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For the WA80 fixed-target heavy-ion experiment at the CERN-SPS, a 1278 element lead-glass calorimeter has been constructed to
measure photons in the energy range from 0.2 to 20 GeV . We describe the design of the detector, the achieved energy and position
resolution, the gain monitoring system and the performance of the high-energy photon trigger . The quality of photon identification
and ir o invariant mass reconstruction is discussed .

1. Introduction

The study of heavy-ion collisions at ultrarelativistic
energies was started in late 1986 when a new heavy-ion
source came into operation at the CERN-SPS, allowing
to inject and accelerate oxygen nuclei and thus to
expand the available beam kinetic energy by nearly two
orders of magnitude as compared to Berkeley BE-
VALAC energies. Several experimental groups [1] have
studied interactions of oxygen and sulphur beams with
heavy target nuclei and investigated global event fea-
tures [2-4], as well as various signals predicted for the
existence of the postulated quark-gluon plasma (QGP)
state [5]. One of the suggested signals of the QGP is the
excess production of direct photons in the hot plasma
phase [6] . However, the measurement of direct photons
must cope with the large number of photons originating
from the decay of neutral mesons (mainly 1r° and q) as
well as with the high charged-particle multiplicity ob-
served in central interactions. For this purpose, a detec-
" - -,; "T+ 1�nß, -0 wnd m reronstriiçtic~n capability isL011 -- lübll
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required . The transverse-momentum distributions of -no
and q mesons are considered to be interesting observa-
bles by themselves for probing thermodynamical and
hydrodynamical properties of highly compressed nuclear
matter [7,8] .
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2.1 . Module design
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The 1inely granulated lead-glass calorimetei
SAPHIR *, which covers about 1/6 of the azimuthal
ring in the pseudorapidity range from 1 .5 to 2.1 in the
present WA90 experimental setup [9], was therefore
designed to measure photons in the energy range from
0.2 to 20 GeV and to identify -no 's and 71's by their
decay photons . The efficiency and accuracy of neutral
meson detection will determine the detection limits of
the direct phooen signal.

2. Design and construction

The SAPHIR detector consists of 1278 SF5 lead-glass
blocks manufactured by Schott (Mainz, FRG) of 35 x 35
mm2 cross section and 460 mm length (fig. 1), corre-
sponding to about 18 radiation lengths (Xo = 2.551 cm) .
The transverse block dimension of 35 mm was chosen
according to the experience gained from the GAMS
detector system [10], so that eàzctromagnetic showers of
10 GeV deposit > 97% of their energy within a trans-
verse region of 3 x 3 blocks. Finer segmentation results
in only very little improvement of position resolution,
but deteriorates the energy; resolution and increases the
cost of the apparatus . Each block is wrapped in a
double layer of 10 Rm aluminum-coated mylar foil in

* Single Arm Photondetector for Heavy Ion Reactions .
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Fig . 1 . Sketch of a lead-glass module with the photomultiplier and the mylar foil wrapping .
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460

order to prevent optical cross talk, and is equipped with
a ten-stage VALVO XP2972PB [111 photomultiplier
(PM) mounted in a black plastic housing which is glued
tv the rear face of the block . The passive voltage divider
:s mounted on a 32 x 32 mm2 printed circuit board with
connectors directly soldered to the PM connector pins.
A fast signal for trigger purposes is deduced from the
ninth dynode stage via an rf transformer . The photo-
multiplier is covered by a 0.3 mm layer of antimagnetic
sheet metal. The light coupling to the lead glass is
improved by a 3 mm thick silicone pad.

openings for light guides

2.2. Detector assembly

The detector modules are stacked in a rectangular
49 x 28 array with an overall size of 1715 x 980 mm2. A
sketch of the mechanical arrangement is given in fig. 2.
Tolerances in the module size have been kept below 0.6
mm in length and 0.2 mm in the transverse dimensions .
This requirement ensures mechanical stability and limits
the maximum deviation of the actual module position
from the expected matrix position to less than 1 mm.
The lead-glass modules are vertically aligned by means

stainless steel band

aluminum rolls

black plastic material

Fig . 2 . Mechanical arrangement of the SAPHIR lead-glass calorimeter .



of a 0.2 mm thick and 120 mm wide stainless-steel band
running vertically through the lead-glass matrix row by
row . The band is guided on top and bottom of the
detector by aluminum rolls and put under stress by
moving and fixing these rolls in vertical direction. An
additional support against sliding is achieved by steel
rods running vertically through small grooves in the
plastic PM housing. This is particularly important when
the detector is tilted by up to 12° .

The cooling of the densely packed PM voltage di-
viders, which consume a total power of 2 kW, is achieved
by eight fans at the bottom of the detector housing
which limits the temperature difference to < 10* C
compared to the outside environment. While; the lead-
glass arrangement itself is completely surrounded by
black plastic material in order to ensure light tightness,
the outer detector housing is made of 2 mm iron plates
in order to provide shielding against outside rf noise
and external magnetic fields close to the experiment .
This housing also contains the light fibres for optical
monitoring of the lead glass and the coaxial cables
connecting the voltage dividers to mrulti-pin connectors
on the rear detector surface .

