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Abstract. A detailed analysis of pair correlations of positive the Fourier transform of the distribution of emitters; the most
pions in the target fragmentation region is presented. Dat@ommonly chosen analytic expressions focohtain a sulit-

on nuclear collisions at 200 GeV per nucleon were measuredble correlation lengtiR.

with the Plastic Ball in the WA80 experiment at the CERN The parameteh, a correlation strength, was introduced
SPS. The correlation functions are compared with analyticafor technical reasons [4]; it is expected to be = 1 for a com-
functions and with simulations incorporating Bose-Einsteinpletely chaotic source. Theoretically a valueXok 1 can be
symmetrization, final-state interactions and detector resoluascribed to a certain amount of coherent production of pions
tion. Source radii are shown to increase with increasing tar{5], but in the experiment many different effects, like e.qg.
get size and with centrality. For central collisions the radii misidentification of particles or limited detector resolution,
are larger than the geometrical sizes of the involved nucleimay reduce the measured value)of6, 7].

Experiments with ultrarelativistic nuclei have revealed
the importance of rescattering of produced particles in the
target spectator matter [8, 9]. Hints for pion absorption in the

1 Introduction target nucleus are observed [10]. It is therefore of interest
to study the target fragmentation region also by interfero-

Pion interferometry has become a widespread tool in higHn€tric methods. First WA80 r_esults?frqm pion interferom-
energy nuclear and particle physics. It allows a study of thefty analysis in the target region fotO-induced reactions

space-time properties of the particle emitting source via thd'@Ve been published previously [11]. In the present paper the
enhancement in the production of identical pions with sim-analysis will be extended to other projectiles — reactions of

16 326 \vi : i
ilar momentum [1]. The underlying effects are also known 2004 GeV p,”0 and™*S with various targets will be stud-

as Bose-Einstein Correlations, the Hanbury-Brown - Twissied' In addition, a pair efficiency correction is introduced,

effect (HBT) [2] or the Goldhaber - Goldhaber - Lee - Pais which allows us to measure pairs of smaller relative mo-
effect (GGLP) [3]. mentum than compared to [11]. This is necessary because

A simple theoretical picture of multi-particle production Of cross-talk via scattering of the decay-positrons into neigh-
yields the following prediction for the two-particle correla- Pring modules. The correction has been determined from
tion function [1]: the data. First results of fits using this efficiency correction

have been presented earlier [12, 13].

o= <n >2 dSN/dp3dp3
2T <n(n-1)> &BN/dp3- d3N/dp3 - e
- ata analysis
=1+ X[} — ph)I%, L)

wheren is the pion multiplicity andi®N/dp? and d®N/dp? Data presented here have been taken in the WA80 experi-
i 6 32G _j i
Xdpg are the one-pion and two-pion inclusive yielgsis™ ment [15] at the CERN SI_DS.O- and : _S-lnduced reactions
were selected for centrality by requiring less than 30 % of
* Corresponding author, e-mail: peitzmann@ikp.uni-muenster.de the total beam energy to be measured in the Zero-Degree
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Table 1. Pion identification and acceptance of the Plastic Ball detector [14]

detector technique  phoswich (Gafplastic)

no. of modules 655

identification AE — E & decay " — p'v, — efvevuvy)
resolutionoq ~ 10 MeV

rapidity y;qp -1-1

transv. mompp 40 MeV/c — 200 MeV/c

misidentification ~ 5%

o
w

scattering probability

o
[N

Calorimeter [16]. For*0 + Au collisions also samples of
other centralities have been analyzed. An additional bias is
introduced for all data sets by requiring at least one positive
pion pair to be detected in the Plastic Ball. This cut also
favours central reactions. 0

Positive pions have been measured using the Plastic Ball
detector [14]. A technical summary on the particle identifi- 0. ] i 095 1
cation is given in Table 1. The detector can identify protons cos(h)
and heavier fragments by the simultaneous measurement 9}‘ - . . . _—

. . .. . g. 1. Inefficiency arising from the scattering of a positron into a neigh

_the e_”ef_gy loss in _a thin CngcmtlI!ator and the remain- boring module as a function of the opening angle of the pair of detector
ing kinetic energy in a plastic scintillator. Due to the large modules (see text). The shaded area shows the systematic uncertainty. The
number of protons and the background at low energies thiskinks” in the line are due to the granular structure of the detector
procedure is not sufficient for pion identification. Therefore
the delayed signals from the sequential decay

0.1

e L L L

It was already realized in previous analyses [11] that the
positron signal used for the pion identification may lead to
of stopped positive pions was used in addition. Negativeproblems. The timing of this signal is defined by the muon
pions stopped in the detector are captured by nuclei and ddecay, which has a lifetime of = 2.2us. Not all decay-
not produce a decay signal. Details of the analysis procedurpositrons are stopped in one detector module. Some may
can be found in [11]. scatter out into a neighboring module causing coincident

