
EPJ manus
ript No.(will be inserted by the editor)
Isotopi
 
ompositions and s
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a e Astronomia, Universita'di Catania2 National Super
ondu
ting Cy
lotron Laboratory and Department of Physi
s and Astronomy, Mi
higan State University, EastLansing, MI 48824, USARe
eived: date / Revised version: dateAbstra
t. We review experimental and theoreti
al studies devoted to extra
t information on the behaviourof the symmetry energy, in density regions di�erent from the normal value, from 
harge - asymmetri
rea
tions at Fermi energies. In parti
ular, here we fo
us on the analysis of fragmentation rea
tions and ofisotopi
 features of fragments and light 
harged parti
les. Results 
on
erning \isos
aling" properties andthe N/Z equilibration among the rea
tion partners in semi-peripheral rea
tions are also analyzed.PACS. 21.30.Fe - 25.70.-z - 25.70.Lm - 25.70.Pq1 Introdu
tionHeavy ion 
ollisions at Fermi energies o�er the possibilityto learn about properties of the nu
lear e�e
tive intera
-tion in regions where the density and temperature are dif-ferent from those for stable nu
lei. In parti
ular, in 
hargeasymmetri
 systems, one 
an a

ess information on thebehaviour of the symmetry energy, Esym, that is poorlyknown at low and high densities. Not only is the symme-try energy relevant for stru
ture properties, being 
learlylinked to the thi
kness of the neutron skin in heavy nu
lei(see [1℄),but this information is of interest also in the as-trophysi
al 
ontext, providing 
onstraint to the e�e
tiveintera
tions used in astrosphysi
al 
al
ulations [2,3℄. Su
hinformation is indeed essential for the understanding ofthe properties of supernovae and neutron stars [4{9℄.In Fig.1 (bottom panel) we show the density depen-den
e of the potential symmetry energy 
ontribution,Esym;pot for three di�erent e�e
tive intera
tions. While all 
urves
ross at normal density �0, large di�eren
es are present forvalues, slopes and 
urvatures, parti
ularly in high den-sity regions. Even at the relatively well known \
rossingpoint" at normal density the various e�e
tive for
es arepresenting 
ontroversial predi
tions for the momentum de-penden
e of the �elds a
ting on the nu
leons and, 
onse-quently, for the splitting of the neutron/proton e�e
tivemasses, whi
h are important in nu
lear stru
ture and nu-
lear rea
tion dynami
s. For dis
ussion purpose, we will
all intera
tion su
h as BPAL32 as \sti�", or \soft" forSKM* (Fig.1).Fragmentation me
hanisms at Fermi energies 
an beused to study the symmetry energy at densities below andSend o�print requests to:
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Fig. 1. Equation of State (EOS) for various e�e
tive for
es.Top: neutron matter (up), symmetri
 matter (down). Bottom:potential symmetry energy.around the normal value. In violent 
ollisions, where thefull disassembly of the system into many fragments is ob-served, one 
an study new properties of liquid-gas phasetransitions o

urring in asymmetri
 matter. In neutron-ri
h matter, phase 
o-existen
e leads to a di�erent asym-metry in the liquid and gaseous phase: fragments (liquid)appear more symmetri
 with respe
t to the initial matter,while light parti
les (gas) are more neutron-ri
h [10{14℄.This e�e
t, that is simply related to the fa
t that the
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ompositions and s
alingssymmetry energy de
reases when the density gets lower,
an be used to investigate the behaviour of the derivativeof the symmetry energy with respe
t to density. Hen
efragmentation studies allow one to get information on thelow-density properties of the symmetry energy. Comple-mentary information is obtained from the study of emittednu
leons and light parti
les (pre - equilibrium phase).Moreover, the importan
e of the isotopi
 degree of free-dom to obtain information about 
harge equilibration andits relation to the 
harge asymmetry dependent terms ofthe EOS has been re
ently pointed out [15℄. The me
ha-nisms responsible for isospin transport 
an be essentiallyrelated to the presen
e of isospin, but also density gradi-ents along the rea
tion path. Isospin di�usion bears in-formation about the value of the symmetry energy at lowdensity, while the drift (transport in the presen
e of den-sity gradients) is more 
onne
ted to the derivative of thesymmetry energy.Isospin e�e
ts on observables of interest in intermedi-ate energy heavy ion 
ollisions have been studied by usingisospin-dependent quantum mole
ular dynami
s models(IQMD) [16,17℄, the anti-symmetrized mole
ular dynam-i
s (AMD) model [18℄ and (sto
hasti
) mean-�eld mod-els (BUU,BNV,SMF) [19{21℄. We will review here exper-imental and theoreti
al results about isotopi
 propertiesof rea
tion produ
ts, with the aim of extra
ting the avail-able information about the behaviour of the symmetryenergy. The paper is organized as it follows: We will �rstreview results 
on
erning the isotopi
 
ontent and prop-erties of pre - equilibrium emission, then we will dis
ussfragment produ
tion and the relation of fragment isotopi
distributions to the symmetry energy behaviour, fo
usingin parti
ular on the re
ently introdu
ed isos
aling analy-sis. Finally we will dis
uss isospin transport me
hanismsin mid-peripheral rea
tions and N/Z equilibration, before
on
luding.2 Isospin e�e
ts on pre-equilibrium emissionHeavy ion rea
tions, at energies larger than 30-40 MeV/A,are 
hara
terized by fast parti
le emissions, that happenbefore and during the path of the system towards ther-malization. This parti
le produ
tion is often referred toas pre-equilibrium emission, see Ref.[22℄ and referen
estherein.For nu
lear 
ollisions around the Fermi energies, fastparti
le emission happens mostly during the expansionphase, when the 
omposite system has rea
hed densityvalues below the normal one. Hen
e this study allows oneto extra
t information on the behaviour of the symme-try energy at sub-normal densities. In 
ollisions betweenneutron-ri
h nu
lei, the N=Z of the pre-equilibrium emis-sion will dire
tly re
e
t the value of the symmetry energy(being larger for larger values ofEsym). In dynami
al mod-els as in BNV (or BUU) models, as well as in sto
hasti
mean-�eld simulations, we observe a di�erent N/Z 
ompo-sition of pre-equilibrium emission depending on the asy-EOS. At low density, the symmetry energy is larger in the"soft" 
ase favoring neutron emission. These results and

