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Chapter 4

Preprocessing

Charged-Particle

Spectrometer Data

In this chapter the characteristics of the charged-particle spectrometer and
the steps towards extracting the proper data are described. First a transfor-
mation from the CCD pixel-frame to the WA93 lab-frame has to be made,
see section 4.1, for the alignment of the chambers. In section 4.2, an outline
of the necessary software tools is given to study the raw data and to calculate
the properties of this tracking system. Selections on cluster-size and cluster-
amplitude are made in section 4.3. Proper cuts will be determined to reject
tracks which are due to random combinatorics. Furthermore, the detector
property of producing satellite clusters surrounding the true particle hit is
described, and a method is given to handle this problem. Clusters which
pass the above criteria are used as input to the tracking algorithm, as will
be discussed in section 4.4. Using a sophisticated "binary-linking" method
and restrictive cuts, the particle tracks are reconstructed. Knowing the po-
sition and direction of the track the respective momentum components can
be retrieved, as shown in section 4.5 on the momentum reconstruction. Here
simulations are described which were done to parameterize the momentum
components as a function of the position and direction of the track. On
their way through the tracking system tracks may undergo several inter-
actions. Extensive Monte-Carlo simulations based on raw data from the
event-generator VENUS [76], based on a string-fragmentation model, were
done to estimate the momentum resolution of the charged-particle spectrom-
eter. These simulations will be discussed in section 4.6 on the determination
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of the momentum resolution. Not all particle tracks are recognized due to
the limited e�ciency of the chambers. An e�ciency estimate based on the
raw data was implemented in the simulation code in order to correct the
measured single-particle spectra, as shown in section 4.7 on the e�ciency
calculations. The geometry of the tracking system inuences the shape of
the measured single-particle spectra. Simulations were done using as input a
homogeneous population of phase space in rapidity and transverse momen-
tum in order to correct for this e�ect, as will be discussed in section 4.8 on
the acceptance simulations. Part of the reconstructed tracks are background
tracks, consisting of reconstructed tracks not related to negative-pion tracks.
Section 4.9 deals with these background calculations. This background dis-
tribution has two components, a physical and a random combinatorial one.
The physical component, as the tracking system has no �� particle identi�-
cation, consists of a fraction of the tracks made by electrons, muons, kaons
and anti-protons. Studying central VENUS events an estimate of these frac-
tions can be given. Using correlated hits in three or four chambers, random
tracks not related to proper tracks are made. A knowledge of their distribu-
tion and their fraction of single-particle spectra is absolutely necessary for
the data extraction.

4.1 Alignment of Chambers

A correct alignment of the individual chambers is crucial for proper track
measurements. Uncertainties in the positioning directly a�ect the momen-
tum resolution of the detector [77].

The CCD-pixel information has to be uniquely mapped to the lab-
oratory coordinate system. The track-reconstruction algorithm and the
momentum-reconstruction method use these WA93 coordinates as reference
frame. Therefore a transformation function for each of the 7 cameras, in-
corporating their relative position with respect to the chambers, has to be
found. The alignment is based on 60 reecting �ducial marks distributed
over the chamber surface attached to the spacers. The position of the spac-
ers in lab coordinates is known exactly within 0.1 mm. The �ducial position
is measured as follows. Intense blue light is shone on the chambers. The
light reecting from the 1 cm � �ducial marks is detected by the CCD
camera. A �lter of factor 4000 consisting of a layer of glass (factor 2) a
layer of gelatine (factor 10) a layer of glass (factor 100) and another layer of
glass (factor 2) prevents the sensitive cameras from being damaged by this
intense calibration light. The accumulated set of 2-dimensional CCD-frame
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coordinates (XCCD ,YCCD) is parameterized for each camera i (1 � i � 7)
according to

XLAB(i) = A(i) + B(i) �XCCD + C(i) � YCCD (4.1)

YLAB(i) = D(i) +E(i) � YCCD + F (i) �XCCD (4.2)

in order to obtain the lab coordinates (XLAB ,YLAB). Data have been ac-
cumulated both for �eld on and o� as the magnetic �eld slightly distorts
the image of the CCD cameras, although the cameras were shielded using
mu-metal. Unfortunately due to di�cult illumination conditions for the
complete chamber surface not all the �ducials were detected by the cam-
eras. Usually about 30 to 50 % of the �ducials were found. The reasons for
this are the positioning of the �ducials behind the wavelength shifter and
the loss of sensitivity of the cameras on the edges. The symmetric spacing
of the �ducials made the pattern recognition, uniquely linking CCD points
to respective lab points, di�cult.

The �ducial marks were roughly identi�ed in a 20� 20 pixels window.
Some of the selected points were either not corresponding to a �ducial mark
or their estimated maximum was several pixels (� 1cm) from the correct
position. However, knowing the spacing of the �ducials the identi�ed �ducial
marks were used as input to check every likely position for �ducial peaks
in the 288 � 385 pixel plot. Via this method extra �ducial points could
safely be added. The exact position was found by �tting a two-dimensional
function containing a background level, a linear term and a gaussian term,
see �gure 4.1.

