
Alan	
  McIntosh,	
  Texas	
  A&M	
  University	
  	
   NN2015,	
  Catania	
  

How	
  much	
  cooler	
  would	
  it	
  be	
  
with	
  some	
  more	
  neutrons?	
  
	
  

Asymmetry	
  Dependence	
  of	
  
the	
  Nuclear	
  Caloric	
  Curve	
  
	
  

	
  Alan	
  McIntosh	
  
	
  Texas	
  A&M	
  University	
  

•  Nuclear	
  Equa@on	
  of	
  State:	
  
Background	
  and	
  Mo@va@on	
  

•  The	
  Measurement:	
  
Reconstruc@on	
  Excited	
  Nuclei	
  and	
  
Extrac@ng	
  Their	
  Temperatures	
  

•  Results:	
  
Temperature	
  Decreases	
  Linearly	
  
with	
  Neutron	
  Content	
  

•  Plans:	
  
Independent	
  Experiment	
  to	
  
Measure	
  the	
  Effect	
  is	
  Set	
  to	
  Run	
  



Alan	
  McIntosh,	
  Texas	
  A&M	
  University	
  	
   NN2015,	
  Catania	
  

Introduction

Multifragmentation is the emission of several intermediate mass fragments (3 ≤ Z ≤ 30) from a
hot nucleus, a phenomenon observed in nuclear reactions, using light and heavy projectiles over
a wide range of incident energies. The goal of these studies is to learn more about the tendency
of fermionic nuclear matter to appear in clusters and, perhaps eventually, about the topology
of the nuclear phase diagram (see Fig. 1), in particular the evasive liquid-to-gas transition. Ad-
ditionnally, the explosive features of some of the reactions allow us to study the compressibility
of nuclear matter. In fact, the multifragmentation process is believed to appear in the instable
region, also called spinodal region, of the nuclear phase diagram where liquid and gas phases
coexist. Such information can be important for astrophysical applications as, for instance, during
the neutron star formation and the explosion of a supernova of type II. During these processes,
the prevailing thermodynamic conditions are expected to be similar to those obtained in the
multifragmentation of finite nuclei [Vio98, Bay71, Bet90].
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Figure 1: Phase diagram of
nuclear matter. The temper-
ature is plotted as a func-
tion of the relative density,
ρ0 is the stable nucleus den-
sity. During the collision, the
highly excited compound nu-
cleus is believed to follow the
trajectory indicated by the
dashed arrow, from the liquid
phase to the spinodal region,
where the multifragmentation
occurs. This region is a mix-
ture of liquid and gas phases
and is unstable.

In 1995, the study of the liquid-gas phase transition led to the publication of the first caloric
curve, the relation between temperature T and energy E, of nuclear matter by the ALADIN
group [Poc95] shown in the left panel of Fig. 2. This caloric curve, obtained from data for the
system Au+Au at the incident energy of 600 AMeV, presents a plateau-like behaviour from
liquid to gas phases in agreement with the thermodynamical view of multifragmentation. This
plateau may be interpreted as a sign of a liquid-gas phase transition.
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  (2002)	
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Natowitz	
  et	
  al.	
  PRC,	
  034618	
  (2002)	
  

Nuclear	
  Caloric	
  Curve	
  

MASS	
  DEPENDENCE!	
  
With	
  increasing	
  mass:	
  
•  Limi@ng	
  Temperature	
  decreases	
  
•  Onset	
  of	
  plateau	
  at	
  lower	
  excita@on	
  

ASYMMETRY	
  DEPENDENCE?	
  
•  Does	
  an	
  n-­‐p	
  Asymmetry	
  Dependence	
  Exist?	
  
•  Which	
  way	
  does	
  it	
  go?	
  
•  How	
  strong	
  is	
  it?	
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Caloric	
  Curve:	
  Asymmetry	
  Dependence?	
  
Different	
  models	
  make	
  very	
  different	
  predic@ons	
  about	
  how	
  
the	
  caloric	
  curve	
  may	
  depend	
  on	
  n-­‐p	
  asymmetry.	
  

