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Abstract. W e review exp erimen tal and theoretical studies dev oted to extract information on the b eha viour

of the symmetry energy , in densit y regions di�eren t from the normal v alue, from c harge - asymmetric

reactions at F ermi energies. In particular, here w e fo cus on the analysis of fragmen tation reactions and of

isotopic features of fragmen ts and ligh t c harged particles. Results concerning \isoscaling" prop erties and

the N/Z equilibration among the reaction partners in semi-p eripheral reactions are also analyzed.
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1 Intro duction

Hea vy ion collisions at F ermi energies o�er the p ossibilit y

to learn ab out prop erties of the n uclear e�ectiv e in terac-

tion in regions where the densit y and temp erature are dif-

feren t from those for stable n uclei. In particular, in c harge

asymmetric systems, one can access information on the

b eha viour of the symmetry energy , E

sy m

, that is p o orly

kno wn at lo w and high densities. Not only is the symme-

try energy relev an t for structure prop erties, b eing clearly

link ed to the thic kness of the neutron skin in hea vy n uclei

(see [1]),but this information is of in terest also in the as-

troph ysical con text, pro viding constrain t to the e�ectiv e

in teractions used in astrosph ysical calculations [2, 3]. Suc h

information is indeed essen tial for the understanding of

the prop erties of sup erno v ae and neutron stars [4{9].

In Fig.1 (b ottom panel) w e sho w the densit y dep en-

dence of the p oten tial symmetry energy con tribution, E

sy m;

pot

for three di�eren t e�ectiv e in teractions. While all curv es

cross at normal densit y �

0

, large di�erences are presen t for

v alues, slop es and curv atures, particularly in high den-

sit y regions. Ev en at the relativ ely w ell kno wn \crossing

p oin t" at normal densit y the v arious e�ectiv e forces are

presen ting con tro v ersial predictions for the momen tum de-

p endence of the �elds acting on the n ucleons and, conse-

quen tly , for the splitting of the neutron/proton e�ectiv e

masses, whic h are imp ortan t in n uclear structure and n u-

clear reaction dynamics. F or discussion purp ose, w e will

call in teraction suc h as BP AL32 as \sti� ", or \soft" for

SKM* (Fig.1).

F ragmen tation mec hanisms at F ermi energies can b e

used to study the symmetry energy at densities b elo w and
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Fig. 1. Equation of State (EOS) for v arious e�ectiv e forces.

T op: neutron matter (up), symmetric matter (do wn). Bottom:

p oten tial symmetry energy .

around the normal v alue. In violen t collisions, where the

full disassem bly of the system in to man y fragmen ts is ob-

serv ed, one can study new prop erties of liquid-gas phase

transitions o ccurring in asymmetric matter. In neutron-

ric h matter, phase co-existence leads to a di�eren t asym-

metry in the liquid and gaseous phase: fragmen ts (liquid)

app ear more symmetric with resp ect to the initial matter,

while ligh t particles (gas) are more neutron-ric h [10{14].

This e�ect, that is simply related to the fact that the
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symmetry energy decreases when the densit y gets lo w er,

can b e used to in v estigate the b eha viour of the deriv ativ e

of the symmetry energy with resp ect to densit y . Hence

fragmen tation studies allo w one to get information on the

lo w-densit y prop erties of the symmetry energy . Comple-

men tary information is obtained from the study of emitted

n ucleons and ligh t particles (pre - equilibrium phase).

Moreo v er, the imp ortance of the isotopic degree of free-

dom to obtain information ab out c harge equilibration and

its relation to the c harge asymmetry dep enden t terms of

the EOS has b een recen tly p oin ted out [15]. The mec ha-

nisms resp onsible for isospin transp ort can b e essen tially

related to the presence of isospin, but also densit y gradi-

en ts along the reaction path. Isospin di�usion b ears in-

formation ab out the v alue of the symmetry energy at lo w

densit y , while the drift (transp ort in the presence of den-

sit y gradien ts) is more connected to the deriv ativ e of the

symmetry energy .

Isospin e�ects on observ ables of in terest in in termedi-

ate energy hea vy ion collisions ha v e b een studied b y using

isospin-dep enden t quan tum molecular dynamics mo dels

(IQMD) [16, 17], the an ti-symmetrized molecular dynam-

ics (AMD) mo del [18] and (sto c hastic) mean-�eld mo d-

els (BUU,BNV,SMF) [19{21]. W e will review here exp er-

imen tal and theoretical results ab out isotopic prop erties

of reaction pro ducts, with the aim of extracting the a v ail-

able information ab out the b eha viour of the symmetry

energy . The pap er is organized as it follo ws: W e will �rst

review results concerning the isotopic con ten t and prop-

erties of pre - equilibrium emission, then w e will discuss

fragmen t pro duction and the relation of fragmen t isotopic

distributions to the symmetry energy b eha viour, fo cusing

in particular on the recen tly in tro duced isoscaling analy-

sis. Finally w e will discuss isospin transp ort mec hanisms

in mid-p eripheral reactions and N/Z equilibration, b efore

concluding.

2 Isospin e�ects on p re-equilib rium emission

Hea vy ion reactions, at energies larger than 30-40 MeV/A,

are c haracterized b y fast particle emissions, that happ en

b efore and during the path of the system to w ards ther-

malization. This particle pro duction is often referred to

as pre-equilibrium emission, see Ref.[22] and references

therein.

F or n uclear collisions around the F ermi energies, fast

particle emission happ ens mostly during the expansion

phase, when the comp osite system has reac hed densit y

v alues b elo w the normal one. Hence this study allo ws one

to extract information on the b eha viour of the symme-

try energy at sub-normal densities. In collisions b et w een

neutron-ric h n uclei, the N = Z of the pre-equilibrium emis-

sion will directly re
ect the v alue of the symmetry energy

(b eing larger for larger v alues of E

sy m

). In dynamical mo d-

els as in BNV (or BUU) mo dels, as w ell as in sto c hastic

mean-�eld sim ulations, w e observ e a di�eren t N/Z comp o-

sition of pre-equilibrium emission dep ending on the asy-

EOS. A t lo w densit y , the symmetry energy is larger in the

"soft" case fa v oring neutron emission. These results and

Fig. 2. The time ev olution of ( N = Z )

g as

(left windo w) and

( N = Z )

liq

(righ t windo w) for three com binations of Coulom b

and symmetry in teractions, for the reaction

124

S n +

124

S n

at 50 MeV/A and impact parameter b=2 fm, as obtained in

IQMD.

in terpretation are con�rmed also b y molecular dynamics

studies, as discussed b elo w.

W e will de�ne as emitted particles (the \gas phase")

those particles lo calized in lo w-densit y regions ( � < �

0

= 3

for instance), while the remaining matter will b e iden ti�ed

as \liquid phase". Pre-equilibrium emission can b e asso-

ciated with particles emitted (gas phase) at the �rst col-

lisional stage, i.e. up to � 100 f m=c . Ob viously the prop-

erties of the \liquid phase" will also b e in
uenced b y the

c haracteristics of this particle emission. Fig.2 sho ws the

time ev olution of ( N = Z )

g as

and ( N = Z )

liq uid

, for the reac-

tion

124

S n +

124

S n at 50 MeV/A, b= 2 fm, obtained with

the IQMD mo del considering the full n ucleon-n ucleon in-

teraction (full line), or suppressing Coulom b (dashed line)

or symmetry p oten tial (dotted line). A "sti�" parameter-

ization has b een used for the symmetry energy . It is clear

that the Coulom b in teraction reduces the N/Z of the pre-

equilibrium emission, while the symmetry energy enhances

it. A t t � 150 f m=c one obtains ( N = Z )

g as

� 1.5 while

( N = Z )

liq uid

� 1.4. Hence the gas phase is more neutron-

ric h.

