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l. Introduction

Symmetry energy : (0.5p,< p< 1.2,)

Isospin observables from proton (electron)-

nucleus and heavy-ion collisions:

>
>
>
>
>
>
>

>

Based on several complementary approaches with

Proton-nucleus elastic scattering in inverse
kinematics

n/p ratio of fast, pre-equilibrium nucleons
Double n/p ratios of isotopic reaction systems

Isospin fractionation and isoscaling in nuclear
multifragmentation

Isospin diffusion/transport
Neutron-proton differential flow

Neutron-proton correlation functions at low
relative momenta

t/3He ratio

available data

Esym

(pg)=32.5 £+ 2.5 MeV, L=551+25 MeV
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Lie-Wen Chen, Nucl. Phys. Rev. 273 (2014) 284
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Refs: B. A. Li et al., Phys. Rep. 464 (2008) 113; Shetty et al., PRC75 (07) 034602; Tsang et al., PRL
102, 122701 (2009); C. Xu et al.,Phys Rev C 82 (2010) 054607
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J. M. Lattimer and M. Prakash, Science 304,

536 (2004)
Symmetry energy (p> 1.2p,)

Isospin observables from heavy-ion collisions : _
» 1 /mtratio, K°/K* ratio, X-/X* ratio Anuosrene

CRUST
OUTER CORE

» Neutron-proton differential flow

» Double n/p, mt-/it*, K%/K* ratios of isotopic
systems

> Nucleon elliptical flow at high transverse

momenta
100

> n/p ratio of squeeze-out emission

80

The information of high-density symmetry %

energy is poorly known, which is of
importance in understanding the structure of .
neutron star, supernova explosion etc. 20

(MeV)

sym
o~
o
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Heavy-ion accelerator systems at Institute of Modern Physics

Existina Facilitv: HIRFL HIAF (High-Intensity Heavy lon Accelerator
9 ty Facility, Huizhou)~1.1GeV/u, 10?* ppp for 33U*3*
National Laboratory of Heavy lon Accelerator in Lanzhou

g SSC (K=450)
100 AMeV (H.L), 110 MeV (p)

SFC (K=69)
10 AMeV (HI), 17-35MeV (p)

1 2 —

. 7 CSR(Cooling Storage Ring

CSRm
1000 AMeV (HI),€2.3 GeV (p) &K

Heavy lon Research Facility in Lanzhou (HIRFL)
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Il. Model description - HEBFEIOTTMIEMH AP

Lanzhou Quantum Molecular Dynamics (LQMD) model:

Nuclear dynamics from 5 MeV/nucleon — 10 GeV/nucleon for HICs, antiproton
(proton, =, K, etc)

» Dynamics of low-energy heavy-ion collisions (dynamical interaction
potential, barrier distribution, neck dynamics, fusion/caption excitation functions
etc)

» lsospin physics at intermediate energies (constraining nuclear symmetry

energy at sub- and supra- saturation densities in HICs and probing isospin splitting of nucleon
effective mass from HICs)

» In-medium properties of hadrons in dense nuclear matter

from heavy-ion collisions (extracting optical potentials, i.e., A(1232),
N*(1440), N*(1535)), hyperons (A,XZ,5,Q2) and mesons (7,K,n,p,®,9...),
hypernucleus dynamics)

» Hadron (antiproton, proton, n*, K*) induced reactions
(hypernucleus production, e.g., A(X)X, AAX, EX, AX(S=1), in-medium
modifications of hadrons, cold QGP)
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Dynamics of many-body hadronic system:
J. Aichelin, Phys. Rep., 202 (1991) 233

Wave function of system D(r,t) = H¢I (r,r;,p;,t)
with (1 ;) - 1 oxp| (r - rl,gt) )2} | eXp(Ipl,(t) . r] |

2rc®)’! { 4o

r h IIi
d 1
L=(@fin—Hlo)  H=2T+20V,
i i ]
— ] J#
p.2 1 3
L=) |-Ppi———= “am
] J#i i
Euler-Langrange equations: . OH
F.=——
d oL oL - p,
_ =0 =) |
dt ag, oq oH

) pi _
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PHYSICAL REVIEW C 84, 024610 (2011)
Momentum dependence of the symmetry potential and its influence on nuclear reactions

Zhao-Qing Feng”
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People's Republic of China
(Received 11 July 2011; published 19 August 2011)

The mean-field potential of nucleons

V, (p)—f"z 7 P + E[% (p)ps* + 2 (V)2 + ﬁ[\?m Syl
T2 ey g M 20 2pot TP
U!ﬂv = f V!m‘(p (I‘)) dr J. Aichelin et al., Phys. Rev. Lett. 58, 1926 (1987)

l /
Umam=m Z: zCr.r’ar.nar’,rj fffdpdp dl‘f,’(h pJ)

ij.j#i Tt

x[In(e(p —p')* + 1)) £i (r, p'.1).

