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How Much Cooler Would It Be
With Some More Neutrons?



Asymmetry Dependence of 
the Nuclear Caloric Curve

• Nuclear Caloric Curve: Background & Motivation

• The Measurement: Reconstructing Highly Excited 
Nuclei & Extracting Their Temperatures

• Results: Temperature Decreases Linearly with 
Increasing Asymmetry
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Nuclear Equation of State and 
Nuclear Phase Diagram

3

★ Heavy Ion Collisions at All Energies
★ Nuclear Structure (e.g. Resonances)
★ Supernovae, Nucleosynthesis
★ Neutron Stars (Crust to Core)

➡ n-p Asymmetry Crucial

Figure: Ketel Turzo, Ph.D. Thesis, Universite Lyon (2002)

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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Asymmetry
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Nuclear Caloric Curve

Pochodzalla et al. PRL 75, 1040 (1995)

• Essential Piece of Nuclear 
Equation of State: T vs E*/A

• Search for & Study of  
Phase Transition
– Liquid to Vapor
– Evaporation to 

Multifragmentation
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Nuclear Caloric Curve: Mass Dependence

Natowitz et al., PRC 65, 034618 (2002)
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With increasing mass:
• Limiting temperature decreases
• Onset of Tlim moves to lower 

Excitation energy
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mass
dependence

asymmetry
dependence Mass Dependence of the 

caloric curve is measured.

Asymmetry Dependence:
• Does it exist?
• Which way does it go?
• How strong is it?

http://en.wikipedia.org/wiki/File:NuclideMap_stitched_small_preview.png

Caloric Curve: Asymmetry Dependence?
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Thermal Thomas-Fermi Model
Kolomietz et al,
Phys. Rev. C 64, 024315 (2001)

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

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

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

Statistical Multifragmentation Model
Ogul & Botvina, Phys. Rev. C 66, 
051601 (2002)

Caloric Curve: Asymmetry Dependence?
Different models make very different predictions about how 
the caloric curve depends on neutron-proton asymmetry

Theory

Neutron-rich
àHigher T

Neutron-rich
à Lower T

n-Rich

n-Poor

n-Rich
n-Poor

n-Rich

n-Poor

n-Rich
n-Poor

n-Poor n-Rich
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Non-observation:
Selection was on system composition.

Should use reconstructed-source composition.

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

Experiment

E = 600A MeV

Slight offset of neutron-rich system, 
but not statistically significant

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

Caloric Curve: Asymmetry Dependence?

E = 35A MeV

8

System
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NIMROD-ISiS Array
• Full Silicon Coverage (4π)
• Isotopic Resolution to Z=17
• Elemental Resolution to Zprojectile
• Neutron Ball (4π)

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

S. Wuenschel et al., Nucl. Instrum. Methods. A604, 578–583 (2009)
9

Z. Kohley, Ph.D Thesis, TAMU (2010)
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Exciting Nuclear Matter

The QP (quasi-projectile) is the 
primary excited fragment that 
exists momentarily after the 
nuclear collision

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

• We use heavy ion collisions to 
create excited nuclear material

• From the reaction products, we 
reconstruct the QP

Target &
Projectile

1

Quasi-Target &
Quasi-Projectile

32

Non-Central
Collision

4

De-excitation via 
particle decayExcited!

Expanded!
Density Gradients!
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Goal: select events with an equilibrated source

1. Select particles that may comprise the QP
✦ Velocity selection
✦ Charged particles & free neutrons
✦ Calculate Z, A, p, E* & asymmetry=ms=(N-Z)/A

2. Select mass (range) of QP

3. Select on-average spherical events

QP Reconstruction

11
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QP Reconstruction
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) Pr
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Cut 1/3: 
Velocity

Z = 1 : 0.35  vz

vz,PLF
 1.65

Z = 2 : 0.40  vz

vz,PLF
 1.60

Z � 3 : 0.55  vz

vz,PLF
 1.45
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48  AQP  52

QP Reconstruction
Mass Selection Considerations

• Mass close to beam - well defined system
• Not too close to beam: significant E*, overlap of target 

and projectile
• Sufficient statistics

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)

m
source

=
N

QP

� Z
QP

A
QP
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QP Reconstruction

 

 

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

14
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Concept to select thermally equilibrated events:
Shape equilibration is slow relative to thermal equilibration.