3. The optical gain monitoring system

A distribution of the gain drifts for all 1278 photo-
tubes measured from two consecutive runs (- 30 min)
and after 36 h is shown in fig . 3a and 3b, respectively.
To be able to correct for these gain drifts and to
maintain the absolute energy calibration, a reliable gain
monitoring system is mandatory . We aimed for absolute
and relative stability below 1%. This goal was achieved
by the laser-based reference system depicted in fig. 4 .

1:,~ Baumeister et al. / SAPHIR lead-glass calorimeter

In brief, the laser light is distributed to each individ-
ual photomultiplier and is simultaneously monitored by
three reference photomultipliers, whose gain is in turn
monitored by 241Am-doped Nal(TI) light pulsers [12]
which serve as light standards .

The intense ultraviolet light (337 nm) from the
nitrogen laser [13] is widened by an inverted Galilei
telescope and converted to blue light (420 nm) in a 3
mm thick wavelength shifter plate (bis-MSB) in order to
match the spectral sensitivity of the photocathodes. The
wavelength shifter is glued in front of a 50 x 50 x 460
mm3 plexiglas block which serves as a Light mixer. The
homogenized blue light is then coupled into 1300 light
fibres which transmit the light to the front face of each
lead-glass module. The other end of the PCS200 quartz
fibres [14] with a core diameter of 200 Wm and a length
of 4 m are glued into cylindrical black plastic plugs
which in turn fit into holes of a 10 mm thick black PVC
plastic front cover plate of SAPHIR. The fibre plugs
define a reproducible distance of about 2 mm between
the fibre end and the lead glass. The nitrogen laser is
located outside the experimental area and thus accessi-
ble for maintenance during running periods. Its light is
fed via a 19 m long PCS1000 [14] quartz fibre (1 mm
core diameter) to the light distribution box below the
detector. A second fibre of the same type is mounted
after a laser beam splitter and is used to trigger the start
detectors of the experiment . The relative length of the
two light fibres is adjusted to simulate the timing of
beam particles traveling down the beam line, thus allow-
ing careful gate settings and trigger tuning without
requiring a particle beam.

In order to monitor the variation of the laser light
intensity, three of the 1300 light fibres are fed to the
three reference photomultipliers, Ref i (i =1, 2, 3), which

Fig. 3. Distribution of gain drifts for all SAPHIR photomultiplier tubes from two consecutive runs (a) and after 36 h (b) .
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Laser

independently compare the integrated charge QRf
generated by the laser light to the charge QRe~f,i pro-
duced by the . scintillation light of the 21 -doped
Nal(TI) crystals . Using this triple reference system we
are able to monitor the short-term variations of the
phototube gains with an accuracy better than 0.59 . This
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Fig. 4. Arrangement of the SAPHIR laser reference system .

fixed
filter

system .

e

to light fibres

	

(19m)
distr. system

to cosmic monitor

result is deduced from the double ratios
laser

	

Nal

	

laser Cal
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which are expected to be independent of the absolute
laser light intensity and of the phototube gains in the
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Fig . 5 . Double ratios R12 of the reference photomultiplier signals as a function of time showing the absolute stability of the reference



can be determined for i, j =1, 2, 3 and i *j. An
example of this double ratio as a function of time is
shown in fig. 5 for i =1 and j = 2 . It is found to be
stable within a/IL = 0.22` for a period of 420 h. Since
Nal crystals are known to get deteriorated on a time
scale of several months by radiation damage and water
admission [15], an additional cosmic-ray monitor is
used to provide long-term gain stability by comparing
the laser light (Q~ser) with the signal of minimum
ionizing cosmic muons (QC'0") passing through a thick
lead-glass Cherenkov counter . The trajectory of the
,elected muons is defined by requiring a coincidence in
four scintillator paddles. A 10 cm thick lead block is
used to discriminate against soft muons and electrons
interacting in the lead glass. The additional information
provided by the energy signal of the minimum ionizing
muons allows to define another set of reference num-
bers to check the stability of the NaI(T1) light pulsers,
namely the double ratios

laser Na1

	

laser muons
RCi =QC

	

QRef,i/~QRef,IQC

	

)~

	