Neutron	
  Rich	
  
à	
  Lower	
  T	
  

Neutron	
  Rich	
  
à	
  Higher	
  T	
  

Thermal	
  Thomas-­‐Fermi	
  Model	
  
Kolomietz	
  et	
  al	
  
Phys.	
  Rev.	
  C	
  64,	
  024315	
  (2001)	
  

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

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

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

StaHsHcal	
  MulHfragmentaHon	
  Model	
  
Ogul	
  &	
  Botvina	
  
Phys.	
  Rev.	
  C	
  66,	
  051601	
  (2002)	
  

more	
  neutrons	
  

fewer	
  neutrons	
  

more	
  neutrons	
  

fewer	
  neutrons	
  

Theory	
  

more	
  neutrons	
  

fewer	
  neutrons	
  

more	
  neutrons	
  

fewer	
  neutrons	
  

more	
  
neutrons	
  

fewer	
  
neutrons	
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Caloric	
  Curve:	
  Asymmetry	
  Dependence?	
  
Experiment	
  

Sfien@	
  et	
  al.,	
  PRL	
  102,	
  152701	
  (2009)	
  S.	
  Wuenschel,	
  Ph.D.	
  Thesis,	
  2009	
  

Slight	
  offset	
  of	
  neutron-­‐rich	
  system,	
  
but	
  not	
  sta@s@cally	
  significant	
  

Possible	
  dependence	
  on	
  asymmetry,	
  
but	
  not	
  for	
  all	
  impact	
  parameters.	
  

Non-­‐observa@on:	
  
Selec@on	
  was	
  on	
  the	
  system	
  composi@on.	
  

Should	
  use	
  reconstructed-­‐source	
  composiHon	
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POW!	
  

Exci@ng	
  Nuclear	
  Maher!	
  
1	
   2	
   3	
   4	
  

Target	
  &	
  
Projec@le	
  

Non-­‐Central	
  
Collision	
  

Quasi-­‐Target	
  &	
  
Quasi-­‐Projec@le	
  

Excited!	
  
Expanded!	
  
Density	
  Gradients!	
  

De-­‐excita@on	
  via	
  
Par@cle	
  Decay	
  

The	
  QP	
  (quasi-­‐projec@le)	
  is	
  the	
  
primary	
  excited	
  fragment	
  that	
  
exists	
  momentarily	
  aner	
  the	
  
nuclear	
  collision	
  

•  We	
  want	
  to	
  study	
  the	
  decay	
  of	
  the	
  
excited	
  nuclear	
  material	
  (the	
  QP)	
  

•  We	
  use	
  heavy	
  ion	
  collisions	
  to	
  create	
  
excited	
  nuclear	
  material	
  

•  From	
  the	
  reac@on	
  products,	
  we	
  
reconstruct	
  the	
  QP	
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Experiment	
  
•  NIMROD-­‐ISiS	
  Array	
  

•  Full	
  Silicon	
  Coverage	
  (4π)	
  
•  Isotopic	
  Resolu@on	
  to	
  Z=17	
  
•  Elemental	
  Resolu@on	
  to	
  Zprojec@le	
  
•  Neutron	
  Ball	
  (4π)	
  

70Zn	
  +	
  70Zn	
  
64Zn	
  +	
  64Zn	
  
64Ni	
  +	
  64Ni	
  
E	
  =	
  35A	
  MeV	
  

S.	
  Wuenschel	
  et	
  al.,	
  Nucl.	
  Inst.	
  Meth.	
  A	
  604	
  578	
  (2009)	
  
Z.	
  Kohley,	
  Ph.D.	
  Thesis,	
  TAMU	
  (2010)	
  

QP	
  Reconstruc@on	
  
Goal:	
  select	
  events	
  with	
  an	
  equilibrated	
  source	
  

1.   Select	
  parHcles	
  that	
  may	
  comprise	
  the	
  QP	
  
•  Charged	
  par@cles	
  &	
  free	
  neutrons	
  
•  Phase	
  space	
  selec@on	
  using	
  velocity	
  cut	
  
•  Calculate	
  Z,	
  A,	
  p,	
  E*,	
  and	
  asymmetry	
  =	
  ms	
  =	
  (N-­‐Z)/A	
  

