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Science Magazine’s Breakthrough of the Year 2017: 
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A	
  heavy	
  nucleus	
  (like	
  208Pb)	
  is	
  18	
  orders	
  of	
  magnitude	
  smaller	
  and	
  55	
  
orders	
  of	
  magnitude	
  lighter	
  than	
  a	
  neutron	
  star	
  !	
  

Atomic	
  nuclei	
  &	
  Neutron	
  star	
  	
  
(	
  two	
  vastly	
  different	
  systems	
  )	
  

Yet	
  bounded	
  by	
  a	
  common	
  enAty,	
  the	
  nuclear	
  EquaAon	
  Of	
  State	
  (EOS)	
  !	
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A. Steiner  et al, Phys. Rept.  411 (2005) 325 

Nuclear	
  EquaMon	
  of	
  State	
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Experimental	
  constraints	
  on	
  the	
  nuclear	
  
equaAon-­‐of-­‐state	
  from	
  heavy-­‐ion	
  collisions	
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Observables	
  sensiMve	
  to	
  the	
  EOS	
  ?	
  

Neutron-­‐skin	
  thicknesses	
  
Pygmy	
  resonances	
  	
  
Fragment	
  isotope	
  distribuMon,	
  isotopic	
  &	
  isobaric	
  yield	
  raMos	
  	
  
Isospin	
  disMllaMon/fracMonaMon,	
  relaMve	
  n	
  &	
  p	
  densiMes	
  
Isospin	
  transport	
  /	
  diffusion	
  /	
  migraMon	
  
Nuclear	
  stopping	
  &	
  NZ	
  equilibraMon	
  
Pre-­‐equilibrium	
  emission	
  
ParMcle	
  -­‐	
  parMcle	
  correlaMon	
  
Light	
  cluster	
  producMon	
  
CollecMve	
  Flow	
  
Neck	
  emission	
  
Fusion	
  vs	
  Deep	
  InelasMc	
  reacMons	
  
Subthreshold	
  parMcle	
  producMon	
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Transverse	
  CollecMve	
  Flow	
  
Low	
  beam	
  energy	
  

negaMve	
  scaYering	
  
dominated	
  by	
  the	
  aYracMve	
  
	
  mean	
  field	
  

High	
  beam	
  energy	
  

posiMve	
  scaYering	
  
dominated	
  by	
  repulsive	
  
nucleon-­‐nucleon	
  collisions	
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Ε(ρ, δ) = Ε(ρ, δ=0) + Esym(ρ,δ) δ2	
  
	
   δ = (ρn - ρp)/(ρn + ρp)  

Not	
  well	
  
constrained	
  

Danielewicz,et al, Science (2002) 

Pr
es

su
re

 (M
eV

/fm
3 )

 
Constraining	
  EOS	
  from	
  flow	
  measurements	
  	
  

Au+Au flow (E/A~1-8 GeV) 
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Experiment	
   Beam	
  Energy:	
  35	
  MeV/nucleon	
  
ReacMons:	
  70Zn+70Zn,	
  64Zn+64Zn,	
  &	
  64Ni+64Ni	
  

NIMROD-­‐ISiS	
  Array	
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NIMROD	
  -­‐	
  ISiS	
  

•  228	
  modules	
  
–  Si/CsI	
  	
  
–  Some	
  Si/Si/CsI	
  
–  Ion	
  Chambers	
  

•  14	
  rings	
  
•  3.6o-­‐167o	
  
•  Neutron	
  Ball	
  

S. Wuenschel et al. NIMA doi:10.1016/j.nima.2009.03.187	
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CollecMve	
  Transverse	
  Flow	
  

( / ) x

red Y mid rapidity

P
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Y
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Protons	
  

Directed/Transverse/Sideward Flow 
Examination of space-momentum correlation of particle emission in the reaction 

plane. 