It is w orth while comparing quan titativ ely the results

obtained with the di�eren t transp ort mo dels. In ref.[32],

the same reaction has b een studied with the BUU co de.

F or the "sti�" parameterization, for the N = Z of the liquid

phase, v alues around 1.44 are obtained at t=100 fm/c (a

\soft" parameterization leads to N = Z = 1.23). The v alue

compares rather w ell (within 3%) with the results of the

IQMD mo del. The di�eren t time scales in the t w o mo dels

dep end on the de�nition of \liquid phase", that for IQMD

corresp onds to cluster and in termediate mass fragmen t

(IMF) emission, while in the BUU mo del it is asso ciated

with a comp osite excited source. As sho wn in Fig.3 these

results are also in agreemen t with sto c hastic mean �eld

(SMF) sim ulations. Indeed, w e observ e that, with a "sti�"

parameterization of the symmetry energy , after around

100 fm/c, the asymmetry of the liquid phase equals 0.18,

that corresp onds to N = Z = 1 : 44 .
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Fig. 3. Time ev olution of the asymmetry of the liquid phase

(circles), gas phase (triangles) and gas phase in a cen tral re-

gion (squares), for the reaction

124

S n +

124

S n at 50 MeV/A,

b= 2 fm, SMF calculations. A "sti�" parameterization of the

symmetry energy has b een used.

AMD sim ulations for di�eren t Ca isotop es at 35 MeV/A

are studied in ref.[18]. F or the

48

C a +

48

C a reaction, that

has roughly the same asymmetry of

124

S n +

124

S n reac-

tion, one observ es that after � 80 f m=c , ( Z = A )

liq

= 0 : 42

corresp onding to N = Z = 1 : 39 (using "sti�" equation of

state, Gogn y-AS). Ho w ev er, at later times, t � 300 f m=c ,

the liquid phase app ears more symmetric in the BUU cal-

culations [18]. This indicates that the rate of neutron en-

ric hmen t of the gas phase is not the same in the t w o mo d-

els. This ma y b e related to the di�eren t ev olution of the

system in the t w o mo dels. Indeed AMD calculations can

describ e the disassem bly of the excited system in to man y

clusters, while in BUU calculations only a comp osite single

excited source, that emits n ucleons, not clusters, surviv es

un til late times. The isospin con ten t of fragmen ts formed

in dissipativ e collisions at in termediate energies will b e

discussed in next section.

It is in teresting to lo ok at the b eha viour of pre - equi-

librium emission in reactions at higher b eam energies [23{

25]. Indeed in this case particles are emitted mostly from

the high densit y (compression) phase, hence one tests the

b eha viour of the symmetry energy at densities ab o v e sat-

uration. Pre-equilibrium emission is also sensitiv e to the

momen tum-dep enden t part of the iso-v ector in teraction.

T ypical BUU calculations are sho wn in Fig.4, for the re-

action

132

S n +

124

S n at 400 MeV/A. The results obtained

with four in teractions are presen ted: t w o without momen-

tum dep endence in the iso-v ector part of the n uclear in-

teraction (MD YI) and t w o momen tum dep enden t in terac-

tions (MDI), with a di�eren t densit y b eha viour of the sym-

metry energy , "soft" (1) or "sti�" (0). The �gure sho ws

rapidit y distribution of pre-equilibrium neutrons and pro-

tons, at b=5 fm. One can see that, with an asy-"sti�"

parameterization, more neutrons are emitted. Indeed the

symmetry energy is higher in the high densit y phase. More-

o v er, it is p ossible to observ e that less neutrons are emit-

ted in the case where the momen tum dep endence is im-

plemen ted (compare the thic k full and dashed lines for in-

Fig. 4. Rapidit y distributions of neutrons and protons, ob-

tained in the reaction

132

S n +

124

S n at 400 MeV/A, b = 5

fm. The results of four in teractions are presen ted: the MDI(0),

"sti�" (thic k dashed line) and MDI(1), "soft" (grey dashed

line), that con tain momen tum dep endence also in the iso v ec-

tor part of the in teraction; the MD YI(0) (thic k solid line) and

MD YI(1) (dotted line), that are without iso-momen tum de-

p endence.

stance). Indeed, for the in teractions considered here, one

obtains a splitting of neutron and proton e�ectiv e masses

with m

�

n

> m

�

p

and this reduces the neutron repulsion.

Therefore w e observ e a kind of comp ensation b et w een the

e�ects due to the densit y dep endence and to the momen-

tum dep endence of the symmetry p oten tial. In fact, the

thic k dashed line ("sti�" in teraction with momen tum de-

p endence) and the dotted line ("soft" in teraction with-

out momen tum dep endence) almost o v erlap. On the other

hand, considering in teractions with the opp osite splitting,

m

�

n

< m

�

p

, neutrons w ould b e more repulsed [24, 26]. In

Fig.5 the neutron to proton ratio is plotted as a function

of transv erse momen tum, for particles in the mid-rapidit y

region. F rom the �gure it is clear that the decrease of N/Z

observ ed with the MDI in teractions (see Fig.4) can b e at-

tributed to the high momen tum tail of the n ucleon emis-

sion that is more sensitiv e to the momen tum dep endence.

In summary , the study of pre-equilibrium emission, as

a function of the b eam energy , can b e considered as an

in teresting and promising to ol to explore the reaction dy-

namics and to in v estigate the b eha viour of the symmetry

energy from lo w to high densit y . The isotopic or neutron-

proton comp osition, N/Z, of all emitted particles app ears

to b e sensitiv e to the sti�ness of the symmetry energy

while the dep endence of the isotopic con ten t on rapidit y ,

or transv erse momen tum, app ears as a go o d candidate to

learn ab out the momen tum dep endence of the iso v ector

part of the n uclear in teraction.
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Fig. 5. Neutron to proton ratio, as a function of transv erse

momen tum, for the same reaction and in teractions of Fig.4.

3 Isotopic comp osition of fragments: the

iso-distillation

Observ ables connected to the study presen ted in the previ-

ous section are the isotopic prop erties of the IMF's formed

in dissipativ e collisions at in termediate energies, that can

b e in v estigated with (statistical or dynamical) m ultifrag-

men tation mo dels, b y follo wing the reaction un til late times.

The isotopic comp osition of n uclear reaction pro ducts pro-

vides imp ortan t information on the reaction dynamics and

the p ossible o ccurrence of a phase transition in asymmet-

ric n uclear matter [10, 11, 27], whic h is supp osed to lead

to separation in to a symmetric dense phase (fragmen ts)

and asymmetric dilute phase (n ucleons and ligh t parti-

cles) [27, 28, 11]. Suc h a phase transition can b e generated

b y 
uctuations of densit y or concen tration, leading to a

coupling of di�eren t instabilit y mo des. This mec hanism

is predicted, for instance, b y sto c hastic mean-�eld (SMF)

sim ulations [21], where fragmen t formation happ ens due

to the dev elopmen t of spino dal (v olume) instabilities.

After the initial collisional sho c k, or due to thermal

expansion e�ects, the excited n uclear system expands and

en ters the lo w densit y (co - existence) region of the n u-

clear matter phase diagram. Here a phase separation o c-

curs and fragmen ts are formed, surrounded b y a neutron-

ric h gas phase. This pro cess is often referred to as isospin

distillation or fractionation [13, 28]. As one can see from

Fig.3,after the �rst stage of particle emission, the asymme-

try of the liquid phase still decreases while fragmen ts are

formed. This is b ecause fragmen tation is accompanied b y

the iso-distillation pro cess. The amplitude of the e�ect is

strictly related to the b eha viour of the symmetry energy ,

as w e will discuss more in detail in the section dev oted to

isospin transp ort. Hence an exp erimen tal analysis of the

Fig. 6. a) Multiplicit y of all c harged particles (squares) as a

function of the N/Z of the emitting PLF source, obtained in

the reaction

28

S i +

112

S n at 50 MeV/A. Circles and triangles

represen t the m ultiplicit y of LCP's and IMF's, resp ectiv ely .

