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Abstract. Understanding the emission time sequence of neutrongn@oand light charged particles can contribute to the
understanding of the nuclear interaction and of the streatfi nuclear matter, and it may even be sensitive to dethilseo
nuclear equation of state, such as the density dependettoe miclear symmetry energy. Small angle two-particleatation
functions can be used to deduce information on emission diisteibutions, and, in particular, on the emission chroggl

of different particle types. Furthermore, correlationdtions from systems similar in size but with different ismspontent
(created in heavy ion collisions with isotope separatedrbaad/or target nuclei) are sensitive to the isospin depeelef
the decay mechanism, and may be used as a probe for the dégséigdence of the nuclear symmetry energy.
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SOURCES OF PARTICLE EMISSION

In a nucleus-nucleus collision at intermediate energyetle@e many sources of particle emission [1, 2, 3, 4, 5, 6].
To correctly interpret the experimental data, such as theeton of emission time distributions, it is important to
disentangle the contribution from the different sources.

In a central collision, fragments, nucleons and photonsirtially emitted from first chance nucleon-nucleon
collisions. These particles have a high energy and are exsinith a short time scale. After the initial first chance
nucleon-nucleon collisions, a highly excited central sels formed. Initially, rather high energy nucleons antitig
fragments are emitted on a relatively short time scale. Astiurce equilibrates, the particles are emitted on a longer
time scale with lower energy. Finally, nucleons are emittied long time scale over a large spatial region by secondary
emission from excited fragments.

In semi-peripheral collisions, the initial emission of feans and fragments originates from first chance nucleon-
nucleon collisions and is therefore similar to the scenaria central collision. However, after the initial phaseg th
two nuclei pass through each other and emission first occons &n overlap zone and later from neck-like region.
This is accompanied by emission from the non-equilibratsidues. During these stages, high and intermediate
energy particles are emitted on a relatively short timeescBhe particles are emitted from spatially and velocity
separated sources. Finally, nucleons will be emitted frouilbrated residues and by secondary emission from ekcite
fragments. These nucleons are emitted on a long time scateadarge spatial region.

PARTICLE EMISSION TIME AND CHRONOLOGY

Particles originating from one specific source are emitiaihg a certain time interval. Normally, the rate of emitted
particles changes during this time interval, leading to ec#jz time distribution for the source. If a two-particle
correlation function of identical particles could be consted from particles emitted from a single source (i.ehé t
particle source could be isolated), and if the spatial ithistion would be known, then the shape of the correlation
function would yield information on the shape of the timetiligition. Normally, neither the spatial nor the temporal
distributions are known. In this case it is not straightfardito extract the spatial and time distributions from thepeh

of the correlation function. To interpret the experimemésults, source models are often used. These source models
contain some pre-assumption on the spatial and tempotebdisons. The shape of these distributions can, to some
extent, be varied by varying parameters of the model (suchdiss and temporal width parameters). Such parameters
then represent average emission point and average emigamnthough it should be remembered that such average
values are model dependent. In experimental data theisiuigtmuch more complex, since it is never possible to
completely isolate one source from all the other sourcesgmteduring the reaction. The contribution from several



sources leads to a total time distribution with a complexpshavhere the effective average emission time will depend
on different factors.

What one is usually referring to witemission chronologis a difference in the average emission times between
two particle types. Though, it is worth noticing that the ssion times of the two particles may overlap to a large
extent, and the difference in their respective average @omgimes can be small compared with the width of the
emission time distributions. Furthermore, if differentiszes contribute, like in peripheral reactions, they dbate to
a complex time distribution of the emitted particles. As aaraple, we can consider two particle types emitted from
two sources. Different origins for different average ernoisgimes can be recognized: One origin could be a simple
shift of two similar time distributions. Another origin clolbe that the width of the time distributions are different,
while their shape is quite similar. Finally, it is also pdsito think that, if more than one source is contributing, th
relative weight of the sources is different for the two paetitypes, leading to different average emission times. In
a real reaction all of the above reasons contribute, withffarént weight depending for example on applied gates,
selected angular ranges, etc.