Uncorrelated pair distributions were created using the sotime signals in two modules. If the energy signals in the
called event-mixing technique. Only events with the samesecond module accidentally satisfy the cuts used for pion
pion multiplicity in the Plastic Ball were combined to form identification, which can arise e.g. from a negative pion,
mixed pairs. It is known that single boson spectra containthis cross-talk would simulate a positive pion. However,
effects of the Bose-Einstein statistics — these are directly refor all these fake pions there exists a module close by, i.e.
lated to Bose-Einstein correlations. The effects can be inthe original module detecting the positive pion, which shows
terpreted as an enhancement of low momentum particles coincident time signal. By requiring that no pairs are used
compared to spectra with no influence from Bose-Einsteirwhere the two timing signals are closer than 60 ns all fake
statistics, i.e. alistortion Such distortions of single particle pairs could be eliminated.
spectra (and others like e.g. those arising from the detec- However, if such a scattering masks a true pair of posi-
tor acceptance) may naturally lead to distortions in experi-tive pions, this will also be rejected. This procedure therefore
mentally extracted correlation functions, e.g. a slow rise atintroduces a pair inefficiency, which depends on the relative
large values of@ [7, 17]. This is related to the fact that distance of the detector modules and implicitly on the mea-
the mixed event background contains residual effects of thaured relative momentum. Such an inefficiency would lower
Bose-Einstein correlation via the single particle distributions.the correlation function at small relative momenta.

While it was recommended in [17] to use unsymmetrized  |n [11] it was stated that the cross-talk effects are neg-
pair distributions instead of the product of singles rates, theigible for pair opening angle) > 25°. Therefore, in the
extraction of such distributions from experimental data isanalysis only pairs with larger opening angles were used.
not straightforward. As was emphasized in [7] the singleswhile this solves the efficiency problem, it reduces signifi-
distributions should be the same for positive and negativecantly the statistics in the interesting region of small relative
pions, so the same arguments apply to both the event-mixinghomentum.
technique and the use of unlike-charged pion pairs for the |n the present paper a different approach was used. The
background distribution. However the calculations in [17] probability of a positron faking a time signal was extracted
were performed for conditions similar to'e -collisions,  from the data — it can be taken as the number of coincident
while the estimates obtained in [7] show that the diStortiontime signals for a given opening angle normalized to the
effects may not be very severe for the source sizes expectegbtector phase space. Figure 1 shows the extracted scattering
in heavy ion reactions. We will therefore not perform any probability as a function of the opening angle. From this the
correction for these effects. This seems to be a good appair efficiency, i.e. the ratio of correctly identified positive

prOXimation, because there are no residual effects visible irbion pairs to the true pairS, was calculated. It is observed
the correlation functions investigated here — e.g. the corre-

lation functions are perfectly flat outside the region of the 1 The term cross-talk will be used in the following for this positron
enhancement. scattering effect in the detector

+ + + =
T — [ Vy — € Velply
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o 2 g 3. The detector resolution is not taken into account.
19 g While the strong interaction may be negligible for heavy
1.8 - » efficiency corrected ion collisions, it is known that the Coulomb effects deviate
F _ from the Gamow approximation for larger source sizes. Also
Lrr > opening angle cut the detector resolution of the Plastic Ball may significantly
16 [ influence the correlation functions.
F In addition to these standard fits the pion correlations
150 —4— have therefore been analyzed by comparing to results of
14 £ a Monte-Carlo program [18]. This program uses a given
g phase space distribution of pions to sample the two particle
13+ —— wave functions with symmetrization, Coulomb interaction
12 F and s-wave strong interaction phase shifts. Detector accep-
F tance and resolution have been incorporated. The phasespace
11 s ‘Wﬂ@@; distributions were created randomly according to measured
= o —@o—go—| : : ot
1 b Ll Ll A pion spectra and various parameterizations for the source
0 20 40 60 80Q (Mev)lOO distribution.

Both these approaches rely on the assumption of a static
Fig. 2. Correlation functions for reactions of 200 GeV %0 + Au ob- source. We have not studied a dynamical source because of

tained with the opening angle cut as in [11] (open symbols) and the efﬁ'principle and pragmatic reasons:
ciency correction used in the present paper (filled symbols). It can be seen

that the two functions are compatible in the region of overlap. However — The investigation of the dynamics of the source relies
only the efficiency COI’I’ECt?d correlation functiqns allow to measqre down on model assumptions about the correlations between
ch: sTaII ;aflueslof_the relative momentugh The filled symbols are slightly space-time and momentum space.

splaced for clarity — Current event generators, which claim to describe also
the target region at least qualitatively, require very much
computing time to deliver results for a reasonable com-

that the efficiency is only a function of this one variable and .
parison.

does not depend on global observables like e.g. the particle
multiplicity. It is a detector property, which doesn’t seem to The static source assumption yielefectiveradii. These re-
be influenced by the hit density. Variations in the extractedquire some caution when being interpreted, but this is true
values for different data samples are found, but no systematifor all other approaches, too. It should however be kept in
effect for the dependence on multiplicity, target, projectile mind, that in the static picture most (if not all) dynamical
or the angle) was seen. These variations are included in themodels would predict effective sources smaller than the ge-
systematic error of the efficiency. ometrical sizes [19, 20, 21].