The lines are the results of mo del calculations. b)The ratio

b et w een the N/Z of IMF's and LCP's is plotted as a function

of the N/Z of the PLF source.

N/Z of reaction pro ducts pro vides precious complemen-

tary information ab out the lo w-densit y dep endence of the

symmetry energy .

3.1 Exp erimental evidence

The N/Z degree of freedom has b een studied exp erimen-

tally in detailed measuremen ts of isotopic distributions

of the emitted fragmen ts [29, 30, 15]. Isotopically resolv ed

data in the region Z = 2 � 8 ha v e rev ealed systematic

trends, whic h ho w ev er are substan tially a�ected b y the

deca y of primary fragmen ts. As w e will see in the follo w-

ing discussion, the e�ect of sequen tial deca y of primary

fragmen ts ma y b e reduced, in some cases, b y comparing

the yields of fragmen ts from t w o similar reactions.

The comp osition of in termediate mass fragmen ts in

sev eral conditions of isospin asymmetry and excitation

energy of the fragmen ting source has b een studied, for

instance, b y considering quasi - pro jectiles created via p e-

ripheral reactions of

28

S i +

112

S n and

124

S n at 30 and

50 MeV/A [31]. The quasi - pro jectiles ha v e b een recon-

structed from completely isotopically iden ti�ed fragmen ts.

The di�erence in N/Z of the reconstructed quasipro jectiles

allo ws the in v estigation of the disassem bly as a function

of the isospin of the fragmen ting system. It is observ ed

that the dep endences of mean fragmen t m ultiplicit y and

mean N/Z ratio of the fragmen ts on N/Z ratio of quasi-

pro jectiles are di�eren t for ligh t c harged particles (LCP)

and in termediate mass fragmen ts. This is illustrated in

Fig.6, for the reaction

28

S i +

112

S n at 50 MeV/A. The

squares represen t the m ultiplicit y of all c harged particles.

This is then brok en do wn in to the m ultiplicit y of ligh t

c harged particles (circles) and the m ultiplicit y of in ter-

mediate mass fragmen ts (triangles). W e can see that the

IMF m ultiplicit y increases with the N/Z of the system.

The lines represen t the results of h ybrid calculations, ob-

tained b y com bining a description of transfer pro cesses in
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Deep-inelastic reactions (DIT mo del) to statistical calcu-

lations of fragmen t pro duction (Statistical Multifragmen-

tation Mo del, SMM). They are in go o d agreemen t with the

data. As sho wn also in [32, 29], the m ultiplicit y of IMF's as

a function of m ultiplicit y of c harged particles increases for

the more neutron-ric h systems. Ho w ev er, the decrease in

m ultiplicit y of LCP's for neutron-ric h systems in Fig.6 is

not observ ed in the m ultifragmen tation of Sn+Sn system

[33].

This e�ect, ho w ev er, w eak ens at higher energies [34].

This is consisten t with the temp erature dep endence of

the isospin distillation e�ect extracted from the lattice-gas

mo del [35] or from dynamical calculations [21]. The ratio

( N = Z )

I M F

= ( N = Z )

LC P

decreases with increasing N = Z

QP

,

as sho wn in Fig.6(b). As there are few er neutrons a v ail-

able, the excess protons go in to the smaller fragmen ts

rather than the larger ones. Neutron-p o or quasi-pro jectiles

prefer to break up in to v ery neutron-de�cien t (proton ric h)

LCP's and m uc h more symmetric IMF's. On the con trary ,

neutron-ric h quasi-pro jectiles breaks up in to neutron-ric h

LCP's and more symmetric IMF's, the distillation e�ect

discussed b efore [13, 28].

A comparison b et w een exp erimen tal isotopic distribu-

tions, obtained for IMF's in the Sn + Sn systems [33],

and theoretical predictions (SMF sim ulations) indicates a

b etter agreemen t when a \sti� " asy-EOS is used [36].

The fact that the n um b er of pro duced IMF's is larger

in neutron-ric h systems is nicely con�rmed b y recen t AL-

ADIN data, where the disassem bly of excited quasi - pro-

jectiles is studied [37]. More IMF's are pro duced in the

neutron ric h system,

124

S n , with resp ect to

107

S n . In fact

in the neutron-ric h case protons go mostly in to IMF's,

while in the proton-ric h case they are concen trated in to

LCP's (see also the previous results [31]).

As for the ev olution of the N/Z of fragmen ts with the

excitation energy of the fragmen ting source, this is found

to increase, as sho wn in Ref.[38] for fragmen ts emitted

from excited PLF sources (see Fig.7). F rom the statisti-

cal p oin t of view, this can b e explained in terms of the

larger amoun t of excitation energy a v ailable, that allo ws

pro duction of more exotic systems in a larger phase space.

This e�ect is also compatible with the w eak ening of the

distillation mec hanism at high temp erature, as discussed

ab o v e.

4 Isoscaling in nuclea r reactions

The a v ailabilit y of fragmen tation data, with go o d isotopic

resolution, obtained with c harge - asymmetric systems,

mak es it p ossible to examine systematic trends exhibited

b y isospin dep enden t observ ables. In a series of recen t pa-

p ers, the scaling prop erties of cross sections for fragmen t

pro duction with resp ect to the isotopic comp osition of the

emitting systems w ere in v estigated in [29, 30]. The stud-

ied reactions include symmetric hea vy ion reactions at in-

termediate energy , leading to m ultifragmen t emission, as

w ell as asymmetric reactions induced b y � particles and

16

O pro jectiles at lo w to in termediate energies with frag-

men t emission from excited hea vy residues. T o quan tify

Fig. 7. Ratios of relativ e yields of neutron-ric h to neutron-

de�cien t isotop es, as a function of the excitation energy , as

obtained in the fragmen tation of PLF sources, from Au + Au,

35 AMeV (circles) or in cen tral Xe + Cu (30 AMeV) collisions

(squares). The lines are the predictions of SMM calculations.

Fig. 8. The yield ratio R

21

is plotted as a function of N (upp er

panel) or Z (lo w er panel). The cen tral reactions considered are

124

S n +

124

S n and

112

S n +

112

S n , at 50 MeV/A.

the comparison of the isotop e yields Y ( N ; Z ) obtained

in reactions with di�eren t isospin asymmetry , the ratio

R

21

= Y

2

( N ; Z ) = Y

1

( N ; Z ) is used. By con v en tion, 2 de-

notes the more neutron-ric h system. Fig.8 sho ws the iso-

top e ratios, R

21

( N ; Z ), plotted as a function of N (upp er

panel) and Z (lo w er panel), for the cen tral collisions of

124

S n +

124

S n and

112

S n +

112

S n , at 50 MeV/A. R

21

( N ; Z )

clearly exhibits an exp onen tial dep endence on N and Z,

whic h is called the isoscaling relationship:

R

21

( N ; Z ) = Y

2

( N ; Z ) = Y

1

( N ; Z ) = C � exp ( N � � + Z � � ) ;

(1)

where C ; � and � are the �tting parameters. Since the

in tro duction of isoscaling as an isospin observ able, it has

pro v ed to b e v ery robust and has b een observ ed in man y

di�eren t t yp es of reactions, suc h as m ultifragmen tation,

ligh t ion induced fragmen tation, ev ap oration and deep-

inelastic reactions [29, 30, 39, 40]. There are also rep orts
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on the observ ation of isoscaling in spallation reactions [41]

and, more recen tly , in �ssion [42], though the qualit y of

the data is quite p o or. Recen t studies with realistic �ssion

mo dels [43] suggest that the b eha viour of the isoscaling

observ ed in �ssion is not the same as those observ ed in

m ultifragmen tation, e.g. the neutron isoscaling parame-

ter, � , v aries with Z of the �ssion pro ducts. Ho w ev er, as

with the other reactions, the isoscaling observ ed in �ssion

app ears connected to the symmetry energy and the tem-

p erature of the system, as w e will see b elo w.

