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DEPENDENCE OF THE SYMMETRY ENERGY
WITH EXPERIMENTAL RESULTS FROM
HEAVY-ION COLLISIONS
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January 27, 2010

Institut de Physique Nucléaire,
91406 Orsay, France

Abstract

The equation of state of asymmetric nuclear matter is still controversial, as predictions at subsatu-
ration as well as above-normal density diverge widely. We discuss in this lecture several experimental
observables measured in heavy-ion collisions in the energy range 20-400 A MeV. Estimates of the den-
sity dependence of the symmetry energy are derived from comparison of experimental results with
those of transport codes with different implementatiosn of the potential part of the symmetry energy,
or in statistical model frameworks.

Contents
1 Introduction 2

2 Symmetry energy and Statistical framework 3
2.1 Statistical ensembles . . . . ... L 3
2.2 Iso(tope)scaling . . . . . . . . e 4
2.3 Isoscaling in dynamical models . . . . . . .. .o L 6
2.4 FEffect of secondary decay . . . . . . . .. 7
2.5 Isoscaling in the Lattice gasmodel . . . . .. . .. .o L Lo 7
2.6 Conclusions on isoscaling and symmetry energy . . . . . . . . ... ... 8

3 the EOS of asymmetric nuclear matter 8
3.1 Transport codes . . . . . . . L e 11
3.2 Nuclear collisions around and above the Fermi energy . . . . . . ... .. ... ... ... 12

4 Competition of reaction mechanisms 12

5 Isospin diffusion 14
5.1 Theoretical frame . . . . . . .. oL 14
5.2 Experimental studies: one impact parameter . . . . . .. ... oo 15
5.3 Experimental studies: towards isospin equilibration . . . . . . ... ... 16



6 n/p ratio at Fermi energies 18

7 Isospin distillation (or fractionation) 20
8 Neck fragmentation at Fermi energies 22
9 Neutron skin 23
10 Constraint on the EOS at supra-saturation density 24
10.1 n, p collective flows . . . . . . . . . L 24
10.2 Meson production at supra-saturation density . . . . . . . ... oo 26

11 Summary of the results 28
12 Discussion: problems raised and possible improvements 28
12.1 Impact parameter selection . . . . . . . . . . L 29
12.2 Complete identification of the fragments . . . . . ... ... ... oL oo 29
12.3 Transport codes . . . . . . . . . L 29
12.3.1 In-medium effects . . . . . . . oL Lo 29

12.3.2 Comparison between experiment and simulations . . . . . . ... ... ... ... 29

12.4 From hot to cold fragments . . . . . . . . ... L o 30

13 Conclusion 30
A Glossary of the transport codes 31
B 47 arrays 31
C Acknowledgements 32

1 Introduction

The knowledge of the density dependence of the nuclear symmetry energy, Egy,, is critical in many
areas of nuclear physics and astrophysics. At densities lower than saturation density, symmetry energy
influences neutron skin, pigmy resonance, nuclear structure at the drip line. In heavy ion collisions it
governs the competition between dissipative mechanisms, and manifests itself through neutron distilla-
tion in fragmentation, which is a signature of a phase transition. In astrophysics new observations on
neutron stars have stimulated interest on the role of the symmetry energy in their formation, the struc-
ture of the crust (low density region), the mass-radius relation (high density core), up to the formation
of black holes

In our terrestrial laboratories, heavy-ion collisions at and above Fermi energy provide the only
way to explore densities different from the saturation density, pg, as in the course of such a collision
matter suffers compression and expansion phases. Several observables which should be sensitive to the
symmetry energy have been proposed by theoreticians (for reviews, see [1, 2|), and the experimental
search for measurable effects started some years ago with stable-isotope beams and targets spanning
the largest possible N/Z range. The values and the evolution with density of the symmetry energy
which can be derived from the experiments rely on models, generally transport codes simulating nuclear



collisions, or sometimes statistical models which are claimed to give the absolute value of the symmetry
energy in given density and temperature conditions. Note that in both formalisms one deals at the end
with hot nuclei that must be de-excited before any comparison with experimental data'. Up to now no
de-excitation code has proven to be reliable for nuclei at high excitation energy (~ 3 AMeV). Moreover
no constraining data exist when the excited nuclei are far from stability.

At normal density and zero temperature, a first determination of Ej,,, can be obtained from fits of
nuclear binding energies with the liquid drop mass formula:

2
E(N,Z) = —ay A+ ag A% + agm 52 + acrs

Except for light nuclei the nuclear energy is dominated by the volume term, responsible for nuclear
binding, that the surface, symmetry and Coulomb terms tend to reduce. This formula and the derived
symmetry energy is scrutinized in [3]. When fitting on more than 3000 nuclei with mass larger than 10,
the symmetry energy coefficient asy,, takes a value of 22.5 MeV.

Considering that a nucleus has a bulk part at nearly constant density surrounded by a surface with
decreasing density, one may wonder if the symmetry term of the nuclear mass should be divided into
a volume and a surface part, in other terms if the coefficient ayy,, should be mass dependent. This
hypothesis was retained for instance in the droplet model [4, 5|. However due to the large number of
parameters in this model, the values of the surface symmetry coefficient were found to vary by factors as
large as 2. Therefore at the present time no conclusion can be obtained from the fit of nuclear masses.
It is however concluded in [3] that surface symmetry-energy emerges, as an unavoidable ingredient of
the net nuclear energy, from simultaneous considerations of nuclear surface and symmetry energy.

2 Symmetry energy and Statistical framework

Statistical models are based on a multi-body phase space description. They use the formalisms of equi-
librium statistical mechanics. In this framework the collision stage of nuclear collisions is not considered,
there is no time evolution. A system is considered in a “freeze-out” stage defined as the instant when
the different products emerging from the reaction interact only through the Coulomb force, the nuclear
interaction is considered as negligible. The fragments are assumed to have a spherical shape and the
saturation density, po. It is important to stress that the concept of statistical equilibrium can certainly
not be applied to the result of a single collision. One should define experimental statistical ensembles
as a collection of events with similar properties, in order to sufficiently explore the available phase
space. Another point to consider is that nuclear physicists are dealing with finite systems, which made
it necessary to redefine the concepts long used at the thermodynamic limit, for infinite systems [6, 7.

2.1 Statistical ensembles

Three types of ensembles are used in statistical models. Whereas they give the same results at the
thermodynamic limit, they present differences when used for finite systems.

e microcanonical: with fixed total energy and particle number, it appears as the most appropriate
to describe isolated finite systems like nuclei. Among the most popular are the Microcanonical
Metropolis Monte Carlo (MMMC) [8], the Microcanonical Multifragmentation Model (MMM) [9,
10], and the various implementations of the Statistical Multifragmentation Model (SMM) [11].

LA nuclear collision has a duration of the order of 10722 — 1072! s while its broken pieces are collected in detectors
after 107% — 107" s



e canonical: it describes a system with a fixed number of nucleons, A, which can exchange energy
with a reservoir at fixed temperature, T. The energy of the system thus fluctuates around a fixed
mean value, with a standard deviation op = 4FE/vAT? (within the Fermi gas model). This
ensemble provides a reasonable approximation for nuclei A >200 and T > 6 MeV.

e grandcanonical: in that case the system can exchange energy and particles with a reservoir at
temperature T. Only average values are constrained. In nuclear physics it becomes meaningful for
nuclei at large excitation energies, when only mean values are considered.

2.2 Iso(tope)scaling

Ten years ago, the isoscaling properties of fragments produced in various types of nuclear processes drove
a great interest [12]. The isotopic scaling, contracted in isoscaling, was observed when comparing the
isotopic distributions of fragments produced in nuclear reactions between two systems differing only by
their mass, with A(2) > A(1). It was found that the yields Y (N, Z) of produced nuclei obey the law:

Y3(N, 2)

————~ =CexplaN Z 1

Fi g = ComlaN +52] (1)
the parameters a and (3 being the same for all light isotopes (Z<10). An example is shown in fig 1, with
the expressions:

S(N) = %E%g exp —fZ and S(Z) = %EJNVQ exp —aN,

defining the r.h.s. plots. Fragments in this case were produced in central collisions, selected by high
total multiplicity values, in which multifragmentation of a system containing about 75% of the total
mass, charge and energy occurs[13]. The conditions for the occurrence of isoscaling is that the systems
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can be described by a statistical process and have the same temperature [14].
Indeed, in a grandcanonical framework, the isotopic yield for a fragment reads:

-GV, 2) 4 YN +192) ), 2

; 1
(i) — _
YW(A,Z) =exp (T(")

Zwith a = A/8; the more general expression is op = E x /2/aT, a being the level density parameter



pun and pyz being the neutron and proton chemical potentials and G(N, Z) the free energy. Using this
relation for two systems at same temperature, it can be seen that the isoscaling relation is satisfied
with a = (ug\z,) — ug\lf)) /T. Tt was demonstrated in [15] that isoscaling is also predicted by canonical and
microcanonical models.

