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Isospin effects on two-particle correlation functions in E / A = 61 MeV
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Small-angle, two-particle correlation functions have been measured for 36Ar+ 112,124Sn collisions at E / A
= 61 MeV. Total momentum gated neutron-proton 共np兲 and proton-proton 共pp兲 correlations are stronger for the
124
Sn target. Some of the correlation functions for particle pairs involving deuterons or tritons (nd, pt, and nt)
also show a dependence on the isospin of the emitting source.
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The isospin dependence of the nuclear equation of state
(EOS) is probably the most uncertain property of neutronrich matter. This property is essential for the understanding
of extremely asymmetric nuclei and nuclear matter as it may
occur in the r process of nucleosynthesis or in neutron stars
[1]. In order to study the isospin-dependent EOS, heavy ion
collisions with isotope separated beam and/or target nuclei
can be utilized [2]. In these collisions, excited systems are
created with varying degree of proton-neutron asymmetry. A
noticeable isospin dependence of the decay mechanism has
been predicted [3–7]. Sensitive observables should be preequilibrium neutron/proton emission ratio [8], isospin fractionation [9–12], isoscaling in multifragmentation [13], and
neutron and proton flows [14].
Recently, the two-nucleon correlation function has been
considered as a probe for the density dependence of the
nuclear symmetry energy [15,16]. In these theoretical studies
with an isospin-dependent transport model (IBUU), it was
shown that a stiff EOS causes high momentum neutrons and
protons to be emitted almost simultaneously, thereby leading
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to strong correlations. A soft EOS delays proton emission,
which weakens the np correlation. In this paper we study
experimental two-particle correlation functions for systems
similar in size, but with different isospin. This work shows
that, indeed, an isospin signal can be derived.
Two-particle correlation functions were measured in
E / A = 61 MeV 36Ar-induced collisions on isotope-separated
targets of 112Sn and 124Sn. The experiment was performed at
the AGOR Superconducting Cyclotron of KVI (Groningen).
The interferometer consisted of 16 CsI共Tl兲 detectors for light
charged particles, mounted at a distance 56– 66 cm from the
target in the angular range 30° 艋  艋 114°, and 32 liquid
scintillator neutron detectors, mounted 2.7 m from the target
behind the “holes” of the CsI array, in matching positions to
provide the np interferometer [17]. In this analysis, only data
from the angular range 60° 艋  艋 120° are used for neutrons.
Finally, 32 phoswich modules from the KVI Forward-Wall
were mounted in the angular range 6 ° 艋  艋 18° to collect
information on the centrality of the collision. At least one
fragment in the Forward-Wall was always required in our
selected events, which biases our data towards midperipheral
collisions [18,19]. Energy thresholds for p, d, and t in the CsI
(Tl) detectors were 8, 11, and 14 MeV, respectively, and for
neutrons in the liquid scintillators 2.0 MeV. Details about the
experimental setup and the particle energy determination are
given in Refs. [17,19,20].
Figure 1 shows the ratios of the n, p, d, and t kinetic
energy yields measured in 36Ar+ 124Sn and 36Ar+ 112Sn (note
the different scale in the figure for n as compared to p, d, and
t). An equal number of events is sorted for the two Sn targets. The different solid angle coverage of n and p detectors
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FIG. 1. Ratios of the n, p, d, and t kinetic energy yields measured in 36Ar+ 124Sn and 36Ar+ 112Sn. The ratios are arbitrarily
shifted in the y axis (by five units for n, by one unit for p, d, t). The
dashed lines correspond to unitary ratios (at the angles indicated in
the figure).

is accounted for, and the neutron energy is efficiency corrected [17]. One can notice not only a substantial enhancement of the n yield for the neutron-rich system (as may be
expected), but also that the enhancement is strongly energy
dependent. Furthermore, the p yield is reduced at low energies for the neutron-rich system and the t yield is enhanced
over the whole energy range. On the other hand, the yields of
the deuteron spectra are the same for the two systems.
ជ 兲 = kN 共qជ , P
ជ 兲/
The correlation function, C共qជ , P
tot
c
tot
ជ
Nnc共qជ , Ptot兲, is constructed by dividing the coincidence yield
Nc by the yield of uncorrelated events 共Nnc兲 constructed from
the product of the singles distributions [18]. qជ = 共pជ 1 / m1
− pជ 2 / m2兲 is the relative momentum,  is the reduced mass,
ជ = pជ + pជ is the total momentum of the particle pair.
and P
tot
1
2
The correlation function is normalized to unity at large values of q, 80⬍ q ⬍ 120 MeV/ c for pp and np and
160⬍ q ⬍ 200 MeV/ c for all other particle pairs.
The 54° 艋  艋 114/ 120° pp / np correlation functions are
presented in Figs. 2(a) and 2(b). The neutron energy threshold is here 8 MeV, to match the proton threshold. The shape
of the correlation functions looks as expected from the interplay of quantum statistical and final state interactions. Comparing the two Sn targets, one observes a small but hardly
significant enhancement of the correlation strength for 124Sn,
in both pp and np correlation functions.
For the interpretation of the correlation data, it is important to note that the correlation function depends on the
space-time extent of the emitting source. From the size of the
source, a stronger correlation is expected for the smaller
36
Ar+ 112Sn system, an effect expected also because of the
larger excitation energy per particle available for this system
(yielding a shorter emission time). On the other hand, the
change in neutron number implies a different symmetry energy which also affects the n (and p) emission times. Neu-

