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Isospin effects on particle emission time sequence B/A=61 MeV Ar+ 112125 reactions
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The emission time sequence of neutrons, protons, and deuterons is deduced from velocity-gated two-particle
correlation functions ifE/A=61 MeV *6Ar+11212%5n reactions. A dependence of the emission sequence on the
isospin of the emitting source is observed.
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The isospin dependence of the nuclear equation of statendd, respectively. Details about the experimental arrange-
(EQOS is an essential property for the understanding of ex-ments can be found in Reffl1,13-15.
tremely asymmetric nuclei and nuclear matter, as it may oc- The correlation function,
cur in, e.g., nucleosynthesis in presupernova evolution of
massive stars, supernova explosions, and neutron stars. Un-
fortunatel = M
y, our current knowledge of the nuclear symmetry C(q,Pyop) =k ,
energy is still very poof1]. An opportunity to study the Nic(d, Proy)
isospin-dependence of the EOS is provided by heavy ion
collisions with isotope separated beam and/or target nucleis constructed by dividing the coincidence yi€N.) by the
where excited systems are created with different degree ofield of noncorrelated eventd\,,.) generated from the prod-
neutron/proton ratio. Several observables have been prewct of the singles distributiongl6]. q=pu(pi/m—p,/my) is
dicted to be isospin dependent, e.g., the preequilibriumhe relative momentumy is the reduced mas®;,=p;+p»
neutron/proton rati¢2], isospin fractionatiori3—¢], isoscal- s the total momentum of the particle pair, anis a constant
ing in multifragmentatior{7], neutron and proton flowg],  to normalize the correlation function to unity at large values
and, recently, the two-nucleon correlation funct{@10). of g (80<q<120 MeV/c for np, 120<q<150 MeV/c for
Two-particle correlation functions, measured E/A nd, and 150<q<200 MeV/c for pd).
= MeV *®Ar-induced collisions on isotope-separated targets The strength of the correlation function depends on the
of *?Sn and'?/sn, have been presented in REf1]. Both  space-time extent of the particle emitting source. E6A
angle-integrated and total-momentum gated correlation func~ 60 MeV midperipheral reactions, the situation is compli-
tions of particle pairs including neutrons, protons, deuteronsgated by the fact that emission of light particles originates
and tritons were measured and sizable isospin effects wefeom (at leasy three sources; a projectilelike sour@LS), a
observed particularly imp, and also irpp, pt, nd, andnt. In  targetlike sourcgTLS), and an intermediate velocity source
this paper we extend the data analysis of R&f] to inves-  (IS). The IS is responsible for dynamical emissi(RE),
tigate the sequence of emission of neutrons, protons, anghich is described by early nucleon-nucleon collisions and
deuterong. A preliminary report was presented in Rgf2]. by other preequilibrium processes, such as neck emission for
This analysis shows that an isospin signature can be derivatbncentral collisions. Indeed, the source analysis of Ref.
also from the particle emission sequence. [17], based on the single-particle invariant energy spectra,
The experiment was performed at the AGOR Superconhas demonstrated th&/A=61 MeV 36Ar+112125n data
ducting Cyclotron of KVI(Groningen, with an interferom-  comprise particles emitted from the TLS and from the IS.
eter consisting of 16 C€Tl) detectors for light charged par- Detection of particles emitted from the PLS is instead sup-
ticles [13] and 32 liquid scintillator neutron detectoj$4]. pressed, due to the lack of forward angle coverage of our
32 phoswich modules from the KVI Forward Wall were uti- apparatus.
lized as low-bias time marker to resolve the ambiguities A classical way to bias the data sample toward emission
caused by the time structure of AGOR4]. In this work,  from the different sources is by introducing cuts in the total
particles detected in the angular range 80§<120° are momentum of the particle pair, calculated in the emitting
utilized, with energy thresholds of 2, 8, and 11 MeV flop,  source frame16]. The distributions of total momentum for
the E/A=61 MeV *°Ar+12Sn reaction are presented in Fig.
1, for the different particle pairs. For each type of particle

1)

*Corresponding author; Email address: pair, the P,,; distributions are calculated in two different
roberta.ghetti@nuclear.lu.se source frames, a TLS framgource velocity~0.0Z, left