Fig. 2. The time evolution of (N=Z)gas (left window) and(N=Z)liq (right window) for three 
ombinations of Coulomband symmetry intera
tions, for the rea
tion 124Sn + 124Snat 50 MeV/A and impa
t parameter b=2 fm, as obtained inIQMD.interpretation are 
on�rmed also by mole
ular dynami
sstudies, as dis
ussed below.We will de�ne as emitted parti
les (the \gas phase")those parti
les lo
alized in low-density regions (� < �0=3for instan
e), while the remaining matter will be identi�edas \liquid phase". Pre-equilibrium emission 
an be asso-
iated with parti
les emitted (gas phase) at the �rst 
ol-lisional stage, i.e. up to � 100fm=
. Obviously the prop-erties of the \liquid phase" will also be in
uen
ed by the
hara
teristi
s of this parti
le emission. Fig.2 shows thetime evolution of (N=Z)gas and (N=Z)liquid, for the rea
-tion 124Sn +124Sn at 50 MeV/A, b= 2 fm, obtained withthe IQMD model 
onsidering the full nu
leon-nu
leon in-tera
tion (full line), or suppressing Coulomb (dashed line)or symmetry potential (dotted line). A "sti�" parameter-ization has been used for the symmetry energy. It is 
learthat the Coulomb intera
tion redu
es the N/Z of the pre-equilibrium emission, while the symmetry energy enhan
esit. At t � 150fm=
 one obtains (N=Z)gas � 1.5 while(N=Z)liquid � 1.4. Hen
e the gas phase is more neutron-ri
h.It is worthwhile 
omparing quantitatively the resultsobtained with the di�erent transport models. In ref.[32℄,the same rea
tion has been studied with the BUU 
ode.For the "sti�" parameterization, for the N=Z of the liquidphase, values around 1.44 are obtained at t=100 fm/
 (a\soft" parameterization leads to N=Z = 1.23). The value
ompares rather well (within 3%) with the results of theIQMD model. The di�erent time s
ales in the two modelsdepend on the de�nition of \liquid phase", that for IQMD
orresponds to 
luster and intermediate mass fragment(IMF) emission, while in the BUU model it is asso
iatedwith a 
omposite ex
ited sour
e. As shown in Fig.3 theseresults are also in agreement with sto
hasti
 mean �eld(SMF) simulations. Indeed, we observe that, with a "sti�"parameterization of the symmetry energy, after around100 fm/
, the asymmetry of the liquid phase equals 0.18,that 
orresponds to N=Z = 1:44 .
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Fig. 3. Time evolution of the asymmetry of the liquid phase(
ir
les), gas phase (triangles) and gas phase in a 
entral re-gion (squares), for the rea
tion 124Sn +124Sn at 50 MeV/A,b= 2 fm, SMF 
al
ulations. A "sti�" parameterization of thesymmetry energy has been used.AMD simulations for di�erent Ca isotopes at 35 MeV/Aare studied in ref.[18℄. For the 48Ca + 48Ca rea
tion, thathas roughly the same asymmetry of 124Sn + 124Sn rea
-tion, one observes that after � 80fm=
, (Z=A)liq = 0:42
orresponding to N=Z = 1:39 (using "sti�" equation ofstate, Gogny-AS). However, at later times, t � 300fm=
,the liquid phase appears more symmetri
 in the BUU 
al-
ulations [18℄. This indi
ates that the rate of neutron en-ri
hment of the gas phase is not the same in the two mod-els. This may be related to the di�erent evolution of thesystem in the two models. Indeed AMD 
al
ulations 
andes
ribe the disassembly of the ex
ited system into many
lusters, while in BUU 
al
ulations only a 
omposite singleex
ited sour
e, that emits nu
leons, not 
lusters, survivesuntil late times. The isospin 
ontent of fragments formedin dissipative 
ollisions at intermediate energies will bedis
ussed in next se
tion.It is interesting to look at the behaviour of pre - equi-librium emission in rea
tions at higher beam energies [23{25℄. Indeed in this 
ase parti
les are emitted mostly fromthe high density (
ompression) phase, hen
e one tests thebehaviour of the symmetry energy at densities above sat-uration. Pre-equilibrium emission is also sensitive to themomentum-dependent part of the iso-ve
tor intera
tion.Typi
al BUU 
al
ulations are shown in Fig.4, for the re-a
tion 132Sn+124Sn at 400 MeV/A. The results obtainedwith four intera
tions are presented: two without momen-tum dependen
e in the iso-ve
tor part of the nu
lear in-tera
tion (MDYI) and two momentum dependent intera
-tions (MDI), with a di�erent density behaviour of the sym-metry energy, "soft" (1) or "sti�" (0). The �gure showsrapidity distribution of pre-equilibrium neutrons and pro-tons, at b=5 fm. One 
an see that, with an asy-"sti�"parameterization, more neutrons are emitted. Indeed thesymmetry energy is higher in the high density phase. More-over, it is possible to observe that less neutrons are emit-ted in the 
ase where the momentum dependen
e is im-plemented (
ompare the thi
k full and dashed lines for in-

Fig. 4. Rapidity distributions of neutrons and protons, ob-tained in the rea
tion 132Sn +124 Sn at 400 MeV/A, b = 5fm. The results of four intera
tions are presented: the MDI(0),"sti�" (thi
k dashed line) and MDI(1), "soft" (grey dashedline), that 
ontain momentum dependen
e also in the isove
-tor part of the intera
tion; the MDYI(0) (thi
k solid line) andMDYI(1) (dotted line), that are without iso-momentum de-penden
e.
stan
e). Indeed, for the intera
tions 
onsidered here, oneobtains a splitting of neutron and proton e�e
tive masseswith m�n > m�p and this redu
es the neutron repulsion.Therefore we observe a kind of 
ompensation between thee�e
ts due to the density dependen
e and to the momen-tum dependen
e of the symmetry potential. In fa
t, thethi
k dashed line ("sti�" intera
tion with momentum de-penden
e) and the dotted line ("soft" intera
tion with-out momentum dependen
e) almost overlap. On the otherhand, 
onsidering intera
tions with the opposite splitting,m�n < m�p, neutrons would be more repulsed [24,26℄. InFig.5 the neutron to proton ratio is plotted as a fun
tionof transverse momentum, for parti
les in the mid-rapidityregion. From the �gure it is 
lear that the de
rease of N/Zobserved with the MDI intera
tions (see Fig.4) 
an be at-tributed to the high momentum tail of the nu
leon emis-sion that is more sensitive to the momentum dependen
e.In summary, the study of pre-equilibrium emission, asa fun
tion of the beam energy, 
an be 
onsidered as aninteresting and promising tool to explore the rea
tion dy-nami
s and to investigate the behaviour of the symmetryenergy from low to high density. The isotopi
 or neutron-proton 
omposition, N/Z, of all emitted parti
les appearsto be sensitive to the sti�ness of the symmetry energywhile the dependen
e of the isotopi
 
ontent on rapidity,or transverse momentum, appears as a good 
andidate tolearn about the momentum dependen
e of the isove
torpart of the nu
lear intera
tion.
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Fig. 5. Neutron to proton ratio, as a fun
tion of transversemomentum, for the same rea
tion and intera
tions of Fig.4.3 Isotopi
 
omposition of fragments: theiso-distillationObservables 
onne
ted to the study presented in the previ-ous se
tion are the isotopi
 properties of the IMF's formedin dissipative 
ollisions at intermediate energies, that 
anbe investigated with (statisti
al or dynami
al) multifrag-mentation models, by following the rea
tion until late times.The isotopi
 
omposition of nu
lear rea
tion produ
ts pro-vides important information on the rea
tion dynami
s andthe possible o

urren
e of a phase transition in asymmet-ri
 nu
lear matter [10,11,27℄, whi
h is supposed to leadto separation into a symmetri
 dense phase (fragments)and asymmetri
 dilute phase (nu
leons and light parti-
les) [27,28,11℄. Su
h a phase transition 
an be generatedby 
u
tuations of density or 
on
entration, leading to a
oupling of di�erent instability modes. This me
hanismis predi
ted, for instan
e, by sto
hasti
 mean-�eld (SMF)simulations [21℄, where fragment formation happens dueto the development of spinodal (volume) instabilities.After the initial 
ollisional sho
k, or due to thermalexpansion e�e
ts, the ex
ited nu
lear system expands andenters the low density (
o - existen
e) region of the nu-
lear matter phase diagram. Here a phase separation o
-
urs and fragments are formed, surrounded by a neutron-ri
h gas phase. This pro
ess is often referred to as isospindistillation or fra
tionation [13,28℄. As one 
an see fromFig.3,after the �rst stage of parti
le emission, the asymme-try of the liquid phase still de
reases while fragments areformed. This is be
ause fragmentation is a

ompanied bythe iso-distillation pro
ess. The amplitude of the e�e
t isstri
tly related to the behaviour of the symmetry energy,as we will dis
uss more in detail in the se
tion devoted toisospin transport. Hen
e an experimental analysis of the

