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ABSTRACT 

 
Symmetry Energy and the Isoscaling Properties of the Fragments in Multifragmentation 

of 40Ca+58Ni, 40Ar+58Ni and 40Ar+58Fe Reactions.  (May 2007) 

Jennifer Ann Iglio, B.S., Texas A&M University 

Chair of Advisory Committee: Dr. Sherry Yennello 
 
 

 The symmetry energy and the isoscaling properties of the fragments produced in 

multifragmentation of 40Ar, 40Ca + 58Fe, 58Ni reactions at 25, 33, 45 and 53 

MeV/nucleon were investigated within the framework of a statistical multifragmentation 

model. The isoscaling parameter, α from the hot primary and cold secondary fragment 

yield distributions, was studied as a function of the excitation energy, isospin (neutron-

to-proton asymmetry), and fragment symmetry energy.   

Through changing the symmetry energy in the statistical multifragmentation 

model to describe the experimental data, it is observed that the isoscaling parameter α 

decreases with increasing excitation energy and decreases with decreasing symmetry 

energy.  The parameter α is also observed to increase with increasing difference in the 

isospin of the fragmenting system.  The sequential decay of the primary fragments into 

secondary fragments show very little influence on the isoscaling parameter when studied 

as a function of excitation energy.  However, the symmetry energy has a strong 

influence on the isospin properties of the hot fragments.  The results indicate that the 

isospin properties of the fragments produced at high excitation energy and reduced 

density in multifragmentation reactions are sensitive to the symmetry energy, indicating 
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that the properties of hot nuclei at excitation energies, densities, and isospin away from 

normal ground state nuclei are significantly different than those of normal (cold) nuclei 

at saturation density. 
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INTRODUCTION 

 

The possibility of creating nuclear matter that is dilute and extremely asymmetric 

(large neutron-to-proton ratio) using beams of neutron-rich nuclei in a laboratory has 

generated tremendous interest in the Nuclear and Astrophysics community.  Due to its 

varied applications, the experimental and theoretical efforts in the last decade or so have 

focused primarily on investigating the role of the isospin degree of freedom at non-

normal nuclear density.  Normal nuclear matter is nearly symmetric (similar number of 

neutrons and protons) and found at densities close to the saturation density            

(ρ≈0.17 fm-3).  Most of the current knowledge on the properties of nuclear matter has 

been gathered by studying finite nuclei that are symmetric in isospin (N≈Z), cold      

(T~0 MeV) and found at normal nuclear density (ρ≈0.17 fm-3).  It is not known how 

these properties change at densities, temperatures and isospin away from normal nuclear 

matter.  Such matter is known to be routinely produced in an astrophysical environment.  

It is therefore important to have a clear understanding of the isospin properties of matter, 

to be able to explain important astrophysical phenomena, and for testing the validity of 

theoretical models.  In order to achieve this, it is necessary to study the behavior of 

nuclear matter under different conditions of temperature, pressure and volume (density), 

and detail the functional dependence between these quantities, represented in the form of 

the nuclear Equation of State. 

______________ 
This thesis follows the style of Physical Review C. 
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Current theoretical models show a large uncertainty in the equation of state of 

asymmetric nuclear matter.  Figure 1 shows the various forms of the nuclear equation of 

state predicted by the microscopic calculations for the symmetric and pure neutron 

matter. 

 

 

 

 

     FIG. 1.  Nuclear equation of state for symmetric nuclear matter and pure neutron 
matter as predicted by various microscopic calculations  [1]. 
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The equation of state is largely unconstrained above and below the saturation 

density ρo.  The nuclear equation of state of isospin asymmetric nuclear matter can be 

written in a parabolic approximation by 

 

 2)()0,(),( δρδρδρ symEEE +==     (1.1) 
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pn

ρρ
ρρ

δ
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where the first term in the Eq. (1.1) is the symmetric nuclear matter energy and the 

second term is the asymmetry energy.  The quantity )(δsymE  is the symmetry energy, 

which is defined as the energy difference between the pure neutron matter and the 

symmetric nuclear matter.  Eq. (1.2) is the isospin asymmetry of nuclear matter, where, 

where nρ  is the neutron density and pρ  is the proton density.  There exists a large 

uncertainty in the density dependence of the symmetry energy above and below 

saturation density due to the unconstrained nature of the nuclear matter equation of state.  

This is shown in figure 2, where various forms of the density dependence of the 

symmetry energy have been predicted by the microscopic calculations.  In  general, there 

are two different forms of the density dependence of the symmetry energy that have 

been predicted.  The first is the “stiff” form, where the symmetry energy steadily 

increases as the density increases.  The second is a “soft” form where, the symmetry 

energy increases initially as density increases and then starts to decrease at higher 
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densities.  Constraining the form of symmetry energy is important in the modeling of 

supernova collapse and studying the structure of neutron stars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
     FIG. 2. Density dependence of the symmetry energy as predicted by various 
microscopic calculations [1]. 
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The asymmetry term (second term in Eq. 1.1) in the nuclear equation of state is 

important for studying the structure, chemical compositions and evolution of neutron 

stars.  It is also important for studying the dynamic of supernova collapse [1].  This term 

dominates the pressure within the neutron stars and can also modify the proton-neutron 

star cooling rate [1].  In a supernova explosion, the variation of the asymmetry energy 

can alter the rate of electron capture in a collapsing star, thereby altering the course of 

final explosion [1].  Figure 3 shows that for a stiff form of the density dependence of 

symmetry energy in the modeling of a neutron star, the proton fraction can reach a 

certain threshold value enabling the star to cool by the direct URCA process.  The proton 

fraction from the “soft” form of the density dependence of the symmetry energy does not 

reach this threshold limit and the star must cool by the Standard Cooling method 

resulting in a much slower cooling rate.  It has been shown by astronomers that the 

neutron stars do cool much faster than those expected from the Standard Cooling 

Process. 

The form of the density dependence of symmetry energy also affects the mass-

radius relationship of neutron stars.  As shown in figure 4, a “stiff” form of the density 

dependence of the symmetry energy results in a larger mass and radius for the neutron 

star compared to a relatively small mass and radius as predicted by the “soft” form. 
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     FIG. 3.  Neutron star cooling and its dependence on the form of symmetry energy.  
The stiff form of the density dependence enables the proton fraction of a neutron star 
(see bottom figure) to reach a certain threshold value that is required for a star to cool by 
the direct URCA process.  This enables it to cool much faster than those predicted by the 
soft form where the proton fraction does not reach the threshold limit and the star has to 
cool by Standard cooling method [1]. 
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     FIG. 4.  The mass-radius relation of the neutron star and the form of the density 
dependence of the symmetry energy.  The stiff form of the density dependence of the 
symmetry energy compared to the softer form [2]. 
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     FIG. 5.  The sensitivity of neutron skin thickness to the form of the symmetry energy 
for the 208Pb nuclei.  By using a “stiff” from of the symmetry energy in the calculation, a 
much larger neutron skin thickness is predict than those predicted by the “soft” form of 
the density dependence of symmetry energy [2]. 
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Not only does the density dependence of the symmetry energy affect the cooling 

rate and the mass-radius relationship of neutron stars but it also determines the neutron 

skin thickness in 208Pb nuclei.  Figure 5 shows the sensitivity of the neutron skin 

thickness to the form of the density dependence of the symmetry energy.  A larger skin 

thickness is predicted for the “stiff” form of the symmetry energy compared to the “soft” 

form of the density dependence of the symmetry energy. 