Results from the analysis gft, dt, andnt correlation functions ~panel3, and an IS framégsource velocity~0.18&, right pan-
will appear in a forthcoming paper. els). These source velocities are defined1]. In line with
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+12%3n system, as compared Ar+1?Sn. Since from the
size of the source a stronger correlation is expected for the
smaller®®Ar+11%Sn system, the more pronounced correlation
observed in the®®Ar+12%Sn system was interpreted as an
isospin effect, connected with a faster time scale for particles
emitted at the later stages of the DEL]. This could, for
example, be explained by the density dependence of the
nuclear symmetry energy in the neck region. Neutrons are
expected to be emitted faster in the neutron-rich system,
which would lead to an enhancement of the correlation
strength for®®Ar+1%gn,

The time sequence of emission of the different light par-

Pt N=p
(v,=0.02¢)

(arb. units)

Yield

L e) L ) P p—d ticles is deduced from the particle-velocity gated correlation
| (v,=0.18¢) functions, in a model independent wgh8,19. For noniden-
- tical particle pairs, sag andb, we construct the correlation
r NN functionsC,(q), gated on pairs with,>vy,, andCy(q), gated
I I ) 1NN i i i i i i
75 500 750 18507750 =50 300600805030 on pairs withv,>v,. If particle a is emitted later(earlie)

than particleb, the ratioC,/C, must show a pealdip) in the
region ofg where there is a correlation, and a djeak in
6n. . 12 ) - the region ofg where there is an anticorrelation. The particle
_ FIG. 1. For theE/A=61 MeV *"Ar+'#Sn reaction, distribu-  yelocities are calculated in the frame of the emitting source.
tions of total momentum of the partllee pairs calculated in the TLS Before discussing the experimental results for the emis-
Hame (”STO'fOZ:)’ left panelsl, anl;i n ;he 1S framle;s~0.18:)a sion time sequence, we remark that this kind of analysis
ght panels, fonp pairs[panels(a,b], nd pairspane S(c,d], an yields information on th@verageemission time. To interpret
pd pairs [panels(e,f)]. The hatched areas represent the total mo- '
mentum gates applied in the analysis. the results gor_rectly, one should be aware _th_at a different
average emission time can have various origins. The most
the procedure presented in REF1], the following three total  0bvious mechanism is a simple time shift of the time distri-
momentum gates are applied in the data analysis: butions of the two particles. However, a different average
i) Particles emitted by the IS at prompt DE stage, such agmission time can occur even if there is no time shift be-
first-chance nucleon-nucleon collisions, are enhanced by séwveen the two distributions. For instance, the width of the
lecting highP,, pairs in the IS framéhorizontally hatched two time distributions could be different. A third possibility
areas in Figs. (b,d,h]. is when more than one source is contributing. If the yield of
i) Particles emitted by the IS at later DE stage, such a#he two particle types is different for one of the sources, the
neck emission, are enhanced by selecting intermeéigte- average emission times will be different, even if the width
pairs in the IS frame[diagonally hatched areas in Figs. and shift of the time distributions are equal. Probably all
1(b,d,f]. these mechanisms contribute, but to a different degree, de-
iii) Particles emitted by the TLS are enhanced by selectpending on particle types, applied gates, detection angles,
ing low-Py,; pairs in the TLS framévertically hatched areas etc.
in Figs. Xa,c,8]. To further surpress the contribution from  The particle-velocity gated analysis of the correlation
the IS source we only use detectors in the angular rang&inction is presented in Fig. 2 f6PAr+*?Sn (left column)
54°< 9<120°, and we use the energy threshold of 8 MeVand>°Ar+*%‘Sn right columi). For eachP,-gate, we present
for neutrons(see[11]). Ci(9), gated on pairs,>v, (black dot3, C,(q), gated on
It should be noticed that the choice of the total momentunpairsv,>uv, (open circle and their ratioC,(q)/Cy(q) (star
gates for this analysis is determined empirically, by takingsymbolg. The results for th@-p emission time sequence are
the minimum width allowed by the constraints imposed bythe following.
the statistics of the particle-velocity gated correlation func- i) For the highP,, gate[Figs. 2a,0], the strength of the
tions, and by the range of relative momentum needed focorrelation function comes mainly from pairs with>uv,,,
normalization of the correlation functions. However, in manycontributing toC, (open circleg The ratioC,,/C, has a pro-
cases, we might have chosen a larger width without affectinggounced dip at low relative momenfgigs. 2b,d)], indicat-
the results. The sensitivity to the gating conditions is furthering that, for these high®,, pairs, neutrons are, on average,
discussed Refl11]. The use of total momentum gates doesemitted earlier than protons. This result, very similar for the
not guarantee that the selection of the kinematic sources isvo Sn targets, may indicate that neutron emission is favored
exclusive. Contributions from other sources are not exin first chance nucleon-nucleon collisions, because of the
cluded, and there is some overlap of the event classes cohlZ ratio of the systems under study.
tributing to the kinematic regions defined by the different i) For the intermediate region d?,, [Figs. de,g], the
total momentum cut§ll]. dip in the C,/C, ratio becomes less pronounced, indicating

