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Isospin effects on two-particle correlation functions inE/A=61 MeV 3CAr+ 112125 reactions
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Small-angle, two-particle correlation functions have been measuretfdor 112125n collisions atE/A
=61 MeV. Total momentum gated neutron-protomp) and proton-protoipp) correlations are stronger for the
1245 target. Some of the correlation functions for particle pairs involving deuterons or ifitdnst, andnt)
also show a dependence on the isospin of the emitting source.
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The isospin dependence of the nuclear equation of stat® strong correlations. A soft EOS delays proton emission,
(EQS is probably the most uncertain property of neutron-which weakens theap correlation. In this paper we study
rich matter. This property is essential for the understandingxperimental two-particle correlation functions for systems
of extremely asymmetric nuclei and nuclear matter as it maimilar in size, but with different isospin. This work shows
occur in ther process of nucleosynthesis or in neutron starghat, indeed, an isospin signal can be derived.

[1]. In order to study the isospin-dependent EOS, heavy ion Two-particle correlation functions were measured in
collisions with isotope separated beam and/or target nucldf/A=61 MeV *°Ar-induced collisions on isotope-separated
can be utilized[2]. In these collisions, excited systems are targets of“Sn and***sn. The experiment was performed at
created with varying degree of proton-neutron asymmetry. Ahe AGOR Superconducting Cyclotron of KVGroningen.
noticeable isospin dependence of the decay mechanism ha8€ interferometer consisted of 16 CH) detectors for light
been predicted3-7]. Sensitive observables should be pre-charged particles, mounted at a distance 5666 cm from the
equilibrium neutron/proton emission rat[8], isospin frac- @rget in the angular range 36°¢<114° and 32 liquid
tionation [9-12, isoscaling in multifragmentatiofi.3], and ~ SCintillator neutron detectors, mounted 2.7 m from the target
neutron and proton flowgl4]. behind the “holes” of the Csl array, in matching positions to

Recently, the two-nucleon correlation function has beerﬁgm?ﬁ etg%%:gtrerr&flﬁrgoemeeéz%1<7]i£r(1)§halfea32(la)&s:%,r(;]rgﬁttrzléir:z;

considered as a probe for the density deper)dence pf tl~|§|nally, 32 phoswich modules from the KVI Forward-Wall
nL_JcIear symmetry energy5,1§. In these theoretlca_l studies were mounted in the angular range € 9= 18° to collect
with an |sosp|n_-dependent transport modEUU), it was information on the centrality of the collision. At least one
shown that a stiff EOS causes high momentum neutrons a

b itted al imul . thereby leadi agment in the Forward-Wall was always required in our
protons to be emitted aimost simultaneously, thereby leadingg|acied events, which biases our data towards midperipheral

collisions[18,19. Energy thresholds fau, d, andt in the Csl
(TI) detectors were 8, 11, and 14 MeV, respectively, and for
*Corresponding author: Department of Physics, Lund Universityneutrons in the liquid scintillators 2.0 MeV. Details about the

Sweden. Email address: roberta.ghetti@nuclear.lu.se experimental setup and the particle energy determination are
TPresent address: Joint Institute for Nuclear Research, 14198@iven in Refs[17,19,2Q.

Dubna, Russia. Figure 1 shows the ratios of the p, d, andt kinetic
*Present address: Department of Physics, PRY3E.), Univer-  energy yields measured #Ar+ 24Sn and®®Ar+ 11%Sn (note

sity of Jyvaskyld, FIN-40014, Finland. the different scale in the figure foras compared tp, d, and
SPresent address: Department of Physics and Astronomy, lowt). An equal number of events is sorted for the two Sn tar-

State University, Ames, lowa 50011-3160. gets. The different solid angle coverageno@ndp detectors
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FIG. 1. Ratios of then, p, d, andt kinetic energy yields mea- Relative Momentum, q (MeV/¢)

sured in 3Ar+1245n and3€Ar+11%n. The ratios are arbitrarily
shifted in they axis (by five units forn, by one unit fomp, d, t). The
dashed lines correspond to unitary ratiasthe angles indicated in
the figure.