PLF	
  

TLF	
  

ProjecMle	
  

Target	
  

Before	
  Collision	
   Ager	
  Collision	
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IMF Transverse Flow

Mass Dependence Charge Dependence

R~1 R~0.0

64Zn 70Zn

64Ni
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IMF	
  Transverse	
  Flow	
  

64Zn	
   70Zn	
  

64Ni	
  

Comparison	
  to	
  AMD	
  Model	
  

Kohley,	
  PRC85(2012)	
  

L~62	
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Projectile nuclei 

Target  nuclei 

Fusion 

expansion 

Fragments 

Studying	
  density	
  dependence	
  of	
  symmetry	
  
energy	
  :	
  MulMfragmentaMon	
  	
  

M.B. Tsang et al, Phys. Rev. Lett 68 (2001) 5023 

α – Scaling parameter 

Csym – Symmetry energy 
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D. V.  Shetty et al, Phys. 
Rev. C 70 (2004) 

011601(R) 

Symmetry	
  energy	
  and	
  the	
  scaling	
  parameter	
  α
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D.V.	
  SheYy	
  et	
  al.,	
  PRC	
  74	
  (2005)	
  
024602	
  	
  

G.A.	
  SoulioMs	
  et	
  al.,	
  PRC	
  73	
  (2006)	
  024606	
  	
  
G.A.	
  SoulioMs	
  et	
  al.,	
  PRC	
  75	
  (2007)	
  011601	
  	
  

A.	
  Le	
  Fevre	
  et	
  al.,	
  PRL	
  94	
  
(2005)	
  162701	
  	
  

Decrease	
  in	
  Asymmetry	
  energy	
  (Expt.	
  ObservaMon)	
  

S.	
  Wuenschel,	
  Phys.	
  Rev.	
  C	
  79,	
  
061602(R)	
  (2009)	
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 Mirror nuclei yield ratio (A=3)

Mirror Nuclei Yield ratio (A=7)
Isoscaling

R.	
  Tripathi,	
  Phys.	
  Rev.	
  C	
  83,	
  054609	
  
(2011).	
  	
  	
  

Int.	
  J.	
  Mod.	
  Phys.	
  E	
  21,	
  1250019	
  
(2012)	
  	
  

J.	
  Iglio	
  et	
  al.,	
  PRC	
  74	
  (2006)	
  
024605	
  	
  

α



Symposium	
  on	
  Intermediate-­‐energy	
  Heavy	
  Ion	
  Collisions	
  (iHIC2018),	
  April	
  7-­‐11,	
  2018	
  

S.K.	
  Samaddar	
  et	
  al.,	
  PRC	
  76	
  
(2007)	
  041602	
  	
  

• 	
  Finite T Thomas-Fermi 
Seyler Blanchard interaction 

B.A.	
  Li	
  et	
  al.,	
  PRC	
  74	
  (2006)	
  034610	
  	
  

Decrease	
  in	
  Esym	
  related	
  to	
  thermal	
  expansion	
  

D.V.	
  SheYy	
  et	
  al.,	
  PRC	
  76	
  
(2007)	
  024606	
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Isospin	
  Transport	
  

20	
  

iBUU	
  70Zn	
  +	
  64Zn	
  b	
  =	
  7	
  fm	
  collision:	
  density	
  contour	
  plots	
  in	
  XZ	
  plane	
  

Baran,	
  V.	
  et.	
  al.	
  PRC	
  72	
  064620,	
  (2005).	
  

DriO	
  (total	
  nucleon	
  density	
  
dependent)	
  

Diffusion	
  (isospin	
  concentraMon	
  
dependent)	
  

iBUU	
  70Zn	
  +	
  64Zn	
  b	
  =	
  7	
  fm	
  collision:	
  density	
  contour	
  plots	
  in	
  XZ	
  plane	
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Isospin	
  EquilibraMon	
  /	
  Diffusion 

Non	
  equilibraMon	
  with	
  Isotopically	
  resolved	
  fragments	
  /	
  
raMos:	
  Yennello,	
  PLB321(94),	
  Johnston,	
  PLB	
  371	
  (1996),B.A.	
  