Total Momentum, Py, (MeV/¢)

In the correlation function analysis of Rgfl1], sizable

that the average emission times of neutron and protons are

isospin effects were revealed at a total momentum selectiomore similar to each other. Furthermore, comparing Figs.

corresponding to gate)iiMore pronouncegp andnp cor-
relation functions were observed for the neutron-riGAr

2(e,0), one can see that) The strength of thétotal) corre-
lation function is slightly larger for the neutron-rich system,
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. Ar+'Sn n—p Ar+'S$n _n—p trons(7,) calculated as a function of their momenta with the
T |9 Pu>450 Mev/c €) Pu>450 MeV/c stiff potential, display a “switch” in the emission time se-
2 1.3k 'y (Vi=0.180) (Vi=0.18c) P play _ _
o %"? *# quence for neutrons and protons, going frega< 7, at high
31 eIV [[Te o @V momenta[as in our results for gate),iFigs. 2b,d)] to 7,
~ 1Y % - o ~ 1, at intermediate momenfas in our results for th&*Sn
J sotobaa Mol 4 9900008 oubh bl E :
144+ ?++$°v;‘{.’ ++,+$?, 434 *¥t* target in gate i, Fig. 2h)]. Of course more appropriate cal-
0.9k B culations need to be performed for our specific systems be-
- —— —— fore definite conclusions on the symmetry potential can be
A : 1_b) Ratio C.(q)/Cy(q) 1 [d) Ratio Cu(a)/Cy(a) drawn.
N 1, W IJIrII I JI,I lljl’l 1l iii ) Finally, as one selects oWy, pairs in the TLS frame
Cl L’;TJ(' T ] 7 ’H‘:'! o il [Figs. 2i,k)], thus enhancing TLS emission, the result is that
Fo.9f (R |  ANAN the overall strength of the correlation function decreases as
o 1t | , . -
2 o.sh |71 < | H < compared to the ungated correlation function. This is as ex-
e TasTp TasTp pected, indicating that the TLS source, with long emission
0 25 50 75 100 0 25 50 75 100 'times, iz enhalncgad. 1!:or the AF#Sn s_yste_m'lthe two Vﬁlocr;
o~ ity gated correlation functions are quite similar to each other,
270<P,,<450 M 7 < 4 ) ] . : ;
NA 1‘3_6) (v,=0.18¢) ev/e _9) fv,i’éf’gz, 450 Mev/e with the C,/C,, ratio close to unityfFig. 2(j)]. Since the time
© distribution from an evaporative source is expected to be
~ 1.2} o C,(q), V,>V, -0 o C,(q), V,>V, . P
AR N . SV, *,o o S VoV, wider for neutrons than protongecause of the Coulomb
S 1af - barrier for protong one would expect to find thg,/C,, ratio
+ A n=p o
Y00 reencedoots ', 00 .80 larger than unity, indicating a larger average emission time
1 o EeT TreseTE forgneutrons chm for prot%ns Ngotice tha? the chronology
- ————— ————— analysis performed on data frof/ A=61 MeV 3°Ar+27Al
I Ratio C,{q)/Cy(q) Ratio C.(q)/C ; .
S ) Rotio Cila)/Cla h) Rotio Ca)/Cy(a) [15] and from E/A=45 MeV 5Ni+2’Al [19] collisions
N SUUPEYL S 1 | T SPUUTINL 1 IV N yielded such a time sequence for neutrons and protons emit-
go 9 _H*** S B ¥ ' ted from the PLS. The reason for not seeing a larger average
et L ' neutron emission time in the Af4°Sn system might be that
g 08 To<Tp - Ta=T, the contribution from the intermediate velocity source
o

slightly shifts the average timghe selected?,, gate sur-
presses the IS source, but it does not elimingteFor the