Mn =
Mmeas �Mbkg 

✏QP +
NT

NP
✏QT

! 
✏lab
✏sim

!

Neutron Measurement

Marini et al., NIMA 707, 80 (2013)
Wada et al., PRC 69, 044610 (2004)

Mmeas = (✏QPMQP + ✏QTMQT)

✓
✏lab
✏sim

◆
+Mbkg

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.

15
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QP Identity
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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

represent our final adopted protocol for reconstruction, the
principal elements of which are !1" the total measured
charged-particle kinetic energies; !2" the thermal-cutoff-
energy definition of Eqs. !4" and !5"; !3" the neutron-charged
particle correlations of Ref. #12$, and !4" the average neutron
kinetic energies of the SMM model #37$. The top frames of
Fig. 11 show that for E*/A!3 MeV, light-charged particles
and neutrons account for over half of the excitation energy,
contributing nearly constant shares: 30% for LCPs and 20–
25% for neutrons. Over the same excitation-energy range,
the IMF share increases from about 5 to 15%; i.e., the IMFs
make only a minor contribution to the total E*.
When the relative contributions of the total-particle

kinetic-energy sum and Q value are examined !bottom frame
of Fig. 11", similar systematics are observed as a function of
E*/A . About 60–65% is due to the kinetic-energy sum and
35–40% to the Q values. Whereas the IMF kinetic-energy
contribution is small, these fragments do play an important
role in defining the fragment charge distribution within an
event, necessary for the Q-value calculation. In summary,
Fig. 11 indicates that for E*/A!5 MeV, where the onset of
multifragmentation is expected to occur, the ratios of the
major contributions remain relatively constant, suggesting
the reconstruction procedure is not being dominated by cor-
relations other than the conservation of energy.
The maximum excitation energy that GeV/c hadrons can

deposit in target nuclei is an important issue if one wants to
study processes at the highest excitation energies. In order to
determine this maximum value, one has to take into account
two points. First of all, events with a total charge greater than
the initial source charge are overcorrected due to detector
efficiency and, therefore, lead to overestimated excitation en-

ergy. The effect of overcorrection is negligible below E*/A
"10 MeV. Reconstructed events with Z th#Zs ($0.01%)
have been removed in the experimental excitation energy
distribution shown in Fig. 12, where a detailed analysis of
the tail of the distribution is performed.
The second source of overestimation is the dispersion in-

volved in the excitation-energy calculation due to detector
inefficiency and neutron assumptions. For the bulk of the
excitation-energy distribution the overestimated E* coming
from lower true E* and underestimated E* coming from
higher true E* cancel each other. The estimate of excitation
energy is, therefore, correct on average. On the other hand, in
the tail of the distribution there are fewer events at high
excitation energy than at low excitation energy. The average
effect doesn’t hold anymore and one observes a systematic
overestimate of excitation energy.
In order to estimate the magnitude of this overestimate,

one can convolute a given true excitation energy distribution
assuming Gaussian-like fluctuations. In the top panel of Fig.
12, the average and the width of each Gaussian correspond,
respectively, to the excitation energy bin value and the stan-
dard deviation extracted from the model comparisons in Fig.
10. The shape of the unconvoluted excitation-energy distri-
bution, the thick plain line in Fig. 12, is chosen in order to
give a convoluted distribution similar to the experimental

FIG. 11. Relative share of excitation energy for various compo-
nents of the reconstruction procedure #Eq. !1"$ as a function of
E*/Asrc . Top frame: light-charged particle kinetic energy !solid
squares", neutron kinetic energy !open circles", and IMF kinetic
energy !open triangles". Bottom frame: total particle kinetic energy
!open circles" and Q values !solid squares" FIG. 12. Top panel: unconvoluted excitation-energy distribution

and individual Gaussians of convolution, as indicated in the figure.
Middle panel: convoluted !light gray curve", unconvoluted !dark
gray", and experimental !filled circles" excitation-energy distribu-
tions. Distributions are normalized to the experimental values at
E*/A"4 MeV. The dotted line denotes E*/Asrc probabilities that
account for the last 1% of the events. Bottom panel: ratio of the
unconvoluted-to-convoluted distribution as a function of excitation
energy per nucleon.

