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The angular dependence of proton-proton correlation functions is studied in central 40Ca+40Ca
and 48Ca+48Ca nuclear reactions at E/A = 80 MeV. Measurements were performed with the High
Resolution Array (HiRA) complemented by the 4π Array at the National Superconducting Cyclotron
Laboratory. A striking angular dependence in the laboratory frame is found within proton-proton
correlation functions for both systems that greatly exceeds the measured and expected isospin
dependent difference between the neutron-rich and neutron-deficient systems. Sources measured at
backward angles reflect the participant zone of the reaction, while much larger sources observed
at forward angles reflect the expanding, fragmenting and evaporating projectile remnants. The
decrease of the size of the source with increasing momentum is observed at backward angles while
a weaker trend in the opposite direction is observed at forward angles. The results are compared to
the theoretical calculations using the BUU transport model.

PACS numbers:

I. INTRODUCTION

The spectra of particles emitted in nuclear reactions
can include contributions from a variety of dynamical
and statistical mechanisms characterized by vastly differ-
ent timescales. Dynamical emission typically occurs over
timescales as short as 10−22 seconds. Statistical emis-
sion can extend to much longer times. The descriptions
of dynamical and statistical emission mechanisms require
completely different theoretical formalisms. This compli-
cates theoretical interpretations of measured spectra, as
most experimental observables do not allow a model inde-
pendent distinction between earlier dynamical and later
statistical emission.

The correlation functions relevant to intensity inter-
ferometry investigation [1–4], however, do not suffer this
limitation. Due to their ability to probe the space-time
extent of the sources of emission, two particle correla-
tion functions allow a distinction between early dynami-
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cal and later statistical emission. This has been used to
probe the emission mechanisms of a variety of different
particle types for a number of different reactions studied
over a wide range of collision energies [5–8].

The sensitivity of the two proton correlation functions
to the space-time extent of the source arises from the
mutual nuclear (attractive) and Coulomb (repulsive) in-
teractions between the two protons and from the anti-
symmetrized nature of their wave functions [3]. Gates
on the proton pair velocity provide information about
the sources of these protons at different times during the
reaction. Proton pairs with higher total momenta in the
rest frame of the source preferentially reflect the space-
time extent of that source at earlier emission times when
the source is smaller. Smaller sources typically display
larger and broader correlation functions [5]. In contrast,
proton pairs with lower total momenta tend to be emitted
at later times after the source has expanded and cooled.
Such sources typically display narrower, and weaker cor-
relation functions. Thus, correlation functions can track
the time evolution of a cooling, expanding source.

Transport models [9, 10] have revealed the existence of
a sensitivity of two-nucleon (p-p , n-p and n-n ) correla-
tion functions to the density dependence of the symme-
try energy and some sensitivity to isospin in two-particle
correlation functions have been observed [11]. Physically,
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this sensitivity was shown to come from the effect of the
symmetry energy on proton and neutron potentials and
their influence on the emission times of particles dur-
ing the pre-equilibrium stages of the collision [9]. This
suggests that investigations of isospin effects on reaction
dynamics and their links to the density dependence of
the symmetry energy [12], may profit from a more clear
understanding of the time characteristics of different par-
ticle emission processes and by the capability of isolating
emissions from the early pre-equilibrium stages of the re-
action [9, 10].
Stimulated by these ideas, we have measured p-p cor-

relations over a wide angular and kinematic range with
high statistics. In order to investigate the existence of
isospin effects, we have compared results from reaction
systems with different N/Z asymmetries, i.e. 40Ca+40Ca
(N/Z =1) and 48Ca+48Ca (N/Z =1.4), at beam energies
E/A=80 MeV.
Studies have been performed for the 36Ar+45Sc reac-

tion at E/A=80 MeV, providing some guidance for the
dependence of the source on the momenta of the outgoing
protons [13, 14]. The correlation functions measured in
36Ar+45Sc reactions show a strong decrease in the source
size with proton momentum, consistent with emission
from an expanding and cooling participant source. BUU
transport calculations generally reproduce these experi-
mental trends.
In our investigations of 40Ca +40 Ca and 48Ca +48 Ca

collisions, we have measured the correlation functions
over a broader range of angles than previous measure-
ments, and have studied in detail the momentum depen-
dent two-proton correlation functions at different angles.
The obtained results show that the applied momentum
gates have strikingly different effects on the size of sources
corresponding to particles emitted at forward angles as
compared to those detected at backward angles in the
laboratory frame. The measurements show a strong in-
fluence of emission from the expanding, fragmenting and
cooling spectator matter that was not evident in previous
measurements. We also extract the fraction of protons
emitted over short timescales during the collisions from
the height of the correlation function and the integral of
the imaged source distribution. We see surprisingly little
sensitivity of these fractions to the angle or momentum
of the measured protons. In order to better distinguish
dynamical from statistical emission mechanisms, we also
compared the extracted results to expectations of a BUU
transport model [15].

