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Abstract

The emission of pions from relativistic heavy-ion collisions of S+S, S+Ag and S+Pb

at 200 GeV/nucleon is characterized using two-particle interferometry. The multi-

plicity dependence of the pion source parameters near mid-rapidity is studied. The

transversal and longitudinal source parameters, Rt and Rl, show a clear increase

with the particle multiplicity. The multiplicity dependence is weaker than that ex-

pected from a simple model of a freeze-out at a constant density.
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1 Introduction

The space-time evolution of the particle emitting source created by relativistic
heavy-ion collisions can be investigated by Bose-Einstein interferometry [1, 2]. The pri-
mary motivation of interferometry studies is to extract information on the space and
time extent of particle emission points from relativistic heavy-ion collisions. In strongly
interacting matter at the high energy densities achieved, the quark gluon plasma may be
formed [3, 4]. Recently, Bose-Einstein interferometry measurements have been performed
in hadron-hadron and nucleus-nucleus collisions to study the mechanism of particle pro-
duction [5, 6, 7, 8, 9, 10].

Since the system we are observing is a dynamical system with fast expansion, strong
re-scattering and shadowing, observed interferometric source size parameters are not sim-
ple geometrical sizes at the time hadrons cease to interact, or freeze-out, and depend on
kinematical parameters such as the transverse momentum pT , rapidity y, particle species
and centrality of the collisions. Systematic measurements of Bose-Einstein interferometry
over a wide kinematical region are necessary to separate the dynamical e�ects and the
intrinsic physical parameters.

The NA44 collaboration has reported measurements of the Bose-Einstein correlation
in central S+Pb collisions at the CERN Super-Proton-Synchrotron (CERN-SPS) [11, 12,
13, 14, 15, 16]. The NA44 measurements cover a wide pT range for both pion and kaon
particle species. In this paper, we report a study of the source parameters for positive
pions as a function of particle multiplicity in S+A collisions at 200 GeV per nucleon.

2 Experimental Setup

The layout of the NA44 experiment is shown in Fig.1. Incident sulphur ions of
200 GeV per nucleon from the CERN-SPS accelerator go through the beam Cherenkov
counter (CX) [17]. CX is used to identify the sulphur ions by the pulse height which is
proportional to Z2 of the ions. CX is also used to give the start signal for the time-of-
ight
(TOF) measurement, and has a timing resolution of �30 ps. A plastic scintillation veto
counter (CXV) with a 1 cm diameter hole is installed behind CX to eliminate events from
the beam halo.

The target is mounted on a support in the dipole magnet (D1). The target is a
disk of 1cm in diameter, with the respective target thickness listed in Table 1. A plastic
scintillation counter (T0) is installed just after the target to allow a centrality selection
at the trigger level. T0 consists of two rectangular scintillator pieces separated by a 3 mm
gap through which non-interacting beam particles pass. The pseudo-rapidity coverage of
T0 is approximately 1.3 to 3.5. A highly segmented silicon pad detector, with 8 radial and
24 azimuthal sectors, measures the charged particle multiplicity in the pseudo-rapidity
range from 1.5 to 3.3.

Particles produced by interactions in the target area are detected by the NA44 fo-
cusing spectrometer. The spectrometer consists of three dipole magnets (D1, D2 and D3)
and three super-conducting quadrupole magnets (Q1, Q2 and Q3). The dipole magnets
D1 and D2 analyze the momentum of the secondary particles, and the last dipole D3 is

S Ag Pb
Thickness (g/cm2) 2.0 10.5 1.1
Interaction length 5.8 % 13.9 % 1.0 %

Table 1: Targets used in this analysis.
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used for a momentum calibration of the spectrometer. The three quadrupole magnets are
employed to optimize the spectrometer acceptance and the momentum resolution for the
directional Bose-Einstein correlation measurements. The spectrometer magnets are oper-
ated in either a horizontal focusing mode (\horizontal" setting) or a vertical focusing mode
(\vertical" setting). The \horizontal" setting enables us to make a Bose-Einstein correla-
tion measurement with 2-dimensional parameterization. For the 3-dimensional analysis,
the \horizontal" and the \vertical" settings are combined.

