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1. Introduction

The measurements of neutral and charged currents
and in particular the kinematical reconstruction of
events via the determination of the variables x and Q2,
impose severe constraints on calorimetry for experi-
ments at HERA [1]. A good calorimeter for such
experiments is expected to be hermetic, provide excel-
lent energy resolution and good angular resolution for
jets as well as sufficient electron to hadron discrimina-
tion. In order to fulfil these requirements, the ZEUS
Collaboration [2] has proposed and constructed an
uranium-scintillator calorimeter. This type of calorim-
cter has been demonstrated to provide an optimum
energy resolution for single hadrons of 35% / VE (E in
GeV) and at the same time compensation, that is,
equal response for electrons and hadrons (e /A = 1) [3].
The choice of scintillator readout with photomultipli-
ers offers additional advantages: the pulscs are shorter
than the bunch-crossing time of 96 ns so pile-up effects
are avoided, a time resolution for pulses of a few ns
can be achieved, this being important to reject an
estimated cosmic background of 5 kHz, a modular
construction is possible and, finally, the noise can be
kept at a low level.

The ZEUS Collaboration has performed several
tests in order to confirm that compensation and an
energy resolution of 35%/\/E for single hadrons can
be achieved with uranium-scintillator calorimeters [4].
Realistic prototype modules have been constructed in
order to check the mechanical design and performance
of the calorimeter with respect to uniformity and cali-
bration [5), response to low-energy particles [6] and to

jets [7]. The results obtained showed that the uranium
natural radioactivity can be used as a powerful tool for
calibration [5]. It ensures for these prototype modules
an intercalibration of individual calorimeter sections to
about 3% and a stability of calibration to better than
1%.

In this article we describe the construction of ZEUS
forward and rear calorimeter modules and the test of
ten of them in a beam with clectrons, muons and
hadrons in the momentum range of 15 to 100 GeV /c.
We show that, due to a strict quality control on the
module components and assembly, a section-to-section
intercalibration accuracy close to 1% and a long-term
monitoring of this calibration to better than 0.5% can
be achieved for these final modules by means of the
uranium radioactivity alone. The performance of final
clectronics and a preliminary version of the readout
system to be used for thc ZEUS calorimeter are also
presented.

2. Calorimeter structure
2.1. Quertiew of the ZEUS calorimeter

The ZEUS high-resolution calorimeter surrounds
the solenoid and tracking detectors hermetically, as
shown in fig. 1. The solid angle coverage is 99.8% in
the forward hemisphere and 99.5% in the rear hemi-
sphere. Mechanically the calorimeter divides into threc
main components:

— the forward calorimeter (FCAL) covering polar an-
gles from 8 =2.2° to0 39.9°,
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Fig. 1. Longitudinal cut ot the ZEUS central detectors along the beam axis. The three components of the uranium scintillator
calorimeter (FCAL, BCAL, RCAL) are shown. The lines indicate the segmentation of the readout.
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— the barrel calorimeter (BCAL) extending from 8 =
36.7° to 129.2°,

— the rear calorimeter (RCAL) extending from 6 =
128.1° to 176.5°.

The structure of the three calorimeter components
is similar. They arc subdivided longitudinally into two
parts. The inncr part constitutes the electromagnetic
calorimeter (EMC) with a depth of about 25 radiation
lengths (X)) or 1 interaction length (A) for hadronic
interactions. The outer part 18 called the hadronic
calorimeter (HAC). It varies in depth from 6 A in the
very forward region to about 3 A in the rear region. In
both FCAL and BCAL the HAC is read out in 2
sections (HAC1 and HAC2). The planes of division are
non-projective for FCAL and RCAL. For BCAL, both
EMC and HAC are projective in azimuthal angle (¢)
but only the EMC is projcctive in 0. The basic dimen-
sion for the cell readout in the transverse direction is
20 X 20 cm?® for HAC sections of both FCAL and
RCAL. The EMC calorimeter is further segmented
into 520 cm? and 10 X 20 cm” sections for FCAL
and RCAL respectively. Each calorimeter section is
read out on both sides (right and left) by wavelength
shifter plates (WLS), light guides (LG) and photomulti-
pliers (PM). In order to improve the electron-hadron
discrimination power of the calorimeter, two layers of
3% 3 em? wide silicon detectors are foreseen inside
the electromagnetic calorimeter of FCAL after 3 and 6
X,. For BCAL and RCAL, only one layer is foresecn
after 3X,,.

The sampling thickness for both EMC and HAC
has been chosen to be 1 X, leading to depleted ura-
nium (DU) plates 3.3 mm thick. The DU plates arc
fully encapsulated by a stainless steel foil of 0.2 mm
thickness in the EMC and 0.4 mm in the HAC. The
steel foil allows a safe handling of the uranium plates
during construction and at the same time its thickness
serves to adjust the signal from the DU natural ra-
dioactivity. This signal has to be low enough to kcep
the photomultiplier background current and the noise
small, but still enough to provide an accurate calibra-
tion. The scintillator (SCI) thickness has been chosen
to be 2.6 mm in order to achieve e /h = 1, according to
previous measurements [3,4]. The layer structure of the
calorimeter is detailed in tables la and 1b for EMC
and HAC sections respectively.

The calorimeter has a modular structure. Each
FCAL/RCAL module has a width of 20 ¢cm and a
height for the active part varying from 2.2 to 4.6 m,
depending on its position with respect to the beam.
Figs. 2a and 2b show front views of FCAL and RCAL
respectively. In the region where the F/RCAL is hid-
den behind the barrel, the EMC segmentation is iden-
tical to the one in the HAC, namely 20 X 20 cm? (these
sections are called HACO sections). Both FCAL and
RCAL consist of 24 modules including 2 special mod-

Table la

Layer structure of EMC calorimeter sections
Material Thickness Thickness Thickness
(EMQC) [mm] [X,] [A]
Steel 0.2 0.011 0.0012
DU 33 1.000 0.0305
Steel 0.2 0.011 00012
Paper 0.2

SCI 2.6 0.006 0.0033
Paper 0.2

Contingency 0.9

Sum 76 1.028 0.0362
Effective X, 0.74 cm

Effective A 21.0 cm

Effective Moliere radius 2.02 cm

Effective critical energy 10.6 MeV

Effective density 8.7 g/cm?

ules to be positioned above and below the beampipe.
Tables 2a and 2b present an inventory of all different
types of FCAL and RCAL modules.

2.2, Module structure

Module description
From the mechanical point of view the main compo-

nents of a module are (see fig. 3):

— a steel C-frame which provides the overall mechani-
cal module structure,

— a stack of depleted uranium plates and scintillator
tiles,

— spacers between DU plates,

— wavelength shifter plates mounted in cassettes for
the readout of the scintillator light,

Table 1b

Layer structure of HAC calorimeter sections
Material Thickness Thickness Thickness
Steel 0.4 0.023 0.0024
DU 33 1.000 0.0305
Steel 0.4 0.023 0.0024
Paper 0.2

SCI 2.6 0.006 0.0033
Paper 0.2

Contingency 0.9

Sum 80 1052 0.0386
Effective X, 0.76 cm

Effective A 20.7 cm

Effective Moliére radius 2.00 cm

Effective critical energy 12.3 MeV

Effective density 8.7 g/cm3
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Table 2a

FCAL module types and composition

FCAL module type FIT ¢ FIB* F11 F12 F21 F22 F3 F4 F5 Fo6
Number of modules 1 1 2 8 2 2 2 2 2 2
Active height (cm) 220 220 460 460 420 420 380 340 300 220
Total weight (1) 5.9 59 12.4 12.4 11.3 113 9.3 8.8 6.6 48
Towers (20X 20) 11 11 23 23 21 21 19 17 15 11
Depth (1) 7.1 7.1 7.1 7.1 71 7.1 6.4 6.4 5.6 5.6
EMC sections (5 x 20} 36 36 76 68 52 44 36 12 - -
HACO sections (20 X 20) 2 2 4 6 8 10 10 14 15 11
HACI sections (20 X 20) 11 11 23 23 21 21 19 17 15 11
HAC?2 sections (20 X 20) 1l 11 23 23 21 21 19 17 15 11
EMC channels (XP1911) 72 72 152 136 104 88 72 24 - -
HAC channels (R580) 48 48 100 104 100 104 96 96 90 66

¢ Special modules above and below the beam pipe.

— stainless steel straps which compress the stack and
fix it to the C-frame,

- shielding structure consisting of back-beam of the
C-frame and two layers of pipes and

—~ PMs with high voltage (HV) bases mounted in the
shield.

In addition each module houses a bundle of optical

fibers and a bundle of small pipes which guide a

radioactive source, used for calibration purposes, as

explained later.

The C-frame

Fig. 4a shows a sketch of the C-frame. The dimen-
sions given refer to the largest FCAL modules. The
C-frame -has three main components: the end-beam,
the upper C-leg and the lower C-leg. The end-beam is
made of the following parts (fig. 4b): front-plate, web-
plate, two end-plates and lower plate. The lower plate
is only present during the assembly and the transport
of the module and is removed once the module is
installed in the experiment.

The end-beam supports the stack of scintillator and
DU-plates during assembly and transport. The me-
chanical tolerances are very stringent, in particular
front-plate and web-plate are straight to within 0.5 mm
over their full length. Every 20 ¢cm a “bulkhead” is
screwed to the web-plate (fig. 4b) with the function of
guiding the DU weight to the web and also to fix the
stainless steel straps which compress the DU /scintilla-
tor stack. The web-plate has a hole pattern repeated
every 20 c¢m for the attaching of photomultiplier hous-
ings.

The upper and lower C-legs are boited to the end-
beam. The DU-plates are fixed to the C-legs by means
of clamps. Both C-legs have to bc mounted within a
fraction of a millimeter parallel to cach other and
perpendicular to the front-plate of the end-beam. Via
the upper C-leg there is access to the optical fibers and
source tubes. The upper C-leg serves also to house the
electronics for the readout of the silicon detectors.
Once the module is installed in the experiment, it is
positioned such that it rests completely on the lower

Table 2b

RCAL module types and composition

RCAL module type RIT?® RIB? RIli RI12 R21 R22 R23 R3 R4 RS R6
Number of modules 1 1 2 6 2 2 2 2 2 2 2
Active height (cm) 220 220 460 460 420 420 420 380 340 260 220
Total weight (1) 33 37 7.7 7.7 7.0 7.0 7.0 6.4 5.7 3.7 3.0
Towers (20X 20) 11 11 23 23 21 21 21 19 17 13 11
Depth (A) 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 33 33
EMC sections (10X 20) 10 18 38 34 30 26 22 18 6 - -
HACO sections (20 < 20) - 2 4 6 6 8 10 10 14 13 11
HACT sections (20 % 20) 11 11 23 23 21 21 21 19 17 13 il
HAC?2 sections (20 % 20) - - - - - - - - - - -
EMC channels (R580) 20 36 76 68 60 52 44 36 12 - -
HAC channels (R580) 22 26 54 58 54 58 62 58 62 52 44

b Special modules above and below the beam pipe.
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Fig. 2. (a) FCAL and (b) RCAL front views. The lines indicate
the segmentation of the readout.