FIG. 2. Angle-integrated 共54° 艋  艋 114/ 120°兲 pp (a,c,e) and
np (b,d,f) correlation functions from 36Ar+ 112Sn (filled circles) and
36
Ar+ 124Sn (open circles). Low-Ptot (c,d) and high-Ptot gated (e,f)
correlation functions are also shown.

trons are expected to be emitted faster in the neutron-rich
system, which would lead to an enhancement of the correlation strength for 36Ar+ 124Sn. Thus, the net influence on the
correlation function is not easily predictable, both due to the
uncertainty in the symmetry energy and to the presence of
more than one source of emission.
The emission of light particles from 61A MeV (midperipheral) heavy ion reactions originates from (at least) three
sources: a projectilelike evaporative source (PLS) and a targetlike evaporative source (TLS) (statistical evaporation) and
an intermediate velocity source (IS). The IS represents dynamical emission (DE), which is described by early nucleonnucleon collisions and by other preequilibrium processes,
such as neck emission for noncentral collisions [21–29].
The source analysis of Ref. [30], based on the singleparticle energy spectra, has demonstrated that the present
data set comprises particles emitted from TLS (source velocity ⬃0.02c) and from the IS (source velocity ⬃0.18c).1 Detection of particles emitted from the PLS is instead suppressed, due to the lack of forward angle coverage of our
apparatus.
Emission from the different sources can be enhanced/
suppressed by introducing cuts in the total momentum of the
particle pair, calculated in the relevant emission source frame
[18]. It should be remarked that the use of total momentum
gates does not guarantee that the selection of the kinematic
sources is exclusive, in the sense that contributions from
other sources are not excluded. Thus, the event classes contributing to the kinematic regions defined for the figures with
total momentum cuts are likely to have some overlap.
1
The values of the source velocities found in Ref. [30] have been
confirmed also by Maxwell-Boltzmann fits to the single-particle
energy distributions.
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FIG. 3. pp correlation functions (a,c,e) measured in the forward
detectors 30° 艋  艋 42° and np correlation functions (b,d,f) measured in the range 54° 艋  艋 120°, with En 艌 2 MeV and E p
艌 8 MeV, from 36Ar+ 112Sn (filled circles) and 36Ar+ 124Sn (open
circles). Low-Ptot (c,d) and high-Ptot gated (e,f) correlation functions are also shown.

Figures 2(c) and 2(d) present the pp and np correlation
functions for particle pairs with low total momentum (calculated in the reference frame of the TLS), a gate that enhances
SE from the TLS. A suppression of the correlation strength is
observed, mostly for pp and only slightly for the np correlation function. This may be expected for particles emitted by
SE in the later stages of the collision. Isospin effects are
hardly significant for this particle selection.
Figures 2(e) and 2(f) present the pp and np correlation
functions for particle pairs with high total momentum (calculated in the frame of the IS), a gate that may enhance DE
from the IS. For both pp and np correlation functions, an
enhancement in the correlation strength is observed relative
to the ungated correlation functions. Also in this case, isospin
effects are negligible.
Larger isospin effects may be expected if DE emission is
enhanced [15,16]. From the kinematics of our collisions, we
find that emission from an intermediate velocity source may
be enhanced (i) by measuring particle pairs emitted at more
forward angles and (ii) by measuring a larger phase-space
region at backward angles (low energy particles in lab system). Our experimental setup allows us to apply condition (i)
to pp pairs and condition (ii) to np pairs. Thus, in an attempt
to select phase-space regions that favor DE emission, we
now look at i) pp correlations in the forward 共30° 艋 
艋 42°兲 region (Fig. 3, left column) and ii) np correlations
that include low energy neutrons 共En 艌 2 MeV兲 in the lab
system (Fig. 3, right column). Neutrons with 2 – 8 MeV energy in the lab system, detected at 60° 艋  艋 120°, correspond to 15– 45 MeV energy in an IS 共v = 0.18c兲 frame. Notice that, for the np data, the difference between Figs. 2 and
3 is just the different threshold in the neutron kinetic energy.

