1.1  Dynamical nucleus—nucleus potential

The nucleus—nucleus potential is commonly described as
a function of the center-to-center distance between the
projectile and target nuclei, and consists of a repulsive
Coulomb term and a short-ranged attractive nuclear com-
ponent. Obviously, it evolves with the time during the
reaction process, because the shapes of reaction partners
evolve with time due to the rearrangement of particles in
the system. The nucleus—nucleus potential depends on the
reaction energy and the reaction system (for example, the
neutron-richness, the strength of shell effects, etc.), which
is named as the dynamical nucleus-nucleus potential [257].

Generally, the nucleus—nucleus potential can be calcu-
lated based on the nucleon—nucleon interaction of reac-
tion system. By using the microscopic transport model,
ImQMD, one can calculate the dynamical nucleus—nucleus
potential microscopically [223] in which the densities of
the system and the relative distance R between the two
nuclei are functions of the evolution time.

When the projectile and target nucleus are well sepa-
rated (R > Ry + Ry) (R; and Ry are the charge radii
of the projectile and the target nucleus, respectively), the
collective relative motion plays a dominant role and the
excitation energy of the reaction partners could be negli-
gible. The nucleus—nucleus potential is thus expressed as

Vl = ECAm. - TR7 (66)
where Tg is the kinetic energy of relative motion of two
colliding nuclei, which can be obtained in the ImQMD
simulations since the position and momentum of each nu-
cleon can be recorded at every time step in the time evolu-
tions. E. ,,. is incident kinetic energy associated with the
motion of center of mass of the system. It is related to the
incident kinetic energy in laboratory E as

mp

Ecm = (67)

ma+mp
with A and B are the projectile and target, respectively.

After the di-nuclear system is formed (R < R; + Ra),
the nucleus—nucleus potential is described by a way like
the entrance channel potential [258]

Vo = Eyot(R) — By — B, (68)
where Eq(R) is the total intrinsic energy of the compos-
ite system which is strongly dependent on the dynami-
cal density distribution of the system. E; and FE5 are the
time average of the energies of the projectile and target
nuclei, respectively, which are obtained from the energies
of the projectile-like and target-like nuclei in the region
Rr < R < Ry +8. Rr = R; + Ry denotes the touch-
ing point. In the calculations of Eio(R), Ey and E5 in
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Eq. (68), the extended Thomas—Fermi (ETF) approxima-
tion for the intrinsic kinetic energy of the reaction system
is adopted (see Refs. [223, 259] for details).

The nucleus—nucleus potential is written as a smooth
function between Vi and V5,

1 1
Vo(R) = ierfc(s)Vg + {1 - 2erfc(s)] i, (69)
and
_R—Rr+9¢
SN (70)

with 6 = 1 fm, AR = 2 fm. The obtained nucleus-nucleus
potential V;,(R) approaches to V; with the increase of R,
and approaches to Vo with the decrease of R.

Figure 3 shows the calculated dynamical nucleus—
nucleus potentials for fusion reactions °0O+7*Ge and
1604+148Nd by using the ImQMD model with the pa-
rameter set SkP*. The blue curves denote the corre-
sponding entrance-channel potential with the Skyrme
energy—density functional plus the extended Thomas—
Fermi approximation including the terms up to second
order (ETF2) approach in which the sudden approxima-
tion for the densities is used. The empirical barrier dis-
tribution functions for these two reactions are presented
in Figs. 3(b) and (d). The dashed lines give the posi-
tions of the most probable barrier heights By, .. The
black squares denote the extracted most probable barrier
heights from the measured barrier distributions D(E) =
d?(Eog,s)/dE? based on the fusion excitation functions.
For '8O+'48Nd, the statistics of the measured data for
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Fig. 3 (a, ¢) Nucleus—nucleus potential for '**O+"*Ge and
1604-18Nd. The circles and solid curves denote the results of
the ImQMD simulations and the entrance-channel potential
with the Skyrme energy—density functional plus the ETF2 ap-
proach, respectively. The squares denote the extracted most
probable barrier height from the measured fusion excita-
tion function. (b, d) Empirical barrier distribution function
proposed in Ref. [43]. Reproduced from Ref. [224].
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the fusion cross sections are not many enough to ex-
tract the most probable barrier height. It was found that
the dynamical barrier height from the microscopic dy-
namics transport model depends on the incident energy
in the fusion reactions [223]. Here, the incident energy
Ecm. = 1.1By . in the ImQMD simulations. The ob-
tained dynamical barrier height Byyn ~ By, . at this in-
cident energy for the fusion events. The static potential
barriers from the sudden approximation for the densities
are evidently higher but relatively thinner than the dy-
namical ones. To reasonably reproduce the fusion excita-
tion functions, the empirical barrier distributions [see the
sub-figures (b) and (d) in Fig. 3] were proposed to take
into account the nuclear structure effects and the multi-
dimensional character of the realistic barrier in the ETF2
approach, and the value of the peak is lower than the cor-
responding barrier height from the entrance-channel po-
tential which is based on the spherical symmetric Fermi
functions for the densities of the two nuclei and the frozen-
density approximation.

To understand the energy dependence of the potential
barrier from the view point of the dynamical effects, the
density distribution of the fusion events in '60+4186W at
E. .. = 66 MeV was investigated in Refs. [223, 259], and
the dynamical deformations of the reaction partners are
evident.

In Ref. [257], it was the first time to explore the en-
ergy dependence of the potential barrier. It was found
that the potential barrier around the Coulomb barrier in-
creases with incident energy increasing, and its up-limits
approaching the static one under the sudden approxima-
tion. The height of dynamic barrier decreases with de-
crease of the incident energy, and finally approaches low
limit which is close to the adiabatic one.

3.1.2  Neck dynamics

The neck region is defined as connecting the projectile
and target nuclei during the reaction, where the density is
lowest along the centers of projectile and target nuclei, and
it could be neutron-rich warmed, un-compressed region
compared with the rest part of the reaction system. It is
known that the neck dynamics plays important roles in
fusion—fission, light charged particle emission, and so on.

Figure 4 shows the time evolution of the density at neck
region in the fusion reaction '*?Sn+4°Ca at an incident en-
ergy of E.,, = 115 MeV. Here, the density distribution
of 328 fusion events over a total of 1000 simulation events
is studied for the head-on collisions with the parameter
set 1Q3a. At t = 400 fm/c, the reaction partners begin
to touch each other, and the ratio of neutron-to-proton
density pn/pp reaches 2.7 which is higher than N/Z of
the compound nucleus by a factor of two. With the in-
crease of the density at neck, the value of p,/p, deceases
with some oscillations and gradually approaches the cor-
responding neutron-to-proton ratio of the compound nu-
cleus (N/Z = 1.37). The extremely neutron-rich density
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Fig. 4 Time evolution of the density at neck region in fu-
sion reaction 32Sn+%°Ca at an incident energy of F.,,. =
115 MeV. (a) Ratio of neutron-to-proton density at neck. The
dash-dotted line denotes the corresponding ratio of the com-
pound nuclei. (b) Density of the fusion system at neck. The
sub-figures show the density distribution of the fusion system
at t = 400, 500, and 600 fm/c, with the red and the blue curves
for the neutrons and the others for the protons. Reproduced
from Ref. [221].

at the neck region can significantly suppress the height
of the Coulomb barrier for the fusion reactions induced
by neutron-rich nuclei at energies around and below the
barrier. Furthermore, one can see from Fig. 4(e) that the
surface diffuseness of the reaction partners at the neck side
is obviously larger than that at the other side due to the
transfer of nucleons.

3.1.8 Fusion cross sections

It is known that the fusion potential between two nuclei is
closely related to the surface properties of the nuclei. The
neutron skin thickness of neutron-rich nuclei in heavy ion
fusion reactions should affect the fusion barrier and thus
the fusion cross sections. To explore the influence of the
symmetry potential on the fusion excitation function, the
fusion cross sections of a number of fusion reactions are
systematically investigated with the ImQMD model by
adopting different parameter sets. Through creating cer-
tain bombarding events (hundreds to thousands) at each
incident energy F..,, and each impact parameter b, and
counting the number of fusion events, we obtain the fusion
probability (or capture probability for reactions leading to
super-heavy nuclei) grus(Ee.m., b) of the reaction, by which
the fusion (capture) cross section can be calculated:

Otus(Eem.) = 27 / b grus db = 27 Y b grus Ab. (71)

To consider the influence of the Coulomb excitation,
the initial distance dy between the projectile and target
should be much larger than the fusion radius. The col-
lective boost to the sampled initial nuclei is given by
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Fig. 5 Fusion probability of the fusion reactions with IQ3a as a function of impact parameter b for different beam energy (in

MeV). Reproduced from Ref. [221].
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Fig. 6 Fusion excitation functions of °0+7%Ge and '90+4!%*Sm. The solid circles denote the experimental data taken

from Refs. [260] and [38], respectively. The blue curves denote
fusion barrier is obtained by using the Skyrme energy—density

the results with an empirical barrier distribution in which the
functional together with the extended Thomas—Fermi (ETF2)

approximation [43, 44]. The solid squares and open circles denote the results of InQMD with the parameter set SkP* and 1Q3a,
respectively. The statistical errors in the ImQMD calculations are given by the error bars. The arrows denote the most probable
barrier height based on the barrier distribution function adopted in the ETF2 approach. Reproduced from Ref. [221].

Eyxin = Eem. — Z17Z2¢%/dy at the initial time, with the
center-of-mass energy F. ,, , the charge number Z; and
Zy for the projectile and target nuclei, respectively. Here,
the initial distance between the reaction partners at z-
direction (beam direction) is taken to be dy = 30 fm for
the intermediate reaction systems and 40 fm for the ones
with stronger Coulomb repulsion such as 2Sn+4°Ca. In
the calculation of the fusion (capture) probability, event
will be counted as a fusion (capture) event if the center-
to-center distance between the two nuclei is smaller than
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the nuclear radius of the compound nuclei (which is much
smaller than the fusion radius) and the time evolution will
be terminated for those events that will not going to fusion
in order to save the CPU time.

As an example, Fig. 5 shows the calculated fusion prob-
ability as a function of impact parameters. For the fusion
reactions at energies above the Coulomb barrier, the fu-
sion probability looks like a Fermi distribution, i.e., the
fusion probability is about one for the central and mid-
central collisions. At energies around the Coulomb barrier,
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the fusion probability decreases quickly with the impact
parameter, which implies that the centrifugal potential
due to the angular momentum affects the results signifi-
cantly at this energy region.

A number of fusion reactions were studied with the
ImQMD [223, 259]. As examples, the fusion excitation
functions for 0+7%Ge and '90+'%*Sm are shown in
Fig. 6. The experimental data can be reproduced very
well at energies around the barrier. We also note that
in the present version of ImQMD model, the surface dif-
fuseness of heavy nuclei is slightly over-predicted due to
the approximate treatment of the Fermionic properties
of nuclear system, which causes the over-predicted fu-
sion cross sections at sub-barrier energies for the reac-
tions with heavy target nuclei. In addition, for the fusion
reactions with doubly-magic nuclei such as 2°8Pb, the fu-
sion cross sections at sub-barrier energies are significantly
over-predicted by the ImQMD calculations due to the ne-
glecting of the shell effects. The strong shell effect of nuclei
can inhibit the dynamical deformation and nucleon trans-
fer, and therefore inhibit the lowering barrier effect. For
some neutron-rich fusion systems such as “°Ca+%%Zr and
13260 4+40Ca, the results of the ImQMD model are rela-
tively better, which could be due to that the neutron-rich
effect is more evident than the shell effect in these reac-
tions.

3.2  Multi-nucleon transfer reactions

The synthesis of nuclei towards driplines and superheavy
nuclei, has been of experimental [261-272] and theoretical
interest [225, 226, 273-281]. Fusion reactions with stable
beams as the traditional approach to successfully synthe-
size the superheavy elements (SHEs) with Z =107-118
in the last forty years [282-293]. Up to now, the number
of observed extremely neutron-rich nuclides is still very
limited and about 4000 masses of neutron-rich nuclides in
nuclear landscape are unmeasured. For the new nuclei in
the “northeast” area of the nuclear map, it is difficult to
be reached in the fission reactions and thus fragmentation
processes are widely used nowadays. Due to the “curva-
ture” of the stability line, it is also difficult for reach-
ing these new more neutron-rich nuclei in fusion reactions
with stable projectiles because of the lack of neutron num-
ber.

The revival interest of MNT reaction in intermediate
systems or between actinide nuclei at low-energy colli-
sions has arisen [55, 115, 294] for synthesis of the un-
known nuclei and superheavy nuclei. As one of the effi-
cient methods to produce neutron-rich nuclei, which are
important for understanding nuclear structures at the ex-
treme isospin limit of the nuclear landscape, the MNT
reaction may overcome the limits that the number of ob-
served neutron-rich nuclides is very limited at mass region
A > 160, due to that neither traditional fusion reactions
with stable beams nor fission of actinides easily produce
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new neutron-rich heavy nuclei in this region. The MNT
process should compete with fusion process as well as elas-
tic and inelastic scattering for intermediate mass nuclear
systems. With the increase of system charge, fusion pro-
cess is gradually suppressed and completely forbidden for
actinide nuclear system due to strong Coulomb repulsion.
So, it is interesting to investigate how the MNT reaction
mechanism evolves with the size of nuclear system. Here
we study the MNT reactions for three reaction systems
corresponding to different nuclear size region: i) MNT
in 8Kr+%4Ni at 25 MeV /nucleon; ii) **Sm+°Gd at
E..m =440 MeV (=5.6 MeV /nucleon); and iii) 2*¥U+238U
at 7 MeV /nucleon.

As a N-body and microscopic dynamics model, the
ImQMD model has been used to study MNT reactions in
heavy ion reactions because a large number of degrees of
freedom, such as those in the excitation and deformation
of projectile and target, neck formation, nucleon transfer,
different types of separation of the composite system, and
nucleon emission can be considered simultaneously.

Figure 7 shows the mass vs. total kinetic energy (mass-
TKE) distribution in the ImQMD-v2.2 calculations for
different impact parameters for the reaction ®6Kr+%4Ni
at 25 MeV/nucleon [222]. The incident energy is much
higher than the Coulomb barrier, which is very suitable for
studying the competition among fusion, quasi-elastic scat-
tering, deep inelastic scattering and multifragmentation.
As shown in Fig. 7, at central collisions, fusion and bi-
nary scattering (quasi-elastic and deep-inelastic scattering
leading to multi-nucleon transfer) play equal important
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Fig. 7 Mass-TKE distribution in the calculation of
86Kr+54Ni at the incident energy of 25 MeV /nucleon. Repro-
duced from Ref. [222].
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Fig. 8 The isotopic distributions for elements from Z =30-35 in 8Kr+-4Ni at 25 MeV /nucleon. Reproduced from Ref. [222].

roles. And with the increase of impact parameter, the fu-
sion probability approaches to zero gradually, whereas the
binary scattering events including the MNT process be-
comes dominate. Other processes such as ternary breakup
and multifragmentation process at this energy also take
place. One can see that in central collisions, the neck of the
di-nuclear system can be well formed and quickly broad-
ened at such an incident energy and many nucleons are
transferred between projectile and target, and the kinetic
energy of the relative motion between two colliding nuclei
is significantly dissipated to the excitation energy of the
composite system. As a consequence, the masses of frag-
ments are distributed in a much broader region, in which
the products come from quite different reaction processes,
such as fusion, binary breakup, ternary breakup and as
well as multifragmentation. With the increase of impact
parameter, the mass distribution becomes narrower due
to decrease of nucleon transfer between reaction partners.

The production cross sections of isotopes are calculated
by using the InQMD model (ImQMD-v2.2) together with
a statistical code [295] for describing the secondary decay
of fragments. The mass distributions of elements Z = 30
to Z = 35 are in good agreement with experimental data
as shown in Fig. 8.