C-leg. Both C-legs are made of normal stecl plates
welded into box beam profiles. For the lower C-leg the
plate thickness is 25 mm, for the upper C-leg it is only
10 mm at the locations where the electronics is mounted
and 20 mm elsewhere. The cross sections are 158 X 197
mm? and 353 X 197 mm? for lower and upper C-legs,
respectively.

DU plates

The bare DU plates are produced at MSC #! in
Oak Ridge (USA). The material composition #2 is
98.1% U, 1.7% Nb and less than 0.2% >*U, the
density being about 18.9 g/cm®. The radiation length
for pure >**U is 3.2 mm and the nuclear interaction
length is 10.5 cm. The plate width is 188.8 + 0.25 mm
for the EMC section, 183.8 + 0.25 mm for the HAC1
section and 178.8 + 0.25 mm for the HAC2 section.
The nominal plate thickness, 3.3 mm, is measured at

#1 Manufacturing Sciences Corporation.
#2 The uranium decay products have been separated by means
of a chemical treatment.

the production site every 20 cm along the edge. The
plates for EMC sections are selected with a mechanical
tolerance in any of these thickness measurements of
+0.15 mm. Those failing this criterion are recut for
HAC sections. In the same way the thickness tolerance
for HACI plates is +0.20 mm and for HAC2 plates is
+0.25 mm. Figs. 5a to 5c show distribution of these
thickness measurements for plates of the various
calorimeter scctions. We note that the rms thickness is
around 2%. Since production methods limit the maxi-
mum length of a plate to about 3 m, it was necessary to
weld two plates together to produce lengths up to 4.6
m as required for the largest modules. The weight of
such a plate is about 55 kg.

All plates are clad with a stainless-steel foil, 0.2 mm
thick for the EMC plates and 0.4 mm for the HAC
plates. The nominal cladding tolerances are +10 wm.
They have been monitored by recording the thickness
with 2 wm accuracy at the rolling mill using chart
recorders and this information has been used to accept
the material. The rms of the thickness distribution is
cstimated to be about 5 wm for the 0.2 mm thick foil.
The seam of the foil is laser welded at the side of the
plate, over the full length. The stainless-steel end pieces
are also welded to the cladding. The mechanical con-
ncction between the plates and the C-legs is made via
these end pieces. After the welding and cladding #*
the plates are subjected to the following acceptance
criteria for width: 189.8 + (.25 mm, 184.8 + 0.25 mm
and 179.8 £+ 0.25 mm respectively for the EMC, HAC1
and HAC2 plates. The plates were requested to be
straight to within 0.5 mm over the full length, while the
length itself must be precise to +0.2 mm up to the
maximum plate length of 4.6 m.

Spacers

The DU plates are separated from each other by
spacers to avoid pressure on the scintillator. They are
located along the edge of the DU plate every 20 ¢cm
(fig. 6). From the physics point of view, spacers and the
corresponding cut-outs in the scintillator should be as
small as possible, to avoid signal losses. On the other
hand the size of the spacer should be sufficient to
support the weight of the stack and the tensioning
force exerted by the straps, which press the whole stack
onto the end-beam. The spacers are normally 3.9 mm
thick. In HAC sections their cross section is 5 X 10
mm?. They are made of tungsten carbide and fabri-
cated using powder metallurgy #4. For EMC sections a
lighter material, titanium carbide, which absorbs less
encrgy of a showering particle is used. Their cross
section can be reduced to 5X 6 mm? because they

#3 Chalk River Nuclear Laboratories, Canada.
#4 Kennametal, Canada.
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have to carry the weight of a smaller number of DU
plates.

Stainless-steel straps

Fig. 7a shows the cross scction of a whole stack.
Near the top of the stack, after 3 and 6X,, a 15 mm
gap is left free for installation of silicon detectors. The
top plate is a 15 mm thick aluminium plate with edges
rounded off to allow the stainlcss-steel straps to slide
easily over the top in order to balance the force at both
sides. The DU /scintillator stack is compressed by
means of these steel straps, 196 mm wide and 0.25 mm
thick, one per tower. They also keep the WLS casscttes
in position. The straps compress the stack with a force
of 15-20 kN per tower, which implies a compression of
about 3 mm. The friction force between spacer and
DU-plates prevents the plates from moving. The straps
are fixed below the front platc of the end-beam via the

SCINTILLATORS—
END CLAMP
-
z A€ Y
P.M,
TEST FIBRES—
Co-SOURCE 3
TUBES 1 END BEAM

bulkheads to the photomultiplier housing assembly, as
sketched in fig, 7b.

Finute-element calculations

Finite-element techniques have been used to calcu-
late the forces and stresses which act in a module
under transport conditions, during installation and af-
ter installation under the influence of the magnetic
field. From these calculations onc derives the mini-
mum spacer dimensions, the forces acting on the spac-
ers and, finally, the minimal strap tension nceded to
avoid any movement of the spacers. Several models
have been used. An extensive description of the results
can be found in ref. [8]. These calculations have shown
for example that an additional cxternal stecl frame is
required to reinforce the C-frame during transport and
handling operations and that a strap tension of 15-20
kN is required. The modules have been designed to

ONERELL, MEAGER =TVt

L\— LOWER C-LEG

—

PM-HOUSING UNIT
TYPE 2 FHAC/FHACO

PM-HOUSING UNIT
TYPE 1 FHAC/FEMC

DU-SCINTILLATOR STACK

Fig. 3. View of a maximum size FCAL module.
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stand in the transport position (which is also the stack-
ing position) vertical accelerations up to 4 g and hori-
zontal accelerations up to 1 g.

2.3. Optical readout

Scintillator

The scintillator material was selected to fulfil the
following criteria: maximum and uniform light yield,
attenuation length in excess of the cell dimensions to
obtain a good uniformity, a decay time suitable for the
readout through PMs in between HERA bunch cross-
ings, sufficient radiation hardness towards the HERA
background and the exposure to uranium radioactivity

and, last but not least, a non-prohibitive cost. The
choice was SCSN-38 #°, a cast polystyrene material
doped with 1% p-PBD and 0.02% BDB fluors [9]. The
stability of SCSN-38 light yield and attenuation length
against radiation damage was investigated extensively
at high, medium and low dose rates [10] and proved to
be adequate for the anticipated HERA background
conditions, about 100 Gy /year close to the beam-pipe
in addition to about 10 Gy/year from the uranium
radioactivity. The long time behaviour and the effect of
low dose rate irradiation of scintillator by DU plates

#5 Product of Kuraray Co. Ltd., Tokyo, Japan.
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are shown in figs. 8a and 8b. Fig. 8a shows the change
in attenuation length of a 5 mm thick piece of SCSN-38,
sandwiched between two DU plates. The observed
decrease in attenuation length after 500 days of irradi-
ation and an absorbed dose of 14.3 Gy is the same as
for a non-irradiated piece, thus indicating that the
effect is caused by normal aging rather than by the
irradiation itself. Fig. 8b shows identical measurements
during a longer period (1079 days and an absorbed
dose of 52 Gy) for a 2.6 mm thick scintillator piece.
Here some initial difference is observed between the
irradiated and the non-irradiated sample, but in both
cases the attenuation length converges with time to a
constant and nearly identical value.

The response of a calorimeter to electrons and
hadrons depends on the relation between scintillator
response L and specific energy loss d E /d x. According
to ref. [11] it can be described by a semi-empirical
formula

dL  dE 1
dx S dx \ 1+ kBdE/dx |’

where kB is the Birk parameter. Using electrons and
protons, the following value for the Birks parameter
has been measured [12]:

kB(SCSN-38)
= (0.842 £ 0.015) X 10~ 2g/cm?/MeV.

The nominal lateral dimensions of FCAL scintilla-
tor tiles are shown in fig. 9. The scintillator plates
delivered by the manufacturer were cut on a precision
disk saw. All edges were polished to optical quality by
machining them on a diamond lathe. The cut-outs for

the spacers remained unpolished. Dimensions of the
processed pieces were constantly checked in order to
achieve a maximum lateral tolerance of 0.2 mm. The
manufacturer provided a thickness measurement over
a grid of points for each plate, identified via oriented
bar-code labels. Only plates in the thickness range of
2.6 £ 0.2 mm were accepted. The plates were grouped
according to their mean thickness and flatness and, via
a computer-controlled process, a selection for EMC,
HAC1 and HAC?2 sections was performed. EMC plates
were selected from the center of the two-dimensional
thickness—flatness distribution and HAC1 plates from
the center of the remaining distribution. After cutting
and polishing, each scintillator piece, identified by a
bar-code label, was weighed and this information
recorded on an IBM-PC. From this weight measure-
ment and the exact dimensions, it is possible to deduce
the thickness distribution of the scintillator pieces,
shown in figs. 10a to 10d. For EMC and HACI sec-
tions of FCAL an additional sorting of pieces was
performed in order to avoid systematic effects due to
the positioning of the pieces inside the stack.

To protect the scintillator surface from mechanical
damage and to enhance and uniformize the light yield,
the pieces were wrapped in white Tyvek paper (quality
1073D from Du Pont) whose reflectivity matches that
of aluminum foil. On the inside of the Tyvek paper a
correction pattern consisting of black stripes was
printed to improve the readout uniformity throughout
the scintillator surface. These patterns were optimized
according to the scintillator dimensions for the con-
struction of the prototype modules [S]. The resulting
uniformity is +2.5% after combining the light output
from both readout edges. Figs. 11a, 11b and 11c show

Fig. 6. Detail of a stack showing DU plates with end pieces, scintillator tiles and spacers (HAC section).



110 ZEUS Calorimeter group / Construction and beam test of forward and rear calonmeter

W.L.S. FHAC 1 W.L.S. FEMC/FHAC O

FEMC/FHAC 0O

L.G. FHAC 1 L.G.

QR A

W.L.S. FHAC 2

(a) L.G. FHAC 2

D

TR\
Nl

/é > y
il

D
g () 1
NN Z
(& ‘ B
~ | 1

I

(b)
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Fig. 8. Attenuation length of scintillator pieces (SCSN-38) obtained from the pulse height 30 ¢cm and 89 ¢cm from the PM, with
thickness of (a) S mm and (b)'2.6 mm, exposed to DU radioactwvity as a function of exposure time. For comparison, the attenuation
length of an identical non-irradiated sample is shown.

respectively a pattern used for FCAL-EMC sections
and uniformity measurements performed before and
after uniformity correction.

Wavelength shifters

The transport of light from the scintillator to the
PMs is performed via WLS plates as shown in figs. 12a
and 12b. The WLS material sclected was Y7 in
PMMA #¢ base with an ultraviolet absorbant for wave-
lengths below 360 nm [9]. This material has an absorp-
tion spectrum which matches well the emission spec-
trum of SCSN-38 and, compared to the dye K27,
provides a more uniform readout and 10% more light
yield. The emission spectrum of Y7 is well matched to
the spectral absorption of the PM photocathodes. Other
properties of this WLS material are long attcnuation
length, hardness against aging and radiation [10] and
easy machining (sawing, bending, polishing, gluing).
WLS and LG were made of a single plate in order to
avoid light losses in the glue joints and also to improve
the uniformity in the sensitive region. The thickness of
WLS plates was 2.0 + 0.2 mm and the concentration of
the Y7 dye was 30 ppm for HAC sections and 45 ppm
for the shorter EMC sections. The concentration of Y7
was optimized in order to achieve a good uniformity,
which requires a low concentration, and at the same
time high light yicld, which requires a high concentra-
tion *7.