What is the connection between isoscaling and the symmetry energy 7 Let us turn back to the
fragment yield expressed by Eq.2. For a given Z, taking into account that the range of N is limited, the
free energy dependence on N can be approximated by:

G(N,Z) = a(Z) + co(Z)N + Csym(Z)(N — Z)?/ A,

the last term can be regarded as the symmetry energy. The most probable value for each system, (N)(Z)
is:

Cuym(Z) {1 = A1Z/(A)(2)} = ) — a(2)
Finally, subtracting system (1) from system (2) one obtains:

(o) - (&)

4Csym(Z))T = o/ (3)

Note that a only depends on the symmetry energy term and not on the other terms entering the free
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energy. In the formalism, the symmetry energy is that of hot fragments. If Cyyp, did not depend on Z,
and (N/Z) frag = (N/Z)sys, we could get the symmetry energy of the fragmenting systems, S1 and S2:

2 2

sym

- (4)




This approximation was done by several groups [17] who deduced that the values of Cyyy, decrease with
the centrality of the reaction, down to values as low as 15 MeV. This implies that the system is at low
density. It is however difficult to reconcile these results with the inputs of the statistical model used to
derive them (fragments at normal density).

Indeed there is no reason to assume that one can replace in the denominator of Eq.3 the N/Z of
fragments by that of the fragmenting sources. This was demonstrated in the framework of the MMM
model, as displayed in fig 2. In this figure medium (A ~ 120) and heavy (A ~ 200) systems are
considered. The Z-dependent symmetry energy input in the model, which comprise volume and surface
terms, is displayed as full lines. The assumption that Eq.4 is valid leads to Z-independent symmetry
energy values (horizontal dashed lines) decreasing when the excitation energy (or temperature) of the
sources gets higher. A correct value is in this case only recovered for very heavy fragments at low
excitation energy. Conversely the symbols show the symmetry energy calculated with Eq.3. Now the
agreement with the input values becomes reasonable for very excited large sources and small fragments,
as expected in the grandcanonical framework.

2.3 Isoscaling in dynamical models
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Somewhat surprisingly, the isoscaling behaviour was also seen for fragments obtained at the end
(1072! ) of dynamical simulations [18, 19], as examplified in fig 3. In fact, isoscaling is a general
property of fragmenting systems [20]. The relation of the isoscaling parameters to the system properties
is more complex in dynamical than in statistical models; they depend on the way fragments are formed
and are connected to distillation effects (see sect 7). In short isoscaling does not necessarily require
that the system is fully equilibrated. It is observed as soon as the fragment isotopic distributions have
Gaussian shapes. The coefficients are determined by the difference between the mean values, divided by
the widths of the distributions obtained in the two considered systems [1, 21].



2.4 Effect of secondary decay
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Up to now we have considered the hot fragments present at the freeze-out configuration. However,
as mentioned in the introduction, the fragments must be de-excited before comparing their properties
to experimental data. The effect of the de-excitation stage on the isoscaling parameters is difficult to
evaluate and seems to depend on the models used. Indeed for dynamical simulations (AMD, BNV,
IQMD) « is reduced by secondary decay whereas is is moderately affected or increased in statistical
models (SMMs, MMM). This is a general trend, as depicted in fig. 4, and in fig.23 of ref [21], where
the value of « for final fragments is plotted vs that for primary fragments [21, 22|. A qualitative
explanation can be found if one considers « as the ratio between the difference of the mean values of two
Gaussian distributions divided by their widths. The primary widths is larger in statistical models. The
evaporation process tends to focus the products towards the valley of stability. The difference between
the mean values of the distributions for the two systems decreases, and so does the width in statistical
models. If the latter effect is more important, a will be increased by the secondary decay. In dynamical
models the primary width is narrower, and may be less modified by the secondary decay. The decrease
of the shift between the mean values would then dominate and decrease the values of a.

2.5 Isoscaling in the Lattice gas model

The isoscaling properties of fragments were also studied in the framework of a lattice gas model: neutrons
and protons occupy a large cubic lattice and interact through nuclear and Coulomb forces. The isotopic
distributions of fragments obtained in this picture display isoscaling properties. The value of the «
coefficient appears to depend on the fragment charge, as displayed in fig. 5 and more specifically it
strongly increases when 7 becomes larger than 20. As in section 2.2, one can compare the symmetry
energy obtained from the values of o with that input in the model. This is done in fig 6, where the
model symmetry energy, plotted vs the temperature (or the density) is depicted by the black line. As
previously, using Eq. 4 and the values of « averaged over light (Z=2-7) fragments leads to a constant
value of the symmetry energy far from the model one (full green line). Even when taking the more
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correct Eq. 3 but for light fragments, one does not recover the input symmetry energies (dotted red
lines). Finally, although not perfect, the symmetry energy obtained from the « values of the heaviest
fragments gets closer to the expected value.

This encouraging result underline once more the specific role of the largest fragment of the mul-
tifragmentation partitions in determining the thermodynamics of nuclei [24|. It is thus mandatory to
measure and identify this fragment in the experiments. Although the most recent 47 arrays (INDRA,
CHIMERA) allow to determine its charge and energy, its mass is still out of reach. This is the major
aim of the FAZIA project.

2.6 Conclusions on isoscaling and symmetry energy

The isoscaling o parameter extracted for light elements - the only ones isotopically resolved in present
experiments - does not appear very reliable for a direct determination of the symmetry energy in the
framework of statistical models. More promising is the use of the heavier fragments of the multifragmen-
tation partitions. However these fragments must be detected, as done with the most recent 47 arrays
INDRA and CHIMERA, and fully identified. This will be the task of the next generation detectors.

But « is undeniably connected to the symmetry energy, in particular it was shown to linearly vary
with the N/Z value of the systems. It appears as a useful isospin dependent variable which can be used
to probe dynamical models.

3 the EOS of asymmetric nuclear matter

To a good approximation, at zero temperature, the EOS of asymmetric nuclear matter reads:



B(p,1) = B(p, ] = 0) + Eqym(p) x I? with [ = 2222 — N2Z3
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Figure 7: Examples of symmetry energy implementation. Left, from [1] with Skyrme interactions. Right
from [2| using momentum dependent interactions.

The first term is the isoscalar term, invariant under proton and neutron exchange, while the second
(isovector) one gives the correction brought by neutron/proton asymmetry. For I=1 this terms gives
the equation of state of neutron matter. Note that because [ is, for most nuclei, smaller than 0.3, the
isovector term is much smaller than the symmetric part, which implies that isospin effects should be
rather small and all the more difficult to evidence. The availability of Rare Isotopes Beams will, in the
future, allow to vary I on a larger range. The present results, detailed in the following sections, were
obtained with stable beams.

The symmetry energy, Egym, gets a kinetic contribution, EE;’;‘,L, from Pauli correlations and a potential
contribution, Eﬁ’gﬁl, from the isovector part of the effective nuclear interactions used in models.