The second reaction system used to produce very
neutron-rich nuclei by MNT reaction is the neutron-rich
reaction system 1°4Sm+!60Gd. It was investigated by
Wang et al. [296] to study the production of new neutron-
rich lanthanides at F. ,, =440 MeV. The dynamical study
by the ImQMD model (ImQMD-v2.2) shows that it is im-
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possible to produce super-heavy nuclei in this reaction due
to the disappearance of the capture pocket and the rapid
increase of the potential with decreasing of the relative
distance, it might produce new neutron-rich nuclide dur-
ing the deep inelastic scattering process and moreover the
fission barriers of lanthanides are relatively high to pre-
vent fission of heavy fragments in the secondary decay
process. Therefore this reaction is interesting for the syn-
thesis of unmeasured lanthanides. By using the same ap-
proach used in the reaction 3Kr+54Ni at 25 MeV /nucleon
where the measured isotope distribution of products were
reasonably well reproduced [222], the productions of un-
known neutron-rich nuclei for reaction **Sm+'%°Gd at
E..,.=440 MeV are calculated. More than 40 extremely
neutron-rich unknown nuclei with Z between 58-76 are
observed and the production cross sections are at the or-
der of ub to mb as shown in Fig. 9. The contour plots are
the production probabilities of fragments in logarithmic
scale for 1°4Sm+1%°Gd at the energy of E. ,, =440 MeV.
The curves denote the -stability line described by Green’s
formula. The circles denote the positions of known masses
in AME2012. The results show that multi-nucleon trans-
fer in the neutron-rich reaction system **Sm+1%9Gd is an
efficient way to produce new neutron-rich lanthanides. By
analyzing the angular distribution of the produced heavy
fragments, it is suggested that 20° < 6,4, < 60° might be a
suitable angular range to detect these extremely neutron-
rich heavy nuclei.

The third reaction system we studied is the 233U+238U.
For elements with Z > 100 synthesized by “cold fusion”

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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with lead and bismuth targets and “hot fusions” with ac-
tinide targets, only neutron-deficient isotopes were pro-
duced compared with the centers of superheavy elements.
At present, the pathway to reach beyond Z = 118 is not
clear. It is well known that any further experimental ex-
tension of the region of SHESs to the center of the predicted
first “island of stability” by means of complete fusion is
limited by the neutron number of available projectiles and
targets and by the very low production cross section as
well. The strongly damped reactions between very heavy
nuclei, such as U+U (between actinide nuclei) by MNT,
could be one possible approach for those purposes [46, 52—
54, 109-112, 273].

The theoretical description of the strongly damped re-
actions between very heavy nuclei, is one of the most diffi-
cult problems in nuclear physics due to the extremely large
number of degrees of freedom involved. This motivates the
use of microscopic dynamical approaches. The ImQMD
model incorporating the statistical decay model (HIVAP)
for describing the decay of primary fragments was used
to study the reaction 23¥U+23¥U at 7 MeV /nucleon (see
references Zhao et al. [226, 278, 279]). In order to cal-
culate the isotope production cross sections of primary
and residual fragments for reactions between two actinide
nuclei, an empirical model for describing the mass distri-
bution of fission fragments of fissile nuclei was introduced
and incorporated with the statistical decay model (details
see Ref. [226]).

Figure 10 shows the comparison between the calculated
results of the mass distribution of the products in reaction
of 238U around 7 MeV /nucleon and the data [269]. The
same scattering angle cut as in the experimental data is
selected, that is, only fragments with scattering angles of
56° < 0., < 84° and 96° < 0., < 124° in the center-
of-mass frame are selected [226, 269]. The open triangles
in the figure are the calculation results and the experi-
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Fig. 10 Mass distribution of the products of reaction
ZBUL238Y at different beam energies. In the context, we
named the beam energies as MeV /nucleon. Reproduced from
Ref. [226].

mental mass spectra from Ref. [269] are indicated by solid
squares, open squares, solid circles, open circles, and solid
triangles for incident energies of 6.09, 6.49, 6.91, 7.10, and
7.35 MeV /nucleon, respectively. From the figure, we find
that the behavior of the calculated mass distribution at
7.0 MeV /nucleon is generally in agreement with the data
at the incident energy 7.10 MeV /nucleon, except that the
yields at the mass region from 170 to 210 are overesti-
mated compared with the experimental data.

The most important features of mass distribution are
considered to be the following: (i) A dominant peak
around uranium is observed; this can be attributed to the
contribution of the reactions with large impact parame-
ters, (ii) A steep decreasing yield above U with increasing
mass number appears. The products at this mass region
stem from large mass transfer in small-impact-parameter
reactions. (iii) A small shoulder can be seen in the dis-
tribution of the products around Pb, compared with the
products with a mass near and smaller than uranium for
which the yields decrease exponentially as mass decreases.
The appearance of the small shoulder is due to the very
high fission barrier around Pb. The central and semicen-
tral collisions, and even reactions with b =8-10 fm, con-
tribute to the shoulder in the region around Pb. (iv) In
the region below A = 190, a double hump distribution is
observed. This is clearly due to the fission of actinide and
transuranic nuclei, which results in the superposition of
symmetric and asymmetric fission.

Figure 11 presents the isotopic production cross sections
o(Z,A) for primary (open symbols) and residual frag-
ments (solid symbols) with charge numbers from Z = 94
to 101 in the reaction of 238U + 238U at 7.0 MeV /nucleon.
An angle cut of 32.5°-44.5° in laboratory system as same
as that in the experiment [262, 268] is taken. The experi-
mental data and calculation results from Refs. [262, 268]
denoted by black solid stars and blue lines, respectively,
are also shown in the figure for comparison. One sees that
the experimental data are generally reproduced, except
the mendelevium isotopes (Z = 101), which was not de-
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Fig. 11 The isotopic distributions for elements from Pu
to Md in Z**U+233U at 7 MeV/nucleon. Reproduced from
Ref. [278].

tected in the experiment yet. Comparing the isotope dis-
tributions for primary and residual fragments, we can find
the following three features, i.e., the widths of the isotope
distributions for residual fragments are much smaller than
those for primary fragments for the same element; the
peaks in the isotope distributions for residual fragments
shift to less neutron-rich side compared with those for
primary fragments; the production cross sections for the
most probable residual transuranium fragments (Z =96—
101) decrease almost exponentially with the increase of
fragment charge number. From the isotopic cross section
o(Z, A) for primary fragments and residual fragments, we
can calculate the cross section o(Z) = >, 0(Z, A), and
the most probable mass number Az for the isotope dis-
tribution through o(Z, Az) = max[o(Z, A)] for each ele-
ment.

Figure 12 shows the cross sections for primary fragments
with Z > 70 which are plotted by black contour lines
for the reaction 23¥U+23%U at 7.0 MeV /nucleon. It shows
that a large amount of primary fragments are produced via
proton and neutron transfer between projectile and target.
And the most probable isotopes of primary fragments are
located near the line with the isospin asymmetry close
to that of 23¥U (the isospin asymmetry is 0.227) on the
nuclear map. The superheavy primary fragment (114, 184)
(the isospin asymmetry is 0.235) at the center of the first
“island of stability” denoted by cross symbol in red color
is not far from this line. The production cross sections for
residual fragments are shown by colored rectangles. It can
be found that the production cross sections for most of
transactinide nuclei are smaller than 10~® mb because it
is difficult for those primary fragments to survive against
fission due to very low fission barrier. For comparison, the
area of known nuclei taken from Ref. [298] is presented
by the magenta thick line in the figure, and one can find
that quite a few unknown neutron-rich isotopes at the
“northeast” area of nuclear map can be produced through
multinucleon transfer in this reaction.
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7 MeV /nucleon. Reproduced from Ref. [279].

For the predicted production of light uranium-like ele-
ments with Z < 92, we find that they can reach the border
of the proton-rich side of known nuclei in the nuclear map.
Because of the high fission barrier, the light uranium-like
primary fragments can survive against fission more easily
and de-excite through neutron evaporation leading to the
production of proton-rich nuclei.

3.3 Low-intermediate and intermediate-high energy
heavy ion collisions

With the beam energy increasing, the reaction systems
are compressed much more and are highly excited than
low energy heavy ion reactions. It leads the system break-
ing up into much more fragments, three, four, five and
more, i.e., from binary fission, ternary fission, to multi-
fragmentation during its expansion phase. The phenom-
ena appeared in this energy region are very rich. One of
the characteristic phenomena is the multifragmentation,
which was considered as a signal of liquid—gas phase tran-
sition. The mechanism of mutifragmentation is still an in-
teresting topic now. Another important phenomenon is
the collective flow which reflects the collective motion of
emitted nucleons or light charged particles due to the pres-
sure gradient between the participant and the spectator,
and thus the collective flow can be used to obtain the
stiffness of EOS. Above the threshold energy for A pro-
duction, the resonances appear in the high density region
due to the nucleon—nucleon inelastic collisions, and then
followed by the production of the mesons. The yields of
different kinds of mesons and the ratios between different
charged mesons are supposed to be sensitive to the EOS
at suprasaturation density. In this section, we will make
a review of above phenomena appeared in intermediate
energy heavy ion collisions and the calculations based on
ImQMD and UrQMD models.

3.3.1 Fragmentation mechansim

As beam energy increases, a ternary breakup was
observed experimentally for reaction °7Au-+'TAu at
15 MeV /nucleon [299, 300]. The ternary breakup observed

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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in this reaction has two characters: (i) the masses of three
fragments are in comparable size [299, 300] and (ii) the
three fragments are nearly aligned along a common re-
separation axis [301, 302]. The ternary breakup reaction
explored in the experiment is completely different from
the commonly known formation of light charged particle
accompanied binary fission. The features observed in the
ternary breakup reaction between two °7Au nuclei indi-
cate that the strong dissipation plays an important role
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Fig. 13 Mass number distributions of (a) the heaviest
A1, (b) middle-mass Az, and (c) the lightest A3 fragments
in selected ternary reactions of °7Au+!°7Au at energy of
15 MeV /nucleon. The histograms denote the experimental
data come from Refs. [299, 300], the lines with open circles are
the calculation results with the ImQMD model. Reproduced

from Ref. [303].

e
100

in the reaction process, and the deep study of ternary
breakup can help us understand the interplay between the
one-body or two-body dissipation mechanism.

The ImQMD model is a suitable approach to study the
reaction mechanism because in principle, the dissipation
from nucleonic potential and nucleon—nucleon collisions,
diffusion and correlation effects from classical N-body sys-
tem are all included in the model without introducing any
freely adjusting parameter, and thus, it was applied to
study the microscopic mechanism of this new type ternary
breakup reaction by Tian et al. [303]. In Ref. [303] the
ternary breakup events were selected according to the con-
dition given by experiment (see Refs. [299, 300]), and the
microscopic mechanism of the ternary break was stud-
ied by the event tracking with the ImQMD-v2 simula-
tion. Figure 13 shows the comparison between the calcu-
lation results and experimental data for the mass num-
ber distributions of the heaviest fragment A;, the middle-
mass fragment A,, and the lightest fragment A3 in the
ternary breakup reactions of 97Au+197Au at energy of
15 MeV /nucleon. The histograms denote the experimental
data of Refs. [299, 300] and the lines with open circles are
the calculation results. Clearly, the calculations reproduce
the experimental data rather well.

The event tracking in Ref. [303] explored that in the
most of ternary breakup events, two °”Au nuclei had
long contact time (about 1000 fm/c or even longer ) and a
transient composite system was formed before separating
into two parts, i.e., the projectile-like fragment (PLF) and
target-like fragment (TLF) parts with large nucleon trans-
fer. The snapshots of the time evolution of the ternary
breakup process are shown in Fig. 14, which presented
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Fig. 14 An example of direct ternary events for '*"Au+'°"Au at 15 MeV /nucleon with b =2 fm. Reproduced from Ref. [303].
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Reaction plane

. Fission axis

Fig. 16 Schematic view of the reaction in a cascade ternary
event, in which the TLF and PLF are formed in the primary
deep-inelastic process, and followed by a consecutive break-up
from one of the two fragments. Reproduced from Ref. [304].

the composite system elongating and forming a neck led
to system re-separate and then the PLF (or TLF) fur-
ther quickly separated into two fragments within a time
of about 100 fm/c or little short or little longer.

An analysis of the correlation between A;, As, and
As was also performed in Ref. [303] in order to fur-
ther study the mechanism of the ternary breakup pro-
cess. The distribution of mass asymmetry of As with re-
spect to Ay and Asg, ie., m = (A1 — A3)/(A1 + A3) and
no = (Ao — As)/(Aa+ As), for different impact parameters
are given in Fig. 15. It can be found that the probability
distributions of 7; for central and semi-central collisions
(06 fm) are of the Wigner-like distributions while those of
72 for all impact parameters are of the Poisson-type ones.
From the point of view of probability theory, it implies
that there exists a certain correlation between fragments
A; and As and no correlation between Ao and As, which
is obviously in consistence with the event tracking analy-
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sis discussed previously. From the view point of dynamics,
the ternary breaking up in central collisions are in the se-
quence of (A; + A3)+As and then A; + A3+ As. It means
the stronger correlations for A; and Az is kept during
the evolution, while the correlation between A; and Ajs is
weaken as the impact parameter increases.

More crucial information on the mechanism of the stud-
ied ternary processes comes from the features of the PLF
breakup in its rest frame in the reaction plane. The basic
information can be obtained from velocity vectors of the
PLF fragments F1 and F2, and TLF in the laboratory ref-
erence frame (see Ref. [303]). In Fig. 16, we present the
schematic view of the definition of the out-of-plane angle
0, in-plane angle ¢, and the angle of the separation axis
with respect to the beam direction 6., . The reaction
plane is defined by the beam direction and the direction
of vector of VpLF — VTLF. This definition is as the same
as in Refs. [302, 304].

Figure 17 shows the results of the out-of-plane angle
and the azimuthal angle ¢ distributions of fragments from
PLF — F1+4F2 breakup, and as well as the angle 0, ,,,. dis-
tribution obtained from the ImQMD model simulations.
The experimental results from Ref. [302] are also shown as
red symbols in the figure. Figure 17 clearly tells us that the
most of ternary breakup reaction events are in the reac-
tion plane and three fragments are approximately aligned.
The study of the ternary breakup reaction of '97Au+"7Au
indicates that the fusion reaction of two very heavy nuclei
at energies about 15 MeV /nucleon or higher is forbidden
because of the strong Coulomb repulsion but a transient
composite system may be formed due to the strong dis-
sipation (strong dumped reaction). The formed transient
composite system elongates then breaks up into two parts

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 17 Angular distributions of fragments (a) out-of-plane
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with the ImQMD model, and the line with triangles denotes
experimental data [302]. Reproduced from Ref. [303].

namely, the PLF and the TLF followed by a further
breakup of PLF (or TLF) after a short time, leading to a
ternary breakup reaction. Similar mechanism can be ex-
tended to quaternary reactions.

Furthermore, one could expect that accompanied light
particle emission should have different rapidity distribu-
tions for different kinds of breakup mode. Based on this
idea, we also analyze the rapidity distributions for light
charged particles in binary, ternary and multi- break-up
modes.

Figure 18 presents the time evolution of the density
contour plots for typical event of reaction 4Zn+%Zn at
Epeam=35 MeV /nucleon which could be the onset energy
of multifragmentation [305]. The results are obtained by
the ImQMDO05 calculations with soft symmetry energy
case, i.e., 7,=0.5, where ~y; is the symmetry potential en-
ergy coefficients in Eq. (42). As shown in Fig. 18, the sys-
tem breaks via different break-up modes, such as binary,
ternary and multifragmentation break-up modes, i.e., (f1),
(f2) and (f3), with different probabilities due to the fluc-
tuations which automatically appears in the QMD type
models. It is clear that different break-up modes obviously
lead to different emission patterns as well as the different
angular and rapidity distributions of LCPs and fragments
[for example, Figs. 18(f1-£3)].