An optimum uniformity of response was achieved
by “end reflectors”, to reflect the light at the facc

#6 Product of Kuraray Co. Ltd., Tokyo, Japan

#*7 For a given WLS thickness of 2 mm, PMMA doped with
45 ppm absorbs more than 60% of the scintillator hght and
allows the compensation of non-uniformities up to 20%,
while material doped with 30 ppm allows the compensa-
tion of non-uniformities up to 30%.

opposite to the PM, and “back reflectors” to reflect
the light on the side opposite to the scintillator (fig.
12a). These reflectors were made of aluminized Mylar
foils or Tyvek paper with, for the back reflector, a
printed pattern made of black dots. The pattern has
been determined separately for each WLS bar by
measuring its responsc undcr computer control. After
printing the pattern the uniformity has been verified.
Figs. 13a and 13b show respectively the uniformity of a
WLS plate for a HACI1 section of FCAL before and
after correction with reflectors. The inhomogencity is
reduced typically from 12% to 3%, well within specifi-
cations [13].

In total nearly 7000 plates of 18 different types were
produced. The main difficulty in the production of
WLS was to maintain the high quality polishing of the
edges, especially important for EMC sections of FCAL,
in order to achieve the required light yield. The cut-
ting, polishing, bending and gluing of the LG end-strips,
which finally have to match the PM photocathode was
also a time and effort consuming task. After machin-
ing, all WLS plates werc tempered to reduce mechani-
cal stresses and avoid cracks and the nonactive areas
were covered by protective paper. The WLS plates
corresponding to the right or left side readout of one
complete tower were mounted into 0.2 mm thick stain-
less steel cassettes (sec fig. 12b). The cassette includes
two brass pipes 2.5 mm in diameter (only 1 for RCAL)
between EMC plates, wherc radioactive sources can be
moved (sce section 2.5). Mechanical contact between
scintillator and WLS is avoided by 0.3 mm thick nylon
fishing lines. This ensures that optical coupling is uni-
form over the entire surface.

Strict quality control was performed all along the
production cycle. The composition and spectral trans-
mission of the material was controlled by the manufac-
turer. All plates were labelled and a selection was
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Fig. 9. Scintillator tiles for FCAL sections showing the transverse dimensions.

performed on the basis of thickness mappings. The
back-reflector patterns were determined according to
the plate dimensions on the basis of uniformity mea-
surements performed with a xenon lamp. After assem-
bly inside the cassettes, a final check was performed
and the information on light yield and uniformity
recorded in a data base. Figs. 14a and 14b show the
result obtained for the most important and critical
EMC plates of FCAL. This result is well within the

mean ~ 2 584
rms ~ 11 %
28

3.0

2.8
Thickness (mm)

Photomultipliers

The requirements on PMs are good gain stabilit
good linearity over the entire dynamic range and sma
dark current. Based on of extensive measurements o
prototype samples, the XP1911 tube from Philips w:
selected for EMC sections of FCAL and the R580 tut
from Hamamatsu Photonics for all other sections. Bot
PMs are 10-stage head-on tubes with diameters of 1
and 38 mm respectively. They have bi-alkaline phot:
cathodes with a spectral response well suited to matc

T T

mean ~ 2584
rms ~ 12 % ]

specifications.
3000 ,
(a)
[72]
O FEMC
-
£ 2000
1000
0 | Y 4
2.2 2.4
400 —
(b)
0 FHAC
2 300 ACO
p
e~
200 |
100
o .
2.2 2.4

26 2.8
Thickness (mm)

2000 - v .
Y (c)
~ 2583
b FHAC1 mean 2
':1'500 rms ~ 24 % ]
B~
1000 ]
500 1
0 A
2.2 2.4 2.8 2.8 3.0
Thickness (mm)
1500 T : —
(d)
n ~
o FHAC2 mean 2592
i 000 | rms ~ 25 %
=~ | ]
Nfu
500 rH‘ .
¢ L
. N
22 2.4 26 2.8 3.0

3.0

Thickness (mm)

Fig. 10. Thickness distributions for samples of scintillator tiles belonging to (a) EMC, (b) HACO, (c¢) HAC1 and (d) HAC?2 sectio

of FCAL.



ZEUS Calorimeter group / Construction and beam test of forward and rear calorimeter 113

1.113 1.075 1025 1.010 0.993 1000 1.013 1.004 1006

X 191 mm

{¥ad

o

3

(@

451 0.960 0.972 0.972[0.985 0996 0.989 0 996 0.985
SL 0989 0981 0984 0984 0970 0981 099 0979 - Q960_0.973 0964 096810.985 0990 0.997 099 0.99%
LS, 635 1.012 1.000 0.99 0.991 0.993 0 988 0 9% 35} (10980 0995 0.97510.965]0.978 1.006 0.999 1.002 0.995
L |10.982 1006 0.99% 0.977 0989 1.005 1.002 1.001 1 004

35
2

1111 1,100 1.050 1015 1.009 1.013 1.009 1.005 0.997
1133 1.09 1.067 1.027 1016 1.010 1.006 0.993 1000
1142 1.108 1.070 1.036 1029 1.009 1.000 1001 1.000
1136 1.101 1076 1037 1024 1.019 1007 1003 0999
1126 1109 1.071 1.045 1030 1.018 1.006 0.995 0.993
1100 1.080 1.064 1.036 1025 1.013 0990 0.990 0.972
(1109 1086 1,061 1.050 1,019 1,017 0.991 0,986 0.97 (b)

10 30 50 70 90 (mm)

u

T T T T 1T

(V5]

255 100.980 1000 0996 0.990 0.987 1001 1.009 1001 1.004

0 9741 1.005 0996 0991 0995 1.013 1.012 1.010 1000

151 0.972 0.995 0993 0987 0.996 1.000 1.006 1.002 0 998
0.96010.989 0.983 0.976 0.991 099 0.990

5l 0937 0.966 0971 0970 0.976] 0.98 0.

1 35 55 75 95t

——-nonuniformity < 25 %
——nonunformity< 50%

T

T
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tile, (b) uniformity of an EMC scintillator tile before correction and (c) uniformity of an EMC scintillator tile after correction.
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the spectrum of the Y7 WLS. The PMs have been

equipped with bases containing a Cockcroft-Walton

(CW) generator to supply the HV. Such bases *8, pro-

duced by Matsusada *° according to the ZEUS design,

have the advantage of:

- total power dissipation of 170 mW, which is one
order of magnitude smaller than for usual resistive
bases,

- simple control and safe operation as the maximum
external voltage is only 24 V,

— good voltage stability for anode loads up to 50 wA,

— PM protection due to current limitation at 75 pA,
and

- elimination of the bulk and expense of HV distribu-
tion cables.

The main difficulties of this design are the gquantized

voltage steps #19, the need to suppress the switching

noise and the small dimensions.
All PMs were tested with the corresponding CW
base and selected for installation in the calorimeter.

#8 To our knowledge the use of high frequency CW bases for
HV supply was pioneered by L. Hubbeling around 1980
for the NA-11 experiment at CERN.

#9 Matsusada Precision Devices Inc., Japan.

#1017 steps and 22 steps were applied for R580s and XP1911s,

respectively.

The test cycle consisted of a burn-in period followed by
measurements of dark current, gain, linearity, long-term
stability and stability vs average anode current. These
measurements were performed in two test facilities
(DESY and INS) where 120 and 80 PMs, respectively,
could be tested at once. The first test facility used LED
sources for pulsed light and a tungsten lamp for DC
light, complemented with a laser for linearity measure-
ments. The second test facility employed a xenon lamp
for pulse light. The PMs were selected on the basis of
the following criteria:

— quantum efficiency of at least 12% at 520 nm,

— dark current smaller than 1 nA for XP1911 and 3
nA for R580,

- linearity of response within +2% up to anode
charges of 2000 pC, corresponding to a peak current
of 100 mA for pulses with 20 ns half-width,

~ stability of response better than 1% up to 1 s and
better than 3% up to 4 hours, and

— stability of response better than 5% for an anode
current change from 0.1 to 10 L A.

All these measurements were performed at nominal

gain (gain times quantum efficiency of 5 X 10*) and for

anode currents produced by DC light in the range of

0.1 to 10 wA. In total about 2500 XP1911 and 4800

R580 tubes were tested. Especially critical for calibra-

tion is the requirement on small dark current. Figs. 15a
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and 15b show for XP1911 and R580 PMs, respectively,
the distribution of the dark current measured at nomi-
nal gain and at a temperature of 25°C. It peaks at
about 0.1 nA with very few PMs failing the selection
criterion. The dark current has the following tempera-
ture dependence:

Iy=1y exp(T/Ty) (T in °C),

with a temperature parameter 7, of 8 to 10 °C, imply-
ing the rise by almost a factor 2 in case wherc T
increases from 25 to 30°C. Even then, most of the
PMs would fulfil the specifications on the dark current
level. The typical temperature dependence of the gain
times quantum efficiency product is +0.25%/° C and
—0.05%/ ° C for XP1911 and RS580 PMs, respectively.

2.4. Stacking

The modules were assembled at NIKHEF (Nether-
lands) and York University (Canada). The largest
FCAL modules each contain 185 DU plates, 5980
scintillator tiles, 9024 spacers and 46 wavelength shifter
cassettes. A great effort was made during assembly to
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Fig. 14. (a) Light yield distribution from a sample of WLS plates for EMC sections of FCAL. (b) Maximum non-uniformity
measured for a sample of WLS plates from EMC sections of FCAL.
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position all these components with high accuracy, in
order to minimize module-to-module differences. For
this reason, and also to minimize the human exposure
to uranium radioactivity, the assembly process was
performed by a computer control using a commercial
robot at NIKHEF (see fig. 16a) and a custom built
stacking machine in Canada.

The NIKHEEF stacking robot could pick up uranium
plates and complete layers of scintillator tiles and
spacers by vacuum suction, and move them in three
dimensions via computer controlled motors. Each mo-
tor shaft was equipped with a rotation-angle encoder in
order to measure x, ¥y and z coordinates. This robot
could lift weights up to 180 kg. The various movements
to be executed by the robot were programmed and
downloaded when necessary from a PC to the control
computer.

Each module assembly started with the positioning
of the C-frame, followed by mounting of bulkheads,
fiber bundles and source tubes on the web-plate of the
end-beam. The frame had to be aligned to 0.1 mm with
respect to the robot, leveled and attached to the floor.
A table was positioned on each side of the stacking
robot, one containing a box with uranium plates and
the other the scintillator tiles and spacers aligned on a
template. The exact position of these tables was mea-
sured by sensors read out by the PC and introduced in
the “‘stacking program’ which could then proceed with
limited human intervention.

The Canadian stacking procedure was somewhat
different in detail. The C-legs were not attached to the
module until after stacking. This allowed for precision
guides to be used to control the position of the DU-
plate via their precisely cut end pieces and the scintilla-
tor layers via similar end pieces on the scintillator
vacuum lift. Pairs of guides along the length of the
stacking machine constrained the DU plates and
straightened the stack to 0.5 mm. This allowed bowed
DU-plates (up to 3 mm) to be used. These guides
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moved vertically upward as stacking proceeded. As at
NIKHEEF, the stacking was fully automatic apart from
placing each layer of scintillator pieces and spacers on
the template.