Li,	
  PRC52(1995)	
  
	
  
Isospin	
  Tracer	
  Method	
  
Rami,	
  et	
  al,	
  PRL84	
  (2000)	
  
	
  
Diffusion	
  coefficient	
  connected	
  to	
  symmetry	
  potenMal	
  
L	
  Shi	
  &	
  P	
  Danielewicz,	
  PRC68	
  (2003)	
  
	
  
Measured	
  isospin	
  diffusion	
  in	
  Sn+Sn	
  
Tsang,	
  PRL92	
  (2004)	
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MulMple	
  systems	
  /	
  mulMple	
  observables	
  

Isoscaling	
  
	
  
	
  
Isobaric	
  raMos	
  
	
  
QPms	
  

0.1

1

10

100

1000

10000

100000

0 1 2

N/Z

co
un

ts
 - 

no
rm

al
iz

ed

Series1
Series2
Series3

20F

20Na
20Ne

ms=	
  (N-­‐Z)/A	
  

OR	
  

System	
  Pairs	
   Systems	
  

Zn	
  systems	
  

70Zn+70Zn	
  
70Zn+64Zn	
  
64Zn+70Zn	
  
64Zn+64Zn	
  

A=64	
  systems	
  

64Zn+64Zn	
  
64Zn+64Ni	
  
64Ni+64Zn	
  
64Ni+64Ni	
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ParMal	
  EquliibraMon	
  

Consistent	
  with	
  the	
  work	
  of	
  Tsang	
  
(PRL92	
  (2004))	
  in	
  seeing	
  parMal	
  
equilibraMon	
  and	
  Johnston	
  (PLB	
  
371	
  (1996))	
  and	
  Li	
  (PRC52(1995))	
  
in	
  the	
  	
  effect	
  of	
  beam	
  energy	
  on	
  
equilibraMon	
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EqulibraMon	
  calculaMon	
  
=
(xNR − xNP )− (xxS1 − xxS2 )

xNR − xNP
*100%Percent	
  EquilibraMon	
  

» Measures	
  separaMon	
  between	
  
cross	
  systems	
  relaMve	
  to	
  separaMon	
  
between	
  symmetric	
  systems	
  

Method	
  from	
  Keksis,	
  Phys.	
  Rev.	
  C	
  81,	
  054602	
  (2010).	
  	
  	
  

77	
  ±	
  5	
  %	
  equilibraMon	
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Impact	
  parameter	
  dependence	
  in	
  the	
  data	
  

A=64	
  systems	
  

Zn	
  systems	
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QPms	
  

Zn	
  systems	
  

A=64	
  systems	
  

Zn	
  systems	
  show	
  much	
  more	
  
equilibraMon	
  then	
  A=64	
  systems	
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TheoreMcal	
  calculaMons	
  

Li,	
  B.	
  A.	
  et.	
  al.	
  Nuclear	
  Physics	
  A	
  735,	
  563	
  (2004).	
  

°  Isospin-­‐dependent	
  Boltzmann-­‐Uehling-­‐Uhlenbeck	
  (iBUU)	
  transport	
  
code	
  	
  
w  Momentum	
  dependent	
  interacMon	
  	
  
w  Mean-­‐field	
  model	
  using	
  test-­‐parMcles	
  
w  Developed	
  method	
  of	
  looking	
  at	
  properMes	
  of	
  the	
  hot	
  QP	
  

»  This	
  allows	
  us	
  access	
  to	
  condiMons	
  and	
  effects	
  right	
  ager	
  transport	
  occurs	
  



“asy-­‐sog”	
  x=1	
   “asy-­‐sMff”	
  x=-­‐2	
  

Lines	
  are	
  N/Z	
  	
  for	
  the	
  
Proj,	
  Tgt	
  and	
  

composite	
  system	
  

L.	
  May	
  ,	
  PhD	
  2015	
  

The	
  N/Z	
  of	
  the	
  QP	
  and	
  the	
  amount	
  of	
  equilibraMon	
  
depends	
  on	
  the	
  symmetry	
  energy	
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Detect	
  PLF	
  directly	
  

Compared	
  to	
  Constrained	
  Molecular	
  Dynamics	
  
(CoMD-­‐II)	
  model:	
   M. Papa et al. PRC 64, 24612, (2001).	
  