2
for each of the. "free reference tubes i =1, 2, 3 . The
signals of minimum ionizing muons in the cosmic-ray
detector and of the NaI(V) light pulser in Ref2 are
shown in fig. 6a and 6b, respectively, whereas fig . 6c
displays the distribution of the ratio of the laser pulses
in both detectors . The double ratio Rcl shows a de-
crease from 1456.3 f 12.0 (October 1987) to 1446.7 f 7.1
(February 1988). This indicates a slight decrease in light
yield of the NaI crystal during a period of four months .
A second aim of the laser calibration system is the

linearization of the 1278 PM tubes. Therefore the laser
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Fig. 6. Response of the reference detector Ref2 and the cosr
ray detector : Energy spectrum of cosmic muons (a), energy
spectrum of the Nal light pulser (b), event-by-event ratio of
laser pulses in the cosmic and Ref2 detector (c). The mean
value p and the standard deviation a of the respective peaks
are indicated as well as the square root of the variance of fL, a,, .
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Fig. 7. Integral nonlinearity 8 for all SAPHIR modules before and after applying the linearization proceduia.
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light intensity can be varied by a set of neLtral density
filters with 11 .4, 51.3, 63.7 and 82.39 transmission at
337 nm which can be moved into the light path between
the telescope and the wavelength shifter . Different com-
binations of filter settings are used to measure the
linearity of the photomultiplier response over a large
dynamic range . The signal QRI of the laser in one
reference tube is used as a measure of the laser light
intensity and is plotted against the laser signal in each
SAPHIR module. The obtained curves were fitted by a
set of orthogonal polynomials T,(Qlcr) with the coeffi-
cients AP. From the polynomial fit up to the tenth order
Ep_0APTp(QRéf), derived by the method of least
squares, we deduced a correction function which is used
for the subsequent linearization of each of the SAPHIR
multipliers . The distribution of the integral nonlineari-
ties, S, of all modules before and after the linearization
is shown in fig. 7, where S is defined as the maximum
value of S(Q"):Ref

9
APT

P
(
QR r)

p=2

~,
lau

ApTp(QRefr )
p=0

4. Calibration and sesolutior
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After this linearization procedure, only 63 out of 1278
modules still showed a significant deviation from linear-
ity which could be corrected for by an individual de-
termination of the correction function . The linearity of
the reference tubes can be checked with the help of a
photodiode located at the beam sputter in front of the
filter set. If the photodiode is assumed to be linear, it is
possible to linearize the response functions of the refer-
ence tubes also. Due to a poor photodiode resolution
(8.7%) it was merely possible to estimate the maximum
nonlinearity S of Rcf2 to be less than 1% over the full
dynamic range .

A detector depth of 18 radiation lengths was chosen
in order to provide a containment of more than 98% of
an electromagneüc shower u_n to 30 GeV, so that shower
leakage is expected to have negligible influence on t!'ae

energy resolution . On the other hand, the length of the
lead-glass modules does not lead 2o. a too large
Cherenkov light absorption . Thus the energy res(Ahaion
is mainly due to statistical fluctuations in the detection
process.

Measurements with electron beams have been p -.r-
formed a~ DES` with a prototype detex:wr and at the
X1-bear.'ùnc at the ('.FRN-SPS with the fully assembled
SAPHIR. At Xl, each lead-glass module `.vas calibrated

~ 20 .
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4.1 . Energy resolution

R
Fig. 8 . Energy response R of a lead-glass cluster with up to
nine modules deduced from DESY (solid circles) and CERN-
SPS (solid squares) calibration experiments . The solid line
represents the power law used in the analysis . The dashed line

represent,. a linear fit for comparison.

in a 10 GeV/c electron beam positioned at the module
center . In addition, data were taken with 4 and 20
GeV/c electrons and, in order to investigate the re-
sponse to hadronic showers and minimum ionizing par-
ticles, with a mixed hadron beam (protons and ff).

Electron beams available at DESY allowed to investi-
gate the low-energy calibration curve down to 1 GeV/c
for a subset of modules.

The energy calibration function, after correction of
the PM nonlinearities, turned out to deviate slightly
from a linear behaviour (fig . 8), which is mainly inducted
by light absorption and threshold effects. The calibra-
tion data (symbols) could be well parameterized by an
empirical power law (solid line) of the form

with S = 0.0215, a = 24.03 MeV and b =100 MeV. R is
the sum of the ADC channel numbers within a shower,
which is assumed to reflect the light output seen by the
photomultipliers . For comparison, a linear fit with
parameters S = 0, a -- 20.65 MeV and b = 228 MeV is
shown in fig . 8 (dashed line), which differs mainly in the
very low energy re_,ion from the power law fit used in
the data analysis .

It turned out that the offset b is rather insensitive to
the calibration data. Therefore, refinements hwie been
made by use of the n° invariant mass spectra. Further
details will be discussed in section 6.2.3 .

Electromagnetic showers were foiwnd to spread over
up to 15 modules with a light distribution depending



Fig . 9. ADC pulse height distributions in the SAPHIR module
array for one single event from a central 200 AGeV 160 + Au

reaction for electromagnetic and hadronic showers.

strongly on the hit position relative to the module
boundaries as well as on the angle of incidence . For

perpendicular incidence into the center of the module,
80% of the energy is contained in the hit module itself,
decreasing to about 40% for the marginal positions .