Under laboratory controlled conditions, the density dependence of the symmetry 

energy in the low density regime can be investigated in a multifragmentation reaction, 

where the system expands to low density before disassembling into many light and 

heavy fragments.  Figure 6 shows a typical sketch of a multifragmentation process.  By 

studying the fragment isotopic yield distribution, one can extract important information 

about the symmetry energy. 

 

 

 

 

 

 

     FIG. 6.  A cartoon showing the process of multifragmentation.  A projectile like 
source and a target like source collide and combine to create a compound system that 
fuses and becomes one.  It expands until it can no longer hold together resulting in 
fragmentation of light and heavy particles [3]. 
 

 

Projectile 

Target Fusion 

Breakup 

Fragments 
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 Recently, the possibility of extracting experimental information on the symmetry 

energy and the isospin (neutron-to-proton ratio) of the fragments in a multifragmentation 

reaction has gained tremendous importance [4-8].  Such information is of importance for 

understanding some of the key problems in astrophysics [7,9-15], various aspects of 

nuclear physics such as the structure of exotic nuclei (the binding energy and rms radii) 

[16-19] and the dynamics of heavy ion collisions [20-27].  Traditionally, the symmetry 

energy has been extracted by fitting ground state binding energies with various versions 

of the liquid drop mass formula [28].  The properties of nuclear matter are then 

determined by theoretically extrapolating nuclear models that are designed to study the 

structure of real nuclei.  However, real nuclei are cold, nearly symmetric (N≈Z) and 

found at equilibrium density.  It is not known how the symmetry energy behaves at 

temperatures and densities away from those of normal nuclear matter.  Theoretically, 

many-body calculations [29-32] and those from the empirical liquid drop mass formula 

[33, 34] predict symmetry energy near normal nuclear density (~0.17 fm-3) and 

temperature (T~0 MeV) to be around 28-32 MeV. 

 In multifragmentation reactions excited nuclei expand in a vacuum and decay 

into various light and heavy fragments.  These fragments are highly excited and neutron 

rich and when emitted undergo de-excitation to cold and stable isotopes. Similar hot 

nuclei are also produced in the interior of a collapsing star resulting in a supernova 

explosion [7].  The production of these nuclei depends on their internal excitation and 

their sensitivity to the symmetry energy part of the binding energy [7]. It has been shown 

that a slight decrease in the symmetry energy co-efficient and subsequent de-excitation 
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can significantly alter the elemental abundance and synthesis of heavy elements [7].  

This is shown in figure 7.  In multifragmentation reactions, the measurement of fragment 

isotopic yield distributions can provide important insight into the symmetry energy and 

the decay characteristics of these nuclei. 
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     FIG. 7. Solar abundance of heavy elements as calculated from statistical model of 
multifragmentation for various values of the symmetry energy [7]. 
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EXPERIMENT 

 

A.  Experimental Setup 

 

The experiments were conducted at the Cyclotron Institute of Texas A&M 

University (TAMU) using the K500 Superconducting Cyclotron and the K1200 

Cyclotron of the National Superconducting Cyclotron Laboratory (NSCL) at Michigan 

State University.  Targets of 58Fe (2.3 mg/cm2) and 58Ni (1.75 mg/cm2) were bombarded 

at 33 and 45 MeV/nucleon for the TAMU measurement [35] and 25 and 53 

MeV/nucleon for the NSCL measurements [36].  The different target and beam 

combinations result in composite systems with a total mass of A=98 and a range of 

neutron-to-proton ratio of N/Z=1.04 to 1.23.   

The TAMU experiment used electron deficient 40Ca and 40Ar beams.  The 

electrons were removed by passing the beam through a thin foil, and the resulting beam 

was then focused onto the center of the target inside the TAMU 4π neutron ball [37].  

The light charged particles (Z≤2) and intermediate mass fragments (IMFs) (Z>2) were 

detected inside the scattering chamber using six telescopes each consisting of a gas 

ionization chamber (IC) followed by a successive pair of silicon strip detectors (Si-Si) 

then either a single cesium iodide (CsI(T1)) scintillator crystal or a two CsI(T1) crystals 

side by side read out by a photodiode.  This combination provided three distinct detector 

pairs (IC-Si, Si-Si, and Si-CsI) for fragment identification.  The detector telescopes were 

set up at laboratory angles of 11, 44, 72, 100, 128, and 148 degrees.  A schematic 
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diagram of the setup is shown in figure 8.  The IC was of axial field design and filled 

with CF4 gas at a pressure of 50 Torr.  The 6cm thick gas-ionization chamber had a 

threshold of ~ 0.5 MeV/nucleon for intermediate mass fragments.  The silicon detectors 

had an active area of 5cm x 5cm segmented into 4 quadrants allowing for two different 

angles to be studied with one telescope.  The silicon detectors were 0.14 mm and 1 mm 

thick, respectively and had a dynamic range of ~16-50 MeV for 4He and ~90-270 MeV 

for 12C.  The silicon pairs were followed by a 2.54cm thick CsI crystal read out by 

photodiodes.  Good elemental (Z) identification was achieved for fragments that 

punched thought the IC detector and stopped in the first silicon detector.  Fragments 

measured in the Si-Si detector pair also had good isotopic separation.  Fragments that 

stopped in the CsI detectors showed isotopic resolution up to Z=7.  The trigger for the 

data acquisition was generated by requiring a valid hit in one of the two silicon 

detectors.   
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     FIG. 8.  Schematic diagram of the TAMU experimental setup showing the neutron 
ball with six telescopes [35]. 
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The same reactions, 40Ca+58Ni, 40Ar+58Ni, and 40Ar+58Fe, were measured in a 4π 

array at beam energies of 35 MeV and 50 MeV at the National Superconducting 

Cyclotron Laboratory (NSCL) at Michigan State University.  The setup for the NSCL 

experiment consisted of 13 silicon detector telescopes placed inside the MSU 4π Array.  