2.   Select	
  mass	
  (range)	
  of	
  the	
  QP	
  
3.   Select	
  on-­‐average	
  spherical	
  QP	
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Thermometer:	
  MQF	
  
Momentum	
  Quadrupole	
  Fluctua@on	
  Temperature	
  

The	
  quadrupole	
  momentum	
  distribu@on	
  

Contains	
  informa@on	
  on	
  the	
  
temperature	
  through	
  its	
  fluctua@ons	
  

If	
  f(p)	
  is	
  a	
  Maxwell-­‐Boltzmann	
  distribu@on,	
  then	
  

H.	
  Zheng	
  &	
  A.	
  Bonasera,	
  PLB	
  696,	
  178	
  (2011)	
  
S.	
  Wuenschel,	
  NPA	
  843,	
  1	
  (2010)	
  
S.	
  Wuenschel	
  Ph.D.	
  Thesis,	
  TAMU	
  (2009)	
  

Qxy = px
2 − py

2

σ xy
2 = d3p px

2 − py
2( )
2
f (p)∫

σ xy
2 = 4m2T 2
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Asymmetry	
  Dependent	
  Temperature	
  
MQF	
  Thermometer,	
  Protons	
  as	
  Probe	
   •  48	
  ≤	
  AQP	
  ≤	
  52	
  

•  5	
  narrow	
  asymmetry	
  bins	
  

Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  

>	
  1	
  MeV	
  shin!	
  
	
  
Evenly	
  Spaced	
  

more	
  neutrons	
  

fewer	
  neutrons	
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Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  
Observed	
  either	
  way,	
  
but...	
  

Much	
  more	
  pronounced	
  for	
  
selec@on	
  on	
  source	
  composiHon	
  
rather	
  than	
  system	
  composi@on	
  

Asymmetry	
  of	
  Ini@al	
  System	
  Asymmetry	
  of	
  Isotopically	
  
Reconstructed	
  Source	
  

Importance	
  of	
  Reconstruc@on	
  

Each	
  system	
  may	
  populate	
  a	
  broad	
  
range	
  of	
  QP	
  asymmetry	
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Excita@on	
  Independence	
  

Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  
	
  
Temperature	
  shin	
  does	
  
not	
  show	
  a	
  trend	
  with	
  
excita@on.	
  

Four	
  of	
  ten	
  pairwise	
  
differences	
  shown.	
  



Alan	
  McIntosh,	
  Texas	
  A&M	
  University	
  	
   NN2015,	
  Catania	
  

Quan@fying	
  the	
  Asymmetry	
  Dependence	
  

A	
  change	
  of	
  0.15	
  units	
  of	
  ms	
  =	
  (N-­‐Z)/A	
  corresponds	
  
to	
  a	
  temperature	
  decrease	
  of	
  1.1	
  MeV	
  

Linear	
  rela@onship	
  between	
  change	
  in	
  
asymmetry	
  and	
  change	
  in	
  temperature	
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Do	
  other	
  probes	
  of	
  the	
  temperature	
  
exhibit	
  an	
  asymmetry	
  dependence?	
  

Asymmetry	
  Dependence	
  
ü  MQF	
  Protons	
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Caloric	
  Curves	
  for	
  Light	
  Charged	
  Par@cles	
  
Using	
  the	
  MQF	
  Thermometer	
  

For	
  All	
  LCPs:	
  
Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
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Do	
  other	
  probes	
  of	
  the	
  temperature	
  
exhibit	
  an	
  asymmetry	
  dependence?	
  

Asymmetry	
  Dependence	
  
ü  MQF	
  Protons	
  
ü  MQF	
  Deuterons	
  
ü  MQF	
  Tritons	
  
ü  MQF	
  Helions	
  
ü  MQF	
  Alphas	
  
ü  MQF	
  7-­‐Li	
  
ü  MQF	
  9-­‐Be	
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Albergo	
  Thermometer	
  

Double	
  Yield	
  Ra@o	
  

Account	
  for	
  binding	
  
energy	
  differences	
  and	
  
spin-­‐degeneracies	
  

Correc@on	
  for	
  
secondary	
  decay	
  (≈3%)	
  

Albergo	
  et	
  al.,	
  Il	
  Nuovo	
  Cimento	
  89,	
  1	
  (1985)	
  
Xi	
  et	
  al.	
  PRC	
  59,	
  1567	
  (1999)	
  

H/He	
   Li/He	
  

R = Y (d) /Y (t)
Y (h) /Y (α)

R = Y (6Li) /Y (7Li)
Y (h) /Y (α)

Traw =
13.3MeV
ln 2.18R( )

Traw =
14.3MeV
ln 1.59R( )

1
T
=
1
Traw

− 0.0097 1
T
=
1
Traw

+ 0.0051
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Albergo	
  Temperature:	
  Asymmetry	
  Dependent	
  

Temperature	
  is	
  smaller	
  
than	
  for	
  MQF	
  
(Chemical	
  vs	
  Kine@c)	
  