Typical distributions of the shower light are shown in

fig . 9. The shape of this distribution depends only
weakly on the energy E of the incident particle . E is
calculated from the sum of the signals with a resolution
of

Q

É = 0.4%+

which reveals the dominant influence of the Poisson law
for photon number fluctuations via the energy depen-

dence .
Fig. 10 shows spectra of electromagnLtic and

hadronic showers and minimum ionizing particles . Since

the depth of lead glass corresponds to only one interac-

tion length for hadrons, their shower signals fluctuate

strongly and are in general much lower than the signals

obtained from electromagnetic showers . The pulse height

generated by minimum ionizing particles is equivalent

to a photon shower of about 540 MeV.

4.2 . Position resolution

xrec =a,

	

a2
arsinh PP
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o Photon or Electron
. Hadron
a minimal ionizing

particle

The fine segmentation of the lead glass allows to
1,1.* . ;- *hu -nc;t;nn of int-;Afrnm the licyht distrihu-��_. t�� i�� ,.,.� _.
tion in the involved modules . This calculation is done in

the following steps :
The center of gravity of the pulse height distribution

(xp) is computed. This is a biased estimate , the actual

center of gravity of the shower (xrec ), because the

modular structure of the detector is folded in . The

relation between x p and xrec can be approximated as :

for perpendicular incidence, as was already pointed out
in ref. [16]. This relation was verified with the data
taken in the calibration experiment, where the position
of incidence, zinc, was measured with a delay-line wire
chamber [17] in front of the detector. The parameter a 1 ,
which is an effective width parameter of the one-dimen-
sional lateral shower distribution [16,18], increases with
shower energy (see table 1) . The shape of the pulse
height distribution is therefore not independent of en-
ergy. The corrected center of gravity was then used to
estimate the position resolution of the detector . Results
are shown in fig . 11 and are also listed in table 1 . Since
the beam collimator was set to a larger opening for the

u

100 150 200 250 300 350 400
channel nunber

87

80 120 160 200 240 280 320 360 400 440
channel number

Fig . 10. Energy spectra generated from the sum of pulse

heights in one central and eight adjacent ietector modules for

4, 10 and 20 GeV ele< . trons and 10 GeV hadrons with the peak

introduced by minimum ionizing particles .
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Table 1
Effective shower width and position resolution

xr� - al arsilh( xp - as ) + a4,
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4 and 20 GeV/c beams, the position of incidence was
not so well defined in these cases, and this fact slightly
worsened the apparent position resolution.

For the needs of the WA80 experiment the correc-
tion function (eq. (6)) could be generalized for nonper-
pendicular incidence. Taking into account the position
offset between the center of gravity xre.c and the point
of impact x ;., the position con be obtained from the
function

using the first moment xp of the pulse height distribu-
tion. The detailed angular dependence was studied with
a shower parameterization [19) . The ai appear to be
smoothly varying functions of the angle of incidence .
We obtained a position resolution of 5 mm for an angle
of incidence of 13 ° at 10 GeV/c. In the actual data
processing eq. (7) is used as a starting point, and the
final position value is then found by fitting a simulated
shower light distribution to the measured shower. This
fitting is als,3 part of the particle identification al-
gorithm (see section 6.1) .

The photon identification is complicated by the pres-
ence of numerous charged particles at midrapidity
(mostly pions) . Minimum ionizing particles may mimic
low-energy photons, and the strong statistical fluctua-
tions of hadronic showers are capable to fake an elec-
tromagnetic shower with a certain probability even in
only one hadronic interaction length . Thus a tag for

II11I
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Fig. 11 . True (xi� c ) versus estimated (x,,,,) position of hits of electrons with different energies.
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Table 2
SAPHIR construction items and performance

Material

	

1278 lead-glass modules SF5
Module cross section

	

35 x35 mmz
Module le-gth

	

460 mm =18 radiation lengths
(98% containment
for 30 GeV photons)

Total (rectangular) area

	

98x171.5 cm2
Energy resolution

	

aE = E(6/ E/GeV +0.4)%
Spatial resolution

	

aX 5 3 mm for perpendicular
incidence

aX 5 44 mm for 15° inclined
incidence

Gain: stability

	

(0.5±0.6)%
Dynamic range

	

50 MeV to 25 GeV
Minimum ionizing signal

	

540 MeV photon equivalent

charged particles hitting the surface of SAPHIR is
needed.

This task is accomplished by two layers of Iarocci-
type plastic streamer tube arrays (LAM1 and LAM2) of
the coverless design [20] with pad readout [21]. The
planes are located 2.4 and 2.65 m from the target and
cover SAPHIR completely. The pad sizes of LAM1 and
LAM2 are 2.1 x 5.2 and 5.2 x 3.5 cm2 depending on the
pseudorapidity region, i.e. on tl.p particle density, and
are furthermore reduced to 1 .0 x 2.6 cm2 in the overlap
region of LAM2 with SAPHIR . Fired pads with com-
mon border lines are grouped into a cluster of pads
which is called a hit . The position of a hit is calculated
as the center-of-gravity of this cluster . The overall de-
tection efficiency for a single layer is about 8570

	

nf
57(0 tyzx0

would be the geometrical limit) and hence = 98ß'o for a
logical or of the two layers .