T. LEFORT et al. PHYSICAL REVIEW C 64 064603

064603-10
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Reconstructed QP

17

Target &
Projectile

1

Quasi-Target &
Quasi-Projectile

32

Non-Central
Collision

4

De-excitation via 
particle decayExcited!

Expanded!
Density Gradients!

• We have reconstructed the QP
– E*/A, Asymmetry (n-p)

• We have thermometers to 
measure its temperature

• What can we learn?
McIntosh, NuSym13



Reconstructed QP

17

Target &
Projectile

1

Quasi-Target &
Quasi-Projectile

32

Non-Central
Collision

4

De-excitation via 
particle decayExcited!

Expanded!
Density Gradients!

• We have reconstructed the QP
– E*/A, Asymmetry (n-p)

• We have thermometers to 
measure its temperature

• What can we learn?
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Thermometer: MQF

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

 

 

 

If f(p) is a Maxwell-Boltzmann distribution

The quadrupole momentum distribution

Contains information on the 
temperature through its fluctuations

Momentum Quadrupole
Fluctuation Temperature

18
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Asymmetry Dependent Temperature

Larger Asymmetry
à Lower 

Temperature

> 1 MeV shift!

Evenly Spaced

Neu
tro

n-
poo

r

Neu
tro

n-
ric

h

• 48 ≤ AQP ≤ 52
• 5 narrow asymmetry binsMQF Thermometer, Protons as Probe

19
McIntosh, NuSym13



Importance of Reconstruction

Larger Asymmetry
à Lower Temperature
Observed either way, but…

Asymmetry of Isotopically
Reconstructed Source

Asymmetry of Initial System

Much more pronounced
for selection on
source composition

Each system:
Broad range of asymmetry

20
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Excitation Independence

Larger Asymmetry
à Lower Temperature

Temperature shift does
not show a trend
with excitation.

4 of 10 pairwise 
differences 
shown

Horizontal lines indicate averages

21
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Quantifying Asymmetry Dependence

• Increasing ms
à lower temperature

• Linear relationship
• Quantitative: change of 0.15 units of ms 

corresponds to a temperature decreased by 1.1 MeV
22

sm6
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

T 
(M

eV
)

6

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

 

McIntosh, NuSym13



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
23
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Do other probes of the temperature 
measure an asymmetry dependence?

24

Asymmetry Depenence
MQF Protons

McIntosh, NuSym13



Caloric Curves for LCPs:
Dependence on Asymmetry

For All LCPs:
Larger Asymmetry
à Lower Temperature

Temperature shift 
does not show a trend 
with excitation 25
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Asymmetry Dependence of Temperature

26

sm6
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

T 
(M

eV
)

6

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

McIntosh, NuSym13

Change of 4 protons at A≈50



Asymmetry Dependence of Temperature

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

26
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Temperatures Using Heavier Probes
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Larger Asymmetry
à Lower Temperature
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Asymmetry Dependence of Temperature
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Systematic study of the symmetry energy within the approach of the
statistical multifragmentation model

P. Marini,1,* A. Bonasera,1,2 G. A. Souliotis,1,3 P. Cammarata,1,4 S. Wuenschel,1,4 R. Tripathi,1,5 Z. Kohley,1,4,† K. Hagel,1

L. Heilborn,1,4 J. Mabiala,1 L. W. May,1,4 A. B. McIntosh,1 and S. J. Yennello1,4

1Cyclotron Institute, Texas A&M University, College Station, Texas-77843, USA
2Laboratori Nazionali del Sud, INFN, via Santa Sofia, 62, 95123 Catania, Italy