FIG. 2. Angle-integrated54°< 6<114/1209 pp (a,c,6 and
np (b,d,f correlation functions froni®Ar+ 112Sn (filled circles and
36Ar+1245n (open circles Low-Py,, (c,d) and highPy, gated(e,f)
correlation functions are also shown.

is accounted for, and the neutron energy is efficiency cor: . . .
. . trons are expected to be emitted faster in the neutron-rich
rected[17]. One can notice not only a substantial enhance-

ment of then yield for the neutron-rich systertas may be system, which would lead to an enhancement of the correla-

i BA 4+ 12 i
expectegl but also that the enhancement is strongly energyyon strength for*®Ar+12Sn. Thus, the net influence on the

dependent. Furthermore, tigeyield is reduced at low ener- correlation function is not easily predictable, both due to the
gies for thé neutron-rich 'system and thgield is enhanced uncertainty in the symmetry energy and to the presence of

over the whole energy range. On the other hand, the yields Orpore than one source of emission.

the deuteron spectra are the same for the two systems. . The emission of I'ght. part|c!e§ from 81MeV (midpe-
riphera) heavy ion reactions originates froat leas} three

The correlation  function, C(d,Pio) =kNc(G.Piod)/  sources: a projectilelike evaporative soutB&S) and a tar-
N,o(d, P, is constructed by dividing the coincidence yield getlike evaporative sour¢@LS) (statistical evaporatiorand
N, by the yield of uncorrelated event, ) constructed from an intermediate velocity soura#S). The IS represents dy-
the product of thesingles distributions [18]. G=u(p,/my namical emissioitDE), which is described by early nucleon-
-p,/m,) is the relative momentuny is the reduced mass, hucleon collisions and by other preequilibrium processes,

and Py,,=f,+, is the total momentum of the particle pair. such as neck emission for noncentral collisi¢p$—29.

The correlation function is normalized to unity at large val- T.he source analysis of Ref30], based on the single-
ues of q 80<q<120 MeV/c for pp and np and particle energy spectra, has demonstrated that the present

: - data set comprises particles emitted from Ts8urce veloc-
160<q< 200 MeV/c for all other particle pairs. ) . 1
The 54°< = 114/120°pp/np correlation functions are 'Y ~0.0Z) and from the ISsource velocity~0.1&).” De-

presented in Figs.(3) and 2b). The neutron energy thresh- tection of particles emitted from the PLS is instead sup-

old is here 8 MeV, to match the proton threshold. The Shapgressed, due to the lack of forward angle coverage of our

: - . apparatus.
of the correlation functions looks as expected from the inter Emission from the different sources can be enhanced/

lay of quantum statistical and final state interactions. Com- . ; .
play ot 9 uppressed by introducing cuts in the total momentum of the

paring the two Sn targets, one observes a small but hardly "} . . o
significant enhancement of the correlation strengthi#gn article pair, calculated in the relevant emission source frame
in both pp andnp correlation functions * [18]. It should be remarked that the use of total momentum
For the interpretation of the correlation data, it is impor- gates does not gu_aran_tee that the selection Of. the_ Kinematic
' Sources is exclusive, in the sense that contributions from

tant fo note that the correlation function depends on th ther sources are not excluded. Thus, the event classes con-
space-time extent of the emitting source. From the size of the., ~ . . ) e . . .
ibuting to the kinematic regions defined for the figures with

source, a stronger correlation is expected for the smalle tal momentum cuts are likely to have some overla
36Ar+112Sn system, an effect expected also because of th® y P

larger excitation energy per particle available for this system

(yielding a shorter emission timeOn the other hand, the  !The values of the source velocities found in R&0] have been
change in neutron number implies a different symmetry eneonfirmed also by Maxwell-Boltzmann fits to the single-particle
ergy which also affects the (and p) emission times. Neu- energy distributions.
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G o p—p ()3 n—p (b) Figure 3a) shows that a strongqrp correlation function
Sl e 1% o msh is now observed for the more neutron-rich systettAr
1% [ ISP +1245n To investigate the origin of this enhancement, we
oal o gy 1AF '9% apply Pyt gates to thepp data(calculated in the r_eference
0 e | frame of the I in an attempt to enhance the earlier and the
os*  ° ?“ , L later stages of DE, respectively, namely, the IBy-gate in
i~ ] 1 af @ the IS fram_e shou!d favor_later DE, such as preequilibrium
O nir 919) L% Pusseo vev/e neck emission, while the higRg, gate should favor the ear-

lier preequilibrium emission, such as first chance nucleon-
nucleon collisions. Figures(® and 3e) show that the cor-
) relation functions for particle pairs selected by these two

¢ (Vs=0.18¢)
‘g)

9_
& Pu<360 MeV/c

0.8-*  (Vs=0.18¢) complementary gates behave quite differently, indicating that
= T & — ('e) 1 z_' —— '(f) the gate is effectively selecting particles of different origin in
S o4k A - o 5470 Mev /e the IS frame. The lowr,, gate[~50 % of the yield, Fig.

