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How	
  would	
  a	
  first-­‐order	
  	
  
phase	
  transi.on	
  manifest	
  	
  
itself	
  in	
  a	
  nuclear	
  collision?	
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  Spinodal	
  
	
  	
  	
  phase	
  	
  
separa.on?	
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Phase	
  diagram	
  EquaVon	
  of	
  state:	
  pT(ρ)	
  

Nuclear	
  maCer	
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Spinodal	
  paCern	
  forma.on	
  

Density	
  undulaVons	
  	
  
are	
  amplified	
  in	
  
the	
  spinodal	
  region:	
  

Long-­‐wavelength	
  distorVons	
  grow	
  slowly	
  
(it	
  takes	
  Vme	
  to	
  relocate	
  the	
  ma`er)	



Short-­‐wavelength	
  distorVons	
  grow	
  slowly	
  
(they	
  are	
  hardly	
  felt	
  due	
  to	
  finite	
  range)	
   There	
  is	
  an	
  op.mal	
  length	
  scale	
  

that	
  grows	
  faster	
  than	
  all	
  others	
  

Ph	
  Chomaz,	
  M	
  Colonna,	
  J	
  Randrup	
  	
  	
  
Nuclear	
  Spinodal	
  Fragmenta.on	
  
Physics	
  Reports	
  389	
  (2004)	
  263	
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Spinodal	
  decomposiVon	
  occurs	
  in	
  many	
  areas	
  
of	
  science	
  and	
  technology,	
  for	
  example:	
  

Binary	
  metallic	
  alloys	
  

Colloidal	
  aggregaVon	
  

Binary	
  fluid	
  mixtures	
  

Inorganic	
  glasses	
  

SVcky	
  emulsions	
  

Polymer	
  blends	
  

It	
  also	
  plays	
  a	
  role	
  in	
  nuclear	
  mul.fragmenta.on!	
  

Does	
  it	
  play	
  a	
  role	
  in	
  the	
  hadroniza.on	
  of	
  the	
  QGP?	
  



Nuclear	
  dynamics	
  at	
  	
  Ecoll	
  ≈	
  	
  EFermi	
  

Individual	
  nucleons	
  move	
  in	
  common	
  one-­‐body	
  field	
  while	
  
occasionally	
  experiencing	
  Pauli-­‐suppressed	
  binary	
  collisions	
  

One-­‐parVcle	
  Hamiltonian	
  

mean	
  
field	
  

Two-­‐body	
  collisions	
  

posiVon	
  
space	
  

momentum	
  
space	
  

The	
  state	
  of	
  the	
  system	
  is	
  characterized	
  by	
  
its	
  reduced	
  one-­‐parVcle	
  phase-­‐space	
  density:	
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Thermal	
  nuclear	
  proper.es	
   Nuclear	
  collision	
  dynamics	
  

t
t

t
t

t

time

Vlasov Boltzmann Langevin

ḟ ≡ ∂tf − {h[f ], f}
.
= C[f ] = C̄[f ] + δC[f ]

C = 0 C = C̄ C = C̄ + δC

Medeiros	
  &	
  Randrup:	
  PRC45	
  (1992)	
  372	
  

FA(T)	
  =	
  -­‐a1A	
  +	
  a2A2/3	
  

Tcrit	
  

Individual	
  nucleons	
  move	
  in	
  common	
  one-­‐body	
  field	
  while	
  
occasionally	
  experiencing	
  Pauli-­‐suppressed	
  binary	
  collisions	
  

STATICS	
   DYNAMICS	
  

WJS:	
  The	
  Nuclear	
  Surface	
  Energy,	
  
Proc.	
  Phys.	
  Soc.	
  A	
  64	
  (1951)	
  226	
   Vlasov	
  

≈HF	
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Instabili.es	
  in	
  Fermi	
  liquids:	
  Nuclear	
  maCer	
  

Finite	
  range:	
  

=>	
  

=>	
  

ω	
  is	
  imaginary	
  when	
  F0	
  <	
  -­‐1	
  
Landau	
  
parameter	
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Nuclear	
  spinodal	
  instabili.es	
  

Nuclear	
  Ma`er	
  EquaVon	
  of	
  State:	
  

The	
  Landau	
  parameter	
  F0	
  depends	
  on	
  ρ,T,	
  λ:	
  

Spinodal	
  region:	
  F0	
  <	
  -­‐1	
  
MaCer	
  is	
  thermodynamically	
  
and	
  mechanically	
  unstable	
  

Density	
  undulaVons	
  
may	
  be	
  amplified:	
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  The	
  spinodal	
  boundary	
  	
  
depends	
  on	
  the	
  wave	
  length	
  λ:	



Growth	
  rates	
  γk	
  for	
  ρ =	
  0.3	
  ρs	
  
	
  	
  for	
  various	
  temperatures	
  T:	
  

Spinodal	
  instability	
  in	
  nuclear	
  maCer	
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M.	
  Colonna,	
  Ph.	
  Chomaz,	
  S.	
  Ayik,	
  	
  Phys.	
  Rev.	
  Le`.	
  88	
  (2002)	
  122701	
  

RPA	
  calculaVons	
  for	
  unstable	
  octupole	
  modes	
  in	
  Sn	
  isotopes:	
  
(a)  radial	
  dependence	
  of	
  the	
  form	
  factor	
  at	
  the	
  diluVon	
  D	
  =	
  1:5	
  
	
  	
  	
  	
  	
  	
  	
  for	
  neutrons	
  (solid),	
  protons	
  (do`ed),	
  and	
  nucleons	
  (dashed);	
  
	
  (b)	
  contour	
  plots	
  of	
  the	
  perturbed	
  neutron	
  density;	
  
	
  (c)	
  contour	
  plots	
  of	
  the	
  perturbed	
  proton	
  density.	
  