II. TWO PARTICLE CORRELATIONS

The two-proton correlation function probes the spa-
cial and temporal information about the particle emitting
source because the magnitude of the final-state interac-
tions and anti-symmetrization effect depend on both the
spacial separation and the relative momentum of parti-
cles [4].

Theoretically, the correlation function is related to the
space-time extent of the source by the angle-averaged
Koonin-Pratt equation [16, 17]

C(q) = 1 +R(q) = 1 + 4π

∫

K(q, r)S(r)r2dr, (1)

where the two-particle source function, S(r), is the prob-
ability of emitting two protons with a spatial separation
r. In general protons are not emitted simultaneously.
Then r in Eq. 1 refers to the separation at the time the
second proton is emitted. The source function satisfies
the following normalization condition

4π

∫

S(r)r2dr = 1 (2)

The angle-averaged kernel K(q, r) is given by

K(q, r) = |φq(r)|2 − 1. (3)

where φq(r) is the two proton wave function measured at
the separation distance between particles r and at pair
relative momentum q, defined in the center of mass of
the pair by:

q = |~q| = 1

2
|~p1 − ~p2| (4)

Within this approach, the shape of the proton-proton
correlation function is affected by the nature of the final-
state interactions. The anti-correlation at low q is a re-
sult of Coulomb repulsion. More importantly, there is a
characteristic final 1S0 interaction peak at a relative mo-
mentum of 20 MeV/c. If there are two distinct emission
timescales, a fast dynamical emission and a slow statis-
tical emission, the height of this final interaction peak
should primarily reflect the fraction of protons emitted
during the fast pre-equilibrium stage of the reaction and
the size of the emitting source. The width of the peak at
20 MeV/c is solely affected by the space-time of the fast
pre-equilibrium source [18]. Therefore a detailed study
of the overall shape of the correlation function allows
one to extract the space-time extent of the source and
constrain the relative contributions from fast and slow
proton emitting components.
Experimentally the correlation function can be written

as

C(p1, p2) = N A(p1, p2)

B(p1, p2)
. (5)

Here, the numerator from Eq. 5 is the distribution of two
protons with momentum p1 and p2 detected in the same
event. The denominator describes the uncorrelated back-
ground distribution and is constructed using so-called
event-mixing method [19, 20] where each particle within
a pair comes from a different event, taking into account
the experimental two proton detection efficiency. N is
a normalization factor, which typically results in corre-
lation functions that are close to unity at large relative
momenta [21, 22].
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We used two different methods to extract the sizes of
the sources presented in this paper. In one method, we
employed the imaging technique [23–25] to extract both
the size of the source and the source distribution pro-
file S(r) from the measured correlation functions. In the
other method, we obtained source sizes by fitting exper-
imental correlation functions with the Koonin-Pratt for-
mula (Eq. 1) assuming the Gaussian source distribution
S(r) given by

S(r) =
λG

(2
√
πRG)3

e
− r

2

4R2
G (6)

For the Gaussian source, there are three free parameters:
the normalization of the correlation function, N , λG and
the source size RG parameters of Eq. 6.
According to Eq. 2, λG = 1 if the emission of all

protons used to construct the correlation function is de-
scribed by the source function. While some protons are
emitted over a short time scale after the collision and are
strongly correlated, other protons can be emitted over
very long timescales due to evaporation processes and
secondary decays. Since the strength of the correlations
reflects the spatial separation between the two protons at
the time the second proton is emitted, early protons are
not correlated with protons emitted at later times and
late protons are only weakly correlated with each other.
Slowly emitted particles, coming from long-lived and

more extended secondary decay sources primarily influ-
ence the correlation function at low q-values [18]. If one
is not primarily concerned with low q-values, these late
emissions of protons largely reduce the magnitude of the
correlation function while not usually strongly modifying
its shape [18]. In this case, Equation 2 has a more general
form that reflects the fact that not all protons are cor-
related with each other, given to a good approximation
by

4π

∫

S(r)r2dr = λ. (7)

The λ parameter represents the fraction of pairs where
both protons are emitted by the fast source represented
by S(r) over the range of r represented in the integral in
Eq. 7. The remainder 1 − λ contains the contributions
from pairs at large separation r outside of this range,
where either one or both protons are emitted by the slow
source at the late secondary decay stage of the reaction.
The relevant proton pair fraction comes from the fast
source; thus, λ, can be well approximated by [18]