The traced points are then used as input to the �tting routine which
maps them making use of a linear equation. The position can be determined
with an accuracy of about 3 mmwhich corresponds to an angular uncertainty
of about 0.7 mrad with respect to the target. Worst-case identi�cation of
pixels on the edge of view of the cameras may be about 1 cm o�.

The cameras were subsequently aligned with respect to the chamber
planes. Comparing the alignment results from di�erent cameras for straight
particle tracks passing through several chambers revealed a residual maxi-
mum linear misalignment of 1 cm, which was corrected based on the analysis
of straight particle tracks measured with the magnetic �eld o�. The fourth
chamber (at the largest distance) was used as a reference plane. In this
way the inuence of a possible misalignment of this chamber is minimized
due to the long lever arm. The target position and a track point in the
fourth chamber de�ne a straight line through the remaining three cham-
bers. The distance between this line and clusters nearby shows the e�ect of
the misalignment.



64 Preprocessing Charged-Particle Spectrometer Data

XCCD[a.u.]Y
CCD[a.u.]

A
D

C
 v

al
ue

 

XCCD[a.u.]Y
CCD[a.u.]

A
D

C
 v

al
ue

 

Fiducial amplitude

Fitted fiducial amplitude

0 5 10 15 20 25 30

0

10

20

30

0
2
4
6
8

10
12
14
16
18

0 5 10 15 20 25 30

0

10

20

30

0
2
4
6
8

10
12
14
16
18

Figure 4.1: Fiducial �tting. The upper �gure shows the measured signal

height ADC of a �ducial mark in the CCD-pixel frame (XCCD,YCCD). The

lower �gure shows the result of the two-dimensional �t to this measured

signal height.

Background subtraction was done using event mixing. From �gure 4.2
showing the �nal alignment in the horizontal x direction for camera 1 an
accuracy of � � 0:6 cm is determined. A further �ne-tuning using raw
data, where the positions of the spacers are seen as ine�cient areas for
particle tracks, yielded a �nal set of parameters. The position of the tracks
at the target for �eld o� is shown in �gure 4.3, see also [62]. The spatial
resolution was estimated from the distribution of the distance of tracks to
nearby clusters and yielded 3.4 mm.

4.2 The Analysis and Simulation Packages

In this section a description of the analysis package and the simulation pack-
age for the WA93 setup will be given. The analysis packages were written
in FORTRAN in a PATCHY [78] format. The code consists of patches and
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Figure 4.2: Alignment of camera 1 with magnetic �eld on.

decks. Patches contain the code for the respective detectors whereas decks
are the subroutines for a speci�c detector. The power of PATCHY lies in the
fact that each user can replace in a separate �le, called "cradle", parts of the
code for test purposes. In case the tests were successful a new version was
distributed among the groups constituting the WA93 collaboration. Graphic
representation of the data was enabled using HBOOK [79] and PAW [80].
Histograms and Ntuples, N-dimensional arrays of data, are "booked" and
"�lled" using HBOOK routines. In PAW these histograms can be displayed
and, in case of Ntuples, selections can be made. An overview of the inputs
and outputs of the analysis and simulation codes is given in �gure 4.4.

4.2.1 WA93 Analysis Package

The raw experimental data were stored on "exabyte" tapes. In the o�-line
analysis the di�erent detectors can be activated for a specialized analysis of
particular detector groups. In a �rst stage data are retrieved and operations
like removing noise, clustering, and tracking are performed. In the second-
stage the physics observables, like angles and momenta, are calculated and
stored in a Data Summary Tape format. These DST's are used for the �nal
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Figure 4.3: Track distribution in the horizontal plane at the target position

(z = 0). The dotted lines show the calculated background contribution due

to random combinatorics.

physics analysis, see �gure 4.4.

For the MSAC chambers the data are retrieved in routine E3DECO. The
parameter cuts for the clustering are speci�ed in routine E3INIT. Using the
alignment parameters de�ned in routine E3PARM, reconstructed hits are
mapped to the WA93 lab-system and written to DST data banks. At the
stage of tracking they are retrieved in routine EAHITS. Track segments are
combined to form three or four chamber tracks in routines EASEGM and
EATSEL. Constructed tracks are written in the DST tracking banks. In
the second-stage analysis these tracks are used as input for the momentum
reconstruction routine EAGETP(x2; y2; x3; y3; P; Px; Py ; Pz), see �gure 4.12.
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Figure 4.4: Overview of inputs and outputs to the analysis and simulation

codes.

This routine gives according to the previously described method the mo-
mentum and its directional components. The reconstructed momenta are
written to a �le in DST format for further analysis.

4.2.2 WA93 Simulation Package

The simulation code for the WA93 setup was based on GEANT [81]. The
geometry and material contents of each detector were speci�ed in detail
and GEANT contains sets of parameters to calculate electromagnetic and
hadronic interactions for a broad spectrum of energies and particles.

As input to a GEANT simulation of the setup either event generators
(VENUS [76], RQMD [82], FRITIOF [83]) or user-de�ned events are used.
These mentioned event generators are based on string fragmentation mod-
els. Interactions between two nucleons occur whenever they come closer
than some minimal distance. The result of the interaction is a longitudi-
nally oriented object called a 'string'. The string may be formed either via
momentum exchange, FRITIOF and RQMD employ this mechanism, or via
colour exchange, VENUS employs this mechanism. The resulting strings
are quite similar. After a certain time the strings fragment. The interaction
of the produced particles is then closely tied to the concept of a "formation
time'. During this time the particles can not interact. Whereas VENUS
includes constant cross-sections for quark-hadron and hadron-hadron inter-
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actions, RQMD employs the cross-sections and decay probabilities of the
produced particles. Many of the calculated observables from the various
models are very similar.