3Laboratory of Physical Chemistry, Department of Chemistry, National and Kapodistrian University of Athens, 15771 Athens, Greece
4Chemistry Department, Texas A&M University, College Station, Texas 77843, USA

5Radiochemistry Division, Bhabha Atomic Research Center, Mumbai, India
(Received 13 May 2012; revised manuscript received 13 December 2012; published 8 February 2013)

A systematic study on the effect of secondary decay on the symmetry energy coefficient extracted by isoscaling
and the recently proposed isobaric yield ratio methods within the statistical multifragmentation model (SMM)
is performed. The correlations between the input symmetry energy coefficients and the calculated ones from
both primary and secondary fragment yields are analyzed. Results for secondary fragments show that the best
estimation of the input symmetry energy coefficient within SMM is obtained by the isoscaling method, using the
yields of light fragments. A comparison to experimental results is also presented.

DOI: 10.1103/PhysRevC.87.024603 PACS number(s): 21.65.Ef, 24.10.Pa, 25.70.Mn

Theoretical predictions [1] suggest that information on the
symmetry energy term of the nuclear equation of state can be
extracted from the isotopic distributions of primary fragments
produced in multifragmentation reactions. However, quanti-
tative information is difficult to extract as most fragments,
produced in excited states [2,3], decay to lighter stable isotopes
on a typical time scale of ∼10−20 s [4], before being detected.
These latter fragments are commonly referred to as secondary
fragments. Previous work has evaluated the excitation energies
of primary fragments [2,3] and indicated that secondary decay
may distort the signatures of the symmetry energy contained in
primary fragment observables [5,6]. It is therefore important to
study model predictions for observables that can be calculated
for both primary and secondary fragments.

A systematic study on the effect of the secondary decay
as predicted by the statistical multifragmentation model
(SMM) [7] is presented in this report, with particular emphasis
on the comparison between the recently proposed isobaric
yield ratio method [8] and the well-known isoscaling [6,9–13].
To ascertain the degree of confidence that can be obtained
in experimental results, the correlation between input values
and the quantities that can be extracted from secondary
fragments was established. A comparison of SMM predictions
to experimental data measured in 78, 86Kr + 58, 64Ni reactions
at 35 MeV/nucleon with the Neutron Ion Multidetector for
Reaction Oriented Dynamics (NIMROD) - Indiana Silicon
Sphere (ISiS) array [14] is also presented.

Isoscaling parameters deduced from isotopic yields mea-
sured in two similar reactions with different isotopic compo-
sition are commonly used observables [11,15,16] to access
the symmetry energy in heavy-ion collisions. The statistical

*Present address: Grand Accélérateur National d’Ions Lourds,
14076 Caen, France; pmarini@comp.tamu.edu

†Present address: National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA.

interpretation of isoscaling links the isoscaling parameter α
to the symmetry energy coefficient Csym of the equation of
state [11,15,17]:

α =
4Csym(ρ)

T

[(
Z

A

)2

1
−

(
Z

A

)2

2

]

= 4
Csym(ρ)

T
#, (1)

where T is the temperature of the two fragmenting sources,
# = [(Z

A
)2
1 − (Z

A
)2
2] and the (Z/A)i values correspond to the

proton fraction of the n-poor (i = 1) and n-rich (i = 2)
sources, respectively [11,15]. Other definitions of the quantity
# have been recently suggested [18,19], which take into
account the fragment isotopic composition rather than the
source composition. However, the debate on the proper choice
of # is still open. In this work, we will restrict ourselves
to the # definition suggested in Refs. [11,15], which is the
one first used for the statistical interpretation of the isoscaling
parameters.

The isobaric yield ratio method, recently proposed in
Ref. [8], allows one to extract Csym from the yield ratio of two
pairs of isobars, A, produced by the same reaction systems:

Csym

T
≈ −A

8
ln[R(3, 1, A)] − ln[R(1,−1, A)] − δ(3, 1, A)

(2)

where R(3, 1, A) and R(1,−1, A) are the ratio of the yields
of isobars A, with N − Z = 3, 1 and 1, −1, respectively. The
quantity δ(3, 1, A) is the difference in the mixing entropies of
isobars A, with N − Z = 3, 1 and can be neglected [8].