Fig. 6. a) Multipli
ity of all 
harged parti
les (squares) as afun
tion of the N/Z of the emitting PLF sour
e, obtained inthe rea
tion 28Si + 112Sn at 50 MeV/A. Cir
les and trianglesrepresent the multipli
ity of LCP's and IMF's, respe
tively.The lines are the results of model 
al
ulations. b)The ratiobetween the N/Z of IMF's and LCP's is plotted as a fun
tionof the N/Z of the PLF sour
e.N/Z of rea
tion produ
ts provides pre
ious 
omplemen-tary information about the low-density dependen
e of thesymmetry energy.3.1 Experimental eviden
eThe N/Z degree of freedom has been studied experimen-tally in detailed measurements of isotopi
 distributionsof the emitted fragments [29,30,15℄. Isotopi
ally resolveddata in the region Z = 2 � 8 have revealed systemati
trends, whi
h however are substantially a�e
ted by thede
ay of primary fragments. As we will see in the follow-ing dis
ussion, the e�e
t of sequential de
ay of primaryfragments may be redu
ed, in some 
ases, by 
omparingthe yields of fragments from two similar rea
tions.The 
omposition of intermediate mass fragments inseveral 
onditions of isospin asymmetry and ex
itationenergy of the fragmenting sour
e has been studied, forinstan
e, by 
onsidering quasi - proje
tiles 
reated via pe-ripheral rea
tions of 28Si + 112Sn and 124Sn at 30 and50 MeV/A [31℄. The quasi - proje
tiles have been re
on-stru
ted from 
ompletely isotopi
ally identi�ed fragments.The di�eren
e in N/Z of the re
onstru
ted quasiproje
tilesallows the investigation of the disassembly as a fun
tionof the isospin of the fragmenting system. It is observedthat the dependen
es of mean fragment multipli
ity andmean N/Z ratio of the fragments on N/Z ratio of quasi-proje
tiles are di�erent for light 
harged parti
les (LCP)and intermediate mass fragments. This is illustrated inFig.6, for the rea
tion 28Si + 112Sn at 50 MeV/A. Thesquares represent the multipli
ity of all 
harged parti
les.This is then broken down into the multipli
ity of light
harged parti
les (
ir
les) and the multipli
ity of inter-mediate mass fragments (triangles). We 
an see that theIMF multipli
ity in
reases with the N/Z of the system.The lines represent the results of hybrid 
al
ulations, ob-tained by 
ombining a des
ription of transfer pro
esses in
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tions (DIT model) to statisti
al 
al
u-lations of fragment produ
tion (Statisti
al Multifragmen-tation Model, SMM). They are in good agreement with thedata. As shown also in [32,29℄, the multipli
ity of IMF's asa fun
tion of multipli
ity of 
harged parti
les in
reases forthe more neutron-ri
h systems. However, the de
rease inmultipli
ity of LCP's for neutron-ri
h systems in Fig.6 isnot observed in the multifragmentation of Sn+Sn system[33℄.This e�e
t, however, weakens at higher energies [34℄.This is 
onsistent with the temperature dependen
e ofthe isospin distillation e�e
t extra
ted from the latti
e-gasmodel [35℄ or from dynami
al 
al
ulations [21℄. The ratio(N=Z)IMF =(N=Z)LCP de
reases with in
reasing N=ZQP ,as shown in Fig.6(b). As there are fewer neutrons avail-able, the ex
ess protons go into the smaller fragmentsrather than the larger ones. Neutron-poor quasi-proje
tilesprefer to break up into very neutron-de�
ient (proton ri
h)LCP's and mu
h more symmetri
 IMF's. On the 
ontrary,neutron-ri
h quasi-proje
tiles breaks up into neutron-ri
hLCP's and more symmetri
 IMF's, the distillation e�e
tdis
ussed before [13,28℄.A 
omparison between experimental isotopi
 distribu-tions, obtained for IMF's in the Sn + Sn systems [33℄,and theoreti
al predi
tions (SMF simulations) indi
ates abetter agreement when a \sti�" asy-EOS is used [36℄.The fa
t that the number of produ
ed IMF's is largerin neutron-ri
h systems is ni
ely 
on�rmed by re
ent AL-ADIN data, where the disassembly of ex
ited quasi - pro-je
tiles is studied [37℄. More IMF's are produ
ed in theneutron ri
h system, 124Sn, with respe
t to 107Sn. In fa
tin the neutron-ri
h 
ase protons go mostly into IMF's,while in the proton-ri
h 
ase they are 
on
entrated intoLCP's (see also the previous results [31℄).As for the evolution of the N/Z of fragments with theex
itation energy of the fragmenting sour
e, this is foundto in
rease, as shown in Ref.[38℄ for fragments emittedfrom ex
ited PLF sour
es (see Fig.7). From the statisti-
al point of view, this 
an be explained in terms of thelarger amount of ex
itation energy available, that allowsprodu
tion of more exoti
 systems in a larger phase spa
e.This e�e
t is also 
ompatible with the weakening of thedistillation me
hanism at high temperature, as dis
ussedabove.4 Isos
aling in nu
lear rea
tionsThe availability of fragmentation data, with good isotopi
resolution, obtained with 
harge - asymmetri
 systems,makes it possible to examine systemati
 trends exhibitedby isospin dependent observables. In a series of re
ent pa-pers, the s
aling properties of 
ross se
tions for fragmentprodu
tion with respe
t to the isotopi
 
omposition of theemitting systems were investigated in [29,30℄. The stud-ied rea
tions in
lude symmetri
 heavy ion rea
tions at in-termediate energy, leading to multifragment emission, aswell as asymmetri
 rea
tions indu
ed by � parti
les and16O proje
tiles at low to intermediate energies with frag-ment emission from ex
ited heavy residues. To quantify

Fig. 7. Ratios of relative yields of neutron-ri
h to neutron-de�
ient isotopes, as a fun
tion of the ex
itation energy, asobtained in the fragmentation of PLF sour
es, from Au + Au,35 AMeV (
ir
les) or in 
entral Xe + Cu (30 AMeV) 
ollisions(squares). The lines are the predi
tions of SMM 
al
ulations.