$ s 128 ¥ Us0.180) 3(c)] slightly suppresses the correlation function strength,

while the highP,,; gate[~25 % of thepp yield, Fig. Je)]
substantially enhances the correlation function strength, as
may be expected for proton pairs emitted at the earliest DE
times. The isospin signal appears to be associated with the
particles selected by the loRg,; gate and to be washed out
by the highP,,; gate.

Isospin effects are expected to be more sizable imine
correlation function15]. Indeed, this appears to be the case
in our data set. Thap correlation function at angles 54°
—120° (Fig. 3, right column shows larger isospin effects
when the low energy neutrons,<X,<8 MeV in the lab
system, are includedcompare with Fig. 2, right column
The correlation is stronger for the more neutron-rich system,

Figures 2c) and 2d) present thepp and np correlation  indicating a shorter emission time scale'#iSn.
functions for particle pairs with low total momentuiwalcu- To investigate the origin of this isospin effect, we perform
lated in the reference frame of the T|.& gate that enhances the sameP,, gates as forpp correlations. At backward
SE from the TLS. A suppression of the correlation strength isangles there is a contribution from both the TLS and the IS,
observed, mostly fopp and only slightly for thenp correla-  but by applying theP,,, gates in the IS frame we enhance or
tion function. This may be expected for particles emitted bysuppress the early or late times DE partigiesa background
SE in the later stages of the collision. Isospin effects aref TLS particleg. The results in Figs. () and 3f) suggest
hardly significant for this particle selection. that the isospin effects seen in FighBcome from the late

Figures 2e) and 2f) present thepp and np correlation  DE particles, and may be attributed to neck emission. In
functions for particle pairs with high total momentuiwal-  summary, Fig. 3 suggests that the enhancement seen in both
culated in the frame of the )Sa gate that may enhance DE pp and np correlation functions for the neutron-rich system
from the IS. For bothpp and np correlation functions, an s an isospin effect connected with a faster time scale for
enhancement in the correlation strength is observed relativgarticles emitted at the later stages of the DE. This could, for
to the ungated correlation functions. Also in this case, isospikxample, be achieved by the density dependence of the
effects are negligible. nuclear symmetry energy in the neck regid’,1§.

Larger isospin effects may be expected if DE emission is Within the multisource reaction mechanism described
enhanced15,16. From the kinematics of our collisions, we above, composite particles, such as deuterons and tritons, are
find that emission from an intermediate velocity source mayhelieved to be predominantly emitted from the DE source
be enhanced) by measuring particle pairs emitted at more [31,32, where they are formed by a coalescence mechanism
forward angles andii) by measuring a larger phase-space[33]. In our data, neither integrated nBy,, gateddd, tt, and
region at backward angletow energy particles in lab sys- dt correlation functions show any appreciable difference be-
tem). Our experimental setup allows us to apply condition  tween the two Sn targets. This is in agreement with the small
to pp pairs and conditiorii) to np pairs. Thus, in an attempt  sensitivity shown by the calculations of Rg84]. Even so, a
to select phase-space regions that favor DE emission, Wgariation of the correlation functions suchr; nt, etc., may
now look at ) pp correlations in the forward30°<6  pe expected, as a consequence of the isospin effects on neu-
=<42°) region (Fig. 3, left column and i) np correlations  trons and protons. Indeed, this is the case in our experimental
that include low energy neutron&,=2 MeV) in the lab  data, which can be taken as a further evidence for the pres-
system(Fig. 3, right columip. Neutrons with 2—8 MeV en- ence of true isospin effects. Figure@yand 4b) present the
ergy in the lab system, detected at 609=<120°, corre- angle-integrated54°=< #<120°) nd (a) andnt (b) correla-
spond to 15-45 MeV energy in an [8=0.1&) frame. No-  tion functions, measured for the two Sn targets, with a neu-
tice that, for thenp data, the difference between Figs. 2 andtron energy threshold of 2 MeV. The anticorrelation ob-
3 is just the different threshold in the neutron kinetic energyserved fornd pairs [Fig. 4@)] has been observed earlier for