In this work the SMM model [7] was used to simulate
the statistical fragmentation of sources corresponding to
the Kr projectile in the reaction systems 78Kr + 58Ni and
86Kr + 64Ni [20] that were experimentally measured. This will
allow the comparison of simulated and experimental data.
The version of SMM used for the calculation is the one
described in Refs. [21,22]. The breakup density was chosen
to be ρ = ρ0/6 [10]. The input symmetry energy coefficient

024603-10556-2813/2013/87(2)/024603(6) ©2013 American Physical Society

ms(112Sn) = 0.107
ms(124Sn) = 0.194
Δms(Sn) = 0.087
->  ΔT = 0.5-1.5 MeV

Access to Csym through 
isoscaling: what is T?

In the interpretation of isoscaling, understanding 
the asymmetry dependence of nuclear 
temperatures should be another consideration in 
addition to secondary decay, and definition of Δ.
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Asymmetry Dependence
MQF Protons
MQF Deuterons
MQF Tritons
MQF Helion
MQF Alphas
MQF 7-Li
MQF 9-Be

Do other thermometers measure an 
asymmetry dependence?

McIntosh, NuSym13



R =
Y(d)/Y(t)

Y(h)/Y(↵)
R =

Y(6Li)/Y(7Li)

Y(h)/Y(↵)

Traw =
14.3MeV

ln(1.59R)
Traw =

13.3MeV

ln(2.18R)

T =
1

1

Traw
� 0.0097

T =
1

1

Traw
+ 0.0051

Albergo Thermometer

Account for 
binding energy 
differences
and spin-
degeneracies

~3% correction
for secondary 
decay

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

Double 
yield ratio

31

H/He Li/He
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Albergo Temperature: Asymmetry Dependent
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Larger Asymmetry
à Lower Temperature

32

Temperature is smaller 
than for MQF.
(Chemical vs Kinetic)

Asymmetry dependence 
is smaller than MQF.
(Lower Temperatures)

Key point:
Asymmetry dependence 
is clearly observed
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Stronger dependence for MQF than for Albergo
• Smaller value of temperature for Albergo than MQF
• Different methods (chemical vs kinetic)

Larger Asymmetry
à Lower Temperature

Linear Relation
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Asymmetry Dependence
MQF Protons
MQF Deuterons
MQF Tritons
MQF Helion
MQF Alphas
MQF 7-Li
MQF 9-Be
Albergo H/He
Albergo Li/He

Do any other thermometers measure 
an asymmetry dependence?

McIntosh, NuSym13
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Kinetic Energies in the QP frame
θ < 90 degrees

Alpha Particles
E*/A = 2.5 MeV
0.12 < ms < 0.16

Maxwell-Boltzmann with 
Diffuse Barrier

B: barrier parameter
D: diffuseness parameter

Alpha Particles
E*/A = 6.5 MeV
0.12 < ms < 0.16
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Larger Asymmetry
à Lower Temperature

Key point:
Asymmetry dependence 
is clearly observed
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Larger Asymmetry
à Lower Temperature

Linear Relation
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MQF Protons
MQF Deuterons
MQF Tritons
MQF Helion
MQF Alphas
MQF 7-Li
MQF 9-Be

Albergo H/He
Albergo Li/He

Slope Protons
Slope Deuterons
Slope Tritons
Slope Helions
Slope Alphas

McIntosh, NuSym13

MQF

Albergo

Slope

Q: How Much Cooler Would It Be 
With Some More Neutrons?

A: Depends on the thermometer,
but it would be cooler.