4.1 Isoscaling in statistical mo dels

In the grand canonical statistical description of m ultifrag-

men tation, the mean m ultiplicit y of a fragmen t with mass

n um b er A and c harge Z is giv en b y:

< N ( A; Z ) > = g

AZ

V

f

�

3

T

A

3 = 2

exp [ �

1

T

( F

AZ

( T ; � )

� �

n

( A � Z ) � �

p

Z )] ; (2)

where T is the temp erature of the fragmen ting source, g

AZ

is the degeneracy factor of the fragmen t, �

T

is the n ucleon

thermal w a v elength, V

f

is the \free" v olume, F

AZ

is the

fragmen t free energy and �

n

and �

p

are the neutron and

proton c hemical p oten tials, resp ectiv ely . It follo ws imme-

diately that, for t w o systems 1 and 2 with di�eren t total

mass and c harge but with the same temp erature and den-

sit y , the ratio of fragmen t yields is giv en b y Eq.(1) with

parameters � = ��

n

=T and � = ��

p

=T . Isoscaling arises

v ery naturally within a statistical description of fragmen t

pro duction. Within suc h a sc heme, it is the di�erence of

the c hemical p oten tials of systems with di�eren t N/Z ratio

that is directly connected with the isoscaling phenomenon.

In ref.[44], the c hemical p oten tials for

124

S n and

112

S n

are calculated with the grand-canonical v ersion of the sta-

tistical m ultifragmen tation mo del. Despite a considerable

v ariation of the individual p oten tials, their di�erence �� =

�

112

� �

124

c hanges only sligh tly as a function of the tem-

p erature. The results are similar to that obtained with the

Mark o v c hain v ersion of the Statistical Multifragmen ta-

tion Mo del (SMM), whic h tak es a completely micro canon-

ical approac h, at temp eratures T > 5 M eV , whic h are of

relev ance for the pro duction of fragmen ts. A t lo w temp er-

ature results div erge indicating that the exact conserv a-

tion of c harge, mass and energy really mak es imp ortan t

di�erences with resp ect to the grand-canonical appro xi-

mation. Calculating the di�erence of c hemical p oten tials

within the grand-canonical appro ximation, it is p ossible

to connect the isoscaling parameter � to the di�erence of

asymmetry b et w een the t w o systems considered and the

v alue of symmetry energy and temp erature, through the

relation:

� = �= (4 � ( Z = A )

2

) = E

sy m

=T (3)

An analogous relation is deriv ed for � . Isoscaling is not

limited to mo dels within the grand canonical appro xi-

mation. As matter of fact, this equation w as �rst de-

riv ed in the expanding emitting source EES mo del [45, 46].

Rather, isoscaling predictions ha v e b een observ ed from

di�eren t statistical m ultifragmen tation mo dels: canonical

and micro-canonical mo dels [46, 47],and lattice-gas calcu-

lations [48].

There is a simple explanation within the SMM wh y

isoscaling should app ear in �nite systems. In most SMM

mo dels, a mass form ula, usually a v arian t of the liquid-

drop mass form ula, is used. Charge distribution of frag-

men ts with �xed mass n um b ers A, as w ell as mass distri-

bustions for �xed Z, are appro ximately Gaussian with a v-

erage v alues and v ariances whic h are also connected with

the temp erature and the symmetry energy co e�cien t [44].

With a Gaussian distribution for the c harge Z, for in-

stance, w e obtain, for fragmen ts with a giv en mass A:

Y ( Z ) = exp ( � ( Z � < Z > )

2

= 2 �

2

Z

). The ratio of this ob-

serv able for t w o di�eren t systems is giv en b y:

Y

2

( Z ) = Y

1

( Z ) = c exp ( � Z

2

= 2(1 =�

2

2

� 1 =�

2

1

)+

Z ( < Z >

2

=�

2

2

� < Z >

1

=�

2

1

)) (4)

If the v ariances �

1

and �

2

are equal, then isoscaling

is observ ed. Also, since the v ariance �

Z

is appro ximately

equal to �

Z

�

p

( AT = 8 E

sy m

), it turns out that the same

expression for � , as in the grand-canonics, is obtained.

In cases when the exp erimen tal masses are used, the

isotop e distributions are not strictly Gaussian. Fig.9 sho ws

the hot carb on isotop e distributions predicted b y the canon-

ical SMM mo del (op en circles, top panel) from a source

with A=186, Z=75 and T=5 MeV, �=�

0

= 1 = 6.

The solid circles corresp ond to the isotop e distribu-

tions after sequen tial deca ys. Neither the primary nor the

�nal distributions are Gaussian. Nonetheless, from t w o

fragmen ting sources with di�eren t N = Z , one can deriv e

the yield ratios (and observ e isoscaling), that are plotted

in Fig.10 for primary and �nal fragmen ts. As one can see

from the Figure, isoscaling parameters are only sligh tly

mo di�ed b y the secondary deca y pro cess, as far as the

standard v alue of the symmetry energy co e�cien t is used

in the SMM. Ho w ev er, the e�ect of secondary deca y de-

p ends on the symmetry energy v alue emplo y ed [49] and is

m uc h larger with dynamical mo dels, where c hemical equi-

librium is not necessarily reac hed.

4.2 Origin of Isoscaling in reaction dynamics

Isoscaling has b een observ ed also in dynamical fragmen-

tation mo dels, suc h as the An tisymmetrized Molecular

Dynamics (AMD) mo del [18] , Quan tum Molecular Dy-

namics (QMD) and Classical Molecular Dynamics (CMD)

[50], as w ell as in Sto c hastic Mean Field (SMF) calcula-

tions [36] and in quasi-analytical calculations of the spin-

o dal decomp osition pro cess [51]. F or instance, Figure 11

sho ws the dep endence of � on the c harge to mass ratio,

( Z = A )

2

, of the liquid phase for the collisions of Ca iso-

top es, at 35 MeV/A, as predicted b y the AMD mo del.

A linear dep endence of � on ( Z = A )

2

is observ ed. The

t w o lines corresp ond to t w o di�eren t symmetry p oten tials

used in the sim ulations (full line-"soft"-Gogn y; dashed
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Fig. 9. T op: Mass distribution of Carb on isotop es, as obtained

for the indicated systems, in SMM calculations, for primary hot

fragmen ts and �nal fragmen ts. Bottom: Predictions for �nal

fragmen ts are compared for t w o systems with di�eren t N/Z.

Fig. 10. The isotop e yield ratio, as obtained for the systems

of Fig.9, is plotted as a function of N for primary (top) and

�nal (b ottom) fragmen ts.

line-"sti�"-Gogn yAS). Th us, ev en in dynamical mo dels,

isoscaling is in timately related to the symmetry energy .

Ho w ev er, unlik e statistical mo dels, secondary deca ys ha v e

m uc h larger e�ects on the primary fragmen ts. Th us in gen-

eral, secondary deca ys reduce the di�erences in isoscaling

arising from di�eren t symmetry terms in the EOS used in

the mo dels [52].

F or example, the results of SMF, based on the spino dal

decomp osition scenario, are presen ted in Fig.12 [36]. Here

large isoscaling parameters are observ ed for the primary

fragmen ts. Ho w ev er, they are signi�can tly a�ected b y the

secondary deca y and �nal v alues app ear closer to the data.