Fig. 8. The yield ratio R21 is plotted as a fun
tion of N (upperpanel) or Z (lower panel). The 
entral rea
tions 
onsidered are124Sn+124 Sn and 112Sn+112 Sn, at 50 MeV/A.the 
omparison of the isotope yields Y (N;Z) obtainedin rea
tions with di�erent isospin asymmetry, the ratioR21 = Y2(N;Z)=Y1(N;Z) is used. By 
onvention, 2 de-notes the more neutron-ri
h system. Fig.8 shows the iso-tope ratios, R21(N;Z), plotted as a fun
tion of N (upperpanel) and Z (lower panel), for the 
entral 
ollisions of124Sn+124Sn and 112Sn+112Sn, at 50 MeV/A. R21(N;Z)
learly exhibits an exponential dependen
e on N and Z,whi
h is 
alled the isos
aling relationship:R21(N;Z) = Y2(N;Z)=Y1(N;Z) = C � exp(N � �+ Z � �);(1)where C;� and � are the �tting parameters. Sin
e theintrodu
tion of isos
aling as an isospin observable, it hasproved to be very robust and has been observed in manydi�erent types of rea
tions, su
h as multifragmentation,light ion indu
ed fragmentation, evaporation and deep-inelasti
 rea
tions [29,30,39,40℄. There are also reports
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alingson the observation of isos
aling in spallation rea
tions [41℄and, more re
ently, in �ssion [42℄, though the quality ofthe data is quite poor. Re
ent studies with realisti
 �ssionmodels [43℄ suggest that the behaviour of the isos
alingobserved in �ssion is not the same as those observed inmultifragmentation, e.g. the neutron isos
aling parame-ter, �, varies with Z of the �ssion produ
ts. However, aswith the other rea
tions, the isos
aling observed in �ssionappears 
onne
ted to the symmetry energy and the tem-perature of the system, as we will see below.4.1 Isos
aling in statisti
al modelsIn the grand 
anoni
al statisti
al des
ription of multifrag-mentation, the mean multipli
ity of a fragment with massnumber A and 
harge Z is given by:< N(A;Z) >= gAZ Vf�3T A3=2exp[� 1T (FAZ(T; �)��n(A� Z)� �pZ)℄; (2)where T is the temperature of the fragmenting sour
e, gAZis the degenera
y fa
tor of the fragment, �T is the nu
leonthermal wavelength, Vf is the \free" volume, FAZ is thefragment free energy and �n and �p are the neutron andproton 
hemi
al potentials, respe
tively. It follows imme-diately that, for two systems 1 and 2 with di�erent totalmass and 
harge but with the same temperature and den-sity, the ratio of fragment yields is given by Eq.(1) withparameters � = ��n=T and � = ��p=T . Isos
aling arisesvery naturally within a statisti
al des
ription of fragmentprodu
tion. Within su
h a s
heme, it is the di�eren
e ofthe 
hemi
al potentials of systems with di�erent N/Z ratiothat is dire
tly 
onne
ted with the isos
aling phenomenon.In ref.[44℄, the 
hemi
al potentials for 124Sn and 112Snare 
al
ulated with the grand-
anoni
al version of the sta-tisti
al multifragmentation model. Despite a 
onsiderablevariation of the individual potentials, their di�eren
e�� =�112��124 
hanges only slightly as a fun
tion of the tem-perature. The results are similar to that obtained with theMarkov 
hain version of the Statisti
al Multifragmenta-tion Model (SMM), whi
h takes a 
ompletely mi
ro
anon-i
al approa
h, at temperatures T > 5 MeV , whi
h are ofrelevan
e for the produ
tion of fragments. At low temper-ature results diverge indi
ating that the exa
t 
onserva-tion of 
harge, mass and energy really makes importantdi�eren
es with respe
t to the grand-
anoni
al approxi-mation. Cal
ulating the di�eren
e of 
hemi
al potentialswithin the grand-
anoni
al approximation, it is possibleto 
onne
t the isos
aling parameter � to the di�eren
e ofasymmetry between the two systems 
onsidered and thevalue of symmetry energy and temperature, through therelation: � = �=(4�(Z=A)2) = Esym=T (3)An analogous relation is derived for �. Isos
aling is notlimited to models within the grand 
anoni
al approxi-mation. As matter of fa
t, this equation was �rst de-rived in the expanding emitting sour
e EES model [45,46℄.

Rather, isos
aling predi
tions have been observed fromdi�erent statisti
al multifragmentation models: 
anoni
aland mi
ro-
anoni
al models [46,47℄,and latti
e-gas 
al
u-lations [48℄.There is a simple explanation within the SMM whyisos
aling should appear in �nite systems. In most SMMmodels, a mass formula, usually a variant of the liquid-drop mass formula, is used. Charge distribution of frag-ments with �xed mass numbers A, as well as mass distri-bustions for �xed Z, are approximately Gaussian with av-erage values and varian
es whi
h are also 
onne
ted withthe temperature and the symmetry energy 
oeÆ
ient [44℄.With a Gaussian distribution for the 
harge Z, for in-stan
e, we obtain, for fragments with a given mass A:Y (Z) = exp(�(Z� < Z >)2=2�2Z). The ratio of this ob-servable for two di�erent systems is given by:Y2(Z)=Y1(Z) = 
 exp(�Z2=2(1=�22 � 1=�21)+Z(< Z >2 =�22� < Z >1 =�21)) (4)If the varian
es �1 and �2 are equal, then isos
alingis observed. Also, sin
e the varian
e �Z is approximatelyequal to �Z �p(AT=8Esym), it turns out that the sameexpression for �, as in the grand-
anoni
s, is obtained.In 
ases when the experimental masses are used, theisotope distributions are not stri
tly Gaussian. Fig.9 showsthe hot 
arbon isotope distributions predi
ted by the 
anon-i
al SMM model (open 
ir
les, top panel) from a sour
ewith A=186, Z=75 and T=5 MeV, �=�0 = 1=6.The solid 
ir
les 
orrespond to the isotope distribu-tions after sequential de
ays. Neither the primary nor the�nal distributions are Gaussian. Nonetheless, from twofragmenting sour
es with di�erent N=Z, one 
an derivethe yield ratios (and observe isos
aling), that are plottedin Fig.10 for primary and �nal fragments. As one 
an seefrom the Figure, isos
aling parameters are only slightlymodi�ed by the se
ondary de
ay pro
ess, as far as thestandard value of the symmetry energy 
oeÆ
ient is usedin the SMM. However, the e�e
t of se
ondary de
ay de-pends on the symmetry energy value employed [49℄ and ismu
h larger with dynami
al models, where 
hemi
al equi-librium is not ne
essarily rea
hed.4.2 Origin of Isos
aling in rea
tion dynami
sIsos
aling has been observed also in dynami
al fragmen-tation models, su
h as the Antisymmetrized Mole
ularDynami
s (AMD) model [18℄ , Quantum Mole
ular Dy-nami
s (QMD) and Classi
al Mole
ular Dynami
s (CMD)[50℄, as well as in Sto
hasti
 Mean Field (SMF) 
al
ula-tions [36℄ and in quasi-analyti
al 
al
ulations of the spin-odal de
omposition pro
ess [51℄. For instan
e, Figure 11shows the dependen
e of � on the 
harge to mass ratio,(Z=A)2, of the liquid phase for the 
ollisions of Ca iso-topes, at 35 MeV/A, as predi
ted by the AMD model.A linear dependen
e of � on (Z=A)2 is observed. Thetwo lines 
orrespond to two di�erent symmetry potentialsused in the simulations (full line-"soft"-Gogny; dashed
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Fig. 9. Top: Mass distribution of Carbon isotopes, as obtainedfor the indi
ated systems, in SMM 
al
ulations, for primary hotfragments and �nal fragments. Bottom: Predi
tions for �nalfragments are 
ompared for two systems with di�erent N/Z.