Each hit is projected, assuming the origin of the
particle in the target, onto the front surface of SAPHIR
and the corresponding lead-glass module is marked by a
charged particle veto flag . In the following analysis a
detected hit in this module and in its neighbours is
considered not to be a photon . In fig. 12 energy spectra
of photons and charged particles from 200 A GeV 160
+ Au reactions are presented which clearly show the

P [GeV/c] a 1 [mm] ax [mm]
4 5.8 4.7
10 6.4 3 .3
20 7.4 4 .4



PT (GeV/c)
0 .15 0.3 0.45 0 .6

Fig . 12. Energy spectra of photons and charged particles for
200 AGeV 32S + Al . In addition to the (kinetic) energy scale,
an estimate of the corresponding transverse-momentum scale is

given .

minimum ionizing peak at 540 MeV photon equivalent
energy in the charged-particle spectrum. The misidenti-
fication of photons due to an accidental nearby charged
particle hit will be discussed in section 6.3 .

6. Photon and pro reconstruction

6.1 . Photon identification

As mentioned above, electromagnetic showers de-
posit their energy into more than one module depending
on energy, angle of incidence and hit position relative to
the module boundaries . Such an area of adjacent mod-
ules with a photomultiplier signal above the threshold is
called a cluster. Each event was analyzed in the follow-
ing way :
- The pulse height distribution is subdivided into clus-

ters ;
- Clusters are classified as charged or neutral hits

according to the assignment made by the charged-
particle veto detector ;

- If a cluster consists of at least three modules, its
pulse height distribution is compared with that of a
calculated model shower by means of a X2 test. This
procedure allows to distinguish a single electromag
netic ci,nwer from. a

	

arirnnir nne and F:rill theaavaav
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from

	

...

	

had------

	

----

	

-_-

	

__ _ ___

	

___ _

overlap of two showers of any combination (hadronic
and electromagnetic) .

In the fitting algorithm a combination of a gradient
search and a parabolic extrapolation of x2 [221 was
applied. A parameterization for electromagnetic showers
[191 was used to calculate the response of a photon and
was found to be valid in comparing the calculation with
the energy deposition of electrons from the calibration
runs. The small difference between showers initiated by
a photon or by an electron has been neglected . The
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method to determine the photon reconstruction prob-
ability will be described in section 6.3 .

6.2. Reconstruction of the i} ° and n transverse- omentum
distribution

6.2.1 . Neutral meson decay
The pseudoscalar qr°'s and ,1's decay isotropically in

their rest frames into two photons with a branching
ratio of 98.8 f 0.03% and 38.9 f 0.4%, respectively [231 .
Due to the short lifetime of 0.84 x 10-16 and 0.61 x
10 -18 s, respectively, they decay unmeasurably close to
the target . According to energy and momentum con-
servation, the two decay photons fulfill the following
equation in the laboratory system :

M=

	

2E1E2(1 -- cos ~p ) ,

M

	

= meson rest mass,
E1 , E2 = energies of photon 1 and 2,

= opening angle between decay photons.
As will be discussed later, the condition imposed by eq.
(8) is necessary but not sufficient to select photons
resulting from an actual meson decay_ With SAPHIR
we are measuring it° 's in the momentum range from 2
to 16 GeV/c. According to the Lorentz boost of the
decay photons along the -ra direction, the opening angle
4 for most iro decays is less than 10' in the laboratory
system .

6.2.2 . Geometrical acceptance
Because of SAPHIR's limited solid angle, the prob-

ability to detect both decay photons of those mesons
emitted into its solid angle is smaller than 1 . In order to
investigate the dependence of the geometrical accep-
tance on the iro and 9 momentum and emission angle,
a Monte Carlo simulation was carried out . In the
laboratory system the inclusive azimuthal distribution
for a large number of events is uniform . This is true
even if there would be an azimuthal structure in single
events . As a consequence, a uniform distribution for the
IT
0 and q azimuthal angle oo was used in the Monte

Carlo calculation. In fig . 13 the geometrical acceptance
averaged over 4p(iT°) is shown as a function of the ir°

transverse momentum and the cosine of the iT
0 polar

angle 0 . In this calculation a software energy-threshold
v

of 500 MeV was applied to the decay photons . At very
low transverse momenta (PT < 0.4 GeV/c) the geomet-
rical acceptance is negligibly small due to either the
energy threshold for photons or the large opening angle
4 between the decay photons . Going to higher it

°
PT

values, the acceptance increases until the merging of
two ff 0 decay photons into one single shower ap;lears at
a pTOr° ) = 4 GeV/c. In order to determine the one-di-
mensional ir° and 11 PT acceptance shown in fig . 14, the
two-dimensional acceptance was integrated over the 0
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Fig. 13 . Geometrical acceptance of SAPHIR for Rr ° and q as a
function of PT and cos 0. The values are averaged over all .0
angles . A lower cut of 500 MeV was applied to the photon
energy . The contour lines have a linearly equidistant spacing.