The polarity of the magnetic �eld, the nominal momentum, and the angle of the
spectrometer determine the particle charge, the rapidity acceptance and the pT window
of the spectrometer. In this study, the nominal momentum of 4 GeV/c is used and the
spectrometer angle is set to 44 mrad with respect to the incident beam line. In the
\horizontal" setting, particles with momenta with � 20 % of the nominal momentum
pass through the spectrometer. For the \vertical" settings, a larger momentum range is
accepted. Fig.2 shows the spectrometer acceptance of pions for the \horizontal" and the
\vertical" settings. These spectrometer settings cover the pT range pT � 0.4GeV/c and
mid-rapidity (yCMS = 3.0). The average values of pT and rapidity y in the acceptance
are 135 MeV/c and 3.72 for the \horizontal" setting and 177 MeV/c and 3.51 for the
\vertical" setting.

The secondary particles going through the spectrometer magnets are detected by
three scintillator hodoscopes (H1, H2 and H3). The hodoscopes consist of 50 plastic scin-
tillator slats for H1 and H3, and 60 slats for H2 with photomultiplier tubes attached to the
top and bottom of each scintillator [18]. The sizes of the plastic scintillators for H1, H2 and
H3 are 264�28�1 mm3, 200�6�6 mm3 and 220�13�10 mm3 (height�width�thickness),
respectively. The scintillator layers of H2 and H3 hodoscopes are perpendicular to the
central line of the spectrometer. The H1 hodoscope is rotated by 85 degrees in the hor-
izontal plane so that the scintillator layer of H1 approximately in the focal plane of the
spectrometer. The horizontal position resolutions are �0.7 mm, �1.7 mm and �3.8 mm
for H1, H2 and H3, respectively, and the vertical position resolutions are �10 mm, �8 mm
and �7 mm, respectively. The H3 hodoscope is used for the TOF measurement together
with the CX beam counter. A typical TOF resolution between the CX beam counter and
the H3 hodoscope is 95 ps.

Two threshold Cherenkov detectors (C1 and C2) are used for particle identi�cation
at the trigger level and also in o�-line analyses. Each Cherenkov detector consists of a tank
�lled with radiator gas with thin aluminum entrance and exit windows, a thin concave
mirror and a photomultiplier tube. C1 is �lled with freon gas at 2.7 atm and C2 is �lled
with a mixture of nitrogen and neon gas at 1 atm. At particle momenta of 4 GeV/c,
electrons, muons and pions are above threshold in C1, and only electrons in C2. In this
study, C2 is used in veto mode to reject electrons, and the signal pulse height from C1 is
used to purify pion-pair samples in the o�-line analysis. A uranium-scintillator calorimeter
(UCAL) located at the end of the NA44 spectrometer, has electromagnetic and hadronic
sections and is used to separate hadrons, electrons and muons.

The data used in this analysis were collected with the trigger condition:

TRIGGER = CX � CXV � T0 � C2 �H1�2 �H2�2 �H3�2:

The threshold of the T0 pulse height de�nes the centrality of the triggered events. At
least two hit slats on each hodoscope were required to trigger the data acquisition system.
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S+S ! 2�++X S+Ag ! 2�++X S+Pb ! 2�++X
horizontal vertical horizontal vertical horizontal vertical

106k 104k 138k - 197k 200k

Table 2: Number of pion pair events used in this analysis for each target and each spec-
trometer setting. The nominal momentum is 4 GeV/c.

3 Data Analysis

Track reconstruction is performed by �tting a straight line to the hit positions
of particles on the scintillator hodoscopes. For the H1 hodoscope, one particle may hit
multiple hodoscope slats due to the shallow angle between the H1 and tracks. This multiple
hit may create a fake second track from a single true track. To avoid such fake tracks,
events with two tracks hitting neighboring slats on H1 are rejected. >From the position and
direction of the track the momentum is calculated by assuming the particle propagated
from the target through the known magnetic �eld. The momentum resolution is mainly
determined by multiple scattering of the particles in the target, in the air and in the
materials of the detectors. A smaller contribution to the momentum resolution is the
�nite position resolution of the scintillator hodoscopes. In the two particle interferometry
measurement, the resolution of the relative momentum between two particles determines
the precision of the interferometric source parameters to be extracted. For pions, the
relative momenta Qto, Qts and Ql (de�ned below) typically have resolutions 20 MeV/c,
25 MeV/c and 10 MeV/c, respectively.