A typical central S + Au event is shown for negatively charged particles
in the charged-particle spectrometer in �gure 4.5. Particle densities can be

Figure 4.5: VENUS simulation of a central S + Au collision for negatively

charged particles in the WA93 charged-particle spectrometer.

estimated and the design or position of a detector can be tailored accordingly
before the experiment is carried out. Treating the simulated hit positions as
experimental raw data the analysis code can be checked for correctness. Also
the momentum resolution, acceptance, e�ciency correction and background
contamination for the detector system can be calculated. In the simulation
the magnetic �eld setting of Goliath can be switched on and o�.

As the Goliath magnetic �eld is not strictly a homogeneous �eld, it was
imperative to measure the three magnetic �eld components. In July 1991
the �eld distribution corresponding to an average

R
~B � ~dl = 2 Tm was

mapped. The pole width as de�ned by the outer diameter of the coils is
240 cm and the pole gap is 160 cm. The current is fed through a lower
Cu coil of 216 turns and an upper Al coil of 216 turns. The maximum
currents that can be used are 3300 A and 4800 A for the Al and Cu coil,
respectively. The settings for the 2 Tm �eld were 2827 A and 4448 A,
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respectively. The magnetic �eld was mapped using a �eld probe with 4� 3
Hall-plates mounted such that the three components were measured at four
points simultaneously. The cell size in x, y and z was 4 cm, 4 cm and 2 cm,
respectively. Both the main �eld and the fringe �eld, outside the magnet,
were measured.

A fast three-dimensional linear interpolation method using the stored
�eld map as input was implemented for the GEANT simulation. The one-
dimensional case is depicted in �gure 4.6. The task is to determine the
function value for the variable x, knowing the function values at the neigh-
boring positions xi and xi+1

f(x) = f(xi + p � h) = (1� p) � f(xi) + p � f(xi+1) (4.3)

where p = x�xi
xi+1�xi . In the three dimensional case we get

f(x; y; z) = (1� p) � (1� q) � (1� r) � f000 + p � (1� q) � (1� r) � f100
+(1� p) � q � (1� r) � f010 + (1� p) � (1� q) � r � f001

+p � q � (1� r) � f110 + p � (1� q) � r � f101
+(1� p) � q � r � f011 + p � q � r � f111 (4.4)

Using the above formula the respective magnetic �eld componentsBx(x; y; z),
By(x; y; z) and Bz(x; y; z) can be rapidly approximated. An enormous num-
ber of about 300.000 �eld points has been acquired. The data analysis would
be very slow in case the tracks are traced for each event back to the target
using the above interpolation algorithm for the magnetic �eld. Therefore
it was decided to parameterize the momentum components of tracks using
the hit position and direction of the tracks. Thus only a limited number of
interpolations was necessary, see section 4.5 on the momentum reconstruc-
tion.

4.3 Cluster Analysis

Clustering of the signal heights measured by detector modules is common
practise in the �eld of nuclear physics [84]. Energy, position and kind of
particle may be measured. Sometimes only one of these is of interest. The
trade o� between demands on good energy resolution and good position
resolution determines the detector design. For the MSAC chambers a good
position resolution is required. Particle identi�cation based on the total
amount of charge in the electron-avalanche in the chamber is ruled out due
to the Landau distribution of the energy loss; see section 3.10.1. The WA98
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Figure 4.6: One-dimensional linear interpolation.

upgrade, however, allows particle identi�cation by measuring the time of
ight.

The 288�385 pixels of the CCD cameras contain 6 bit ADC information
and represent each a 3� 3 mm2 surface element of a MSAC chamber. The
applied clustering method is based on an ADC-weighted nearest neighbour-
hood method:

�X =

PN

i=1
Ai�XiPN

i=1
Ai

(4.5)

�2X =

PN

i=1
(Xi� �X)2

N�1 (4.6)

where Xi is the horizontal position of pixel i in the WA93 frame, N is the
number of pixels in the cluster, Ai the ADC-signal height of a pixel and
�X the width of the cluster. Analogously the average vertical position �Y
and width �Y can be de�ned. The information of the number of pixels, the
total cluster ADC-sum and its width are later used to determine, whether
or not to use this cluster. The cuts for the clustering are chosen such as to
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minimize the number of background hits and still keep a reasonable track-
ing e�ciency. Unfortunately it was not possible to set a straightforward
threshold on the ADC-signal height due to the earlier-mentioned problems
like sparking, corona's and gain uctuations. However, a constant threshold
of 4 was set for the pixel ADC-signal height to be sure to cut out noise,
since the pixel ADC's are already corrected for their speci�c pedestal value
set in the MCCD, see section 3.10.2. In order to study only events where
the chamber had recovered from a spark, the dead time of 250 ms of the HV
power supply was taken into account after such an event, using the available
information on the spill clock in the data analysis.