I hz 3 5 43 loc momn
Es'}‘m(p)z ——\| =T + Ej'_wn(p) + Eg}-n; (p}'

32m\ 2
Ei_ff-in(ﬁ) = Ecs_vm(ﬂfﬂﬂ)y’ E.fifm(p) =dasym(p/po) + b.n-:n(P/PO)?-
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Density, isospin and momentum-dependent single-nucleon potential in LQMD

aEloc( ) 952
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| /o, 2
oG / dp'f-(, plIn(e(p —p')* + DI
0

1 / !
+ p—Cr,rf f dp’ fo(x.p)line(p — p)* + DI
0
Zhao-Qing Feng, Phys. Rev C 84 (2011) 024610
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Table 1: The parameters and properties of isospin symmetric EoS used in the LQMD model at

the density of 0.16 fm 3.

Parameters « (MeV) G (MeV) v Cuom (MeV) € (¢*/MeV?) mi /m K. (MeV)

(MeV)

PARI1 -215.7 142 .4 1.322 1.76 Hx 101 0.75 230
PAR2 -226.5 173.7 1.309 0. 0. 1. 230
100 - asym-hard asym-supersoft
| | | | | | (@) —— E(total)
il 150t o
80 . - - = El(local)
linear - 1 2 40l | -
60 Nl !
5 40 .. SO
20 g !
L supersoﬁ\.
0 L 1 1 1 \; 1 L
0 1 2 3 4
plp, 4
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Particle production in LQMD:
n and resonances (A(1232), N*(1440), N*(1535), ...) production:

NN & iTVA, NN J'FVEV*, NN < AA.. A 1V7T,
N* < Nw, NN ¢ NNn(s — state), N*(1535) <> Np

Collisions between resonances, NN*«<>NA, NN*«<NN*
Strangeness channels:

BB — BYK. BB — BBKK. Br — YK.
Br - NKK, Ymn - NK., NK = Yn, YN > KNN

Reaction channels with antiproton:

PN - NN, NN - NN, NN = BB, NN - YY

NN — anmnihilation(w.n.p.w. K. K,.K* K .¢)

Statistical model with SU(3) symmetry
(E.S. Golubeva et al., Nucl. Phys. A 537, 393 (1992))

The PYTHIA and FRITIOF code are used for baryon(meson)-baryon and antibaryon-

baryon collisions at high invariant energies
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Isospin and momentum dependent pion-nucleon potential

YV
a)l'z (p’ r5) = Wisoscalar (,O, ﬁ) + CiZong(pﬁj
0

C, = poh’/(4f?) =36 MeV. 1,=1,0, -1 for -, 0 and 7+

Z. Q. Feng et al., Phys. Rev. C 92 (2015) 044604

Evaluation of @, . a1ar

1) phenomenological ansatz from pionic atom
C. Gale and J. Kapusta, Phys. Rev. C 35, 2107 (1987);

C. Fuchs et al., Phys. Rev. C55, 411 (1997);

Z. Q. Feng and G. M. Jin, Phys. Rev. C 82, 044615 (2010)

w(pi. pi) = \J(pil — poR? +m2 —U. Ve (pi.pi) = wn(pi.p;) — (m2 + pH)'/2

U = \/pé' +mg — miy,

Mo = mMx +6.35(1 — .rm}m,T,
p2 = (1 —x)>m2 4+ 2mgm (1 — x). x(pi) = expl—alp; /po)]
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2) A-hole model

L. Xiong, C. M. Ko, V. Koch, —
Phys. Rev. C 47,788 (1993); £

3
C. Fuchs et al., Phys. Rev. C 55,

411 (1997)
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Observables to probe the
high-density SE from HICs