The consequences of the different analysis procedure can
be seen by comparing correlation functions obtained with the
two different methods. Figure 2 shows an example of such & Results
comparison for the reaction 60 + Au. The two functions
are indistinguishable beyond values(@f= 50 MeV . Forthe 3.1 Standard fits
data with the opening angle cut the statistics is very limited
for smaller values of). Here one can only say that the data One-dimensional correlation functions, which are corrected
points agree within errors. One should however keep in mindor the Coulomb interaction by the so-called Gamow factor,
that the shape of the selected region in relative phase spagge displayed in Figs. 3 and 4. Here data are analyzed as a

is different depending on whether the angular cut is used OF inction ofQ = \/(pébl) . pf‘g))(p(l)u ~ Py). Also shown are

not. . ) o
In the present analysis the extreme values of the inef_Gau§S|an (2) and exponential (3) parameterizations; for_the
ficiency (see Fig. 1) are used to obtain an estimate of thdeactions with the gold target also two-component Gaussians

systematic error due to the efficiency correction. (4) are included.
The Gamowe-corrected correlation functions have been Q2R?
fitted with a maximum likelihood method [11] using Gaus- C§*“(Q) =1 +Xexp (— 5 ) 2

sian, exponential and double-Gaussian parameterizations as
functions of the invariant relative momentum C5P(Q) = 1+ Aexp(—QR) ©)

Q= \/ (Péll) - pétz))(P(l)u — D))
QZRZ)
1

au2 —
and the longitudinal and transverse components of the relC5 Q) = 1+ P\l exp (— 4
ative momentum. This approach is simple, but has the fol- p o 12
lowing disadvantages: A exp (_Q Rz)] ()

. L 4
1. The strong interaction is ignored.

2. The Coulomb interaction is treated in a local, non-  All functions exhibit the typical Bose-Einstein enhance-
relativistic approximation. ment for small values of). One can see immediately that
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Table 2.Extracted correlation parameters for one-dimensional fits as a func-
tion of @. Given are results of Gaussian, exponential and double-Gaussian

@ r [ fits including statistical and systematic errors added in quadrature
N2 = L
o “r a)*o+cC g b) %0 + Cu proj. e
18 [ ° r targ. C Cu Ag Au
b F Gaussian fits
16 U g RGaUsS(fm)  503+0.33 4.4%0.19 4.80:0.24 4.74:0.25
Y [ \Gauss 0.79+0.15 0.38:0.04 0.33:0.04 0.32:0.04
14 F + JH X%[,7 Jv 67/35 89/36 87/37 470/37
SR Eo exponential fits
12 - %\h*# e #f\ RE*P (fm) 7.26+0.52 6.3%0.32 6.43:0.39 6.210.40
F aﬁ*ﬂ + F "ﬁw\t&’ AEXP 1.90+0.45 0.86:0.12 0.75:0.12 0.68:0.09
g N =R f[\’?ﬁ*j‘*rﬁ#ﬁ#; Ll e X%['7/V 43/35 69/36 57/37 166/37
Q’a ) H double-Gaussian fits
o ¢) %0 + Ag d) X0 + Au R (fm) - - - 2.93+0.15
18 H 2@ - - - 0.35£0.02
E R@ (fm) - - - 12.5+0.9
160 o @ - - - 0.49+0.06
. E+ b X?/“.,/./V - - - » 89/35
1.4 T Fe proj. p S
F.Y o targ. c Au Al Au
12 F & - Gaussian fits
C %*»:' r . RGaUsS(fm)  4.60+0.49 4.03:0.25 4.38:0.22 5.39-0.24
16, ﬁff?ﬁ*’h"mff Ll LT AGauss 0.71+0.21  0.45-0.08 0.44:0.06  0.33-0.04
0O 40 80 120 160 @00 40 80 120 160 200 X5 7V 48/35 83/37 58/36 216/37
Q (MeV) Q (MeV) exponential fits
. . . . R (fm) 7.42+0.76  4.68:0.33 5.63:0.30 7.39:0.42
16
Fig. 3.‘COrreIat|on as a function of) for reactlops of 2004 Ge\_/ O exp 212£0.91 087015 0.86-011 0.78-0.11
on various targets (C, Cu, Ag, Au). The experimental data (circles) are
- - . . 7V 42/35 57/37 48/36 77137
efficiency- and Gamow-corrected. As a comparison the best fits of Gaussian %7 L
. - . o ; double-Gaussian fits
(dashed line) and exponential (dotted line) parameterizations are included. RO (i 1.2310.42 4.02-0.16
The solid line shows a double-Gaussian ¥® + Au. The error bars are 1 (fm) . ’ ) . : )
statistical only AD - 0.39+0.08 - 0.42:0.02
R®@ (fm) - 8.34£0.73 - 15.5:1.0
\@ - 0.56+0.08 - 0.44-0.07
X% /v - 39/35 - 51/35

o 2F -
Kr E
L)1.8} ap+C , b)p + Au
16
A e RTRRE R
S Hmmfufmu T P
o £ £
<2 F C
o “r 0)¥s + Al g d) %2 + Au
18 F -
16 —+
14 4 -
120 " -
r ATy r Y
1:im\m:‘fﬂ‘rﬁ?‘f‘rﬁ?fm\mwmmm it
0 40 80 120 160 @0040 80 120 160 200