Four telescopes were placed at 14°, each of which consisted of 100-µm-thick and 1-mm-

thick silicon surface-barrier detector followed by a 20-cm-thick plastic scintillator.  Five 

telescopes were placed at 40°, in front of the most forward detectors in the main ball of 

the 4π Array.  They each consisted of 100-µm surface-barrier detector followed by a     

5-mm lithium drifted silicon detector.  More details can be found in Ref. [36].  Good 

isotopic resolution was obtained as in TAMU measurements. 

 

B.  Calibration 

 

The calibration of the IC-Si detectors were carried out using the standard α 

source and by operating the IC at various gas pressures.  The Si-Si detectors were 

calibrated by measuring the energy deposited by the α particles in the thin silicon and 

the punch-through energies of the different isotopes in the thick silicon.  The Si-CsI 

detectors were calibrated by selecting points along the different light charged isotopes 

and determining the energy deposited in the CsI crystal from the energy loss in the 

calibrated Si detector. 
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C.  Event Characterization 

 

The event characterization of the NSCL data was accomplished by detection of 

nearly all the coincident charged particles by the MSU 4π Array. Data were acquired 

using two different triggers, the bulk of which were obtained with the requirement of the 

valid event in one of the silicon telescopes.  Additional data were taken with a minimum 

bias 4π Array trigger for normalization of the event characterization.  The impact 

parameter of the event was determined from the midrapidity charge detected in the 4π 

Array as discussed in Ref. [38].  The effectiveness of the centrality cuts was tested by 

comparing the multiplicity of the events from a minimum bias trigger with the 

multiplicity distribution when a valid fragment was detected at 40° [39].  The minimum 

bias trigger had a peak multiplicity of charged particles of one, whereas with the 

requirement of a fragment at 40°, the peak of the multiplicity distribution increased to 5. 

The event characterization for the TAMU data was accomplished by using the 4π 

neutron ball that surrounded the detector assembly.  The neutron ball consisted of 11 

scintillator tanks segmented in its median plane and surrounding the vacuum chamber.  

The upper and the lower tanks were 1.5-m-diameter hemispheres.  Nine wedge-shaped 

detectors were sandwiched between the hemispheres.  All the wedges subtended 40° in 

the horizontal plane.  The neutron ball was filled with a pseudocumene-based liquid 

scintillator mixed with 0.3 weight percentage of Gd salt (Gd 2-ethyl hexanoate).  

Scintillations from thermal neutrons captured by Gd were detected by twenty 5-inch 

phototubes (five in each hemisphere, one on each of the identical 40° wedges and two on 
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the forward edges).  The efficiency with which the neutrons could be detected is about 

83%, as measured with a 252Cf source.   

 

 

 

 

 

 
     FIG. 9.  Comparison between the experimental neutron multiplicity distribution and 
those predicted  by BUU/GEMINI at impact parameters of  b=0 and b=5.  Neutron 
multiplicity distribution for the 40Ar+58Ni at 33MeV/nucleon, evaluated with 
BUU/GEMINI at b=0 (solid histogram) and b=5 (dashed histogram) and the 
experimental neutron multiplicity distribution (solid squares) [7]. 
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The detected neutrons were used to differentiate between the central and 

peripheral collisions.  To understand the effectiveness of neutron multiplicity as a 

centrality trigger, simulations were carried out using hybrid BUU/GEMINI calculations 

at various impact parameters for the 40Ca+58Fe reaction at 33 MeV/nucleon.  Figure 9 

shows the simulated neutron multiplicity distribution was compared with the 

experimentally measured distribution.  The solid and the dashed histograms are the 

simulations for the b=0 and the b=5 impact parameters, respectively, were obtained 

using the BUU/GEMINI calculations.  The multiplicity of neutrons for the impact 

parameter b=0 fm (solid histogram) collisions was found to be higher than the b=5 fm 

(dashed histogram) collision distribution.  Once the impact parameter had been 

identified, gating on the highest 10% neutron multiplicity maximized the selection of 

central collisions. 

To determine the contributions from the noncentral impact parameter collisions, 

neutrons emitted in coincidence with fragments at 40° and 152° from a hybrid 

calculation of BUU/GEMINI at b=0 and b=5 fm were analyzed.  To adjust for 

geometrical cross section difference a ratio of b=0 to b=5 fm was made using the number 

of events with a neutron multiplicity of six or greater.  These ratios were determined to 

be 19.0 and 11.1 at 40° and 1.3 and 2.2 at 152° at beam energies of 33 and 45 

MeV/nucleon respectively.  Intermediate angle ratios were not used due to the lack of 

events greater than six for the impact parameter b=5.  Events were also filtered for 

detector acceptance and to further eliminate any possible target source contamination a 

cut of the highest 10% neutron event multiplicity was made. 
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In addition to the neutron multiplicity distribution, the charge distribution of the 

fragments was also used to investigate the contributions from central and mid-impact 

parameter collisions.  The b=5 collisions produced essentially no fragments with charge 

greater than three in the 44° telescope. 

To account for the central events of beam energies 25 and 53 MeV, earlier work 

[35] has proven that a lab angle of 44° maximizes the emission of primarily a primary 

composite source while it minimizes the target-like source and intermediate mass 

fragments keeping the equilibrium statistical model valid.  This was done by determining 

the kinetic energy and charge distribution. 
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EXPERIMENTAL RESULTS 

 

A.  Relative Fragment Yield 

 

The experimentally measured relative isotopic yield distribution for the lithium, 

beryllium and carbon element in 40Ca+58Ni (star symbols), 40Ar+58Ni (circle symbols), 

and 40Ar+s58Fe (square symbols), are shown in figure 10 for the beam energies of 25, 33, 

and 45 MeV/nucleon.  The distribution for each element show a higher fragment yield 

for the neutron-rich isotopes in 40Ar+58Fe reaction (squares), which has the largest 

neutron-to-proton ratio (N/Z), in comparison to the 40Ca+58Ni (stars), which has the 

smallest neutron-to-proton ratio.  The yields for the reaction 40Ar+58Ni (circles), which 

has an intermediate value of the neutron-to-proton ratio, are between those of the other 

two reactions.  The figure thus shows the isospin dependence of the composite system on 

the properties of the fragments produced in the multifragmentation reaction.  One also 

observes that the relative difference in the yield distribution between the three reactions 

decrease with increasing beam energy.  This is due to the secondary deexcitation of the 

primary fragments, a process that becomes important for systems with increasing 

neutron-to-proton ratio and excitation energy.  In the following subsections, we utilize 

the experimentally determined isotopic yield distributions to establish the isoscaling 

properties of the produced fragments before comparing them with the statistical 

multifragmentation model.  
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     FIG. 10.  Experimental relative isotopic yield distributions.  The yeild for Lithium 
(left), Beryllium (center) and Carbon (right) for the beam energies of 25, 33, and 45 
MeV/nucleon.  The systems are represented as follows:  40Ar+58Fe (squares and dotted 
lines), 40Ca+58Ni (stars and solid lines), and 40Ar+58Ni (circles and dashed lines).  
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B.  Isotopic and Isotonic Yield Ratios 

 

 To better explore the symmetry energy term of the nuclear equation of state, the 

isospin dependence and its effects must be understood.  These can be studied by 

comparing systems of similar mass and temperature but differing in isospin asymmetry.  