The mass-squared of the particle is calculated by combining the reconstructed mo-
mentum and the TOF information. Two-pion events are selected by requiring at least two
tracks with mass-squared in the region of the pion peak and by requiring a C1 ADC pulse
height corresponding to 2 or more pions. Fig.3 shows the cut applied in the mass-squared
and the C1 ADC contour plot. The contamination of �+K+ and �+p pairs is estimated
to be less than 1 % by �tting the �+, K+ and p peaks with Gaussian functions. The total
number of reconstructed and identi�ed pion pairs for each nuclear target is summarized
in Table 2.

For reconstructed positive pion pairs, a raw correlation function Craw(k1,k2) is
calculated as follows:

Craw(k1,k2) = D
N2(k1,k2)

N1(k1)N1(k2)
(1)

where N2(k1,k2) is the number of pion pairs with momenta k1 and k2, and N1(k1)
is the number of pions with momenta k1. D is a constant containing the di�erence of
normalizations between one-particle and two-particle samples. The practical calculation
of the denominator of Eq.(1) is made by the so called \event-mixing method" [19] with the
same experimental data used for the numerator calculation. The method cancels out e�ects
of the experimental acceptance and trigger biases. It is well known that there is a residual
Bose-Einstein correlation e�ect in the raw correlation function Craw(k1,k2) due to the
event-mixing method. A residual e�ect of the experimental acceptance is also expected.
Further, the Bose-Einstein correlation of identical charged particle pairs is a�ected by the
repulsive Coulomb force between particle pairs. To compare with theoretical correlation
functions, the following correction is used to produce a corrected correlation function
Ccorr(k1,k2) [11]:

Ccorr(k1,k2) = Craw(k1,k2)�KSPC(k1,k2)�Kacceptance(k1,k2)�KCoul(k1,k2) (2)
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The event-mixing method uses one particle of a particle pair to generate a single parti-
cle spectrum (N1(k1)), and makes uncorrelated particle pairs (N1(k1)N1(k2)) from the
single particle spectrum. However, the single particle spectrum is distorted by the Bose-
Einstein correlation.KSPC(k1,k2) is a factor to correct the distortion of the single particle
spectrum, and is calculated by a method described in Ref.[11, 19]. Kacceptance(k1,k2) is a
correction factor for the e�ects of the �nite acceptance and �nite momentum resolution
of the spectrometer, and is calculated by a Monte Carlo program with a full simulation
of the tracking detectors and multiple scattering. KCoul(k1,k2) is the standard Gamow
factor for the correction of the Coulomb repulsive force between two charged pions [20].

The Bose-Einstein correlation is evaluated with the following Gaussian parameter-
ized functions in this analysis:

C(Qt; Ql) = 1 + �e
�R2

t
Q2

t
�R2

l
Q2

l (3)

C(Qto; Qts; Ql) = 1 + �e
�R2

to
Q2

to
�R2

ts
Q2

ts
�R2

l
Q2

l (4)

where Qt and Ql are the components of the momentum di�erence between two pions
perpendicular and parallel the beam axis, respectively. Qt is further separated into two
components Qto and Qts, where Qto is parallel with the transverse component of the
momentum sum of the pion pair (k?=k1?+k2?), and Qts is perpendicular to. The value
of Ql depends on the reference frame and thus the Lorentz boost along the beam axis.
The Longitudinal Center-of-Mass System (LCMS) [21], in which the component of the
pair momentum sum along the beam axis (kz = k1z + k2z) is zero, is used as the reference
frame in this analysis.

The source parameters (Rt, Rl, Rto, Rts and �) are extracted by correcting Craw

with Eq.(2) and then �tting the result to Eqs.(3) and (4). In general, the values of the
correction factors in Eq.(2) depend on the source parameters. Several iterations of the
correction procedure are performed until the source parameters converge [11, 19]. For the
success of the iterative procedure, the parameter dependence of the correction factors must
be weak. Further, the convergence of the source parameters to the true �2 minimum in
the �tting procedure is not trivial. We checked the success of the iterative procedure and
the convergence of the source parameters with a �2 mapping method. In the �2 mapping
method, we calculate the correction factors and the value of the �2 using mesh points in
the parameter space. The �2 map obtained from the calculation is �tted by a function
of a hyper-surface to smooth out the �2 map and to get the �2 minimum point in the
parameter space. The results from the �2 mapping method agree with the results from
the iterative procedure within statistical errors.