1.2F
L)
$5 0.8 (Al
P >480 1
O'S_I(VSI=O.]8c) |

1 1 1 1 Il Il 1 1
0 20 4060380100 0 20 4060 80100
Relative Momentum, q (MeV/c¢)

FIG. 3. pp correlation functionga,c,§ measured in the forward
detectors 30% #<42° andnp correlation functiongb,d,f) mea-
sured in the range 542 0<120°, with E,=2 MeV and E;
=8 MeV, from 38Ar+1125n (filled circles and 3Ar+12%Sn (open
circles. Low-Py; (c,d) and highP,,; gated(e,f) correlation func-
tions are also shown.
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A ¢(q) higher lying excited statef37].2 Once again, a small en-
o, - o M%&%} hancement in the strength is observed for Sn target.
9800 o° ® w2 The pd and pt correlation functions, measured in the for-
o *'Sn o o . .
0,9_+¢‘ ® "5n ward angular rang€30° < §<42°), are shown in Figs. (¢)

R R R T N T T T and 4d). The pd correlation function(c) is characterized by

a pronounced anticorrelation at small due to final state

Coulomb repulsion. The isospin effect is negligible. Tpte

correlation function(d) contains resonance contributions
+ from several excited states tifle [37]. A small isospin effect

e e is seen in this correlation function.

! In summary, isospin effects have been investigated in the

P=d * E/A=61 MeV 36Ar+ 1125 1245 reactions, and, for the first
07§ () time, correlation functions from systems similar in size but
0sk e. with different isospin have been experimentally determined.

e — Both angle-integrated and total momentum gated correlation
1.25Fp—t dﬁg@ (d) functions for all different pairs of particles containingp, d,

"2290 E Ca® andt have been measured. The largest effects from the iso-
4 spin of the emitting system are seen in the correlation

07skg function. In particular, _gatedp_correlation functions which
el TE T s b0 should favor a dynamical emission source show a stronger

correlation fort?4Sn than*?Sn. This could be explained by
different time distributions, with a shorter average emission
FIG. 4. From 3Ar+1125n (filled symboly and 36Ar+124sp  time for the neutron-rich system. Smaller isospin effects are

(open symbols (a,b nd, nt (54°< #<120%; (c,d) pd, pt (30° also seen irpp, pt, nd, andnt correlation functions. These
<9=<42°). experimental results demonstrate that two-particle correla-
tion functions indeed provide an additional observable to

smaller collision systems, both at lower enerdi®s] and for  probe the isospin dependence of the nuclear EOS.

61A MeV [19]. It may originate from the depletion of low )
relative momenturmd pairs due to triton formatiofi36]. In The authors wish to thank S. Brandenburg and the AGOR

Fig. 4@a) the difference in correlation strength between theC®W: F. Hanappe, and the DEMON Collaboration. This work

two Sn targets can be observed. The fact that a stronger &S partly supported by the European Commisgioansna-
anticorrelation is found it?Sn as compared t&Sn is a tional Access Program, Contract No. HPRI-CT-1999-00109

puzzling piece of experimental information that certainly de-2nd by the Swedish Research Coun@rant No. F 620-149-

serves theoretical investigation. While it is true that more200D.

tritons are formed it?4Sn, it is also true that there are more

neutrons in'?%Sn, and the actual balance of mane(and 2The ground state of°H should generate a peak aj

therefore morend interaction and moret formation (and <67 MeV/c, which is not seen in that correlation function. This

therefore depletion ofid pairg is not trivial. may be due to several reasons, including the very broad range of the
The correlation functions afit pairs[Fig. 4(b)] exhibit a  *H ground statqI'g~5.4 MeV;I'y=57 MeV/c). However, alter-

broad peak which contains the contributions from thenative explanations cannot be excluded until a theoretical investi-

particle-unbound ground state dH, and possibly from gation of this result has been made.

Relative Momentum, g (MeV/¢)
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