Fig. 10. The isotope yield ratio, as obtained for the systemsof Fig.9, is plotted as a fun
tion of N for primary (top) and�nal (bottom) fragments.line-"sti�"-GognyAS). Thus, even in dynami
al models,isos
aling is intimately related to the symmetry energy.However, unlike statisti
al models, se
ondary de
ays havemu
h larger e�e
ts on the primary fragments. Thus in gen-eral, se
ondary de
ays redu
e the di�eren
es in isos
alingarising from di�erent symmetry terms in the EOS used inthe models [52℄.For example, the results of SMF, based on the spinodalde
omposition s
enario, are presented in Fig.12 [36℄. Herelarge isos
aling parameters are observed for the primaryfragments. However, they are signi�
antly a�e
ted by these
ondary de
ay and �nal values appear 
loser to the data.But the relative di�eren
es between the two parameteriza-tions of the symmetry energy used are also mu
h redu
ed.The study of isos
aling through dynami
al simulations
an elu
idate the origin of this phenomenon. If 
hemi
al
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Ca + Ca
E/A = 35 MeV,  b = 0
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Gogny-AS

Fig. 11. Isos
aling parameter �, as a fun
tion of (Z=A)2liq be-tween the two 
ompared systems, as obtained in AMD 
al
u-lations with two di�erent parameterizations of the symmetryenergy.

Fig. 12. S
aled isotope yield ratio, as a fun
tion of N, as ob-tained in SMF 
al
ulations of 
entral rea
tions 124Sn+124 Snand 112Sn+112 Sn, at 50 MeV/A, for primary and �nal frag-ments. Two parameterizations of the symmetry energy are 
on-sidered.equilibrium is rea
hed during the fragmentation pro
ess,it is 
lear that one 
an apply the 
onsiderations outlinedin the previous se
tion and dire
tly relate the isos
alingparameter to the value of the symmetry energy and thetemperature.However, the linear relation between � and (Z=A)2 
anbe obtained also in di�erent 
onditions, without assum-ing statisti
al equilibrium. If the origin of 
u
tuations ina multi-fragmenting systems 
an be 
onsidered a \whitenoise" sour
e, then the probability to observe a given 
u
-tuation of the isove
tor density Æ�i = Æ�n�Æ�p, in a givenvolume V, 
an be expressed (for small amplitude 
u
tua-tions) as: P � exp(�Æ�2i =2��i); (5)
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ompositions and s
alingswhere the varian
e ��i depends on the fragmentation me
h-anism. Then, for a fragment of volume V and mass A, thedistribution P (N � Z) 
an be written as:P (N � Z) � exp(�[N � Z � ( �N � �Z)℄2=(F�inV )); (6)where �N and �Z are the average neutron and proton num-bers in the volume V , and ��i is proportional to �in, thedensity of the fragmenting system [53℄. F is a 
onstantthat depends on the symmetry energy and the tempera-ture.In spinodal de
omposition, for instan
e, fragments areformed (and their density grows) due to the developmentof isos
alar-like unstable modes. Hen
e isos
alar density
u
tuations grow while the isove
tor varian
e does notevolve and keeps the memory of the initial isove
tor 
u
-tuations of the unstable diluted sour
e. Therefore we mayexpe
t redu
ed iso-ve
tor 
u
tuations (and larger isos
al-ing parameters) with respe
t to the statisti
al 
ase, wherethe isotopi
 
ontent of the entire fragment mass may 
u
-tuate. This is in line with the results of Fig.12.The results obtained in a quasi-analyti
al des
riptionof spinodal de
omposition, 
omparing fragment produ
-tion in nu
lear matter with asymmetry I = 0:2 and I =0:1, are presented in Fig.13, for two parameterizations ofthe symmetry term [51℄.The formula 
an be re
ast as followsP (N � Z) � exp(�[(N � Z)2=A�N(4( �Z=A)2 � 1)�Z(4( �N=A)2 � 1)℄=[F=�℄) (7)where � is the ratio between the fragment �nal density�fin = A=V and the initial density �in (� larger or equalto 1).In statisti
al models � is equal to 1 and F 
oin
ideswith T=Esym, while in the spinodal de
omposition pro
essthe varian
e of the fragment isotopi
 distribution, due toisove
tor 
u
tuations, is redu
ed with respe
t to the equi-librium value F . However it should be noti
ed that, withinsu
h a s
enario, also isos
alar-like modes 
ontribute to thevarian
e, due to the beating of several unstable modes,that bear a di�erent distillation e�e
t [51℄.If one assumes that �Z=A (and �N=A) depends onlyslightly on A and 
an be related to the average distilla-tion e�e
t, that determines the average asymmetry of theformed fragments, then from Eq.(7) one gets isos
aling.It is interesting to noti
e that the isos
aling parametersresult equal to:� = 4((Z1=A1)2 � (Z2=A2)2)=(F=�)� = 4((N1=A1)2 � (N2=A2)2)=(F=�): (8)Hen
e one gets the same formal expression as in statisti
almodels, but with a more 
omplex relation of the isos
alingparameters to the system properties. These parametersappear 
onne
ted to the distillation e�e
t, but also to thewidth of the isotopi
 distributions, that 
an in generaldi�er from the predi
tions of statisti
al models.In summary, the link between the isos
aling parame-ters and the symmetry energy depends on the way frag-ments are formed, while the observation of isos
aling and

2 4 6 8 10

N

0

1

10

R
21

(N
,Z

)

Fig. 13. Isotopi
 ratio R21(N;Z) =Y�=0:2(N;Z)=Y�=0:1(N;Z) 
al
ulated with the \supers-ti�" symmetry term (solid lines ) and with the \soft"symmetry term (dashed lines). Lines 
orrespond to di�erentvalues of Z, Z = 3 � 8 from left to right. The system isprepared with density and temperature inside the spinodalregion. The average values of the slope approximatively are2.2 and 1.5 for the \soft" 
ase and the super-"sti�" 
aserespe
tively.the relation to the (Z=A) value of the liquid phase ap-pear as quite general properties and do not require theassumption of statisti
al equilibrium.4.3 Temperature dependen
e of isos
alingWith the availability of models, we are able to explorethe temperature dependen
e of isos
aling. All 
al
ulations(statisti
al or dynami
al) agree on the fa
t that the isos
al-ing parameters are inversely related to the temperature.So we would expe
t these parameters to de
rease within
reasing temperature, ex
itation energy or in
ident en-ergy. Indeed, su
h phenomenon was observed in Ref.[39,54℄. Figure 14 shows the isos
aling parameter � as a fun
-tion of the in
ident energy. In this study, isobars withmass = 58 (namely 58Ni and 58Fe) are used as targetand proje
tile. Rea
tion 1 is taken to be the symmetri
58Ni+58 Ni whi
h has the initial N=Z value of 1.07. Forthe upper 
urve (solid points), rea
tion 2 is taken to bethe symmetri
 system 58Fe+58 Fe with N=Z = 1.23 and,for the lower 
urve, the mixed system, 58Fe+58 Ni, withinitial N=Z = 1.15 is used as rea
tion 2. This �gure 
learlyshows that the � value de
reases with in
ident energy fromE/A= 30MeV to 47 MeV. In addition, there is also a 
leardrop in the � values with the de
rease of the initial N=Zvalues of the entran
e 
hannel. The latter has also beenobserved in the 
ollisions of 
entral Sn isotopes whi
h �rstestablished the phenomenon of isos
aling [29℄.Isos
aling has been studied also in fragmentation pro-
esses of ex
ited target residues, in the rea
tions 12C+112;124Sn at 300, 600 MeV/A [49℄. The isos
aling parameter �
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Fig. 14. Evolution of the isos
aling parameter �, as obtainedin 
entral 
ollisions, versus the beam energy.