Adjusting the minimum number of pixels per cluster clearly showed that
the width of the track distribution for �eld-o� data narrowed signi�cantly
when demanding more than 3 pixels per cluster; see �gure 4.3. Furthermore,
a minimum value of 19 was set for the summed ADC of a cluster. These
values were chosen in order to reduce the combinatorial background in the
tracking.

The reconstructed hits are mapped to the WA93 lab system using the
alignment parameters. As this concerns a linear transformation the order
of clustering and mapping is of no concern. Using the thus-obtained set of
clusters it was found that satellite clusters show up. These may be created
by either stray electrons or photons from the primary avalanche or from a
back-splash of electrons in the CCD camera chip. Satellites dramatically
enhance the number of found clusters and therefore lead to random tracks.
The size and ADC-values of the satellite clusters is not di�erent from typical
true clusters; see �gure 4.7. Therefore it was decided to study the extent of
this e�ect, i.e. the distance from a track up to which the enhancement of
accompanying tracks can be seen; see �gures 4.8 and 4.9.

The two-track distance was determined using the measured events and
an event mixing procedure. Up to a distance of 8 cm the e�ect of satellites
was noticed. In the correlation studies this value was taken as the minimum
distance for two tracks to be valid.

4.4 Tracking

In high-energy and nuclear physics the detection of the paths of many
charged particles in devices like bubble, streamer, time-projection and MSAC
chambers is a common problem [77, 85, 86]. In the MSAC tracking system
multiplicities of up to several hundreds of clusters per chamber are mea-
sured. A fast tracking routine was needed which limited the number of
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Figure 4.7: Clusters at the position of a track at (0,0).

combinatorial tracks.

At the stage of track reconstruction in the data-analysis package the in-
formation about the position, the number of pixels, and the total ADC pulse
height and width of the hits is retrieved. The hits are then combined for the
four chambers according to a "binary linking" method which is explained
below [87]. Track segments are set up for all combinations of two-cluster
points in two di�erent chambers. The track segments were required to ful�ll
the criterium of pointing back to the target position within � 5 cm in the y
direction otherwise these segments are ignored. The track segments are com-
bined to tracks using three or four chambers in case the tracks, consisting of
the combination of, respectively, two or three segments, ful�ll the following
criteria. The tracks have to point to the target within � 2.5 cm in the y
direction. Note that even without interactions, like multiple scattering, the
particle tracks will no longer point exactly to y = 0 due to their curvature
in the magnet. A broadening of the e�ective target size by about 1 cm was
estimated from simulations. Furthermore, the tracks have to ful�ll a �2 per
degree of freedom of less than 2.5. In this procedure each hit is weighted
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according to

wx=y =

vuutADCTOT

�2
x=y

� 30 (4.7)

where ADCTOT is the ADC signal summed over one cluster, in order to
favour narrow high-intensity clusters. Constructed tracks are written into
the DST tracking banks.

4.5 Momentum Reconstruction

In this section the method of the used momentum reconstruction will be
described. The reason for choosing a parameterization of the momentum
components as a function of position and direction of the tracks was based
on the need for having a fast reconstruction algorithm. Tracing back each
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hancement.

individual track using the interpolation of the measured �eld map repeat-
edly would be a too time-consuming procedure for the data analysis. The
requirement for the fast parameterization is a good momentum resolution
over the momentum range of interest. The application of Tchebyshe� poly-
nomials provides a proper solution as described in the next subsection.

4.5.1 Tchebyshe� Parameterization

Tchebyshe� polynomials [88] have several useful properties yielding the best
possible parameterization over the full range of a certain quantity. These
polynomials are de�ned as

Tn(�x) = cos (n � arccos �x) (4.8)

where �x�[�1; 1] and the polynomials have the recursion property

Tn+1(�x) = 2 � �x � Tn(�x)� Tn�1 (4.9)
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The roots of a polynomial Tn(�x) are de�ned for i = 1:::n as

�xi = cos
(2 � i� 1) � �

2 � n (4.10)

Thus, the roots exhibit a closer spacing near �x = �1 and �x = 1 than for
the middle of the interval [�1; 1]. Tchebyshe� polynomials are orthogonal,
which is a useful property

nX
i=1

Tj(�xi) � Tk(�xi) =

8><
>:

0 j 6= k 6= 0
1
2
� n j = k 6= 0

n j = k = 0
(4.11)

In case a function f(x) of the variable x, is expanded in terms of Tchebyshe�
polynomials, �rst the range of the variable x � [a; b] has to be mapped onto
�x � [�1; 1]. This yields x = a+b

2
+ b�a

2
� �x. In case the function is expanded

up to the order N we get

f(x) =
NX
L=0

cL � TL(�x) (4.12)

The reason for the use of the Tchebyshe� expansion is that these polynomials
have the minimum maximum norm � over the range of parameterization
compared to any other parameterization of the order N ; see �gure 4.10. For
example in comparison with a Taylor approximation:

� Tchebyshe� error: � � (x�x1)�(x�x2):::(x�xn)�fn0(x)
n!

� Taylor error: � � (x�x1)n�fn0(x)
n!

It can be shown [88] that the support points �xi have to be chosen according
to the roots of the used polynomials in order to get the smallest possible
norm and the best sampling in a wide range of interpolation.