Even though the extraction of the emission times and se@seiscquite involved, there is a wealth of experi-
mental information that is available. A great advantag®ipdrform simultaneous measurements of both like and
unlike particle correlation functions. By applying diféart gates, such as polar angle gates, total momentum gates,
directional gates, velocity gates for unlike particles, atertain sources are enhanced relative to others. Ranices,
non-equilibrium emission can be enhanced by high and irédiate total momentum gates, while particles from evap-
oration and excited fragments can be suppressed by shalgsiamiiscarding the very low relative momentum region.
Furthermore, single particle information, such as enepggsa at different angles, should be used in the analyses. A
systematic study can therefore to a large extent disergdhglspace-time characteristics of the contributing ssjrc
by putting strong constraints on theoretical models [7].

Emission chronology from like particle correlations

The emission chronology between two particle types cangucetrtain conditions, be determined from like-particle
correlation functions. If it is valid to assume that bothtmde types are emitted from the same spatial region, a
fit with a calculated correlation function, based on somea@®function, to the experimental correlation function,
will yield an average emission time for each particle typg.ddmparing these average emission times, an emission
chronology can be inferred. For a review, see Ref. [8] andregices therein. The same method can also be used to
determine differences in emission times for the same partype emitted from different systems but with the same
spatial region, for instance, different neutron emissiomes from systems similar in size and energy content, but wit
different isospin content (see next section).

The drawback of this method is that the results are sengititke assumption of emission from the same spatial
region. Furthermore, the extracted average emission taresnodel dependent, since the average emission times
depend on the pre-assumption of the shape of the (spatigt@mgoral distributions assumed by the specific source
model.

Emission chronology from unlike particle correlations

Model independent information on the emission chronolofjiwo particle types can instead be obtained from
unlike-particle correlation functions. If there is a di@ce in the average emission times, it is possible, bylseita
gates, to divide the particle pairs into two classes witliedént average distances when the two particles "start to
interact". Since the strength of the final state interactiepends on the distance between the particles, this will lea
to a different strength of the correlation function for theotclasses. By comparing these correlation functions, the
emission chronology can then be inferred without any mos&limptions.

Below we present the details of this technique. An importssumption for this method to be valid is that the
particles are emitted independently. Furthermore, aeasumptions (which depends on the used gates) must be
made on the spatial region from which the particles are enhitt



Velocity gated correlation functions

A technique to probe the emission sequence and time delggdfles in nuclear reactions was first suggested for
charged particle pairs, based on the idea that mutual Cduleypulsion would be experienced by pairs of charged
particles emitted with a short time delay. Comparison ofwékecity difference spectra with trajectory calculations
would thus give a measure of the average particle emissguresee [9, 10, 11].

The technique was extended to any kind of interacting, wiemtical particle pairs in the theoretical study of Ref.
[12]. There it was demonstrated that the sensitivity of theadation function to the asymmetry of the distribution of
the relative space-time coordinates of the particle engsoints can be used to determine the differences in the mean
emission times by applying energy or velocity gates. Thisatthas been proposed for particle pairs sucpdand
np[12], prr[13], KTK™ [14].

Velocity gated correlation functions of non-identical fices is a very powerful tool to investigate emission
sequences in nuclear collisions [15]. The basic idea is théttere is an average time difference in the emission
times of two particles types, there will also be a differemcthe average distance for particle pairs selected with the
conditionv; > v, as compared to the pairs selected with the complementaditaumyv; < v». This is because the
particle emitted first will, on average, travel a differergtence in the two complementary classes (due to the differe
velocities) before the second particle is emitted. In palér, the interaction is enhanced for those pairs for which
the average distance is smaller. This can be easily seee €@mpares the correlation functiGn(q), gated on pairs
Vi > Vo, With the correlation functioz(q), gated on pairs; < vy. If particle 2 is emitted earlier (later) than particle
1, than the conditior; > v» will sample smaller distances (larger correlations) tha complementary condition
vi < V. Therefore the ratic€; /C, will show a peak (dip) in the region of relative momentunwhere there is a
correlation and a dip (peak) where there is an anti-coioglaFurthermore the rati6; /C, will approach unity both
for g — 0 (since the velocity difference of the two emitted parside negligible) and) — o (since modifications of
the two-particle phase space density arising from finaéstaeractions are negligible). The exact location of thakpe
and dip in the ratio depends on the source, and in particulahe origin of the difference in the average emission
times.

