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•  Nuclear	
  Caloric	
  Curve:	
  Background	
  &	
  MoIvaIon	
  
•  The	
  Measurement:	
  ReconstrucIng	
  Highly	
  Excited	
  
Nuclei	
  &	
  ExtracIng	
  Their	
  Temperatures	
  

•  Result:	
  Temperature	
  Decreases	
  Linearly	
  with	
  
Increasing	
  Asymmetry	
  

•  Summary	
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The	
  Nuclear	
  Caloric	
  Curve	
  
•  EssenIal	
  Piece	
  of	
  Nuclear	
  EquaIon	
  
of	
  State:	
  T	
  vs	
  E*/A	
  

•  Search	
  for	
  &	
  Study	
  of	
  “Phase”	
  
TransiIon	
  
–  EvaporaIon	
  to	
  MulIfragmentaIon	
  

•  Mass	
  Dependence	
  
– Natowitz	
  et	
  al.,	
  Phys.Rev.LeH.	
  64,	
  
034618	
  (2002)	
  

•  Asymmetry	
  Dependence	
  Uncertain	
  
–  ConflicIng	
  TheoreIcal	
  PredicIons	
  
–  Very	
  Limited	
  Experimental	
  Data	
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Kolomietz	
  et	
  al,	
  Phys.	
  Rev.	
  C	
  64,	
  
024315	
  (2001)	
  
Thermal	
  Thomas-­‐Fermi	
  Model	
  

Hoel,	
  Sobotka	
  &	
  Charity,	
  
PRC	
  75,	
  017601	
  (2007)	
  
Mononuclear	
  Model	
  

Besprosvany	
  &	
  Levit	
  Phys.	
  
LeH	
  B	
  217,	
  1	
  (1989)	
  
Hot	
  Liquid	
  Drop	
  Model	
  

Ogul	
  &	
  Botvina,	
  Phys.	
  
Rev.	
  C	
  66,	
  051601	
  
(2002)	
  
StaIsIcal	
  
MulIfragmentaIon	
  
Model	
  

Su	
  &	
  Zhang,	
  	
  Phys.	
  Rev.	
  C	
  84,	
  037601	
  (2011)	
  
Isospin-­‐Dependent	
  Quantum	
  Molecular	
  Dynamics	
  



Sept	
  4,	
  2012,	
  Asy-­‐EOS	
  Mee2ng	
   S.	
  Yennello	
  

SfienI	
  et	
  al.,	
  PRL	
  102,	
  152701	
  
(2009)	
  

	
  600	
  MeV/nuc	
  

S.	
  Wuenschel,	
  PhD	
  thesis,2009	
  

35	
  MeV/nuc	
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NIMROD-­‐ISiS	
  Array	
  
•  Full	
  Silicon	
  Coverage	
  (4π)	
  
•  Isotopic	
  ResoluIon	
  to	
  Z=17	
  
•  Elemental	
  ResoluIon	
  to	
  ZprojecIle	
  
•  Neutron	
  Ball	
  (4π)	
  

70Zn	
  +	
  70Zn	
  
64Zn	
  +	
  64Zn	
  
64Ni	
  +	
  64Ni	
  
E	
  =	
  35A	
  MeV	
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Remove	
  parIcles	
  that	
  clearly	
  do	
  not	
  
belong	
  (on	
  average)	
  to	
  a	
  staIsIcally	
  
emiqng	
  projecIle-­‐like	
  source	
  

Select	
  events	
  with	
  a	
  
well-­‐measured	
  QP:	
  

Select	
  events	
  with	
  near-­‐zero	
  
average	
  momentum	
  quadrupole.	
  

Event	
  SelecIon	
  &	
  QP	
  definiIon	
  

S.	
  Wuenschel	
  et	
  al.,	
  PRC79,	
  061602	
  (2009)	
  
J.C.	
  Steckmeyer	
  et	
  al.,	
  NPA686,	
  537	
  (2001)	
  

Strength	
  of	
  the	
  Measurement	
  
•  Excellent	
  isotopic	
  resoluIon	
  
•  4π	
  charged	
  parIcle	
  detecIon	
  
•  Neutron	
  mulIplicity	
  measurement	
  
•  Excellent	
  energy	
  resoluIon	
  

	
  Well	
  defined	
  quasi-­‐projec2le	
  source	
  

Iden2ty	
  

Reference	
  Frame	
  

Excita2on	
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Free	
  Neutrons	
  

•  Used	
  HIPSE-­‐SIMONE[1]	
  to	
  link	
  Mexp	
  to	
  MQP	
  

• Multexp = neutrons in experimental 
signal gate!

• Multbkg = neutrons in experimental 
background gate!

• EffQP = fraction of QP source 
neutrons detected !

• EffQT = fraction of QT source 
neutrons detected ! Simulation/Experimental 

Correction Factor!
 1- D. Lacroix et al. PRC 69, 054604  (2004)!
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Nuclear	
  Thermometers	
  

H.	
  Zheng	
  &	
  A.	
  Bonasera,	
  PLB	
  696,	
  178	
  (2011)	
  

If	
  f(p)	
  is	
  a	
  Maxwell-­‐Boltzmann	
  distribuIon	
  

The	
  quadrupole	
  momentum	
  distribuIon	
  

Contains	
  informaIon	
  on	
  the	
  temperature	
  
through	
  its	
  fluctuaIons	
  

Momentum	
  Quadrupole	
  
FluctuaIon	
  Temperature	
  

Albergo	
  Yield	
  RaIo	
  Temperature	
  

Account	
  for	
  binding	
  energy	
  differences	
  
and	
  spin-­‐degeneracies	
  

~3%	
  correcIon	
  
for	
  secondary	
  decay	
  

S.	
  Albergo	
  et	
  al.,	
  Il	
  Nuovo	
  Cimento	
  89,	
  1	
  (1985)	
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S.	
  Wuenschel,	
  Phys	
  Rev	
  C	
  79,	
  061602(R)	
  (2009). 
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FluctuaIon	
  Temperature	
  

Larger	
  Asymmetry	
  
  Lower	
  Temperature	
  

>	
  1	
  MeV	
  shiQ!	
  