4.5.2 Calculation of Tchebyshe� Coe�cients

Before the expansion of the momentum components is discussed some nec-
essary de�nitions have to be given. In �gure 4.11 the de�nition of the
respective angles, dip (d), horizontal (h), phi (�) and theta (�) has been
explained for the WA93 lab frame. The following transformation relations
hold:

tan� =
tand

sinh
cos � = cos d � cosh

sind = sin� � sin � tanh = cos� � tan � (4.13)
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Figure 4.11: WA93 lab-system displaying dip (d), horizontal (h), phi (�)
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In order to calculate the magnitude and the angular components of the mo-
mentum vector ~P of a particle from its curvature in a magnetic �eld, one
needs to determine �ve spatial variables. As the particles should originate
in the target spot, assuming x = 0 and y = 0, two of these variables are
�xed. So the momentum-vector is described by three variables. The vari-
ables are shown in �gure 4.12 and determine the hit position of a particle
track in a plane de�ned by the geometry of the third chamber and the an-
gle of incidence at this plane. These variables are sampled according to
Tchebyshe� roots: 9 points �x0 mapping x0� [2:5; 80] cm, 9 points �x3 map-
ping x3� [�52;�210] cm and 8 points �y3 mapping y3� [�60:0; 60:0] cm. The
limits of the roots �x3 and �y3 were chosen according to the acceptance of the
tracking system and the value of the roots �x0 according to the momentum
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range of interest 1:5 < P < 40 GeV/c. In order to calculate the momentum
components, the reciprocal of the momentum value, as it behaves almost
linear with x0, the dip angle and the horizontal angle are parameterized:

1=P = f(x0; x3; y3) (4.14)

dip = g(x0; x3; y3) (4.15)

horizontal = h(x0; x3; y3) (4.16)

The total number of root points to be generated is 8 � 9 � 9 = 648. Knowing
from simulations the linear dependence between 1=P and x0 and further
roughly knowing the momentumkick (0.6 GeV/c) of the magnet an estimate
for the starting value of the momentum components can be made. In an
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iterative procedure tracks are tracked through the magnetic �eld using the
above-described trilinear interpolation until the speci�ed points (x0; x3; y3)
are hit within a user speci�ed accuracy of 0:01cm. Finally a unique set of 648
coordinates (1=P ,dip,open,�x0,�x3, �y3) is obtained. Now one can make use
of the orthogonality properties of the polynomials and stepwise calculate
the Tchebyshe� coe�cients for the 1=P value, dip and horizontal angles,
respectively. For example:

1=P = f(x0) =

Nx0X
L=0

cL � TL(�x0) (4.17)

cK =

PNx0i
i=1 f(x0i) � TK(�x0i)
(Nx0 + 1) � 1

2
�Nx0i

(4.18)

Here Nx0 is the order of the polynomial expansion and Nx0i the number of
Tchebyshe� root points. The above-de�ned coe�cients cK are still depend-
ing on the remaining variables (x3; y3) so that

cK = f(x3; y3) =

Nx3X
M=0

Ny3X
N=0

cKMN � TM(�x3) � TN(�y3) (4.19)

Again, analogous to the one-dimensional case one can project the coe�cients
yielding

cKPQ =

PNx3j

j=1

PNy3k

k=1 cK � TP (�x3j) � TQ(�y3k )
(Nx3 + 1) � (Ny3 + 1) � 12 �Nx3j � 12 �Ny3k

(4.20)

The orders are Ny3 = 7, Nx3 = 8 and Nx0 = 8. The order in y3 is one lower,
as the function in y is even because of mirror symmetry in the zx plane, and
the error is de�ned as

�(x) =
infX

K=N+1

cK � TK(x) � cN+1 � TN+1(x) (4.21)

As it concerns an even function now, the next coe�cient cN+2 is not zero.

The dip angle and the opening angle have been expanded in a similar
way. The only restrictions in the expansions were that the total order of
the used polynomials should be less than or equal to 14. This total order
su�ces for a good description of the momentum components and reduces
the number of coe�cients.
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Figure 4.13: Momentum resolution using the Tchebyshe� reconstruction

method for random tracks.

The resolution of the parameterization can be tested using a simulation
in which tracks with random momentum components are used. A compar-
ison between the input values ~P and the reconstructed values ~P 0 of these
components yields information on the achieved parameterization momen-
tum resolution � ~P = ~P � ~P 0. The resolution for the three variables is:
�P=P � 0:3 10�3, see �gure 4.13, �d=d � 0:5 10�3 and �h=h � 0:5 10�3.
The results are satisfactory, as they are by more than one order of mag-
nitude better than the �nally obtained momentum resolution. The latter
is inuenced by particle interactions, e.g. multiple scattering, and limited
position resolution, as will be shown in the next section.

4.6 Determination of Momentum Resolution

In the ideal case of a perfect detector and ignoring interactions of the parti-
cles of interest with any material between the points of creation and detec-
tion we should be able to determine the particle momenta with a resolution
as given by the Tchebyshe� based reconstruction method.