angle using a realistic 0 distribution as a weighting
function . The 0 distribution from the event generator
FRITIOF [24] was applied here . The assumption made
by this procedure is that the PT and 0 distributions are
uncorrected . This is fairly well fulfilled in SAPHIR's
solid angle [25] . The sensitivity to the energy threshold

U
U
ò 0 .6

0 .2

0
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for the acceptance calculation is analyzed by varying
the energy threshold by ac (500 MeV) - 50 MeV and is
shown by the shaded area in fig. 14.
An independent way to check the reliability of the

acceptance calculation is to compare distributions of
the energy asymmetry a:

_ IEt-E21a- El+E2 '

where El , E2 are decay photon energies, from experi-
mental data with those from the Monte Carlo calcula-
tion.

Fig . 15 shows results for peripheral and central 200
A GeV 160 + Au collisions. The distributions agree
within the statistical errors with the Monte Carlo calcu-
lations. Hence it can be concluded from the region
a > 0.5 that the detector geometry and energy cut is
well implemented in the Monte Carlo simulation, and
from the region a < 0.2 that the merging of decay
photons does not occur in the PT region under consid-
eration .

6.2.3. fro and iq meson identification
In order to identify fro and q mesons all photon pair

combinations are used to calculate the invariant mass in
each event. Fig . 16 displays an invariant mass spectrum
for events with a multiplicity of two or three photons.
Both, the-rr o and -q can clearly be observed in this
spectrum. However, according to SAPHIR's acceptance
the fr

o peak is easier to identify than the q peak. In fig .
17 invariant mass spectra for different bins of trans-
verse momentum PT(Y, Y) are plotted . Fitting a third-
order polynomial to the combinatorial background and
subtracting this background from the mass spectrum

p,r(GeV/e )
Fig. 14 . Geometrical acceptance of SAPHIR for -ff

° and q as ~ function of Pi, averaged over both 0 and ® angles . The shaded area
corresponds to a variation of 50 MeV for the energy cut .



Fig . 15 .
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Energy asymmetry a (solid circles) for (a) peripheral and (b) central 200 AGeV 160+Au events
comparison the Monte Carlo results are shown (13) .

yields the number of no mesons measured in the corre-
sponding PT bin . The no peak area is integrated from
107 t,- 167 MeV/c2 which corresponds to 99.7% of the
area assuming a Gaussian function with a a of 10
MeV/c2. The uncertainty ON in determining the num-
ber N of neutral pions in. a Pr bin is determined by the
statistics and the peak to total ratio Q:

a
_ ZN

N

	

Q _N .-

(-/-/) (GeV/C2)

(10)

Fig. 16. Invariant mass spectra from events with two or three
photons and the sum of the photon energies above 8 GeV .
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Fig. 17 . Invariant mass spectra of yy pairs for 160+Au and
160+ C at 200 A GeV in different regions of transverse
momentum PTY, Y) : (a) 0.4 S PT 5 0.8 GeV/c, (b) 0.8 5PT
51 .2 GeV/c, (c) 1.25PT51 .6 GeV/c. Only photons with

E, > 500 MeV are considered .
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PT (GeV/c)

Fig. 18 . Signal-to-total ratio Q for the %° mass as function of
P T for the following systems: (a) 200 GeV p+C, (b) 200 GeV
p+Au, (c) 200 AGeV 160+C, (d) 200 AGeV 160 +Au, (e)
200 AGeV 32S+Al, (f) 60 AGeV 160 +Au. The mass region

from 107 to 167 MeV/c2 is considered for Q.

In fig. 18 Q is plotted as a function of PT(TO) for
different reaction systems . For all systems Q increases
with increasing PT(T° ), i .e . the quality in determining,
the number of iT° 's improves . The comparison of the
peak-to-total ratios Q obtained from 200 GeV p + C
and 200 A GeV 160 + Au events (fig . 18a, d) reveals
that Q decreases with increasing cluster multiplicity .
The mean cluster multiplicities are 1 .5 and 11 .2, respec-

b

12

10

2

0
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e 200 A GeV 160 + Au

a 200 A GeV 32S + AI

2 3 4 5

tively . In addition, Q reflects the probability to identify
a iro on an event-by-event basis .

Next, the rro transverse-momentum distribution has
to be corrected for the PT acceptance to obtain a iro PT
spectrum emitted into SAPHIR's solid angle. This anal-
ysis technique has been extensively tested by using the
event generator HIJET [26] as a Rr° source and applying
SAPHIR's geometry, energy and position resolution to
the Monte Carlo data [27].

