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Chapter 5

Results from the Charged-

Particle-Spectrometer

Data

The �nal results from the data-analysis of the Charged-Particle Spectrom-
eter will be presented below. In the �rst part single-particle spectra, like
the negatively-charged-particle multiplicity and the PT spectra, will be pre-
sented. In the second part the results from the intensity interferometry are
discussed.

Both sets of results are presented for a selection of three impact param-
eter classes: central, semi-central and peripheral reactions. Di�erences in
the results for these classes may then indicate interesting changes in the be-
haviour of hadronic matter produced in central reactions. Furthermore, in
order to study the dynamic evolution of the hot reaction zone a selection on
the transverse momenta of the correlated pion pairs has been made. This se-
lection is only done for the central collisions as the limited statistics prevent
from doing such an analysis for the peripheral and semi-central trigger.

The combination of single-particle and correlation spectra provides in-
formation on the freeze-out density, the freeze-out time, the temperature
and ow of the hot reaction zone. The freeze-out density can be determined
from a combination of both the measured transverse-energy and volume.
The freeze-out time can be deduced as we will see in chapter 6 from the
systematic study of the measured longitudinal radius as a function of the
transverse momentum of the correlated pion-pairs. A large di�erence in
the two transverse directions RTout and RTside related to the time-duration
of emission of the pions; see section 2.8, was suggested by Pratt [91] and
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Bertsch [92] as a possible signal of a quark-gluon phase transition.
A comparison of theWA93 results on single-particle spectra and intensity

interferometrywith the results from other experimental groups and proposed
theoretical models will be made in chapter 6.

5.1 Single-Particle Spectra

Before presenting results on the single-particle spectra the phase-space cov-
erage of the charged-particle spectrometer needs to be discussed. Recon-
structed tracks are analysed up to a transverse momentum PT = 3:0 GeV/c
and for a rapidity range 2:2 < Y < 4:4, see �gure 5.1. Full coverage in rapid-
ity, that is the range in rapidity for which the measured transverse momenta
are not restricted by the geometrical acceptance, exists for 3:0 < Y < 3:6.
Such a region is of interest as here one will not arti�cially bias the measured
spectra by a lack of sensitivity. The results on the single-particle spectra
will be presented for this speci�c region.
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Figure 5.1: Acceptance of the

charged-particle spectrometer, ex-

pressed in the plane of transverse

momentum PT versus the rapidity

Y . Tracks were constructed using

3-chamber tracks.
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Figure 5.2: Raw distribution of the

transverse momentum of negatively-

charged particles. Only the statistical

error has been implemented.

The raw distributions of the momentum components PT , Px, Py , Pz and
P are shown in �gures 5.2-5.6, respectively. These spectra have not been
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corrected for acceptance and e�ciency, but show the region of sensitivity
for the charged-particle spectrometer. It can be seen in �gure 5.3 that also
momenta in the positive x direction are measured. This e�ect causes the side
wing at low transverse momenta in the acceptance plot, PT versus rapidity,
see �gure 5.1. These are tracks which have a low enough momentum in the
positive x direction to be bent by the dipole magnet, with a momentum kick
of roughly 0.6 GeV/c, into the geometrical acceptance of the spectrometer.
The momentum distribution in the y direction, �gure 5.4, is symmetric
due to the mirror symmetry in the xz-plane of the tracking system. The
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Figure 5.3: Raw momentum distri-

bution in the x direction. Positive

values of Px lie within the acceptance

as these tracks are bent across the

beam-line.
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Figure 5.4: Raw momentum distri-

bution in the y direction. The sym-

metry in the distribution is related to

the up-down symmetry of the accep-

tance in the y direction of the track-

ing system.

reconstruction of the size of the momenta is limited by the geometrical
acceptance and thus was restricted to the range 1:5 < P < 40 GeV/c. In
�gure 5.5 and 5.6 the lower cut on P = 1:5 GeV/c is observed, and up
to P = 25 GeV/c reconstructed tracks are shown. The raw distributions
for the angular acceptance are presented in �gures 5.7-5.10, for the dip,
horizontal, �, and � angles, respectively. Again the symmetry observed in
the dip angle, �0:08 < dip < 0:08 rad, and the � angle, �180� < � < 180�,
is related to the mirror symmetry in the y direction of the chambers. The
small systematic decrease for the dip angle around dip � 0 rad is related to
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Figure 5.5: Raw momentum distri-

bution in the z direction. Tracks are

reconstructed starting from P = 1:5
GeV/c up to 40 GeV/c.
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Figure 5.6: Raw momentum distri-

bution for the size P of the momen-

tum. Tracks are reconstructed start-

ing from P = 1:5 GeV/c up to 40
GeV/c.