Experimental results

At low energies, the analysis of two-particle correlatiansl velocity difference spectra has allowed to find results
consistent with the statistical compound nucleus decayhferight products emitted from the reactiotf® + 1°B
(Ejap = 62.5 MeV), andt®0 + 12C (64.0 MeV). The method could also be used for the deteriinat fission time
scales [16].

At intermediate energies, the time sequence ahdd has been deduced for tlie/A = 50 MeV Xe + Sn reaction
studied by the INDRA collaboration. An average emission efitdronsz 250 fm/c earlier than protons has been
explained as the result of averaging over a long time segubatween pre-equilibrium and thermal emission for
protons, whereas deuteron emission, resulting mainly fniand nucleon-nucleon collisions, is concentrated at a few
tens of fm/c [17].

First experimental evidence of the emission chronologyeaftrons and protons deduced from thgcorrelation
function, was reported in Ref. [15] for thg/A = 45 MeV *Ni+ 27Al reaction measured by the CHIC collaboration at
LNS, Catania. The experimental results from differentliegiacorrelation functions were in qualitative agreemett wi
the Koonin-Pratt formalism [18, 19]. It was claimed that ffidgh-parallel-velocity and high-total-momentum selecte
events that enhance projectile residue and/or interned&bcity sources, the proton is, on average, emittedezarli
than the neutron.

In Ref. [20] the emission time chronology of neutrons, pnstoand deuterons, was presented forEjié = 61
MeV 36Ar + 27Al reaction measured at KVI, Groningen. The experimentsiiits showed that the angular and total-
momentum dependences of thp andnp correlation functions support a dissipative binary reactcenario, where
early dynamical emission is followed by statistical evagtiom. The reverse kinematics utilized in the experimamd, a
fairly high energy thresholds, enhanced the early dyndreitéssion component in the backward measurement. The
analysis of velocity-gated correlations of non-identigailticle pairs yielded detailed information about the ighat
emission time sequence. The results fromnipebackward” measurement are shown in Fig. 1, right columar(fr
Ref. [20]). The dip in theC,/Cp, ratio indicates that neutrons are, on the average, emittdiiethan protons. For
the “forward” measurement (Fig. 1, left column), the shapthe correlation function exhibits a correlationgt 40
MeV/c and a small anti-correlation at 40q< 100 MeV/c, and the pairs with, >V contributing toC, interact more
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FIGURE 1. From theE/A = 61 MeV 3%Ar + Al reaction measured at KVI, velocity-gatexb correlation functions@y, filled
circles, andCp, open circles) and their rati€{,/Cp) Left column: forward measurement. Right column: backwaehsurement.
The lines are results from model calculations. From Ref].[20

strongly. This indicates that protons are, on the averagétex earlier than neutrons, a result in agreement with tha
obtained for thedap ~ 45° E/A = 45 MeV %8N + Al reaction [15]. The complete sequence of average domiganes,

T, extracted from th& /A = 61 MeV 36Ar + Al reaction was: For the dynamical emission soumges Tq < Tp; for

the projectile residue emissiory < Tp < Tn. The interpretation of these results, presented in Ref, [#ghlights the
importance of the contribution from the different emissgmurces.