1. Pre-equilibrium nucleon emissions from heavy-ion collisions

Mid-rapidity nucleon emission in the 124Sn+124Sn reaction at incident energy
of 400 MeV/nucleon (Z. Q. Feng, Phys. Lett. B 707 (2012) 83-87)
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Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

PHYSICS LETTERS B

Transverse emission of isospin ratios as a probe of high-density symmetry energy
in isotopic nuclear reactions

Zhao-Qing Feng *

Institute of Modem Physics. Chinese Academy

DR(n/p)=
(n/p(*?*Sn+'24sn))/
(n/p (**2Sn+12sn))

Sensitive to
symmetry energy!

Independent on mass
splitting!
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Comparison to the Fermi-energy HICs within the

rapidity bin of [y/y,,;/ <0.2: 35 A MeV
Z. Q. Feng, arXiv: 1603.07138 (Phys. Rev. C submitted)
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The n/p of free nucleons and light fragments within the rapidity bin of /y/ypmj/ <0.2 and
within the azimuthal angles of 70°~110° and 250°~ 290° in *’Au+'%’Au & 300 A MeV

16
150
g 14
C
1.3;
12— — - nw—
0.4 08 1.2 16 04 0.8 12 1.6
E_, (GeVinucleon) E . (GeVinucleon)
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197 Au+197Au @400 MeV/nucIeon, b=6 fm (Zhao-Qing Feng, Nuclear Physics A 878 (2012) 3-13)
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2. Pion production near threshold energies in heavy-ion collisions

(&)

LQMD: Phys. Lett. B 683 (2010) 140
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Pion dynamics in Au+Au collisions at 1A GeV, nN potential @SE
Z. Q. Feng, G. M. Jin, Phys. Rev. C 82 (2010) 044615
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dN/dt

Production rate and density profiles of pions in1°’Au+1°7Au &
Z. Q. Feng, arXiv: 1606.01083 (Phys. Rev. C submitted)
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K. A. Olive, et al. (Particle Data Group),

Pion-nucleon scattering cross sections
g Chin. Phys. C 38, 090001 (2014)
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Z. Q. Feng, arXiv: 1606.01083 LQMD
197Au+197Au @ E,,, = 300 MeV/nucleon
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Jun Hong and P. Danielewicz, Phys.
Rev. C 90, 024605 (2014) pBUU
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Directed flows of charged pions in the 1°’Au+!%’Au reaction at an incident
energy of 400 A MeV for semi-central (b = 6 fm) collisions

Zhao-Qing Feng, Phys. Rev. C 85, 014604 (2012)

m*n}m*p m*nﬂm*p
[1-2 ' I T T ' T T 02 T T T T T T
0.1¢ E.". Jo ] '-i"“\ ' 0.1} T L sing ':i' T
Bl s nlg », II.L.'- [T 1™ 4 T L
oJ[= - A il i e -
[ el ] ' T £
> 0.0¢ i T I 0 D; .r_li Ay .F.
: i il —f } . y . ..I'..“I ﬂ...'.!_l'. :
e Gy . t n
-0.1 --_I:If ® n- (asy-hard) -0.1F : .
B q+ (asy-hard)
O - (asy-supersoft)
02 | - 0O =+ (asy-supersoft) 0.2 | | | | | | |
-2 -1 0 1 2 -2 -1 0 1 2
w.ypm] y ypmj

2016/7/3 NuSYM16, June 13-17, 2016 28



Impact factors on the pion
dynamics in heavy-ion collisions
near threshold energies:

1. Threshold energy corrections
(A-nucleon potential)

2. pion-nucleon potential

3. Reabsorption of A by
surrounding nucleons

4. Reabsorption of pions by
surrounding nucleons

5. In-medium decay width of A
6. Elastic scattering between A
and nucleons
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3. Strangeness production

Z. Q. Feng, Nucl. Phys. A 919 (2013) 32-45
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VI. Summary

» Nucleons squeezed out in nucleus-nucleus collisions are
sensitive to the stiffness of symmetry energy, in particular P;
distribution of n/p and double ratio, flow difference could be

a nice experimental observables.

» The /n* ratio as probes of the high-density symmetry
energy is related to the in-medium properties of & and A, e.g.,
mean-field potentials, production and reabsorption cross

sections etc.
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