An important parameter to control during stacking
was the module height in each tower. The variations in
height were caused by thickness tolerances of the ura-
nium plates. Every 25 DU + SCI layers, the stack was
compressed and its height measured by digital linear-
displacement sensors read out by the PC. These mea-
surements, along with thickness measurements for each
DU plate available in a large data-base, were then
used to calculate the correction to be applied to the
next 25 layers via the spacers, which were available in
three thicknesses: 3.8, 3.9 (nominal) and 4.0 mm. In
this way the height of EMC, HACI1 and HAC2 sections
never deviated from nominal value by more than 1 mm.
Fig. 16b shows a typical example of measured devia-
tions from nominal height for a completely stacked
module.

When the stacking was completed, including the
front aluminum plate, the straps were mounted and
tensioned to the proper value, between 15 and 20 kN,
after which the plates were clamped to the C-legs. The
straps were then removed one after the other in order
to introduce the WLS casscttes and PM housings and
to connect light fibers and source tubes. After these
operations the straps were positioned and tensioned
again. In order to prevent deflection of the module, a
support iron frame was attached to it for crane lift and
transport. More details about module stacking can be
found in ref. [14].

2.5. Calibration tools

The nuclei of 25U decay in three steps into 23U
nuclei, by emitting «, 8 and vy rays [15] as shown in fig.
17a. The nuclei of %3U are not stable and decay
further into 2%Pb via 11 steps (7 @ and 4 B decays).
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Fig. 15. Dark current distribution (a) for a sample of XP1911 PMs and (b) for a sample of R850 PMs.
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However the lifetime of these nuclei is long enough so
these additional decays do not contribute to the signal
observed in the scintillator (UNO signal). The « parti-
cles (4.2 MeV) carry most of the energy in the decay
process (about 80%) but they have a range in uranium
of only 7 wm. They are therefore stopped either in the
DU plate or in the cladding and do not contribute to
the signal observed in the scintillator. The B particles
carry about 20% of the energy and their maximum
energy is 2.3 MeV (Pa — U decay) corresponding to a
range of nearly 1 mm in uranium. The vy rays (about
1% of the energy) result from the decay of excited
isotopes to the ground state and have a spectrum in
the region of 10-1000 keV. The composition of the
DU radioactivity has also been measured at the surface
of 3 mm thick plates [15]. The result is 2600

§101)26%
B (02173%
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counts/(cm2 s) for B particles above 10 keV, with an
average energy of 200 keV, and 442 counts /(cm? s) for
v rays above 60 keV, with an average energy of 500
keV. These measurements indicate that the DU ra-
dioactivity at the surface of the plate is still dominated
by very low energy electrons and is therefore very
sensitive to the cladding thickness. In fact, using ab-
sorption dose measurements [16], we estimate a signal
reduction of about 70% after 0.2 mm of iron and of
about 90% after 0.4 mm (see next section).

Since the lifetime of uranium nuclei is 4.5 x 10°
years, the uranium natural radioactivity provides an
extremcly stable signal for calibration purposes. As-
suming an uranium density of 19 g/cm’, one expects
3.5 x 10* decays per cm? per second, that is, 1 decay
every 10 ns in the smallest sections of the calorimeter
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Fig. 17. (a) Decay chain of 25U into %3

35U, including only the main decay lines and indicating the energy in MeV of the emitted

particles (maximum value for the case of B’s) and (b) sketch of the various tools employed for calibration.
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(EMC sections of FCAL). This signal can be integrated
and measured as a dc current (UNO current) by the
front-end electronics (see section 3.4). It amounts to
100 nA for EMC sections of FCAL at nominal PM
gain (see section 4.2). The UNO current can be used
not only to monitor the PM gain, but also to intercali-
brate calorimeter sections which are geometrically
identical. Finally it can be used as a reference in order
to transport the absolute calibration scale obtained in a
test beam. The uranium radioactivity is complemented
by the following calibration tools (see fig. 17b): mov-
able vy sources, light flashers (LED and lasers) and
charge injectors.

The movable vy sources [17] consist of encapsulated
pointlike samples of ®*Co with an activity of 2.0 mCi
which can be pushed by a motor-driven steel wire
through the brass pipes described in section 2.3. They
provide local information on the calorimeter structure
which is complementary to the information provided by
the uranium radioactivity, uniformly spread over the
scctions. In particular they allow the detection of stack-
ing crrors like shifted or shadowed scintillator layers or
a mismatch between thc scintillator and the wave-
length shifter cassctte. They also allow measurements
on the uniformity of light collection along the WLS
and of light attenuation in the scintillator. Finally they
will provide information on the change of attenuation
length of the optical components due to aging or
radiation damagc by comparing mecasurements per-
formed regularly inside the ZEUS detector.

The light flasher system [18)] consists of a dye laser
pumped by a nitrogen laser to provide light which is
distributed to all PMs., The distribution of light is
accomplished in two stages. Primary distribution occurs
at the output of the laser where the light is distributed
into 50 m long silica fibers which run into the calorime-
ter. Secondary distribution occurs in the upper C-leg of
cach module where the light from the incoming fibers
is distributed to each PM by PMMA fibers of equal
length. The light flasher can be used to check the
complete readout chain from the PM onwards, to de-
termine the linearity of the system up to the highest
expected signals, to perform a timing of all channels
and finally to determine the photoelectron yield.

The charge injectors are coupled to each front-end
card as described in section 3.4. They are used to check
the readout chain from the front-end electronics on-
wards and to balance the gain of all electronic channels
(note that the UNO current follows a different path
than normal ac signals, as explained in section 3.4).

2.6. Influence of tolerances in calibration

In this section we estimate the effect of scintillator,
uranium and cladding thickness tolerances in the

calorimeter calibration assuming this calibration is per-
formed using the uranium radioactivity. The electron
sampling fraction can be written as follows:

e I

¢ (mip)euu+ecc+e;s’

e /mip being the ratio between the sampling fraction of
electrons and the sampling fraction of minimum ioniz-
ing particles *'!, u, ¢ and s refer to nominal uranium,
cladding and scintillator sampling thicknesses (namely
3.3,2x0.2 and 2.6 mm) and ¢, ¢, €, to the corre-
sponding dE /dx losses (20.7, 11.7 and 2.0 MeV /cm
respectively). Therefore the effect of thickness varia-
tions, As, Au, Ac, on the electron response is:

Ae . As . Au . Ac

=f\ — +f11' +fc—_
e s u C
with f£=0.93, fi= -0.87 and f= —0.06 for the
EMC calorimeter sections. For many calorimeter lay-
ers and assuming no correlation between layer toler-
ances we obtain:
Ae As Au Ac

— =F"—®F'— ®F'—,
e > s You ‘¢

where As, Au and Ac arc now rms thickness fluctua-
tion and the coefficients are:

o]

Similar expressions hold for F; and Ff. The coeffi-
cients ¢, are the fraction of energy deposited by elec-
trons in cach layer and the sum runs over all layers
inside a section (26 for the EMC case).

As the calorimeter is calibrated using the uranium
radioactivity, the important quantity for calibration is
the ratio e /UNQO, UNO being the uranium radioactiv-
ity signal measured in the corresponding section. To
evaluate the effect of tolerances in the UNO signal we
have used the results from [16]. According to these
measurements, the radiation dose rate of a thick ura-
nium plate behind an absorber of thickness ¢ can be
parametrized by:

Dose(t) ~Ae '/“+Be /",

where A and B are material independent quantities
(A =195 mGy/h and B =0.05 mGy/h) whereas a
and b scale approximately with dE/dx losses. In
particular 2, = 1.24 mm and b, = 36 mm for scintillator
and a.=0.17 mm and b, = 6.5 mm for iron. The first
term in the dose parametrization can be viewed as the

#11 This ratio is rather independent of uranium, scintillator
and cladding thicknesses. Its value is about 0.62 for the
ZEUS calorimeter. The sampling fractions for electrons
and mips are respectively 4% and 6.6%.
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Table 3a
Influence of thickness tolerances for EMC sections on the
¢ /UNO ratio

Table 3¢
Influence of thickness tolerances for EMC sections on the
u /UNO ratio

EMC f¢ fumo T F At/([%) Ale/UNO)|[%] EMC f* U F Ar/t[%) A(u/UNO)[%]
P $093 +040 021 LI 02 s $100 +040 012 1.1 0.1
u 087 +0.05 025 L9 0.5 u — 4005 001 19 0.0
¢ —0.06 —099 018 L8 03 ¢ - -099 0.19 18 0.3
Total 0.6 Total 0.3

short range component of the uranium radioactivity (B
component) and the second term as the long range
component (y component). The energy absorbed by a
scintillator layer of thickness s located behind an iron
sheet of thickness ¢ is therefore:

UNO~A e /“q(l—e /)
+Be /P (1 —c /b,

This formula is simply an integration over the scintilla-
tor thickness of the dose remaining after the cladding.
The effect of thickness variations in the UNO signal
for single layers is therefore:
A(UNO) As  Ac
=f\uno___ +fcun«v_ ,
UNO s ¢
with f'"°=0.40 and f'" = —0.99 for EMC sections.
The effect of the uranium plate thickness in the UNO
signal is much smaller, we estimate f;"® ~ 0.05. In the
same way as for the electron sampling fraction, the
effect of thickness tolerances on e /UNO for complete
EMC sections of the calorimeter can be calculated by
summing over all 26 layers:
A(e/UNO) As Au Ac
———=F—0®oF,—08&F—,
e/UNO s u c
with
1/2

F‘. = Z (f\cgl —_-}C\“I—IOEUHU)2
!

Similar expressions hold for F, and F_.. The quantity

u

€uno 18 the fraction of the UNO signal contributed by a

Table 3b
Influence of thickness tolerances for EMC sections on the
h /UNO ratio

single layer. The F coefficients are rather energy inde-
pendent. At 10 GeV we obtain F, = 0.21, F,=0.25 and
F.=0.18. Taking into account the thickness tolerances
referred in previous sections, 1.1% for scintillator, 1.9%
for uranium and 1.8% for cladding (2 sheets per layer),
we expect A(e/UNO) = 0.6% (sec table 3a), the largest
contribution coming from the uranium plates.

We have estimated in the same way A(A/UNO) and
Al /UNO) for EMC and HAC sections of the
calorimeter, A being the sampling fraction for hadrons
and p the mean response for muons. The main differ-
ences between EMC and HAC sections are the num-
ber of layers (80 instead of 26) and the cladding thick-
ness (0.4 instead of 0.2 mm). The tolerances are also
slightly looser for HAC but the signal is morc spread
inside the section (in fact we have assumed flat distri-
butions for ¢, in the case of muons and hadrons). The
results are presented in tables 3b to 3e. We obtain for
EMC(HAC) sections A(h/UNO) ~ 0.4%(0.3%) and
Alp /UNO) ~ 0.3%(0.2%), dominated by the cladding.