Q (MeV)

Fig. 4. Correlation as a function a for reactions of 2004 GeV 32S with

Q (MeV)

the Gaussian does not provide a good fit. The exponential
gives a much better description of the data — this is confirmed
by the log-likelihood value$.For p, %0 and3?S + Au the
double-Gaussian is still better.

The extracted radius values for the Gaussians are in the
range of 4-5 fm; the radius parameters for the exponen-
tials are generally larger. Also the correlation strenytls
slightly higher for the exponentials. The parameter values
are listed in Table 2.

In [11] a clear, but counterintuitive observation was
made: the source radii seemed to decrease with increasing
target size. A simultaneous decrease\imas seen, too. It
was already suspected in [11], that this effect was due to
a subtle interplay between the measurement of correlations
at the limit of the resolution of the detector and the spe-
cial choice of a fitting function. The simultaneous decrease
of both fit parameters may be explained by the following
scenarios:

The pion emitting source for different systems may
change in such a way that a larger fraction of it is effec-
tively hidden at smallQ). (This is e.g. the case for pions
decaying from long-lived resonances.) In [11] it was shown

Al and Au and 200 GeV protons with C and Au. The experimental datathat a two-component source could simulate the observed
(circles) are efficiency- and Gamow-corrected. As a comparison the best fitaffact, if the smaller source stayed the same while the larger

of Gaussian (dashed line) and exponential (dotted line) parameterization
are included. The solid lines show double-Gaussians for p®38d+ Au.

The error bars are statistical only

Bne increased for larger targets.

2 The log-likelihood was normalized in such a way, that their numerical
values should correspond closely to those expected fgt function
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Table 3. Extracted correlation parameters for two-dimensional fits as a

function of Q1 and Q. Given are results of Gaussian, exponential and Q’(,\‘]--B a2 ao+c a3 b) **0 + cu
double-Gaussian fits including statistical and systematic errors added in ©O1.7 & e
quadrature 16 E
proj. 160 15 3
targ. C Cu Ag Au Latin e "
Gaussian fits 13 + 7+
RGASS(fm)  4.62£0.46  4.20:022 4.010.27  4.34:0.18 125 H N
R>3UsS(fm)  4.12+0.71 4.26t0.36 4.64:0.36  4.13:0.22 11 E *ﬂ# Eo+ \;&
AGauss 0.74+0.09 0.32:0.03 0.31#0.03 0.36:0.03 1E #ﬁﬂ“ e E Vetee, |
2 E ++ E S
X7 /v 1234/1036  1390/1234  1636/1252  2107/1342 09 E 4 e
exponential fits ~ o b b b e b b
RE® (fm) - 4.90+0.37 4.570.43 5.08:0.27 o18 &l 0)o+Ag | d) %0 + Au
R%P" (fm) - 425-0.44 448044 3.66:0.25 OL7h 2
A\EXPo - 0.8740.09 0.72£0.09 0.66:0.18 1.6 ¢ e
X% /v - 1374/1234  1608/1252  1890/1342 1.5 & :
double-Gaussian fits 1.4 5 %#
RS (fm) - - - 2.90+0.17 1.3 ﬂ B
R%) (fm) - - - 2.34£0.22 1.2 F E
>\(2 - - - 0.35+0.02 116 ;;*n E ﬁk&
R! ; (fm) - - - 11.741.3 1E sl et seno]
f(ﬁ)(fm) ) ) ) (1)14%%)86 09 E il B
2 v ) ) ) 1'742/1'339 0 40 80 120 160 @00 40 80 120 160 200
vid ) ag Q (MeV) Q (MeV)
targ. C Au Al Au Fig. 5. Correlation as a function of) for reactions of 204 GeV 160
Gaussian fits on various targets (C, Cu, Ag, Au). The experimental data (circles) are
ROaUsS(fm) - 3.814+0.37 3.84:0.22 4.96:0.21 corrected for pair efficiency, but not for Coulomb effects. As a comparison
RGaUss(fm) - 3.674+0.41 3.78-028 4.7H0.23 the best fits from the Monte Carlo calculations using a Gaussian (dashed
,\C{“auss - 0.45+0.04 0.3%0.03 0.32-0.03 line) and a Lorentzian (dotted line) source are included. The error bars are
X% /v - 1169/1100  1428/1194  1733/1329 statistical only
exponential fits
R?p" (fm) - 3.94+0.47 4.510.38 5.86:0.31
RTPO (fm) - 2.86£0.42 3.5740.35 4.45:0.32 3.2 Simulation fits
A\Expo - 0.88+0.09 0.85:0.08 0.75:0.09
X2/7/V - 1154/1100 1415/1194  1665/1329
® double-Gaussian fits We have seen that, in addition to the caveats already listed
fy (fm) - 144037 - 3.9:0.15 in Sect. 2, the fits do not provide a description of the data,
f({) (m - g'gig'gi ] g'iig'ég which can be easily interpreted. Especially the variation of
o) ’ ' o the strength parameter leaves room for speculation and
(tm) - 7:24£0.76 - 15.21.1 doubt on the validity of the radius parameters
R (fm) - 7424094 - 15.2:1.3 casts doubt on y 1Ius p S
A& - 0.54-0.06 - 0.48-0.07 If the observed behavior of the fit parameters is in fact
X% - 1128/1097 - 1600/1326 related to a very large source component, this would make