To quantitatively understand the correlation between
the break-up modes and LCPs emissions, we plot the ra-
pidity distributions of the yields of LCPs corresponding
to three kinds of break-up modes, binary (square sym-
bols), ternary (circle symbols) and multifragmentation
(triangle symbols) in Fig. 19. Figure 19 presents the ra-
pidity distribution of light charged particle *He and SHe
for 64Zn+%4Zn at mid-peripheral collisions. Panel (a) and
(b) are for neutron-poor particle, i.e., Y(*He), (c) and
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Fig. 18 Time evolution of the density contour plots for **Ni +%!Ni at Ejeqm=35 MeV /nucleon for b = 4 fm from typical
events which are calculated with «; = 0.5. Reproduced from Ref. [305].
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Fig. 19 (a) and (b) are the reduced rapidity (y,) dis-
tribution for the yield of ®He, i.e., Y(®He), with binary
(square symbols), ternary (circle symbols) and multifragmen-
tation (triangle symbols) break-up modes. (c¢) and (d) are for
Y(°He). (a) and (c) are the results with v; = 2.0, (b) and
(d) are for v; = 0.5. All of those results are for °Zn +"°Zn
at Fpeam=35 MeV /nucleon for b = 4 fm. Reproduced from
Ref. [305)].

(d) are for neutron-rich particles, i.e., Y(°He). Left pan-
els are for symmetry potential coefficient 7; = 2.0 and
right panels are for «;=0.5. The rapidity distributions for
the yields of >*He are normalized to per event. It is clear
that the binary and ternary modes tend to produce more
3He and %He at midrapidity than the multifragmentation
breakup mode does. The difference among the yields of
neutron-rich light particle Y(®He) in the binary, ternary
modes and multifragmentation break-up modes is larger
compared with that for Y(*He) due to stronger isospin
migration. For example, for v;=2.0, the yield of 3He at
yr = 0 from binary mode is 35% larger than that from
multifragmentation mode, but the yield of *He at y, ~0
from binary mode is 70% larger than that from multifrag-
mentation break-up mode. Consequently, one can expect
that the different break up modes lead to different shape
of rapidity distribution of LCPs.

3.3.2  Fluctuation and chaoticity in liquid—gas phase
transition

The theoretical studies on the properties of nuclear matter
predict existing a liquid—gas phase transition at tempera-
ture of about 10-20 MeV and subnormal densities. A con-
siderable progress has been made on the theoretical study
as well as on the experimental side in order to define and
collect a converging ensemble of signals connecting multi-
fragmentation to the nuclear liquid—gas phase transition in
last couple decades [3, 306-312]. The fluctuation in spin-
odal region was thought as one of the origins of liquid—gas
phase transition in finite nuclear system. An anomalous
increase of fluctuation at a phase transition and a rapid
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increase of chaoticity at the microscopic level stimulate
further study of the dynamics of liquid—gas phase transi-
tion in nuclear systems.

A way to characterize the dynamics in the phase transi-
tion is to calculate the largest Lyapunov exponent (LLE).
The largest Lyapunov exponent is defined as [313-315]

1 X
L Xl

A= lim .
[|dXol|

n—o0o0 NT (72)
The quantity ||dX,]|| is the phase space distance between
two trajectories corresponding to two concerned events at
time ¢ = n7, more details of definition can be found in
Ref. [315]. The LLE is a measurement of the sensitivity of
the behavior of a system to initial condition and also gives
an idea of the velocity at which the system explores the
available phase space, and a positive Lyapunov exponent
may be taken as the defining signature of chaos. For the
case of nuclear fragmentation, a nucleus at a highly ex-
cited state eventually breaks into several fragments with
nucleons and light particles, where a given trajectory for
the system in the phase space will never come back close
to the initial state of the system. So a local-in-time LLE
over an ensemble of trajectories whose initial conditions
are consistent with the nuclei at a given excitation energy
should be used. Thus, the time scales of the inverse LLE
compared with density fluctuation become more relevant.
If the time scale for density fluctuation is much longer
than the inverse largest Lyapunov exponent it indicates
that the dynamics during fragmentation of the nuclear
system is chaotic enough. In this way the LLE calculated
over an ensemble of trajectories can carry the full infor-
mation of dynamics of the systems in multifragmentation.

Figure 20 shows the correlations between the LLE, i.e.,
)\, and the density fluctuation o2 at different temperatures
from 3 to 19 MeV for systems of 124Sn of [Fig. 20 (a)] and
208PY of [Fig. 20(b)]. The density fluctuation o2 is

s (PP(1) = (p(1))?

e "
with
(A) = /Ap(r,t)dr7 (74)

and the integration is over whole space. One can see that
the maximum values of both the LLE and density fluctua-
tion are located at the same temperature, i.e., the critical
temperature. There are two branches in A ~ ag, one corre-
sponding to the temperature lower than the critical tem-
perature and another corresponding to the temperature
higher than the critical temperature. For the low temper-
ature branch, both the A and 05 increase as the temper-
ature increases, whereas for the high temperature branch
they increase as the temperature decreases. Both branches
show that the X increases roughly linearly with aﬁ. This
correspondence between the A and 03 is qualitatively con-
sistent with the discussion based on Refs. [316, 317].
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Fig. 20 The relation between the LLE and the density fluc-
tuation at temperatures from 3 to 19 MeV for systems of 124Sn
(a) and 2°*Pb (b). Reproduced from Ref. [315].

3.3.3  Collective flow

Collective flow is a motion characterized by space-
momentum correlations of dynamic origin, and it carries
the information of the pressures generating that motion,
the EOS, the in-medium NN cross sections and other prop-
erties of the strongly-interacting matter.

As shown in Fig. 21, the flows that have been identified
so far are radial, directed, elliptic, triangle flow and high
order flow, described by the corresponding coefficients of
the components of the Fourier decomposition of the az-
imuth angle distribution of emitted particles,

dN
— = po(1 + 2v1 cos ¢ + 2v3 cos 2¢ + 2v3cOS8 3P + - - ),

do
(75)

where vy is the directed flow, and vy the elliptic flow, vg
the triangle flow.

The ImQMDO0O5 model were applied to study
the directed and elliptic flows and stopping power
in 97Au4+"7Au reaction at energies lower than
0.4 GeV/nucleon by wusing SkP, SkM* SLy7 and
SIIT Skyrme interaction parameter sets and compared
with the experimental data of INDRA, FOPI and Plastic
Wall taken from Ref. [318] and it was found that the
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SkP and SkM* best fit to the data when the energy
dependent in-medium NN elastic cross sections were
used [156]. As an example, Fig. 22 shows the excita-
tion function of elliptic flow parameters at midrapidity
(ly/ygm | < 0.1) for Z <2 particles for 97Au+'97Au
collisions at b = 5fm [the reduced impact parameter
b/bimaz equals 0.38 and byar = 1.15(/1}3/3 + A;/3)]. The
general behavior of the excitation functions of elliptic
flow parameters wvo calculated with different Skyrme
interactions is similar, i.e., the elliptic flow evolves from
a preferential in-plane (rotational like) emission (ve > 0)
to out-of-plane (squeeze out) emission (ve < 0) with
an increase of energies. Clearly, one can see that the
harder EOS provides stronger pressure which leads to
a stronger out-of-plane emission and thus to a smaller
transition energy. The transition energies calculated with
SkP and SkM* agree with experimental data [318], while
those with SIIT and SLy7 are too small compared with
experimental data.

For the flow effect at further higher energy heavy ion
collisions, it is more suitable to use the UrQMD model.
The direct and elliptic flow for protons and light charged

x (fm)
P S N
-100 10 -10 0 10 -10 0 10 -10 0 10 -10 0 10

)\10 0x10-24s 30 37 43 50
WY O 3K < 3F - JF - ;
S\ o

= (b) © (G (e)

1107\@
A -10
(8]
10 (a T (\b')\ T (\c') T T ((\1') T T (e\') T T
Z100 10 =10 0 10 =100 10 =10 0 10 =10 0 10
x (fm)

Fig. 21 Overview of the dynamics for a Au+Au collision.
Time increases from left to right, the center of mass is at r=0,
and the orientation of the axes is the same throughout the
figure. The trajectories of projectile and target nuclei are dis-
placed relative to a “head-on” collision by an impact parame-
ter of b = 6 fm. The three-dimensional surfaces (middle panel)
correspond to contours of a constant density p ~ 0.1pg. The
magenta arrows indicate the initial velocities of the projectile
and target (left panel) and the velocities of projectile and target
remnants following trajectories that avoid the collision (other
panels). The bottom panels show contours of constant density
in the reaction plane (the z—z plane). The outer edge corre-
sponds to a density of 0.1pg, and the color changes indicate
steps in density of 0.5p9. The back panels show contours of
constant transverse pressure in the x—y plane. The outer edge
indicates the edge of the matter distribution, where the pres-
sure is essentially zero, and the color changes indicate steps in
pressure of 15 MeV /fm®. The black arrows in both the bottom
and the back panels indicate the average velocities of nucle-
ons at selected points in the x—z plane and z—y plane, respec-
tively. Reproduced from Ref. [24].
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Fig. 22 Excitation functions of elliptic flow parameters at
midrapidity for Z < 2 particles from midcentral collisions
of 197Au+7Au calculated with SkP, SkM*, SLy7, and SIII
Skyrme interactions. The calculated results are given in the
same rotated reference frame as that used for the experimen-
tal data, which are taken from Ref. [318]. Inset shows pressure
as a function of density calculated with the four Skyrme inter-
actions. Reproduced from Ref. [156].

particles d, t, and *He at a wide range of beam energies
were studied and compared with experimental data [319-
322]. In Fig. 23, the excitation function of elliptic flow
of protons for reaction 7Au+'97Au at energies from SIS
to RHIC is presented. The UrQMD model in its cascade

Protons, [y| <0.1

0.1
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Fig. 23 The calculated energy excitation function of ellip-
tic flow of protons in Au+Au/Pb+PDb collisions in mid-central
collisions (b =5-9 fm)with |y| < 0.1 (full line). This curve is
compared to data from different experiments for mid-central
collisions [319-322]. The dotted line in the low energy regime
depicts UrQMD calculations with nuclear potential included.
Reproduced from Ref. [84].
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(UrQMD2.2) and a mean field mode with the HM-EOS
and with the DBHF-like medium modification on nucleon-
nulceon elastic cross sections are employed. The rapidity
cut of |y| < 0.1 has been used because this is the ap-
propriate one to compare with the data at lower ener-
gies. Due to this cut, the calculation of the cascade mode
(without nuclear potential) reaches negative values at low
energies. With inclusion of nuclear potential, the model
is in line with experimental data at both SIS and AGS
energies. In recent years, for a better description of exper-
imental data at SIS energies, the surface and the surface
asymmetry energy terms from the Skyrme potential en-
ergy density functional are further incorporated into the
UrQMD model [255, 323, 324]. It is found that, with a
proper parameter set on the in-medium NN cross sec-
tion, the published collective flow and nuclear stopping
data in HICs at intermediate energies can be reproduced
well [172; 252, 253, 255, 256, 323-326].

One can find that the elliptic flow calculated with
ImQMDO05 and UrQMD are coincidence within the com-
mon energy region. For experiments, the important issue
is how to determine the reaction plane accurately, since
the detectors can not cover full solid angle and can not
detect all kinds of particles with the same efficiency. It
blocks the experimentalists to get the flow accurately, es-
pecially for low-intermediate energy heavy ion collisions.
Thus, to further improve the accuracy of the experimental
measurement of flow is desirable.

3.4 Spallation reactions

The neutron/proton induced spallation reactions with the
beam energy up to 1 GeV have wide applications in ma-
terial science [327], biology [328], surgical therapy [329],
space engineering [330] and cosmography [331]. Interest in
the spallation reactions has recently been renewed because
of the importance of intense neutron sources for various
applications, such as spallation neutron sources for con-
densed matter and material science [332-334], accelerator-
driven subcritical reactors for nuclear waste transmuta-
tion [335, 336] or energy production, as well as for medi-
cal therapy. So there is a growing need of nuclear data for
spallation reactions at intermediate energies up to 1 GeV
for targets not only the neutron production materials such
as Pb, Bi, W, but also for surrounding structural materi-
als such as Al, Fe, Ni, Zr and biologic elements such as C,
O, Ca.

Experimental data are important for designing spalla-
tion sources. However, it is impossible to make measure-
ments for all data that are of importance for the vari-
ous applications [337]. When experimental data are not
available, theoretical model calculations have to be em-
ployed to estimate the related data. The moving source
(MS) model [338], High Energy Transport Code-Three
step model (HETC-3STEP) [339], intra-nuclear cascade
evaporation (INC/E) model [340] and quantum molecular

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 25 Comparison between the ImQMD05+GEM2 model and ImQMDO054+GEMINI model calculation results and ex-
perimental data for mass and charge distributions cross sections of products in 500 MeV p+2°8Pb [338, 339] and 800 MeV

p+'97Au [337, 340], respectively. Reproduced from Ref. [345].

dynamics (QMD) model [150, 341-344] have often been
utilized in the reactions at energies higher than hundreds
MeV.

It is well known that spallation reaction is usually de-
scribed by three-step processes, i.e., the dynamical non-
equilibrium reaction process leading to the emission of
fast particles and an excited residue, followed by pre-
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equilibrium emission, and by the decay of the residue. The
first process can be described by microscopic transport
theory models, the pre-equilibrium is usually optional in
different approaches, and the last one can be described by
a statistical decay model. Over the past decade, by ap-
plying the InQMD Model (ImQMDO05) merged statistical
decay model, a series of studies on the proton-induced

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 26 Comparison of all measured cross sections of products (open squares) from the reaction 750 MeV proton on 56Fe [354]
with ImQMDO054+GEMINI calculation results (lines). Reproduced from Ref. [345].

spallation reactions at intermediate energies have been
made [345-349]. Nuclear data including neutron double
differential cross sections (DDXs), proton DDXs, DDXs
of light complex particles, i.e., d, t, 2He and *He, mass,
charge and isotope distributions can be overall reproduced
quite well.

As an example, Fig. 24 shows the results of the neu-
tron and proton DDXs for proton-induced spallation re-
action for p+2°Pb at 256 MeV, 800 MeV, and 1 GeV by
using the ImQMD model plus statistical decay model(s).
In Fig. 25, the mass and charge distributions of produc-
tions in the reaction of 500 MeV p-+2°8Pb [338, 339] and
800 MeV p+'97Au [337, 340], respectively, is shown. In
Fig. 26, the isotope distributions of residues produced in
the reaction of 750 MeV proton on SFe is shown. And
Fig. 27 shows comparisons between calculated DDXs and
experimental data for light charged particles produced in
the reaction of 200 and 392 MeV proton on 27Al.

Except the systems shown above, more proton-
induced spallation reactions have been analyzed with the
ImQMDO05 model merging the GEM2 and GEMINI mod-
els. The cross sections for products in proton-induced re-
actions on heavy targets can be reproduced quite well by
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both models. And it is found that the DDXs of proton and
neutron are not sensitive to the parameters of ImQMD
and statistical model.

However, to best reproduce the experimental data of
mass and charge distributions of productions, two param-
eters in each model, i.e., the nucleus radius parameter
ro and the level density parameter modification factor fj
(i.e., ay = fras, ay is the level density parameter) in
GEM2; the delay time for fission fgelay and sigqelay in
GEMINI, need to be tinily readjusted according to the
incident energy. For the future, with more precise exper-
imental data becoming available, we expect that the sys-
tematic adjustable parameters in GEM2 and GEMINI can
be obtained with the present approach. However, there is
still some work to be done in order to achieve a universal
description for spallation reactions with arbitrary targets
and arbitrary incident energy.