For an experimental determination of A(e/UNQ),
A(h /UNO) and A(n /UNO) we refer to the results of
the beam test in chapter 5. Comparing the thickness
mecasurements on the mechanical components to the
mean particle response allows to verify some of the
input numbers ( f)) of this study. A significant correla-
tion has been found between the measured DU plate
thickness and the ¢ /UNO ratio in the EMC sections of
FCAL and RCAL [19]:

A(e/UNO)
———— = —(0.75 £ 0.30),
e/UNO

Table 3d
Influence of thickness tolerances for HAC sections on the
h /UNO ratio

EMC f*! femo R Ar/c[%] A(h JUNO)[%]

HAC fh fune F At/1{%] A(h/UNO)[%]

s +0.93 +040 0.10 1.1 0.1
u —-087 +005 0.18 1.9 0.3
c —-0.06 —-0.99 018 18 0.3
Total 0.4

s +094 +053 005 24 0.1
u -082 +0.13 011 21 0.2
¢ -0.11 -153 016 13 0.2

Total 0.3
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Table 3e
Influence of thickness tolerances for HAC sections on the
wn /UNO ratio

HAC f* fue F At/t[%] Alp /UNO)[%]
s +1.00 +053 005 24 0.1
u - +0.13 0.01 2.1 0.0
¢ - -153 017 1.3 0.2
Total 0.2

compatible with the expected ratio:
A(e/UNO)
e/UNO
As this is only one of many contributions to the
A(e /UNOQ) spread, correction for this correlation re-

duces the experimental spread of A(e /UNO) by about
8% only.

=fE+fim=-0.87+0.05=—0.82.

3. Experimental setup
3.1. Beam setup

The X5 test beam of the CERN-SPS was used to
calibrate the modules. This tertiary beam was pro-
duced by particles resulting from 120 GeV /¢ =~ inter-
actions with Be, Cu or Pb targets. Acceptable beam
rates of negatively charged particles could be obtained
in the range of 10 to 110 GeV /c. At 15 GeV /c the
beam contained almost exclusively electrons and at 100
GeV/c, a 50% electron-50% muon beam was ob-
tained with the Pb target and a 30% hadron-70%
muon beam with the Cu target, after removing the
electrons with a 5 mm Pb absorber placed at the
intermediate focus.

The trigger system (see fig. 18a) consisted of a
coincidence between 4 scintillation counters. The 6
mm wide B3 counter was used to define the incident
beam position. The counter B4, with a 3 cm diameter
hole in the middle, was used to veto beam halo parti-
cles. No event selection was performed at the trigger
level since sufficient discrimination between the differ-
ent particle types was provided by the calorimeter itself
at the energies used for calibration.

The deviation of the beam momentum from its
nominal value was measured for each event by a spec-
trometer described in the next section. The momentum
spread depended on the opening of a horizontal colli-
mator located just upstream of the spectrometer. Typi-
cally an opening of +10 mm was used for electron
runs corresponding to a momentum spread with rms of
1%. For hadron runs +25 mm was used in order to
enrich the hadron content of the beam relative to

muons, resulting in a proportionally larger momentum
spread. The beam intensity was typically below 20000
particles per spill (spill length = 2.4 s) except for the
energy scan runs (40000 particles per spill due to the
larger collimator opening).

3.2. Beamm momentum determination

The beam optics (see fig. 18b) were implemented
with two dipole-magnet strings and five quadrupole
magnets. These optics produced a horizontal dispersive
focus at a distance of 80 m from the production target
and vertical and horizontal non-dispersive focus at a
distance of 190 m where the calorimeter modules were
installed. The momentum-analyzing dipole magnets de-
flected the beam in the horizontal plane. Horizontal
and vertical collimators at the position of the first focal
point limited the beam cross section directly upstream
of the beam spectrometer described below. Thus situ-
ated at a dispersive focus, the horizontal collimator
also defined the momentum distribution of the beam.
The particle rates downstream of the collimator were
proportional to its setting for slit widths of less than 50
mm. During electron calibration runs the collimator
opening was set to + 10 mm.

The momentum of each particle incident on the
calorimeter modules was measured in a magnetic spec-
trometer located 100 m upstream of the modules. Fig.
18¢ depicts the geometrical arrangement of the spec-
trometer, which consisted of four planes of propor-
tional chambers positioned symmetrically about a string
of four dipole magnets. The calculation of particle
momentum proceeds in two steps:

1 - The momentum of a particle following the
nominal trajectory (bend angle: 37.48 mrad) was de-
rived from magnetic field measurements performed by
previous users of the beam [20]. This derivation uses
the readback value of the magnet current and a correc-
tion for the relationship between the recorded read-
back current and the current measured at the magnet.
The uncertainty in the absolute value of the field
integral was estimated to be 0.3%. The readback cur-
rents were stable to less than 0.1 A during the entire
period of calibration. The ratio of true to nominal
beam momentum is plotted vs beam momentum in fig.
18d.

2 — The reconstruction of the trajectory of each
particle permitted the determination of the deviation
of the magnetic deflection @ from its nominal value
and hence of the relative deviation from the momen-
tum determined in step 1. A local scintillator trigger
permitted the latching of the proportional chamber
data in the readout electronics located near the cham-
bers. A request signal furnished by the ZEUS fast
trigger electronics caused the data to be inserted into
the data stream via a CAMAC link. The deadtime



ZEUS Calorimeter group / Construction and beam test of forward and rear calorimeter 121

inherent in the buffering of the spectrometer data The chamber efficiencies were such as to permit mo-
resulted in an inefficiency of 5-10% for the beam mentum reconstruction in 85-95% of the events for
fluxes typical during the calibration (about 10 kHz). which the chamber data were available. The exact
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calculation of the relative momentum deviation as a
function of the four hit positions x, (in units of mm}) is

given by
P_Ptrue _ o - @lrue
Pirve Orue
=_[ 1 H(M‘x})_(xz—xl)
0.03748 7270 7305

The survey alignment uncertainty of 0.5 mm per
chamber implies a 0.8% uncertainty in the absolute
momentum scale determination.

3.3. Slow control

The complete DAQ system is shown schematically
in fig. 19a. The movement of the module under test

hz _ h;

and the HV setting for the PMs were performed by the
slow control tasks, implemented in a 68020 micropro-
cessor running under the OS9 operating system. This
computer could be accessed by the main computer, a
MicroVAX 3600, via an Ethernet link as explained in
3.5.

All modules were tested in the horizontal position
(see fig. 19b). They were bolted to a support which
could be moved by remote from the 68020 computer in
both the vertical and the horizontal directions. The
position of the support was measured with linear and
rotational shaft encoders with a precision better than
0.5 mm in both directions. Moving the module was
achieved by reading continuously the coordinates and
switching off the driving motor at the demanded posi-
tion. Since the breaking path varied along the support

M
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pipel Buffer
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Fig. 20. (a) Pulse after shaper with eight samples and (b) schematics of a front-end card.
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rails, a target position could only be reached within 2
to 3 mm in a single try. This precision was sufficient for
the measurements performed.

The HV of the PMs was controlled by 16-channel
CAMAC controllers which could supply the low volt-
age to the CW generators implemented in the bases
and read the monitoring voltage as well. Each con-
troller included a 12-bit DAC to supply the voltage and
a 12-bit ADC to read the monitoring voltage. A VME
version will be used for operation in the ZEUS experi-
ment.

3.4. Readout electronics

The 96 ns crossing time of electrons and protons at
HERA and the expected high background rates re-
quire a complex trigger scheme. A parallel pipelining
of the data and the first level trigger provides the
necessary processing time of 5 ps. The pipelined
calorimeter readout electronics has to fulfil the follow-
ing requirements:

- a dynamic range equivalent to 16.5 bits allowing
precise energy measurements from mips (300 MeV
equivalent energy in EMC sections of FCAL) up to
the highest expected signals (about 400 GeV in
individual sections of FCAL),

— a timing of calorimeter signals with precision of a
few ns in order to reject the cosmic background and
beam-gas events.

In addition, the quasi dc current in the PMs produced
by the uranium natural radioactivity has to be mea-
sured with a precision better than 1% for calibration
purposes. The fluctuations of this current (uranium
noise) set an upper limit to the electronic noise, which
should not dominate the total noise. The solution
adopted for the readout e¢lectronics is a shaping—sam-
pling—pipelining scheme [21] which is briefly described
below.

The PM signals are integrated and shaped such that
the rise and fall times are longer than the 96 ns
crossing time. This pulse is then sampled in steps of 96
ns (see fig. 20a) and the samples stored for digitization.
The signal sampling and storage is performed via an
analog pipeline based on the switched capacitor tech-
nique. The pipelines, with 58 cells each, have been
developed in collaboration with the Fraunhofer Insti-
tute *1? using CMOS technology. Events selected by
the trigger can be picked inside the pipeline and trans-
ferred to a buffer of similar design. Pipelines and
buffers are incorporated in the so-called “front-end

#12 Fraunhofer-Institut fiir Mikroelektronische Schaltungen
und Systeme, Duisburg, Germany.

cards”. A preliminary version of this electronics, imple-

mented however with CCDs as pipelines, was success-

fully tested with the prototype calorimeter [6].

The modules tested in the beam were equipped
with front-end (analog) cards of the final FCAL design.
These cards were attached to a removable beam lo-
cated on top of the module so that the same cards
were used to read out all modules. In total 22 cards
were used, each one containing the readout for 12
channels. Right (R) and left (L) side PMs were con-
nected to different cards. The signal of each PM is split
into four parts (see fig. 20b). The quasi dc current
produced by the uranium radioactivity is measured via
a current to voltage converter using a feedback resistor
R,, with some smoothing by a capacitor (integration
time of 20 ms). The remaining three parts are ac
coupled via resistive splitting into:

- the “high-gain” path (H) with shaper, pipeline (58
cells) and analog buffer (8 cells) to store 8 samples
for each pulse,

— the “low-gain” path (L) identical to the “high gain”
path but scaled down by a factor 22.22, and finally

— the trigger path, not used in the beam test described
here.

The “high gain” path covered the range between 0 and

20 GeV /c and the “low gain” path up to about 400

GeV /c. This signal splitting allowed to reach the effec-

tive dynamic range of 16.5 bits required by the specifi-

cations. In order to meet the requirements concerning
calibration the R, resistors employed for dc current
integration were selected with a tolerance of 0.1% and
all other sensitive components of the front-end card
with 1% tolerance. In addition, each card incorporated

a calibration system consisting of a 10-bit DAC allow-

ing charge injection to all channels and a 2 V reference

voltage precise to within 0.1% (see fig. 20b).

The analog signals processed by the front-end cards
were transmitted via 60 m long flat twisted-pair cables
to the digital cards. These VME-based digital cards
contained a 12-bit ADC with a conversion rate of 1
MHz. The final version of the digital card incorporates
a DSP ** in order to cxtract from the pulse samples
the energy and time information as described in sec-
tion 4.3. In the test presented here these operations
were performed offline. Each digital card could read
out 12 channels, the information from one channel
including 8 samples for H and L gain respectively, in
addition to the UNO current. Since only 3 of these
cards were available at the time of the test, only 36
channels could be read out per cvent, corresponding
(in the case of FCAL modules) to three complete
calorimeter towers. The selection of the 3 towers to be

#13 Digital Signal Processor (Motorola 56001).
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readout for a given run was performed via a
computer-controlled multiplexer unit.