the estimate of actual source radii unreliable and would call
for a more thorough treatment, especially of the Coulomb
interaction and the detector resolution. We have therefore
followed another approach, where the pion pairs are simu-

In the present analysis the behavior of the radius paraml.ated according to realistic, observed distributions. The gran-
eters has changed. Especially for the larger targets the radiigarity of the Plastic Ball detector, which is to a large extent
values have increased compared to [11], so that the targéesponsible for the limited resolution, was incorporated as
dependence is not very striking. This is obviously causedVell as the energy resolution. The background of other par-
by the better sensitivity of the present analysis at low rela-icles among the pion sample=(5%) and the two-particle
tive momentum. Still the correlation strength decreases foinefficiency due to the cross-talk discussed above were taken
increasing target mass, which indicates that one still misse#1t0 account.
part of the correlation function. In addition, for those cases, The wave function of the pion pairs was calculated with
where statistics allows it, the double-Gaussian yields the best code, which uses the full Coulomb and strong interac-
fit. tion [18]. It should therefore account for deviations of the

Coulomb correction due to source size effects.

The results of the two-dimensional fit§){, Q) are The evaluation of the correlation function with this
summarized in Table 3. In all cases the transverse and lonMonte Carlo simulation requires much greater computing
gitudinal radii extracted are very similar and slightly smaller time than using a simple analytical formula. It is therefore
than those extracted from the one-dimensional fits. Again theexcluded to perform a general fit with standard fitting al-
exponentials work better than the single-Gaussians, and thgorithms, especially for more than one free parameter. We
double-Gaussians provide the best fits. have chosen to analyze the data only as a functiof.oA
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Table 4. Extracted parameters from Monte-Carlo simulations for one-

3 ap+C 3 b) p + Au dimensional correlations as a function @f Given are results assuming
E E Gaussian and Lorentzian source shapes. The errors quoted include both
E E statistical and systematic errors added in quadrature
. ; pl’Oj. 160
14+ S o targ. c Cu Ag Au
13 F * Tt Gaussian sources
12 ¢ ] + + *”\* RGauss(fm)  579+0.28 6.94:0.25 8.54:0.52 8.09:0.23
110 +++ ﬂ } { AT RRMS (fm)  7.09+0.34 851030 10.4:0.6  9.91:0.28
1E JT ,,,,, Py Sas X2/ v 97/37 108/38 101/39 486/39
09 + Lorentzian sources
~ Bl b b b e bevnn leren lennn by RLOeNZ (fm)  2.26+0.14 2.630.10 3.1#0.19 2.83-0.08
QL8 F 0)%s +Al 3 d)*%s + Au RRMS (fm) 0474059 10.9:0.4  13.0:0.8  11.8:0.3
OLl7 ¢ 3 x2/v 108/37 82/38 79/39 172/39
16 - e proj. p s
15 i+ = targ. c Au Al Au
1.4 =~ = Gaussian sources
13E ;«# RGaUSS(fm) 4.35+0.41 4.30:0.13 6.180.16 9.320.31
12 E % Fe RRMS (fm) 5.33+0.50 5.270.15 7.5240.20 11.430.39
11 E BN ? 4» Xz/u 43/37 194/39 85/38 212/39
TE Yot v H S Lorentzian sources
1= REAAE At ot o) TTReswsTeewaes) RLorentz (fm)  1.58+0.14 1.44:0.04 2.25:0.08 3.35:0.08
0.9 & e B e e e L RRMS (fm) 6.60:0.59 6.02:0.17 9.410.34 14.08-0.34
0 40 80 120 160 @0040 80 120 160 200 X2/ v 42/37 102/39 50/38 143/39
Q (MeV) Q (MeV)

Fig. 6. Correlation as a function a for reactions of 2004 GeV 32S with
Al and Au and 200 GeV protons with C and Au. The experimental data
(circles) are corrected for pair efficiency, but not for Coulomb effects. As a

comparison the best fits from the Monte Carlo calculations using a Gaussian  Both from the figures and the table one can see that in
(dashed Iine) a_nd a Lorentzian (dotted line) source are included. The errop, st cases the Lorentzian source results in a better descrip-
bars are statistical only tion of the data. This is not surprising in view of the results
of the standard fits, because a Lorentzian source corresponds
éo an exponential shape for the standard fit. The Lorentzian
always vyields slightly larger RMS-radii because of its long
tail towards large distances.