Figure 3(a) shows that a stronger pp correlation function
is now observed for the more neutron-rich system, 36Ar
+ 124Sn. To investigate the origin of this enhancement, we
apply Ptot gates to the pp data (calculated in the reference
frame of the IS) in an attempt to enhance the earlier and the
later stages of DE, respectively, namely, the low-Ptot gate in
the IS frame should favor later DE, such as preequilibrium
neck emission, while the high-Ptot gate should favor the earlier preequilibrium emission, such as first chance nucleonnucleon collisions. Figures 3(c) and 3(e) show that the correlation functions for particle pairs selected by these two
complementary gates behave quite differently, indicating that
the gate is effectively selecting particles of different origin in
the IS frame. The low-Ptot gate [⬃50 % of the yield, Fig.
3(c)] slightly suppresses the correlation function strength,
while the high-Ptot gate [⬃25 % of the pp yield, Fig. 3(e)]
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 low-Ptot gate and to be washed out
by the high-Ptot gate.
Isospin effects are expected to be more sizable in the np
correlation function [15]. Indeed, this appears to be the case
in our data set. The np correlation function at angles 54°
−120° (Fig. 3, right column) shows larger isospin effects
when the low energy neutrons, 2 艋 En 艋 8 MeV in the lab
system, are included (compare with Fig. 2, right column).
The correlation is stronger for the more neutron-rich system,
indicating a shorter emission time scale in 124Sn.
To investigate the origin of this isospin effect, we perform
the same Ptot gates as for pp correlations. At backward
angles there is a contribution from both the TLS and the IS,
but by applying the Ptot gates in the IS frame we enhance or
suppress the early or late times DE particles (in a background
of TLS particles). The results in Figs. 3(d) and 3(f) suggest
that the isospin effects seen in Fig. 3(b) come from the late
DE particles, and may be attributed to neck emission. In
summary, Fig. 3 suggests that the enhancement seen in both
pp and np correlation functions for the neutron-rich system
is an isospin effect connected with a faster time scale for
particles emitted at the later stages of the DE. This could, for
example, be achieved by the density dependence of the
nuclear symmetry energy in the neck region [15,16].
Within the multisource reaction mechanism described
above, composite particles, such as deuterons and tritons, are
believed to be predominantly emitted from the DE source
[31,32], where they are formed by a coalescence mechanism
[33]. In our data, neither integrated nor Ptot gated dd, tt, and
dt correlation functions show any appreciable difference between the two Sn targets. This is in agreement with the small
sensitivity shown by the calculations of Ref. [34]. Even so, a
variation of the correlation functions such as nd, nt, etc., may
be expected, as a consequence of the isospin effects on neutrons and protons. Indeed, this is the case in our experimental
data, which can be taken as a further evidence for the presence of true isospin effects. Figures 4(a) and 4(b) present the
angle-integrated 共54° 艋  艋 120°兲 nd (a) and nt (b) correlation functions, measured for the two Sn targets, with a neutron energy threshold of 2 MeV. The anticorrelation observed for nd pairs [Fig. 4(a)] has been observed earlier for
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FIG. 4. From 36Ar+ 112Sn (filled symbols) and 36Ar+ 124Sn
(open symbols): (a,b) nd, nt 共54° 艋  艋 120°兲; (c,d) pd, pt 共30°
艋  艋 42°兲.

smaller collision systems, both at lower energies [35] and for
61A MeV [19]. It may originate from the depletion of low
relative momentum nd pairs due to triton formation [36]. In
Fig. 4(a) the difference in correlation strength between the
two Sn targets can be observed. The fact that a stronger nd
anticorrelation is found in 112Sn as compared to 124Sn is a
puzzling piece of experimental information that certainly deserves theoretical investigation. While it is true that more
tritons are formed in 124Sn, it is also true that there are more
neutrons in 124Sn, and the actual balance of more n (and
therefore more nd interaction) and more t formation (and
therefore depletion of nd pairs) is not trivial.
The correlation functions of nt pairs [Fig. 4(b)] exhibit a
broad peak which contains the contributions from the
particle-unbound ground state of 4H, and possibly from
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