the Tchebyshe� parameterization for this region. Also the alignment of the
spacers at y = 0 may add to this. Note the acceptance in the � angle up to
� � 12 degrees. The GEANT simulations were done up to � = 15 degrees,
thus fully covering the geometrical acceptance of the spectrometer in the �
angle.

5.1.1 Impact-Parameter Determination

Three centrality triggers were derived from the measured transverse energy,
see �gure 5.11, and are examined in detail: central (ETH), semi-central (SC)
and peripheral (ETP). For these respective triggers the impact-parameter
range can be calculated [93]. From the luminosity and target thickness
the number of events above ET = 35 GeV equals 67 � 4 % of the total
S+Au nuclear interaction cross-section �SAu. The total cross-section for
S+Au is �SAu = � � (RS + RAu)2 with the radius R = A1=3 � r0 fm, where
r0 = (1:15� 0:05) fm, so that �SAu = 3359� 215 mbarn. The cross-sections
and impact-parameters for the respective triggers, presented in table 5.1,
are calculated by integrating the number of measured events for each trigger
selection, see �gure 5.11 and 5.12, and by normalizing to the cross-section for
the 35 GeV threshold on transverse energy. The percentages indicated from
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Figure 5.7: Dip angle distribution.

The symmetry is due to the accep-

tance in the y direction of the track-

ing system. Particles in the range

�0:08 rad to 0:08 rad are accepted.
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Figure 5.8: Horizontal-angle distri-

bution. Particles in the range �0:2
rad to 0:2 rad are accepted.
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Figure 5.9: � angle distribution.

The symmetry is due to the accep-

tance in the y direction of the track-

ing system. Particles in the range

0 < � < 360� are accepted.
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Figure 5.10: � angular distribution.

Particles in the range 0 < � < 12�

are accepted.
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now on in the �gures refer to the fraction of the total S+Au nuclear reaction
cross-section. The summed cross-section of the three respective trigger

ETH 16.0 %

SC 55.1 %

ETP 13.5 %

ALL 84.6 %
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Figure 5.11: Number of events ver-

sus transverse energy measured by the

MIRAC for the Central (ETH), Semi

Central (SC) and Peripheral (ETP)

triggers. The cross-section is ex-

pressed in percentages of the total

S+Au cross-section for each trigger

selection.
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Figure 5.12: Number of events ver-

sus the energy measured by the ZDC

for the Central (ETH), Semi Central

(SC) and Peripheral (ETP) triggers.

The cross-section is expressed in per-

centages of the total S+Au cross-

section for each trigger selection.

Table 5.1: Impact-parameters and cross-sections for the respective trigger

selections.

b �

[fm] [mbarn]

Central 0:-4:1� 0:3 537� 39
Semi-Central 4:1� 0:3 - 8:7� 0:5 1852� 133

Peripheral 8:7� 0:5 - 9:5� 0:6 455� 33
total 0:� 9:5� 0:6 2844� 142

selections equals 84:6 � 6:4% of the total �SAu. The calculated impact-
parameters are used as input to simulations with event generators such as
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the VENUS- and FRITIOF-models.

5.1.2 Negatively-Charged-Particle Multiplicity

The negatively-charged-particle multiplicity has been investigated in the ra-
pidity range 3:0 � Y � 3:6 where the spectrometer covers the full PT range.
Restrictive cuts, see section 4.3, most importantly on the relative spatial
distance were used to prevent distortions due to detector limitations. For
the three trigger selections spectra were made both for events and random
background combinatorics, �gures 4.26, 4.27, 5.13, and 5.14. The spectra
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Figure 5.13: Ratio of the num-

ber of background-to-event tracks us-

ing 3-chamber tracks for semi central

events.
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Figure 5.14: Ratio of the number of

background-to-event tracks using 3-

chamber tracks for peripheral events.