In a multifragmentation reaction, the ratio of isotope yields in two different systems, 1 

and 2, R21(N,Z) = Y2(N,Z)/ Y1(N,Z), has been shown to obey an exponential dependence 

on the neutron number (N) and the proton number (Z) of the isotopes, an observation 

known as isoscaling [8,40-42].  The dependence is characterized by a simple relation, 

 

βα ZNCeZNYZNYZNR +== ),(/),(),( 1221 ,   (2.1) 

 

where ),(2 ZNY  and ),(1 ZNY  are the yields from the neutron-rich and neutron-deficient 

systems respectively.  C represents the normalization constant and Tn /µα ∆=  and 

Tp /µβ ∆=  reflect the isoscaling parameters.  The quantities ∆µn and ∆µp are, 

respectively, the difference in the neutron and proton chemical potential, and T is the 

temperature.   

In figure 11 the relative yield ratio, R21(N,Z), for each energy and system are 

plotted as a function of the neutron number N and proton number Z.  The characteristic 

linearization of each isotope and isotone display the isospin dependence of these systems 

which will be further discussed in the next section.  For the qualitative analysis of α and  



 24

 

 
     FIG. 11.  Experimental isotopic yield ratios.  The fragments as a function of neutron 
number N are shown and the left columns correspond to 40Ar+58Fe and 40Ca+58Ni 
reaction and the right columns correspond to 40Ar+58Ni and 40Ca+58Ni reaction with       
Z = 3 (circles), Z = 4 (open stars), Z  = 5 (triangles), Z = 6 (squares), and Z=7 (filled 
stars). 
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β, exponential lines were fitted to the yield the fragments of each element (Z).  The 

slopes of each beam energy were averaged resulting in an average α and β for each 

energy. 

 

C.  Double Isotope Ratio Temperature 

 

 The necessary condition for observing isoscaling in a multifragmentation 

reaction is the near equality of temperature for the systems of interest [43].  For the 

present work, this condition was tested by determining the temperature using the double 

isotope ratio method developed by Albergo et al. [44].  The Albergo method relates the 

apparent temperature, T of the system at the freeze-out density to the double isotope 

ratio, βα ZNCeZNYZNYZNR +== ),(/),(),( 1221 .  The modified version of the double 

isotope ratio assumes that the total angular momentum of the ground state fragments are 

the same for all systems reducing Eq. (2.1) to 
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where 59.1≈a  is a constant derived from ground state spin factors, T is the system 

freeze out temperature, and ),( AZB is the binding energy of a nucleus with the charge Z 

and the mass A.  The resulting reduced equation relating the freeze out temperature to 

the double isotope ratio is 

 

)ln(aR
BT ∆

= .      (2.4) 

 

This method was applied to all systems and beam energies studied.  Figure 12 

shows the double isotope ratios obtained using various combinations of isotopes as a 

function of the difference in binding energy.  The top, middle, and bottom sections 

display the constant temperature that corresponds to the respective beam energies 25, 45, 

and 53 MeV/nucleon.  The circles represent the 40Ca+58Ni reaction, squares the 

40Ar+58Ni reaction, and triangles the 40Ar+58Fe reaction.  A line was drawn to emphasize 

the constant temperature of the reactions at each beam energy.  The resulting slope is the 

freeze out temperature at each beam energy, 5.8 MeV for 25 MeV/nucleon, 7.2 MeV for 

45 MeV/nucleon and 9.0 MeV for 53 MeV/nucleon.  An observation can be made that as 

the beam energy increases the temperature or excitation energy of the system also 

increases.  The systems of interest are consistent with thermal equilibrium and  

illustrates this by the constant slope, or temperature, of the composite systems.  Another 

observation is that the temperature increases as the energy of the system increases.   
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     FIG. 12. Double isotope ratio temperatures corresponding to 25, 45, and 53 
MeV/nucleon beam energies.  The circles represent the 40Ca+58Ni reaction, squares the 
40Ar+58Ni reaction, and triangles the 40Ar+58Fe reaction. 
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Figure 13 shows the relative comparison of how the α and β parameters react 

with different beam energies and isospin systems.  Using the average α and β for each 

beam energy and reaction set, a decreasing α (increasing β) with an increase in beam 

energy is observed.   

The neutron scaling parameter, S(β,N), can also be calculated using the unique 

values of  β from the isobaric yield ratios where 

 

ZeZNRNS ββ −= ),(),( 12 .    (2.5) 

 

),( NS β , is known to vary over a large range of data, from deep inelastic heavy ion 

collisions at low energies, through evaporation reactions induced by light and heavy ion 

projectiles to high energy heavy ion reactions characterized by intermediate mass 

fragments and multifragmentation.  Figure 14 illustrates how S(β,N), the scaled isotopes, 

lie very nicely along a straight line.  S(β,N) for the two different isospin pairs is plotted 

as a function of neutron number N for beam energies of 25 and 45 MeV/nucleon.  The 

figure also shows a significant difference in the scaling for the two beam energies, 

indicating a temperature influence on the isotopic yields. 
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     FIG. 13.  Isoscaling parameters α (solid symbols) and β (open symbols) as a function 
of beam energy.  This is shown for the 40Ar+58Fe/40Ca+58Ni and the 40Ar+58Ni/40Ca+58Ni  
reaction.   
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     FIG. 14.  The scaled isotope ratio S(β), as a function of the neutron number N.  This 
is shown for different elements (3≤Z≤7) and different beam energies (25 and 45 
MeV/nucleon).  The top panel is for the 40Ar+58Fe/40Ca+58Ni reaction pair and the 
bottom panel shows the 40Ar+58Ni/40Ca+58Ni reaction. 
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D.  Reduced Neutron and Proton Densities 

 