Kohley	
  et	
  al.	
  PRC	
  88,	
  041601(R)	
  (2013).	
   Kohley	
  –	
  NuSYM14	
   30	
  

Measure	
  neutrons	
  and	
  N/Z	
  of	
  PLF	
  using	
  MoNA-­‐LISA-­‐Sweeper	
  setup	
  

Purple	
  area	
  new	
  constraints	
  
extracted	
  from	
  32Mg	
  RIB	
  
experiment.	
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Target	
   ProjecMle	
  

Zn-­‐70	
   Zn-­‐70	
  

Anna	
  Poulsen	
  
hYps://oxidantshappencomics.wordpress.com/	
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Target-­‐like	
  

ProjecMle-­‐like	
  

Anna	
  Poulsen	
  
hYps://oxidantshappencomics.wordpress.com/	
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TLF*	
  

PLF*	
  

“neck”	
  

Anna	
  Poulsen	
  
hYps://oxidantshappencomics.wordpress.com/	
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TLF*	
  

PLF*	
  

“neck”	
  

Anna	
  Poulsen	
  
hYps://oxidantshappencomics.wordpress.com/	
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HF	
  

LF	
   PLF*	
  

TLF*	
  

Anna	
  Poulsen	
  
hYps://oxidantshappencomics.wordpress.com/	
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EquilibraAon	
  Chronometry	
  
Characterizing	
  neutron-­‐proton	
  equilibraAon	
  with	
  sub-­‐

zeptosecond	
  resoluAon	
  

t=0	
   t	
  ≈	
  1.5zs	
  
(450fm/c)	
  

Time	
  Scale	
  

N
eu

tr
on

	
  R
ic
hn

es
s	
  

	
  
We	
  observe	
  N-­‐Z	
  equilibraAon	
  as	
  a	
  funcAon	
  of	
  Ame.	
  

	
  EquilibraAon	
  curve	
  is	
  approximately	
  exponenAal	
  	
  
	
   	
  à	
  First	
  order	
  kineAcs	
  
	
  Zeptosecond	
  Amescale.	
  

projecMle	
  

target	
  

PLF*	
  

TLF*	
   PLF*	
  

TLF*	
  

PLF*	
  

TLF*	
  

TLF*	
  

LF	
  

HF	
  neck	
  
neck	
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Binary	
  breakup	
  of	
  a	
  projecMle	
  

K. Brown et al., PRC87, 061601(R) (2013) 
K. Stiefel et al., PRC90, 061605(R) (2014) 

TLF TLFBreakup	
  Mme	
  

Soft (L=51) 
Stiff (L = 105) 
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Private	
  communicaMon	
  ,	
  Zhang	
  &	
  Ko	
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 - Analysis of the deformation of the residues 

Asysoft 
Asystiff 

 - Larger residue deformations 
       more ternary events 
with Asystiff 

Di Toro et al., NPA 787 (2007) 585c 

b=6fm                          b=7fm                          b=8fm 

132Sn + 64Ni , E/A = 10 MeV, b = 7 fm 
3 events,  t = 500 fm/c 

Quadrupole 

Octupole 

200 runs each 
per impact parameter 

Ternary	
  breakup	
  in	
  n-­‐rich	
  systems:	
  SensiMvity	
  to	
  Esym	
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Siging	
  through	
  the	
  remnants	
  