In section 4.5 these results were presented. However, in reality the events
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consist of a high multiplicity of charged particles which may have interac-
tions with the target material, the air, the Si-Drift vertex detector, the yoke
of the magnet, the beam pipe, and the wire meshes of the MSAC detec-
tors. This leads to scattered, stopped and created particles which will limit
the correct track reconstruction. Furthermore, the MSAC detectors have a
limited position resolution.

One should know the inuence of all possible disturbing e�ects to obtain
a realistic error of the measured data and a good estimate of the momen-
tum resolution. The binning of the respective momentum and relative-
momentum spectra is chosen according to their related momentum reso-
lution. The HBT correlation plots of �gure 4.14 show that the relative
momentum resolution Q automatically determines the resolving power in

the source radius R. Under the assumption of C2( ~P1; ~P2) = 1 + e�
Q2
inv

�R2

2

a graph for di�erent source radii can be made. It is obvious that in case
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Figure 4.14: The correlation function for di�erent radii of the source.

of a Q-resolution of 10 MeV radii of the order of 20 fm and above can not
be measured [5]. This is important for future designs of experiments going
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from S+Au and Pb+Pb at the SPS to Pb+Pb at the Large Hadron Collider
at CERN (LHC) where larger radii are expected to be observed.

In order to obtain a realistic result for the momentum resolution the
GEANT package with input events generated by the VENUS string model
was used. The VENUS events were calculated for 200 GeV per nucleon
S+Au reactions for impact parameters ranging from 0 to 1.0 fm. These are
very central and thus high multiplicity events. This situation was chosen
as the worst case in order to include the possibility of reconstructing fake
tracks. Further, in GEANT the complete setup was de�ned. Interactions
like �-ray production, hadronic interactions, energy loss, multiple scattering
and decay [81, 89], were taken into account.

Multiple scattering causes the major part in the track deviations. Moli�ere
scattering was used as the particles may have plural scattering and then
moli�ere scattering gives the best description over the whole range of scatter-
ing angles. However, running gaussian scattering didn't a�ect the results.
Each VENUS generated event was simulated through the WA93 setup using
GEANT. The output consisted of the original momentum components of the
particle and the hits in four MSAC planes (Px; Py; Pz; xi; yi), 1 � i � 4, plus
an additional track label number. The output was written in the format of
raw data and served as input to the analysis package. The simulated data
were processed as if coming from the stage after clustering the ADC pixels,
i.e. the hits level. Using a gaussian smearing with � = 3:4 mm, as observed
in the experiment, the simulated hits were distorted to take into account
the position resolution due to the clustering of pixels.

The positions of the tracks in x and y in the second and third chamber
were used as input to the momentum reconstruction routine. This yields
the reconstructed set of momentum components per event (P

0

x; P
0

y; P
0

z) and
the track label. Subsequently for each reconstructed track the di�erence
between the original and the reconstructed momentum was analyzed.

This procedure resulted in a momentum resolution �P
P

= (0:6 + 0:16 �
P (GeV=c))% as shown in �gure 4.15. The resolution in the momentum
di�erences is presented in �gures 4.16-4.20. For small momentum di�erences
we derive a resolution of 10 MeV/c for Qinv , QT , QTout and QTside; see
section 2.8.2 for de�nition, whereas for QL the resolution is 20 MeV/c. In
the correlation analysis these values are used as the minimum bin size.
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Figure 4.16: Resolution for momen-

tum di�erence Qinv.

QT [GeV/c]

∆Q
T
 [G

eV
/c

]

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Figure 4.18: Resolution for momen-

tum di�erence QL.

4.7 E�ciency Calculations

From e�ciency measurements using a 90Sr source the e�ciency of the MSAC
was estimated to be about 95 %. However, these detectors have not been
calibrated in a test beam at the WA93 setup to check this value. Therefore,
measured S + Au data were used to determine the e�ciency in a high track
multiplicity environment. Two methods were applied to derive numbers for
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Figure 4.20: Resolution for momen-

tum di�erence QTside.

both the global and the local e�ciency. The global e�ciency stands for
the overall e�ciency of the chamber. For the local-e�ciency calculation the
chamber has been subdivided in equal areas. The �nally produced local-
e�ciency map is included in a simulation in order to calculate a correction
spectrum for the measured single-particle spectra.

The acceptance region of the charged-particle spectrometer is largely
covered by the charged-particle veto consisting of two layers of streamer
tube detectors (STD), [56, 60]. The information on the position of �red
STD pads and the hits in the MSAC chambers, was used for �eld-o� runs
to get a global e�ciency estimate. The tracks consisted of STD hits within
the STD position resolution. As an e�ciency for the STD of 83 % has been
reported [60] only � 70 % of true tracks are left over. These tracks have to
ful�ll the criterium of hits within a radius of 2 cm in three MSAC chambers.
In the fourth remaining chamber for which the e�ciency is calculated a
hit has to be found within a variable size window in order to declare this
chamber e�cient. Mixed events are used to correct for accidental hits in
this window. An arti�cial enhancement of the calculated e�ciency due to
satellites is prevented by counting in case of several hits within the window
only once. The e�ciency is calculated according to:

�(ch) =
Neff(ch)�Nbck(ch)

Ntracks(ch)
(4.22)

where Neff(ch) is the number of hits found for the de�ned tracksNtracks(ch)
and Nbck(ch) the number of background hits found by the event-mixing
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method. A variation of the window size between 2 and 6 cm yields the
values shown in table 4.1. As can be seen the e�ciencies have a maximum

Table 4.1: Calculated global e�ciencies.