Ejm (p) = EFS(") +$F(p/po)

with F(1)=1 and C' ~32 MeV. For convenience in comparing different implementations, examples of
which are displayed in fig. 7, Fgy, is commonly approximated as :

Esym Cs i P \2/3 Csp P
— ) r _|_ 2. N\ 5
o) = SEL 4 S0 )
or with a second order expansion around normal density :
Esym L P — Po Ksym P — P02
My = B = 6
1 (0) = Euy(po) + 5 () 4 S (P20 (6)

7%, or L define the “asy-stiffness” (terminology proposed by M. di Toro) of the EOS around normal

3] is also called §, or f3, or 77, depending on the papers
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~ 0.2 x=1
~ 05| F3=+/p/po
~ 0.7 x=0

1 | F2=p/po
~ 14 x=-1

_ (p/po)?
~16| Fl= 1’;5}’1)0

Table 1: Values of the v exponent obtained by adjusting, on a density range 0.7-1 pg, a power law on
the functionals used for the potential term of the symmetry energy, either given by F'1, F'2, F3, or as a
function of x in (25, 26].

density. The symmetry energy is said “asy-soft” if Eg;fn presents a maximum (between pg and 2p), fol-
lowed by a decrease and vanishing (7 <1)° and “asy-stiff” if it continuously increases with p (v >1). The
values of v associated to some Skyrme interactions with functionals F'1, F'2, F'3 [27], or to momentum-
dependent interactions characterized by a variable x [25, 26| are given in Table 1. In this latter case,
the functional with x=1 corresponds to the original Gogny force.
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Isospin effects in nuclear reactions can be connected to the opposite signs of the neutron and proton
potentials, as shown in fig. 8 for a nucleus with 1=0.2, e.g. '?*Sn. The symmetry potential is repulsive
(U > 0) for neutrons. At subsaturation densities (p < 0.16) it is more repulsive in the asy-soft case,
whereas above normal density the repulsive character increases with the asy-stiffness. Conversely the
symmetry potential is attractive for protons, which means that it acts in opposition with the Coulomb
potential.

“Warning: in some papers, particularly those of Bao-An Li, the v is used to characterize the total symmetry energy,
including the kinetic term.

Rigourously a function with a maximum, as the ones with z > 0 in fig. 7 can not be fitted with a power law having
a positive exponent, which are continuously increasing functions. Indeed, as the development (Eq. 6), Eq. 5 is considered
around normal density and + is determined from a fit of the used functional on a density range slightly below po.
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3.1 Transport codes

The dynamical approaches used to simulate heavy-ion collisions at energies of some tens to hundreds of
MeV per nucleon can be classified in several types. The first ones solve Boltzmann-like kinetic equations
for the one-body distribution in phase space, in the limit hbar —0.

af(r,pit

% + 2 Vrf(r,p,t) — Vrid(r,t).Vpf(r,p,t) = IY0(f)

coll

Stochastic extensions of these equations, developed in order to recover fluctuations allowing the formation
of fragments, form a second class: a Langevin term 47 is added to account for the fluctuating part of
the collision term. Exact solutions of the Boltzmann-Langevin equation being difficult to obtain, the
fluctuating collision term can be approximated by a fluctuating Brownian force, with a null average value,
as done in BOB, or SMF simulations The third class are the molecular dynamics models, which study
the motion of all the particles of a system under their mutual interactions. More quantal approaches
make use of Gaussian wave packets to represent the A particles. The codes which are quoted in the
following sections are summarized in table 2, in appendix A. A critical description of each class of
transport codes can be found in [28].

Concerning the ingredients of these codes, the isoscalar term of the nuclear interaction, following the
results of the last two decades, is chosen soft, with an incompressibility parameter K.,=200-230 MeV.
This value is compatible with the measurements of the energy of the isoscalar monopole resonance in
nuclei [29]. A momentum dependence appears in some implementations, sometimes in the isoscalar part
only and sometimes also in the isovector component.

In the first class of models, the mean field is complemented by the residual interactions, which gives
the semi-classical version of the nuclear Boltzmann equation. The collision term Ig)%( f) depends on a
collision rate containing a differential nucleon-nucleon cross-section. Note that, although the nucleon-
nucleon interaction is splitted between mean field and residual interaction, it is a single interaction.
This means that the cross section in the collision term should not be chosen independently of the mean
field but evaluated from imaginary part the Briickner G-matrix, the real part of which being the mean
field. Practically however both terms are not consistently calculated, and the residual interaction is
implemented either with the free oyn(FE,I,0) or with some recipe for in-medium correction. Note
also that, somewhat surprisingly, a collision term is added in some molecular dynamics codes (QMD),
although in principle the complete A-body problem is treated in such models.

Finally, except FMD and AMD, all these transport codes are semi-classical in nature. The Fermionic
nature of the system gets lost with time®. A consequence is that these codes are “reliable” on a short
range of time, and thus can not treat the secondary decay. Hot fragments must therefore firstly be
recognized:

e using a clusterization algorithm, in r space or in r, p space e.g. MST or ECRA in MD codes.

e following local densities : low densities correspond to free nucleons, higher ones to clusters of
nucleons (fragments) 7.

and then input with their characteristics in a statistical code in order to de-excite them.

5The CoMD code however constrains occupation numbers to remain strictly lower than 1, which makes the system
Fermionic all over the collision time

"The mean field codes can lead to the formation of fragments, either through a stochastic implementation, or taking
advantage of numerical fluctuations. They can not however recognize light particles (H, He isotopes)
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The comparisons between experimental data and models presented in the next sections were made
in such a way that the properties of symmetric matter and the residual interaction were fived, whereas
the form of Esym was varied.

3.2 Nuclear collisions around and above the Fermi energy

Collisions are classified through their violence, which reflects the impact parameter. One generally
roughly distinguishes central (~head-on) and (sem1 -peripheral collisions.

0o Q

projectile target

Around and above the Fermi energy almost all collisions end-up with two big nuclei, remnants of projec-
tile (QP) and target (QT). A fraction of the collisions also present a copious (fast) emission of nucleons
and light fragments with velocities intermediate between those of the QP and QT. This is termed mid-
velocity or neck emission. In central collisions topology selectors allow to isolate reactions in which a
big remnant is formed which, depending on its energy either de-excite to an evaporation residue, or
multifragments.

Most of the data presented in the following have been acquired with the help of large charged products
arrays (see appendix B for a glossary).

4 Competition of reaction mechanisms

Isospin is expected to govern the competition between fusion and deep inelastic reactions in semi-central
collisions (b ~ 0.4by42, bmar being the grazing impact parameter), at energies slightly below the Fermi
energy. The effect of isospin can be understood in terms of the amount of attraction or repulsion existing
during the approach phase of the two nuclei. During this phase, for a density slightly above pg, the
symmetry energy is larger in the asy-stiff case. For neutron-rich systems, fusion is favoured with an
asy-soft EOS: neutrons are dominant, and their effect is less repulsive in that case. For neutron-poor
systems, conversely, fusion is easier for an asy-stiff EOS, because the dominant protons have a larger
attractive symmetry potential. (see the evolution of collisions at 30 A MeV between “6Ar and %4Ni, and
46V and %4Ge for b=4 fm in fig.5-1 of ref. [1].)

The isospin effect on the reaction dynamics was experimentally studied in ref. [30]. Targets of 4°Ca,
4675, and *®Ca were bombarded by a 4°Ca beam accelerated at 25 AMeV. Charged reaction products
were detected with the CHIMERA 47 array. The competition between fusion and deep inelastic reactions
in central collisions was explored through the study of the variable AM,,, = (M1 — M3) /Mo, My, Mo
being the masses of the largest and second largest detected fragment and My, the total mass of the
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incident system®. Indeed a fusion reaction, ending with a heavy residue and evaporated light charged
particles will be associated to large values of AM,,.. Conversely deep inelastic reactions for these
almost symmetric systems, should have AM,,,. values closer to zero. AM,,, minimizes the effects due
to the mass differences between the targets and enhances those coming from their isotopic content. The

L TN R B R R N TR A
Stiff1 *Ca a) T Stiff1 *Ca b) 1

FEE B

N T
= OF X Soft *Ca d)
~ 2 _Z\
2 = T ~ T
E .8 .. ..
8 8 E %
2 & b k
=0 stiff2*Ca  f)

N

2+ e

o ISR, . |, . . SRR 0.2 04 06 038 02 04 06 08
02 04 06 08 02 04 06 0.8 AM,, m1,/mtot
MM, m,/mtot

Figure 10: Same as fig. 9 for the “°Ca+%Ca.
CoMD+GEMINI  calculations with  different
parametrizations are shown. Top panels: stiffl,
medium panels: soft and bottom panels: stiff2.
The dashed lines show the results of CoMD
without the GEMINI secondary decay step.
From|30].