Fig. 15. S
aled isotopi
 ratios for 12C+112;124 Sn at 300 (left)and 600 (right) MeV/A. Three di�erent 
entrality bins are 
on-sidered.is observed to de
rease with in
reasing 
entrality of therea
tion and the beam energy (see Fig.15). At the sametime, it is observed that the temperature (measured fromisotope ratios) of the system in
reases as a fun
tion of the
entrality.4.4 A 
ritique on the extra
tion of symmetry energyfrom isos
aling analysisEq.(3) suggests that it is possible to extra
t informationon the symmetry energy 
oeÆ
ient from the isos
alinganalysis of the data. In the past 
ouple years, there havebeen many attempts to use Eq.(3) to extra
t the sym-metry energy [39,44,49,19,55℄. Nearly all of these e�ortsassume that the isos
aling parameters obtained from theyield ratios of ground state fragments 
an be dire
tly 
om-pared to the predi
ted isos
aling parameters obtained from

primary fragments produ
ed in statisti
al or dynami
almodels. Moreover the quantity �(Z=A)2 and the temper-ature are obtained from other assumptions whi
h often
ontradi
t or are in
onsistent with the extra
tion of theisos
aling parameter �0s.To examine this issue further, we investigate the threequantities in Eq.(3), �, �(Z=A)2 and �. In ref.[18℄, AMDsimulations for the 
ollisions of the Ca isotopes had beenperformed. The results of these simulations are shown inFig.(16) [56℄. 40Ca+40Ca is 
hosen as system 1.We note that while � (bottom panel), �(Z=A)2 (mid-dle panel) depend on the rea
tion systems and the inter-a
ting potentials, � = �=(4�(Z=A)2) only depends on theintera
ting potentials (Gogny (open squares) and Gogny-AS (
losed diamonds)). Indeed, as dis
ussed in 
onjun
-tion with Eq.(8), the linear relation between the isos
al-ing parameter � and the di�eren
e �(Z=A)2) is a gen-eral property. These quantities are obtained from the hotfragments produ
ed in the AMD simulations. Assumingthat 
hemi
al equilibrium is rea
hed, Eq.(3) is ful�lled, i.e.� = Esym(�)=T , and, if the temperature 
an be estimated,the symmetry energy value 
an be �nally extra
ted. Asexpe
ted from isos
aling, � is nearly independent of the
harge number of the isotopes.The primary fragments are then allowed to de
ay andthe 
orresponding quantities are plotted in Fig.17. Isos
al-ing is still preserved but the alpha values no longer showa di�eren
e between the two intera
tions. Furthermore,all the three quantities, �, �(Z=A)2 and � have di�erentvalues before and after sequential de
ays. To extra
t the
orre
t symmetry energy, �, before de
ay, one must usethe values of � and �(Z=A)2 from the primary fragments.All 
urrent methods of extra
ting symmetry energy in-volves measuring �0s using experimental data rather thandedu
ing the values from the primary fragments. Dynam-i
al models have shown that � from the ex
ited primaryfragments 
ould be di�erent from � values extra
ted from�nal fragments after de
ay [36,52℄. In some 
ases, the au-thors use the �(Z=A)2 values interpolated from the AMDsimulations using the Ca+Ca systems [57℄. This pro
edureis not justi�ed [52℄. Furthermore, this 
orresponds to usingthe alpha values from the bottom panel of Figure17 andthe �(Z=A)2 values from the middle of Fig.16. Obviously,the method is in
orre
t. Other authors use the �(Z=A)2values of the initial 
ompound systems [49℄. For our spe-
i�
 example, this 
orresponds to �(Z=A)2 of 0.0764 and0.139 for the systems 48Ca+48Ca and 60Ca+60Ca. By
onvention, 40Ca+40Ca is taken as the referen
e system.Again the method will not yield the 
orre
t symmetry en-ergy of the primary fragments.Some pro
edure used in extra
ting the symmetry en-ergy involves a hybrid model whi
h in
orporates a dynam-i
al model (su
h as BUU or AMD) to generate the primaryfragments or residues and then use a statisti
al multifrag-mentation model to allow the residues to de
ay to hotfragments [19,54,58℄. It should be noti
ed that in any ofthe hybrid study, the symmetry energy is not treated inthe same way in the two steps. Indeed, if a density de-pendent symmetry term is used in the evaluation of the
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Fig. 16. The three quantities �(Z) (top),�(Z=A)2 (middle)and � (bottom) for the primary fragments, as obtained in AMD
al
ulations. The results with the Gogny and Gogny-AS for
esare shown by �lled diamonds and the open squares, respe
-tively.pre-equilibrium emission, the same density dependen
e isnot used in the SMM model. Even though in some studies,[49℄, the density dependen
e is partly taken into a