But the relativ e di�erences b et w een the t w o parameteriza-

tions of the symmetry energy used are also m uc h reduced.

The study of isoscaling through dynamical sim ulations

can elucidate the origin of this phenomenon. If c hemical

0

0.5

1

1.5

2

0.14 0.16 0.18 0.2 0.22 0.24

(Z/A)2liq

a

Ca + Ca
E/A = 35 MeV,  b = 0

Gogny
Gogny-AS

Fig. 11. Isoscaling parameter � , as a function of ( Z = A )

2

liq

b e-

t w een the t w o compared systems, as obtained in AMD calcu-

lations with t w o di�eren t parameterizations of the symmetry

energy .

Fig. 12. Scaled isotop e yield ratio, as a function of N, as ob-

tained in SMF calculations of cen tral reactions

124

S n +

124

S n

and

112

S n +

112

S n , at 50 MeV/A, for primary and �nal frag-

men ts. Tw o parameterizations of the symmetry energy are con-

sidered.

equilibrium is reac hed during the fragmen tation pro cess,

it is clear that one can apply the considerations outlined

in the previous section and directly relate the isoscaling

parameter to the v alue of the symmetry energy and the

temp erature.

Ho w ev er, the linear relation b et w een � and ( Z = A )

2

can

b e obtained also in di�eren t conditions, without assum-

ing statistical equilibrium. If the origin of 
uctuations in

a m ulti-fragmen ting systems can b e considered a \white

noise" source, then the probabilit y to observ e a giv en 
uc-

tuation of the iso v ector densit y � �

i

= � �

n

� � �

p

, in a giv en

v olume V, can b e expressed (for small amplitude 
uctua-

tions) as:

P � exp ( � � �

2

i

= 2 �

�

i

) ; (5)
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where the v ariance �

�

i

dep ends on the fragmen tation mec h-

anism. Then, for a fragmen t of v olume V and mass A , the

distribution P ( N � Z ) can b e written as:

P ( N � Z ) � exp ( � [ N � Z � (

�

N �

�

Z )]

2

= ( F �

in

V )) ; (6)

where

�

N and

�

Z are the a v erage neutron and proton n um-

b ers in the v olume V , and �

�

i

is prop ortional to �

in

, the

densit y of the fragmen ting system [53]. F is a constan t

that dep ends on the symmetry energy and the temp era-

ture.

In spino dal decomp osition, for instance, fragmen ts are

formed (and their densit y gro ws) due to the dev elopmen t

of isoscalar-lik e unstable mo des. Hence isoscalar densit y


uctuations gro w while the iso v ector v ariance do es not

ev olv e and k eeps the memory of the initial iso v ector 
uc-

tuations of the unstable diluted source. Therefore w e ma y

exp ect reduced iso-v ector 
uctuations (and larger isoscal-

ing parameters) with resp ect to the statistical case, where

the isotopic con ten t of the en tire fragmen t mass ma y 
uc-

tuate. This is in line with the results of Fig.12.

The results obtained in a quasi-analytical description

of spino dal decomp osition, comparing fragmen t pro duc-

tion in n uclear matter with asymmetry I = 0 : 2 and I =

0 : 1, are presen ted in Fig.13, for t w o parameterizations of

the symmetry term [51].

The form ula can b e recast as follo ws

P ( 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 b et w een the fragmen t �nal densit y

�

f in

= A=V and the initial densit y �

in

( � larger or equal

to 1).

In statistical mo dels � is equal to 1 and F coincides

with T =E

sy m

, while in the spino dal decomp osition pro cess

the v ariance of the fragmen t isotopic distribution, due to

iso v ector 
uctuations, is reduced with resp ect to the equi-

librium v alue F . Ho w ev er it should b e noticed that, within

suc h a scenario, also isoscalar-lik e mo des con tribute to the

v ariance, due to the b eating of sev eral unstable mo des,

that b ear a di�eren t distillation e�ect [51].

If one assumes that

�

Z = A (and

�

N = A ) dep ends only

sligh tly on A and can b e related to the a v erage distilla-

tion e�ect, that determines the a v erage asymmetry of the

formed fragmen ts, then from Eq.(7) one gets isoscaling.

It is in teresting to notice that the isoscaling parameters

result equal to:

� = 4(( Z

1

= A

1

)

2

� ( Z

2

= A

2

)

2

) = ( F =� )

� = 4(( N

1

= A

1

)

2

� ( N

2

= A

2

)

2

) = ( F =� ) : (8)

Hence one gets the same formal expression as in statistical

mo dels, but with a more complex relation of the isoscaling

parameters to the system prop erties. These parameters

app ear connected to the distillation e�ect, but also to the

width of the isotopic distributions, that can in general

di�er from the predictions of statistical mo dels.

In summary , the link b et w een the isoscaling parame-

ters and the symmetry energy dep ends on the w a y frag-

men ts are formed, while the observ ation of isoscaling and

2 4 6 8 10

N

0

1

10

R
21

(N
,Z

)

Fig. 13. Isotopic ratio R

21

( N ; Z ) =

Y

� =0 : 2

( N ; Z ) = Y

� =0 : 1

( N ; Z ) calculated with the \sup ers-

ti� " symmetry term (solid lines ) and with the \soft"

symmetry term (dashed lines). Lines corresp ond to di�eren t

v alues of Z , Z = 3 � 8 from left to righ t. The system is

prepared with densit y and temp erature inside the spino dal

region. The a v erage v alues of the slop e appro ximativ ely are

2.2 and 1.5 for the \soft" case and the sup er-"sti� " case

resp ectiv ely .

the relation to the ( Z = A ) v alue of the liquid phase ap-

p ear as quite general prop erties and do not require the

assumption of statistical equilibrium.

4.3 T emp erature dep endence of isoscaling

With the a v ailabilit y of mo dels, w e are able to explore

the temp erature dep endence of isoscaling. All calculations

(statistical or dynamical) agree on the fact that the isoscal-

ing parameters are in v ersely related to the temp erature.

So w e w ould exp ect these parameters to decrease with

increasing temp erature, excitation energy or inciden t en-

ergy . Indeed, suc h phenomenon w as observ ed in Ref.[39,

54]. Figure 14 sho ws the isoscaling parameter � as a func-

tion of the inciden t energy . In this study , isobars with

mass = 58 (namely

58

N i and

58

F e ) are used as target

and pro jectile. Reaction 1 is tak en to b e the symmetric

58

N i +

58

N i whic h has the initial N = Z v alue of 1.07. F or

the upp er curv e (solid p oin ts), reaction 2 is tak en to b e

the symmetric system

58

F e +

58

F e with N = Z = 1.23 and,

for the lo w er curv e, the mixed system,

58

F e +

58

N i , with

initial N = Z = 1.15 is used as reaction 2. This �gure clearly

sho ws that the � v alue decreases with inciden t energy from

E/A = 30 MeV to 47 MeV. In addition, there is also a clear

drop in the � v alues with the decrease of the initial N = Z

v alues of the en trance c hannel. The latter has also b een

observ ed in the collisions of cen tral Sn isotop es whic h �rst

established the phenomenon of isoscaling [29].

Isoscaling has b een studied also in fragmen tation pro-

cesses of excited target residues, in the reactions

12

C +

112 ; 124

S n at 300, 600 MeV/A [49]. The isoscaling parameter �
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Fig. 14. Ev olution of the isoscaling parameter � , as obtained

in cen tral collisions, v ersus the b eam energy .