for random background combinatorics were made de�ning for each trigger
selection 10 cluster-multiplicity classes which were used in the event-mixing
as input to the tracking; see table 5.2. The high random combinatorial
background for the central events; see �gure 4.26, is directly related to the
cluster multiplicities in the chambers for such events. The 3-chamber tracks
were used for the peripheral and the semi-central triggers. For the central
trigger both the case of 3-chamber tracks and the more restrictive case of
4-chamber tracks were studied. The results for these two cases are identical
within the error bars, after correction for acceptance, e�ciency and back-
ground, for 3:1 < Y < 3:5. However, the 4-chamber tracks have a depleted
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Table 5.2: Average cluster multiplicities per chamber (Ch.) and track mul-

tiplicities < Ntrack > per event for the respective trigger selections.

Ch. 1 Ch. 2 Ch. 3 Ch. 4 < Ntrack >

Central 45 175 120 60 9.4
Semi-Central 25 110 65 40 4.6

Peripheral 5 40 10 6 1.9

intensity of tracks at 3:0 < Y < 3:1 and 3:5 < Y < 3:6 related to the limited
acceptance for 4-chamber tracks with respect to 3-chamber tracks. This de-
crease has been observed in the ratio of the rapidity spectra for these two
cases. Therefore 3-chamber tracks were used to achieve the widest possible
coverage 3:0 < Y < 3:6.

In order to exclude distortions from reactions in the beam-line upstream
of the target, a check was made for measured events when there was no
target in the beam-line. The following upper limits for the event fraction
not related to target events were calculated: peripheral� 0:3 %, semi-central
� 0:02 % and central � 0:006 %. Target-out events with tracks were only
found for the peripheral trigger, the calculated values for the semi-central
and central events are upper limits.

Strong restrictive cuts on the relative spatial distance of nearby tracks are
made to prevent distortions of the correlation function due to the previously
described satellite behaviour; see section 4.3. In case of two tracks, which
are parallel within an average proximity� 3 cm, only one of them is used for
the single-particle spectra, yielding an average number of tracks < Ntrack >

per event, see table 5.2. This cut was used as it removes most of the satellite
tracks; see �gure 4.9 and 5.15, yielding a single-track distribution with less
than 2 % satellite tracks for the central trigger. The e�ect of an even larger
distance cut on the single-particle multiplicity spectra was investigated. A
larger distance cut will remove also non-satellite tracks. The hard satellite
cut for parallel tracks with an average distance smaller than 8 cm, is used
for the correlation analysis. The track multiplicity for the 8 cm distance
cut has been compared to the 3 cm distance cut. A reduction of the track
multiplicity by � 30 % for the central trigger, � 18 % for the semi-central
and � 5% for the peripheral trigger can be concluded from �gure 5.15. The
reduction is largest for the central trigger due to a higher track density
and thus increased probability for track removal by the average two-track
distance cut. A correction for the loss of tracks due to the two-track distance
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cut and a limited two-track separation is used. Therefore the measured track
multiplicity values for the 3 cm cut have been extrapolated to the value at
0 cm according to a linear �t made for values above the 4 cm cut.

 Central 16.0%
 Semi Central 55.1%
 Peripheral 13.5%
 Central 16.0% 4-CH.
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Figure 5.15: Average number of reconstructed tracks per event versus the

applied distance cut for 1000 trigger selected events. The number of 3-

chamber tracks are shown for all triggers and the number of 4-chamber tracks

(4-CH) for the central trigger.

Two-dimensional spectra have been accumulated in PT versus rapidity.
From these spectra the calculated mixed-event background is subtracted.
Thereafter, corrections for e�ciency, using a local-e�ciency table from sec-
tion 4.7, and the acceptance, using GEANT calculations, are made. The
GEANT-generated events had a homogeneous distribution in rapidity and
transverse momentum. In addition a check was made on the acceptance
and e�ciency corrections using VENUS-generated events as input to the
GEANT calculations; this yielded identical results within �1 %. The re-
spective maximum multiplicities in the rapidity range 3:0 � Y � 3:6 are
presented in �gure 5.16 and table 5.3.