ountby 
hanging the symmetry energy 
onstants used in themass formula in SMM, the la
k of temporal evolution andthe di�eren
es in the e�e
t of sequential de
ays in the twomodels are of grave 
on
erns.Thus isos
aling remains a ni
e algorithm in data anal-ysis. Unfortunately, it has been elusive to extra
t symme-try energy using Eq.(3). To make progress in this area, oneshould in
lude the same density dependen
e of the sym-metry term in the equation of state from start to �nish.5 Isospin transportIn peripheral 
ollisions it is possible to identify proje
tile-like and target-like residues in model 
al
ulations, as wellas in experiments. Cal
ulations suggest that at in
identenergy above 30 MeV per nu
leon and for 
harge - asym-metri
 rea
tions, the symmetry term of the nu
lear EOSprovides a signi�
ant driving for
e that speeds up theisospin equilibration between the two rea
tion partners.Thus peripheral 
ollisions may allow one to measure thetime s
ales for 
harge and mass transport and di�usion
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Fig. 17. The same as Fig.(16) but for the �nal fragments.during the 
ollision. The degree of equilibration, 
orrelatedto the intera
tion time, should provide some insights intotransport properties of fermioni
 systems, in parti
ulargive information on transport 
oeÆ
ients of asymmetri
nu
lear matter [59℄.5.1 Insight into isospin transport in nu
lear rea
tionsIn asymmetri
 systems, isospin transport 
an arise fromisospin gradients (di�usion) and from density gradients(drift). Through the low density ne
k region, density gra-dients may be present also in binary system. The neutron-ex
ess is pushed towards the low-density regions, be
ausethis situation is energeti
ally more favorable. This me
h-anism 
an indu
e isospin transport even in rea
tions be-tween nu
lei with the same N/Z [60℄.The role of the EOS in isospin transport me
hanisms
an be made more expli
it by studying the response of nu-
lear matter, in the presen
e of neutron and proton densitygradients. Sin
e we are mostly fa
ing situations where lo-
al thermal equilibrium is rea
hed, we will dis
uss resultsobtained within the hydrodynami
 limit, where the deriva-tion of the isospin transport 
oeÆ
ients is more transpar-ent.In su
h a framework the proton and neutron migrationis di
tated by the spatial gradients of the 
orresponding
hemi
al potentials �p=n(�p; �n; T ), where �p and �n areproton and neutron density and T denotes the tempera-
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urrents of the two spe
ies 
an be ex-pressed, in terms of the total density � = �n + �p andasymmetry I = (�n � �p)=�, as followsjn = D�nr��DInrI (9)jp = D�pr��DIprI; (10)where D�q and DIq are drift and di�usion 
oeÆ
ients dueto density and isospin gradients, respe
tively:D�q = 
t���q�� �I;T (11)DIq = �
t���q�I ��;T ; (q = n; p) (12)(
t is a negative 
onstant).They 
an be expressed as:D�q = 
t[N�1 + �U�� � 2I �Esym�� +O(I2)℄ (13)DIq = �2
t �[Esym � I(��Esym�� �Esym)℄ (14)(+n;�p);where N�1 is the level density of symmetri
 matterat the same density and temperature and U(�) is theisos
alar part of the mean-�eld potential.One 
an see that the isove
tor part of the nu
lear in-tera
tion enters the 
oeÆ
ients D�q through the derivativeof the total symmetry energy Esym. On the other handthe isospin di�usion 
oeÆ
ients DIq depend, in leading or-der, on the value of the symmetry energy 
oeÆ
ient Esym.Moreover, it appears that the di�eren
e of neutron andproton drift 
oeÆ
ients, D�n �D�p = �(�n��p)�� , is equal to4I �Esym�� , as one 
an simply derive also from the relation�n � �p = 4EsymI .In 
on
lusion, the di�usion appears essentially relatedto the value of the symmetry energy, while the drift is 
on-ne
ted to its derivative. From this study one 
an see more
learly that the isospin distillation e�e
t, as dis
ussed inSe
tion 3, whi
h originates from the presen
e of densitygradients in the fragmentation pro
ess, is sensitive essen-tially to the derivative of the symmetry energy at lowdensity.5.2 Experimental studies and 
omparison with
al
ulationsExperimentally, one examines the isos
aling properties ofthe fragments originated from the (proje
tile) residues.Figure 18 shows the isos
aling phenomenon observed inthe rea
tion of 124Sn (proje
tile) + 112Sn (target) and itsinverse rea
tion 112Sn (proje
tile) + 124Sn (target) [15℄.Unlike the 
entral 
ollision isos
aling data, the slope islarger for the rea
tion with neutron-ri
h proje
tile thanthe rea
tion with the proton-ri
h proje
tile. Di�eren
es

Fig. 18. Isotope yield ratios, as a fun
tion of the mass A, forfragments emitted from PLF in peripheral 
ollisions (left). Theisos
aling parameters, as obtained in di�erent proje
tile-target
ombinations, are 
ompared in the right part of the �gure.in the asymmetri
 systems re
e
t the driving for
e that
auses isospin di�usion. As shown before, the for
e arisesfrom the symmetry term in the equation of state. If thefor
e is weak, one would not expe
t any isospin mixing too

ur and the � value should resemble those of the pro-je
tiles in the symmetri
 systems. In order to quantify thetransition from no isospin di�usion to 
omplete mixing,the isospin transport ratio, Ri is used:Ri = 2OPT �OPP �OTTOPP �OTT (15)Here P; (T ) stands for the proje
tile-like (target-like) frag-ment. The quantities Oi refer, in general, to any isospindependent quantity, 
hara
terizing the fragments at sepa-ration time, for the mixed rea
tion (PT; 124+112 or 112+124), the rea
tions between neutron ri
h (PP; 124+ 124),and between neutron poor nu
lei (TT; 112+ 112), respe
-tively. Similar ratios 
onstru
ted using free protons havebeen used as isospin tra
er in 
entral heavy ion 
ollisions[62℄, to 
he
k stopping and thermal equilibration. The in-sensitivity to systemati
 errors and the ability to 
alibratethe observables from the two symmetri
 systems, 124Sn +124Sn and 112Sn + 112Sn to +1 and -1 o�er many ad-vantages. It has been shown that non-isospin e�e
ts su
has e�e
ts from Coulomb for
e will be largely 
an
elled us-ing the isospin transport ratio. Furthermore, in 
ompar-isons with 
al
ulations that 
annot predi
t the same ex-perimental observables, due to model limitations, one 
anuse another observable to 
onstru
t the isospin transportratios as long as both the experimental and theoreti
alobservables are linearly related to ea
h other. For exam-ple, in model 
al
ulations, one 
an use the asymmetryI = (N � Z)=A of the emitting sour
e, instead of isos
al-ing, to evaluate the transport (imbalan
e) ratio sin
e, tothe �rst order, � and I are linearly related. In fa
t, as wehave seen previously, �, as extra
ted from primary frag-ments, is related to the di�eren
e (Z21A21 � Z22A22 ), whi
h fornot too large asymmetries 
an be rewritten as (I2� I1)=2.
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Fig. 19. The isospin transport ratio RP;T , Eq.(15), for theasy-"soft" (full squares) and asysupersti� (
ir
les) EOS's as afun
tion of the intera
tion time t
, 
orresponding to di�erentimpa
t parameter b, in the range 6-10 fm. The band betweenthe two solid lines 
orresponds to the experimental data of [15℄.The triangles represent the imbalan
e ratio 
al
ulated for thene
k fragments, in ternary events.The linear relation between � and I has been 
on�rmedalso experimentally [29℄, suggesting that it holds also forthe isos
aling parameters extra
ted from the �nal frag-ments. Hen
e, the asymmetry of proje
tile-like or target-like residues 
an be used as the observable O in Eq.(15).The dependen
e of isospin transport (and equilibra-tion) on the 
entrality of the rea
tion has been investi-gated in Ref.[63℄ using SMF simulations without momen-tum dependen
e. Fig.19 shows the imbalan
e ratio as afun
tion of the intera
tion time t
 among the two rea
tionpartners, that is inversely related to the impa
t parameter,for two asy-EOS's: a very "sti�" and a "soft" (SKM*) in-tera
tions. A more detailed analysis shows that it is possi-ble to expli
itly estimate the e�e
t of isospin transport andpre-equilibrium emission on the transport ratios R. Theinterplay between the two pro
esses leads to a strongerequilibration for asy-"soft" EOS, as it is eviden
ed bythe isospin transport (imbalan
e) ratio. A
tually, in theasy-"sti�" 
ase, a larger isospin transfer is observed in the
al
ulations, due to the presen
e of density gradients, di-re
ted from PLF and TLF towards the ne
k region, inline with the analyi
al predi
tions illustrated above. In-deed, in the asy-"sti�" 
ase, the derivative of the sym-metry energy, just below normal density, a
quires largervalues. However, we observe a kind of 
ompensation be-tween the asymmetry of the matter transferred from pro-je
tile to target (IPT ) and from target to proje
tile(ITP ),so �nally isospin equilibration is more e�e
tive in the asy-"soft" 
ase.In ref.[15,64℄ BUU 
al
ulations whi
h use di�erent den-sity dependen
e of the symmetry terms in the equation ofstate are performed for the same system at b=6 fm.In Fig.20, the parameter term x indi
ates the sti�nessof the symmetry term, ranging from a "soft" behaviour(larger x) to a "sti�" behaviour (negative x.) Momentum