Fig. 15. Scaled isotopic ratios for

12

C +

112 ; 124

S n at 300 (left)

and 600 (righ t) MeV/A. Three di�eren t cen tralit y bins are con-

sidered.

is observ ed to decrease with increasing cen tralit y of the

reaction and the b eam energy (see Fig.15). A t the same

time, it is observ ed that the temp erature (measured from

isotop e ratios) of the system increases as a function of the

cen tralit y .

4.4 A critique on the extraction of symmetry energy

from isoscaling analysis

Eq.(3) suggests that it is p ossible to extract information

on the symmetry energy co e�cien t from the isoscaling

analysis of the data. In the past couple y ears, there ha v e

b een man y attempts to use Eq.(3) to extract the sym-

metry energy [39, 44, 49, 19, 55]. Nearly all of these e�orts

assume that the isoscaling parameters obtained from the

yield ratios of ground state fragmen ts can b e directly com-

pared to the predicted isoscaling parameters obtained from

primary fragmen ts pro duced in statistical or dynamical

mo dels. Moreo v er the quan tit y � ( Z = A )

2

and the temp er-

ature are obtained from other assumptions whic h often

con tradict or are inconsisten t with the extraction of the

isoscaling parameter �

0

s .

T o examine this issue further, w e in v estigate the three

quan tities in Eq.(3), � , � ( Z = A )

2

and � . In ref.[18], AMD

sim ulations for the collisions of the Ca isotop es had b een

p erformed. The results of these sim ulations are sho wn in

Fig.(16) [56].

40

C a +

40

Ca is c hosen as system 1.

W e note that while � (b ottom panel), � ( Z = A )

2

(mid-

dle panel) dep end on the reaction systems and the in ter-

acting p oten tials, � = �= (4 � ( Z = A )

2

) only dep ends on the

in teracting p oten tials (Gogn y (op en squares) and Gogn y-

AS (closed diamonds)). Indeed, as discussed in conjunc-

tion with Eq.(8), the linear relation b et w een the isoscal-

ing parameter � and the di�erence � ( Z = A )

2

) is a gen-

eral prop ert y . These quan tities are obtained from the hot

fragmen ts pro duced in the AMD sim ulations. Assuming

that c hemical equilibrium is reac hed, Eq.(3) is ful�lled, i.e.

� = E

sy m

( � ) =T , and, if the temp erature can b e estimated,

the symmetry energy v alue can b e �nally extracted. As

exp ected from isoscaling, � is nearly indep enden t of the

c harge n um b er of the isotop es.

The primary fragmen ts are then allo w ed to deca y and

the corresp onding quan tities are plotted in Fig.17. Isoscal-

ing is still preserv ed but the alpha v alues no longer sho w

a di�erence b et w een the t w o in teractions. F urthermore,

all the three quan tities, � , � ( Z = A )

2

and � ha v e di�eren t

v alues b efore and after sequen tial deca ys. T o extract the

correct symmetry energy , � , b efore deca y , one m ust use

the v alues of � and � ( Z = A )

2

from the primary fragmen ts.

All curren t metho ds of extracting symmetry energy in-

v olv es measuring �

0

s using exp erimen tal data rather than

deducing the v alues from the primary fragmen ts. Dynam-

ical mo dels ha v e sho wn that � from the excited primary

fragmen ts could b e di�eren t from � v alues extracted from

�nal fragmen ts after deca y [36, 52]. In some cases, the au-

thors use the � ( Z = A )

2

v alues in terp olated from the AMD

sim ulations using the Ca+Ca systems [57]. This pro cedure

is not justi�ed [52]. F urthermore, this corresp onds to using

the alpha v alues from the b ottom panel of Figure17 and

the � ( Z = A )

2

v alues from the middle of Fig.16. Ob viously ,

the metho d is incorrect. Other authors use the � ( Z = A )

2

v alues of the initial comp ound systems [49]. F or our sp e-

ci�c example, this corresp onds to � ( Z = A )

2

of 0.0764 and

0.139 for the systems

48

C a +

48

C a and

60

C a +

60

C a . By

con v en tion,

40

C a +

40

C a is tak en as the reference system.

Again the metho d will not yield the correct symmetry en-

ergy of the primary fragmen ts.

Some pro cedure used in extracting the symmetry en-

ergy in v olv es a h ybrid mo del whic h incorp orates a dynam-

ical mo del (suc h as BUU or AMD) to generate the primary

fragmen ts or residues and then use a statistical m ultifrag-

men tation mo del to allo w the residues to deca y to hot

fragmen ts [19, 54, 58]. It should b e noticed that in an y of

the h ybrid study , the symmetry energy is not treated in

the same w a y in the t w o steps. Indeed, if a densit y de-

p enden t symmetry term is used in the ev aluation of the
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Fig. 16. The three quan tities � ( Z ) (top), � ( Z = A )

2

(middle)

and � (b ottom) for the primary fragmen ts, as obtained in AMD

calculations. The results with the Gogn y and Gogn y-AS forces

are sho wn b y �lled diamonds and the op en squares, resp ec-

tiv ely .

pre-equilibrium emission, the same densit y dep endence is

not used in the SMM mo del. Ev en though in some studies,

[49], the densit y dep endence is partly tak en in to accoun t

b y c hanging the symmetry energy constan ts used in the

mass form ula in SMM, the lac k of temp oral ev olution and

the di�erences in the e�ect of sequen tial deca ys in the t w o

mo dels are of gra v e concerns.

Th us isoscaling remains a nice algorithm in data anal-

ysis. Unfortunately , it has b een elusiv e to extract symme-

try energy using Eq.(3). T o mak e progress in this area, one

should include the same densit y dep endence of the sym-

metry term in the equation of state from start to �nish.

5 Isospin transp o rt

In p eripheral collisions it is p ossible to iden tify pro jectile-

lik e and target-lik e residues in mo del calculations, as w ell

as in exp erimen ts. Calculations suggest that at inciden t

energy ab o v e 30 MeV p er n ucleon and for c harge - asym-

metric reactions, the symmetry term of the n uclear EOS

pro vides a signi�can t driving force that sp eeds up the

isospin equilibration b et w een the t w o reaction partners.

Th us p eripheral collisions ma y allo w one to measure the

time scales for c harge and mass transp ort and di�usion
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Fig. 17. The same as Fig.(16) but for the �nal fragmen ts.

during the collision. The degree of equilibration, correlated

to the in teraction time, should pro vide some insigh ts in to

transp ort prop erties of fermionic systems, in particular

giv e information on transp ort co e�cien ts of asymmetric

n uclear matter [59].

5.1 Insight into isospin transp o rt in nuclea r reactions

In asymmetric systems, isospin transp ort can arise from

isospin gradien ts (di�usion) and from densit y gradien ts

(drift). Through the lo w densit y nec k region, densit y gra-

dien ts ma y b e presen t also in binary system. The neutron-

excess is pushed to w ards the lo w-densit y regions, b ecause

this situation is energetically more fa v orable. This mec h-

anism can induce isospin transp ort ev en in reactions b e-

t w een n uclei with the same N/Z [60].

The role of the EOS in isospin transp ort mec hanisms

can b e made more explicit b y studying the resp onse of n u-

clear matter, in the presence of neutron and proton densit y

gradien ts. Since w e are mostly facing situations where lo-

cal thermal equilibrium is reac hed, w e will discuss results

obtained within the h ydro dynamic limit, where the deriv a-

tion of the isospin transp ort co e�cien ts is more transpar-

en t.