Figure 9: Probabilities of AM,,,, (left) and of the
normalized mass of the largest fragment (right)
for the 3 studied systems. Blue dots represent
experimental data whereas the shaded histograms
show the results of a CoMD+GEMINI calculation.
From|30].

results are displayed in fig. 9. The distributions of AM,,,, clearly show that there are more fusion events
(characterized by AM,,, larger than 0.4) for the heavy “8Ca target than for the two others. Indeed,
due to the neutron richness of **Ca the compound nucleus is close to the valley of stability while the
other ones lie near the proton-drip line. Information on symmetry energy was extracted by comparing
experimental findings to the results of constrained molecular dynamics (CoMD) simulations [31]. The
symmetry energy is implemented with three different stiffness, labelled stiffl, stiff2 and soft on fig. 9
and 10?. All impact parameters up to by, were included in the simulations and the same selections
as in the experiment were imposed to the calculated events. The results are shown as histograms in
fig. 10 for the 4°Ca+%¥Ca system. The shape of the AM,,, distribution is clearly very dependent on
the asy-EOS: for the stiffer case (stiff1) there is too much fusion, whereas in the soft case the system
almost completely disintegrates due to the strongly repulsive interaction. A good matching with the
experiment is obtained in the stiff2 case, for the three systems, namely for a potential symmetry term
linearly increasing with density (y=140.15). Note that in this case the effect of secondary decay is weak

®For the pertinence of the analysis, complete events (>, Z; >80% Ziot and >, P; > 0.7 X Pheam) were selected, and a
velocity gate was set to eliminate quasi-targets).
stiffl =F1; stiff2=F2; soft=F3 - see table 1.
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(compare the dashed lines and the shaded histograms in fig. 10).

5 Isospin diffusion

5.1 Theoretical frame

Isospin diffusion is related to isospin exchange between the projectile- and target-like fragments during
a semi-peripheral nuclear collision. Ultimately if the reaction time is long enough the system can reach
isospin equilibrium, both partners ending with the total system isospin '°. Isospin diffusion arises from
two phenomena:

1. Tsospin transport due to density gradients (migration), which depends on the slope of the symmetry
energy :

Df — Df oc 41955

2. Transport due to isospin concentration gradients (diffusion), which depends on the absolute value
of the symmetry energy

D] — D] o« 4Eym

In the hope of minimizing effects such as pre-equilibrium emission, Coulomb, secondary decay ..., and
of emphasizing those due to isospin, it was proposed to use a ratio, providing the same measurement is
performed for several systems differing only by their isospin content. One chooses an isospin sensitive
quantity = and constructs the imbalance, or isospin transport, ratio, R*, defined as:

b = 202 with 290 = (2 +27) /2

H and L refer to two symmetric reactions between n-rich and n-poor nuclei, M to the mixed reaction. By
construction R = %1 in projectile(P)/target(T) regions, and R=0 when isospin equilibrium is reached.
Different observables x will provide the same result if they are linearly related. Such a ratio, where
x=(N—2)/(N + Z), the true isospin content of the QP and QT, was calculated in SMF simulations.
The considered systems are Sn+Sn, with H=124 and L—=112, at two energies 35 and 50 A MeV. The
simulations were performed for different impact parameters and the results are plotted versus the nor-
malized dissipated energy, Ejss/FEcm.. 1t is interesting to observe in fig. 11 that such a representation
leads to a “universal” curve [32], which depends neither on the incident energy nor on the isoscalar
interaction used in the simulation ', but only on the symmetry energy parametrisation (soft, y=0.5 and
stiff y=1). The main information visible on this figure is that isospin equilibrium is reached faster, and
for less dissipative collisions in the asy-soft case.

10The reaction time runs from the contact between projectile and target up to the instant at which QP and QT re-
separate. It thus depends on the incident energy and on the impact parameter.

" Two soft isoscalar interactions are used, with (MD) or without (DI) momentum dependence. Note that the momentum
dependence, when adopted, acts also on the isovector part of the EOS and modifies its strength. The free onyn with its
isospin energy and angular dependence is taken.
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5.2 Experimental studies: one impact parameter

Isospin diffusion has been deeply studied by the MSU group since 2004. They look at four reac-
tions, 24Sn+1%4Sn, M2Sn+1128n, 24Sn+1128n and 2Sn+'24Sn at 50 AMeV. Two isospin variables
were considered, the isoscaling parameter (z = «a) and the ratio of yields of mirror nuclei (z =
In [Y("Li)/Y ("Be)]). Both are linearly connected with I. An experimental impact parameter is ob-
tained from the measured charged product multiplicity, M, distributions and peripheral collisions are
considered: b/byq.>0.8. Along the years the experimental results were confronted with those of several
dynamical simulations, with the condition: b=6 fm, and x = I. The first comparison was performed with
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Figure 12: Measured (shaded bars) and calculated ~ Figure 13: The degree of isospin diffusion as a

(points) values for R“. The labels on the cal-  function of time (points and full lines) with the
culated values represent the density dependence MDI and SBKD interactions. The correspond-
of Eg?%l, which gets softer from left to right. ing evolutions of central density are also shown
From [33]. as dashed/dotted lines. From|26].

the BUU9T [34] and is shown in fig. 12. Four parameterizations of Ef;fn, indicated on the figure, were
used. For the considered peripheral collisions, the asymptotic value of R’ is reached at ~100 fm/c'2.
The filled points show that in that case the secondary decay has a weak influence on R!, as they remain

12300 fm/c = 1072 s.
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close to the corresponding open points, calculated at 260 fm/c. The shaded horizontal bars indicate the
experimental values obtained for R®. It is clear that the best agreement is obtained for a stiff asy-EOS,
depending almost quadratically on the density (v ~1.5-2). Note that the value of R is around 0.5,
indicating that isospin equilibration is not obtained for these systems in peripheral collisions. Later the
data were compared with the results of calculations with a momentum dependent (MDI/IBUU04) and
independent (SBKD) interactions. The density dependence of the symmetry energy is the same in both
cases. It is instructive to observe in fig. 13 that isospin diffusion essentially occurs during the expansion
phase of the collision, at subnormal density. Here again a good agreement between the asymptotic
calculated value and the data is obtained for the MDI, which is asy-stiff (z =-1 = y= 1.4). Finally more
recently the MSU group compared their data with an improved molecular dynamics code (ImQMD [35]).
In that case they used the two variables R® and R’ as displayed in fig 14. It may first be noticed that
both experimental values are in good agreement (R” must be considered in the projectile rapidity re-
gion y/Ypeam >0.8). The best reproduction of these data with ImQMD is obtained for an asy-soft EOS
(045 <~y <1).

R.

1

T

T T
ImQMD 7;=2.0"
r* Ry 1OI

0.5 y
- 27075

Figure 14: Left panel: comparison of R,
(shaded regions) to ImQMD results (lines) as

0.0r a function of the impact parameter for differ-
ent values of 7. Right panel:comparison of Ry
from the yield of mirror nuclei (A=7, stars) as
05 a function of the rapidity to ImQMD calcula-
tions at b=6fm. From |[36].
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5.3 Experimental studies: towards isospin equilibration

The INDRA collaboration performed investigations on isospin transport effects on the reaction dynamics
for two systems, with the same projectile, **Ni, and two different targets,®®Ni and '97Au, at incident
energies of 52AMeV and 74AMeV [37, 38]. The evolution of isospin effects in different conditions of
charge (and mass) asymmetry was followed as a function of the energy deposited into the system:

Ediss = Ec.m. — %MV2 with Vi = 8}% X Atot

rel Atarget

The data were compared to the results of BNV simulations '?, with two different parameterizations for
the potential symmetry term: an asy-stiff EOS, that has a linear density dependence, and an asy-soft
one using the SKM* parameterization corresponding roughly to v ~0.6. The BNV simulations show
that the chosen sorting variable gives a good measure of the impact parameter, as shown in fig. 15. The

13 A soft isoscalar EOS, Koo = 200 MéV and the free nucleon-nucleon cross section, with its energy, isospin and angular
dependence are used.
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Figure 15: Correlation between Egiss/Ec. and Figure 16: Isospin ratio of complex particles for

the impact parameter in BNV simulations, with Ni quasi-projectiles vs Egiss/Ecm.. Open circles

different symmetry energy terms. From [38§]. correspond to experimental data forward of the
N-N velocity, close circles to those forward in the
QP frame. Lines and hatched zones correspond
to the results of simulations after de-excitation of
the QPs. From|38].

isospin-dependent variable was constructed from the isotopically identified particles included in the QP:

(<N>/<Z>CP—ZZN/ZZP (7)

Ne'uts v Nevts

where N, and P, are respectively the numbers of neutrons and protons bound in particle v '#; free
protons are excluded, as free neutrons are not measured. Ngus is the number of events contained in the
dissipated energy bin considered. The variable (N/Z)cp was calculated twice: first considering particles
forward emitted in the nucleon-nucleon frame (Vparticle > VE;?)J/ 2), and secondly keeping only particles
forward emitted in the QP frame (Vparticle > 81%) Indeed as the BNV simulation does not allow to
identify mid-rapidity particles and light fragments, the theoretical value of (N/Z)cp is calculated only
from the particles evaporated by the QP, which are experimentally approximated as the particles forward
emitted in the QP frame.