In the Grand-Canonical approach of multifragmentation [44-47], the fragment 

yield distribution can be used to extract the reduced neutron and proton densities.  The 

fragment yield Y(N,Z) can be written as: 
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where V is the volume of the system, T
n

ne /µρ ∝  and T
p

pe /µρ ∝  are the primary “free” 

neutron and proton densities, respectively.  nµ  and pµ are the neutron and proton 

chemical potentials.  )(, TZ ZN  is the intrinsic partition function of the excited fragment 

with temperature T  and ground state binding energy ),( ZNB .  The isotopic yield 

distribution of the fragments in terms of relative reduced neutron density is given as, 
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where k represents different neutron numbers of the isotopes used to determine the 

double isotope ratio and YCa+Ni is the yield for the 40Ca+58Ni reaction for which all 

particles are compared to in this work.  Relative proton densities can be obtained by 

arranging the double ratios in the form, 
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By relating the primary “free” neutron and proton densities, T
n

ne /µρ ∝  and 

T
p

pe /µρ ∝ ,  and where k represents different proton numbers of the isobars used to 

determine the double isotope ratio.  With the secondary “free” neutron and proton 

densities of 40Ca+58Ni, the reduced density ratio can be written as, 
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where Tn /µα ∆=  and Tp /µβ ∆= , the difference in chemical potential divided by the 

temperature.   

The top panel in figure 15 compares the relative free neutron density to the 

change in N/Z of the systems, 40Ca+58Ni (circles), 40Ar+58Ni (squares) and 40Ar+58Fe 

(triangles) reactions, at various beam energies.  For a given change in N/Z, an increase in 

beam energy produces a decrease in the reduced neutron density.  Overall, as the change 

in N/Z  increases so does the reduced neutron density.  The bottom panel shows how the 

reduced proton densities decrease as ∆(N/Z) increase and for a given change in N/Z, the 

relative proton density decrease as the beam energy increase.  The asymmetry is found to 

decrease from ~ 1.0 at 25 MeV/nucleon to ~0.6 at 45 MeV/nucleon for the Ar+Fe/Ca+Ni 

reaction pair.  The observed decrease in the relative neutron and proton densities with 
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increasing beam energy is attributed to the decrease in the sensitivity of the isospin 

effect with increasing temperature. 
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     FIG. 15. Reduced densities of free neutrons (solid symbols) and protons (hollow 
symbols) at energies of 25, 33 and 45 MeV/nucleon.  The circles represent 40Ca+58Ni 
reaction, squares the 40Ar+58Ni reaction, and triangles the 40Ar+58Fe reaction. 
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THEORETICAL CALCULATIONS 

 

A.  Statistical Multifragmentation Model 

 

Statistical modeling [45-50] is often used to describe the multifragmentation  

[51-57] of a highly excited system, which is also believed to be related to the liquid-gas 

phase coexistence in low density expanding nuclear matter.  (When a system becomes 

excited to the point that fragmentation is the preferred method of stabilization, the 

energy of the system becomes a very important aspect in choosing a statistical modeling 

method.)  For systems of excitation energy E*<2 MeV/nucleon it is plausible for 

evaporation to occur.  This consists of small particle emissions, particles no larger than 

α-particles, with thermal equilibrium occurring between these emissions, but the systems 

of interest are significantly above the designated E*=3MeV/nucleon.  To better simulate 

how higher excitation energy systems behave the Statistical Multifragmentation Method 

(SMM) [45,58] is able to describes the evolution from sequential decay to a 

simultaneous break-up at a freeze-out volume.  The freeze-out volume describes the 

phase space (spatial and momentum) factors at which a system has stopped all collisions 

and all the fragments are trapped within the local mean field just before 

multifragmentation.  SMM also has the ability to describe the liquid-gas phase transition 

and has predicted distinctive features, such as the plateau like region in a caloric curve. 

SMM is based on the assumption of a simultaneous break-up of a thermalized 

nuclear system.  Using a microcanonical approach and Monte Carlo sampling, this 
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model takes into account the effects of nuclear features such as finite size effects, 

internal excitation of fragments, and strong Coulomb interactions between the fragments 

which are treated in the Wigner-Seitz approximation.  Light fragments, with A≤4, are 

treated as elementary particles with only transitional degrees of freedom (“nuclear gas”), 

while fragments, with A>4, are treated as heated nuclear liquid drops.  The hot fragments 

in SMM undergo a de-excitation process via evaporation and Fermi break-up.  The 

individual free energies, FA,Z, are parameterized as a sum of the volume, surface, 

Coulomb, and symmetry energy, 
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where the volume energy is represented by the equation: 
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with parameter 0ε  is related to the level density and 160 =W MeV is the binding energy 

of infinite nuclear matter.  The surface energy is represented by the equation:   

 

,)]/()[( 4/522223/2
0, TTTTABE cc

S
ZA +−=     (3.3) 

 



 37

with, 180 =B MeV being the surface coefficient and 18=cT MeV being the critical 

temperature of infinite nuclear matter.  The Coulomb energy is represented by the 

equation: 

 

,/ 3/12
, AcZE C
ZA =       (3.4) 

 

where, ],)/(1)[/)(5/3( 3/1
00

2 ρρ−= rec  is the Coulomb parameter obtained in the 

Wigner-Seitz approximation with charge unit ,e  and 17.10 =r fm.  The symmetric 

energy is represented by the equation: 

 

,/)2( 2
, AZAE sym
ZA −= γ      (3.5) 

 

where, 25=γ MeV is the symmetry energy co-efficient.  These parameters were 

acquired from the Bethe-Weizsacker mass formula and correspond to the assumption of 

isolated fragments with normal density in the freeze-out configuration [45,47].  Nuclear 

multifragmentation is characterized by increasing excitation energy and expanding 

systems.  The isospin of the source also influences the fragment production through the 

symmetry energy.  By comparing the experimentally determined fragment yield 

distribution with the SMM calculation, the parameters of hot nuclei under 

multifragmentation conditions, including the symmetry energy, can be extracted.  In the 
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following, it will be shown how this information can be obtained from the isoscaling 

phenomena.  

 

B.  Isoscaling and Symmetry Energy Coefficient 

 

 Isotopic scaling or isoscaling arise naturally in statistical equilibrium models of 

multifragmentation.  In these models the difference in the chemical potential of systems 

with different N/Z is directly related to the scaling parameter α.  It has been shown that 

the isoscaling parameter α is proportional to the symmetry energy part of the fragment 

binding energy though a relation, 

 




















−








≈∆−=

2

2

2

2

1

14/
A
Z

A
Z

T
Tsn

γα     (3.6) 

 

where, 1Z , 1A  and 2Z , 2A  are the charge and the mass numbers of the fragmenting 

systems, T is the temperature of the system and γ, the symmetry energy coefficient [8]. 