In suc h a framew ork the proton and neutron migration

is dictated b y the spatial gradien ts of the corresp onding

c hemical p oten tials �

p=n

( �

p

; �

n

; T ), where �

p

and �

n

are

proton and neutron densit y and T denotes the temp era-
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ture [61, 27]. The curren ts of the t w o sp ecies can b e ex-

pressed, in terms of the total densit y � = �

n

+ �

p

and

asymmetry I = ( �

n

� �

p

) =� , as follo ws

j

n

= D

�

n

r � � D

I

n

r I (9)

j

p

= D

�

p

r � � D

I

p

r I ; (10)

where D

�

q

and D

I

q

are drift and di�usion co e�cien ts due

to densit y and isospin gradien ts, resp ectiv ely:

D

�

q

= ct

�

@ �

q

@ �

�

I ;T

(11)

D

I

q

= � ct

�

@ �

q

@ I

�

�;T

; ( q = n; p ) (12)

( ct is a negativ e constan t).

They can b e expressed as:

D

�

q

= ct [ N

� 1

+

@ U

@ �

� 2 I

@ E

sy m

@ �

+ O ( I

2

)] (13)

D

I

q

= � 2 ct � [ E

sy m

� I ( �

@ E

sy m

@ �

� E

sy m

)] (14)

(+ n; � p ) ;

where N

� 1

is the lev el densit y of symmetric matter

at the same densit y and temp erature and U ( � ) is the

isoscalar part of the mean-�eld p oten tial.

One can see that the iso v ector part of the n uclear in-

teraction en ters the co e�cien ts D

�

q

through the deriv ativ e

of the total symmetry energy E

sy m

. On the other hand

the isospin di�usion co e�cien ts D

I

q

dep end, in leading or-

der, on the v alue of the symmetry energy co e�cien t E

sy m

.

Moreo v er, it app ears that the di�erence of neutron and

proton drift co e�cien ts, D

�

n

� D

�

p

=

@ ( �

n

� �

p

)

@ �

, is equal to

4 I

@ E

sy m

@ �

, as one can simply deriv e also from the relation

�

n

� �

p

= 4 E

sy m

I .

In conclusion, the di�usion app ears essen tially related

to the v alue of the symmetry energy , while the drift is con-

nected to its deriv ativ e. F rom this study one can see more

clearly that the isospin distillation e�ect, as discussed in

Section 3, whic h originates from the presence of densit y

gradien ts in the fragmen tation pro cess, is sensitiv e essen-

tially to the deriv ativ e of the symmetry energy at lo w

densit y .

5.2 Exp erimental studies and compa rison with

calculations

Exp erimen tally , one examines the isoscaling prop erties of

the fragmen ts originated from the (pro jectile) residues.

Figure 18 sho ws the isoscaling phenomenon observ ed in

the reaction of

124

S n (pro jectile) +

112

S n (target) and its

in v erse reaction

112

S n (pro jectile) +

124

S n (target) [15].

Unlik e the cen tral collision isoscaling data, the slop e is

larger for the reaction with neutron-ric h pro jectile than

the reaction with the proton-ric h pro jectile. Di�erences

Fig. 18. Isotop e yield ratios, as a function of the mass A, for

fragmen ts emitted from PLF in p eripheral collisions (left). The

isoscaling parameters, as obtained in di�eren t pro jectile-target

com binations, are compared in the righ t part of the �gure.

in the asymmetric systems re
ect the driving force that

causes isospin di�usion. As sho wn b efore, the force arises

from the symmetry term in the equation of state. If the

force is w eak, one w ould not exp ect an y isospin mixing to

o ccur and the � v alue should resem ble those of the pro-

jectiles in the symmetric systems. In order to quan tify the

transition from no isospin di�usion to complete mixing,

the isospin transp ort ratio, R

i

is used:

R

i

=

2 O

P T

� O

P P

� O

T T

O

P P

� O

T T

(15)

Here P ; ( T ) stands for the pro jectile-lik e (target-lik e) frag-

men t. The quan tities O

i

refer, in general, to an y isospin

dep enden t quan tit y , c haracterizing the fragmen ts at sepa-

ration time, for the mixed reaction ( P T ; 124 + 112 or 112 +

124), the reactions b et w een neutron ric h ( P P ; 124 + 124),

and b et w een neutron p o or n uclei ( T T ; 112 + 112), resp ec-

tiv ely . Similar ratios constructed using free protons ha v e

b een used as isospin tracer in cen tral hea vy ion collisions

[62], to c hec k stopping and thermal equilibration. The in-

sensitivit y to systematic errors and the abilit y to calibrate

the observ ables from the t w o symmetric systems,

124

S n +

124

S n and

112

S n +

112

S n to +1 and -1 o�er man y ad-

v an tages. It has b een sho wn that non-isospin e�ects suc h

as e�ects from Coulom b force will b e largely cancelled us-

ing the isospin transp ort ratio. F urthermore, in compar-

isons with calculations that cannot predict the same ex-

p erimen tal observ ables, due to mo del limitations, one can

use another observ able to construct the isospin transp ort

ratios as long as b oth the exp erimen tal and theoretical

observ ables are linearly related to eac h other. F or exam-

ple, in mo del calculations, one can use the asymmetry

I = ( N � Z ) = A of the emitting source, instead of isoscal-

ing, to ev aluate the transp ort (im balance) ratio since, to

the �rst order, � and I are linearly related. In fact, as w e

ha v e seen previously , � , as extracted from primary frag-

men ts, is related to the di�erence (

Z

2

1

A

2

1

�

Z

2

2

A

2

2

), whic h for

not to o large asymmetries can b e rewritten as ( I

2

� I

1

) = 2.
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Fig. 19. The isospin tr ansp ort r atio R

P ;T

, Eq.(15), for the

asy-"soft" (ful l squar es) and asysup ersti� (cir cles) E O S 's as a

function of the inter action time t

c

, c orr esp onding to di�er ent

imp act p ar ameter b , in the r ange 6-10 fm. The b and b etwe en

the two solid lines c orr esp onds to the exp erimental data of [15].

The triangles r epr esent the imb alanc e r atio c alculate d for the

ne ck fr agments, in ternary events.

The linear relation b et w een � and I has b een con�rmed

also exp erimen tally [29], suggesting that it holds also for

the isoscaling parameters extracted from the �nal frag-

men ts. Hence, the asymmetry of pro jectile-lik e or target-

lik e residues can b e used as the observ able O in Eq.(15).

The dep endence of isospin transp ort (and equilibra-

tion) on the cen tralit y of the reaction has b een in v esti-

gated in Ref.[63] using SMF sim ulations without momen-

tum dep endence. Fig.19 sho ws the im balance ratio as a

function of the in teraction time t

c

among the t w o reaction

partners, that is in v ersely related to the impact parameter,

for t w o asy-EOS's: a v ery "sti�" and a "soft" (SKM*) in-

teractions. A more detailed analysis sho ws that it is p ossi-

ble to explicitly estimate the e�ect of isospin transp ort and

pre-equilibrium emission on the transp ort ratios R . The

in terpla y b et w een the t w o pro cesses leads to a stronger

equilibration for asy-"soft" E O S , as it is evidenced b y

the isospin transp ort (im balance) ratio. Actually , in the

asy-"sti�" case, a larger isospin transfer is observ ed in the

calculations, due to the presence of densit y gradien ts, di-

rected from P LF and T LF to w ards the nec k region, in

line with the analyical predictions illustrated ab o v e. In-

deed, in the asy-"sti�" case, the deriv ativ e of the sym-

metry energy , just b elo w normal densit y , acquires larger

v alues. Ho w ev er, w e observ e a kind of comp ensation b e-

t w een the asymmetry of the matter transferred from pro-

jectile to target ( I

P T

) and from target to pro jectile( I

T P

),

so �nally isospin equilibration is more e�ectiv e in the asy-

"soft" case.

In ref.[15, 64] BUU calculations whic h use di�eren t den-

sit y dep endence of the symmetry terms in the equation of

state are p erformed for the same system at b=6 fm.