The results are displayed in fig 16. The lines represent the theoretical evolution of (N/Z)cp, obtained
after de-exciting the hot QP obtained in the simulations at the instant of re-separation QP-QT with the
SIMON code. For the Ni+Ni system the variation of (N/Z)cp with centrality is small, and attributed
to pre-equilibrium emission. At both energies (N/Z)cp grows slightly higher at high dissipation for
the asy-soft case. For this system it must be noted that secondary decay modifies the trends observed

143 being d, t, He, “He, SHe, OLi, "Li, 8Li, °Li, "Be, °Be, '°Be.
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for the hot QP [38]. The evolution with centrality is much more pronounced for the neutron-rich and
asymmetric Ni+Au system. In addition to pre-equilibrium effects, isospin transport takes place between
the two partners of the collision, and increases with the violence of the collision. (N/Z)cp is higher in the
asy-soft than in the asy-stiff case at 52 A MeV, while it appears quite independent of the asy-stiffness at
74 AMeV. For this system the evolution of (N/Z)cp with Eqiss/Ec.m. is strongly attenuated with respect
to that of the hot QPs, but the order asy-soft/asy-stiff is not modified.

The open points show the experimental values obtained forward in the NN frame. Let us remind that in
this case mid-rapidity particles are mixed with those coming from the QP de-excitation. For the Ni+Ni
system at both incident energies, (N/Z)cp varies by at most 1.5% when dissipation increases. This is the
expected behaviour for this symmetric system where N/Z is only modified by pre-equilibrium emission.
For the Ni4+Au system the isospin ratio is higher than that of the Ni+Ni system whatever the dissipated
energy and presents a significant increase with dissipation. The maximum value reached is higher at
52A MeV, while the trend is flatter at 74A MeV. This may be interpreted as a progressive isospin diffusion
when collisions become more central, in connection with a larger overlap of the reaction partners and
thus a longer interaction time. For a given centrality, the separation time is longer at 524 MeV than at
T74A MeV, leaving more time to the two main partners to go towards isospin equilibration.

The close points in fig 16 are related to the values of (N/Z)cp forward in the QP frame. They are in all
cases smaller than the previous ones, and for Ni+Au at both energies, they grow faster with dissipation.
This is because the mid-rapidity particles are no longer included: it is known that these particles are
more neutron-rich, and that their isospin content is independent of the violence of the collision [39].

The values of (N/Z)cp forward in the QP frame can be compared with the results of the simulations.
A first result worth mentioning is that the chemical composition (N/Z) of the quasi-projectile forward
emission appears as a very good representation of the composition of the entire quasi-projectile source.
Such an observation seems to validate a posteriori the selection frequently used to characterize the
QP de-excitation properties. When looking globally at the results for the four cases treated here, the
agreement is better when the asy-stiff EOS is used, i.e. a linear increase of the potential term of the
symmetry energy around normal density. Note however that for Ni+Au at 52 A MeV, where isospin
transport effects are dominant, the close points lie in between the simulated results with the two EOS.
This observation allows us to put an error bar on our result, expressed as y=140.2.

This experiment also gives information on the equilibration of isospin. Firstly it can be derived
directly from the experimental data. In the top-left panel of fig 16 one observes that the open and close
points superimpose at high dissipation: it means that the values of (N/Z)cp are the same at mid-rapidity
and at velocities close to that of the QP. This is a strong indication of isospin equilibration. Note that
more than 75% of the energy must have been dissipated before equilibrium is reached. Qualitatively
this high value of the dissipated energy at isospin equilibration pleads for an asy-stiff EOS (see fig 11).
On the theoretical side, equilibration is reached in simulations for an impact parameter b <4 fm, at a
time t=130+10 fm/c.

6 n/p ratio at Fermi energies

The ratio of the yields of emission of neutrons and protons is directly sensitive to the symmetry en-
ergy, due to the opposite signs of the neutron and proton symmetry potentials. The most important
information comes from high energy nucleons, because they are early emitted.

This variable was experimentally studied by the MSU group [35, 36, 40|: they measured center-of-
mass proton and neutron energy spectra for 70° < 6., < 110°, in central collisions. Protons and light
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clusters were identified with LASSA modules, neutrons were detected in a neutron wall. Part of the
WU Microball served as an impact parameter selector. Neutrons and protons contained in light clusters,
not taken into account in a first analysis were included in the late ones. To minimize uncertainties
due to the different apparatuses, calibrations, efficiencies for neutron and proton measurements, they
performed two experiments at 50 A MeV on a neutron-poor system ''2Sn+112Sn (L) and a neutron-rich
one 248n+1248n (H) and use double ratios of spectra:

DR(n/p) = Rn/p(H)/Rn/p(L)
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Figure 17: Coalescence invariant neutron-proton Ecy (MeV)
double ratios plotted as a function of kinetic en- ’
ergy of the nucleons. The shaded regions represent
calculations from the BUU97 simulations from [41]. Figure 18: Comparison of experimental double

The solid and dashed lines represent the results of
IBUUO4 calculations at b=2 fm from [42]. The
experimental data of [40] are displayed by stars.
From [35].

neutron-proton ratios [40] (stars) as a function of
nucleon center-of-mass energy, to ImQMD calcula-
tions (lines) with different density dependencies of
the symmetry energy. Adapted from [36].

The experimental data were compared with the results of the same transport codes used for isospin
diffusion (section 5.2), varying the symmetry energy term. The BUU9T (fig. 17, hatched zones - see sect. 3
for the meaning of F'1 and F'3) best matches data for a soft asy-EOS (y=0.5), whereas the IBUU04 model,
with a momentum dependent interaction, (lines) completely fails in reproducing the data. It is known
that preequilibrium emission is strongly increased when using momentum dependent interactions [43],
but the isospin content of this emission may also be modified. A more detailed comparison, shown in
fig 18 was performed with the ImQMD code. It is interesting to observe that the calculated double ratio
presents maximum values for a symmetry energy such as y=0.75. Increasing or decreasing v diminishes
the calculated double n/p ratio. The experimental data lie above the maximum calculated values, but
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have large error bars. The authors of [36] state that, within a 20 uncertainty, the potential symmetry
energy should have a density dependence such as 0.5 <~ < 1.05, with best value 0.7.

These authors stressed that the ImQMD code privilege the same form of Esy,,, when confronted to
isospin diffusion and n/p ratio experimental data, which strengthens that result. Conversely the BUU97
and IBUU04 do not lead to consistent results for these two variables. Particularly, with the momentum-
dependent interaction of IBUU04 the increase of preequilibrium emission, which occurs in the same time
interval as isospin diffusion, should modify the respective influence of these two phenomena.

7 Isospin distillation (or fractionation)

Isospin distillation is a phenomenon expected to occur in central collisions followed by multifragmen-
tation. It is a test of symmetry energy in dilute matter and a signature of a liquid-gas type phase
transition. The origin of this phenomenon is easily understood when looking at the evolution of the
neutron and proton chemical potentials !> with density, as displayed in fig 19. The differences of the
local chemical potentials, for neutrons and protons, which can be expressed as p, — pp, = 4Egm(p)I /A,
governs the mass flow in non equilibrium systems. In the density region reached by multifragmenting
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Figure 20: The asymmetry N/Z of the gas (circles)
Figure 19: Density dependence, for 1=0.2, of and of the liquid (squares) phase for central Sn+Sn
neutron (upper curves) and proton (lower curves) collisions with different initial N/Z. Solid lines and
chemical potentials for asy-superstiff (v ~1.6 - solid  solid symbols refer to the asystiff parametrization,
lines) and asy-soft (y=0.5 - dashed lines) EOS. and dashed lines abd open symbols refer to the asy-
From [1]. soft parametrization. From [44].

systems (p < po/2, i.e. p <0.08 on the figure ) one can observe that neutrons and protons move in
phase, both towards higher p. The slope of p, is however steeper than that of y,. This means that the