Evenly	
  Spaced	
  

•  48	
  ≤	
  AQP	
  ≤	
  52	
  
•  5	
  narrow	
  asymmetry	
  bins	
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FluctuaIon	
  &	
  Albergo	
  Temperatures	
  

Both	
  Thermometers:	
  

Larger	
  Asymmetry	
  
  Lower	
  Temperature	
  

Evenly	
  Spaced	
  

•  48	
  ≤	
  AQP	
  ≤	
  52	
  
•  5	
  narrow	
  asymmetry	
  bins	
  

FluctuaIon	
   Albergo	
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Importance	
  of	
  ReconstrucIon	
  

Larger	
  Asymmetry	
  
  Lower	
  Temperature	
  
Observed	
  either	
  way,	
  but…	
  

Asymmetry	
  of	
  Isotopically	
  
Reconstructed	
  Source	
  

Asymmetry	
  of	
  
IniIal	
  System	
  

Much	
  more	
  pronounced	
  
for	
  selecIon	
  on	
  
source	
  composiIon	
  

Each	
  system:	
  
Broad	
  range	
  of	
  asymmetry	
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ExcitaIon	
  Independence	
  

Larger	
  Asymmetry	
  
  Lower	
  Temperature	
  

Temperature	
  shiy	
  does	
  
not	
  show	
  a	
  trend	
  
with	
  excitaIon.	
  

4	
  of	
  10	
  pairwise	
  
differences	
  shown	
  

averages	
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Asymmetry	
  Dependence	
  of	
  Temperature	
  

Slope	
  =	
  -­‐1.15MeV	
  

Slope	
  =	
  -­‐7.34MeV	
  

T_FluctuaIon:	
  
	
  ∆T	
  =	
  -­‐1.2MeV	
  

T_Albergo:	
  
	
  ∆T	
  =	
  -­‐0.2MeV	
  



Sept	
  4,	
  2012,	
  Asy-­‐EOS	
  Mee2ng	
   S.	
  Yennello	
  

Caloric	
  Curves	
  for	
  Light	
  Charged	
  ParIcles	
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Caloric	
  Curves	
  for	
  Light	
  Charged	
  ParIcles	
  

Emission	
  Order:	
  
S.	
  Hudan	
  et	
  al.,	
  arXiv	
  0308031	
  (2003)	
  
L.	
  Chen	
  et	
  al.,	
  Nucl.	
  Phys.	
  A	
  729,	
  809	
  (2003)	
  
R.	
  Gheq	
  et	
  al.,	
  Nucl.	
  Phys.	
  A	
  765,	
  307	
  (2006)	
  
Z.	
  Kohley	
  et	
  al.,	
  Manuscript	
  SubmiHed	
  to	
  PRC	
  (2012)	
  

Ordering	
  of	
  Temperatures	
  

Expensive	
  ParIcles:	
  
Early	
  Imes	
  
Highest	
  temperature	
  

Q-­‐value	
  for	
  emission:	
  
~10MeV	
  for	
  proton,	
  alpha	
  
~20MeV	
  for	
  triton,	
  helion	
  

Different	
  parIcles	
  may	
  
also	
  probe	
  regions	
  with	
  
different	
  average	
  density.	
  



Sept	
  4,	
  2012,	
  Asy-­‐EOS	
  Mee2ng	
   S.	
  Yennello	
  

Caloric	
  Curves	
  for	
  LCPs:	
  
Dependence	
  on	
  ComposiIon	
  

For	
  All	
  LCPs:	
  
Larger	
  Asymmetry	
  
  Lower	
  Temperature	
  

Temperature	
  shiy	
  does	
  
not	
  show	
  a	
  trend	
  
with	
  excitaIon.	
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Asymmetry	
  Dependence	
  of	
  Temperature	
  

Same	
  ordering	
  as	
  
for	
  temperature:	
  

∆T	
  /	
  ∆ms	
  
α:	
  	
  	
  -­‐5.5	
  
p:	
  	
  	
  -­‐7.3	
  
d:	
  	
  	
  -­‐9.2	
  
t:	
  	
  	
  	
  -­‐9.3	
  
h:	
  -­‐10.9	
  

Strength	
  of	
  correlaIon:	
  
Source	
  composiIon	
  may	
  evolve	
  with	
  Ime	
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Summary	
  
•  Nuclear	
  temperature	
  depends	
  on	
  asymmetry	
  
–  (↑Neutron	
  content)	
  	
  (↓Temperature)	
  
–  Linear	
  correlaIon	
  
–  Seen	
  for	
  2	
  thermometers	
  
–  Seen	
  for	
  all	
  light	
  charged	
  parIcles	
  

•  Source	
  composiIon	
  maHers,	
  not	
  iniIal	
  system	
  
–  Intermediate	
  energy	
  

•  ExcitaIon:	
  no	
  influence	
  on	
  asymmetry	
  
dependence 	
   	
  (	
  2.5	
  <	
  E*/A	
  <	
  8.5	
  MeV	
  )	
  

•  Temperature	
  ordering	
  of	
  LCPs	
  
–  Consistent	
  with	
  emission	
  Ime	
  ordering	
  
–  Impact	
  of	
  local	
  density?	
  