λ = f2 (8)

where f and the remainder 1− f are the fractions of the
total protons yields produced by the fast source and the
slow source, respectively.
To minimize a priori assumptions about the source

function we follow the imaging techniques described in
Ref. [18, 23–26], and describe the source function S(r)

by an expression involving three positive definite spline
functions, which decreases monotonically with radius.
We take the half-width half-maximum of the extracted
source profile, r1/2, as a measure of the spatial extent of
the source. This provides a simple size parameter that
can be easily calculated even in the case of non-Gaussian
source profiles where a RG parameter as in Eq. 6 cannot
be defined. In the specific case of a Gaussian source, the
relation between r1/2 and the size of the Gaussian source
distribution (Eq. 6) is given by

r1/2 = 2
√
ln2RG. (9)

III. EXPERIMENTAL DETAILS

We performed an experiment at the National Super-
conducting Cyclotron Laboratory (NSCL), where pri-
mary beams of 40Ca (48Ca) with an E/A=80 MeV im-
pinged on 40Ca (48Ca) targets in a form of a thin
mono-isotopic metallic foils of isotopic purity of about
97% (92.4%) by mass and thickness of 2.2 mg/cm2 (5.1
mg/cm2). To avoid the oxidation, we rolled and mounted
each target in a glove box with an Argon atmosphere
and transferred the target in vacuum from the glove box
to the 4π scattering chamber. We mounted the tar-
get near the center of the 4π Array [27], which housed
215 fast/slow phoswiches covering 85% of 4π solid an-
gle around the target in the laboratory reference frame.
The 4π Array, with an inside diameter of nearly 2 m,
was instrumental in selecting central events by requir-
ing a high transverse energy, Et =

∑

iEisin
2(θi) > 150

MeV [28]. Here, θi and Ei correspond to the angles and
energies of charged particles detected in the 4π detector
array. Assuming the transverse energy to monotonically
decrease with impact parameter, this gate on Et corre-
sponds approximately to an impact parameter range of
0 < b (fm) < 4.
In order to achieve both precise angular and energy

measurements of the protons, required for correlation
functions, we replaced one of the forward hexagonal mod-
ules of the 4π Array with the High Resolution Array
(HiRA) [29]. In our setup, HiRA consisted of 17 in-
dividual telescopes in a hexagonal configuration, each
housing a 65µm thin single-sided silicon strip detector
followed by a 1.5 mm thick double-sided Si strip detec-
tor with each face having 32 strips with a pitch of 2 mm
and an active area of 62.3 x 62.3 mm2. The orthogonal
orientation of the front and back strips of the thick Si
detector, which was located 63 cm from the target, al-
lowed for angular resolution of δθ ≈ 0.05◦. In order to
allow the high-precision angular determination of the po-
sition, we measured the position of the target and silicon
strips in HiRA with the Laser Based Alignment System
(LBAS) [30]. Additionally, the Si detectors were backed
by a cluster of four 39 mm long CsI(TI) crystals which
served as the calorimeters. For this paper, we only an-
alyzed protons which stopped in the CsI(TI) crystals.
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FIG. 1: (Color online) Experimental correlation functions
from 40Ca+40Ca (a) and (c)) and 48Ca+48Ca ((b) and (d)).
The panels (a) and (b) include protons with low total mo-
mentum of the pair (500-640 MeV/c) while the panels (c) and
(d) represent proton pairs with a high total momentum (740-
900 MeV/c). The dashed-dotted lines represent the results
of the fit assuming the Gaussian source distribution. The
solid lines are reconstructed correlation functions from imag-
ing. The dashed lines represent the calculations assuming the
Gaussian source distribution with non-zero lifetime (Eq. 10);
see Sec. IV for more details.

This resulted in a proton momentum range of approxi-
mately 200-500 MeV/c. The angular coverage of HiRA
with respect to the beam was 18 < θLab (deg) < 58 in
the laboratory frame and 30 < θCM (deg) < 110 in the
center-of-mass frame.
We registered 47 (56) million events from 40Ca+40Ca

(48Ca+48Ca) collisions, from which 21 (27) million events
passed our centrality cut. Additionally, the correlation
analysis requires that there are at least two protons reg-
istered in the HiRA detector in each event, which re-
duced the available statistics to 1.5 (0.9) million events
for 40Ca+40Ca (48Ca+48Ca).
When constructing the denominator of the correlation

function using the event-mixing technique (see Sec. II) we
took into account the experimental efficiency by exclud-
ing the proton pairs that would be detected in the same
CsI(TI) and/or the same strip of the silicon detector.