An increase of the negatively-charged-particle multiplicity is observed to-
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Table 5.3: Maximum negatively-charged-particle multiplicities in the rapid-

ity region 3:0 � Y � 3:6 for the three centrality classes.

dN
dY

�
max

central 57� 3
semi-central 20� 1
peripheral 8� 0:5

 Central 16.0%

 Semi Central 55.1%

  Peripheral 13.5%
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Figure 5.16: Negatively-charged-particle multiplicity per unit of rapidity

in the rapidity range 3:0 � Y � 3:6 with full coverage in PT for the three

trigger selections: peripheral, semi-central and central.

wards more central collisions. The predicted negative-hadron multiplicities
from the event generators VENUS and FRITIOF for the respective triggers;
see table 5.4, are in good agreement for the central and peripheral data and
reveal a slight overestimation of the semi-central data. A comparison to
other experimental data is made in section 6.1



Single-Particle Spectra 101

Table 5.4: Maximum negative-hadron multiplicities in the rapidity region

3:0 � Y � 3:6 from simulations for the three centrality classes using the

VENUS and FRITIOF event generators.

VENUS FRITIOF
dN
dY

�
max

dN
dY

�
max

central 55:3� 0:3 57:8� 0:1
semi-central 25:5� 0:1 25:0� 0:04
peripheral 6:9� 0:1 5:3� 0:04

5.1.3 Transverse-Momentum Spectra

The transverse-momentumspectrum was investigated for the respective trig-
gers, taking into account the background, e�ciency �eff and acceptance
�acc corrections. These spectra are calculated up to 1.5 GeV/c as above
this range the contamination by spurious tracks is too large to apply the
corrections. For all triggers a rather similar behaviour is observed for the
transverse-momentum spectra, see �gure 5.17.

The cross-section for the respective triggers was calculated according to

1

PT

d�

dPT
=

1

PT

�N � � � �eff � �acc
2 � � �M ��PT ��Y

(5.1)

where M is the studied number of events, �N is the number of entries,
� the reaction cross-section, �PT the width of the bin at PT and �Y the
rapidity width.

Since these spectra exhibit an exponential behaviour with two di�erent
slopes, a thermal distribution with two temperatures T1 and T2 has been
compared to the data. It should be noted that the slopes might be inuenced
by e.g. expansion and thus will be referred to as apparent temperatures. A
thermal distribution for two sources

1

PT

dN

dPT
= C1 �

p
mT � T1 � e�mT =T1 + C2 �

p
mT � T2 � e�mT =T2 (5.2)

follows from a Boltzmann ansatz for full coverage in rapidity. Similar ap-
parent temperatures T2 for the respective trigger selections and only a slight
increase towards central reactions is observed for the high momentum range
from 0.2-1.0 GeV/c, as shown in table 5.5. A steep rise at low PT for values
smaller than 200 MeV/c, with slope �ts of T1 � 23 MeV in the range 0.-0.2
GeV/c, is observed, see table 5.5.
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Figure 5.17: Transverse-momentum spectra for the respective trigger se-

lections.

Table 5.5: Apparent temperature values T1 and T2 for the respective triggers

in the low, 0 � PT � 0:2 GeV/c, and high, 0:2 � PT � 1:0 GeV/c, regions.

Trigger PT T1 PT T2
[GeV/c] [MeV] [GeV/c] [MeV]

Central 0.-0.2 22:8� 0:8 0.2-1.0 220:1� 2:8
Semi-Central 0.-0.2 23:1� 1:7 0.2-1.0 213:1� 2:8
Peripheral 0.-0.2 21:2� 1:4 0.2-1.0 211:8� 3:0

The rapidity dependence of the low PT enhancement has been studied
in �gure 5.18. The enhancement is largest at mid-rapidity and decreases
towards projectile rapidity. This behaviour is observed for the three trigger
selections. Large stopping may cause considerable resonance production at
mid-rapidity [19]. Other mechanisms have also been put forward to explain
the low PT enhancement observed by several other experimental groups. A
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more extensive discussion of the low PT enhancement is given in section 6.2.
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Figure 5.18: Rapidity dependence of the low PT enhancement for the cen-

tral trigger selection. The respective yields have been scaled by factors of 10

in this presentation.