0 25 50 75 100 0 25 50 75 100

T oY Res3soMev/e k) Pu<330 Mev/e Ar+'%%Sn system the situation is quite different. The strength
© of the correlation function mainly comes from pairs with
chul sy e 3 G vv. 0p>vn and the dip in theC,/C, ratio [Fig. 21)] indicates
S 1'1-¢o 4 i } that neutrons are, on average, emitted earlier than protons.
1 ,%,.03.393.2"3%4’ #+:g;é¢¢¢¢$$¢$$o$ * The present result may be understood if one considers that
ook . . . L o the target residue formed in the collisions is neutron-rich,
= - - - and therefore neutrons will evaporate first. Because the
fé 14| Retio €La)/Cla) U ) Ratie C(a)/ C'(q)ll, | | evaporated protons have a Coulomb barrier to penetrate, it is
X R ;**H*%*;H;LJ’I ' phby il{r 3 likely that neutrons will also be the last particles to be emit-
A T Tt + H il Jlr P ted from the TLS sourc§l5]. However, the fact that for a
‘g oor ! [ 1+ neutron-rich system there are more neutrons evaporated at
S 08 Ty=T, = Ta<T, the beginning of the TLS deexcitation, gives an average
o

L L 1 L L L L L emission time shorter for neutrons. Notice also that the
© 25 50 75R1|0c:, OM 25 tso 75(M13c} strength of the correlation functions is larger for tfar
elative Momentum, g (MeV/c) +1245n systemcf. Figs. 2i,k)]. This may indicate that the

FIG. 2. Neutron-proton velocity-gated correlation functions andMOré asymmetric system generates a more asymmetrlc and
their ratio deduced fronE/A=61 MeV 3°Ar+11%5n (left column) excited TLS that, consequently, decays on a faster time scale

and Ar+124sn (right column) reactions. [11].

We now turn to the results involving deuterons. Within
36Ar+12%5n. 9 The C, andC,, correlation functions are more the multisource reaction mechanism, composite particles,
similar to each other fof®Ar+'%‘Sn than for®®Ar+%%Sn.  such as deuterons and tritons, are believed to be predomi-
Since these isospin signals appear to be associated with th@ntly emitted from the DE sourd0,21, where they are
particles selected by the intermedidg; gate, and to be formed by a coalescence mechanisii,22. Nevertheless, a
washed out by the higRs;,; gate, they may be connected sensitivity to the isospin may be expected for correlation
with the density dependence of the nuclear symmetry energfunctions such aad andpd, as a consequence of the isospin
[9,10]. The calculations in Ref9] indicate that a stiff sym- effects on neutrons and protons. The analysis of Réf.has
metry potential causes high momentum neutrons and protorrevealed small isospin effects in tinel correlation function
to be emitted fastgiand almost simultaneouglgs compared and negligible isospin effects ipd.
to a soft parametrization, that delays proton emission. In par- The particle-velocity gated analysis of the correlation
ticular, the average emission times of protémg and neu- function is presented in Fig. 3 f6PAr+*'?Sn (left column)
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Ar+"?Sn n-d Ar+'#Sn  n—d Ar+'2Sn p—d Ar+'#Sn  p—d
% a) P,>600 M&\’;/&SC) ¢) P>600 M&Yé&m) 52 1; 1(9\7:.=>0t's1<58c>c )MeV/c (a) 5/.?=>0§1632)Mev/c (c)
O 1276 clq). VoV, [0 Ci(a). VoV, o 0
G ® C(q). V>V, e C.(q). V>V, S, ;W W
5 nttmt et Fo5 or
) 223 111 $ ,3’?%# 0~5'°°' o @ Vv, | o 0 Ca). V>V,
0.8 + * 0.4 ¢ L4 C,(q), Vo>V -2. . Cl(q)’ Vo>Vs
“°L 1 1 1 1 ! i ! ! ! ! ! 02_| 1 1 1 ' 1 ! ! !
© 1.31b) Ratio C,(q)/Cu(q) - d) Ratio C.(q)/Ca(q) G j ol Retio C(@)/Ca)  (B)[| Ratio C(a)/Cia)  (d)
S1.2tk — s — S
x : ? Tn=Ts To=Ts Xy 1_‘_#%%% LA Jﬂrll
AN B % 0l FET T 1IR3
< l+ o ot |J.'l|J|'Hl. =< l' o L L G
O 1 I AR IEIRENNR £ T kL Y T§ ' O L Hr' 1L !
+I (| ! | [ I|||J,I | ”; 0.8 |' I
209t + IR 3 | I 2 Te<Tp, Te<T,
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2 e Clavsv, o Ca). VY, 3T meeteetesestel) | geteteeesestetestis)
~ 1 sasl g 0.8f 00.0. - 02.
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0 8-3 | Yo 0.4re ® Cy(a), Vp>V, e ® Cy(a). Vo>V,
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FIG. 3. Neutron-deuteron velocity-gated correlation functions FIG. 4. Proton-deuteron velocity-gated correlation functions and
and their ratio deduced frof/A=61 MeV %Ar+11%5n (left col-  their ratio deduced fronE/A=61 MeV *Ar+!2Sn (left column)

umn) and *®Ar+12%Sn (right column reactions. and %%ar+*2%sn (right column) reactions.