 

C.  Secondary De-excitation Effect on Isoscaling Parameter 

 

 The above relationship was derived for fragments at the freeze-out stage and in 

order to relate γ  or α of hot primary fragments, obtained from the above formula, to the 
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γ  or α of cold secondary fragments the effects of secondary de-excitation must be taken 

into account.  In SMM, the secondary de-excitation of large fragments with A>16 is 

described by Weisskopf-type evaporation and Bohr-Wheeler-type fission models.  The 

decay of small fragments is treated with a Fermi-breakup model.  Weisskopf-type 

evaporation relates the probability for the emission of a particle with energy ε  by a 

compound nucleus with mass number A and excitation energy *
AE  to the cross 

section )(εσ .  The partial decay rate for the emission of a light charged particle with 

energy ε  and orbital angular momentum βl  from a compound nucleus with excitation 

energy *
AE  rotating with angular momentum L contains the level density parameter.  In 

the Fermi-breakup model, all ground and nucleon-stable excited states of light fragments 

are taken into account and the population probabilities of these states are calculated 

according to the available phase space where it identifies a particle by its generalized 

coordinates and momentum [47]. 
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EXPERIMENT AND THEORY: A COMPARISON 

 

 To provide a theoretical comparison for the experimentally observed results, the 

primary and secondary fragment isotopic yield distributions were calculated from the 

SMM.  The calculations were carried out for the 40Ca+58Ni, 40Ar+58Ni and 40Ar+58Fe 

reactions at various excitation energies.  Multifragmentation effects are related to the 

different dynamical paths a system can take during a collision.  A detailed understanding 

of these dynamics is imperative to calculate the excitation energy per nucleon of the 

initial system and is very difficult to calculate accurately.  A range of values for the 

excitation energy per nucleon from E* = 4-10 MeV/nucleon was assumed, and the 

excitation energy corresponding to the beam energy was verified by an independent 

calculation using BUU – GEMINI (see Table II in Ref. [35]) along with the systematic 

calorimetric measurements available in the literature for systems with mass A~100 [59].  

The mass and charge of the initial system, was assumed to be those of the initial 

compound nucleus.  This is consistent with the dynamical calculations of Li et al. [60].  

In the present analysis, the Z/A of the source was estimated from a dynamical BNV 

calculation [61].  These results were obtained [4] at a time, around 50 fm/c, after the 

projectile fuses with the target nuclei and the quadrupole moment of the nucleon 

coordinate approaches zero.  The observed change was about 3% lower than the initial 

Z/A of the system.  However, this change depends on the time at which the dynamical 

code is terminated, and therefore no change in the initial BNV calculated Z/A was used 

in this analysis.  To account for the possible uncertainty in the source size due to the loss 
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of nucleons during pre-equilibrium emission, the SMM calculations were also carried 

out for sources with 80% of the total mass.  No significant change in the isospin 

characteristics under study was observed.  The freeze-out density in the calculation was 

assumed to be 1/3 of the normal nuclear density and the symmetry energy coefficient γ 

was taken to be 25 MeV.   

 

A.  Relative Yield Distribution (primary and secondary) 

 

 The calculated primary and secondary fragment yield distributions for the carbon 

isotopes in 40Ca+58Ni, 40Ar+58Ni and 40Ar+58Fe reactions at various excitation energies 

are as shown in figure 16.  The characteristics of the hot primary fragment yield 

distribution, shown in the left column of the figure, change significantly after the 

secondary de-excitation.  The isospin effects are very prominent in primary fragment 

yield distribution at each excitation energy for the three systems at each excitation 

energy.  These are shown by the dashed, dotted, and solid lines in the left column.  It is 

observed that the most neutron rich system has the highest relative yield for the neutron 

rich isotopes and the lowest yield for the neutron-deficient isotopes.  This effect seems to 

decrease with increasing excitation energy.  A similar feature is also observed in the 

secondary fragment distribution shown in the right column of the figure, though the 

effect is observed to be weakened significantly.  Furthermore, the means of the 

distribution is also observed to decrease along with the width for the secondary 

fragments.   
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     FIG. 16.  Relative yield distribution of the primary (left) and secondary (right) 
fragments for the carbon isotope (Z=6) obtained from the SMM. The stars and solid lines 
represent 40Ca+58Ni reaction, circles and dashed lines represent 40Ar+58Ni reaction, and 
squares and dotted lines represent the 40Ar+58Fe reaction at various excitation energies.  
The symmetry energy assumed the SMM calculations γ = 25 MeV.  
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B.  Isoscaling Parameter vs Excitation Energy 

 

Qualitatively, the SMM simulates quite well the overall features of the 

experimentally observed isotopic yield distribution shown in figure 10.  The isotopic 

yield ratios using the primary and secondary fragment distribution from the statistical 

multifragmentation model are show in figure 17 for the 40Ca+58Ni and 40Ar+58Ni 

reaction pair.  It is observed that the yield ratios for both the primary and the secondary 

distribution obey the isoscaling relation quite well and adhere to the isoscaling 

phenomenon.  There is also very little deviation in the α parameter between the primary 

and secondary fragments for a given excitation energy.  Furthermore, the scaling 

parameter shows a gradual decrease as the excitation energy of the system increases, 

which is also observed in the experimental data (shown in figure 11). 

Though the overall features of the scaling parameter calculated from the 

statistical multifragmentation model is reproduced quite well, the absolute values do not 

quite agree with the experimentally determined α.  This is shown in the top panel of 

figure 18 where a comparison is made between the SMM calculated and experimentally 

observed values of α.  In the figure, the left column corresponds to the 40Ar+58Ni and 

40Ca+58Ni pair of reactions and the right to the 40Ar+58Ni and 40Ca+58Ni pair.  The dotted 
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     FIG. 17. Ratio of the calculated isotopic yield distributions for the systems. 
40Ar+58Ni/40Ca+58Ni for the primary and secondary fragments along with the 
corresponding alpha for each excitation energy and the calculations are for a symmetry 
energy, γ = 25 MeV.  The symbols for both systems correspond to Z=3 (circles), Z=4 
(open stars), Z=5 (triangles), Z=6 (squares) and Z=7 (solid stars) elements.   
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line represents the primary fragments, the solid line represents the secondary fragments 

and the stars represent the calculated SMM isoscaling parameter for a given symmetry 

and excitation  energy, and  the symbols  correspond  to  the  experimentally  determined 

alphas.  It is observed that the experimentally determined alphas are significantly lower 

than the calculated values of α using the standard value of the symmetry energy.  The 

dependence of the isoscaling parameter, α, on the excitation energy, and the symmetry 

energy of the hot primary fragment, γ, is illustrated in figure 18 when the γ in SMM was 

varied within the range 25-15 MeV and within an excitation energy range of E*=4-10 

MeV/nucleon.  SMM was then run for different excitation and symmetry energies 

resulting in a collection of the corresponding isoscaling parameter, α.  The first attempt, 

shown in the top panel of figure 18, was to simulate the traditional γ=25 MeV for the 

isolated  cold  nuclei in  their ground  state for  each  excitation  energy, E*.  The  second  

attempt, shown in the middle panel, was with γ=18 MeV at various excitation energies. 