!5We remind that the chemical potential is the derivative of the energy with respect to the number of particles of the
system.
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Figure 21: The fragment asymmetry N/Z as a function of the kinetic energy for different symmetric
Sn+Sn collisions at b=2 fm, E/A=50 A MeV, obtained with an asy-stiff (solid lines) and asy-soft (dashed
lines) EOS. Left panel: hot primary fragments; right panel final cold fragments. From [44].

clusters (high density) produced by bulk instability will be more symmetric while the gas phase (low
density) will get enriched in neutrons. As the difference between the chemical potential slopes is more
marked for an asy-soft EOS (dashed lines), the distillation effect will be stronger in that case. Dynamical
simulations with the BNV code were performed for central (b =2 fm) symmetric Sn+Sn collisions, with
masses 112, 124 and 132, at 50 AMeV [44]|. A large statistics is necessary to observe isospin effects,
which are looked for by using two forms of Eé’;fn in the interaction, a stiff one corresponding to v ~1.6
and a very soft one (y ~0.2-0.3). The isospin content of the liquid (fragment ') and gas phases are
depicted as a function of the initial N/Z in fig. 20. The fragments here are the primary hot ones. Tt
appears that the N/Z of the gas phase is larger than that of the liquid; the difference increases with
the initial N/Z, and is larger in the asy-soft case because the symmetry energy at low density is larger.
For the less neutron-rich system, the liquid phase is more neutron-rich than the gas in the asy-stiff case;
this inversion is caused by Coulomb effects which become dominant over symmetry effects, leading to
a strong proton emission. Finally one can notice that It.,, < Igys for n-rich systems and conversely
Itrqg > Igyst for “n-poor” systems.

Experimentally it is difficult to define a limit in Z between the liquid and gas phases, it may vary
from event to event. The symmetry energy effect can however be traced back by analysing in the same
way the evolution of the N/Z 7 of the fragments as a function of their kinetic energy, in experiments and
simulations (i.e. without caring whether fragments come the liquid or in the gas phase). This is shown
in fig. 21 which displays the results obtained in the simulations. On the left panel, which concerns hot
fragments, it appears that the magnitude, but also the slope of the fragment asymmetry vs E depends
on the symmetry energy. The slope appears as the final result of two opposite trends: the Coulomb
accelerate the more proton-rich fragments, which would give a negative slope. The symmetry energy is
more repulsive for the more neutron-rich fragments, which would lead to a positive slope, more positive
in the asy-soft case. Combining the two effects, the final slope can be positive or negative, it should
increase for agy-soft EOS and neutron-rich systems. This is well observed in the figure, where the steeper

Y6Fragments are defined by applying a coalescence procedure to matter with density larger than po/5
'"N/Z of fragments is defined as the average over the number of events of the ratio >°, N;/ 3", Z;, the sums running on
all fragments i with charge between 3 and 10 contained in each event.
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negative slope is for the asy-stiff EOS and the less neutron-rich system (''2Sn), and the more positive
is for the neutron richer system, '32Sn. The right panel shows that the observed effects are still present
for the cold fragments.

Studies using this variable are in progress by the MSU group and by the INDRA collaboration
(thesis of F. Gagnon-Moisan). The MSU results can again be interpreted differently, depending on the
transport code used: while with ImQMD they show a better agreement between data and an asy-soft
EOS (y ~0.5) ', they better match with an asy-stiff EOS (y ~1.6) with the BNV [44] code!®. The
INDRA data are still preliminary, and seem to qualitatively favour an asy-stiff EOS. Calculations for
the measured systems (136Xe +124Sn and 124Xe+112Sn at 32 and 45 A MeV) are in progress.

8 Neck fragmentation at Fermi energies

As said above (sect.3.2), for a large fraction of the reaction cross section at energies 15-50 AMeV the
exit channel of the collisions comprise several light products (Z<10) emitted in the interaction zone,
with a velocity intermediate between those of the two main partners. These reactions are characterized
by the alignment of the velocity vectors of QP, QT and neck fragments: in the reaction plane the
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Figure 22: Average N/Z of neck fragments vs their 0-PLANE

in-plane emission angle, for ternary events mea-
;iredrfoi twgti?l+1§; Eﬁiﬁé?ni a; ?151&4/[%/[6\1; ;Fhe Figure 23: Same as fig 22 for the N/Z of hot
o5 represe © CISUHDUMION Of & whereas fragments obtained in stochastic BNV simulations.

the points concern fast emitted fragments (sequen- i
tial fission removed). From [45]. From E. De Filippo, NUFRA2007.

angular distributions of the latter have a maximum at ®,4ne = 0, ®pane being the angle between the

85ee the talk of B. Tsang at the NUFRA 2009 conference: http://fias.uni-frankfurt.de/historical /nufra2009
9talk of H. Wolter at the TWM2009 workshop, http://agenda.ct.infn.it/contributionListDisplay.py?confld=128
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QP-QT separation axis and the velocity of the neck fragment. This phenomenon has been known and
studied for two decades [46-48|. The good isotopic resolution of the CHIMERA array allows to study
the isospin content of the neck fragments. These clusters are expected to be formed in a slightly dilute
zone, po/2 < p < pg, in contact with the normal density regions of QP/QT. Isospin transport effects due
to the drift coefficient are expected. Fig.19 shows that in this region protons and neutrons move now
in opposite directions: neutrons towards the low density neck region and protons towards the QP/QT
zones. Because of the larger slope of the chemical potential, a larger neutron flow is expected with an
asy-stiff EOS. The neck fragments should thus be very neutron-rich, even more than those produced in
the gas-phase through isospin distillation.

The Isospin Collaboration studied the isospin content of the neck fragments as a function of their
degree of alignment, for two reactions 24Sn+54Ni and 1'2Sn+58Ni. They observed that the N/Z presents
a maximum value when the fragments are exactly aligned with the QP and QT. This maximum better
shows up when fragments arising from sequential fission are removed: compare the points in the figure
(only aligned fragments) with the lines (all fragments). The maximum is also more marked for the
neutron-richer system. The same analysis was performed on results from stochastic BNV simulations,
using three forms of the potential symmetry energy. The results are displayed in fig 232°. The value
of N/Z is rather flat for an asy-soft EOS, and one should take a stiff asy-EOS in order to observe a
maximum of the N/Z value for ®,;,n. = 0. Although only partial (no de-excitation of neck fragments
in BNV), this comparison calls for an asy-stiff EOS (v € [1,1.6]).

9 Neutron skin

It has long been known that in stable heavy nuclei neutron and proton densities differ, particularly
by their root-mean-square radii. The neutron rms radius appears as an ideal quantity for constraining
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Figure 24: Neutron skin thickness, S, of 2°8Pb as a function of (a) L, (b) Ksym and (c¢) Esym(po) for 21
sets of Skyrme interaction parameters. The line in panel (a) represents a linear fit. From [49]

the symmetry energy part of the EOS. Using Skyrme parameterizations of the nuclear interaction, it
can be shown that the neutron skin thickness, S?2!, depends on the symmetry energy around normal
density, The dependence of S on the various terms of the expansion, Eq.6 is shown in fig. 24, for 21

20Warning: this figure gives the N/Z of excited neck fragments
*Ldefined as S = /(r2) + /(r2)
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different Skyrme parameterizations??. It is observed that S is linearly correlated with the slope L of

the symmetry energy at normal density and more loosely related to the other parameters Ky, and
Egym(po). S is unfortunately difficult to measure in a model-independent way, and the scarce results
were obtained with a poor accuracy. Neutron skin thicknesses would be all the more interesting to know
that they were related to the crust of neutron stars, which is also made of neutron-rich nuclear matter.
The collective vibration of the excess neutrons of the skin against the bulk symmetric matter is at the