Possible detector e�ects have been investigated in detail in order to en-
sure the low PT rise. The stability of the local e�ciency was checked by
inspecting the ratios of PT spectra for runs with di�erent gain settings nor-
malized to the respective number of events. This yielded a constant value
of 1 as a function of PT so that the statistics for these runs could be added.
In a similar way the track multiplicity was shown to be nearly constant.
In addition to the random combinatorial background calculations a check
was made to verify that the low PT tracks do not originate from a speci�c
detector part. The transverse momenta appeared not to be related to a
certain detector part. The yield of the various particle species at low PT
was investigated with central VENUS events. Ratios of accepted and re-
constructed negative particles like electrons, kaons, antiprotons and pions
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to the total number of accepted and reconstructed negative particles have
been calculated. These are presented in �gures 4.22, 4.23, 4.24 and 4.25.

The electrons could cause a background contribution at PT � 0.2 GeV/c,
whereas the kaon to pion ratio and the anti-proton to pion ratio rise at high
PT . The pion content is never larger than 90% of the total number of nega-
tive particles and has a maximum at PT = 0:2 GeV/c. However, regarding
the strength of the observed low PT enhancement electron contamination
can not account for this e�ect.

A comparison to the S+S slopes measured by the NA35 group [51] yields
good agreement as slopes are quoted in the range 3:2 < Y < 4:4 of T � 210
MeV.

5.2 Correlation Analysis

The correlation function for intensity interferometry has been derived in
section 2.8.1. This function is experimentally de�ned as the ratio of the
two-particle probability to the single-particle probabilities

C(p1; p2) =
2� < N2 >

< N > �(< N > �1)

d2N(p1;p2)
dp1�dp2

dN(p1)
dp1

� dN(p2)
dp2

(5.3)

normalized to one by 2� < N2 > =(< N > �(< N > �1)) at large relative
momentum where N is the number of particle tracks in an event.

The two-particle probability in the numerator was calculated for event
samples of tracks selected on an average two-track distance cut of 3 cm.
Thus such event samples do not contain tracks within an average distance
of 3 cm in order to exclude distortions of the single-particle and correlation
spectra due to detector limitations. These event samples were used for
the event correlation. All pair combinations within an event are formed,
allowing on average < N > �(< N > �1)=2 combinations per event. The
relative momentum of the pairs is calculated only in case these pairs have an
average distance larger than 8 cm. This 8 cm cut in the correlation analysis
prevents an enhancement at small relative momenta due to the remnant
satellite fraction. This fraction is estimated to be at most 2 % in the event
sample for the central trigger, after the 3 cm distance cut.

The contribution of the single-particle probabilities in the denominator is
accounted for by using the mixed-event technique. The tracks of the current
event are correlated with tracks from a previous event with an equal track
multiplicity, allowing on average < N2 > combinations per event. Again the
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relative momenta are only calculated in case the average distance is larger
than 8 cm.

The correlation function is calculated by averaging over many events.
This was done as the track multiplicity per event, see table 5.2 and table
5.6, is too low to allow for an analysis on an event by event basis.

Table 5.6: Number of events, event pairs and background pairs for the

respective trigger conditions. Central data have been studied both for 3-

chamber and 4-chamber tracks.

events event pairs background pairs

central-3ch 89.452 2026298 4591696
central-4ch 33.925 47427 135733
semi-central 32.276 197045 481775
peripheral 33.925 23112 72734

The relative momenta for the event pairs are weighted by the Gamov
factor, see section 2.8.3, thus correcting for the Coulomb repulsion between
the similarly charged particles.

For large relative momentum values no correlation should be present
and the value of the correlation function should approach unity. In the
calculation of the ratio of the Gamov-weighted event pairs to the mixed-
event pairs the correlation function is normalized to unity for all analysed
events. This is done by a multiplication of this ratio with the total number
of mixed-event pairs divided by the total number of event pairs.

The source radii R and correlation strength � for the respective trig-
ger selections have been studied in one (Rinv), two (RT , RL) and three
dimensions (RTout,RTside,RL), see section 2.8.2. Since the statistics for the
peripheral (23 � 103 event pairs) and semi-central (197 � 103 event pairs) data
are insu�cient to perform a thorough multi-dimensional analysis as a func-
tion of the transverse momentum of the pion pair, a comparison between
the invariant radii for 3-chamber tracks is presented for these data. The
statistics for the central trigger amount to 2000 � 103 event pairs. The �ts
are made with a 10 MeV/c binning in the ranges 0 < Qinv < 500 MeV/c,
0 < QT < 150 MeV/c, 0 < QL < 150 MeV/c, 0 < QTout < 150MeV/c
and 0 < QTside < 150 MeV/c. These ranges were chosen according to the
phase-space coverage. A gaussian source parameterization; see section 2.8,
describes the data well and is used to extract the respective source radii.
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The errors are calculated according to the statistics in each bin of either the
one or multi-dimensional spectra. Systematical errors due to background
processes, e.g. random combinatorial background and lack of particle iden-
ti�cation, have been estimated from a comparison of results for two halves
of the event sample. Such a comparison enables insight in the stability
of the calculated results, but does not provide complete knowledge on the
systematical error. Model dependent simulations incorporating background
and acceptance contributions may provide further knowledge, but are biased
due to the initial model assumptions [94].