At γ=18 MeV the simulated data started to agree a little closer with the experimentally 

determined data.  The bottom panel shows the alpha calculated from SMM with γ=15 

MeV.  This resulted in the closest fit for both systems and all excitation energies. The 

experimentally determined α could be reproduced for both pair of systems at all 

excitation energies using a symmetry energy value of γ=15 MeV.  This symmetry energy 

is significantly lower than the γ=25 MeV used for the ground state nuclei. 
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     FIG. 18.  Comparison of the SMM calculated isoscaling parameter, α, (lines) with the 
experimentally determined α (symbols) as a function of excitation energy for different 
values of the symmetry energy coefficient γ.  The dotted lines correspond to the primary 
fragments and the solid lines correspond to the secondary fragments.  The left column is 
the comparison for the 40Ar+58Ni/40Ca+58Ni system and the right column for the 
40Ar+58Fe/40Ca+58Ni system. 
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     FIG. 19.  SMM calculated 12C isotopic yield distribution for various values of the 
symmetry energy, γ. The isotopic yield distribution is shown for the40Ca+58Ni reaction at 
45 MeV/nucleon.  The solid line is the SMM calculation with symmetry energy 
coefficient γ=25 MeV, and the dashed line with γ=15 MeV.  The solid points correspond 
to the experimental results. 
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In figure 19, a comparison between the experimentally determined carbon 

isotopic yield distribution (represented by solid dots) and the SMM  calculated yield 

distribution, using two different values of the fragment symmetry energy at 15 MeV 

(dashed line) and 25 MeV (solid line) show a lower value of the symmetry energy, γ, is 

required to explain the experimental yield distribution.  Due to the decrease in symmetry 

energy, the isotopic yield distribution results in more neutron rich fragments.   

 

C.  Isoscaling Parameter vs Symmetry Energy Coefficient 

 

The calculated α is observed to decrease with decreasing symmetry energy, γ.  

The α values for the hot primary fragment (dotted lines) and the cold secondary (solid 

lines) fragment yield distributions for 40Ar+58Ni and 40Ca+58Ni reaction pair (the right 

column) and 40Ar+58Fe and 40Ca+58Ni reaction pair (the left column) for various 

excitation energies are shown in figure 20.  The difference between the primary 

fragment α and the secondary fragment α is negligibly small for the Ar+Ni-Ca+Ni 

reaction pairs, which has the lower difference in neutron-to-proton ratio.  The difference 

for the Ar+Fe-Ca+Ni pair, which has the higher neutron-to-proton ratio, is slightly larger 

at the highest excitation energies. 
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     FIG. 20.  SMM calculated isoscaling parameter α as a function of symmetry energy 
coefficient for various excitation energies. The open circles connected by dotted lines 
represent the primary fragments and the open stars connected by solid lines represent the 
secondary fragments.  The right column shows the calculation for the 
40Ar+58Fe/40Ca+58Ni system and the left column the 40Ar+58Ni/40Ca+58Ni system. 
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D.  Isoscaling Parameter vs Excitation (with evolving mass) 

 

 A modified version of the previously discussed SMM calculation (which uses the 

standard mass of cold isolated nuclei) uses the mass of the hot fragments in the freeze-

out configuration resulting an even smaller symmetry energy, γ.   Fragments in their 

primary stage are usually hot and their properties (i.e., binding energies and masses) 

differ than those of cold nuclei.  This configuration takes into account the effects of the 

symmetry energy evolution during the sequential de-excitation of the hot primary 

fragments.  The mass of the hot fragments for E*/A > 1 MeV was taken  to be that of  the 

liquid drop model, 
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where )(γldm  is the standard liquid-drop mass, nm  and pm are the masses of the free 

neutrons and protons.  The mass for E*/A ≤ 1 MeV was taken such that a smooth 

transition to standard experimental mass with shell effects could be described by the 

equation,   
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expm  is the ground state mass and can be found from nuclear tables,  and  AE*βξ =  

where β = 1 MeV-1 and 1≤x .  The excitation energy, E*, is determined from the energy 

balance equation taking into account the mass AZm  at the given excitation [62].  The 

above corrections and the study of the effects of evolving mass during the sequential de-

excitation of the hot primary fragments.  Figure 21 shows the isoscaling parameter 

α plotted as a function of excitation energy for the two systems, Ar+Ni/Ca+Ni (left) and 

Ar+Fe/Ca+Ni (right) and shows the result of the modified secondary de-excitation 

correction.  The top panels displays the primary (dotted lines) and secondary (solid lines) 

fragments using the cold isolated nuclei symmetry energy of γ=25MeV.  As before, this 

modified calculation does not describe the experimental data sufficiently for either pair 

of systems.  With decreasing values of the symmetry energy, shown in the lower panels 

of the figure, the calculated values of the isoscaling parameter, α, for the Ar+Ni and 

Ca+Ni (left column) reaction pair are in better agreement with the experimental values at 

the lower symmetry energy γ = 13 MeV.  The calculated values for the Ar+Fe and 

Ca+Ni (right column) reaction pair is best described by the experimental values at γ = 10 

MeV.  In general, it can be observed that the modified version of the secondary de-

excitation in SMM leads to a symmetry energy values between 10-13 MeV which is 

slightly lower than the previous standard SMM method of 15 MeV and much lower than 

the traditional 25 MeV. 
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     FIG. 21.  Isoscaling parameter as a function of excitation energy calculated with the      
new sequential de-excitation mechanism. Comparison of the SMM calculated isoscaling 
parameter, α, (lines) with the experimentally determined α (symbols) as a function of 
excitation energy for different values of the symmetry energy coefficient γ.  The dotted 
lines correspond to the primary fragments and the solid lines correspond to the 
secondary fragments.  The left column is the comparison for the 40Ar+58Ni/40Ca+58Ni 
system and 40Ar+58Fe/40Ca+58Ni system is displayed in the right column. 
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The isoscaling parameter as a function of the symmetry energy for the primary 

and secondary fragments at various excitation energies is shown in figure 22.  As seen in 

figure 20, the difference in α between the primary and secondary fragments is extremely 

small for the Ar+Ni / Ca+Ni (left column) reaction and slightly larger for the          

Ar+Fe / Ca+Ni (right column) reaction.  This slight difference is due to the fact that the 

Ar+Fe / Ca+Ni reaction pair has a higher difference in neutron-to-proton ratio.  