	
  
Asymmetry	
  dependence	
  
is	
  smaller	
  than	
  MQF	
  
(Lower	
  Temperature)	
  

Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  



Alan	
  McIntosh,	
  Texas	
  A&M	
  University	
  	
   NN2015,	
  Catania	
  

Albergo:	
  Asymmetry	
  Dependence	
  of	
  T	
  

sm6
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T 
(M
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)

6

-0.2

-0.15

-0.1

-0.05

0

Albergo
H/He
Li/He

Stronger	
  dependence	
  for	
  MQF	
  than	
  for	
  Albergo	
  
•  Smaller	
  value	
  of	
  temperature	
  for	
  Albergo	
  then	
  MQF	
  
•  Different	
  methods	
  (chemical	
  vs	
  kine@c)	
  

Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  

Linear	
  Rela@onship	
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Do	
  other	
  probes	
  of	
  the	
  temperature	
  
exhibit	
  an	
  asymmetry	
  dependence?	
  

Asymmetry	
  Dependence	
  
ü  MQF	
  Protons	
  
ü  MQF	
  Deuterons	
  
ü  MQF	
  Tritons	
  
ü  MQF	
  Helions	
  
ü  MQF	
  Alphas	
  
ü  MQF	
  7-­‐Li	
  
ü  MQF	
  9-­‐Be	
  
ü  Albergo	
  H	
  /	
  He	
  
ü  Albergo	
  Li	
  /	
  He	
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Slope	
  Temperatures	
  

Kine@c	
  Energies	
  in	
  the	
  QP	
  frame.	
  θ	
  <	
  90°	
  

Alpha	
  Par@cles	
  
E*/A	
  =	
  2.5	
  MeV	
  
0.12	
  <	
  ms	
  <	
  0.16	
  

Alpha	
  Par@cles	
  
E*/A	
  =	
  6.5	
  MeV	
  
0.12	
  <	
  ms	
  <	
  0.16	
  

Maxwell-­‐Boltzmann	
  

Y E( )∝ E −B( )exp −
E
T

#

$
%

&

'
(

E ≥ B+Tfor	
  

With	
  a	
  modifica@on	
  for	
  a	
  diffuse	
  
barrier	
  at	
  lower	
  energies.	
  
Yanez,	
  Phys.	
  Rev.	
  C	
  68,	
  011602(R)	
  (2003)	
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E*/A (MeV)
1 2 3 4 5 6 7 8

T 
(M

eV
)

3

4

5

6

7

8

9

Proton

E*/A (MeV)
1 2 3 4 5 6 7 8

Deuteron

E*/A (MeV)
1 2 3 4 5 6 7 8

Triton

E*/A (MeV)
1 2 3 4 5 6 7 8

 Ranges  m
0.04 - 0.08
0.08 - 0.12
0.12 - 0.16
0.16 - 0.20
0.20 - 0.24

Helion

E*/A (MeV)
1 2 3 4 5 6 7 8

Alpha

Slope	
  Temperature:	
  Asymmetry	
  Dependent	
  

Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
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  Dependence	
  of	
  Slope	
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Larger	
  Asymmetry	
  
à  Lower	
  Temperature	
  

Linear	
  Rela@onship	
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Q:	
  How	
  much	
  cooler	
  would	
  it	
  be	
  with	
  some	
  more	
  neutrons?	
  

A:	
  It	
  depends	
  on	
  the	
  thermometer,	
  but	
  it	
  sure	
  would	
  be	
  cooler.	
  

ü  Slope	
  Protons	
  
ü  Slope	
  Deuterons	
  
ü  Slope	
  Tritons	
  
ü  Slope	
  Helions	
  
ü  Slope	
  Alphas	
  

ü  MQF	
  Protons	
  
ü  MQF	
  Deuterons	
  
ü  MQF	
  Tritons	
  
ü  MQF	
  Helions	
  
ü  MQF	
  Alphas	
  
ü  MQF	
  7-­‐Li	
  
ü  MQF	
  9-­‐Be	
  

ü  Albergo	
  H	
  /	
  He	
  
ü  Albergo	
  Li	
  /	
  He	
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Q:	
  How	
  much	
  cooler	
  would	
  it	
  be	
  if	
  we	
  didn’t	
  need	
  to	
  measure	
  neutrons?	
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Q:	
  How	
  much	
  cooler	
  would	
  it	
  be	
  if	
  we	
  didn’t	
  need	
  to	
  measure	
  neutrons?	
  