The technique of Ref. [12] has also been applied to pairs fidentical light charged particles produced in central
collisions of heavy ions in thA& = 100 mass region at a beam energy of 400 MeV/nucleon, mehsiitte the FOPI
detector system at GSI [21]. The difference between lodgitl correlation functions with the relative velocity
parallel and anti-parallel to the center-of-mass velooitghe pair in the central source has allowed the extraction
of apparent space-time differences of the emission of thegetd particles. Comparing the correlations with resuflts o
a final-state interaction model, delivered quantitatiinestes of these asymmetries. Time delays as short as 1 fm/c
or - alternatively - source radius differences of a few tefnthwere resolved. The strong collective expansion of the
participant zone introduces not only an apparent reductidime source radius but also a modification of the emission
times. After correcting for both effects a complete seqeafthe space-time emissionpfd, t, *He, K particles was
extracted.

At even higher energy regimes, the above method has beenausatkle the problem of the possible observation of
strangelets in the frame of the distillation process foltaythe creation of a quark gluon plasma. In this case, s&rang
and anti-strange particles may not be produced at the saneeii a baryon rich system under low bag constant
scenarios. Such a prediction has been tested Wsig™ correlations in Ref. [22].



ISOSPIN EFFECTS AND PERSPECTIVESFOR THE ASY-EOS

The isospin dependence of the nuclear equation of statelimply the most uncertain property of neutron-rich matter.
This property is essential for the understanding of extigmgymmetric nuclei and nuclear matter as it may occur in
ther-process of nucleosynthesis or in neutron stars. In ordetutdy the isospin-dependent EOS, heavy ion collisions
with isotope separated beam and/or target nuclei can beedtilin these collisions, excited systems are created with
varying degree of proton-neutron asymmetry and a notiegabpin dependence of the decay mechanism is expected
[23]. By selecting semi-peripheral collisions, the symmétrm of the EOS is probed at low densities, while central
collisions are expected to be sensitive to the high densipeddence.

Theoretical predictions

Recently, the two-nucleon correlation function has beamsiered as a probe for the density dependence of the
nuclear symmetry energy [24, 25, 26]. In these theorettaaliss with an isospin-dependent IBUU transport model, it
was shown that the density dependence of the symmetry tetine &OS affects the temporal and spatial structure of
reaction dynamics by affecting the average emission timh@gwotrons and protons as well as their relative emission
sequence. For central collisions, a stiff EOS causes higmemtum neutrons and protons to be emitted almost
simultaneously, thereby leading to strong correlationsoft EOS delays proton emission, which weakensrthe
correlation [24, 25]. It was found that the symmetry enerfjgat becomes weaker with increasing impact parameter
and incident energy. Also, the strength of nucleon-nucleamelation function is reduced in collisions of heavier
reaction systems as a result of larger nucleon emissioes§2]. It was further found that the momentum dependence
of both isoscalar nuclear potential and the symmetry p@teinfluences significantly the space-time properties ef th
nucleon emission source. Specifically, the momentum degeredof the nuclear potential reduces the sensitivity of
two-nucleon correlation functions to the stiffness of thelear symmetry energy [26].

In spite of the large uncertainties in the symmetry pot&rdiad in particular in the momentum dependent part, the
exploratory studies in [24, 25, 26] are very encouragingusing two-particle correlations to study the symmetry
potential. It is also important to remember that the symynetteraction does not only influence the dynamical
emission of particles from the overlap and neck-like regjdiut also the formation of the residues. Therefore also
the particles emitted from the residues contain infornmato the symmetry energy. To make improvements in the
future on the understanding of the symmetry potential, itéeded to have models that consistently can describe
both the dynamical emission of particles and the formatibnesidues and their subsequent pre-equilibrium and
equilibrium emission of particles. By applying the expegimtal conditions and systematically comparing calculated
and experimental energy spectra and gated correlationifunscfor like and unlike particles, it will be possible to
obtain hard constraints on the symmetry potential.

Experimental results

First experimental results have been obtained on twogbartiorrelation functions from systems similar in size,
but with different isospin content [27]. Small-angle twarficle correlation functions with neutrons and protongha
been obtained from semi-peripheEglA = 61 MeV Ar +1121245n collisions measured at the AGOR cyclotron of KVI.
The interferometer consisted of 16 CslI(Tl) crystals fohtigharged particles detectiof{,=30°—114) and 32 liquid
scintillators for neutron detectioif,=36°-12CF).