However, the main difference between figure 20 and figure 22 is the rate at which the 

isoscaling parameter α decreases with decreasing symmetry energy.  Using the modified 

secondary de-excitation with evolving symmetry energy, the decrease in α is much more 

gradual than the SMM calculation that does not take the symmetry energy dependence of 

the mass into account.  This enables the calculation to reproduce the experimental α 

value with a slightly lower value of symmetry energy, γ =10-13 MeV.  It can also be 

observed that at the lower symmetry energies of the primary fragment α is constantly 

smaller than the secondary fragment α at the same symmetry energy. 
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     FIG. 22.  Isoscaling parameter as a function of symmetry energy with modified    
secondary de-excitation.  SMM calculated isoscaling parameter α as a function of 
symmetry energy coefficient for various excitation energies. The open circles connected 
by dotted lines represent the primary fragments and the open stars connected by solid 
lines represent the secondary fragments.  The right column shows the calculation for the 
40Ar+58Fe/40Ca+58Ni system and the left column the 40Ar+58Ni/40Ca+58Ni system. 
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To better understand the difference in symmetry energy, figure 23 shows how the 

calculated isotopic yield distributions for carbon in the 40Ar+58Fe reaction at                 

E* = 6 MeV/nucleon compare.  The left column in the figure corresponds to the SMM 

calculations where the fragment masses used are those of cold isolated nuclei, whereas, 

the right column corresponds to the SMM calculations where the masses evolve with 

their excitation energy during secondary de-excitation.  The top panels and bottom 

panels are the primary and secondary yield distributions respectively.  The dotted and 

solid curves shown in both top and bottom panels correspond to calculations that assume 

two different values of the symmetry energy, γ=15MeV (dotted curve) and γ=25MeV 

(solid curve) at an excitation energy of E*=6MeV.  Due to the difference of whether the 

mass (symmetry energy) evolves during the evaporation process or not, the bottom 

panels show the subtle difference in final (secondary) distributions at both values of γ.  

The SMM calculation with the standard de-excitation (i.e. the old de-excitation) leads to 

a narrow final distribution and the isotopes are concentrated close to the β-stability line.  

Overall, the difference in the final yield distributions for γ=15MeV and γ=25MeV is 

very small but much more prominent in the new de-excitation calculation.  This can be 

seen in the secondary distribution by how the curves are considerably wider and shifted 

toward the neutron-rich side and therefore, it is shown that the SMM calculation that 

uses the modified secondary de-excitation with the evolving symmetry energy co-

efficient produces a much larger yield distribution for neutron rich fragments.  A similar 

observation was made by Buyukcizmeci et al. [62] in their calculation of the primary 

and secondary fragment isotopic distributions of 197Au, 124Sn and 124La systems.  By 
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     FIG. 23.  Comparison between the two SMM calculations.  The left panels represent 
the old SMM that uses the mass of the cold isotopes and the right panels represent the 
new SMM where the mass evolves with excitation energy during the secondary de-
excitation.  The top (primary) and bottom (secondary) panels show the isotopic yield 
distribution for the Carbon element in the 40Ar+58Fe  reaction at E*=6MeV/nucleon, 
while the solid and dashed curves correspond to the calculations using the two different 
values of the symmetry energy. 
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using the experimental masses during the evaporation process from the primary 

fragments, the emission of the charged particles is suppressed by the binding energy and 

the Coulomb barrier.  In the case of small γ, the binding energy during the beginning of 

the evaporation process essentially favors the emission of charged particles to the point 

where the nucleus has cooled sufficiently.  When it reaches this point normal symmetry 

energy has been reached and the remaining excitation energy is too low (E*/A<1 MeV) 

for the nucleus to evaporate many neutrons resulting in more neutron rich fragmented 

particle yields. 

 The above comparison shows how both the experimentally observed data and the 

multifragmentation simulated data’s final (secondary) fragment distribution depends 

very heavily on the available free energy and the strength of the symmetry energy, 

regardless of the secondary de-excitation.  A significantly lower value of the symmetry 

energy than once assumed for cold isolated nuclei is required to explain the isotopic 

composition of the fragments produced in a multifragmentation reaction.  The difference 

between the two kinds of evaporation calculations gives a measure of the uncertainty 

expected in the present analysis.  The results above indicate that the properties of nuclei 

produced at high excitation energy, isospin and reduced density could be significantly 

different from those of the cold isolated nuclei.  Such information can provide important 

inputs for the understanding of the nuclear composition of supernova mater where hot 

and neutron rich nuclei are routinely produced. [4,23] 
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SUMMARY AND CONCLUSIONS 

 

In summary, the isotopic yield distributions of fragments produced in the 

multifragmentation reactions of 40Ar, 40Ca + 58Fe, 58Ni at 25-53 MeV/nucleon was 

measured.  The symmetry energy and the isoscaling properties of the fragments 

produced were studied within the framework of the statistical multifragmentation model, 

and it is observed that the isoscaling parameter, α, for the hot primary fragments 

decreases as excitation energy increases and as symmetry energy decreases.  The α 

values increase with increasing difference in the isospin of the fragmenting system.  

Similar behavior is also observed for the cold secondary fragments.  The sequential 

decay of the primary fragments to the secondary fragments is observed to have very little 

influence on the isoscaling parameter as a function of excitation energy and isospin of 

fragmenting systems.  The symmetry energy, however, strongly influences the isotopic 

comparison of the hot primary fragments.  The experimentally determined scaling 

parameters could be explained by a symmetry energy that is as low as 13-15 MeV, 

which is significantly lower than that for the normal (cold) nuclei at saturation density.  

The present results indicate that the isospin properties of the fragments produced at high 

excitation energy and reduced density in multifragmentation reactions are sensitive to 

the symmetry energy.  

Figure 24 compares the symmetry energy observed for the two reaction pairs, 

Ar+Ni / Ca+Ni and Ar+Fe / Ca+Ni (triangle symbols), with other recent data as a 

function of relative density and illustrates the agreement between the statistical and the 
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dynamical approach.  With a lower value of symmetry energy and knowing that in a 

multifragmentation reaction the system expand to sub-nuclear density (about 1/3 the 

normal density as taken in the SMM calculation).  It is observed that all these results are 

in agreement with a stiff form of the density dependence of the symmetry energy and 

can be written as  Esym = 31.6(ρ/ρo)0.69. 
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     FIG. 24.  At a reduced sub-nuclear density (about 1/3 the normal nuclear density), the 
symmetry energy as a function of the density of the present experimental data is 
represented by the two triangle symbols. The results from the present study correspond 
to a more stiff for form of symmetry energy and agree with data obtained by our group 
and others, shown by the circle and square symbols [63]. 
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