Figure 25: Upper panels: ratio of pygmy to gi-
ant dipole resonance strength for'3%1328n versus
the symmetry energy parameter a4 as resulting
from RQRPA calculations (solid lines). The dot-
dashed and dashed lines indicate the experimental
PDR/GDR strength ratios with their errors and
the range of a4 values deduced from them. Bot-
tom panels: neutron skin thickness R, — R, ver-
sus aq4 from RQRPA calculations The dot-dashed
and dashed lines indicate the average a4 value and
30 3 3 36 3 40 25 30 32 3 % 3 40 its errors and the neutron-skin thicknesses deduced
a,[MeV] a,[ MeV ] from it. From [50]
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origin of the pigmy dipole resonance, with a transition energy below that of the giant dipole resonance.
It was recently proposed that the strength of the pigmy resonance could also provide a constraint on the
symmetry energy. In [50] a series of self-consistent relativistic Hartree-Bogoliubov model plus relativistic
quasiparticle random phase approximation (RQRPA) calculations of ground-state properties and dipole
strength distributions was carried out. The value of Egym(po) in the used effective interactions was
varied between 30 and 38 MeV and the other parameters adjusted to reproduce the nuclear matter
properties. With such consistent calculations, a direct relation between symmetry energy parameters,
neutron skin and pygmy resonance strength can be obtained. This is exemplified in fig 25 for 139Sn and
1328n which shows that the pigmy strength is linearly correlated to the neutron skin and to Egym(po)
(noted a4 in the figure). The measured ratio of the PDR and GDR strengths is compared to that of the
RQRPA calculations, which fixes the symmetry energy parameters:

aqg = 32.0 £ 1.8 MeV and L = 43 £ 15 MeV

This parametrization corresponds to a soft asy-EOS, with v € [0.3;0.5]

10 Constraint on the EOS at supra-saturation density

10.1 n, p collective flows

In central nuclear collisions at incident energies larger than ~200 A MeV baryon densities of the order of
2-3 po can be reached, providing a way to test the symmetry energy at suprasaturation densities. The
neutron and proton differential flows are good probes of the compressed stage of of the collisions. The

22SKM, SKM*, RATP, SI, SII, SIII, SIV, SV, SVL, E, E,, Go, Ro, Z, Z,, Z%, T, T3, SkX, SkXce and SkXm, see [3] for
the parameters used in these interactions.
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flow observables are expressed as the 1* and 2"? coefficients of the Fourier expansion of the azimuthal
distribution of particles:

Yy, pr) = 1+ 1 cos (¢) + 2v2 cos (20)

vy characterizes the transverse flow, related to the azimuthal anisotropy of the transverse nucleon emis-
sion. wve characterizes the elliptic flow, describing the competition between in-plane and out-of-plane
emissions: in-plane emission is favoured for vy > 0 whereas vo < 0 is obtained for out-of-plane emission
(squeeze-out).

Measurements of flow observables from Au+Au reactions at 400 AMeV were performed at GSI, using
the FOPT and LAND apparatuses [51]. In a new and recent analysis of these data, combined data sets for
central and mid-peripheral collisions were compared with the results of UrQMD calculations 23, with two

T .

neutrons
-0.05 - ¢4 .
~ hydrogen Skt
> -0.10 | — . . . . .
I Figure 26: Differential elliptic flow param-
015 - + JF FOPL/LAND data i eters vy for neutrons (triangles) and hydro-
— e gens (stars), top panel, and their ratio (bot-
020F, T tom panel) for central (b <7.5 fm) collisions
of ¥TAu+19"Au at 400 AMeV as a function
1ok ] of the transverse momentum per nucleon p;/A.
= The symbols represent the experimental data,
i‘: the UrQMD predictions for y=1.5 (asy-stiff)
o5t . and 0.5 (asy-soft) are given by the dashed lines.
From [52].
weighted mean 7 = 0.94(21)
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parameterizations of Eﬁ’;fn, corresponding to v values 0.5 and 1.5. Fig. 26 shows the evolution of v, for
neutrons and hydrogens?* as a function of the transverse momentum, p;. The upper panel of the figure
shows that the model (lines) well describes the overall dependence of the experimental data (points). It
appears that the neutron squeeze-out is significantly sensitive to the symmetry energy whereas that of
hydrogens is not. As a consequence the squeeze-out ratio, displayed in the bottom panel of the figure
is a good probe of the stiffness of the symmetry energy. The results however suffer a lack of statistics
and the points present a large dispersion. A linear interpolation between the two calculations, averaged
over the range of transverse momentum 0.3-1.0 GeV/c, yields the estimate v ~ 0.9 £ 0.3.

It must be noted that a new experiment aiming at measuring these flows will be realized at GSI within
two years. The experimental set-up will combine LAND with parts of CHIMERA and the ALADIN
time-of-flight wall.

Zperformed for b < 7.5 fm and filtered by FOPI/LAND acceptances
2 protons, deuterons and tritons are summed
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10.2 Meson production at supra-saturation density
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At high energies, the meson production proved to be a reliable observable to probe the EOS at
high density. Thus the isospin content of the mesons can be expected to provide information on the
symmetry energy at high density. In a Relativistic Mean Field approach, pion and kaon productions in
head-on Au+Au collisions at 1 A GeV [45] were calculated. The relativistic Landau-Vlasov method was
applied together with a Monte-Carlo procedure for hard hadron collisions. The inelastic channels in the
collision term involve the production and absorption of the A and N* resonances?® and their decay into
pions. Depending on the isovector meson contributions, the models are termed NL, NLp and N Lpd,

2k

} Figure 28: Experimental ratio

ot (KY /K py/(KT/K®) 2. (stars) and the-
cf' 16 oretical predictions of the thermal model
g | (cross) and the transport model with three
\é 14r different assumptions on the symmetry energy:
ol T ) NL (circles), NLp (squares), and NLpd
[ ¢ % L (triangles), for two sets of calculations: INM
1 % (open symbols) and HIC (full symbols).
30 75 00 Statisti t ti ted

osl £ eV pg=25p0) istic ans systematic errors are represente

[ by vertical bars and brackets respectively.

DATA THERM. NL  NLp NLpd
Data Vs Models From [53].

in increasing order of asy-stiffness. Fig. 27 shows the evolution with time of the multiplicities of A,
pions ans kaons. It is clear that kaons should be better probes of the high density stage as they are
all produced in the very first instants of the collision. Conversely pions are produced and re-absorbed
during a longer time. The 7~ yield slightly increases when increasing the vector contribution in the

?The energies of the A is 1232 MeV and that of the N* 1440 MeV
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isovector channel (NL — NLpd), while that of 7% barely decreases. The effect is more marked on
kaons, especially on K°.

The production of kaons was experimentally measured for $Ru+9$Ru and 3$Zr+957Zr collisions at
1.5 AGeV, using the FOPI detector [53]. These systems have the same mass but different isospins. The
measured double ratio of K+ /K? is shown in fig. 28 by the red star. It is compared to the results of
RMEF calculations of nuclear collisions (close circle, square and triangle). At that energy, and in view of
the large experimental error bars, no information on Ej,,, can be obtained.
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Figure 29: The 7~ /7" ratio as a function of the  Figure 30: Excitation function of the 7~ /7" ratio
neutron/proton ratio of the reaction system at  in the most central Au+Au collisions. From|54]
0.4 AGeV with the reduced impact parameter of

b/bmar <0.15. The inset is the impact parameetr

dependence of the 7= /7T for the Ru+"Ru re-

action at 0.4 AGeV. From|54]

The FOPI collaboration also measured the pions production for symmetric systems ranging from
Ca+Ca to Au+Au at energies between 0.2 and 1.2 A GeV. Results were analysed for central collisions,
where the estimated density is around 2pg [55]. Fig. 29 shows the 7~ /7 ratio obtained at 400 A MeV
versus the N/Z of the different colliding systems and fig. 30 displays the excitation function of the pion
ratio for the Au+Au system. They are compared with the predictions of the IBUU04 model with different
symmetry energies, and with those of the IQMD model. It is visible that the result can discriminate
between the EOS for systems with large N/Z (Zr+Zr and Au+Au), and for moderate incident energies,
close to the 7w production threshold. In this framework of isospin and momentum-dependent transport
model, a very soft EOS (z >1 = v < 0.3) is favoured at high density [54]. This surprising result may be
the indication that there are limitations on what can be reliably learnt about Egy,(p) at high density
from high energy heavy-ion collisions.
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Figure 31: Summary of the experimental findings. Several points on the same horizontal position
correspond to v extracted from different codes, in the same left-to-right order. The horizontal line
separates “low density” from “high density” results.

11 Summary of the results

We summarize in fig. 31 the values of v derived from the different experiments presented in this lecture.
Except the very first result from MSU obtained with BUU97, they at most equal to 1.5, indicating that
the symmetry energy should not be very stiff. The asy-stiffness is found softer with the ImQMD code
than with mean-field codes. Two results point towards a very asy-soft-EOS (those from neutron skin
and pions). Clearly more results are needed, on both the experimental and the theoretical side.

12 Discussion: problems raised and possible improvements

In the course of this lecture, some difficulties for obtaining the symmetry energy evolution with density
from comparison between experimental data and models have been raised. They will be summarized
here, together with some foreseen improvements, both on the experiments and in the models.