Emission from the different sources was enhanced/supmdssintroducing angular cuts (intermediate velocity
source emission is enhanced forward, target residue emissenhanced backwards) and cuts in the total momentum
(Rot) of the particle pair, calculated in the relevant emissioarse frame. Fig. 2 (from Ref. [28]) presents thp
correlation function for particle pairs selected withie tiiree different gates.

1. Particles emitted by the intermediate velocity sourc@rampt dynamical emission stage, (e.g. first-chance
nucleon-nucleon collisions), are enhanced by selectig-Ri: pairs in the intermediate velocity source frame.
For the sample opp pairs, the angular range 300<42° is used for this gate.

2. Particles emitted by the intermediate velocity sourdatet dynamical emission stage (e.g. neck-emission), are
enhanced by selecting intermedi&g-pairs in the intermediate velocity source frame. Again,ahgular range
30°<6<4 s utilized for pp pairs.
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3. Particles emitted by the target residue are enhanced dgtisg low-R: pairs in the target residue frame. The
angular range 34<6<12( is applied to botlpp andnp pairs. The neutron energy threshold is set to 8 MeV for
this gate.

One can notice that the height of the peakjat20 MeV/c is progressively reduced going from gate 1 to gate 3,
indicating an increase in the particle emission time. Figré&sents the corresponding results for tipecorrelation
function. By comparing the results for the two Sn target® oan see an isospin effect, particularly in gate 1dpr
and in gates 2 and 3 farp, where the height of the correlation function is larger fog more neutron-rich target. This
indicates a shorter average emission time for this system.

For the interpretation of the correlation data, it is impattto note that the correlation function depends on thesspac
time extent of the emitting source. From the size of the ssuacstronger correlation is expected for the smafiar
+ 11251 system, an effect expected also because of the largéatixtienergy per particle available for this system
(vielding a shorter emission time). On the other hand, thengk in neutron number implies a different symmetry
energy which also affects the(andp) emission times. Neutrons are expected to be emitted fastiee neutron-rich
system, which would lead to an enhancement of the correlatiength foP®Ar + 124Sn. Thus, the netinfluence on the
correlation function is not easily predictable, both du#ht® uncertainty in the symmetry energy and to the presence
of more than one source of emission. The strongecorrelation observed for the larger Ar'#4Sn system in the
low-total-momentum gate may indicate that the more asymmggstem generates a more asymmetric and excited
target residue, that, consequently, decays on a fastestaie.

More insight into these results has been gained by perfararnanalysis of the particle emission time sequence in
Ref. [29]. In all studied angle and total-momentum gatewai$ found that neutrons are, on average, emitted earlier
than protons. Furthermore, the shom@remission time scale for the Ar*4Sn system results from a faster emission
of the neutrons, as compared to the Ar'4Sn system. This is particularly true for the particles esaitirom the target



residue, indicating that the residues in the two reactioaeviormed differently due to the symmetry interaction.
Further experimental results of particle emission seqaémmlving deuterons indicate that for the AF4*Sn system
neutrons are emitted slightly earlier than deuterons,ragaesult pointing to a faster neutron emission for the more
neutron rich system. Deuterons, being formed mainly byeszaEnce, appear to have emission time that falls in-
between that of neutrons and protons. No sizeable isosfentefin the emission sequence of deuterons and protons
were found for the above mentioned systems.

While the above mentioned results are at the moment the aidtireg experimental results on the isospin depen-
dence of the two-particlpp andnp correlation functions, a more focused investigation is\gdo be undertaken in a
new series of interferometry experiments. At the Superaotidg Cyclotron of LNS, Catanigp, nnandnp correla-
tions will be measured in the later half of 2005 for the remwsit12124Sn +5864Nj and 1121245 +1121245n gt beam
energy of 35 MeV/nucleon.
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