Both the T0 detector and the silicon pad detector provide information on the
charged particle multiplicity of an event. In principle, the silicon detector provides the
more accurate measurement of the charged particle multiplicity, however at high beam
rates, it becomes susceptible to overlapping events (\pile up"). The T0 detector does not
su�er from pile up, and the multiplicity is therefore determined by using the ADC value
of the T0 detector. The absolute normalization of the charged particle multiplicity is done
by comparing the T0 ADC value and the multiplicity from the silicon pad detector at a
low beam intensity. Since the target thicknesses are �nite, the probability of having double
interactions in the target is not zero, and the double interactions increase the observed
particle multiplicity. The e�ect of the double interactions is estimated to be less than 10
%, and is corrected for with a Monte Carlo simulation. The charged particle multiplicity
per unit pseudo-rapidity dNch=d� is calculated at the pseudo-rapidity of 2.7, which is the
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System < dNch=d� > � Rt Rl �
2
=NDF

S+S 20�10 0.54�0:02 2.84�0:17 4.00�0:29 334/398
44�11 0.59�0:03 3.74�0:20 3.76�0:35 307/398

S+Ag 41�14 0.53�0:03 3.15�0:20 4.97�0:41 332/390
71�10 0.54�0:03 3.51�0:25 4.11�0:39 357/385
100�13 0.57�0:03 3.67�0:23 5.07�0:39 405/396

S+Pb 24�10 0.53�0:02 3.07�0:19 3.70�0:30 377/394
67�13 0.57�0:03 3.71�0:21 4.92�0:37 397/378
96�9 0.61�0:03 3.80�0:18 4.03�0:33 340/378
117�12 0.62�0:03 4.32�0:25 4.88�0:37 356/385

Systematic Error 0.02 0.10 0.16

Table 3: Multiplicity dependence of the pion source parameters with the 2-dimensional
parameterization of the correlation function for �+ pairs. Typical systematic errors are
listed at the bottom.

center of the pseudo-rapidity coverage of the silicon pad detector. The systematic error
of the absolute normalization of the charged multiplicity is estimated to be about 20 %.

Systematic errors of the source parameters are estimated by changing analysis con-
ditions and re�tting the correlation function: (i) the neighboring-slat cut of H1 is extended
to H2 and H3, (ii) the momentum resolution in Monte Carlo data is increased by 20 % from

the assumed value and (iii) the slope parameter of pion transverse mass (mT=
q
m2

� + p
2
T )

spectrum of the Monte Carlo data is changed by 30 %. Typical values of overall systematic
errors are listed at the bottom in Tables 3 and 4. Further details of the systematic error
analysis can be found elsewhere [14].

4 Results

Several sub-samples of data are created to look at the multiplicity dependence of
the pion source parameters. We use 2, 3 and 4 multiplicity bins for the S+S, S+Ag and
S+Pb data respectively.

First, the multiplicity dependence study is performed with the 2-dimensional corre-
lation function. Fig.4 shows the correlation function Ccorr projected on the Qt and the Ql

axes for the 4 multiplicity bins of the S+Pb data. The pion source parameters obtained
for all collision system are summarized in Table 3. The errors of the interferometric source
parameters are statistical only. The errors of the mean multiplicities mainly comes from
the widths of multiplicity cuts, and statistical 
uctuation of number of charged particles
in the T0 detector acceptance gives minor contribution to the errors. The extracted source
parameters Rt, Rl and � are shown as a function of the charged particle multiplicity in
Fig.5.

The transverse pion source parameter, Rt, shows a clear increase with charged parti-
cle multiplicity, dNch=d�, and has almost the same value at the same particle multiplicity
for di�erent targets. This means that the particle multiplicity mainly determines the pion
source parameters at freeze-out and the details of initial conditions do not strongly a�ect
the pion source around mid-rapidity. The longitudinal pion source parameter, Rl, also
increases with the charged particle multiplicity.