Another important point is the description on the LCPs
produced in the spallation reaction should be refined.
The yields of LCPs with high kinetic energy are under-
estimated in the previous ImQMD model, as the dashed
curves shown in Fig. 27, because the description of the
LCPs emission in pre-equilibrium process is absent. In or-

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 27 Calculated DDXs of light charged particles produced in the reaction p+27Al at 200 and 392 MeV. Experimental
data (triangles) are taken from Ref. [355] for 200 MeV p-+27Al, Ref. [356] for 392 MeV p+27 Al, respectively. Reproduced from

Ref. [349).

der to overcome the limitation of the ImQMDO05 model
in description of LCPs emission, a phenomenological sur-
face coalescence mechanism is introduced into the ImQMD
model. The basic idea of this mechanism is: the leading
nucleon ready to leave from compound nuclei can coalesce
with other nucleon(s) to form a LCP, and the LCP with
enough kinetic energy to overcome Coulomb barrier can
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be emitted. By systematic comparison between calcula-
tion results and experimental data of nucleon-induced re-
actions, the parameters in the surface coalescence model
are fixed. Then with the fixed parameters, chosen once
for all, the prediction power of the model is tested by the
nucleon-induced reactions on various targets with energies
from 62 to 1200 MeV. And it is found that, with surface

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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coalescence mechanism introduced into ImQMD model,
the description on the DDXs of LCPs is greatly improved.
And Fig. 27 shows comparisons between calculated DDXs
and experimental data for light charged particles produced
in the reaction of 200 and 392 MeV proton on 27 Al

As we mentioned before, the advantage of the ImQMD
model is that the model parameters are directly obtained
from the Skyrme interactions. Thus, one can study the
impact of the different effective Skyrme interaction on
proton-induced spallation reactions. Based on the best
Skyrme interaction we obtained, one can also obtain the
information of EOS in the mean field level.

4 Study of in-medium NN cross sections

As we discussed in previous section, collision term I,
is another key ingredient of transport equation, and the
in-medium effects on the collision cross sections influences
the results of the simulation of HICs. Thus, the study of
in-medium cross sections and extracting the medium cor-
rections to the cross sections from experimental observ-
ables are important, which are the main contents of this
section.

4.1 In-medium NN cross sections from microscopic

approach

The in-medium NN cross sections can be calculated
by using Bruckner G-matrix method [357-363], one-
boson-exchange model (OBEM) [364-366] or the closed-
time path Green’s function approach [367-370] in the-
ory. By using the closed-time path Green’s function
method, the in-medium elastic and inelastic nucleon-
nucleon cross sections can be derived within the frame-
work of self-consistent relativistic Boltzmann—Uehling—
Uhlenbeck (RBUU) equations. In the early works [367—
369], the in-medium elastic and in-elastic cross sec-
tions without considering the isospin dependence were
computed based on quantum hadro-dynamical (QHD-
1) model. Up to now, by applying the effective La-
grangian such as the QHD-II and its extension in
which the couplings to vector—isovector p* and scalor-
isovector d(ao(980)) mesons are considered, the isospin
asymmetry «, density p, and center-of-mass energy /s
dependence of the in-medium cross sections ¢*, such
as oy, yn (VS p ) and ofy ,ya (Vs p,a) are com-
puted [371].

In Fig. 28 we present both the cross sections and the
suppression parameters as a function of c.m. energy /s
at different densities, which are obtained with closed-time
path Green’s function as in Ref. [369]. oni?) and opiihp

are in panels (a) and (b), and the suppression parameters,

2 2 2 2 *(2 2
777(11;) _ Un( )/ free(2) (2) nsl )pp/ Z;e;;)

panels (c) and (d) The superscript “(2)” means that the
cross sections are obtained with closed-time path Green’s

are in
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Fig. 28 Energy dependence of in-medium cross sections
2 and 022, in panels (a) and (b), and of the suppression
parameters n'Y) and n{2 pp in panels (c) and (d), at selected
densities. The cross sections have been obtained within the
CTPGF approach with QHD-II effective Lagrangian. Repro-
duced from Ref. [157].

function method as described in Ref. [157]. One can see

that O‘n( ) changes little with density and is nearly the

same as in free space. On the other hand, the cross section

crngl,)pp tends to be suppressed at lower energies, /s <

2.05 GeV and enhanced at higher energies. Differences in
the features of the two cross sections are associated with
the differences between the isospin T = 0 and the T =
1 channels and, in particular, presence of a low-energy
resonance in the 7" = 1 channel and effects of p* exchange.

Figure 29 shows the in-medium cross section oy y_ nva
(the initial isospin averaged one) as a function of /s for
different reduced densities and the calculation was per-
formed with the A mass taken to be the pole mass [371]. It
is found that at high energies, the o y_, ;o Mmonotonously
decreases with increasing density. This is similar to previ-
ous calculations [368] performed with another parameter

25

a=0 —u=0
---u=05
20 el
2 151
3
Lz 10
5
5,

9100 2200 2300 2400 2500 2600 2700 2800 2900 3000
512 (GeV)

Fig. 29 The in-medium cross section oy y_,ya as a func-
tion of s'/? at several reduced densities. Reproduced from
Ref. [371].
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set of the equation of state. However, when approaching
the threshold energy, the density dependence is somewhat
different from that in Ref. [368] due to the neglect of the
A mass distribution. This should play a more important
role at the lower energies. One might argue that the mass
distribution ought to be influenced by the nuclear medium
as well, a topic that deserves further investigation.

The results become more interesting for the isospin
asymmetries o = (pp — pp)/(Pn + pp) # 0 to be dis-
cussed in the following. Owing to the difference in isospin
matrices shown in Ref. [371], the cross-section values for
the production of A*+ and A~ are exactly three times
larger than those of other channels (AT and AY) as long
as isospin asymmetry o = 0. With a #0, this relation
is destroyed because of the different effective masses for
ATT, AT, A° A~ and neutron, proton, which make the
scattering amplify different as well. It is found that the in-
fluence of the mass splitting on U;pﬁnAH and UZHHPA,
are much stronger than that on the other four channels.
Figure 30 shows the effect of mass splitting in the isospin
asymmetric medium on the in-medium cross sections of
A production. The ratios R(«a) = 0*(«)/0*(a = 0) of all
channels are shown as an example in Fig. 30 as a function
of the isospin asymmetry at a typical kinetic energy Ex
= 1 GeV (correspondingly, s'/? = 2.326 GeV) where the
maximum of the cross section approaches. The ratio R(«)
deviates almost linearly from unity when the value of the
isospin asymmetry increases from 0 to 0.5. It occurs with
the sequence: R(a,pp — nAYTT) > R(a,pp — pAT) >
R(a,pn — nAT) > R(a,pn — pA®) > R(a,nn —
nA% > R(a,nn — pA~). It is further seen that, at
a = 0.5, the R(a) ratio remains within the interval be-
tween 0.88 and 1.15 for the At and A° production chan-
nels, while it changes more rapidly to 1.74 and 0.73 for
AT+ and A, respectively.

Cui et al. also studied the influence of threshold ef-
fects on the in-medium NN — NA cross sections [372]
by using the one-boson-exchange model (OBEM), where
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the NN — NA cross section was averaged over the mass
distribution of A considering the A as short-living reso-
nance. They found that the isospin splitting of medium
correction factor R = oy na/0he, ya are weaken
when one consider the threshold energy effects, i.e., the
changes of self-energy when a nucleon turns into a A in
process of NN — NA. In Fig. 31, the R as a function
of energy above the threshold, ie., Q@ = /s — /s, =
Vs — (2mpy 4+ my), for different beam energies are pre-
sented. By considering the threshold effects in the calcu-
lation of NN — NA cross sections, the isospin splitting
of R becomes weaker at the beam energy above 0.8 GeV
because the changes of scalar and vector self-energies in
the process of NN — NA become smaller relative to the
kinetic energy part.

Constraining those cross sections is essential for reduc-
ing the uncertainties of EOS constraints by using the
transport models [157, 160, 373]. Also the in-medium
cross sections are of interest for their own sake, as they
underly the viscosity and other nuclear transport coeffi-
cients [374]. One of the powerful HICs observables for ex-
tracting the in-medium NN cross sections is the stopping
power [375, 376] because it is constructed from the chang-
ing of momentum of the emitted particles and reflects the
cross sections in the most direct manner. Furthermore,
their correlation [375] with flow observables which are
widely used for determining the stiffness of EOS, is also of
interest. We employed the InQMD and UrQMD models to
investigate the effects of in-medium NN cross sections on
HICs observables. The cross checking on the results with
two models is helpful for us to deeply understand the in-
medium NN cross sections and the reliability of transport
models, and it will be discussed in the next part.

1=0.2
1.5
(a) EC-K | (b) EC-C | — pp—nA**
- — - ppopA*
_____ pn—nA*
=054 Ty T —-—- pn—pAl
0.0 0=0.052 GeV A
" © (d
------ nn—pA-
! O’W"\
& T = |
0.5 TeealiY
0.0 1920227 Gev
(e) ®
e T ——
0.54 RS =
=0.389 GeV
00 £ - ‘
0 1 0 1 2
PBPo
Fig. 31 The medium correction factor R = oyny_na/

o<, va as a function of density for different channels (with

different colors) for the beam energy at @ = 0.052, 0.227, and
0.389 GeV (Ebeam = 0.4, 0.8, and 1.2 GeV) in isospin asym-
metric matter at I = 0.2. The left panels are the results with-
out threshold effects, and the right panels are with threshold
effects. Reproduced from Ref. [372].
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The top panels display midrapidity elliptic flow. The bottom panels display maximal scaled directed flow. The data

are represented by solid symbols and calculations by open symbols. The left panels in the figure illustrate the sensitivity of
calculations to the employed mean field. The right panels illustrate the sensitivity of calculations to in-medium cross sections.

Reproduced from Ref. [157].

4.2 In-medium NN cross sections from heavy ion
collisions

It is quite often in the transport model calculations that
the medium corrected elastic cross section adopts a form
of oy =(1- np/po)a{\fﬁe, with 7 being a parameter and
usually set to be 0.2. Compared with that obtained from
the theoretical calculations shown in Fig. 28 where the
oyn depends also on energy in addition to density, the
form of the medium corrections oy = (1 — np/po)oh s
is too simple. To obtain the information of the in-medium
elastic cross sections from HIC, Zhang et al. [157] pro-
posed ad hoc parametrization inspired by the closed-time
path Green’s function (CTPGF) results aiming at the de-
scription of the excitation function for elliptic flow in the
mid-rapidity region of |ye.m. /Y57, | < 0.1 in Au+Au col-
lisions. Figure 32 shows the ImQMDO5 calculation results
of excitation functions of elliptic flow parameter vy and
directed flow P2 = ppair/ul?s™ with different Skyrme
density functionals and in-medium elastic cross sections.
There are three kinds of in-medium NN cross sections, i.e.,
o*M %) and 0*®) where 0*(1) is the one given in ex-
pression [o% y = (1 — np/po)olis and n = 0.2], o*@ is
the results calculated by using CTPGF method based on
QMD-II effective Lagrangian, o*(®) is the ad hoc parame-
terization given by Ref. [157]. It is seen that o*(3) shows
the best fit to the data and o*(1) is the worst among three
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kinds in-medium cross section. It is found that the best
fit to the experimental flow data with 7n=0.2 for Epcqm <
150 MeV /nucleon, n=0 for Epeqm=150-200 MeV /nucleon,
7= —0.2 for Fpeam = 200-400 MeV /nucleon, can well re-
produce the data of flow and stopping power simultane-
ously.

The impact of nucleon-nucleon cross sections on nuclear
stopping is also investigated. Figure 33 shows a variety of
results pertinent to vartl. The vartl is defined as the ratio
of the rapidity variance in the transverse direction to the
rapidity variance in the longitudinal direction,

(i)

2
vartl 2
which has been used as a measure of the nuclear stop-
ping. The emitted charged particles with Z =1-6 from
central collisions of symmetric or near-symmetric systems
are selected, with the contributions of different parti-
cles weighted with Z. The panels (a) and (b) in Fig. 33
show calculated distributions in longitudinal and trans-
verse rapidities in 400 MeV /nucleon Au+Au collisions at
b/bmax < 0.15. The corresponding vartl values for dif-
ferent calculations are quoted in those panels. The panel
(¢) compares the calculated vartl excitation functions for
Au+Au to the data. Finally, the panel (d) compares the
calculated dependence of vartl on system charge to data at
400 MeV /nucleon. From Fig. 33, one can learn that there

(76)
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Fig. 33 Comparison of characteristics of central colliding

systems in the longitudinal and transverse rapidities. (a) and

(b) display the calculated rapidity distributions of particles from central (b/bmae < 0.15) 400 MeV /nucleon Au+Au collisions
and illustrate, respectively, the sensitivity of calculations to the mean field and to the cross sections. (c) and (d) display the
calculated and measured beam energy dependencies of the variance ratio vartl, respectively, on energy for the Au+Au collisions
and on net system charge at collision energy 400 MeV /nucleon. The data are from FOPI Collaboration [375]. Reproduced from

Ref. [157].

is a good chance to restrict the in-medium cross sections
using measured wvartl but less chance to restrict the mean
field. Our results show both flow and stopping power data
favor the ¢*(®) | which is consistent with the recent analysis
from INDRA data [377].

Very recently, Li et al. also discussed the similar things
with UrQMD model [256]. They adopted a more compli-
cated medium correction form, which reads

oy = F(p D)ok, (77)
with
X+ (1 — \)e—r/pok _
Flo,p) = 2 LN fo . (78)

1+ (p/po)”

p is the momentum of nucleon in center of mass of two
colliding nucleons, £ and A are the parameters which de-
termine the density dependence of the cross sections, s
is the parameter which determine the momentum depen-
dence of the cross sections.

As shown in Fig. 34, the degree of nuclear stopping

(RE = %) in central Au + Au collisions as a function
of the beam energy are investigated. The results obtained

with medium correction factor F(p,p) = oy n/ crj{flff =05

are the largest and those with F = 0.2 are the small-
est of all. Again, this result from the nuclear stopping
observables also consistently supports that the medium
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Fig. 34 Beam-energy dependence of Rg (the solid sym-
bols) and vartl (the open symbols) for free protons from cen-
tral 7Au 4+ '°7Au collisions. Calculations with four differ-
ent medium correction factors (the dashed lines with different
symbols) are compared with the FOPI (the open stars) and
INDRA (the solid stars) experimental data. Reproduced from
Ref. [256].

correction factors of about 0.2 and 0.5 are required for
reasonably describing the degree of nuclear stopping in
HICs at Ejq = 40 and 150 MeV /nucleon, respectively.
Furthermore, the difference between the results from the
FU3FP1 [corresponding to A = 1/3, £ = 1/3, fo = 1,
po = 0.425 GeV/c, and k = 5 in Eq. (78)] parametrization

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Feop

and from F = 0.3 steadily increases with increasing beam
energy. Calculations with FU3FP1 fit the experimental
data quite well and reproduce the slightly increased stop-
ping power with increasing beam energy, whereas others
fail to reproduce the observed beam-energy dependence.
In the future, rigorous extracted information of in-medium
NN cross sections also require a refined Pauli blocking in
the transport models [378].

4.3 In-medium NN cross sections from spallation
reactions

Proton induced reactions also provide the information of
in-medium NN cross sections below the normal density
with a much clearer picture. In the following, the medium
correction is taken as

U:ot = O-szr:ee + UZZ = a,sz?L”@e + ‘F(u7 57 p)o.gl’f€€7

where o/ and /7 are the free isospin dependent elas-

tic and inelastic cross sections, respectively. The form of
the medium correction factor is as same as that proposed
by Li et al. in Refs. [77, 172, 255]. F(u, 0, p) depends on the
nuclear-reduced density u = p/pg, the isospin-asymmetry
0 = (pn — pp)/(pn + pp) and the momentum pyy. On
condition of momentum independent medium correction,

.7'-(U,5,p):F5~Fu,

(79)

F, =X+ (1-))exp(—u/Q), (80)
0.85

Fy=1-mjA(u)d,  Alu) = ==,

i=j=n/p, Tij =FL; i #j, 1i; =0. (81)

If the medium correction has an obvious momentum de-
pendence, F(u,d,p) = FY - FP,

fo, p>1GeV/c,
Fé/u - fO
1+ (p/po)~

with p being the momentum in the NN center-of-mass
two colliding nucleons. By varying the parameters A, (,
fo, po and k one can obtain different medium correction
on nucleon—nucleon elastic cross section (NNECS). The
parameter sets used are listed in Tables 2 and 3. Among
these parameter sets, FU1-3 and FP1-5 are taken from
Refs. [77, 172, 255], FU4 and FP6 are used in Ref. [379].