3.5. Data acquisition

The data acquisition system (DAQ) had the follow-
ing major tasks: provide a stable and flexible environ-
ment for data taking in the test beam, test the comput-
ing hardware used by the ZEUS experiment and pro-
vide experience with software tools.

The DAQ system consisted of three subsystems
implemented in different computing devices as follows
(see also fig. 19a):

— host functions, interface to beam and test triggers
and run-control in a MicroVAX 3600 with 16 MB
RAM, about 900 MB disk space and two 1600 BPI
tape drives,

— generating triggers and readout of ADCs by two
T800 transputers [22], each one with 1 MB private
RAM and 128 kB dual ported RAM for VME
access and

— slow control by a single VME board computer with a
68020 microprocessor running under OS9.

The MicroVAX acted as host computer. The trans-
puters were connected to it by a 20 Mbit serial link and
the OS9 machine via Ethernet using TCP/IP. The
slow control operations have already been described in
section 3.3. The read-out tasks were implemented in
the transputers. One of them was used to control the
front-end electronics, react on VME interrupts and
read out the VME-ADCs and CAMAC crates (e.g.
trigger counters and beam spectrometer). The data
block was then transferred to the second transputer
and was formatted into ZEBRA *'* banks. The records
obtained in this way were then buffered and trans-
ferred to the MicroVAX in blocks of 36 to 40 kB. The
event data, as well as the data delivered by the OS9
computer, were buffered in the VAX using MBM #1°
and were there available for storage on disk or data
quality monitoring (DQM). This DQM was imple-
mented using the histogram package PAW #19,

Data taking was initiated and controlled by a task
implemented in the VAX. This task could start, control
and stop a run by sending commands to the transputers
in order to set the trigger conditions, and also the OS9
system in order to control the position of the module.
A run, formed by consecutive events with the same
trigger conditions and slow control setting, was stored
in a single file of the VAX disk prior to writing to tape.
In addition, a feature called “autopilot” was available

#14 Data structure management system from the CERN ECP
Division.

#15 Model Buffer Manager from the CERN ECP Division.

#16 Physics Analysis Workstation from CERN ECP Division.

to perform a sequence of runs with changing parame-
ters, like the scan of a module with the beam or a
calibration cycle of all calorimeter towers with UNO,
charge injection, laser or LED runs (see section 4.2).
The data were finally copied from disk to tape in
ZEBRA exchange format.

The event rate achieved within this scheme was
mainly limited by the MicroVAX computer. With an
event size of about 1600 bytes, the transfer rate from
the transputers to the VAX was 160 kB /s. The rate for
the transfer to disk was 84 kB/s. Taking into account
the spill structure of the SPS (2.4 s long spills followed
by a pause of 12 s) the event rate was limited to a
maximum of about 300 Hz or 700 events per spill.

4. Test procedure
4.1. Warm-up procedure

In total, 6 of the 24 FCAL modules and 4 of the 24
RCAL modules were tested in the X5 test beam of the
CERN SPS. These modules will be called in the follow-
ing FCAL1 to FCAL6 and RCAL1 to RCALA4. They
were all of maximum-size type (4.6 m height) and
consisted of 23 20 X 20 cm? towers. Module FCALS
was of the F11 type (see table 2a) and all other FCAL
modules of the F12 type. Modules RCAL2 and RCAL4
were of type R11 (see table 2b) and the 2 others of the
type R12.

The module to be tested in the beam was first
rotated to the horizontal position and installed on a
warm-up stand where PMs and HV distribution boards
were mounted. A preliminary HV adjustment was per-
formed by balancing the UNO currents measured via
current-voltage converters. The module was kept un-
der HV for a few days and various tests were per-
formed (e.g. light tightness, gain stability tests and
voltage dependence of the PM gain).

This warm-up stand was also used to scan the
modules with radioactive sources. A pointlike *Co
source (length 1 mm and diameter 0.7 mm) with an
activity of 2 mCi was moved along the brass pipes
located in between the WLS plates as described in
section 2.4. The source was encapsulated at the end of
a 10 m wire and was moved with a speed of 4-5 mm/s
by a driver mechanism based on pinch rollers driven by
computer-controlled stepper motors *!7. Measure-
ments were taken at a rate of 10 Hz, ensuring 2-3
points per mm, that is, about 20 points per calorimeter
layer. The time separation between measurements, 100
ms, was longer than the integration time for the UNO

#17 The slow control computer was used for these measure-
ments.
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current (20 ms). The source produced a signal in excess
of the UNO value by 60% for HAC sections and by
150% for EMC sections. Figs. 21a and 21b display the
result of EMC and HAC scans, respectively. The ripple
observed reveals the layer structure of the calorimeter
and allows the position and light yield of individual
scintillator tiles to be checked. The two large dips
observed in the EMC scan correspond to the position
of the gaps to be instrumented with silicon detectors.
The %°Co source scans turned out to be a powerful
method for the detection of small local mistakes in the
module. More details about these measurements can
be found in ref. {17].

4.2. Beam test procedure

The module to be tested was transported by a crane
from the warm-up stand to the beam calibration stand
and cabled up to the front-end cards. The final HV
settings were tuned such that the UNO currents devi-
ated by less than 1% from the following nominal val-
ues:

— 100 nA for FEMC channels,

- 200 nA for REMC channels,

-~ 400 nA for FHACO and RHACO channels,

—~ 500 nA for FHACI1, FHAC2 and RHACI channels.

The pipeline and buffer cells of every channel were
calibrated using a test voltage applied at the input of
the pipelines (see table 4a) and various laser and LED
measurements were performed. Measurements of the
UNO pedestals and noise studies were also performed
at a reduced HV value of 400 V. The vertical (x) and
horizontal (y) position of the module with respect to
the beam were determined with an accuracy of about
+1 mm and +3 mm, respectively, by scanning the
center of tower 12 in both directions with a 15 GeV /¢
electron beam (see fig. 22a and 22b).

The beam test of a module consisted of 4 ‘““beam-on”
scans (see table 4b) at 15 and 100 GeV /c selected so
that all channels could be reached by particle signals.
The first scan (15 GeV /¢ electrons incident at the
center of each HACO and EMC section) was repeated
at the end of the cycle in order to check the repro-
ducibility of the calibration. In each scan the calorime-
ter was automatically moved to the desired position via
the autopilot procedure incorporated in the run con-
trol. Histograms of mean values and spread of the
average calorimeter response at the center of each
section was available from the online monitoring at the
end of each scan. These scans were complemented
with other measurements, ¢.g. scans at +6 cm verti-
cally displaced from the center of the module, in order

Table 4a

The electronics calibration cycle performed for each module

Step Run type Events/run Runs Comment

1 DC 50 2 ADC/V conversion

2 V0 V) 50 58 pipeline cell pedestals
3 Vi 2V) 50 58 pipeline cell gains

4 Vi 50 8 pipeline cell linearity
5 O 100 2 pulse slopes

6 wny 100 8 pulse linearity

7 Oy 100 2 ground check
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Table 4b
The “beam-on” test cycle performed for each module
Scan Particles E[GeV/c] Events Runs Runs Sensitive
number per run F12(F11) R12(R11) sections
1 electrons 15 2000 74(80) 40(42) EMC(H/L)
electrons 100 2000 74(80) 40(42) EMC(L)
+ muons 2000 EMC(H)
3 hadrons 100 5000 23 23 HAC(L)
+ muons 10000 HAC(H)
4 electrons 15 2000 74(80) 40(42) EMC(H/L)

to determine the attenuation of the light in the scintil-
lator, and fine step scans in small regions of the
calorimeter. The duration of each scan was typically 8
hours for FCAL modules and 4 hours for RCAL
modules.

Between two “beam-on” scans, a ‘“beam-off” cali-
bration cycle was performed. This cycle consisted of 7
(4) calorimeter scans for FCAL (RCAL) modules, one
per multiplexer setting, in order to monitor the perfor-
mance of PMs and electronics (see table 4c). The cycle
started with a measurement of the UNO currents fol-
lowed by asynchronous charge injection runs (to deter-
mine the gain of the electronics), random triggers (to
check noise and pedestals) and finally various light
injection runs. The “beam-off” cycles lasted typically
one hour. The complete test of one module, including
mechanical operations, took on average one week with
however large variation from module to module.

4.3. Charge and time reconstruction

In this section we describe the sequence of opera-
tions required to extract the charge and time informa-
tion. Fig. 20a shows the PM pulse after the shaper. As
the input pulse was much shorter than the shaping
time constant, the pulse shape is to a very good approx-
imation identical for all events and channels. This
pulse was sampled every 96 ns and the samples stored
in the pipeline cells. Upon receipt of a trigger, 8
samples #,, chosen so that the pulse peaked between
the third and the fourth sample *'® were stored in the
buffer cells and transferred to the ADCs for digitiza-
tion. These samples were corrected off-line as follows:

g8
H= Z’O*’ [h,—8y—8,—8,] (i=0,...7),

#18 The electronics was run in asynchronous mode (relative
to the particle arrival time) in the test beam. At HERA
the sampling clock will be synchronized with the bunch
crossings so these two samples are equal for all events.
This time is defined in the following as time T = 0.

where g, and 8, are a global gain and pedestal and
8ps 8b» O, Oy are small corrections which depend on
the pipeline and buffer cells in which the signal was
stored. These constants were determined by applying a
known test voltage at the input of the pipelines (see fig.
20b and table 4a). The charge g (in pC) was obtained
from the samples H, (in ADC channels) by the follow-
ing algorithm:

q =qnorm[(H2 _H()) +Rq(H3 —H())] ’

where R,= —(dH/dt),/(dH/dt); is the ratio of
slopes between samples 2 and 3 determined at the time
such that H, = H, (this time is defined as T'=0). The
same value of R was used for all channels (R = 1.80).
The normalization factor q,,,, includes various ADC
to pC conversion factors and a global channel gain
correction obtained by injecting known test charges
into the shaper via the capacitor Cy (see fig. 20b). In
order to ensure that the same charge is injected in
each channel, the capacitor Cy was trimmed before-
hand to better than 0.2% with a variable capacitor C,,.
The applied voltage V. was monitored event by
event relative to a precise 2 V reference voltage Vigg.
The charge g required several further corrections:

Q=q/R,— AP,

where R, =1, (measured)/], (nominal) is a correc-
tion for variations in the PM gain obtained from the
measured UNO current and AP is a global channel
pedestal determined from random trigger runs without
beam. The charge obtained in this way depends on the
time at which the event occured relative to the sam-
pling clock (see fig. 23a) and therefore needs an addi-
tional time correction:

4
QCOrr = Q/(l + Z alTC‘)’
=1
where T,= T, + AT, T, being the overall time of the
event as determined by the trigger-pipeline clock time
difference and AT the shift for individual channels.
This shift is due to the transit time of the PM and in
the pipeline and may be as big as 10 to 20 ns. The
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Table 4c

The “beam-off” calibration cycle performed every 8 hours

Scan Run type Events Runs Runs Comment

number per run (FCAL) (RCAL)

1 UNO 1000 7 4 I,,, measurement
2 Q,,(10 p0O) 1000 7 4 gains for Q,,

3 0,,(80 pC) 1000 7 4 gains for Q

4 Random 1000 7 4 pedestals for beam
5 LED(AC) 1000 7 4 PM monitoring

6 LED(DC) 1000 7 4 PM monitoring

7 laser 1000 7 4 PM monitoring

polynomial coefficients a, depend on the pulse type
(beam, Q injection, LED, laser). The same values can
be used for all channels. The time shifts AT, on the
contrary, depend on the pulse type and also on the
channel.