2) The x?-values for these simulations are comparable to

set of correlation functions for a range of source sizes wa
calculated, where symmetrical Gaussian:

those obtained for the fits. The extracted radius values are
however significantly larger in most cases. This is related to
and Lorentzian source shapes: the fact that our simulations have been performed assuming
a correlation strength = 1. The extracted radii are closer in

1 cases where tha-value of the standard fit is close to one.
1+(ri/R)? For those systems, where a very small value & reported
from the standard fits, the radius from the simulation is much
larger. The large source in the simulation accounts partly for
a component of the source, which would not be identifiable

RMS-values of the radii for comparison. While the value through the fit and would only reduce the apparent strength,

of the RMS depends on the actual cutoff used, this is not s@S observed. ) )
important for our purpose — the truncated Lorentzian should ~ The results of the simulation can be regarded as com-
just be taken as one examp|e of a distribution with a |0ngpat|b|e W|th those Of the fItS, hOWGV_er, bOth from the more
tail. The time and the three space components were taken morough treatment of the Coulomb interaction and detector
be equivalent in the source distribution. The strength of the'@solution and the consistency of the results we have more
correlation was set to one. This leaves us with only one fre€onfidence in the simulation.
parameter (a radius) for each calculation. The target dependence follows an expected trend: The
The simulated correlation functions were compared toradii increase with increasing target size. For the largest tar-
the experimental functions and-values were obtained. The gets the RMS-radii reach values larger than 10 fm.
optimum parameter was estimated using a quadratic inter-
polation of thex? around the minimum. For the system 2001 GeV %0 + Au the centrality de-
The radius parameters (as well as the RMS-radii) argpendence of the correlations was studied in addition. The
given in Table 4. A comparison of these simulated correla-centrality was estimated from the forward going energy,
tion functions with the experimental data is shown in Figs. 5which was then used to calculate the number of participants.
and 6. In contrast to the previous figures the experimentaFive different centrality classes were used. The results are
functions are not Gamow-corrected in these plots, since theummarized in Table 5. It can be seen that the radii increase
calculations include the Coulomb interaction. with increasing centrality.

£ o exp (— s

J(r) o

were employed; = z,y, z,t). For technical reasons the
Lorentzian source distributions were truncated;at +10R.
This gives integrable distributions and allows to obtain
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Table 5. Extracted parameters for one-dimensional correlations as a functigh fof

160 + Au reactions of different centrality characterized by the average number of par-
ticipants < Npqr¢ >, Which was estimated from the forward going energy. Given are
results of simulations assuming Gaussian and Lorentzian source shapes. The errors quoted
include both statistical and systematic errors added in quadrature

< Npart >  16.3 25.9 323 39.1 56.6
Gaussian sources

ROaUSS(fm)  2.2240.07 3.48:0.18 4.51#0.21 4.49:-0.13 8.09:0.23

RRMS (fm) 2.72£0.08 4.270.22 552025 5.50:0.16 9.910.28

X2/ v 90/39 120/39 182/39 287/39 486/39
Lorentzian sources

RLO'®"Z (fm)  0.7740.03  1.14:0.06 1.45:0.07 1.45-0.08 2.83:0.08

RRMS (fm) 3.21+0.11 4.72023 6.0&0.30 6.06:0.17 11.8:0.3

X2/v 41/39 69/39 122/39 156/39 172/39

Table 6.Extracted parameters for one-dimensional correlations as a function ~

of @ for different assumptions on the correlation streng{lsee text). Given =
are results of simulations assuming Gaussian and Lorentzian source shapes,)”l_4
The errors quoted include both statistical and systematic errors added in
quadrature

A 0.25 0.5 0.75 1
Gaussian sources

ROUSS(fm)  4.2740.08 5.7#0.13 7.02£0.23  8.09-0.23

RRMS (fm) 5.23+0.10 7.0%0.16 8.66:0.28 9.94-0.28

X2/ v 204/39 219/39 358/39 486/39
Lorentzian sources

RMO'®nZ (fm)  1.53+0.03 2.08:0.05 2.49-0.07 2.83:0.08

RRMS (fm) 6.39+0.13 8.68-0.21 10.4-0.3  11.8:0.3

X2/ v 245/39 121/39 126/39 172/39 11 L7

13 -

12

3.3 The correlation strength

The assumption that the correlation strengths 1 seems bl L b b L
to be well justified because, especially in the target region, 0 20 40 € 80 100 12% (Méf/())

pion pairs should dominantly come from two different bi-

nary collisions. For coherence to occur one would thereforeFig. 7. Correlation function for 2004 GeV 60 + Au with simulations as-
need to invoke exotic phenomena like e.g.a condensate. |pHming different vaIL_Jes of the correlation st_rength. The solid line shows
addition, detection efficiencies have been included in this® = 1 the dashed ling = 0.75, the dotted line\ = 0.5 and the dash-
analysis. dotted lineX = 0.25