�1 �2 �3 �4 window
chamber 1 chamber 2 chamber 3 chamber 4 [cm]

0:44� 0:02 0:58� 0:03 0:53� 0:03 0:36� 0:02 2.0
0:48� 0:02 0:63� 0:03 0:58� 0:03 0:37� 0:02 4.0
0:46� 0:02 0:62� 0:03 0:57� 0:03 0:38� 0:02 6.0

for a window of about 4 cm and tend to decrease for both larger and smaller
windows. The decrease in e�ciency for an increase of the window size can
be explained by the fact that �nally always a background hit will be found.
In the case of decreasing the window size the single-track resolution causes
the loss in e�ciency. The overall track e�ciency can be calculated using the
derived global chamber e�ciencies. Tracks are made by a combination of
hits in either three or four chambers, so called 3-chamber tracks or by the
more severe condition of a combination of hits in four chambers, so called
4-chamber tracks. In case of 3-chamber tracks the track e�ciency �34 is
de�ned by

�34 = �1 � �2 � �3 � (1� �4) + �1 � �2 � (1� �3) � �4+
�1 � (1� �2) � �3 � �4 + (1� �1) � �2 � �3 � �4 + �1 � �2 � �3 � �4 (4.23)

thus �34 = 33�3%. In the case of only 4-chamber tracks the track e�ciency
� = �1 � �2 � �3 � �4 = 6:5� 0:6%.

The local e�ciency of each chamber was calculated by using the hit
information of the remaining chambers to de�ne tracks. A grid of 5 �
6 local areas of 24 cm (y) � 2423 cm (x) were de�ned for each chamber.
Hits were searched in a square of 4 � 4 cm2 around the de�ned tracks and
background hits were acquired using a region of equal area outside this
square. The global chamber e�ciency derived from the average of the found
local chamber e�ciencies is �1 = 45:0 � 0:4%, �2 = 64:1 � 0:4%, �3 =
62:9�0:4% and �4 = 32:6�0:4%. These values are close to those from table
4.1. The track e�ciency for 3-chamber tracks is then �34 = 32� 1% and the
4-chamber track e�ciency � = 5:9� 0:1%.
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4.8 Acceptance Simulations

The charged-particle spectrometer measures momenta for a limited region
in phase space of the total amount of emitted negatively charged particles.
Furthermore, the MSAC detectors as discussed in the previous section are
not 100% e�cient.

The acceptance of an arbitrary detector is limited both by a geometry
and by e�ciency. Only in case a detector has full 4� coverage and in�nitely
small, fully-e�cient detectors, acceptance corrections will not be necessary.
In order to get a correction spectrum for acceptance of the charged-particle
spectrometer the Lorentz-invariant variable, transverse momentum PT and
the Lorentz-additive variable rapidity Y , are used.

The GEANT package was used for the acceptance simulations. Here the
geometry and magnetic �eld of the spectrometer are de�ned. Events with
a at input spectrum in PT versus Y were used as input to the simulation.
The particles �� were given a at distribution in momentum 1:5 < P < 40
GeV/c, a at distribution in the azimuthal angle �180� < � < 180�. A
limited range in �, the angle with respect to the beam axis, was chosen 0� <
� < 20� with a particle distribution at in cos �. Care was taken to check that
the input spectrum covered more than the region of interest for the measured
data. The number of particles per event was 300, yielding about 30 tracks
in the MSAC's. Switching all interactions and decays o�, 100.000 events
were simulated using the mapped Goliath magnetic �eld. The particles are
within the geometrical acceptance in case the tracks pass through 3 or 4
chambers and point at the target in jyj < 2:5 and 2:5 < x0 < 80 cm. The
geometrical acceptance for exactly 4 chambers was also calculated. The
ratios of the geometrically accepted and the input tracks are shown in �gure
4.21 for the 3-chamber tracks. Analogous plots were made for 4-chamber
tracks. Division of the measured spectra by these spectra corrects for the
limited geometrical acceptance. The e�ciency correction was determined
using the previously calculated local-e�ciency map and the hits from the
above simulation. A Monte-Carlo calculation was done for each hit using the
current local-e�ciency probability in the speci�c chamber. The tracking and
reconstruction routines hereafter try to reconstruct the track. The ratios of
these e�ciency-distorted reconstructed tracks by the geometrically accepted
tracks were calculated for the 3-chamber tracks and the 4-chamber tracks.
The result for 3-chamber tracks is shown in �gure 4.21.
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Figure 4.21: E�ciency (upper) and geometrical (lower) correction spectra

for 3-chamber tracks.

4.9 Background Calculations

The contributions of two background components to the measured nega-
tively charged-particle spectra are discussed in this section. The corrections
are essential for a correct interpretation of the measured single-particle dis-
tributions and the results from intensity interferometry. Background may
inuence the multiplicity of tracks, the apparent temperature slopes of PT
spectra and the chaoticity parameter of the two-particle correlation function.