IV. EXPERIMENTAL RESULTS

The correlation functions measured in our experiment
are shown in Fig. 1. The left panels present results
from 40Ca+40Ca and the right panels from 48Ca+48Ca
collisions. The upper and lower panels are for pro-
tons with total momentum of the pair in the laboratory
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FIG. 2: (Color online) Comparison of imaging technique to
Gaussian fit of p-p correlation functions for 40Ca+40Ca ((a)
and (c)) and 48Ca+48Ca ((b) and (d)). The panels (a) and
(b) include proton pairs with low total momentum (500-
640 MeV/c) while the panels (c) and (d) represent proton
pairs with a high total momentum (740-900 MeV/c).

frame of 500-640MeV/c and 740-900MeV/c, respectively.
The correlation functions at the most backward angles
(33 − 58◦) in the laboratory frame are represented by
squares and at forward angles (18 − 26◦) are shown as
circles. The results at intermediate angles (26− 33◦) are
plotted as diamonds.

In order to get quantitative information about the pro-
ton emitting source we use the imaging technique to ex-
tract the imaged source function. The fits to the correla-
tion function are shown as the solid lines in Fig. 1. The
corresponding extracted source functions are presented
as the light cross-hatched and dark solid bands in Fig. 2
for 33−58◦ and 26−33◦, respectively. In general, the cor-
relation functions at backward angles have source func-
tions that are larger and more localized around r = 0 fm.

Imaging allowed us to reconstruct source distributions
only at backward and intermediate angles. The imag-
ing technique fails at forward angles when the peak at
q = 20 MeV/c is not well defined. If the source were
Gaussian, the peak would become negligible for large val-
ues of the RG parameter in Eq. 6, e.g. RG > 5 − 6 fm.
Both the presence of sources with such large spatial ex-
tensions, and large statistical errors in the correlation
function make convergence of the imaging method diffi-
cult to achieve at forward angles.

The fit quality and the normalization of the recon-
structed source distribution, λI from Eq. 7, are given
in Table I. If no constraints are placed on the shape
of the source function, the imaging method can provide
other solutions i.e. source functions S(r), with compara-
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bly small values of χ2/dof , where dof ≈ 30 is the number
of data points minus the number of fit parameters. How-
ever, some of those solutions have unphysical properties,
such as S(r) < 0 so we exclude them from the analysis
and the error estimation of the λI parameter.

We also performed fits to the experimental correlation
functions using Eq. 1 and assuming the Gaussian source
function given by Eq. 6. The corresponding fits to the
correlation functions are denoted by the dashed-dotted
curves in Fig. 1. For the angular ranges of θ = 26− 33◦

and θ = 33 − 58◦, these fits are nearly indistinguishable
from the fits obtained via the imaging procedure, the lat-
ter shown as thick lines in Fig. 1. In these fits there are
three fitting parameters: 1) the size of the source, RG;
2) the λG parameter (from Eq. 6); and 3) the normal-
ization of the correlation function, N (from Eq. 5). The
best fit parameters are presented in Table I. The source
distributions obtained from the Gaussian fit are plotted
as the solid, dashed-dotted and dashed lines for 18−26◦,
26 − 33◦ and 33 − 58◦ in Fig. 2, respectively. Since the
amplitude and the width of the correlation peak around
q = 20 MeV/c decreases with increase of the source size,
one expects that it would weaken the constraints on the
fit parameters for larger source sizes resulting in larger
uncertainties of extracted parameters. Indeed, we found
in our study that errors on RG increase with the increase
of its value while the errors on λG parameter are roughly
independent on the momentum and angular gates (ex-
cept for the high momentum gate, at forward angles in
48Ca+48Ca).

The correlation functions reconstructed from imaging
and obtained from the Gaussian fit are very similar and
match the data well at most angles, as it is shown in
Fig. 1. For the lowest momentum gate at θ = 33−58◦, the
peaks in correlation functions for the Gaussian sources
are narrower and their tails lie consistently below the
data and the imaging results for q ≈ 40 MeV/c. This
gives rise to the slightly wider widths of the correspond-
ing Gaussian sources shown in Fig. 2 for these data. For
the other gates, the results for Gaussian and imaging
analyses are very similar; in some cases, the source func-
tions provided by imaging method are slightly more lo-
calized at r = 0 fm than the corresponding fits with
the Gaussian source functions. At the most forward an-
gles where the size of the source is large and the cor-
relation effect is not as strong as in the experimental
data collected at backward angles, it was not possible to
constrain the source function adequately via the imaging
technique. There we used the more constrained Gaussian
source function in order to extract information about the
space-time extent of the source. Fortunately, the similar-
ity between Gaussian and imaging analyzes at the other
angles provides support for us to use the Gaussian ap-
proach and lends confidence to the information it pro-
vides.