To	
  confirm	
  our	
  observa@on	
  of	
  an	
  asymmetry	
  dependence	
  of	
  the	
  
caloric	
  curve,	
  we	
  will	
  conduct	
  a	
  new	
  experiment.	
  

	
  
Fusion	
  reac@ons	
  produce	
  excited	
  nuclei	
  with	
  known	
  n-­‐p	
  

asymmetry	
  and	
  known	
  excita@on.	
  
	
  

Free	
  neutrons	
  are	
  not	
  needed!	
  
	
  

Fusion-­‐evapora@on	
  residues	
  will	
  provide	
  event	
  characteriza@on.	
  
	
  

Light	
  charged	
  par@cles	
  that	
  are	
  evaporated	
  from	
  the	
  compound	
  
nucleus	
  will	
  provide	
  the	
  temperature	
  in	
  mul@ple	
  ways.	
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The	
  Fusion	
  Reac@ons	
  
78Kr	
  +	
  12C	
  
86Kr	
  +	
  12C	
  
E/A	
  =	
  15,	
  25,	
  35	
  MeV	
  
	
  

E*/A	
  =	
  1.3	
  ,	
  2.0	
  MeV,	
  and	
  2.8	
  MeV	
  for	
  86Kr.	
  
For	
  78Kr,	
  ~10%	
  higher.	
  
	
  
(N-­‐Z)/A	
  =	
  0.070	
  and	
  0.163	
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P.	
  Cammarata	
  et	
  al.,	
  NIMA	
  792,	
  61	
  (2015)	
  
L.	
  Heilborn	
  et	
  al.,	
  ar@cle	
  in	
  prepara@on	
  

Experimental	
  
Configura@on	
  

FAUSTUPS	
  
Measure	
  Light	
  Charged	
  Par@cles	
  
Posi@on-­‐Sensi@ve	
  
ΔE,	
  E	
  à	
  Z,	
  A,	
  Energy	
  
1.6°	
  ≤	
  θ	
  ≤	
  45°	
  

Quadrupole	
  Triplet	
  Spectrometer	
  
Measure	
  Fusion-­‐Evapora@on	
  Residues	
  
Time-­‐Of-­‐Flight,	
  ΔE,	
  E	
  à	
  Velocity,	
  Energy,	
  Z,	
  A	
  
0.9°	
  ≤	
  θ	
  ≤	
  2.3°	
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3
2	
  

NIMROD-ISiS Array

•  Full Silicon Coverage (4π)

•  Isotopic Resolution to Z=17

•  Elemental Resolution to Zprojectile

•  Neutron Ball (4π)


S. Wuenschel et al., Nucl. Instrum. Methods. A604, 578–583 (2009) Z. Kohley, Ph.D Thesis, TAMU (2010) 

70Zn	
  +	
  70Zn	
  
64Zn	
  +	
  64Zn	
  
64Ni	
  +	
  64Ni	
  
E	
  =	
  35A	
  MeV	
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QP	
  Reconstruc@on	
  

Remove particles that do not 
belong (on average) to a 
statistically emitting projectile-
like source.


Compare laboratory parallel 
velocity of each particle to that of 
the heaviest charged particle 
measured in the event.


Steckmeyer et al., NPA 686, 537 (2001)
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Cut 1/3: 
Velocity
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QP	
  Reconstruc@on	
  
•  Mass	
  SelecHon	
  ConsideraHons	
  
•  Mass	
  close	
  to	
  beam	
  -­‐	
  well	
  defined	
  system	
  
•  Not	
  too	
  close	
  to	
  beam:	
  significant	
  E*,	
  overlap	
  of	
  target	
  and	
  

projec@le	
  
•  Sufficient	
  sta@s@cs	
  

Cut 2/3: QP Mass


Largest uncertainty in AQP: free neutron multiplicity 

•  Uncertainty in excitation

‣  relatively small (compared to results)

•  Uncertainty in asymmetry (N-Z)/A

‣  relatively small (compared to results)


Marini et al., NIMA 707, 80 (2013)
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QP	
  Reconstruc@on	
  

 


 


Select events with 
near-zero average 
momentum 
quadrupole.


prolate


oblate


spherical


(Velocity cut and Mass cut imposed)


S. Wuenschel, NPA 843, 1 (2010)

S. Wuenschel, Ph.D. Thesis, Texas A&M University, (2009)


Cut 3/3: Sphericity


Concept to select thermally equilibrated events:

Shape equilibration is slow relative to thermal equilibration.
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Excitation energy sharing is in reasonable 
agreement with previously published data:

~ 40% Charged particle KE

~ 40% Q value

~ 20% Neutrons


E*/A (MeV)

2
 4
 6
 8


Fr
ac

tio
n 

of
 E

*/
A


QP Identity


Lefort et al. PRC 64, 064603 (2001)

5-15 GeV/c Hadrons on Au
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Neutron	
  Measurement	
  

Marini et al., NIMA 707, 80 (2013)

Wada et al., PRC 69, 044610 (2004)


Efficiency εlab measured with a calibrated Cf source.

Simulations to determine efficiency εQP, εQT, εsim.


Efficiencies are model-independent (CoMD, HIPSE-SIMON).

Efficiencies are system-independent.
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Neutron	
  Uncertainty	
  

raw width: 5.36

width due to efficiency: < 2.1 (worst case)

efficiency: 9% effect


raw width: 5.36

width due to background: 1.8

efficiency: 6% effect


Net effect: we know the QP neutron multiplicity to within 11% (1σ).

Marini et al., NIMA 707, 80 (2013)
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Calcula@on	
  of	
  Neutron	
  Uncertainty	
  
We know the QP neutron multiplicity to within 11% (1σ).

How big is this?


For a source of 50 nucleons where 5 become free neutrons, the free 
neutrons contribute 0.97 MeV/nucleon to the excitation energy.



An uncertainty of 11% on the free neutron multiplicity corresponds 
to an uncertainty of 0.11 MeV/nucleon.



This uncertainty of 0.11 MeV/nucleon is significantly smaller than 
the spacing between even the closest caloric curves.


For a source of 50 nucleons where 5 become free neutrons, an 
error of 1 neutron corresponds to a 2σ variation.  It would require 
an error of 4σ to shift from one asymmetry bin to another.


ex
ci

ta
tio

n

as

ym
m

et
ry
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4
0	
  

Robust	
  Asymmetry	
  Dependence	
  

We vary the neutron kinetic energy to physically unrealistic extremes:

•  Neutron KE to 50%: slope ΔT/Δms decreases only to 75%

•  Neutron KE to 150%: slope ΔT/Δms increases only to 125%


➡  Some uncertainty in magnitude of the correlation, but not in its existence
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TARGET:	
  
If	
  target	
  is	
  too	
  small,	
  excita@on	
  energy	
  is	
  very	
  low	
  

	
  e.g.	
  Kr+p	
  gives	
  E*/A	
  below	
  1MeV,	
  even	
  at	
  Ebeam=35A	
  MeV	
  
If	
  target	
  is	
  too	
  large,	
  incomplete	
  fusion	
  is	
  very	
  incomplete	
  

	
  e.g.	
  in	
  Kr+Al,	
  the	
  zinc	
  fuses	
  with	
  less	
  of	
  the	
  aluminum	
  target	
  than	
  Kr+C	
  
Target	
  of	
  12C	
  is	
  good	
  compromise	
  

	
  Kr+C	
  at	
  15,25,35A	
  MeV	
  fuses	
  with	
  more	
  than	
  half	
  of	
  the	
  target	
  
	
  Reaches	
  nearly	
  E*/A	
  =	
  3MeV	
  

	
  
PROJECTILE:	
  
If	
  projec@le	
  is	
  too	
  heavy,	
  E*/A	
  will	
  be	
  low,	
  cyclotron	
  limita@on	
  

	
  e.g.	
  Sn+C:	
  Sn	
  max	
  energy	
  around	
  15A	
  MeV	
  à	
  E*/A	
  =	
  1.2MeV	
  
If	
  projec@le	
  is	
  too	
  light,	
  compound	
  nucleus	
  lighter	
  than	
  I’d	
  like	
  

	
  e.g.	
  Ar+CàCr	
  (A=48)	
  is	
  not	
  terrible,	
  but	
  larger	
  A	
  is	
  beher	
  to	
  study	
  caloric	
  curve	
  
	
  
ASYMMETRY:	
  
Choose	
  combina@on	
  with	
  large	
  range	
  in	
  (N-­‐Z)/A	
  
78Kr	
  +	
  8Be	
  à	
  86Zr 	
   	
  (8Be	
  is	
  2/3	
  of	
  12C	
  target)	
  
86Kr	
  +	
  8Be	
  à	
  94Zr	
  
à  (N-­‐Z)/A	
  =	
  0.070	
  and	
  0.163	
  
	
  
BEAM	
  ENERGY:	
  
@	
  15,	
  25,	
  35	
  A	
  MeV	
  
à	
  E*/A	
  =	
  1.3	
  MeV,	
  2.0	
  MeV,	
  and	
  2.8	
  MeV	
  for	
  86Kr	
  beam.	
  For	
  78Kr,	
  ~10%	
  higher.	
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Upgrade	
  to	
  excellent	
  posi@on	
  resolu@on.	
  