The � parameter has values around 0.57 and the variation of the values of the �
parameter is about 0.1 over the charged particle multiplicity range from 30 to 120. In
pion two-particle interferometry measurements, values of the � parameter considerably

5



System < dNch=d� > � Rto Rts Rl �
2
=NDF

S+S 20�10 0.55�0.02 3.02�0.13 2.95�0.17 4.01�0.28 5668/5796
44�11 0.58�0.02 3.82�0.16 3.78�0.26 3.59�0.35 5124/5744

S+Pb 24�10 0.57�0.03 3.39�0.15 2.90�0.19 3.55�0.30 5280/5925
67�13 0.56�0.03 3.90�0.16 3.14�0.19 4.52�0.33 5524/5976
96�9 0.60�0.03 3.94�0.15 3.97�0.26 3.82�0.31 5534/5972
117�12 0.61�0.03 4.69�0.23 3.68�0.32 4.87�0.35 4917/5842

Systematic Error 0.03 0.3 0.3 0.2

Table 4: Multiplicity dependence of the pion source parameters with the 3-dimensional
parameterization of the correlation function for �+ pairs in the S+S and S+Pb collisions.
Typical systematic errors are listed at the bottom.

smaller than 1 have been reported, and e�ects of the decay of long-lived resonances [22]
and the shape of experimental acceptances [16] were proposed as explanations. Further,
double interactions in the target slightly decreases the values of the � parameter in this
experiment. This e�ect of double interactions is estimated with a Monte Carlo calculation
to be less than 10 % and is corrected for.

A 3-dimensional analysis of the Bose-Einstein correlation is also performed for the
S+S and S+Pb systems. Fig.6 shows the correlation function Ccorr for the S+Pb data.
Fig.7 shows the multiplicity dependence of the source parameters, Rts and Rto, from the
3-dimensional analysis. The results are summarized in Table 4.

5 Discussion and Conclusion

The particle multiplicity, dN=dy, around mid-rapidity is roughly proportional to the
available energy for particle production. For a linearly expanding system, the total volume
is proportional to the cube of the expansion time, and the volume at freeze-out will be
proportional to the cube of the time at freeze-out � 3f . If the freeze-out occurs at a constant
density, the time at freeze-out should be proportional to the cubic root of particle density,
�f / (dN=dy)1=3 [23].

Interferometric source radii parameters depend not only on the geometrical size of
the source region at freeze-out, they are also related to the position-momentum corre-
lations at freeze-out. We have earlier studied the dependence of the radii parameters on
transverse mass for S+Pb interactions and shown that they are all proportional to 1=

p
mT

in the longitudinal center of mass system [15]. The results from NA35 [6] are consistent
with our measurements. This is expected for a linearly expanding large hydrodynamical
system with a constant freeze-out temperature Tf where all radii parameters are pro-

portional to �f

q
Tf=mT [24]. By studying the multiplicity dependence we can test the

proportionality to �f , and under certain assumptions estimate its value.
The multiplicity dependence of the transverse, Rt, and longitudinal, Rl, pion source

parameters are �tted with the function:

Rt;l = C

 
dNch

d�

!�
(5)

where C is a normalization constant. The result of the �tting is shown with the curves
in Fig.5 and the parameters are listed in Table 5. The multiplicity dependence of the
3-dimensional pion source parameters, Rto and Rts, are also �tted with Eq.(5), and the
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C � �
2
=NDF

Rt 1.77�0.76 0.17�0.10 5.5/7
Rl 2.76�1.56 0.11�0.14 12.3/7
Rto 1.91�0.59 0.17�0.07 5.4/4
Rts 1.92�0.73 0.14�0.09 7.3/4

Table 5: Parameters obtained from the �tting of the multiplicity dependence with a func-
tion C(dNch=d�)

�.

result is shown in Fig.7 and listed in Table 5. All values of the � parameter from the �tting
are smaller than the value 1/3 expected from a simple model of freeze-out at a constant
density. One explanation of the small values of � is the assumption of the proportionality

of the pion source parameters to �f

q
Tf=mT is too simple. A multiplicity dependence

of the strength of the position-momentum correlation may explain the small values of
�. If the strength of the position-momentum correlation increases by about 25 % from
dNch=d�=30 to 120, the values of � become consistent with 1/3.