To provide the simplified measure of the source, we
characterize the extracted sources using r1/2 (also used
in e.g. [18, 26, 31]) for each set of data and method used
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FIG. 3: (color online) r1/2 as a function of total momentum

for 40Ca+40Ca and 48Ca+48Ca collisions and all three angu-
lar ranges. The sizes of source from data using the imaging
technique are given by red closed circles while those from the
Gaussian technique are shown as blue closed triangles. Source
sizes from BUU are shown as black open circles.

to extract the source distribution or its size. Results
are presented in Table I for both reaction systems, both
pair momentum ranges in the laboratory frame, and all
three angular selections. With the exception of the lowest
momentum gate at θ = 33 − 58◦, the values for r1/2 are
consistent between imaging and a Gaussian fit.
The sources from the collisions with larger initial ge-

ometry, 48Ca+48Ca (N/Z=1.4), are systematically larger
than those from 40Ca+40Ca collisions (N/Z=1). The av-
erage increase in source size with A somewhat exceeds
A1/3, which suggests that the average freezeout density
is somewhat lower for the 48Ca than for 40Ca. Due to
the large value of the neutron-proton cross section which
significantly exceeds the p-p cross section, the relevant
density for proton freezeout may be the neutron density
rather than the total nuclear density. In this case, the ad-
ditional neutrons in the 48Ca+48Ca may shift the freeze-
out to lower overall density. Such a shift reflects detailed
differences in the transport of neutrons and protons that
could be used to extract information about the relevant
in-medium cross section. Calculations indicate, however,
that such effects are subtle and dwarfed by the quali-
tative difference between the sizes at forward and back-
ward angles and we, therefore, defer such detailed model
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System P Angle Gaussian fit Imaging BUU

[MeV/c] [◦] RG [fm] r1/2 [fm] λG fG χ2/dof r1/2 [fm] λI fI χ2/dof r1/2 [fm]

40Ca+40Ca 500-640 33-58 3.12+0.12
−0.06 5.20+0.21

−0.11 0.86+0.06
−0.04 0.93+0.04

−0.03 1.48 4.49+0.23
−0.51 0.93+0.13

−0.11 0.96+0.07
−0.06 1.48 5.29± 0.10

26-33 3.88+0.07
−0.08 6.46+0.12

−0.14 0.84+0.04
−0.04 0.92+0.03

−0.03 1.05 6.85+0.40
−0.47 0.85+0.14

−0.13 0.92+0.08
−0.07 1.18 6.24± 0.09

18-26 4.87+0.19
−0.15 8.11+0.31

−0.28 0.84+0.04
−0.04 0.92+0.03

−0.03 2.12 − − − − 7.08± 0.10

740-900 33-58 2.52+0.17
−0.12 4.20+0.29

−0.21 0.61+0.11
−0.08 0.78+0.08

−0.06 0.88 4.06+0.23
−0.40 0.69+0.19

−0.12 0.83+0.11
−0.08 1.06 4.25± 0.09

26-33 2.91+0.22
−0.17 4.85+0.37

−0.29 0.48+0.12
−0.07 0.69+0.10

−0.06 1.28 4.71+0.40
−0.48 0.52+0.17

−0.10 0.72+0.12
−0.07 1.58 4.76± 0.09

18-26 5.40+0.41
−0.34 8.99+0.69

−0.57 0.54+0.05
−0.05 0.73+0.04

−0.04 1.52 − − − − 5.33± 0.10

48Ca+48Ca 500-640 33-58 3.37+0.10
−0.09 5.62+0.17

−0.16 0.81+0.07
−0.06 0.90+0.04

−0.04 1.08 4.94+0.26
−0.54 0.84+0.17

−0.14 0.92+0.10
−0.08 1.41 5.69± 0.11

26-33 4.11+0.12
−0.16 6.85+0.21

−0.27 0.80+0.06
−0.06 0.89+0.04

−0.04 1.08 8.35+0.66
−0.73 0.81+0.16

−0.12 0.90+0.09
−0.07 1.17 6.81± 0.09

18-26 5.25+0.34
−0.36 8.74+0.52

−0.61 0.77+0.06
−0.06 0.88+0.04

−0.04 0.97 − − − − 7.79± 0.11

740-900 33-58 2.85+0.18
−0.16 4.75+0.31

−0.28 0.59+0.12
−0.11 0.77+0.08

−0.08 1.27 4.69+0.52
−0.43 0.60+0.16

−0.11 0.77+0.10
−0.07 1.51 4.58± 0.10

26-33 3.34+0.15
−0.24 5.90+0.26

−0.41 0.59+0.08
−0.09 0.77+0.06

−0.07 1.47 5.85+0.70
−0.74 0.58+0.22

−0.13 0.76+0.14
−0.09 1.15 5.11± 0.14

18-26 9.83+5.21
−2.58 16.37+8.68

−4.30 0.64+0.36
−0.09 0.80+0.23

−0.06 1.04 − − − − 5.80± 0.10

TABLE I: (Comparison of system size, angular and momentum dependence of results obtained from reconstructed source
distribution with imaging method, Gaussian fitting procedure and BUU transport model simulations.