5.2.1 One-Dimensional Interferometry

The results for the di�erent trigger selections show an increase of the invari-
ant radius going from peripheral to central collisions; see table 5.7. Such
a behaviour is expected as the overlap of the projectile nucleus with the
target nucleus increases for more central collisions as is already indicated by
the increasing multiplicity; see �gure 5.16. An explanation for the discrep-
ancy between the correlation strengths for 3-chamber tracks and 4-chamber
tracks may be the di�erent random combinatorial background content for
these two cases, see �gure 4.26 and 4.27.

Table 5.7: Invariant source radii and correlation strengths for the respective

triggers using 3-chamber tracks and using 4-chamber tracks for the central

trigger.

Rinv �

[fm]

central 3-ch 4:54� 0:27 0:28� 0:03
central 4-ch 4:57� 0:81 0:45� 0:08
semi-central 4:21� 0:51 0:35� 0:02
peripheral 2:94� 0:69 0:32� 0:07

A typical example of the measured correlation function for a selection
on the PT of the pairs is shown in �gure 5.21. The observed behaviour of
the correlation function is well described by a gaussian �t. The point at the
lowest Qinv deviates from the gaussian parameterization. As this concerns
a region of low statistics the point does not inuence the outcome of the
�t. However, this behaviour may be due to long-lived resonances and has
been observed by other experiments [94]. All studied correlation functions
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have been checked for the �t quality in order to ensure the signi�cance of
the quoted parameters. The errors indicate the statistical error and the
systematic error as derived from a comparison of results for two halves of
the event sample.

The central-trigger selection has been studied for both 3-chamber tracks
and 4-chamber tracks as a function of PT . This yields results with di�erent
correlation strengths. Note that the measured invariant radii without a
selection in PT are similar.

The correlation strength may directly inuence the derived radii [53,
54]. Both parameters are not independent which is obvious from a Taylor
expansion of the parameterization function. A correlation measurement
with a lower correlation strength generally leads to a derivation of a smaller
radius.
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Figure 5.19: Measured invariant

source radii and correlation strengths

as a function of the transverse mo-

mentum of the pion pair for the

central-event trigger using 4-chamber

tracks.
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Figure 5.20: Measured invariant

source radii and correlation strengths

as a function of the transverse mo-

mentum of the pion pair for the

central-event trigger using 3-chamber

tracks.

A discrepancy between the invariant radii for 3-chamber tracks and 4-
chamber tracks is noticed especially at low PT ; see �gures 5.19 and 5.20.
Note however that this e�ect is within the calculated errors. Thus we con-
clude that the 3-chamber analysis has the advantage of a �ner bin-size in
the PT of the pair, due to the large amount of correlated tracks, but results
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in a lower �.

 S+Au 16.1 %
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Figure 5.21: Measured one-

dimensional correlation function for

a selection on the transverse momen-

tum 0:075 < PT < 0:15 GeV/c of

3-chamber tracks from central data.
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Figure 5.22: Invariant source radii

and correlation strengths as a func-

tion of the transverse momentum of

the pion pair derived for the central-

event trigger using 3-chamber tracks.

A detailed analysis of the invariant radius as a function of the transverse
momentum of the pion pair is presented in �gure 5.22 for a more extended
region in PT than in �gure 5.20. The correlation strength is nearly constant
over the complete range in transverse momentum and a decrease of the
invariant radius is observed for an increase in the transverse momentum of
the pion pair.