and3%Ar +12%sn (right column). Notations are the same as in nd anticorrelation becomes slightly stronger fSAr+*2%Sn
Fig. 2. The general shape of thel correlation function is a  [Fig. 3c)], as compared t8°Ar+%Sn [Fig. 3a)]. The two
weak anticorrelation at low relative momentum. This shapeparticle-velocity gated correlation functionS, and Cy, be-
already observed at lower energigS] and for a different have quite similarly to each-other, and the rafigtq)/C4(q)
system at 61 A Me\{15], may originate from the depletion tends to approach unity at all values of relative momentym,
of low relative momenturmd pairs due to triton formation [Figs. 3b,d)], indicating that the average emission time of

[24]. neutrons and deuterons is similar. Thus, it appears as if deu-
We now proceed to discuss the results for the emissioteron formation sets in rather early in the DE phase.
time sequence in the three applieg, gates. i) Lowering theP,,; gate[Figs. 3e,g], in an attempt to

i) Gating on the high momentum tail of tHg, distribu-  selectnd pairs from the later phases of DE and from neck
tion, calculated in the IS reference frame, the strength of themission, brings us into a regime where the average emission
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sequence is that neutrons are emitted slightly earlier thaterons are, on average, emitted earlier than protons, for both
deuterons. This is particularly true for tA%r+'2“Sn system  Sn targets. Note that this result regards the average emission
[Fig. 3h)], as may be expected since neutrons are emitted ofime, and that it does not exclude that prompt protons are

a faster time scale in the more neutron-rich sysfese the  emitted before any deuteron is emitted. The size of this effect

above discussion of Figs(&h)]. This result is consistent ;g comparable for all studie®,, gates, as indicated by the

with deuterons being formed mainly by coalescence, with an,. . :
average emission time that falls in-between that of neutronr?sjlp in the Cy(q)/Cq(q) ratio, that reaches the value /0.8

and protong15]. in all caseqFigs. 4b,d,f,h,j,b_]. This Qmissiop time sequence
iii) Finally, as one selects loWy, pairs in the TLS frame for protons anq deuterpns is consistent with the findings of

[Figs. 3i,k)], thend correlation function becomes rather fea- Previous experimental investigatiofss,29.

tureless. Ifd are formed in the DE stages of the collision,  In summary, the emission time sequence of neutrons, pro-

they should not correlate very much with particles evapotons, and deuterons has been investigated in Eié

rated at the later stages of statistical emission. This is indeeg61 MeV *°Ar+11?Sn 125 reactions by analyzing velocity-

the case, as seen in Figgi,B). gated correlation functions of nonidentical particle pairs. The
The particle-velocity gated analysis for tpd correlation  extracted emission time sequences are the following:

function is presented in Fig. 4 f6PAr+*%Sn (left column) i) High-Py gate: 7y~ 74 < 7,

and*°Ar +*?%Sn (right column). Notations are the same as in i) IntermediateP,,; gate: 7, < 74< 7,

Fig. 2. Thepd correlation function is characterized by a pro-  jii) Low-P,, gate: 7, 74< Tp.

nounced anticorrelation at small due to final state Cou-  |sospin effects are seen in the emission time sequence

lomb repulsion. The anticorrelation is more pronounced fotyoth in later DE(for np andnd correlation functionsand in

DE particle pairs selected by high- and intermedi{g- TS emission(for np). The isospin effects seen when a total
gates[Figs. 4a,c,e.q]. Nevertheless, an antlcorrelatllon IS momentum gate that enhances later REd possibly neck
found also forpd pairs selected by the TLS-gal#igs.  emission is applied may reflect a dependence on the nuclear

4(i,k)] as may be expected because of the long range of thgymmetry energy. Comparison of the present data set with

Coulomb force. 6n 11 . theoretical calculations will impose strong constraints on the
Comparing the results fof°Ar+*2Sn (Fig. 4, left col- | hodel description of the nuclear EOS.

umn) and for*Ar+12%Sn (Fig. 4, right columi, one can see

that, as already found in Rdfl1] for the integrated correla- This work was partly supported by the European Com-
tion functions, the isospin effects in tipal correlation func-  mission(Transnational Access Program, Contract No. HPRI-
tions are negligible. CT-1999-00109 and by the Swedish Research Council

Concerning the emission time sequence, we find that deyContract Nos. F 620-149-2001 and 621-2002-4609
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