In Fig.20, the parameter term x indicates the sti�ness

of the symmetry term, ranging from a "soft" b eha viour

(larger x ) to a "sti�" b eha viour (negativ e x .) Momen tum

Fig. 20. Im balance ratio, relativ e to p eripheral collisions of

124

S n +

112

S n , E/A = 50 MeV, as obtained in the data

(shaded area) and in mo del calculations using di�eren t pa-

rameterizations of the symmetry energy .

dep endence is included in the calculations. Within error

bars, the isospin transp ort ratio R

i

exhibits a decreasing

b eha viour with the softness of the symmetry term sug-

gesting that the driving force for isospin equilibration is

m uc h larger for the \soft" in teraction. Using the neutron

isoscaling �tting parameter � as the exp erimen tal isospin

observ able O in Eq.(15), the isospin transp ort ratios of

the t w o asymmetric systems sho wn in the righ t panel of

Fig.18 app ear as the t w o horizon tal lines in Figures19,20.

So, assuming that data can b e directly compared with cal-

culations p erformed at b=6 fm, a b etter agreemen t is ob-

tained when using a "sti�" asymmetry term, in the range

x = � 2 ; � 1. Without including momen tum dep endence in

the calculations, a sti�er symmetry term w ould b e needed

to �t the data (see Fig.19 at 140 fm/c). This is due to

the fact that the o v erall dynamics b ecomes more repulsiv e

when the momen tum dep endence is included and isospin

equilibration dep ends not only on the strength of the sym-

metry term, but also on the system in teracting time.

It should b e noticed that this comparison is w ell suited

only if one assumes that PLF and TLF fragmen ts are at

around normal densit y , indep enden t of the parameteri-

zation adopted for the symmetry energy . Otherwise the

isoscaling parameter cannot b e simply related only to the

N = Z of the source, but w ould also dep end on the v alue of

the symmetry energy , that is mo del dep enden t. It w ould

b e in teresting to c hec k this h yp othesis using a mo del that

includes fragmen tation (suc h as AMD), and calculating

the im balance ratio directly from the isotop e yields, as it

is done in the exp erimen ts. In this w a y one w ould b et-

ter test the sensitivit y of the results to the b eha viour of

the symmetry energy . In other w ords, as discussed in Sec-

tion 4.4, it is essen tial to consider the densit y dep endence

of the symmetry energy also in the fragmen tation pro cess.

The dep endence of the N/Z v ersus the excitation en-

ergy of the system has b een studied for the INDRA re-

actions, Ni+Ni and Ni+Au at 52 and 74 MeV/A [65],
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Fig. 21. a) Yield ratios R

21

( N ; Z ) of pro jectile residues from

the reactions

86

K r +

112 ; 124

S n at 25 MeV/A, with resp ect to

N, for the Z's indicated. b) Isoscaling parameter � v ersus the

c harge of the fragmen t Z. The straigh t line is a constan t v alue

�t for the ligh ter fragmen ts Z = 10-26.

lo oking at the reconstructed PLF, in binary collisions. In

the symmetric case, N/Z is seen to increase with cen tral-

it y due to a proton-ric h pre-equilibrium emission. F or the

Ni+Au case, it is p ossible to observ e isospin equilibration

among the reaction partners.

Also for the analysis presen ted in Ref.[55], the goal

w as to extract the N/Z of the PLF sources and hence to

discuss isospin equilibration b et w een pro jectile and target.

The systems

86

k r +

112 ; 124

S n at 25 MeV/A ha v e b een con-

sidered. The isoscaling parameter � , as a function of the

c harge Z of pro jectile residue, exhibits a plateau, that in-

dicate that these fragmen ts come from sources with \equi-

librated" N/Z. Then a decrease of � is observ ed, as Z in-

creases, that should corresp ond to fragmen ts coming from

PLF's formed in more p eripheral reactions, hence more

similar in the t w o systems considered.

5.3 Conclusions and outlo ok

F rom the results discussed ab o v e, one can conclude that

sev eral indications on the densit y b eha viour of the symme-

try p oten tial can b e extracted from the study of reactions

with c harge asymmetric systems in the F ermi energy do-

main. The isotopic con ten t of emitted ligh t particles and

IMF's, as w ell as the reconstructed degree of N/Z equili-

bration b et w een reaction partners, b ear imp ortan t infor-

mation on the symmetry energy b eha viour. W e summarize

b elo w the main conclusions, as w ell as impro v emen ts and

new studies that can b e en visaged.

{ In mo del calculations, the isotopic con ten t of pre -

equilibrium emission app ears quite sensitiv e to the sti�-

ness of the symmetry term, ev en to its momen tum de-

p endence. A more neutron-ric h pre-equilibrium emission

is exp ected for higher v alues of the symmetry energy . In

fragmen t formation the degree of isospin fractionation (i.e.

the transfer of the neutron excess to w ards the gaseous

phase) is sensitiv e to the slop e of the symmetry energy at

lo w densit y . F rom the comparison with exp erimen tal data,

some indication has emerged ab out a "sti�" b eha viour of

the symmetry energy .

{ The isoscaling analysis, based on the comparison of

the isotopic con ten t of fragmen ts emitted from systems

with di�eren t initial asymmetries, allo ws to put in b etter

evidence isospin e�ects and, in situations where equilib-

rium is reac hed, could in principle b e used to extract the

v alue of the symmetry energy in the conditions of densit y

and temp erature where fragmen tation happ ens. Ho w ev er,

it is not so easy to disen tangle b et w een the predictions

giv en b y the di�eren t parameterizations. Indeed not only

the isoscaling parameters re
ect the width of the isotopic

distributions, but they are quite sensitiv e to the di�erence

� ( Z = A )

2

b et w een the fragmen ts asymmetries of the t w o

compared systems, that is also largely in
uenced b y the

symmetry energy b eha viour. Hence comp ensation e�ects

ma y diminish the sensitivit y of the �nal results to the asy-

EOS. Moreo v er, as sho wn b y dynamical sim ulations, large

secondary deca ys ma y reduce signi�can tly the di�erences

coming from di�eren t symmetry terms in the EOS used

in the mo dels.

It w ould b e imp ortan t to p erform a cross-c hec k of

mo del predictions against sev eral exp erimen tal observ ables,

sensitiv e to the di�eren t phases of a reaction, from pre -

equilibrium emission to fragmen tation and de - excitation

stage. This allo ws b etter iden ti�cation of the isotopic con-

ten t of the gas and liquid phases, that is essen tial for the

analysis of the de-excitation pro cess of the excited primary

pro ducts and related observ ables (suc h as isoscaling). The

use of mo dels that can follo w the whole path of the reac-

tion is highly desirable. This w ould also allo w to ascertain

the fragmen tation mec hanism and the w a y the system ap-

proac hes c hemical freeze-out. The study of correlations

b et w een fragmen t isotopic con ten t and kinematical prop-

erties can b e en visaged as a to ol to learn ab out time scales

for fragmen t formation and N/Z equilibration.

{ In semi-p eripheral collisions, it is in teresting to com-

pare the b eha viour of reactions with di�eren t en trance

c hannel asymmetries to in v estigate isospin exc hange b e-

t w een pro jectile and target. Indeed the N/Z equilibration

among the reaction partners giv es information ab out the

strength of the symmetry term. Ho w ev er, it should b e no-

ticed that the amoun t of isospin exc hange is also strictly

connected to the in teraction time, along whic h the t w o re-

action partners are in con tact. This is clearly in
uenced

also b y the isoscalar part of the n uclear in teraction. Hence

the sensitivit y of this observ able to the v alue of the sym-

metry energy is not so transparen t.
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The study of the in terpla y b et w een isoscalar and iso v ec-

tor parts of the n uclear in teraction in the reaction dynam-

ics deserv es further atten tion.
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