+f07 pglGeV/C7

Table 2 Parameter sets used for the density-dependent
correction factor Fi,.

Set A 13
FU1 i 0.54568
FU2 3 0.54568
FU3 i 1/3
FU4 i 0.45
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Fig. 35 Excitation functions of RCS for p+5°Fe calcu-
lated with free NNECS and various in-medium NNECS com-

pared with experimental data, respectively. Reproduced from
Ref. [379].

The various in-medium NNECS obtained from combi-
nations by parameterizations FU1, FU2, FU3 and FP1,
FP2, FP3 are tested by the excitation function of reac-
tion cross section (RCS) for p+°6Fe in Fig. 35. By using
the in-medium NNECS, the descriptions on the excitation
function of RCS are great improved. Especially the com-
binations of FU2+FP3 and FU3+FP3 give the best two
results except a little deviation at low energies. According
to the momentum dependence of the in-medium NNECS
FP? the enhancement effect of momentum correction does
not yet appear at such low energies if FP3 is adopted. FU4
provides a reasonable correction effect between ones given
by FU2 and FUS3.

More experimental data of the RCS of proton induced
reaction from light to heavy targets '2C, 27Al, 4048Ca,
907y, 11870, 298Ph are used to test the obtained in-medium
NNECS FU4FP6. As examples, the excitation functions
of RCS for nucleon-induced on various targets, such as
n+12C, n+%3Cu, n+2%Pb, p+12C, p+2°Ca, and p+'183n,
calculated by the ImQMD model with FU4FP6 are shown
in Fig. 36. One can see that all experimental data are re-
produced quite well. In particular, not only the excitation

Table 3 Parameter sets used for the momentum dependence
of correction factor Fj,.

Set fo po (GeV/c) K
FP1 1 0.425 5
FP2 1 0.225 3
FP3 1 0.625 8
FP4 1 0.3 8
FP5 1 0.34 12
FP6 1 0.725 10
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Fig. 36 Excitation functions of RCS for nucleon-induced
on various targets calculated with free NNECS and FU4FP6
in-medium NNECS compared with experimental data, respec-
tively. Reproduced from Ref. [379].

functions of RCS for the targets along the S-stable line are
well described, but also the excitation function of RCS for
48(Ca, which is far away from the B-stable line, is also well
reproduced. In addition to the proton-induced reactions,
the good description on the excitation functions of RCS
for the neutron-induced reactions means that the medium
correction of the isospin dependence of NNECS is reason-
ably reproduced.

5 Symmetry energy at different densities and
temperatures and the constraints

The relationship between pressure, density, temperature
and isospin asymmetry [0 = (pn, —pp)/(pn+pp)] described
by the equation of state (EOS) of nuclear matter governs
the compression achieved in supernova and neutron stars,
as well as the structure and many other basic properties
of nuclei. Thus, determination of the EOS has been one of
the primary goals since first relativistic heavy ion beams
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started to operate in the beginning of the 80s of the last
century [5-8|. The symmetry energy of nuclear matter is
defined as the difference between the energy per nucleon
in pure neutron matter and in symmetric nuclear mat-
ter, i.e., the energy related to the isospin asymmetry of
the system. As one of the most important and unclear
part of the EOS for isopin asymmetric nuclear matter, it
plays an important role in the various fields, ranging from
the structure of nuclei to gravitational collapse to neutron
stars.

Within the parabolic approximation, the energy per nu-
cleon for asymmetric nuclear matter E(p,d) (known as
EOS of cold nuclear matter) can be written as

E(p,5) = E(p,5 = O) +Esym

=E(p,6 =0)+ S(p)d> +--- . (83)

The first term is the energy per nucleon for symmetric
nuclear matter, Esy,, is the symmetry energy term. Here,
one should note that the S(p) in the second term de-
scribes the density dependence of the symmetry energy
which was also named as symmetry energy in other liter-
atures [62]. The approaches to describe the nuclear EOS
have been performed by using the variety of effective inter-
actions within mean-field theories, relativistic [380-389],
non-relativistic [390-396] as well as the effective interac-
tion based on chiral effective field theory [397-404]. In
addition, the ab initio approaches based on high preci-
sion free space nucleon—nucleon interactions and the nu-
clear many-body problems being treated microscopically
are also applied to study the nuclear EOS [405-421]. How-
ever, large uncertainties in predictions of the density de-
pendence of the symmetry energy away from normal nu-
clear matter have been found. It stimulates lots of effort
to reduce the uncertainties of the predicted density and
momentum dependence of symmetry potential by using
very neutron-rich HICs.

Quite a few important observables in HICs, such as the
yield ratio of neutron to proton, the yield ratio of 7~ to
7+, and elliptic flow, were predicted to be sensitive observ-
ables for sub- and supra-saturation densities based on the
IBUU approach [63, 66, 69-71, 422]. Li et al. also pointed
out that comprehensive studies with multiple observables
such as the yield ratios of free neutrons to protons, 7~
to 71, 3H to 3He, can provide the density dependence of
the symmetry energy at a wider density region based on
the UrQMD model calculations as shown in Refs. [73-75].
Tsang et al. proposed and measured the isospin sensitive
observables, double neutron to proton ratios [423], isospin
diffusion [424], isospin transport ratios as a function of
rapidity [425]. At present, the data for the isospin diffu-
sion [424] and the neutron to proton yield ratio data [423]
from NSCL/MSU, the mass asymmetry for largest and
second largest residues in CHIMERA and the flow data
from TAMU [426] and GSI [236], angular distribution of
neutron to proton exceed ratios from Tsinghua/IMP [427],
are important observables for constraining the symme-
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try energy around saturation density. The data of pion
yield ratio, 7= /7t [78] and elliptic flow of neutron and
proton [249, 428, 429] from GSI are available, which are
supposed to be used to constrain the symmetry energy
at supra-saturated densities. By comparing the data with
transport model calculations, one indirectly obtains the
density dependence of the symmetry energy. With the de-
velopment of new generation of neutron-rich beam facili-
ties in Institute of Modern Physics (IMP), National Super-
conducting Cyclotron Laboratory (NSCL), Texas A&M
(TAMU), National Institute for Nuclear Physics (INFN),
GSI, tight constraints of the density dependence of the
symmetry energy will be possible in future.

5.1 Symmetry energy at subsaturation density

The discussions in this section focus on the neutron to
proton yield ratios, isospin diffusion as observables to con-
strain the density dependence of the symmetry energy
from normal density to subnormal density. The ImQMD
code is used to extract the information of the symmetry
energy from heavy ion collision data. Here, one should
note that the exact input of the transport model is the ef-
fective nucleon interaction, potential energy density func-
tional or the single particle potential as mentioned in Sec-
tion 2. Consequently, one can also obtain the EOS or sym-
metry energy at different density or temperature based on
the interaction or nucleonic potential parameters that we
used in the transport models. In the community, the EOS
or symmetry energy at zero temperature, which are ob-
tained with the interaction used in the transport models,
are usually used to describe the constrained results on
EOS or the density dependence of the symmetry energy

S(p).

5.1.1 Constraints from n/p ratios and isospin diffusion
The single neutron to proton yield ratio was proposed to
study the density dependence of the symmetry energy by
Li et al. in Ref. [63] in 1997 where the neutron proton
yield ratios are related to the strength of symmetry en-
ergy. The first experimental data was published in 2006
for 1121249y 112,124 by the NSCL/MSU group [423].
However, the different efficiencies for neutron and charged
particles detectors cause the large errors for single n/p ra-
tio. A double n/p ratio was proposed in order to reduce the
uncertainties in the neutron detection efficiencies and the
energy calibrations of neutrons and protons. The double
ratio

R yp(A)
Ry /p(B)
_ dM,(A)/dE; . AMy(B)/dEc m.
~ dM,(A)/dE., AM,(B)/dEem.’
is constructed from the ratios of energy spectra,

dM /dE, . of neutrons and protons for two systems A
and B characterized by different isospin asymmetries. The

DR(Y (n)/Y (p)) =

(84)
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Fig. 37 (a) Comparison of experimental double neutron-
proton ratios (star symbols), as a function of nucleon center-
of-mass energy, to ImQMD calculations (lines) with different
density dependencies of the symmetry energy parameterized by
v in Eq. (44). (b) A plot of x? as a function of ;. Reproduced
from Ref. [430].

comparison between the ImQMDO5 calculations and the
experimental data is shown in Fig. 37. The star symbols
in Fig. 37(a) show the neutron-proton double ratios mea-
sured at 70° < 0,.,,,. < 110° as a function of center-of-mass
(c.m.) energy of nucleons emitted from the central colli-
sions of 24Sn+124Sn and 1'2Sn +1128n [423]. Despite the
large experimental uncertainties for higher energy data
from Ref. [423], the comparisons between the data and
ImQMD calculations definitely rule out both very soft
(7:=0.35) and very stiff (v;=2) density-dependent symme-
try terms. Here, ; is the symmetry potential parameter
as in Eq. (42) in Section 2.

The parameterization of the symmetry energy corre-
sponding to the interactions we used in these calculations

2/3
has the form as in Eq. (44), i.e., S(p) = 2= (3”;") +

6m

Vi
% (p%) . The potential parameter is Cs = 35.2 MeV

and the symmetry energy at saturation density, Sy=
30.1 MeV. The right panel shows the dependence on ~; of
x? computed from the difference between predicted and
measured double ratios. We determine, within a 2¢ uncer-
tainty, parameter values of 0.4< ~; <1.05 corresponding
to an increase in x? by 4 above its minimum near -y; ~
0.7.

The density dependence of the symmetry energy has
also been probed in peripheral collisions between two nu-
clei with different isospin asymmetries by examining the
diffusion of neutrons and protons across the neck that
joins them. This “isospin diffusion” generally continues
until the two nuclei separate or until the chemical po-
tentials for neutrons and protons in both nuclei become
equal. Thus, in theory, the changes of isospin asymmetry
of projectile-like/target-like residues at their separation
time reflect the isospin diffusion ability. We named this as
isospin asymmetry of the emitting source. To isolate dif-
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Fig. 38 (a) Comparison of experimental isospin transport
ratios (shaded regions) to ImQMD results (lines), as a function
of impact parameter for different values of 7;. (b) Compari-
son of experimental isospin transport ratios obtained from the
yield ratios of A = 7 isotopes (star symbols), as a function
of the rapidity to ImQMD calculations (lines) at b = 6 fm.
Reproduced from Ref. [430].

fusion effects from other effects, such as pre-equilibrium
emission, Coulomb effects and secondary decays, measure-
ments of isospin diffusion compare “mixed” collisions, in-
volving a neutron-rich nucleus A and a neutron-deficient
nucleus B, to the “symmetric” collisions involving A + A
and B+ B. The degree of isospin equilibration in such colli-
sions can be quantified by rescaling the isospin observable
X according to the definition of isospin transport ratio

_ 2Xap — Xaa— XBB
Xaa—XBB

Ri(X) ; (85)
where X is the isospin observable. In the absence of
isospin diffusion, the ratios are R = 1 or R = —1. If
isospin equilibrium is achieved, then the ratios R = 0
for the mixed systems. Eq. (85) dictates that different
observables, X, provide the same results if they are lin-
early related [424, 425]. The agreement of experimental
isospin transport ratios obtained from isoscaling param-
eters, a [22] and from yield ratios of A = 7 mirror nu-
clei [425], R; = R(X7; = In(Y("Li)/Y ("Be))) agree, i.e.,
R;(a) = Ry, reflects nearly linear relationships between
a, X7, and the asymmetry § of the emitting source [425].

In the ImQMD calculations, the isospin asymmetry § of
emitting source is calculated from the emitted fragments
and free nucleons at the same velocity or rapidity region as
in experiments [227, 424, 430]. Figure 38(a) shows the cal-
culation results of R;(§) compared with the experimental
isospin diffusion transport ratios, R;(«), plotted as shaded
regions. The ImQMD calculations are performed at im-
pact parameters of b=>5, 6, 7, and 8 fm for considering the
impact parameter effects. The lines in Fig. 38(a) show the
predicted isospin transport ratio R;(9) as a function of im-
pact parameter b for v,=0.35, 0.5, 0.75, 1, and 2. Faster
equilibration occurs for smaller ~y; values which correspond
to larger symmetry energies at subsaturation densities.
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Thus we see a monotonic decrease of the absolute value
of R;(8) with decreasing 7;. The x? analysis for both im-
pact parameters b=6 and 7 fm, which corresponds to the
impact parameter region in the measurements, are per-
formed. Using the same 20 criterion, the analysis brackets
the regions 0.45< ~; < 1.0 and 0.35< v; < 0.8 for b= 6
and 7 fm, respectively. ImQMD calculations also provide
predictions for fragment yields as a function of rapidity.
The star symbols in Fig. 38(b) represent measured values
of Ry obtained from the yield ratios of “Li and "Be [425]
at b=6 fm, as shown by the lines. This first calculation
of the shapes and magnitude of the rapidity dependence
of the isospin transport ratios R; reproduces the trends
accurately. The corresponding x? analysis with calcula-
tions at b=6 and 7 fm favors the region 0.45< v; <0.95.
The favorite v; region obtained from double neutron to
proton yield ratio and isospin diffusion observables are in
coincidence.

Here, we should point out the constraints on the ex-
ponent y; depend on the symmetry energy at saturation
density, Sy = S(po). Increasing Sy has the same effect on
the isospin transport ratio as decreasing ;. To compare
our results to constraints obtained from nuclear masses
and nuclear structure, we expand S(p) around the satu-
ration density, pg,

S(p) = S0+ = (p— p0)/po+ 22 [(p — po) /po]?
e o) ool - (56)

where L, Kgym, and Qsyn, are the slope, curvature and
skewness parameters of S(p) at pg. For realistic param-
eterization of S(p), Ksym is correlated to L [431]. As
the second term in Eq. (86) is much important than
the third term, we believe L can be determined more
reliably than K,y,,. Furthermore, the slope parameter,
L = 3podS(p)/dp|,, is related to pg, the pressure from
the symmetry energy for pure-neutron matter at satu-
ration density. The symmetry pressure, pg, provides the
dominant baryonic contribution to the pressure in neutron
stars at saturation density [432-434].

More calculations have been performed at b = 6 fm with
different values of 7; and Sy to locate the approximate
boundaries in the Sy and L plane that satisfy the 2o cri-
terion in the x? analysis of the isospin diffusion data. The
two diagonal lines in Fig. 39 represent estimates in such
an effort. Examination of the symmetry energy functional
formed along these boundaries, where the diffusion rates
are similar but Sy and L are different, reveal that diffu-
sion rates predominantly reflect the symmetry energy at
and somewhat below.

Up to now, there are a lot of efforts on the extraction
of symmetry energy. They have been made by comparing
measured isospin sensitive observables, such as isospin dif-
fusion [435] at the beam energy 74 MeV /nucleon, angular
distribution of neutron-excess for light charged particles at
35 MeV /nucleon [436], collective flows [249, 426] to various

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 39 Representation of the constraints on parameters Sp
and L. The right axis corresponds to the neutron matter sym-
metry pressure at saturation density. The region bounded by
the diagonal lines represents the constraints obtained in the
present work. The vertical line at Sy ~ 31.6 MeV is from
Refs. [62, 439]. The lower and upper boxes are formed by
the constraints from PDR data [440] and from symmetry en-
ergy analysis on nuclei [431], respectively. The inset shows the
density dependence of the symmetry energy of the shaded re-
gion. The symbol in the inset represents the GDR results from
Refs. [441, 442].
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Fig. 40 Constraints for symmetry energy parameters from
different approaches. Reproduced from Ref. [438].

transport model calculations. Consensus on the symmetry
energy coefficient and slope of symmetry energy has been
obtained from nuclear structure and reaction studies, as
partly summarized and shown in Fig. 40, where symmetry
energy coefficient Sy =30-32 MeV and slope of symmetry
energy L =40-65 MeV [437, 438], but the uncertainties of
symmetry energy constraints are still large.