P.	
  Cammarata,	
  et	
  al,	
  NIMA	
  761	
  (2014)	
  1–6	
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pp	
  correlaMon	
  funcMon	
  

BUU calculations [54]. For the momentum-independent
nuclear potential (SBKD), we find from Fig. 6(a) that the
hard symmetry energy enhances the emission of early high
momentum protons (dash-dotted line) and neutrons (dotted
line) but suppresses late slow emission compared with re-
sults from the soft symmetry energy (protons and neutrons
are given by solid and dashed lines, respectively). The dif-
ference between the emission rates of protons and neutrons
is, however, larger for the soft symmetry energy. Figure 6(b)
shows results from the MDYI interaction which includes the
momentum-dependent isoscalar potential but the
momentum-independent symmetry potential. It is seen that
the momentum dependence of isoscalar potential enhances
significantly the nucleon emission rate due to the more re-
pulsive momentum-dependent nuclear potential at high mo-
menta. As a result, the relative effect due to the symmetry
potential is reduced compared with the results shown in Fig.
6(a). In Fig. 6(c), we use the MDI interaction which includes
momentum dependence in both isoscalar potential and sym-
metry potential. The momentum dependence of symmetry
potential leads to a slightly faster nucleon emission but the
symmetry potential effects are reduced. We note that the
fraction of total number of nucleons emitted before 200 fm/c
in the IBUU simulations is about 80% for the SBKD inter-
action but almost 100% for the MDYI and MDI interactions.
The enhancement of nucleon emissions with momentum-
dependent nuclear mean-field potential was also observed in
previous calculations [37]. It should be noted that the emitted
nucleons in the present study are not exactly those observed
experimentally since we have not included explicitly the pro-
duction of clusters and intermediate mass fragments in the
IBUU simulations.
Using the program Correlation After Burner [64], which

takes into account final-state nucleon-nucleon interactions,
we have evaluated two-nucleon correlation functions from
the emission function given by the IBUU model. Shown in
Fig. 7 are two-nucleon correlation functions gated on the
total momentum P of nucleon pairs from central collisions of
52Ca+ 48Ca at E=80 MeV/nucleon by using the SBKD inter-
action with the soft and hard symmetry potentials. The left
and right panels are for P!300 MeV/c and
P"500 MeV/c, respectively. Both neutron-neutron (upper
panels) and neutron-proton (lower panels) correlation func-
tions peak at q!0 MeV/c, while the proton-proton correla-
tion function (middle panel) is peaked at about q
=20 MeV/c due to the strong final-state s-wave attraction.
The latter is suppressed at q=0 as a result of Coulomb re-
pulsion and antisymmetrization of the two-proton wave func-
tion. These general features are consistent with those ob-

served in experimental data from heavy-ion collisions [57].
For nucleon pairs with high total momentum, their corre-

lation function is stronger for the hard symmetry energy than
for the soft symmetry energy: about 24% and 9% for
neutron-proton pairs and neutron-neutron pairs at low rela-
tive momentum q=5 MeV/c, respectively, and 21% for
proton-proton pairs at q=20 MeV/c. The neutron-proton
correlation function thus exhibits the highest sensitivity to
the density dependence in nuclear symmetry energy Esym"##.
For nucleon pairs with low total momenta, the symmetry
potential effects are weak. These results are again consistent
with previous calculations [28,29].
What will happen to the symmetry energy effect on two-

nucleon correlation functions if we include the momentum-
dependent isoscalar potential in the IBUU model? This can
be seen from Fig. 8, where they are shown for the same
central collisions of 52Ca+ 48Ca at E=80 MeV/nucleon by
using the MDYI interaction with soft and hard symmetry
potentials in the IBUU model. For nucleon pairs with low
total momentum, shown in left panels, their correlation func-
tions remain insensitive to the nuclear symmetry energy. For
nucleon pairs with high total momentum, shown in right pan-
els, their correlation function is again stronger for the hard

FIG. 6. (Color online) Emission rates of pro-
tons and neutrons as functions of time for differ-
ent nucleon effective interactions.