investigations to a latter publication. Another possible
reason for a larger source size in a neutron-rich system
(48Ca+48Ca) could be that the excess of neutrons delays
the emission of protons resulting in a larger size for the
proton source. However, to verify this hypothesis, one
might study neutron-proton correlations to access the in-
formation on the averaged emission space-time difference
between both particles [32, 33].

Clearly, the strong angular and momentum depen-
dence of the extracted source size is a much more dra-
matic trend. The observed large increase in the source
size occurs at forward angles at velocities comparable to
that of the beam. (The total momentum of two beam
velocity protons is approximately 800 MeV/c.) Cor-
relation functions of similar magnitudes have been re-
ported for protons evaporated from heavy residues pro-
duced in 129Xe+27Al reactions [34], and for protons emit-
ted at energies comparable to the Coulomb barrier in
40Ar+197Au [35] and 14N+197Au reactions [18].

In the latter case, however, a relatively small fraction of
fast protons (f=0.30) was reported. From the λG and λI

parameters obtained from the Gaussian fit and imaging
method we calculated the fraction f of short time scale
emitted protons [18], according to Eq. 8. The results are
summarized in Table I. We show that the values of this
f parameter are consistent between both methods. All
proton fractions exceed 0.5 and there is very little mo-
mentum or angular dependence of the f parameter. It is
interesting that the large sources at θ = 18− 26◦ and to-
tal momenta of 740−900 MeV/c observed for both reac-
tions also have relatively large fast fractions e.g. f > 0.7.
Let us take approximate decomposition of the emission

into one short time scale emission process and one long
time scale emission process seriously, and explore what it
might mean. This implies that more than 70% of the two-
proton emission occurs at relative separations of r < 15
fm. Furthermore, this appears to exclude significant con-
tributions (>30%) from evaporative emission at emission
time delays much greater than about 150 fm/c.

On shorter timescales, the relative importance of a spa-
tial expansion of the projectile remnant versus the effects
of an extended lifetime cannot be distinguished with an-
gular averaged correlation functions such as those pre-
sented here. However, some information can be gleaned
by considering the limits of an expansion followed by an
instantaneous emission versus an emission that extends
over timescale of the order 10’s of fm/c. For the limit of
instantaneous emission, we approximate the correspond-
ing density by assuming that it is uniform with same
RMS radius as the Gaussian distribution given by the
best fit. In this approximation, the freezeout density
would be approximately ̺fre ≈ Aspec/{ 4π

3
(
√
5RG)

3}.
Assuming, the projectile contains Aspec = 20 nucleons
prior to fragmentation and RG = 3 − 9 fm, one ob-
tains estimates for ̺fre of ̺fre = 0.004 − 0.1ρ0. This
is somewhat below the density range assumed by statis-
tical multi-fragmentation models [36, 37]. It is also below
the density range, ρ = 0.2− 0.4ρ0, extracted from d− α
correlations for the participant source in 129Xe+197Au
collisions [38]. Both comparisons suggest that the source
fragments over a non-zero timescale.

Alternatively, we assume that decay occurs from a
spherical source with RG and vary the timescale of the
decay. Following Koonin [16] we assume a Gaussian emis-



7

sion time distribution: i.e. emission rate ∝ exp(−t2/τ2).
This leads to a source function of the form:

S(r) =
λG

(4π)3/2R2
G

√

R2
G + 0.5(vτ)2

e
−

r
2
⊥

4R2
G

−
r
2
||

4(R2
G

+0.5(vτ)2) .

(10)