It must be stressed that the expected isospin effects being small, a high experimental statistics is
mandatory to minimize, at least, the statistical error on the measured variables; some of the presented
results exhibit indeed quite large error bars.
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12.1 Impact parameter selection

Transport codes simulate collisions at a given impact parameter, b, a quantity which is not known ex-
perimentally. Some global variables ?® are often used to get an experimental impact parameter, bexp [24].
Due however to the limitations of the measurements (less than the reaction cross section is generally
recorded, which means bgg" < bIra#in9) and to the large fluctuations in the mechanisms occurring at a
given impact parameter, there is not a one-to-one correspondence between b and be.p. This may cause
some uncertainty in the symmetry energy derived from a comparison with a transport code at a given
impact parameter.

An appealing procedure to partially get rid of these problems is to treat experimental and simulated
data on the same footing: for instance one can use the same b-dependent global variable as a sorting

parameter for experimental data and model, as done for the results presented in sections 4 and 5.3.

12.2 Complete identification of the fragments

In several cases the choice of the stiffness of the symmetry energy relies on the measurement of the
N/Z of the fragments. This implies that, besides the energy and the charge, one should measure the
magsses of the fragments. With the presently existing detectors, the isotopic resolution is obtained up
to Z=9 and on a limited solid angle. Even the CHIMERA array, with its time-of-flight, has difficulties
in obtaining both Z and A for the heavier fragments. It would be desirable to know the higher masses,
and particularly that of the heaviest fragment of the partitions (see section 2.5).

In this aim the FAZIA collaboration carries on an ambitious research and development program,
which should end-up in building a new 47 array. It is based on pulse-shape identification of nuclei in
silicon detectors and scintillators, thanks to a fully digitized electronics?”.

12.3 Transport codes
12.3.1 In-medium effects

It was underlined in section 3.1 that there was often a lack of internal consistency between the mean-field
and the collision terms. Indeed the in-medium corrections to be applied to the collision term are not
well known. In the same line the in-medium effects on the production, absorption, propagation pf w, K
are not well known.

12.3.2 Comparison between experiment and simulations

The results displayed in sections 5.2 and 6, which present comparison of the same experimental data
with those of different transport codes prove that the form of the symmetry energy term of the EOS is
far from being settled. A comparative study of the codes, in the spirit of that initiated by the WCI [56]
for the isoscalar EOS, would be desirable. Among others, some points to be studied are the following:
(i) the effect of momentum dependent interactions which, besides increasing the amount preequilibrium
emission [43] may also influence the balance between that emission and isospin diffusion, which occur
simultaneously. (ii) improvements of the codes towards more consistency between mean field and collision

26 A global variable condense all the information recorded per event in a single value. Some commonly used variables
are multiplicities (of neutrons, of charged products, of light charged particles), transverse energies, total detected charge,
dissipated energy.

ZThttp:/ /fazia.in2p3.fr
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term should be looked for. (iii) the quantal nature of the nuclear systems should be preserved. Besides
AMD and FMD, the DYWAN code, based on algorithms using wavelets [57], could bring new interesting
information for heavy systems. The codes should also be as predictive as possible.

12.4 From hot to cold fragments

Experimentally we measure fragments long after the end of the collision. They are thus cold fragments,
having lost their possible excitation energy through evaporation (or fission). As mentioned in section 3.1
the semi-classical nature of most of the transport codes does not allow them to follow the de-excitation
process of the nuclei present in the exit channel. Similarly in statistical models for multifragmentation
the calculated partitions at freeze-out deal with hot fragments. A de-excitation code (sometimes termed
after-burner) must thus be used, following both types of models, before any comparison with data.
One can wonder about the reliability of the statistical de-excitation codes: the GEMINT [58] is widely
used. The SIMON code [59] used in Europe has the advantage of keeping space-time correlations while
de-exciting the fragments. The MSU group developed a statistical multifragmentation model in which
the de-excitation part wss also improved [60].

Indeed the only validations of decay codes which could be performed up to now consisted in studying
the de-excitation of compound nuclei, formed with stable beams and targets; the compound nuclei are
thus slightly neutron-deficient, owing to the curvature of the valley of stability. The hot fragments
formed in multifragmentation might be more neutron-rich (if they keep the N/Z of the fragmenting
system), as well as more neutron-deficient; the isospin dependence of the level density parameter is
largely unknown when approaching the drip-lines. To get more stringent experimental constraints the
INDRA collaboration initiated a program of fully exclusive measurements (the evaporation residue and
all the emitted harged products are measured in coincidence): the de-excitation of Pd compound nuclei
with masses ranging from 92 to 104 and excitation energies around 3 AMeV [61] and the yield of light
fragment evaporation from Ba compound nuclei [62].

These codes, when based on the Weiskopff theory, rely on the assumption that the hot residue has
time to re-arrange between two successive evaporations. This hypothesis is violated when the excitation
energy reaches high values, due to the very short emission time |[63]. It was shown recently that fragments
issued from multifragmentation are indeed excited up to 3-3.5 AMeV [64, 65].

De-excitation weakens the expected isospin effects. This has been well evidenced in the isospin
diffusion study of the INDRA collaboration [38]. There is unfortunately no remedy to that fact. One can
however hope to increase isospin effects by enlarging the explored N/Z range, thanks to the availability
of new radioactive beams.

13 Conclusion

As stressed in ref. [36], more strength is given to a symmetry energy term if several different experimental
variables can be well accounted for with it. This was accomplished by studying isospin diffusion and
n/p double ratios in the same Sn+Sn experiments within the InQMD framework. In Europe one could
imagine comparing various results obtained with INDRA and CHIMERA with those of a single version
of the stochastic BNV code of the Catania group. One can also wonder to what extent the differences in
~ values obtained when comparing experiments to different models are due to the transport code itself
(hot fragments), or to the secondary decay model. Finally the availability of more exotic beams should
help to progress, by enlarging the range of explored N/Z.
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A Glossary of the transport codes

Acronym | Full name Ref. | Model
BUU | Boltzmann Uehling Uhlenbeck [66] | Simulations
VUU | Vlasov Uehling Uhlenbeck [67] | of the nuclear
LV Landau Vlasov [68] | Boltzmann
BNV Boltzmann Nordheim Vlasov [69] | equation
BL Boltzmann Langevin [70] | Stochastic extension
SMF Stochastic mean field [71] | of Boltzmann equation
QMD Quantum Molecular Dynamics [72] | Classical
IQMD | Isospin QMD [73] | A-body
UrQMD | Ultra relativistic QMD [74]
ImQMD | Improved Molecular Dynamics [75]
CoMD | Constrained Molecular Dynamics [31] | models
FMD | Fermionic Molecular Dynamics [76] | Molecular dynamics
AMD Antisymmetrized Molecular Dynamics | [77] | with antisymmetrization

Table 2: Glossary of transport models used in the following sections. (Adapted from [28]).

B 4r arrays

The 47 arrays used for the experiments quoted in this paper, mostly at beam energies below 100 A MeV,
are described in details in [78]. We will just mention here their principal characteristics. Among those

Array Main number of | geometrical telescope
location modules coverage
Miniball + LASSA?8 MSU 188 80% Plastic-CsI(T1) + Si-Si-CsI(T1)
Microball Washington U. 95 97% CsI(T1)
INDRA GANIL 336 90% IoCh-Si-CsI(T1)
CHIMERA LNS Catania 1192 94% Si-CsI(T1); ToF

Table 3: Principal 47 charged product detectors. The geometrical coverage is expressed in percent of
the 47 solid angle. ToCh stand for ionization chamber and ToF for time of flight measurement.

only INDRA and CHIMERA are able to identify the heaviest fragments, with atomic numbers Z >18.
At energies above 100 A MeV, the cited data were recorded with two detection ensembles:

e FOPI (FOur 7) comprises a superconductor solenoid, a forward plastic wall, forward and central
drift chambers and a plastic barrel. It detects and identify all charged products of a nuclear
reaction.

e ALADIN is a spectrometer, coupled with a TP chamber, a time-of-flight wall. It detects and
identifies charged products - except the hydrogen isotopes- emitted by the quasi-projectile produced

28The 9 modules of LASSA, coupled with the miniball, provide good isotopic and angular resolutions over a limited
solid angle
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in a collision. When complemented with a neutron wall, LAND (Large Area Neutron Detector),
it gives neutron multiplicity and energy in a forward solid angle;
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