SUMMARY & OUTLOOK
• Isotopically reconstructed QP sources
• Three methods, multiple probes                                     

à 14 ways total to extract temperature
• All 14 temperature probes show a dependence of the 

caloric curve on the asymmetry
• Neutron Rich à Lower Temperature

– Linear relationship
• Source composition matters, not system

• High-statistics CoMD calculation underway
• 3 equations of state (asy-soft, -stiff, -superstiff) 
• Investigate sensitivity of the caloric curve to the EOS in 

the model calculations.
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tron multiplicity within less than 1.5 neutrons. Therefore,
this method is reasonably accurate and sufficiently precise
as to allow for the study of well-defined QP sources. Nev-
ertheless, the width of the distribution of the raw number
of QP-emitted neutrons for each value of the calculated
multiplicity of QP-assigned neutrons introduces an uncer-
tainty into the determination of the QP composition. In
any analysis, the impact of such uncertainty on the results
should be taken into account.
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Figure 7: (Color online) Multiplicity of QP-emitted neutrons
(Mraw

QPn
) versus multiplicity of free neutron assigned to the recon-

structed QP, NQP , according to Eq.1, for the 70Zn+70Zn. (a.
HIPSE-SIMON and b. CoMD calculations)

4. Experimental QP neutron distributions

As an example, the described criteria for assigning de-
tected free neutrons to the QP fragmenting source was
applied to experimental data on 70Zn+70Zn, 64Ni+64Ni
and 64Zn+64Zn measured with the 4π NIMROD-ISiS array
described in Sec.2.1. The QP source was reconstructed,
event-by-event, applying sequencially the VCut, the SumZ
(the total detected charge was required to be within 25
and 30), and the QCut to the data. To be applied to

NQP 〈M raw
QPn

〉 σ(M raw
QPn

) 〈M raw
QPn

〉 σ(M raw
QPn

)
HIPSE COMD

0 1.46 1.10 0.51 0.74
1 2.13 1.21 1.47 1.08
2 3.02 1.64 2.69 1.34
3 3.67 1.68 3.76 1.58
4 4.06 1.75 4.66 1.78
5 4.72 1.88 5.88 2.03
6 5.28 1.97 6.81 2.16
7 5.94 2.04 8.44 2.52
8 6.59 2.14 9.61 2.49
9 − − 10.63 2.73
10 − − 11.58 2.65
11 − − 12.49 2.77

Table 4: Average (〈Mraw
QPn

〉) and σ of the QP-emitted neutron multi-
plicity distribution, plotted in Fig.7, for each value of reconstructed
QP neutron multiplicity (NQP ) for HIPSE-SIMON and CoMD sim-
ulated data.
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Figure 8: (Color online) Reconstructed experimental QP neutron
multiplicity as given by Eq.1, for the 70Zn+70Zn, 64Ni+64Ni and
64Zn+64Zn systems.

experimental data, Eq. 1 needs to be modified as:

NQP =
Ndet − Nbackground

(εQP − NT

NP
εQT ) εCf

εCfGEANT

. (6)

The measured neutron multiplicity (Ndet) is corrected for
the measured background multiplicity (Nbackground), which
is determined using the gating system discussed in Sec.
2.1.

The εCf /εCfGEANT term is the ratio of the efficiencies
for a 252Cf source positioned at the target position de-
termined during the experimental campaign (εCf ) and by
the GEANT-3 simulation (εCfGEANT ), described in Sec.
3. Indeed the GEANT-3 simulation, on which the exper-
imental filter is based, predicts a smaller number of neu-
trons to be detected with respect to the experimental one.
This is due to a not perfect reproduction of all the pro-
cesses involved in the neutron detection in the simulation.
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experimental data, Eq. 1 needs to be modified as:
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The measured neutron multiplicity (Ndet) is corrected for
the measured background multiplicity (Nbackground), which
is determined using the gating system discussed in Sec.
2.1.

The εCf /εCfGEANT term is the ratio of the efficiencies
for a 252Cf source positioned at the target position de-
termined during the experimental campaign (εCf ) and by
the GEANT-3 simulation (εCfGEANT ), described in Sec.
3. Indeed the GEANT-3 simulation, on which the exper-
imental filter is based, predicts a smaller number of neu-
trons to be detected with respect to the experimental one.
This is due to a not perfect reproduction of all the pro-
cesses involved in the neutron detection in the simulation.
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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)



Calculation of Neutron Uncertainty
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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.
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