Fig. 20. Imbalan
e ratio, relative to peripheral 
ollisions of124Sn + 112Sn, E/A = 50 MeV, as obtained in the data(shaded area) and in model 
al
ulations using di�erent pa-rameterizations of the symmetry energy.dependen
e is in
luded in the 
al
ulations. Within errorbars, the isospin transport ratio Ri exhibits a de
reasingbehaviour with the softness of the symmetry term sug-gesting that the driving for
e for isospin equilibration ismu
h larger for the \soft" intera
tion. Using the neutronisos
aling �tting parameter � as the experimental isospinobservable O in Eq.(15), the isospin transport ratios ofthe two asymmetri
 systems shown in the right panel ofFig.18 appear as the two horizontal lines in Figures19,20.So, assuming that data 
an be dire
tly 
ompared with 
al-
ulations performed at b=6 fm, a better agreement is ob-tained when using a "sti�" asymmetry term, in the rangex = �2;�1. Without in
luding momentum dependen
e inthe 
al
ulations, a sti�er symmetry term would be neededto �t the data (see Fig.19 at 140 fm/
). This is due tothe fa
t that the overall dynami
s be
omes more repulsivewhen the momentum dependen
e is in
luded and isospinequilibration depends not only on the strength of the sym-metry term, but also on the system intera
ting time.It should be noti
ed that this 
omparison is well suitedonly if one assumes that PLF and TLF fragments are ataround normal density, independent of the parameteri-zation adopted for the symmetry energy. Otherwise theisos
aling parameter 
annot be simply related only to theN=Z of the sour
e, but would also depend on the value ofthe symmetry energy, that is model dependent. It wouldbe interesting to 
he
k this hypothesis using a model thatin
ludes fragmentation (su
h as AMD), and 
al
ulatingthe imbalan
e ratio dire
tly from the isotope yields, as itis done in the experiments. In this way one would bet-ter test the sensitivity of the results to the behaviour ofthe symmetry energy. In other words, as dis
ussed in Se
-tion 4.4, it is essential to 
onsider the density dependen
eof the symmetry energy also in the fragmentation pro
ess.The dependen
e of the N/Z versus the ex
itation en-ergy of the system has been studied for the INDRA re-a
tions, Ni+Ni and Ni+Au at 52 and 74 MeV/A [65℄,
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Fig. 21. a) Yield ratios R21(N;Z) of proje
tile residues fromthe rea
tions 86Kr +112;124 Sn at 25 MeV/A, with respe
t toN, for the Z's indi
ated. b) Isos
aling parameter � versus the
harge of the fragment Z. The straight line is a 
onstant value�t for the lighter fragments Z = 10-26.looking at the re
onstru
ted PLF, in binary 
ollisions. Inthe symmetri
 
ase, N/Z is seen to in
rease with 
entral-ity due to a proton-ri
h pre-equilibrium emission. For theNi+Au 
ase, it is possible to observe isospin equilibrationamong the rea
tion partners.Also for the analysis presented in Ref.[55℄, the goalwas to extra
t the N/Z of the PLF sour
es and hen
e todis
uss isospin equilibration between proje
tile and target.The systems 86kr+112;124Sn at 25 MeV/A have been 
on-sidered. The isos
aling parameter �, as a fun
tion of the
harge Z of proje
tile residue, exhibits a plateau, that in-di
ate that these fragments 
ome from sour
es with \equi-librated" N/Z. Then a de
rease of � is observed, as Z in-
reases, that should 
orrespond to fragments 
oming fromPLF's formed in more peripheral rea
tions, hen
e moresimilar in the two systems 
onsidered.5.3 Con
lusions and outlookFrom the results dis
ussed above, one 
an 
on
lude thatseveral indi
ations on the density behaviour of the symme-try potential 
an be extra
ted from the study of rea
tionswith 
harge asymmetri
 systems in the Fermi energy do-main. The isotopi
 
ontent of emitted light parti
les andIMF's, as well as the re
onstru
ted degree of N/Z equili-bration between rea
tion partners, bear important infor-mation on the symmetry energy behaviour. We summarize

below the main 
on
lusions, as well as improvements andnew studies that 
an be envisaged.{ In model 
al
ulations, the isotopi
 
ontent of pre -equilibrium emission appears quite sensitive to the sti�-ness of the symmetry term, even to its momentum de-penden
e. A more neutron-ri
h pre-equilibrium emissionis expe
ted for higher values of the symmetry energy. Infragment formation the degree of isospin fra
tionation (i.e.the transfer of the neutron ex
ess towards the gaseousphase) is sensitive to the slope of the symmetry energy atlow density. From the 
omparison with experimental data,some indi
ation has emerged about a "sti�" behaviour ofthe symmetry energy.{ The isos
aling analysis, based on the 
omparison ofthe isotopi
 
ontent of fragments emitted from systemswith di�erent initial asymmetries, allows to put in bettereviden
e isospin e�e
ts and, in situations where equilib-rium is rea
hed, 
ould in prin
iple be used to extra
t thevalue of the symmetry energy in the 
onditions of densityand temperature where fragmentation happens. However,it is not so easy to disentangle between the predi
tionsgiven by the di�erent parameterizations. Indeed not onlythe isos
aling parameters re
e
t the width of the isotopi
distributions, but they are quite sensitive to the di�eren
e�(Z=A)2 between the fragments asymmetries of the two
ompared systems, that is also largely in
uen
ed by thesymmetry energy behaviour. Hen
e 
ompensation e�e
tsmay diminish the sensitivity of the �nal results to the asy-EOS. Moreover, as shown by dynami
al simulations, largese
ondary de
ays may redu
e signi�
antly the di�eren
es
oming from di�erent symmetry terms in the EOS usedin the models.It would be important to perform a 
ross-
he
k ofmodel predi
tions against several experimental observables,sensitive to the di�erent phases of a rea
tion, from pre -equilibrium emission to fragmentation and de - ex
itationstage. This allows better identi�
ation of the isotopi
 
on-tent of the gas and liquid phases, that is essential for theanalysis of the de-ex
itation pro
ess of the ex
ited primaryprodu
ts and related observables (su
h as isos
aling). Theuse of models that 
an follow the whole path of the rea
-tion is highly desirable. This would also allow to as
ertainthe fragmentation me
hanism and the way the system ap-proa
hes 
hemi
al freeze-out. The study of 
orrelationsbetween fragment isotopi
 
ontent and kinemati
al prop-erties 
an be envisaged as a tool to learn about time s
alesfor fragment formation and N/Z equilibration.{ In semi-peripheral 
ollisions, it is interesting to 
om-pare the behaviour of rea
tions with di�erent entran
e
hannel asymmetries to investigate isospin ex
hange be-tween proje
tile and target. Indeed the N/Z equilibrationamong the rea
tion partners gives information about thestrength of the symmetry term. However, it should be no-ti
ed that the amount of isospin ex
hange is also stri
tly
onne
ted to the intera
tion time, along whi
h the two re-a
tion partners are in 
onta
t. This is 
learly in
uen
edalso by the isos
alar part of the nu
lear intera
tion. Hen
ethe sensitivity of this observable to the value of the sym-metry energy is not so transparent.
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ompositions and s
alingsThe study of the interplay between isos
alar and isove
-tor parts of the nu
lear intera
tion in the rea
tion dynam-i
s deserves further attention.Referen
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