The time of each event was reconstructed from the
shaped pulse itself via the following algorithm:

T=(H,-H)/(S,Q) (T=0for H,=H,),

where S,=[(dH/d¢), —(dH/dt);]/Q. For T in ns,
S, has the value 0.81 (the same value was used for all
channels). Just as in the case of the reconstructed
charge Q, this time T needs a time correction for
asynchronous events (see fig. 23b):

4
—AT+ Y bT',

=1

T,

corr

where AT is the time shift introduced previously to
correct the channel to channel time offsets. In the
following the corrected charge and time, Q. and
T.., will be simply called Q and T.

Finally the UNO current was determined as follows

(see fig. 20b):
Tino = (Vuno - VG)/RM — 1y,

A150 F b
\Lé- ’.’.,.—0-o~‘—0~0““
[« 4 ’ 5
100 | ' : ; 1
center of tower 12
50 | ‘ ' 1
b
1 (@
0 3 i 1 i 1
-5 0 5 10 15 20 25

X (cm)

where V,,,, is the UNO signal and V; the reference
ground. Both are measured event by event. R, is the
value of the integrator resistor (3.48 MQ for FCAL
cards of the final design) and /, a residual pedestal
measured with the HV at 400 V.

In total 279 constants per channel are required in
addition to 37 further constants common to all chan-
nels. No update of these constants was necessary dur-
ing the calibration of one module except for the UNO
current correction R; which was updated approxi-
mately every 8 hours. Typical variations after one week
of running were 0.3% (0.5%) for electronics H (L)
gain, 0.03 pC (0.28 pC) for pedestals and 1.2% (0.7%)
for UNO currents of EMC (HAC) channels. After 8 h
of running the UNO current variations were typically
0.5% (0.2%) for EMC (HAC) sections.

4.3. Effective integration gate

In electron showers the energy is deposited
promptly. This is not the case for hadron showers,
especially if a large fraction of the signal is due to
neutron interactions as in uranium-scintillator calo-
rimeters. As explained in ref. [23] most of the neutrons

_ 150 I Boundary between sections 2 and 3 ]
O
[=" P »--®
— o AR
100 r ,/ \ B b
EMC section 2 ' EMC section 3
Pl (tower12) l's,' (tower12)
50 | |
3 / [}
L .. -, b
0 E acn--0--9 7 ?.‘0 ( )
0 5 10 15
Y (em)

Fig. 22. (a) Scan in the x direction with 15 GeV /¢ electrons in order to determine the vertical position of the calorimeter and (b)
scan in the y direction with 15 GeV /¢ electrons in order to determine the horizontal position of the calorimeter.
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Fig. 23. (a) Reconstructed charge as a function of trigger/sampling clock time difference and (b) trigger /sampling clock time
difference as a function of reconstructed time.

produced in hadron showers are prompt but it takes a
finite time until they are slowed down and deposit
their energy by elastic collisions with the protons of the
scintillator. Once the neutrons reach thermal energies
the dominant process is the neutron capture by ura-
nium nuclei with emission of vy rays in the MeV range.
These photons start to contribute to the signal typically
after 100 ns and therefore modify the e/h value for
long integration gates. This decrease of e/h for long
integration gates is confirmed by the experimental data
(see [24] and references therein). Due to the finite
decay time of scintillator and WLS, a prompt energy
deposit in the calorimeter results in a finite-length
pulse at the PM anode. Its shape is dominated by the
decay constants of the WLS (about 9 ns for 99% of the
light and 40 ns for the remaining 1%). As a result, a
significant time dependence is observed both for the
clectron and the hadron signal for gate lengths below
100 ns.

1.0 T
fa
w(T) A '
0.5 -
U U —de At YU S I VY S 2 Ll
0.0 50.0 100.0 150.0 200.0
T (ns)

In the test performed with the prototype calorime-
ter [5], the PM signals were digitized after 50 m RG-58
cables by charge integrating ADCs (2282B from
LeCroy) with a gate length of 100 ns. In the following
we discuss the weighting function of the present read-
out electronics and reconstruction algorithm. This
function describes the contribution to the total signal
of the energy deposited in the calorimeter at times
different than the prompt energy. Since the shaper
circuit performs four equal integrations with 7 =33 ns
[21], its response to a d-function pulse at t =0 with
area (Q is described by the function (see fig. 20a).:

Q1Y
h(t)=‘6—7(;) e_’/",

with 7 =33 ns. The signal shape of prompt energy
deposits in the calorimeter has been determined using
electrons incident on the calorimeter at arbitrary times

1.5 I B e e i e

w(T) (b)
1.0 + oL e
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i "t
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Fig. 24. Effective weighting function (including the electronics shaping and the decay time of SCI and WLS) for energy deposited in
the calorimeter (a) at time T after the deposit of prompt energy in the scintillator and (b) at any time relative to the deposit of
prompt energy.



130 ZEUS Calorimeter group / Construction and beam test of forward and rear calorimeter

relative to the sampling clock. It can be described to a
good approximation by the same function A(r) with just
an increased time constant, 7= 36.5 + 0.2 ns, which
reflects the signal delay due to geometrical effects,
scintillator and WLS decay times and PM response.
The reconstruction algorithm presented in the previous
section results in the weighting function «(7) given in
fig. 24a, T being the time relative to the prompt energy
deposit in the scintillator, reconstructed with weight
w=1 at time 7T =0. After 110 ns this weight drops
below 50% so for smooth pulse this electronics can be
compared with an integrating ADC with a gate ending
110 ns after the mean arrival time. In the prototype
measurements [5], the beginning of the gate was ad-
justed to start typically 20 ns earlier than the pulse, so
the present electronics should be compared with inte-
grating electronics of 130 ns gate length. As this value
is similar to the one actually used, no significant differ-
ences regarding compensation are expected.

The sampling electronics are on the contrary very
different from the integrating electronics for early
pulses. Fig. 24b shows the weighting function «(T) also
for negative values of 7. We can sece that for early
signals one might even reconstruct a negative charge
(due to the H, subtraction in order to obtain the
correct baseline). This function is important for pile-up
studies and noise calculations. In particular the ura-
nium noise measured for the prototype [5] was 25 MeV
per tower (EMC + HAC1 + HAC2), almost a factor 2
smaller than for the present electronics (see section
5.6).

5. Test results

5.1. Linearity

An electron energy scan in the momentum range of
15 to 110 GeV /¢ was performed for module FCALI.
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Fig. 25. High and low gain average electron signals vs beam
momentum.

The beam was incident at the center of section 2 in
tower 13 (equipped with XP1911 PMs). The mean
charge Q measured by the calorimeter for both high
and low gain channels is plotted vs beam momentum in
fig. 25. This charge Q includes, in addition to the
charge collected in the section of beam incidence, the
charge collected in the high gain channels of adjacent
EMC and HACI sections (R and L side channels are
added). These adjacent sections contain approximately
10% of the total signal. Fig. 25 shows that the high-gain
channel saturates at an energy of about 20 GeV /c.
The momentum of the incident particle was cor-
rected event by event for deviations from the nominal
value, using the beam spectrometer. The aperture of
the horizontal collimator which defines the momentum
spread was set to +25 mm during this energy scan.
The deviation from linearity is defined as:

8=(0/pr)/(Qv/po) — 1,

where Q, and p, are the calorimeter charge and beam
momentum at 15 GeV /c. Fig. 26a displays & vs beam
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Fig. 26. (a) Deviation from linearity and (b) energy resolution, as a function of beam momentum for the electron energy scan in the
FCALI1 module.
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Fig. 27. (a) Deviation from linearity and (b) energy resolution, as a function of beam momentum for the electron energy scan in the
RCAL1 module.

momentum for the low gain measurements. We ob-
serve deviations from linearity smaller than 1% in the
momentum range covered by the measurements.

The energy resolution obtained from the rms of the
electron response is plotted vs beam momentum in fig.
26b. At the lower measured momenta the resolution is
about 17.5%/ vE , compatible with previous measure-
ments [5] and with measurements performed in the
high gain of other channels and modules (see section
5.6). At the highest measured momenta the resolution
degrades slightly 19%/VE .

A similar scan was performed for module RCAL1
with the beam incident at the center of section 1 in
tower 12 (equipped with R580 PMs). The quantity &
defined previously is plotted vs beam momentum in fig.
27a and the energy resolution in fig. 27b. We observe
in this case an increase in & of about 2% between 15
and 110 GeV /c. This nonlinearity is consistent with
measurements performed for other sections of FCAL
and RCAL modules which are also equipped with
R580 PMs (see next section) and can be corrected
offline *1°. The beam test provides no information on
the system linearity beyond 110 GeV /c. This informa-
tion can be extracted from the laser data, reaching
equivalent energies in excess of 400 GeV.

5.2. Test of the EMC sections

The EMC sections of the FCAL and RCAL mod-
ules were tested with 15 and 100 GeV /¢ electrons and
with 100 GeV /c muons, incident at the center of each
section (see table 4b). Electrons at 15 GeV/c were
selected by demanding a signal between 110 and 180
pC in the EMC part of the calorimeter, but smaller
than 15 pC in the hadronic part. Fig. 28a shows the

#19 This may be due to the quantized voltage steps in the CW
base used for R580s.

resulting distribution with high statistics, obtained by
superimposing the events from all sections of one mod-
ule. This distribution is to a good approximation a
Gaussian, whose mean and rms were calculated for
each section (no fit was performed) and used in the
present analysis. Electrons at 100 GeV /¢ were se-
lected by demanding a signal between 800 and 1100 pC
in the EMC sections, but smaller than 100 pC in the
HAC sections. Muons were selected by demanding a
signal between 1 and 40 pC in the EMC section ex-
posed to the beam, but smaller than 120 pC in the total
calorimeter. The resulting distribution, again with high
statistics, is displayed in fig. 28b. The muon pulse-height
distribution is well described by the following function
(also shown in the figure):

f(x) =f()¢[(Q - QO)/U]’

where Q is the measured charge, ¢ the Landau distri-
bution (see [25] and references therein) and f,, Q,, o
are free parameters which have been obtained for each
section from the corresponding fit. An “effective mean
value” of the muon signal can be obtained using these
fitted parameters, as follows:

len

Oreen = [ Ura0r(0) dQ/ i) ag

=0-(p1()‘max) + Q(J’

where A, =(Q..«— Qp)/o and @,(x) is the first
moment of the Landau distribution truncated at a
value x, as defined in [25}:

®,(x) = /;Mpu) d)\/fxofs(A) da.

This effective mean value has been used in the present
analysis. It has the advantage over the arithmetic mean
value of a smaller statistical error and less sensitivity to
a hadron contamination of the muon samples and the
value of Q

max*
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Fig. 28. (a) High statistics electron pulse-height distribution at 15 GeV /¢ after cuts in FEMC sections (the number of events is in
logarithmic scale and a gaussian function is overlayed) and (b) high statistics muon pulse-height distribution at 100 GeV /¢ after
cuts in FEMC sections (a Landau function is overlayed).