Retain	
  excellent	
  energy	
  and	
  isotopic	
  resolu@on	
  

FAUSTUPS	
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Quadrupole	
  Triplet	
  Spectrometer	
  Provides	
  {Z,	
  A,	
  E,	
  V}	
  using,	
  {TOF,	
  ΔE,	
  E}	
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0.0%	
  

2.0%	
  

4.0%	
  

6.0%	
  

8.0%	
  

10.0%	
  

12.0%	
  

0.0000	
   0.0500	
   0.1000	
   0.1500	
   0.2000	
   0.2500	
  

Even	
  if	
  you	
  pick	
  up	
  every	
  possible	
  number	
  of	
  neutrons	
  and	
  protons	
  with	
  
equal	
  probability,	
  the	
  asymmetries	
  of	
  the	
  compound	
  nuclei	
  for	
  the	
  86Kr	
  and	
  
78Kr	
  systems	
  are	
  s@ll	
  well	
  separated.	
  

compound	
  nucleus	
  asymmetry	
  ((N-­‐Z)/A)	
  

78Kr+C	
   86Kr+C	
  

Ab
un

da
nc
e	
  

This	
  is	
  combinatorics	
  only.	
  Physics	
  may	
  narrow	
  the	
  distribu@ons	
  since	
  many	
  of	
  
these	
  cases	
  don’t	
  occur	
  and	
  some	
  others	
  will	
  be	
  filtered	
  out	
  by	
  the	
  triplet.	
  The	
  
distribu@ons	
  may	
  shin	
  toward	
  each	
  other	
  if	
  the	
  78Kr	
  prefers	
  to	
  pick	
  up	
  neutrons	
  
and	
  the	
  86Kr	
  prefers	
  to	
  pick	
  up	
  protons.	
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If	
  the	
  78Kr	
  prefers	
  5	
  neutron	
  +	
  3	
  proton	
  
pickup	
  and	
  the	
  86Kr	
  prefers	
  3	
  neutron	
  +	
  5	
  
proton	
  pickup,	
  then	
  the	
  central	
  asymmetry	
  
of	
  the	
  two	
  systems	
  will	
  s@ll	
  be	
  separated	
  in	
  
asymmetry.	
  
	
  
A	
  difference	
  of	
  6/2	
  vs	
  2/6	
  will	
  actually	
  
switch	
  the	
  asymmetries	
  of	
  the	
  systems.	
  	
  

0.0%	
  

2.0%	
  

4.0%	
  

6.0%	
  

8.0%	
  

10.0%	
  

12.0%	
  

0.0000	
   0.0500	
   0.1000	
   0.1500	
   0.2000	
   0.2500	
  

beam	
   pickup	
   compound	
  nucleus	
  
	
  	
   Z	
   A	
   N	
   ΔZ	
   ΔN	
   Z	
   N	
   A	
   delta	
  

78Kr	
   36	
   78	
   42	
   2	
   6	
   38	
   48	
   86	
   0.116	
  
78Kr	
   36	
   78	
   42	
   3	
   5	
   39	
   47	
   86	
   0.093	
  
78Kr	
   36	
   78	
   42	
   4	
   4	
   40	
   46	
   86	
   0.070	
  
78Kr	
   36	
   78	
   42	
   5	
   3	
   41	
   45	
   86	
   0.047	
  
78Kr	
   36	
   78	
   42	
   6	
   2	
   42	
   44	
   86	
   0.023	
  
86Kr	
   36	
   86	
   50	
   2	
   6	
   38	
   56	
   94	
   0.191	
  
86Kr	
   36	
   86	
   50	
   3	
   5	
   39	
   55	
   94	
   0.170	
  
86Kr	
   36	
   86	
   50	
   4	
   4	
   40	
   54	
   94	
   0.149	
  
86Kr	
   36	
   86	
   50	
   5	
   3	
   41	
   53	
   94	
   0.128	
  
86Kr	
   36	
   86	
   50	
   6	
   2	
   42	
   52	
   94	
   0.106	
  

Is	
  it	
  true	
  that	
  (ΔZ-­‐ΔN)86	
  >	
  -­‐2?	
  