Furthermore, the symmetry energy depends not only
on Sp and L but also on the higher terms, such as Kgym,
Qsym, -+, or depends on the effective mass m* and neu-
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tron proton effective mass splitting Am = (mj, —my)/m.
It naturally requires more accumulations of the data of
the isospin sensitive observables and the development of
transport models to distinguish those different physics.

5.1.2  Nowel probes of symmetry energy at subsaturation
denisty

The new sensitive and clear observables to the symmetry
potential are also welcome for obtaining accurate knowl-
edge of the symmetry energy. For example, some types of
the direct reaction, like the elastic or inelastic scattering
as well as the direct projectile breakup, involve fewer de-
grees of freedom in the reaction process and may reduce
the difficulties in modeling the collision and could be used
to constrain the symmetry energy at the subsaturation
density.

Ou et al. proposed a new sensitive probe that is
the isovector reorientation of deuteron induced collisions
on heavy nuclei based on the ImQMD model calcula-
tions [443]. It is demonstrated in Ref. [443] that in the
deuteron induced peripheral collisions on heavy nuclei
such as 124Sn, the loosely bound deuteron break up into
neutron and proton, which moves with different directions
relative to the incoming beam direction (named as reorien-
tation effect), due to the isovector and Coulomb (only for
proton) interaction with the target. It is found that the
correlation angle determined by the relative momentum
vector of the proton and the neutron originating from the
breakup deuteron, which is experimentally detectable, ex-
hibits significant dependence on the isovector nuclear po-
tential but is robust against the variation of the isoscaler
sector. Figure 41 shows the distribution of correlation an-
gle a defined as

cos o — &, (87)
[p? —p"|
for 100 MeV /nucleon (unpolarized and polarized)

d+'?4Sn. The calculation is performed with the
ImQMDO05 code and the expression of density functional
is given in Section 2. The Skyrme density functionals

107! (a) MSLO E
a E
y=0.52.0F
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Fig. 41 The distribution of the correlation angle « in
100 MeV /nucleon d+'2*Sn. Here, 7 is the ; in Eq. (44).
Reproduced from Ref. [443].
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SkA [444], SkT5, SkT1 [445], SkM* [232], Skz-1, Skzl,
and Skz4 [446] are applied. The MSLO0-like Skyrme
interaction corresponding to the density dependent
parameters ; = 0.5 and 2. From the results of ImQMD
calculations, one can see that the correlation angle « is
very sensitive to the density dependence of symmetry
energy, and insignificantly depends on the variation of
isoscalar potentials.

Figure 42(a) shows the logarithmic spectra of cosa,
e., In dfﬁ, for various ~; with impact parameters b =
7.0 fm for the reaction of d+!24Sn. The slope of function
In diﬁ = ag + aj cos «, which fitting the the logarithmic
spectra of cosa in |cos @ < 0.2, are shown in Fig. 42(b).
Figure 42 clearly demonstrates the sensitivity of the cor-
relation angle distribution to the density dependence of
the symmetry energy and thus can be taken as a more
clear probe to the density dependence of symmetry en-
ergy at subsaturation densities. In terms of sensitivity and
cleanness, the breakup reactions induced by the polarized

L (MeV)
50 75 100 125

(a) Il Il

0,
8
3]
E
3
E

_2,

Fig. 42 (a) The logarithmic spectra of cosa in d + '**Sn
with b = 7 fm at 100 MeV /nucleon for various v and corre-
sponding fitted quadratic functions, (b) the linear coefficient
a1 as a function of . Here, v is the 7; in Eq. (44). See text for
detailed discussions. Reproduced from Ref. [443].
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Fig. 43 Left: Calculated results for C1R(n/p) ratios as a func-
tion of Oc.. for b =4, 6, and 8 fm at Epeam = 35 MeV /nucleon.
The solid symbols are for v; = 0.5 and open symbols are for
~vi= 2.0. Middle: Results for 50 MeV /nucleon; Right: Results
for 100 MeV /nucleon. Reproduced from Ref. [447].
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deuteron beam at about 100 MeV /nucleon could provide
a more stringent constraint to the symmetry energy at
subsaturation densities.

Another effort we have done is that we proposed the an-
gular distribution anisotropy of coalescence invariant neu-
tron to proton yield ratio to probe the symmetry energy
at subsaturation density. The mass asymmetry reaction
systems, i.e., 9VAr+197 Au, are analyzed, since this system
has a gradient of Coulomb field during the reaction and
the effects of symmetry potential at forward and backward
region may be different.

The angular distribution anisotropy of coalescence in-
variant neutron to proton yield ratio is defined as

dM,, cir /dMpcrr
CIR(n/p) =~ / da” ; (88)
c.m. c.m.
where
dMn CIR
89
-y D )
dM, crr Y (N, Z)
W, =27 a0 (50)

Z,N

As shown in Fig. 43, the CIR(n/p) ratios obtained with
~v; = 0.5 are greater than that obtained with ~; = 2.0 for
the beam energies we studied, because the symmetry en-
ergy for v; = 0.5 is stronger than that for v; = 2.0 at
subsaturation density. Furthermore, the CIR(n/p) ratios
show a different 6. ,, dependence for the different forms
of symmetry potential. For v; = 0.5, the CIR(n/p) ra-
tios slightly increase as a function of 6., . It is the result
of the isospin asymmetry changing from d,.,; = 0.10 at
the projectile region to ;4 = 0.19 at the target region
since the single particle potentials of neutrons and pro-
tons are close. However, for v; = 2.0, the CIR(n/p) ratios
obviously decrease with 6., , and the CIR(n/p) ratios
at backward regions are smaller than that at forward re-
gions. Our calculations show that this behavior also exists
at beam energy for 50 and 100 MeV /nucleon.

5.2  Symmetry energy at suprasaturation density

The symmetry energy and its constraints at suprasatu-
ration density are very important for understanding the
dense neutron-rich matter, such as the structure of neu-
tron star and its cooling mechanism. In this section we will
discuss the efforts on constraining the symmetry energy
at suprasaturation densities based on the UrQMD model
calculations. Some sensitive observables to the density de-
pendence of the symmetry energy at suprasaturation den-
sities are discussed and then the constraints on the density
dependence of the symmetry energy at suprasaturation
densities are deduced by comparing the UrQMD model
calculations with the measurements of flow.

In Refs. [73, 74], a “hard” Skyrme-type EoS (K =
300 MeV) without momentum dependence is used in the

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Fig. 44 Parametrizations of the nuclear symmetry potential
energy DDHp*, DDH3pd*, F15, Fa3, and the linear one as
a function of the reduced density u. Reproduced from Refs.
[73, 74].

calculations, and it was demonstrated by the UrQMD
model calculations that several observables, such as the
transverse momentum distribution of free neutron to pro-
ton yield ratio, >H to 3He ratio, 7~ to 7*, in neutron-
rich reaction systems like 208Pb + 208Pb, 1329n4-1248n,
967r 4+967r are sensitive to the density dependence of
symmetry potential energy. In the UrQMD calculations,
a momentum independent symmetry potential is used,

d(ps°EXoL)
— pot
BT . Here, Esym

density dependence of the symmetry potential energy [in
Eq. (43), it is the potential part of S(p)]. It is written as

ie, v, = is the corresponding

Bt (w) = (So = ) Flw), (91)
where u = p/pp is the reduced nuclear density, Sy and
er are the symmetry energy coefficient and Fermi energy,
respectively. The forms of F(u) adopted in the calcula-
tions are (i) wY with y= 1.5 (called F15 in the follow-
ing text), (ii) u% with a= 3 (Fa3), a is the so-called
reduced critical density; (iii) and (iv) so-called DDHp*
and DDH3pd* symmetry potential energies, which are in-
spired by the relativistic mean-field calculations of DDHp*
and DDH3pd* [448]. Figure 44 illustrates the form of den-
sity dependence of symmetry potential energy used in the
UrQMD. Among them, F15 and DDH3pd* correspond to
the stiff symmetry potential energy and other two corre-
spond to the soft one.

Figure 45 shows the transverse momentum distribution
of the neutron to proton yield ratios [n/p or Y (n)/Y (p)] of
emitted free nucleons calculated with four different forms
of the symmetry potential. The n/p ratio, especially in
the low transverse momentum region, depends strongly
on the choice of the symmetry potential. In the low trans-
verse momentum region, the n/p ratio with DDHp* is the
largest and that with F15 is the smallest. Obviously, nu-
cleons with low transverse momenta are mainly emitted
from the low density region. It follows that the deviation
between Fa3 and DDH3pd* at densities p < pg is small.
Correspondingly, the n/p ratios at low transverse mo-
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menta calculated with Fa3 and DDH3pd* are very close.
For emitted nucleons with transverse momenta larger than
~700 MeV /¢, the n/p ratios in the Fa3 and DDH3pd*
cases are close to those in the DDHp* and F15 cases, re-
spectively. This is in correspondence with the fact that
Epot, for Fa3 (DDH3pd*) is close to DDHp* (F15) when
p > po. Free nucleons with transverse momenta larger
than ~700 MeV/c are mainly squeezed out from higher
densities [449]. The calculations performed in Refs. [73, 74]
showed that those nucleons with high transverse momen-
tum are emitted at early time when the density is high.
In addition, in Refs. [73-75], the yields of 7~ and 7 as
well as the 7~ /7 ratios were also investigated with the
F15 and Fa3. Figure 46 shows the calculation results of
the yields of 7= and 7" as well as the 7~ /7 ratios for
central collision in 2°8Pb +298Pb at 0.4 GeV /nucleon. One
can find from the figure that the sequence of the relative
differences between calculation results of the n/p ratios
at transverse momenta larger than ~700 MeV/c with 4
different symmetry potentials is the same as that of the
7~ /7 ratios at higher p;. It is because that emitted nu-
cleons with high p; are also from high density region as

e mustom T2y

E,=0.44 GeV
p=0-2 fm

400 600
pi™ (MeV/e)

200

Fig. 45 Transverse momentum distributions of free neu-
tron/proton ratios for different density dependent symmetry
potentials. Reproduced from Ref. [73].
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Fig. 46 Transverse-momentum distributions of 7~ and
7t from central 2°°Pb 4+ 208Pb collisions at Epeam= 0.4
GeV /nucleon for different symmetry potentials. The 7~ /7"
ratios are also shown as functions of transverse momentum.
Reproduced from Ref. [73].
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pions do. But, the UrQMD calculations show that the rel-
ative difference between the calculated results of 7~ /7t
ratio from different symmetry energies is weaker than n/p
ratio.

Up to now a lot of efforts have been made to extract
the symmetry energy at suprasaturation densities by re-
producing the FOPI 7~ /™ ratio. An apparent system-
atic discrepancies between the extracting symmetry en-
ergy from extreme soft to extreme stiff appeared by dif-
ferent transport models calculations [450-456]. Also, the
calculations of Hong and Danielewicz [456] showed the
7w~ /7t ratios are independent of the form of density de-
pendence of symmetry energy after including the strong
pion interaction. Further work will thus be required before
pion yields and yield ratios can be reliably applied to the
investigation of the high-density symmetry energy.

Flow observables have been proposed by several groups
as probes for the symmetry energy at high densities [69,
81]. In Ref. [429], the UrQMD model calculations were
performed with the SM EOS (soft EOS and with momen-
tum dependent interaction) in isoscalar part, and power
law form of symmetry energy as in Eq. (44) in isovec-
tor part. The results showed that the elliptic-flow ratio
of neutrons with respect to protons or light complex par-
ticles in reactions of neutron-rich systems at relativistic
energies was sensitive to the strength of the symmetry
term at suprasaturation densities. The comparison of ex-
isting data of the ratio between the elliptic flow of neu-
trons and hydrogen isotopes v /v3! from the FOPI/LAND
experiment [82, 83] with calculations performed with the
UrQMD model suggested a moderately soft to linear sym-
metry term, characterized by a coefficient 7; = 0.94+0.4 in

Au+tAu E;,;,=400 MeV/nucleon, b<7.5 fm

2.0
IFOPI/LAND
—o—Skz4 ——Skz2 0~ Skz4 —-Skz2
—0—SV-mas08—— SV-mas08&FP2 ~0-8V-mas08 <~ MSLO
MSLO  —>—SV-sym34 —>—=SV-sym34 —4—SkIS
——SkA —a—SKI5 —=—SkI1
1.5 7 -a-sk11
[
>
=&
=

| =}
g
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37°<6),,,<53° and 61°<0, ,<85°
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Fig. 47 (a) Elliptic flow ratio of neutrons vs. hydrogen iso-
topes (Z = 1) as a function of the transverse momentum p;/A,
calculated with the indicated 9 Skyrme forces for central (b <
7.5 fm) 97 Au+197 Au collisions at Epeqm = 400 MeV /nucleon
in the mid-rapidity interval |yo| < 0.5 in comparison with the
FOPI/LAND data (shaded area) reported in Ref. [429]; (b)
The same quantity calculated with the indicated 7 Skyrme
forces for the intermediate rapidity interval 0.25 < |yo| < 0.75.
Reproduced from Ref. [323].
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a power law form of density dependence of the symmetry
energy as in Eq. (44).

In Ref. [255], the updated version of UrQMD model,
where the Skyrme potential energy density functional was
adopted in the mean field part, was applied to study the
flow effect and to constrain the density dependence of
the symmetry energy from the FOPI/LAND elliptic flow
data. Figure 47 shows the calculation results of v% /vl
for 197 Au+197Au at 400 MeV /nucleon with impact pa-
rameter b < 7.5 fm. Penal (a) shows the comparison be-
tween the calculations with different Skyrme potential
energy density functional with FOPI/LAND data. The
calculation was performed with the same range of labo-
ratory angles accepted by LAND. The slope parameter
of L = 89 + 45 MeV for the density dependence of the
symmetry energy (20 uncertainty) was extracted by fit-
ting the FOPI/LAND data. Penal (b) shows the calcu-
lation results for the intermediate rapidity window 0.25
< |yo| < 0.75, for the same impact parameter and ra-
pidity interval but without the gate on laboratory angles.
It is clearly seen that the differences of the various pre-
dictions steadily grow as one moves to the region of low
transverse momentum. The v% /v4! ratio in the rapidity
window 0.25 < |yo| < 0.75 seems considerably more sensi-
tive to the density dependent symmetry energy than in the
mid-rapidity interval |yo| < 0.5, thus offering interesting
opportunities for future experiments.

Furthermore, the newly measured directed and ellip-
tic flows of neutrons and light-charged particles for the
reaction '9"Au+197Au at 400 MeV /nucleon incident en-
ergy within the ASY-EOS experimental campaign at the
GSI laboratory were applied to extract the density depen-
dence of the symmetry energy at supra-saturation densi-
ties [249]. Figure 48 shows the ASY-EOS/GSI data and
the UrQMD predictions for the elliptic flow ratio of neu-

7=0.75+0.10

P

n/, ch
v5/vs§

0.5
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Fig. 48 Elliptic flow ratio of neutrons over all charged par-
ticles for central collisions of **"Au+'9"Au at 400 MeV /nucleon
as a function of the transverse momentum per nucleon p;/A.
The black squares represent the experimental data [249]; the
green triangles and purple circles represent the UrQMD predic-
tions for stiff (v = 1.5) and soft (v = 0.5) power-law exponents
of the potential term, respectively. v in this figure means ; in
Eq. (44). Reproduced from Ref. [249].
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trons over all charged particles v3/vs" for central (b <
7.5 fm) collisions of 197Au+197Au at 400 MeV /nucleon as
a function of the transverse momentum per nucleon p;/A.
The deduced symmetry-term coefficient v; = 0.75 4 0.10.