Spinodal	
  instability	
  in	
  finite	
  nuclear	
  systems	
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StaVsVcal	
  mulVfragmentaVon:	
   Spinodal	
  fragmentaVon:	
  

=>	
  Different	
  fragment	
  sizes	
   =>	
  Equal	
  sizes	
  

(Igor	
  MishusVn)	
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too	
  fast	
  

too	
  slow	
  

just	
  right	
  

Op.mal	
  collision	
  energy	
  



B.	
  Borderie	
  et	
  al,	
  Phys.	
  Rev.	
  Le`.	
  86	
  (2001)	
  3252	
  

32	
  MeV/A	
  Xe	
  +	
  Sn	
  (b≈0)	
  

Experiment:	
  INDRA	
  @	
  GANIL	
  

For	
  each	
  event	
  having	
  M	
  IMFs,	
  	
  	
  
calculate	
  mean	
  IMF	
  charge	
  <Z>	
  	
  
and	
  IMF	
  charge	
  dispersion	
  ΔZ.	
  	
  	
  	
  

Make	
  LEGO	
  plot	
  of	
  (<Z>,	
  ΔZ):	
  

Analysis:	
  

For	
  events	
  with	
  ΔZ=0,	
  all	
  M	
  
IMFs	
  have	
  the	
  same	
  charge	
  

<Z>	
  

ΔZ	
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Brownian	
  One-­‐Body	
  dynamics	
  *)	
  
≈	
  Boltzmann-­‐Langevin	
  

*)	
  Ph.	
  Chomaz,	
  M.	
  Colonna,	
  A.	
  Guarnera,	
  J.	
  Randrup,	
  	
  
	
  	
  	
  	
  	
  Physical	
  Review	
  Le`ers	
  73	
  (1994)	
  3512	
  

Transport	
  calcula.ons	
  

M	
  =	
  4	
  

M	
  =	
  6	
  

32	
  MeV/A	
  Xe	
  +	
  Sn	
  (b=0):	
  

…	
  suggest	
  a	
  visible	
  spinodal	
  signal:	
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Brownian	
  One-­‐Body	
  dynamics	
  
≈	
  Boltzmann-­‐Langevin	
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Ph.	
  Chom
az	
  et	
  al,	
  Phys.	
  Rev.	
  Le`

.	
  73	
  (1994)	
  3512	
  
Experiment:	
  INDRA	
  @	
  GANIL	
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M	
  =	
  4	
  

M	
  =	
  6	
  



Spinodal	
  phase	
  separa.on	
  does	
  occur	
  for	
  the	
  liquid-­‐gas	
  transi.on:	
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B.	
  Borderie	
  et	
  al:	
  PRL	
  86	
  (2001)	
  3252	
  



Does	
  spinodal	
  phase	
  separa.on	
  occur	
  for	
  the	
  confinement	
  transi.on?	
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p
H
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pN (T, µ0) = gN

∫
∞
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ln[1 + e−β(ε−µ0)]

pN̄ (T, µ0) = gN
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∫
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pw(ρ) = ρ∂ρw(ρ) − w(ρ)

w(ρ) =
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(

ρ
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)α
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(

ρ
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)β
]

ρ

Idealized	
  equa.ons	
  of	
  state:	
  	
  HG	
  -­‐>	
  QGP	
  

pQ
= pg + pq + pq̄ − B

pq + pq̄ = gq

[

7π2
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]

pg = gg

π2

90
T 4

µ = µ0 + ∂ρw = 3µq

Hadron	
  Gas:	
  	
   Quark-­‐Gluon	
  Plasma:	
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W.J.	
  Swiatecki,	
  Phys.	
  Rev.	
  98	
  (1954)	
  203:	
  	
  
Nuclear	
  Surface	
  Energy	
  and	
  the	
  	
  
Diffuseness	
  of	
  the	
  Nuclear	
  Surface	
  

...	
  we	
  have	
  found	
  reasons	
  to	
  believe	
  that	
  the	
  
	
  nuclear	
  surface	
  energy	
  is	
  inVmately	
  related	
  
	
  to	
  the	
  diffuseness	
  of	
  the	
  nuclear	
  surface	
  …	
  

JR:	
  Phys	
  Rev	
  C79	
  (2009)	
  054911	
  	
  

γ12	
  ~	
  a	
  

Interface	
  equilibrium	
   finite-­‐range	
  
	
  correc.on	
  

PHASE	
  2	
  PHASE	
  1	
  

Free-­‐energy	
  
	
  	
  	
  density:	
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(Under	
  what	
  circumstances)	
  	
  
can	
  spinodal	
  phase	
  separa.on	
  
occur	
  in	
  rela.vis.c	
  collisions?	
  

Full	
  dynamical	
  calcula.ons	
  are	
  required!	
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Spinodal	
  decomposiVon	
  may	
  occur	
  
at	
  Elab	
  ≈	
  5-­‐10	
  GeV/A	
  	
  (FAIR	
  &	
  NICA):	
  

-­‐	
  but:	
  

1)	
  Exists	
  an	
  opVmal	
  E	
  range	
  

2)	
  Significant	
  amplificaVon	
  

No	
  suitable	
  transport	
  model	
  has	
  yet	
  been	
  developed!!	
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