Is	
  is	
  also	
  true	
  that	
  (ΔZ-­‐ΔN)88	
  <	
  2?	
  
Cluster	
  structure	
  of	
  12C	
  to	
  the	
  rescue!...	
  !	
  

PreferenHal	
  nucleon	
  pickup	
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Velocity	
  distribu@on	
  of	
  fusion-­‐evapora@on	
  
residues	
  measured.	
  
	
  
The	
  velocity	
  distribu@ons	
  indicate	
  that	
  on	
  average	
  
about	
  8	
  of	
  the	
  12	
  nucleons	
  of	
  the	
  target	
  fuse	
  with	
  
the	
  heavy	
  projec@le.	
  

86Kr	
  +	
  C	
  @	
  35A	
  MeV	
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Velocity	
  distribu@on	
  of	
  fusion-­‐evapora@on	
  
residues	
  measured.	
  
	
  
The	
  velocity	
  distribu@ons	
  indicate	
  that	
  on	
  average	
  
about	
  8	
  of	
  the	
  12	
  nucleons	
  of	
  the	
  target	
  fuse	
  with	
  
the	
  heavy	
  projec@le.	
  

86Kr	
  +	
  C	
  @	
  35A	
  MeV	
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Bohne	
  et	
  al	
  PRC	
  41	
  R5	
  (1990)	
  

	
  
using	
  cos	
  =	
  1,	
  and	
  having	
  8	
  nucleon	
  pickup	
  from	
  the	
  carbon,	
  and	
  neglec@ng	
  Q:	
  
e*	
  =	
  (1/2)(vp-­‐vr)vr	
  +	
  (1/2)(4/94)(vp-­‐vt’)vt’	
  
	
  
if	
  vt’	
  =	
  0:	
  
e*	
  =	
  (1/2)(vp-­‐vr)vr	
  =0.5*(0.2666-­‐0.2453)(0.2453)	
  =	
  0.00401	
  c^2	
  
	
  
if	
  vt’	
  =	
  vr:	
  
e*	
  =	
  (1/2)(vp-­‐vr)vr	
  *	
  (	
  1+	
  (4/94)	
  )	
  =	
  0.00418	
  c^2	
  
That’s	
  (obviously)	
  a	
  rela@ve	
  difference	
  of	
  4/94	
  =	
  4.3%	
  in	
  the	
  excita@on	
  energy	
  
for	
  the	
  two	
  extreme	
  cases	
  of	
  pre-­‐equilibrium	
  at	
  rest	
  and	
  pre-­‐equilibrium	
  at	
  residue	
  velocity.	
  
	
  
BUT	
  cos=1	
  is	
  not	
  good.	
  cosθt	
  can	
  be	
  much	
  smaller	
  than	
  1.	
  Extreme	
  is	
  if	
  vp.cosθt	
  =	
  vr.	
  
This	
  also	
  makes	
  the	
  term	
  zero.	
  There	
  will	
  be	
  a	
  maximum	
  around	
  vt’	
  =	
  0.5	
  cosθt	
  vp.	
  
then	
  if	
  vt’=0:	
  
e*	
  =	
  (1/2)(vp-­‐vr)vr	
  +	
  (1/2)(4/94)(cosθt	
  vp	
  –	
  vt’)vt’	
  =	
  0.5*(0.2666-­‐0.2453)(0.2453)	
  =	
  0.00401	
  c^2	
  
or	
  if	
  vt’	
  =	
  0.5	
  cosθt	
  vp:	
  
e*	
  =	
  (1/2)(vp-­‐vr)vr	
  +	
  (1/2)(4/94)(cosθt	
  vp	
  –	
  vt’)vt’	
  =	
  0.00401	
  	
  +	
  (1/2)*(4/94)	
  vt’^2	
  

e*	
  =	
  0.00401	
  +	
  0.000378	
  =	
  0.00439.	
  This	
  is	
  a	
  9%	
  effect.	
  
	
  

What	
  if	
  the	
  un-­‐fused	
  part	
  of	
  the	
  
target	
  gets	
  dragged	
  along	
  some?	
  