There is however at least one other mechanism, which

should reduce the apparent strength: the contribution from . . .
the decay of long-lived resonances. These simulate a verymulations for a Lorentzian are compared to the data, none
large source, which is related to the resonance lifetime an f these correlation functions describes the data perfectly.

is not resolvable in this analysis. A source much larger hile the s!mulati_on with a small dqes not it in the region
than 20 fm is indistinguishable from a reduced correlation®’ SMall @, it provides a good description @ ~ 100 MeV.
strength. The cal_culatlon fonn=1 works better_ for smaf[)_, but has a

As the effort to fit simultaneously both radius and strengthsmaII discrepancy at more mtermed.ni;_ewmch is however .
is very demanding, we have used only one system (200 Important because of the small statistical error of the data in

GeV %0 + Au) to estimate the influence of the strength this region.
parameter. We have obtained optimal radius values for The question, whether a smaller value Jofshould be
A=0.25, 0.5, 0.75, 1. The values are given in Table 6. used, cannot be decided in this analysis. We must note how-

There is a clear correlation betwearand R, a relation ~ €ver that the effect of a smallerparameter might lead to
that is also known for fits of analytical functions [6]. The &~ 20% reduction in the radii. We would expect this effect
best fits are obtained with the Lorentzian source for valued0 be smaller for the other systems, as Mparameter from
of A of 0.5 or 0.75. The RMS-radius is sti# 10 fm. the fits is smallest for 208 GeV *°0 + Au.

While these calculations provide the bgstfor this sys- The comparatively largg?-values of even the best fits
tem, it is highly probable that another shape of the sourceshown here indicate that the optimal description of the data
distribution may yield a similar description assumikg 1, has not been found. This will not be attempted, as the free-
as in fact a source shape with a very large component wouldom to choose a specific distribution is very large and the
be experimentally equivalent to the assumption of a smalleeffects of small changes in the shape on the effective radii
value of \. As one can see from Fig. 7, where the different should not be very important.
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Fig. 8. RMS-radii extracted from simulations using a Lorentzian source Fig- 9. RMS-radii extracted from simulations using a Lorentzian source

shape as a function of the target mass. The lines show fits of a power la§hape as a function of the average number of participants for reactions of
for the three different projectiles 200 A GeV 160 + Au. The line shows a fit of a power law

4 Discussion

The target dependence of the extracted faditlisplayed in ~ For the simulations we have assumed that the source
Fig. 8. While there is a clear increase of the radii with targetis at rest in the laboratory (=target) frame, which seems to
mass forl60- and22S-induced reactions, there is no such be reasonable for measurements in the target fragmentation
dependence for p-induced collisions. In F&ya power law  region. If the source itself, or part of it, is moving in the
R A was fitted to the target dependence. The p-inducedaboratory frame, the interpretation is more complicated. In
reactions yieldr = —0.03+ 0.04. For 2004 GeV 60 + A the appendix a simple estimate of the possible effects of
and32S + A one obtains = 0.084-0.03 andx = 0.20+-0.03, Lorentz transformation is given — it is shown that effective
respectively. radii might be enlarged by as much as a factor 3.6. This
A simultaneous fit td%0- and32S-data yieldsy = 0.14+ would however contradict the indication from the standard
0.02. The target dependence appears to be relatively wealis for a source, which is spherically symmetric in the labo-
compared to e.g. the geometrical target radius. ratory system. The assumption of spherical symmetry in the
Both from the weak target dependefemd the discrep- lab system would correspond to a rather moderate correction.
ancy between the absolute values and the geometrical size 4SO the centrality dependence would not be explained: It is
the target nuclei one can conclude that the target size p|ay§n||ke|y that the transformation effects enter Only for central
only a minor role in determining the pion source size. Thiscollisions.
has to be compared to the WAB0 analysis in [22], where it

was found that the source of protons in the target region '.Sinterferometry for similar reactions [23] indicate that pions

\éig Ctlﬁzegercer::;eigngg ;{r?\?ols\llze?j ?rf tr;gntzrr?det ?gtgre]lfmgg\é;observed at small rapidities are also emitted from a source
ously ) ) P P at smally. One can conclude that Lorentz transformation
in the target region are different.