FIG. 7. (Color online) Two-nucleon correlation functions gated
on the total momentum P of nucleon pairs using the SBKD inter-
action with soft (filled squares) or stiff (open squares) symmetry
energy. Left panels are for P!300 MeV/c while right panels are
for P"500 MeV/c.

EFFECTS OF MOMENTUM-DEPENDENT NUCLEAR… PHYSICAL REVIEW C 69, 054606 (2004)

054606-5

BUU calculations [54]. For the momentum-independent
nuclear potential (SBKD), we find from Fig. 6(a) that the
hard symmetry energy enhances the emission of early high
momentum protons (dash-dotted line) and neutrons (dotted
line) but suppresses late slow emission compared with re-
sults from the soft symmetry energy (protons and neutrons
are given by solid and dashed lines, respectively). The dif-
ference between the emission rates of protons and neutrons
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proton-proton pairs at q=20 MeV/c. The neutron-proton
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potential effects are weak. These results are again consistent
with previous calculations [28,29].
What will happen to the symmetry energy effect on two-
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dependent isoscalar potential in the IBUU model? This can
be seen from Fig. 8, where they are shown for the same
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BUU calculations [54]. For the momentum-independent
nuclear potential (SBKD), we find from Fig. 6(a) that the
hard symmetry energy enhances the emission of early high
momentum protons (dash-dotted line) and neutrons (dotted
line) but suppresses late slow emission compared with re-
sults from the soft symmetry energy (protons and neutrons
are given by solid and dashed lines, respectively). The dif-
ference between the emission rates of protons and neutrons
is, however, larger for the soft symmetry energy. Figure 6(b)
shows results from the MDYI interaction which includes the
momentum-dependent isoscalar potential but the
momentum-independent symmetry potential. It is seen that
the momentum dependence of isoscalar potential enhances
significantly the nucleon emission rate due to the more re-
pulsive momentum-dependent nuclear potential at high mo-
menta. As a result, the relative effect due to the symmetry
potential is reduced compared with the results shown in Fig.
6(a). In Fig. 6(c), we use the MDI interaction which includes
momentum dependence in both isoscalar potential and sym-
metry potential. The momentum dependence of symmetry
potential leads to a slightly faster nucleon emission but the
symmetry potential effects are reduced. We note that the
fraction of total number of nucleons emitted before 200 fm/c
in the IBUU simulations is about 80% for the SBKD inter-
action but almost 100% for the MDYI and MDI interactions.
The enhancement of nucleon emissions with momentum-
dependent nuclear mean-field potential was also observed in
previous calculations [37]. It should be noted that the emitted
nucleons in the present study are not exactly those observed
experimentally since we have not included explicitly the pro-
duction of clusters and intermediate mass fragments in the
IBUU simulations.
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the emission function given by the IBUU model. Shown in
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tions peak at q!0 MeV/c, while the proton-proton correla-
tion function (middle panel) is peaked at about q
=20 MeV/c due to the strong final-state s-wave attraction.
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tion. These general features are consistent with those ob-

served in experimental data from heavy-ion collisions [57].
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tive momentum q=5 MeV/c, respectively, and 21% for
proton-proton pairs at q=20 MeV/c. The neutron-proton
correlation function thus exhibits the highest sensitivity to
the density dependence in nuclear symmetry energy Esym"##.
For nucleon pairs with low total momenta, the symmetry
potential effects are weak. These results are again consistent
with previous calculations [28,29].
What will happen to the symmetry energy effect on two-
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dependent isoscalar potential in the IBUU model? This can
be seen from Fig. 8, where they are shown for the same
central collisions of 52Ca+ 48Ca at E=80 MeV/nucleon by
using the MDYI interaction with soft and hard symmetry
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Summary	
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