Here, v = |−→v |, where −→v =
−→
V − −→

V0 is the magnitude of

the velocity
−→
V of the center of mass of the two protons

relative to the velocity
−→
V0 of the source, r⊥ (r||) is the

component of ~r perpendicular (parallel) to ~v.
The beam momentum per nucleon is roughly equal

to the average proton momentum for the data with
18◦ < θ < 26◦ and 740 ≤ P (MeV/c) < 900. Thus,
most of the protons within this gate must be preferen-
tially emitted perpendicular to the beam leading to an
estimated velocity of v ≈ 0.16c. In this scenario, the
space-time extent measured for those particles is a com-
bination of the spatial dimension (RG) and the lifetime
of the source (τ). The dashed lines in the lower panels of
Fig. 1 correspond to the correlation functions obtained
with the source distribution from Eq. 10, where RG = 3
fm and τ = 100 fm/c (≈ 3.3 × 10−22s) for 40Ca+40Ca
and RG = 3.5 fm and τ = 135 fm/c (≈ 4.5 × 10−22s)
48Ca+48Ca reactions.
Those calculations show reasonable agreement with the

experimental correlation functions. The extracted ”life-
time” is relatively short for a statistical evaporation pro-
cess, but comparable to the times for expansion and dis-
assembly during a multifragmentation process [39–44].
The small uncertainties in the extracted f parameter,
however, do not reflect the uncertainties of the model de-
pendence of the present approach. Our approach, taken
from Ref. [18], assumes (1) that proton emission can be
separated into a contribution from fast processes and a
contribution from slow processes, and (2) that both can
be approximated by roughly spherical sources. It further
assumes (3) that pairs of protons from slow processes are
sufficiently far apart when the second proton is emitted
that their final state (mainly Coulomb) interactions in-
fluence only the smallest of relative momenta q. We have
explored the influence of Coulomb final state interactions
on the contribution to correlation function from slow pro-
cesses and find that their influence is mainly is mainly
limited to very small q < 15 MeV/c. While we find sensi-
tivity to the source radius for slow processes, the limited
data at low q < 15 MeV/c prevent an unambiguous de-
termination of its value. Assuming smaller values for the
radius of the slow source lead to smaller values of the
fast fraction f. If this model dependence is considered,
the uncertainty in the fast fraction f will grow. It may be
possible to improve the distinction between the fast and
slow processes by directional correlation function anal-
yses or by adopting functional forms for the growth in
source radius with time, but such studies lie beyond the
scope of this paper.
To illustrate the inconsistency of the large source

sizes at forward angles with a straightforward dynami-
cal origin, we simulated 40Ca+40Ca and 48Ca+48Ca col-

lisions at E/A=80 MeV. We chose a parametrization of
BUU such that an energy dependent in-medium nucleon-
nucleon cross section reduction was employed [45]. We
also included momentum dependence in the mean field
with a soft equation of state [46]. We chose the density
dependence of the symmetry energy to be γ = 0.7, which
is in agreement with Ref. [47]. We also included the pro-
duction of A ≤3 clusters [15, 48]; this tends to increase
r1/2 by approximately 1 fm. From the information pro-
vided by the transport model we constructed the source
functions for the same momentum and particle emission
angle in the laboratory as used in the experimental anal-
ysis. We included only the protons emitted at energies
and angles that could have been detected in the exper-
iment. We calculated the quantity r1/2 from the source
distribution. We show the comparison between theoreti-
cal (open circles) and experimental values (solid symbols)
for r1/2 in Fig. 3.
In Fig. 3, we can see that BUU can reproduce the

experimental data well at backward (upper panels) and
intermediate angles (middle panels) for both pair mo-
mentum ranges measured in the laboratory frame, but
underpredicts the sizes at forward angles (lower panels),
especially for protons in the high momentum gate. These
high momentum particles move at close to the beam ve-
locity. We have calculated source radii for a wide va-
riety of different mean fields and nucleon-nucleon cross
sections, but have not been able to find a choice of trans-
port parameters that result in significantly larger source
radii at forward angles and beam velocity. Such large
radii indicate emission from a source that is much larger
or longer-lived or both compared to the source that can
be predicted by a dynamical model such as the BUU ap-
proach. A long lived source could explain the discrepancy
with the BUU calculations. However a very long-lived
source is inconsistent with the large fast fractions f > 0.7
deduced from our measurements. BUU suppresses many
fluctuations that lead to rapid multifragment disassem-
bles. The failure of the BUU to describe the p-p corre-
lations at forward angles and beam velocities provides a
clear demonstration of the importance of such processes
in this kinematic domain.

V. CONCLUSIONS

We studied the angular and momentum dependence of
p-p correlations for central 40Ca+40Ca and 48Ca+48Ca
nuclear reactions at E/A=80 MeV. We found a strong
angular dependence within p-p correlation functions re-
flecting the different space-time extent of the source se-
lected. Sources observed at backward angles, in the labo-
ratory frame, reflect the participant zone of the reaction,
while much larger sources are seen at forward angles are
dominated by expanding, fragmenting and evaporating
projectile-like residues. The obtained results show a de-
creasing source size with increasing momentum of the
proton pair emitted at backward and intermediate an-
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gles. In contrast we observe a weak trend in the op-
posite direction at forward angles. At some level, these
trends are consistent. In the rest frames of the respec-
tive sources, higher velocity protons are more strongly
correlated than their lower velocity counterparts, consis-
tent with emission from expanding and cooling sources.
The protons with small laboratory momenta at backward
angles move slowly in the rest frame of the participant
source. Protons with large laboratory momenta at back-
ward angles move rapidly in the rest frame of the partici-
pant source. In contrast, the highest momentum protons
at forward laboratory angles are nearly at rest relative to
the fragmenting projectile remnants, and the lower mo-
mentum protons at forward angle are actually moving
at a higher relative velocity to the fragmenting projectile
remnants. In both angular domains, we therefore observe
smaller sources for protons moving at higher velocities in
the frame of the source.
Long evaporation times are not consistent with the