Simulations were done to estimate the possible contribution of various
negatively charged-particle species to the measured transverse momentum
spectrum. The background dependence on the transverse momentum is
studied as no variation in background on the accepted rapidity is observed.
This approach is well suited for the study of the PT spectra and the analysis
of correlation functions as a function of PT .

A second background component arises due to accidentally reconstructed
tracks. The contribution to the transverse momentum spectrum as a func-
tion of the number of used chambers to build the tracks will be discussed.
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4.9.1 Ratios of Negatively Charged Particles

In order to get an estimate of the species of negatively charged particles
contributing to the transverse-momentum spectrum simulations were done
using central S+Au collisions in the impact parameter range 0. to 1.0 fm
produced by the VENUS model [90]. The results calculated in this way are
of course model dependent. However, VENUS describes measured spectra
well and deep insight is gained into the properties of the charged-particle
spectrometer. The GEANT-based simulation package was used including
all possible interactions (e.g. �-rays, conversion, decays, bremsstrahlung,
pair production) and the setup consisting of target, Si-Drift detector, Go-
liath magnet and MSAC chambers. Hits for the di�erent particle species
were identi�ed in the MSAC chambers and used as input for the track re-
construction in the analysis program. Although a large fraction � 60% of
the negative pions decays before hitting all the chambers more than 97 %
of the related negative muon tracks can be reconstructed. The ratios thus
calculated are presented in �gures 4.22, 4.23, 4.24 and 4.25.
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It can be seen that the electrons cause a large background contribution
at PT below 0.2 GeV/c, whereas the kaons and anti-protons rise at high
PT . The pion content is smaller than 90% and has a maximum at PT = 0:2
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GeV/c.

The lack of particle identi�cation by the WA93 charged-particle spec-
trometer will cause a lowering of the correlation strength for the study of
the two-particle correlation function, section 5.2.

4.9.2 Combinatorial Background

The large cluster multiplicitiesmay lead to accidentally reconstructed tracks
although sharp selection criteria were applied, as previously described. Cal-
culations estimating the contribution of such random tracks use the mixed-
event method. Event-wise each chamber receives clusters from the corre-
sponding chamber, of a di�erent event, but with a hit multiplicity equal
to the current event class. Ten event classes were de�ned which properly
describe the hit distribution function for each chamber. The results for 3-
chamber tracks and 4-chamber tracks are shown in �gure 4.26 and �gure
4.27, respectively. The background contribution for 3-chamber tracks is less
than 35 % and for 4-chamber tracks less than 8 %.

The components of the random combinatorial background for the 3-
and 4-chamber tracks lead to a decrease of the correlation strength in the
study of the two-particle correlation function; see section 5.2, in addition to
background contributions due to the absence of particle identi�cation; see
section 4.9.1, and particles from resonance decays [19, 40]. Furthermore,
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the multiplicity distributions; see section 5.1.2, and transverse-momentum
spectra; see section 5.1.3, need to be corrected for the random combinatorial
background as it inuences both the yield and the shape of these spectra.

4.10 Summary

In this chapter the analysis of the charged-particle-spectrometer data was
discussed. Knowledge of the detector properties is essential for the correc-
tions and proper understanding of produced �nal spectra.

The alignment of the detector system appeared to be a time-consuming
but necessary procedure. It optimizes the track reconstruction and the mo-
mentum resolution. From the study of the width of the track distribution
at the target for �eld-o� data, it was decided to use clusters larger than
three pixels and an ADC value of at least 19. A more relaxed constraint
led to a broader track-position distribution at the target position. The
increase was caused by a larger random-combinatorial-background contri-
bution. However, for each event still a large number of clusters, not all
related to tracks, remained for the respective detectors. A selection on the
number of chambers to build a track was shown to decrease the random-
combinatorial-background contribution from less than 35 % for 3-chamber
tracks to less than 8 % for 4-chamber tracks. Furthermore, it was shown
using central VENUS events and GEANT simulations that several particle
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species contribute to the PT spectrum in di�erent regions. The electrons
contribute on average less than 10 % to the PT spectrum below PT = 0:2
GeV/c, whereas the kaon and anti-proton content rises above PT = 0:2
GeV/c. Knowledge of these two background contributions enables a better
understanding of both the single-particle spectra, that is the multiplicity
and transverse-momentum spectra, and the two-particle correlations.

A realistic GEANT simulation with central VENUS events and the full
WA93 setup incorporating the relevant particle interactions and the posi-
tion resolution of the MSAC's was used to obtain the momentum resolution
of the charged-particle spectrometer. The relative momentum resolution,
which determines the resolving power of the intensity-interferometry analy-
sis, was about 10 MeV/c for the respective relative momentum components
except for the longitudinal component which was shown to be about 20
MeV/c. These values were used as minimum binning size in the interfer-
ometry analysis. Compared to a typical half width of 50 MeV/c for the
correlation function the momentum resolution was determined to be su�-
cient.

The local e�ciency of the detectors was determined. These measured
values were used as input to GEANT simulations to calculate a correction
spectrum for the single-particle spectra. Furthermore, a correction spectrum
was calculated for the limited geometrical acceptance.

In the next chapter 5 the above-obtained correction spectra have been
used to obtain the �nal spectra. Furthermore, these spectra are used to
explain certain observed phenomena in the interferometry analysis.