5.2.2 Two- and Three-Dimensional Interferometry

To investigate the longitudinal and transverse ow of the hot collision zone
the correlation function has been analysed in two and three dimensions as a
function of the transverse momenta of the correlated pairs. Furthermore, a
large di�erence in the two transverse directions, RTout and RTside related to
the time-duration of emission of the pions; see section 2.8, has been suggested
by Pratt [91] and Bertsch [92] as a possible signal of the quark-gluon phase
transition. The transverse momentum dependence of the multi-dimensional
radii has been investigated in the nucleon-nucleon center-of-mass frame with
a rapidity Y = 3:02. This analysis has been done only for the central
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collisions as peripheral and semi-central data lack statistics, see table 5.8
and 5.9.
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Figure 5.23: Two-dimensional correlation study as a function of the trans-

verse (QT ) and the longitudinal (QL) relative momentum. A projection for

a limited range of 60 MeV/c in either QL or QT is chosen to show the

correlation e�ect.

The results presented for the multi-dimensional analysis have been a-
chieved using multi-dimensional �tting procedures. However, to show the
correlation e�ect at small Q-values, the relative momentum of a certain
component is projected for a selection on small relative momenta in the
remaining components; see �gures 5.23 and 5.24.

Two- and three-dimensional �ts were applied for the respective trigger
conditions. Limited statistics for the semi-central and peripheral trigger only
allowed to achieve results for the two-dimensional �t. Again, we observe an
increase of both the transverse and longitudinal radii as the centrality of the
collisions increases; see tables 5.8 and 5.9.

In all cases of the multi-dimensional correlation analysis; see �gure 5.25
and 5.26, a decrease of the longitudinal radii is observed as a function of the
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QTout and QTside < 40 MeV/c
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Figure 5.24: A projection of the correlation function for a limited range

of 40 MeV/c in two of the three relative momentum components is made to

show the correlation e�ect in the remaining direction.

Table 5.8: Two-dimensional analysis of the transverse (RT) and longitu-

dinal (RL) radius for the respective triggers using 3-chamber tracks.

trigger RT RL �

condition [fm ] [fm ]

central 4:18� 0:22 4:47� 0:19 0:23� 0:02
semi-central 4:03� 0:43 3:83� 0:55 0:25� 0:04
peripheral 2:31� 0:18 3:68� 0:33 0:24� 0:02

transverse momentum of the pion pair.

The limited statistics may cause the loss in correlation strength for the
three-dimensional analysis. Furthermore, the larger background both due
to the increased K=� and �p=� ratios and the increase of the combinatorial
background for large PT may cause this loss in correlation strength. Note,
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Table 5.9: Three-dimensional analysis of the source radii in the transverse

direction, RTout and RTside, the longitudinal direction, RL and the correla-

tion strength � for the central trigger using 3-chamber tracks.

trigger RTout RTside RL �

condition [fm] [fm] [fm]

central 3:61� 0:23 2:94� 0:12 4:47� 0:54 0:26� 0:03

see �gure 5.25, that the transverse radii for the two-dimensional analysis
stay nearly constant at 4 fm whereas the longitudinal radius drops by 2 to
3 fm.
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Figure 5.25: Measured transverse

and longitudinal radii and correlation

strengths as a function of the trans-

verse momentum of the pion pair

for central events using 3-chamber

tracks.
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Figure 5.26: Measured transver-

se-sideward, transverse-outward and

longitudinal radii and correlation

strengths as a function of the trans-

verse momentum of the pion pair

for central events using 3-chamber

tracks.

In conclusion, we state that a transverse-momentum dependence of both
the invariant and longitudinal radius has been observed. The correlation
strength tends to decrease for large momenta of the pion pairs due to in-
creased background contributions and limited statistics for the three-dimen-
sional analysis. The background contributions consist both of a decrease
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of the ��=h� ratio, where h� are the negatively-charged particles, and the
increase of the combinatorial background. This may a�ect somewhat the
decrease of the longitudinal radius. However, as the transverse radius stays
rather constant as compared to the longitudinal radius, the observation of a
longitudinal expansion is plausible. Furthermore, for the 4-chamber tracks
the decrease of the invariant radius is observed even in combination with an
increase of the correlation strength and for the 3-chamber tracks the same
decrease is observed with a nearly constant correlation strength.

In chapter 6 the measured radii will be compared to other experimental
results and a theoretical model based on a one-dimensional hydrodynamic
expansion. The time duration of expansion and the particle emission time
can thus be estimated and conclusions on the evolving system can be drawn.