Of primary interest for the physical analysis are the
resolutions of MY), PTOr ta ) and of the invariant mass
M of photon pairs, which can be expressed in terms of
the energy and position resolution. The resolution in
PT(Y) can be calculated using error propagation :

OPT(Y) =

	

aE 2
+

	

ae

	

2

PT(Y)

	

E

	

(tan®) .

ae varies from 1 .43 x 10 -3-1 .41 x 10-3 and can there-
fore be neglected . The dominant contribution to the
error is due to the energy resolution. The resolution a of
the estimate p for the invariant mass M can be ex-
pressed as follows :

_a _

	

(FE,

	

z_

	

aE2
2

	

a~

	

2

h

	

ZE 1

	

+

	

ZE2

	

+

	

2 tan( /2)

	

(12)

Eq. (12) offers the possibility to examine whether the
energy and position resolutions derived from the
calibration data still hold in a high-multiplicity environ-
ment, i .e ., for heavy-ion reactions . For symmetric (a = 0)
and asymmetric (a = 0.6) decays fig . 19 displays, as a
solid and dashed line, the calculated invariant mass

ff

0 200 GeV p + Au

200 GeV p + C

t i i , - 1
6 7 8 0 10

Ekin(T®) (GeV)
Fig. 19. Resolution of the invariant mass calculated from the energy and position resolution as measured in the calib.ation
experiments compared to the values obtained from proton and heavy-ion induced data . The calculation is shown as a function of the
kinetic energy of the iT

o for a symmetric (solid line) and an asymmetric (a = 0.6, dashed line) ir o decay. The experimental data are
obtained for the symmetric decay using a Gaussian and polynomial function for the fit to the mass spectra.



resolution using eq. (5) for the energy resolution and the
following parameterization for the position resolution :

ax = 5 mm(E/GeV) -0.155

	

(13)
The data points in fig . 19 are extracted for the symmet-
ric ir0 decay by fitting a Gaussian and a polynomial to
the mass spectra . All data points are 1-2% above the
predicted resolution indicating that in addition to the
intrinsic energy and position resolution the problem of
overlapping showers worsens the resolution . Assuming
the parameterizations from eqs . (5) and (13) an effective
energy resolution of 8.6%/ E/GeV and a position
resolution of 8.5 mm (E/GeV)-0-155 is obtained by a fit
to the experimental data .

The energy calibration function (see eq. (4)) can be
checked by investigating the variation of the fitted 'rr0
peak position p as a function of the energy of one
photon, keeping the other photon energy fixed in a
certain energy interval. Any nonlinearity should then be
visible as a deviation of I, from the ßr0 rest mass. In fig .
20 one photon energy fulfilled the constraint 0.8 5 Ey <
2 GeV for the qro peak positions 1u, (solid circles) . For
all four systems the peak position is nearly constant as a
function of photon energy. Using the linear fit of the
calibration data instead of eq . (4) would lead to a 5r

0

peak position tL of approximately 150 MeV/c2 in fig.
20 at Ey - 0.5 GeV . This finding obviously prefers eq.
(4) and demonstrates that even for low energies the
calibration can be fixed precisely . However, the mean
peak position varies from 136.6 f 0.2 MeV/c2 and
136.2 f 0.2 MeV/c2 for 200 GeV p + Au and 200 A GeV
160 + C, respectively, to 138.4 t 0.3 MeV/c2 for 200
A GeV 160 + Au. The higher cluster multiplicity for the

Fig. 20. The position

136

ize t
0
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200 A GeV 160 + Au events increases the probability
that two showers merge to one. This tends to increase
the energy of the shower and accounts for a higher mass
of the reconstructed ir0 and an asymmetric shape of the
mass spectrum. In order to account for this effect, an
asymmetric Gaussian with the following pw.-ameteriza-
tion was used:

( -O.Sw2
AX)

=

	

A exp

	

1 +

	

m

w=

A exp(-0 .5W2)

	

for

	

x< IA,

For the 200 AGeV 160+Au events these peak posi-
tions (O) agree with the mo rest mass value above a
photon energy of 2 GeV, whereas for lower photon
energies this parameterization is not sufficient .

6.3. Photon reconstruction efficiency

The probability that a photon is correctly identified
as a neutral particle can be determined by calculating
the invariant mass for pairs of one photon, called trig-
ger particle, combined with all other particles in the
same event . The trigger particles y, have been chosen
from the neutral electromagnetic particles with an en-
ergy above 400 MeV. For a 1009 reconstruction prob-
ability a ir0 peak should appear only in the mass
spectrum filled by the photon-photon combinations.
With the very realistic assumption that the photon
identification is not biased for the iT

O decay photons,
the reconstruction probability é is determined by the

200 A GeV S+AI
i

2 4 6 8
E,y(GeV)

for

	

x ;-> jL,
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(14)

g, of the iT
0 peak obtained by fits of a polynomial plus a Gaussian to the mass spectra as a function of the

energy of one photon () . The energy of the other photon is restricted to the energy interval 0.8 GeV 5 EY < 2 GeV. Results obtained
by using an asymmetric Gaussian are also shown (o). (For definition see text.)



ratio of a"I peak areas A taken from the different

invariant m4\ss spectra with particle combinations y, + y

particles and y, + other particles,
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(15)

where AY is the rr o peak area for the combination of 1(,
and a neutral elwaromagnetic particle, and A d,., is the

fro peak area for the combination of y, and another

(not neutral electromagnetic) particle .