The centrality dependence for 200GeV 160 + Au is should only have very little influence on the results shown

shown in Fig. 9. One observes a significant increase of thgere.

radii with increasing number of participant a fitresults in A direct comparison of these data to NA35 is difficult,

a powera = 0.994 0.07. This cannot be understood purely pecause the corresponding rapidity regions do not overlap
from the geometry of the interaction region (fireball), be- (they measure fag;,; > 0.5). A look at their most backward
cause one would expeat~ 1/3, but shows a more promi- region reveals that the mean values of their outward and
nent dependence on the “violence” of the collision. Periph-sideward radii obtained from Gaussian fits are similar to
eral °0 + Au collisions seem to have a similar source sizethe transverse radii given by the standard Gaussian fits to
to p + A collisions, while for central heavy ion reactions the our data — both are in the range of 4-5 fm. While this may

In addition, data from the NA35 collaboration on pion

source size is considerably larger. be reassuring, we have to emphasize again, that we believe
3 i i ) . the simulation fits to be more reliable. The Gaussian radii
In the following we will use the Lorentzian source with= 1 unless 32
stated differently extracted there e.g. f6PO + Au and®?S + Au are almost a

4 The target dependence would even be weaker, if the effecis<ofl factor of two higher than those from the standard Gaussian
were included fits.
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5 Conclusions Council and the Alexander von Humboldt Foundation. We gratefully ac-
knowledge the contributions of S. Pratt to this analysis, who provided the
omputer code for the calculation of the correlation function. We also like

Correlations of positive pions were measured in the targe o thank the accelerator divisions of CERN for their excellent work.

rapidity region for central reactions of proto§Q and®?S
with various targets. A new efficiency correction for pion
pairs was extracted and applied to the correlation analysis.A Appendix
Standard fits with analytical functions have been per-
formed on Gamow-corrected correlation functions. The fitsThe Lorentz-transformation properties of the source sizes
and the extracted parameters exhibit the following featuresare determined by the behavior of the measured monfenta.
Pions with rapidityy in a frame withyz have a momentum:
1. In most cases exponentials provide a better fit to the data _ .
than single-Gaussians. p =mr - sinhy — yr).
2. The radius parameters extracted show no significanf small variation of the momentum is then:
dependence on project_ile or target. The values =are dp = mr - coshf — yr) - dy.
4 — 5 fm for the Gaussian fits angt 6 — 7 fm for the ) ) )
exponential fits. So for pions emitted from a source @¢ and observed in

3. The apparent correlation strength decreases with increa& frame atyo the ratio of (longitudinal) source sizes in the
ing target size. different frames should be:

4. A double-Gaussian yields the best fit for the heaviestRo _ dps _ coshf —ys)

target. The second component has radius values of Rs dpo - coshfy — y0)

10—15 fm. . o This formula can be simplified in two limiting cases:
5. A two-dimensional analysis shows no directional depen—1 o
dence of the radii. <Y~ ys:

. . . . o Ro = Rg/coshfy — and
It is obvious that the Plastic Ball detector is at its limit © s/ b —vo)

for such large sources. For reliable estimates of the sourcé- ¥ & yo:

size it is therefore indispensable to incorporate the detector R, = Rg - coshfy — ys).

resolution, which was done with a Monte-Carlo simulation. It can be easily seen that case 1 leads to a contraction, while
This simulation also takes into account more realisticallyin case 2 an e%ongation is observed ’

the effects of final-state interactions. The results of these Let us assume (for comparison to our results) that the

simulations are: source was moving in the laboratory with,, = 2.5. The

1. In most cases the Lorentzian source describes the datapidities of the pions and the observer are both close to 0.
much better than a Gaussian. The extracted radii ardhen the longitudinal component of the radius would appear
larger than the geometrical size of the nuclei involved. Lorentz-elongated in the lab:

2. There is a weak increase of the radii with the target sizepls® = gem . coshyy,,,),
for central heavy ion reactions. The RMS-radii reach
values larger than 10 fm.

3. Radii for %0 + Au reactions show a strong centrality
dependence.

4, Pro_ton—induced r(_aactions _show source sizes similar tq{z}%}z{w - \/[Rim ) COSh@zab)]2+ ZRZT.
peripheral heavy-ion reactions. L ) o

5. Simulations assuming a small correlation strength yield™0r @ source, which is spherically symmetric in the center
smaller radius values, which are however still of the or-Of mass, this leads to:

der of 10 fm. Lab o 1
. . . . . Rens = Rrivs 3 [2+COSH(ylab)]
The simulations shown here still do not provide an optimum
description of the data. It is beyond the scope of this paper to ~ 36- Ryjs-

find the best pOSSibIe source distribution for all the VariOUSThis is about the maximum effect one would expect from
reaction systems, because of the very high computational ef-orentz transformation.

fort. However, the approach used is clearly more appropriate  However we have information from the two-dimensional
than fitting simple analytical functions to Gamow correctedfits, that the source appears to be symmetric in the laboratory

which would correspond to a factor ef 6.
The transverse size would be unaffected, so the average
radius would be:

data. system. This would rather lead to:
The analysis has shown that the pion source in the target

region is much larger than the geometrical size of the nuclei.,iap  _ pem 3

Lorentz-transformation effects are not very likely to explain “" M5 = TRMS\[5 4 cogh2(y, )

these radii. Some of the observed effect may be related to ~ 12. Rom

resonance production of the pions. This would have to be - RMS>

investigated with a more detailed Monte-Carlo. a more moderate modification of the radii, which would not
account for the large measured values.

AcknowledgementsThis work was partially supported by the German 5 We will consider only the component of the momentum parallel to a
BMBF, the United States DOE, the Swedish Natural Science Research.orentz boost
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