Using the approximate formula Rt;l � �f

q
Tf=mT [24, 25, 26] and an assumption of

the value of the freeze-out temperature Tf=140 MeV [27], �f is estimated to be 5:0� 0:6
fm/c at dNch=d�=100, which is consistent with Ref.[6]. Wiedemann et al. [28] made a
numerical calculation based on a hydrodynamical model and pointed out the formula

Rt;l � �f

q
Tf=mT is not a good approximation in the low pT region. The model ambiguity

may contribute to an additional error in the �f estimation.
In conclusion, the multiplicity dependence of the pion source parameters in S+S,

S+Ag and S+Pb collisions is studied by the two-particle interferometry technique. The
transversal (Rt) and longitudinal (Rl) pion source parameters are independent of the ini-
tial nuclei in the interaction and increase with increasing multiplicity. This suggests that
the freeze-out process is governed mainly by the particle multiplicity, which is roughly
proportional to the energy available for particle production, but the size of the target
nuclei. The multiplicity dependence of the pion source parameters is weaker than a mul-
tiplicity dependence expected from a simple model of the freeze-out at a constant density

and an assumption of a proportionality of pion source parameters to �f
q
Tf=mT . The pion

freeze-out time is estimated to be roughly 5:0� 0:6 fm/c at dNch=d�=100.
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Figure Captions
Fig. 1. A schematic view of the NA44 experimental setup.
Fig. 2. Contour plot of the spectrometer acceptances in the rapidity y and the transverse

momentum pT space. The acceptances for the \horizontal" and the \vertical" set-
tings are shown. The nominal momentum setting is 4 GeV/c and the spectrometer
angle is 44 mrad. The center of mass rapidity of the nucleon-nucleon system is about
3.

Fig. 3. Contour plot of the mass-squared and the C1 ADC. To purify the pion-pair
sample, the events within the cut (box in the �gure) are selected.

Fig. 4. Projections of the 2-dimensional correlation function Ccorr onto the Qt (top) and
Ql (bottom) axes are created for the 4 charged particle multiplicity intervals of the
S+Pb collisions. The average charged particle multiplicity increases from (a) to (d).

Fig. 5. The extracted pion source parameters Rt, Rl and � as a function of the charged
particle multiplicity dNch=d� for the S+A! 2�++X reaction at 200 GeV per nu-
cleon. The curves in the �gure are results of the �tting of data points with a function
proportional to (dNch=d�)

�.
Fig. 6. Projections of the 3-dimensional correlation function Ccorr onto the Qto (top), Qts

(middle) and Ql (bottom) axes are created for the 4 charged particle multiplicity
intervals of the S+Pb collisions. The average charged particle multiplicity increases
from (a) to (d).

Fig. 7. The extracted pion source parameters Rto and Rts as a function of the charged
particle multiplicity dNch=d� for the S+A!2�++X reaction at 200 GeV per nucleon.
The curves in the �gure are results of the �tting of data points with a function
proportional to (dNch=d�)

�.
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Figure 1: A schematic view of the NA44 experimental setup.
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Figure 2: Contour plot of the spectrometer acceptances in the rapidity y and the transverse
momentum pT space. The acceptances for the \horizontal" and the \vertical" settings are
shown. The nominal momentum setting is 4 GeV/c and the spectrometer angle is 44
mrad. The center of mass rapidity of the nucleon-nucleon system is about 3.

10



0

200

400

600

800

1000

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

Mass Squared [(GeV/c2)2]

C
1 

A
D

C
 [c

ha
nn

el
]

π+ K+ p

K+ or p

π+

2π+

Figure 3: Contour plot of the mass-squared and the C1 ADC. To purify the pion-pair
sample, the events within the cut (box in the �gure) are selected.
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Figure 4: Projections of the 2-dimensional correlation function Ccorr onto the Qt (top)
and Ql (bottom) axes are created for the 4 charged particle multiplicity intervals of the
S+Pb collisions. The average charged particle multiplicity increases from (a) to (d).
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Figure 5: The extracted pion source parameters Rt, Rl and � as a function of the charged
particle multiplicity dNch=d� for the S+A! 2�++X reaction at 200 GeV per nucleon. The
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Figure 6: Projections of the 3-dimensional correlation function Ccorr onto the Qto (top),
Qts (middle) and Ql (bottom) axes are created for the 4 charged particle multiplicity
intervals of the S+Pb collisions. The average charged particle multiplicity increases from
(a) to (d).
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