It is interesting to see that all the deduced density
dependence of the symmetry potential energy at supra-
saturation densities from the comparison with the elliptic
flow data of FOPI/LAND and ASY-EOS are in coinci-
dence, which suggests a moderate and linear density de-
pendence of the symmetry potential energy.

5.3 EOS and symmetry energy at finite temperature

For HICs, the compressed nuclear matters are excited and
the temperature is not zero. How the EOS or the symme-
try energy changes at finite temperature is very important
for understanding the HICs observables and extracting the
EOS or symmetric energy. In Ref. [457] the temperature
and density dependence of the symmetry energy was stud-
ied. The energy per nucleon at density p and temperature
T for pure neutron and symmetry matter is calculated by
using Skyrme interactions within mean-field approach and
the temperature dependence arises from the modification
of the zero temperature step-like momentum distributions,
which becomes Fermi-Dirac distributions.

The Skyrme density functional reads

72
H= %[Tn + 7]

21012 + w0)0® = (200 + 1) (62 + p2)

4

1. . 2 _ 2 2
+ogtap®((2+ s)p? — (s + D)(62 + p2)

1
+g[t1(2+$1)+t2(2+1’2)]7’[)

1
+§[t2(2$2 +1) = t1(2z1 + D)(Tnpn + Tppp),  (92)

where p = pp + pp, and 7 = T, + T,. pg and T

are calculated by p; = ﬁ2 fooo ng(p)d®p and 7, =

2f0°°(nq(p)p2)/h2d3p/h3. The occupation number distri-
bution for species ¢, obeys Fermi—Dirac distribution.

1
") e Bl )l

€q and p, are the single particle energy and chemical po-
tential for species ¢, and 8 =1/(KgT).

By solving above equations iteratively at any pair of
tn and p, the proton and neutron density p, and p, at
temperature 7', the energy per nucleon in neutron mat-
ter (NM) and symmetric matter (SM) can be obtained.
Then the symmetry energy at finite temperature can be
calculated. Figure 49 shows the density and temperature
dependence of the symmetry energy in nuclear matter at
temperatures T" = 0, 5, 10, and 20 MeV calculated with 9
different Skyrme interactions. The 9 subfigures in Fig. 49
are ordered according to the magnitude of the ratio of ef-
fective mass RY, for the applied Skyrme interactions. The

(93)
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quantity RO, is the value of R,, = m}/m} at normal den-
sity, i.e., R2, = R,,(po), where the subscripts 0 and 1 indi-
cate the isospin asymmetry 6 = 0 (for SM) and 1 (for NM),
respectively. Obviously, R,, is proportional to the neutron
and proton effective mass splitting in asymmetric matter,
which can characterize the strength of the splitting of the
neutron and proton effective mass for the Skyrme interac-
tion. Figure 49 shows that there is no obvious correlation
between the trend of the density dependence of the sym-
metry energy in cold matter and the magnitude of the RY,
of the corresponding Skyrme interactions. Concerning the
temperature dependence of the symmetry energy, one sees
that the nuclear symmetry energy decreases with increas-
ing temperature at all densities for Skyrme interactions
with small R? . such as SLy7, Skz3, Skt5, and SkMP,
in agreement with the results given in Refs. [458, 459].
However, for SkM, SKXm, SkP, and v070 with large R,
the symmetry energy decreases with increasing tempera-
ture at low density and increases with temperature when
the density is higher than a certain density. We call this
phenomenon as the transition of the temperature depen-
dence of the symmetry energy (TrTDSE). It shows that
the Skyrme interactions, such as SkM, SKXm, SkP, and
v070 for which the TrTDSE phenomenon occurs all sat-
isfy m;, > my. The density for the onset of the Tr'TDSE
depends on the magnitude of the R, of the corresponding
Skyrme interactions. The larger RY, is, the lower the den-
sity for the Tr'TDSE onset is. For the Skyrme interactions
not satisfying m;, > my, the Tr'TDSE phenomenon will
not occur.
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Fig. 49 Density dependence of symmetry energy at T' = 0,
5, 10, and 20 MeV calculated with different Skyrme interac-
tions. The ranges of corresponding neutron and proton effec-
tive masses and the ratio between the neutron effective masses
for the neutron matter and symmetric matter at saturation
density are also presented in each sub-figure. Reproduced from
Ref. [457].
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5.4  Uncertainties in symmetry energy constraints

5.4.1 Uncertainties of the symmetry energy associated

parameters

With the progress of the study of the density dependence
of the symmetry energy, tight constraints become urgently
requisite, which need the efforts from experimental mea-
surements, improvements of transport models, and under-
standing the physics parameter correlations. For example,
we know that there are not only Sy and L in the Tay-
lor expansion of S(p) as in Eq. (86), but also the high
order terms, such as curvature Ky, and skewness Qsym
of S(p). Obviously, the uncertainties of Kyym and Qsym
can influence the constraints on Sy and L, or the density
dependence of the symmetry energy. There are also many
efforts to constrain Ky, and Q sy from neutron skin and
neutron star [460-463].

Margueron et al’s calculations show that the simple
Taylor expansion of the EOS cannot be used to repro-
duce the EOS well at the whole density region as well
as for the symmetry energy, and they proposed a meta-
EOS model to describe it [461-463]. Another method to
well describe the Skyrme EOS and symmetry energy is to
use the nuclear matter parameters, such as pg, Ey, Ko,
So, L, m*, m}, with two additional coefficients gg,, and

s v

Gsuriso [161, 464, 465]. Here, po is the normal density,

. is the incompressibility of symmetric

nuclear matter, m}/m = (1 + QH—T%%) ‘po is the isoscalar
1

effective mass, my = 13- is the isovector effective mass
where x is the enhancement of a factor of the Thomas—
Reich-Kuhn sum rule. gy, and ggqr,iso are the coeflicients
related to density gradient terms.

A lot of theoretical works have evidenced that all of
them are related to the symmetry energy. For example, in
the Skyrme—Hartree—Fock approaches, the density depen-

dence of symmetry energy is written as

1 K% /372 2/3
50 =32m (ﬂ)
+(Asymtt + Baymu" + Caym (mi,m5)u®?), (94)

where u is the reduced density, i.e., p/po. A recent theoret-
ical study by Mondal et al. also provided an evidence that
S(p) depends on the effective mass [466]. In the standard
Skyrme interaction, one also observed that m} is also re-
lated to K based on the formula of Skyrme Hartree—Fock
(SHF) as pointed out in Ref. [392],

3\ 8r?
K0=B+CO'+D<1—O'><m
2 ) mpo \mj

- 1) ,(95)

with B = —9Eo+§€p, C = —9E0—|—%ep and D = %pok%.
If Ey and po are well known, K, depends on the m} and
o. Focusing on the correlation between m} and Ky, one
can say Ky is independent of m* if ¢ = 2/3, but Ky
linearly depends on the inverse of m} if o # % Thus, one
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can expect that the constraint of S(p) with less biased
uncertainty should depend on the values of pg, Ey, Ko,
So, L, m%, m}, rather than only on the uncertainties of Sy
and L.

Figure 50 shows the values of nuclear matter parame-
ters, Ko, So, L, m%/m, and f; calculated from 224 effec-
tive Skyrme interactions published from the years 1970—

2015 [467]. Here, f; = (mﬂ —m)_m _m

it can

be analytically incorporated into the transport model and
its sign reflects my, > my or m;, < my. The nuclear matter
incompressibility from Skyrme parameter sets converges
to the region of 200280 MeV after the year ~1990, ex-
cept for the parameter from the original quark meson cou-
pling (QMC) method [468] (red circles in upper panels of
Fig. 50) which were readjusted in 2006. In Ref. [469], they
show the value of K is higher than generally accepted by
a considerable margin, i.e., Ky = 240 + 20 MeV, based on
the most precise and up-to-date data on GMR energies of
Sn and Cd isotopes, together with a selected set of data
from ®6Ni to 298Pb. This result is 250 < Ky < 315 MeV
which has been obtained without any microscopic model
assumptions, except (marginally) the Coulomb effect, and
revealed the essential role of surface properties in vibrat-
ing nuclei.

For other nuclear matter parameters, such as Sy, L,
my, and fr, most of their values fall into the regions of
So =25-35 MeV, L =30-120 MeV, m*/m = 0.6—1.0, f; =
—0.5-0.4. The very recent results on the estimated nuclear
matter parameters [461] are shown as black squares in
Fig. 50.

In the simulations of neutron-rich HICs, the calcula-
tions results of the isospin sensitive observables could be

> 400 S
[5) i o o o
S300] w0 € "0 o o
Mzoo’ 200 ° QOBEB OQ@WQ’ .
% 404 35 o ° a a oo°° Q
= o f 8pBf oFPURIIBDE o
o 201 2 o .
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% 10042 g0, 8 . wgo
2 o3 @ggomm%m@%& .
o
g

Fig. 50 Extracted values of nuclear matter parameters, Ko,
So, L, mj/m, and fr as a function of published year. The
values are obtained from the compiled Skyrme parameter sets
by Dutra et al. [467]. The black points are the results obtained
in Ref. [461]. Reproduced from Ref. [470].
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Table 4 Corresponding saturation properties of nuclear matter in, SLy4, SkI2, SkM*, and Gs Skyrme parameters. All entries
are in MeV, except for po in fm~2 and the dimensionless effective mass ratios for nucleon, neutron and proton. The effective
mass for neutron and proton are obtained for isospin asymmetric nuclear matter with § = 0.2. Taken from Ref. [227].

Para. 00 Ey Ko So L Ksym m*/m m}/m my/m

SLy4 0.160 —15.97 230 32 46 —120 0.69 0.68 0.71

SkI2 0.158 —15.78 241 33 104 71 0.68 0.66 0.71

SkM* 0.160 —15.77 217 30 46 —156 0.79 0.82 0.76

Gs 0.158 —15.59 237 31 93 14 0.78 0.81 0.76
influenced by those nuclear matter parameters, such as ef- We simulated the collisions of '24Sn+!24Sn, 124Sn+

fective mass splitting and isoscalar effective mass, which
makes the effect of the symmetry energy in a certain ex-
tent [161, 471-473]. Thus, the effects of different Ko, m?
and different effective mass splitting should also be inves-
tigated and make unentanglement with the effect of the
symmetry potential on the isospin sensitive observables in
HICs.

5.4.2  Influence of effective mass splitting on R;, R;(y)
and n/p ratios

In the investigations with the standard Skyrme interaction
in HICs, four Skyrme interaction parameter sets, SLy4,
SkI2, SkM*, and Gs [232, 392, 474, 475] which have similar
incompressibility (Kj), symmetry energy coefficient (Sp)
ie., Ko =230+ 20 MeV, Sy = 32 £ 2 MeV, but different
isoscalar effective mass m*/m = 0.7 £ 0.1 and different
effective mass splitting, are adopted in the ImQMD-Sky
calculations. The SLy4 and SkI2 [392, 474] have similar
neutron/proton effective mass splitting with mj, < my,
but very different slopes of symmetry energy L values,
46 MeV for SLy4, and 104 MeV for SkI2. The other two
Skyrme interaction parameter sets with m; > mj and
m*/m ~ 0.78 also have different L values, 46 MeV for
SkM* [232], and 93 MeV for Gs [475]. The saturation prop-
erties of nuclear matter for these four Skymre interactions
are listed in Table 4. By analyzing the results calculated
with these interactions, the sensitivities of the isospin ob-
servables on the different nuclear matter parameters can
be investigated.

Table 5 Model parameter space used in the codes for the
simulation of 121248n4112:124Qyy reaction. 120 parameter sets
are sampled in this space by using the Latin Hyper-cuber Sam-
pling method. Taken from Ref. [470].

Para. Name Values Description

Ko (MeV) [200,280] Incompressibility

So (MeV) [25,35] Symmetry energy coefficient
L (MeV) [30,120] Slope of symmetry energy
m¥/mo [0.6,1.0] Isoscalar effective mass
fr=(me-me) o504 fi= (gg - %)
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H2Qy 1126541248 and '2Sn+'"28n reactions at beam
energy of 50 MeV /nucleon using the ImQMD-Sky code.
64 000 events were performed for each reaction at each
impact parameter. Previous theoretical studies [160, 476]
and recent experimental studies [477] suggest that there
is no strong dependence of transverse emitted neutron to
proton yield ratios on the impact parameter. In Fig. 51(a),
we plot the isospin transport ratios obtained with SLy4,
SkI2, SkM* and Gs interactions at b = 6 fm. As in previ-
ous studies [160, 430], we analyze the amount of isospin
diffusion by constructing a tracer, X = ¢, from the isospin
asymmetry of emitting source which includes all emitted
nucleons (N) and fragments (frag) with the velocity cut
(vlN-Irag9 > 0.50¢™: ). The shaded region is experimental
data obtained by constructing the isospin transport ra-
tio using isoscaling parameter X = «, near the projectile
rapidity regions [424]. Our results show that the isospin
transport ratio R; [see Eq. (85)] values for SLy4 (solid cir-
cle) and SkM* (solid squares), both with L = 46 MeV, lie
within the experimental uncertainties while R; values for
SkI2 (open circle, L = 104 MeV) and Gs (open square,
L =93 MeV) are above the data range. Even though the
isospin diffusion process is accelerated at subsaturation
densities with the stronger Lane potential, the overall ef-
fect of mass splitting on isospin diffusion is small. This
conclusion is similar with previous results even from the

(@) (b) ol
-~ Ski2
— Skm* J
0.6 o O 0647 gj %/!fj_
0.2- 0.2 ,/
/
b=6 fm .
T & ) 0.5 1.0
§ & C T i
Fig. 51 (a) Isospin diffusion transport ratios obtained with

SLy4, SkI2, SkM*, and Gs. The shaded region corresponds
to the data from Ref. [424]. (b) Isospin transport ratios as a
function of rapidity for SLy4, SkI2, SkM* and Gs. The star
symbols are data from Ref. [425]. Reproduced from Ref. [227].
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IBUU and SMF models [70, 471]. Since the isospin dif-
fusion process is strongly related to the difference of lo-
cal isospin concentration, the strong repulsive momentum-
dependent isoscalar potential reduces the effect of isovec-
tor potential on the reaction dynamics, thus, there is no
clear pattern that R; values decrease significantly with the
strength of Lane potentials.

We also compare results of the calculations to R; as
a function of the scaled rapidity y/y;." as shown in
the right panel of Fig. 51. The star symbols in the
right panel are experimental data, R;(X7) = Ry, ob-
tained in Ref. [425]. This transport ratio was generated
using the isospin tracer X = In[Y("Li)/Y (Be)], where
Y ("Li)/Y ("Be) is the yield ratio of the mirror nuclei, "Li
and "Be [425]. For comparison, the ImQMD-Sky calcula-
tions of R; are plotted as lines for b = 6 fm. The interac-
tions with smaller L values, SLy4 and SkM* (solid lines)
agree with the data better especially in the high rapidity
region. However, x2 analysis suggests that the quality of
fit with isospin diffusion data is not good enough to draw
definite conclusions about mass splitting effect with con-
fidence. We need a more sensitive and reliable observable
to extract quantitative information about the nucleon ef-
fective mass splitting.