fast fractions extracted from the correlation functions
forward angles. The time scales estimated from our
correlation functions are consistent with bulk multi-
fragmentation time scales that have been extracted by
fragment-fragment correlation functions.
We find that BUU transport calculations reproduce the

data well at backward and intermediate angles, but un-
derpredict to reproduce the source sizes at forward angles
at high momentum. There the data are consistent with
expansion, multi-fragmentation and subsequent evapora-
tion. The failure of the BUU to reproduce the source
functions for this case can be attributed to the suppres-
sion of the fluctuations leading to multi-fragmentation in
this approach.
In all cases, the 48Ca+48Ca reaction system results

in larger sources than the 40Ca+40Ca reaction system,
which can be partly attributed to a sensitivity of the
source distribution to the initial size of the projectile and
target nuclei. However, the effect appears to be some-
what larger than the A1/3 scaling expected from such
geometrical arguments.

VI. ACKNOWLEDGMENTS

We would like to thank S. Pratt and D. A. Brown
for their help with the imaging process. We wish to ac-
knowledge the support of Michigan State University, the
Join Institute for Nuclear Astrophysics, the National Sci-
ence Foundation Grants No. PHY-0216783, No. PHY-
0606007, No. PHY-0822648, and No. PHY-0855013,
and the U.S. Department of Energy, Division of Nuclear
Physics Grant No. DE-FG02-87ER-40316 and Contact
No. DE-AC02-06CH11357.



9

[1] R. Hanbury Brown and R. Q. Twiss, Phil. Mag. 45, 663
(1954).

[2] G. Goldhaber, S. Goldhaber, W.-Y. Lee, and A. Pais,
Phys. Rev. 120, 300 (1960).

[3] D. H. Boal, C. K. Gelbke, and B. K. Jennings, Rev. Mod.
Phys. 62, 553 (1990).

[4] G. Verde, A. Chibihi, R. Ghetti, and J. Helgesson, Eur.
Phys. J. A 30, 81 (2006).

[5] F. Zhu, W. G. Lynch, T. Murakami, C. K. Gelbke, Y. D.
Kim, T. K. Nayak, R. Pelak, M. B. Tsang, H. M. Xu,
W. G. Gong, et al., Phys. Rev. C 44, R582 (1991).

[6] S. J. Gaff, C. K. Gelbke, W. Bauer, F. C. Daffin, T. Glas-
macher, E. Gualtieri, K. Haglin, D. O. Handzy, S. Han-
nuschke, M. J. Huang, et al., Phys. Rev. C 52, 2782
(1995).

[7] D. O. Handzy, M. A. Lisa, C. K. Gelbke, W. Bauer, F. C.
Daffin, P. Decowski, W. G. Gong, E. Gualtieri, S. Han-
nuschke, R. Lacey, et al., Phys. Rev. C 50, 858 (1994).

[8] Z. Chen, C. K. Gelbke, W. G. Gong, Y. D. Kim, W. G.
Lynch, M. R. Maier, J. Pochodzalla, M. B. Tsang,
F. Saint-Laurent, D. Ardouin, et al., Phys. Rev. C 36,
2297 (1987).

[9] L.-W. Chen, V. Greco, C. M. Ko, and B.-A. Li, Phys.
Rev. C68, 014605 (2003).

[10] L.-W. Chen, C. M. Ko, and B.-A. Li, Phys. Rev. C69,
054606 (2004).

[11] R. Ghetti et al., Phys. Rev. C69, 031605 (2004).
[12] B.-A. Li, L.-W. Chen, and C. M. Ko, Phys. Rept. 464,

113 (2008).
[13] M. A. Lisa et al., Phys. Rev. Lett. 70, 3709 (1993).
[14] M. A. Lisa et al., Phys. Rev. Lett. 71, 2863 (1993).
[15] P. Danielewicz and G. F. Bertsch, Nucl. Phys. A 533,

712 (1991).
[16] S. E. Koonin, Phys. Lett. B 70, 43 (1977).
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