In the same way the reconstruction efficiency for
other types of particles can be determined. Instead of

using the y, + y particle combinations, we calculated

(16)

from the y, + neutral and y, + charged particle combi-

nations. This value i,', more suited for the analysis

because of much smaller statistical errors than EY . In fig.

21 Encased is shown as a function of the photon trans-

verse momentum for the reaction of 200 GeV p + C and

200 GeV p + Au. Due to material in front of SAPHIR
(vacuum chamber, strearier tubes and the target itself),
the photons have a total conversion probability of 6%
for the Au target. Hence the probability of about 90%
determined by this method is close to the upper limit of
94% due to conversion . In other words, 4% of all neutral
particles are misidentified as charged ones. This prob-
ability can be interpreted as the efficiency of the photon
reconstruction if the problem of overlapping showers
can be neglected or regarded as a small distortion . In
the low-multiplicity environment of p + C and p + Au
this condition might be ful,filled, however refined meth-
ods are necessary to determine the photon reconstruc-
tion efficiency for higher particle densities as those
observed in central reactions with 160 and s2S beams.
This method will be described in a forthcoming publica-
tion .

1
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50
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7. Ilk high-energy photon trigger

In order to enhance the data sample of events with
high transverse-momentum photons, a special trigger
setup has been developed. It recognizes a high signal in
one of the SAPHIR lead-glass modules which indicates
a high-energy photon hitting the detector. The trigger is
derived from the ninth dynode of the ten-stage photo-
multiplier which is accessible via a transformer, and the
signal of each ïiât~titYtüitiiüi IiLl dyA . e. '.,I.; analyzed by an
individual discriminator. The output signals of all dis-
criminators are summed up with a contribution of 100
mV per fired discriminator, allowing to distinguish
numbers of fired discriminators up to 50 in an output
range of 5 V. In the present trigger setup this informa-
tion has not been used because one fired discriminator
was considered sufficient to flag an interesting event .
Since the events should be selected for high transverse
momentum rather than high energy, the settings of the
discriminator thresholds depend on the laboratory an-
gles of the individual modules. Furthermore, the relative
gain of the anode and dynode signal varies significantly
because the voltage dividers of the photomultipliers
were trimmed differently in order to achieve a minimum
deviation from a linear anode response over a wide
dynamic range . Before the assembly of SAPHIR, all
photomultipliers have therefore been tested and selected
in three groups of different dynode output values with
an overall variation of at most t20% within one group.
Since 48 discriminators are mounted in one housing
with a common threshold level supply, clusters of 48
modules with similar dynode signals and not signifi-
cantly different laboratory angles are connected to one
discriminator unit.

In order to determine the efficiency of the trigger
electronics flagging high transverse-momentum pho-
tons, the particle with the highest PT has been selected
from each event. Since we cannot tell which particle
actually caused the trigger in a given event, we assume

200 GeV p + C

1 .8 0 .6 1 .2 1 .8

PT (GeV/c )

Fig. 21 . Photon reconstruction probability as a function of PT(Y) for minimum bias p + C and p + Au at 200 GeV.
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Fig. 22 . The ratio of the highest transverst-momentum photons
from events flagged by the high PT trigger and from all
recorded events, showing the efficiency of the high transverse-
momentum photon detection . The horizontal dashed line indi
cates the 956 level. The inset shows the original distributions

for 200 AGeV 32S+ Al.

that this highest PT particle was responsible fw
trigger. For the 200 A GeV 32S + Al system, we analyzed
the PT distributions of the highest transverse-momen-
tum photons from all events recorded and from those
events flagged byte high PT trigger. With a particle
above the PT threshold present, the event should have
b°°n eagged by the high PT trigger, and the ratio of the.,,., ... .
distributions should become 1 above the threshold . The
ratio of the distributions is shown in fig . 22, the hori-
zontal dashed line indicating the 95% level . The inset
shows the distributions of the highest transverse-
momentum photons . The efficiency is 90% at the
threshold value of 1 .2 GeV/c and better than 95%
above 1 .5 GeV/c.

These values do not yet give information about the
true enhancement of high PT photons achieved by the

Fig. 23 . The enhancement in the high PT tail of the photon
transverse-momentum spectra due to the high PT trigger for

the 200 AGeV 32S+ Al system .

H. Baumeister et al / SAPHIR lead-glass calorimeter

pT (GeV/c)

high PT trigger . To calculate this, one has to take into
account that a fraction of the events flagged by the high
PT trigger would have been recorded anyhow because
one of the other triggers fired simultaneously. For each
possible combination of triggers this fraction was
calculated and the number of events from a given
combination was scaled accordingly. In this way, the
photon spectrum as it would have been measured
without the high PT trigger could be constructed and
compared to what was actually recorded . The result is
shown in fig. 23. On the average, the photon statistics in
the high PT tail above 1.2 GeV/c is enhanced by a
factor of 6.
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