The calculated results on single ratio R(n/p) and dou-
ble ratio DR(n/p) are shown in Fig. 52. We plot the
Y (n)/Y (p) ratios as a function of kinetic energy of emitted
nucleon in center of mass frame, E.., , for '12Sn+!2Sn
(left panel) and 2*Sn+'24Sn (middle panel) at b = 2 fm
with angular gate 70° < 0.,, < 110°. The lines con-
necting the circles correspond to m;, < mj, case, and the
lines connecting the squares correspond to m;, > my case.
Not surprisingly, the Y'(n)/Y (p) ratios are larger for the
neutron rich system, '24Sn+'24Sn, in the middle panel.
Consistent with Refs. [471, 472], the differences in the

° b=2 fm

Y(n)/Y(p)

112§p+1128n 124G +1248n
0 1.0
0 20 40 60 0 20 40 60 0 20 40 60 80

Fig. 52 Left panel: Y(n)/Y(p) as a function of kinetic en-
ergy for '2Sn+'2Sn at b = 2 fm with angular cuts 70° <
Oc.m. < 110°; Middle panel is the Y (n)/Y (p) for ***Sn+'24Sn.
Right panel: DR(n/p) ratios as a function of kinetic energy.
The calculated results are for SLy4 (solid circles), SkI2 (open
circles), SkM* (solid squares) and Gs (open squares). Repro-
duced from Ref. [227].
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Y (n)/Y (p) ratios between them m; < my (circles) and
my, > my (squares) increase with nucleons kinetic en-
ergy. At high nucleon energies, the stronger Lane poten-
tials with m;, < m, enhance neutron emissions, leading to
flatter Y'(n)/Y (p) dependence on the nucleon kinetic en-
ergy. The calculations with SLy4 (L = 46 MeV,m;, < my)
are consistent with the double ratios data from Ref. [423]
which was published in 2006, especially at high kinetic
energy region.

Recently, remeasurements of the neutron to proton
yield data have been finished and were published in
Ref. [478]. The measured coalescence invariant spectral
double ratios DR(n/p) for both beam energies, 50 and
120 MeV /nucleon, were analyzed. There are systematic
uncertainties in DR(n/p) of about 10% at Fpeam =
50 MeV /nucleon and 15% at Fpeqm = 120 MeV /nucleon
stemming from the dependence of the neutron detection
efficiencies on the charged particle and neutron-scattering
backgrounds in LANA. The current data at Epeqm =
50 MeV /nucleon have a factor of 4 smaller uncertain-
ties and extend over a wider energy range than those of
Ref. [423]. The two data overlap within statistical and
systematic uncertainties, except for the lowest two en-
ergy data points. The new precision data show there is
no agreement between the data and calculations due to
the inadequate description of cluster formation mechanism
at the beam energy of 50 MeV /nucleon. At higher inci-
dent energy, Fpeam = 120 MeV/nucleon, the calculation
describes the nucleon spectra fairly well. Furthermore, at
high kinetic energy of emitted nucleons (E. ,,,. > 60 MeV),
the ImQMD-Sky calculations of Ref. [227] showed the
greatest sensitivity to the effective mass splitting, and
calculations with SLy4 interaction lie close to the data
whereas the calculations with SkM* lie below the data.

Further theoretical analyses have indicated that n/p
yield ratios (as well as other observables) are also some-
what sensitive to the other nuclear matter parameters. For
example, in Ref. [161], we discussed the linear correlation
coefficient C'4 g between the nuclear matter parameter and
the isospin sensitive observable in the sampled parameter
space. The linear-correlation coefficient C 4 5 between vari-
able A and observable B is calculated as follows [479]:

~ cov(A, B)
CAB - U(A)O'(B)7 (96)
con(d, B) = 5 (A= (B - (B, (00)
o) = [y K- (X X =AB, (99
<X>:%ZX1~7 i=1,---,N. (99)

cov(A, B) is the covariance, o(X) is the variance. Cap =
41 means there is a linear dependence between A and B,
and C'4p = 0 means no correlations. As shown in the panel
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Fig. 53 Correlations of five observables, CI-Rz(n/p) (a), CI-DR(n/p) (b), Cl-R2i1(n/n) (c), CI-R21(p/p) (d), Raiss
(e) with five force parameter, Ko, So, L, m; and fr. Up panels are the results for 50 MeV/nucleon, and bottom panels

are for 120 MeV /nucleon. Reproduced from Ref. [161].

(e) and (j) of Fig. 53, isospin diffusion also related to the
isoscalar effective mass [161], which may have to be bet-
ter constrained in order to accurately determine the effec-
tive mass splitting and slope of symmetry energy. Those
studies also stimulate the further statistical analysis or
Bayesian analysis in the multi-dimension parameter sur-
face with respect to the neutron to proton yield data [480].

5.4.3 Influence of Ko, So, L, m%, and fr on isospin
diffusion

In order to investigate the impact of other nuclear matter
parameters on the isospin diffusion observable, we calcu-
late it in five-dimensional (5D) parameter space, such as
Ko, So, L, m%, fr, with InQMD-Sky. We sampled 120
points in the range which we listed in Table 5 under the
condition that n > 1.1. n > 1.1 is used for guaranteeing
the reasonable three-body force in the transport model
calculations. The ranges of these nuclear matter parame-
ters are chosen based on the prior information of Skyrme
parameters as shown in Fig. 50. As an example, 120 sam-
pled points are presented as open and solid circles in two-
dimensional projection in Fig. 54. The points of parameter
sets uniformly distribute in two-dimensional projection ex-
cept for the plots of Ky and m}/m due to the restriction
of n > 1.1. We perform the calculations for isospin trans-
port diffusion at 35 MeV /nucleon and 50 MeV /nucleon at
b =5-8 fm with the impact parameter smearing [481] for
12,1246y - 112,124G1 . 10 000 events are calculated for each
point in the parameter space and simulations are stopped
at 400 fm/c. The calculations are performed on TianHe-1
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Fig. 54 Sampled points in 5D parameter space, blue solid
points are the sets which can reproduce two isospin diffusion
data. Reproduced from Ref. [470].

(A), the National Supercomputer Center in Tianjin.

In Fig. 55, the lines represent the calculated results
of the isospin transport ratio R; with 120 parameter
sets. Two stars are the experimental data [424, 425,
482] which is constructed from the isoscaling parame-
ter X = ;4 at 50 MeV /nucleon [424] and the ratio of
X = In(Y("Li)/Y ("Be)) [425, 482] at the beam energy
of 35 MeV /nucleon, which was assumed and evidenced
to linearly related to the isospin asymmetry of emitting
source [425]. And thus, one can compare R;(0) to R;(«)

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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Table 6 Extracted 22 nuclear matter parameter sets and the corresponding standard Skyrme parameters. to in MeV-fm?, t;
and t2 in MeV-fm®, t3 in MeV-fm® 3 2o to x3 is dimensionless quantities. Taken from Ref. [470].

No. Ko So L mi/m  fr to t1 to ts3 0 1 o T3 o
1 234.391 26.936 41.147 0.898 —0.024 —1890.80 427.97 —490.81 12571.72 0.10669 —0.19396 —0.7161 0.15416 0.29804
2 277.553 26.124 43.235 0.897 0.089 —1374.17 428.19 —607.42 10814.29 0.04292 —0.26258 —0.81939 0.24329 0.51892
3 259.484 33.146 52.855 0.723 —0.366 —1569.42 474.60 3.93 9415.46  0.21035 —0.03708 —41.13867 —0.02844 0.37265
4 257.436 31.863 62.418 0.787 —0.072 —1572.00 455.14 —359.50 10186.44 0.10568 —0.18487 —0.69112 0.07323 0.38608
5 249.937 30.298 56.647 0.73 0.295 —1714.97 472.30 —688.83 10110.07 0.34791 —0.39789 —1.01437 0.97341 0.31666
6 267.291 27.828 51.482 0.903 —0.16 —1452.20 426.91 —352.89 10979.89 —0.02416 —0.11056 —0.50064 —0.25793 0.46733
7 276.418 28.86 42.831 0.711 —0.097 —1395.03 478.63 —263.07 8737.27 0.20269 —0.18678 —0.68719 0.48667 0.47509
8 200.821 31.098 87.039 0.986 0.171 —3048.33 410.78 —744.73 19381.38 —0.28089 —0.3043 —0.8462 —0.35056 0.16036
9 228.2 28.292 40.048 0.65 0.212 —3312.92 501.46 —515.21 17988.52 1.00059 —0.36089 —1.06232 1.48966 0.10376
10 253.203 29.474 49.084 0.752 0.055 —1644.99 465.37 —460.59 10070.75 0.24038 —0.26259 —0.86375 0.55912 0.34745
11 242.098 31.985 44.36 0.713 —0.488 —1914.52 477.95 140.60 10865.66 0.15117 0.02588 —2.31398 —0.12133 0.25704
12 239.014 31.441 91.905 0.981 —0.148 —1766.26 411.68 —411.04 12629.01 —0.43493 —0.10372 —0.52328 —0.93988 0.34248
13 230.13 34.676 64.931 0.698 —0.026 —2480.04 483.17 —323.15 13757.39 0.39189 —0.22784 —0.82337 0.54526 0.16807
14 220.763 34.081 73.762 0.85 —0.096 —2359.49 438.85 —383.47 14591.08 —0.02704 —0.15899 —0.63047 —0.17633 0.20869
15 237.836 30.837 68.072 0.765 0.203 —1945.23 461.46 —625.89 11613.88 0.15946 —0.34378 —0.95171 0.41995 0.26249
16 276.165 30.705 58.846 0.744 —0.218 —1393.55 467.84 —169.89 9181.01 0.06398 —0.11247 —0.2356 —0.13504 0.48318
17 212.881 33.425 82.13 0.988 —0.413 —2406.93 410.43 —139.80 15831.81 —0.50854 0.06498 0.90667 —1.02398 0.21879
18 273.816 27.854 36.382 0.997 —0.435 —1396.68 408.85 —121.72 11646.34 0.0986 0.08113 1.25635 —0.43832 0.51157
19 278.918 32.888 95.046 0.81 —0.033 —1368.43 448.90 —418.69 9938.92 —0.21753 —0.20303 —0.73659 —0.6341 0.51343
20 255.597 29.184 38.419 0.841 —0.233 —1579.20 441.03 —234.77 10767.52 0.19335 —0.08009 —0.25897 0.09028 0.39256
21 275.783 33.03 107.768 0.908 0.143 —1386.09 425.85 —670.47 10922.75 —0.33682 —0.29417 —0.85204 —0.68126 0.51127
22 264.335 29.718 82.428 0.945 0.059 —1474.21 418.40 —605.68 11375.98 —0.25086 —0.23842 —0.78177 —0.4952 0.45917
Ko So L m/m f; to i1 o i3 Zo Z1 T Z3 &
Average 250.54 30.62 62.31 0.83 —0.072 —1838.43 447.08 —383.78 11971.69 0.05613 —0.17691 —2.4674 —0.0112 0.3534
error  (22.87) (2.39) (21.01) (0.11) (0.22) (553.99) (28.05) (223.12) (2783.59) (0.3255) (0.133)  (8.66)  (0.608) (0.130)
1.0 - E35 data points that can reproduce the experimental data within
% E50 data experimental errors with blue colors in Fig. 54. Generally,
one can observe that L increases with Sy. The constrained
points distribute in the bottom-right corner in the Sy—L
& 0.5 plot [panel (c)], and the large L with small Sy are ruled
out.
The results in panel (j) of Fig. 54 show that isospin
IS MeVia 50 MeV/a diffusion data is not sensitive to the effective mass and
) — its splitting. Based on Fig. 54, one can learn that there
are no obvious correlations between R; and Sy, L, m*/m,
Fig. 55 Stars are the isospin diffusion data at and f;in 5D parameter space. It is because R; is not only
35 MeV/nucleon and 50 MeV/nucleon [425, 482], lines correlated to L but also correlated to m*/m [161], which

are the calculated isospin transport ratios with 120 parameter
sets. Reproduced from Ref. [470].

or R;(In(Y ("Li)/Y ("Be)). As shown in Fig. 55, the calcu-
lated results show a large spread around the experimental
data. By comparing the calculations to the data, we find
22 parameter sets that can reproduce the isospin diffu-
sion data within experimental errors. The extracted 22
parameter sets are listed in Table 6. We highlight those
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broke the R; dependence of L when we randomly chose the
values of Ko, So, L, m%/m, and fr. If we fix the values of
Ko, So, m¥/m, and f, the positive correlation between
R; and L can be found.

6 Discussion and prospect

The transport model has been widely and successfully ap-
plied in the study of heavy ion collisions from low energies

Ying-Xun Zhang, et al., Front. Phys. 15(5), 54301 (2020)
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to relativistic energies, for understanding the nuclear phe-
nomena, such as collective flow, particle emission, fussion-
fission, multifragmentation mechanism and the properties
of nuclear equation of state in the laboratory.

However, the model uncertainties still need to be un-
derstood for reliable extracting the physics information of
interest. In last 30 years, the transport code comparison
project has been performed in the community to seek the
reasons [229, 378, 483, 484] and reduce the model uncer-
tainties. Despite a lot of efforts devoted to the improve-
ment of the model, we still have to face some fundamental
problems for the demands of more exact theoretical de-
scription and accurate calculation of heavy ion collisions.

Because of the complexity of transport equations, and
in particular their dimensionality, the collision term and
mean field potential term are treated separately and it
causes the model uncertainties in solving the transport
equation [484] and extracting the properties of nuclear
system. Ideally, the final but very difficult goal for trans-
port model is to develop a precise and accurate enough
transport model, which takes enough quantum effects and
treats the mean field and collision self-consistently for the
quantum N-body system.

The quantum effects in transport model play more im-
portant roles for heavy ion reaction at low energy than
that at high energy, but this is not well considered in
the current models. One of the reason is that the coarse-
grain method is adopted to derive the transport equation.
It leads to a semi-classical transport equation, where the
phase space distribution f will finally evolve to the Boltz-
mann distribution. It is mimicked by the Pauli blocking,
but it is always underestimated in the current transport
models, especially for low energy heavy ion reaction [378].
It seems to us that there is a long standing task to improve
the treatment of the quantum effects, such as the shell ef-
fect which plays an important role in some cases as well as
the Pauli blocking effect for the better description of low
energy heavy ion collision by transport models. However,
it is also needed to go beyond the mean field for heavy ion
reaction at low energy.

Fluctuations in transport theory are the main venue to
go beyond dissipative mean field dynamics, and it plays an
important role in the large amplitude motions of nuclear
systems, such as nuclear fission, fusion, MNT, ternary
break, and multifragmentation reactions as one observed
in experiments of heavy ion collisions. As an example, in
Ref. [485], the models of MNT reaction were tested by
reaction 136Xe4-198Pt and it turned out that the ImQMD
calculations provide better agreement with experimental
data, and it seems to us that it is due to the stronger
fluctuation and dissipation being considered dynamically
in the ImQMD model. To understand and properly treat
the fluctuation and dissipation in transport models is of
importance for a better description of the fusion, MNT as
well as the multifragmentation, etc., in heavy ion collisions
from both theoretical study and practical applications.
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The cluster formation mechanism is another important
issue which needs to be solved in transport models, since
the heavy ion collision observables used to extract the
physics information of interest are obtained from the mea-
surement of the emitted light particles or fragments. In
physics, the cluster formation is related to the fluctua-
tion when the system enters into the spinodal region as
well as the N-body correlations. But both mechanisms
are hard to accurately deal with and to incorporate in the
calculations for describing the light particles productions
in the mean field level. For heavy ion reactions at inter-
mediate energy, one has clearly observed the multifrag-
mentation phenomena, and there are lots of light charged
particles formed. But in the transport model, except for
the AMD considering the NN correlation to form light par-
ticles [486], the calculations always overpredict the Z =1
particles and underestimate the Z = 2 particles. It nat-
urally requires including a reasonable cluster formation
mechanism besides the current Hamiltonian dynamics we
used.

Baryons and mesons production and propagation mech-
anism near the threshold energy are also important issues
for extracting the information of EOS at high density.
At this energy region, the issue related to a covariant
dynamics model in the propagation and collisions part,
in-medium cross sections of NN <+ NR/NN + RR, en-
ergy conservation in the process of NN <» NR/NN <+
RR/R «+» N7 (R is a resonance particles) and the poten-
tial for mesons, should be well investigated.
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