Results concerning the test of EMC and HACO
sections from the six FCAL and four RCAL modules
are summarized in tables 5a and 5b. In all tables R and
L side PM signals have been added. Table 5a shows,
for electron and muon scans and for each module, the
mean charge measured by each EMC section, averaged
over all sections of the module. Averaging over all
modules and over H and L gain, a charge of 142.6 pC
is measured by the calorimeter for 15 GeV /c incident
electrons (for each run all EMC sections from 3
towers *2° are summed; HAC sections are excluded
but they contain only 0.2% of the signal at 15 GeV /¢).
This value sets the absolute calibration scale of the
calorimeter for the UNO current value of 100 nA for
EMC sections of FCAL. The module-to-module varia-
tions A are at the 0.5% level and the matching be-
tween H and L gain is accurate to 0.1%. This matching
is also excellent for individual PMs (see fig. 29a and
29b for FCAL and RCAL respectively). The intercali-
bration of H and L gain was obtained with charge
injection. The area of the EMC sections of RCAL is
exactly twice the corresponding area for FCAL. When
setting I ;no(REMC) =200 nA and Iy no(FEMC)=
100 nA we expect the same energy calibration. We find
the following ratios FCAL /RCAL from table 5a:

e(FCAL)  142.6

15 GeV /c: ¢(RCAL) = 1386 =1.029,

100 GeV /c: e(FCAL) _ 9516 1.008
e(RCAL) 9445 ’

100 GeV /c: ﬂF—CA—L)=ﬂ4—=1.022
w(RCAL)  4.64

#20 15 the case of FCAL modules, these 3 towers include 12
5% 20 cm? EMC sections. The section on which the beam
centered contains about 90% of the electron energy.

(1.022 corresponds to 500 MeV deposited energy). For
the scaling between the 100 GeV/c and 15 GeV /c
data we find:

e(100) 15  951.6 15

FCAL: 1.001,

e(100) 15 9445 15

e(15) 100  138.6 100

RCAL: 1.022,

consistent with the linearity measurements presented
in the previous section. The nonlinearity of the RCAL
thus appears to be the dominant cause of the response
differences. Similar nonlinearities are found in the
HACO section of both FCAL and RCAL. The differ-
ence in the average electron signal measured at 15
GeV /c between the HACO and the other EMC section
of the module is 1.5% for the FCAL and 0.7% for the
RCAL. We expect that the different types of PMs
(XP1911 for the EMC sections of FCAL and R580 for
all other sections) are the cause of the response differ-
ence. This is presently under detailed investigation
using the laser calibration system.

As mentioned before, the 15 GeV /¢ electron scan
was performed twice for each module, at the beginning
and at the end of the calibration cycle, in order to
check the reproducibility of the calibration. The values
obtained in both scans for individual channels agree
within the statistical error of 0.3 to 0.4%. Module
FCALS3 was tested a second time, after four months.
The values obtained in both tests agree within 0.4%,
thus indicating that beam calibration constants are
stable also in the long term.

The HV values were set as explained in section 4.2
and remained fixed during the test of given module. A
test was performed in one tower of module RCALI1
measuring ¢ /UNO as a function of HV and hence of
PM gain. The HV was varied over a range of 60 V
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Table 5a
Average charge (in PC) per module in EMC and HACO sections
Module Muons A Electrons A Electrons A Electrons A
100 GeV /¢ [%] 15GeV/c [%] 15GeV/c [%] 100 GeV /¢ {%]
(H) (H) (L) L
FCAL1 4.73 -0.2 143.0 +0.3 1433 +0.4 951.6 +0.0
FCAL2 4,75 +0.2 141.9 -0.4 142.0 -0.5 943.4 -0.9
FCAL3 4.77 +0.6 143.7 +0.8 144.0 +1.0 954.4 +0.3
FCAL4 4.73 -0.2 142.6 +0.1 142.8 +0.1 950.4 -0.1
FCALS 4.75 +0.2 141.8 -0.5 142.1 -0.4 952.4 +0.0
FCAL6 4.73 -0.2 141.9 -0.3 141.9 -0.5 957.2 +0.6
Average 4.74 142.5 142.7 951.6
RCAL1 4.62 -04 139.1 +0.4 139.0 +0.4 954.3 +1.0
RCAL2 4.66 +0.4 138.6 +0.0 138.5 +0.0 943.9 -0.1
RCAL3 4.64 +0.0 139.7 +0.8 139.7 +0.8 949.0 +0.5
RCAL4 4.63 -0.2 1371 -1.1 137.2 -1.0 930.9 -1.5
Average 4.64 138.6 138.6 944.5
Table Sb
Spread of ¢ /UNO and p /UNO values in EMC and HACO sections
Module Muons Electrons Electrons Electrons
100 GeV /c (H) [%] 15 GeV/c (H) [%] 15 GeV/c (L) [%) 100 GeV /¢ (L) [%]
Stat. error 0.5 0.3 0.3 0.1
FCALI1 1.3 1.1 1.2 1.0
FCAL2 14 0.7 1.1 1.0
FCAL3 0.9 1.2 1.2 13
FCAL4 0.8 0.8 0.8 1.0
FCALS5 1.1 0.9 0.9 0.9
FCALS6 1.1 1.0 1.3 1.1
All channels 1.2 1.1 1.2 1.1
RCALI1 1.1 1.4 14 1.7
RCAL2 0.8 1.1 1.1 0.9
RCAL3 0.9 1.1 1.1 14
RCAL4 0.9 1.5 1.5 1.2
All channels 1.0 1.5 1.5 1.6
250.0 T T T 150.0 .
Channels Channels
200.0 | H/L gain ratio . 120.0 | H/L gamn ratio 1
FCAL modules RCAL modules
150.0 | o=07% ] 90.0 o= 0 2% ]
100.0 4 60.0 F ]
50.0 b 30.0 3
(a)
0.0 . . : 0.0 . ) ) (b)
0.80 0.95 1.00 1.05 1.10 0.90 0.85 1.00 1.05% 1.10

H gain/L gain H gain/L gain

Fig. 29. Ratio of high to low gain 15 GeV /¢ electron signals (a) for FCAL channels and (b) for RCAL channels.
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Fig. 30. Electron response (R +L) at 15 GeV /¢ (a) for FCAL sections and (b) for RCAL sections.

around nominal value. The ¢ /UNO values changed by
less than 0.5% over this HV range which corresponds
to a variation of 50% in PM gain.

Table Sb shows the section-to-section spreads of
e¢/UNO and x /UNO within a given module. They are
typically 1% for FCAL modules at 15 and 100 GeV /c
and somewhat larger for RCAL modules. If all sections
of all modules are put together, the spread of e /UNO
is 1.1% (FCAL) and 1.5% (RCAL) as seen in fig. 30a
and 30b respectively. These values measure the calibra-
tion uncertainties for the case that the calibration is
derived from the UNO currents alone.

In total 900 FCAL and 328 RCAL EMC channels
have been tested in the beam, representing 36% and
23%, respectively, of the total number of FCAL and
RCAL channels.

5.3. Test of the HAC sections

The HAC1 and HAC?2 sections of FCAL and RCAL
modules were tested with 100 GeV /¢ hadrons and
muons incident at the center of each section (see table
4b). Muons at 100 GeV /¢ were selected by demanding
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a signal in the corresponding HAC section between 3
and 80 pC, but smaller than 120 pC in the whole
calorimeter. Figs. 31a and 31b show high statistics
muon distributions in HAC1 and HAC2 sections of
FCAL modules. These distributions are well described
by the Landau function introduced for EMC sections
and “effective mean values” were calculated in exactly
the same way. Hadrons at 100 GeV /¢ were selected by
demanding a signal in EMC + HACI sections between
400 and 1000 pC, but smaller than 850 pC in EMC
sections in order to reject electrons. In the cut used to
select hadrons, HAC2 sections were omitted in order
to perform a similar analysis for FCAL and RCAL
modules. Due to this cut and also to incomplete con-
tainment of hadron showers in a single module, about
16% of the hadrons were rejected, mainly late shower-
ing particles. This cut affects of course the mean hadron
values (they increase by about 12% in HAC1 sections)
but not the section-to-section comparison, since the
same cuts were applied to all sections. We also note
that late showering hadrons contaminate the muon
samples for RCAL modules, shifting slightly the mean
values as discussed later. Figs. 32a and 32b show high-
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Fig. 31. High statistics muon pulse-height distribution at 100 GeV /¢ after cuts and with a Landau function overlayed, (a) in HAC1
sections of FCAL and (b) in HAC2 sections of FCAL.
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Fig. 32. High statistics hadron pulse-height distribution at 100 GeV /¢ after cuts (a) in HACI sections of FCAL and (b) in HAC2
sections of FCAL.

statistics hadron distributions in HAC1 and HAC2
sections of FCAL modules. The mean values of these
distributions were calculated for each section and used
in the present analysis.

The result of the various scans performed in the
HAC sections is summarized in tables 6a and 6b. The
module-to-module variations are of the order of 1%
for both muons and hadrons except for module FCALI,
which shows significantly lower pulse-heights in both
HAC1 and HAC?2 sections for hadrons. If tower sums
(EMC + HAC1 + HAC2) are considered, there is no
discrepancy for FCALIL. This effect is not understood
up to now.

The ratio between the muon signals in HAC1 and
HAC2 is:

p(HAC2)  15.64
uw(HAC1)  15.56

= 1.005

at the expected level according to previous studies [5].
Compared to the FCAL, the RCAL average in HAC1
sections is 0.5% larger for muons and 2% smaller for
hadrons. The first effect can be explained by hadron
contamination of the muon RCAL sample, as com-
mented before. The second effect can be explained by

Table 6a
Average charge (in pC) per module in HAC sections
Module HAC A HACI A HAC2 A HAC2 A
muons [%] hadrons [%) muons [%] hadrons [%)]
100 GeV /¢ 100 GeV /¢ 100 GeV /¢ 100 GeV /¢
(H) L) H) L
FCAL1 15.33 -0.2 529.0 -23 15.79 +1.0 72.0 -3.1
FCAL2 15.77 +1.3 539.4 -04 15.90 +1.7 75.9 +23
FCAL3 15.57 +0.1 541.2 +0.0 15.54 -0.6 74.7 +0.7
FCAL4 15.44 -0.8 541.9 +0.1 15.53 —-0.6 74.3 +0.1
FCALS 15.57 +0.1 550.1 +1.6 15.50 -0.9 74.0 -0.3
FCAL6 15.46 -0.6 546.6 +1.0 15.58 -0.4 74.5 +04
Average 15.56 541.1 15.64 74.2
RCALI1 15.60 -0.1 536.1 +1.2
RCAL2 15.64 +0.1 529.5 +0.0
RCAL3 15.53 -0.6 524.1 -1.0
RCAL4 15.71 +0.6 528.6 -0.2
Average 15.62 529.6
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Table 6b
Spread of & /JUNO and g /UNO values in HAC sections
Module HAC1 HAC1 HAC2 HAC2
muons hadrons muons hadrons
100 GeV /¢ (H) {%] 100 GeV /¢ (L) [%] 100 GeV /¢ (H) [%] 100 GeV /¢ (L) [%]
Stat. error 0.3 0.5 0.3 1.7
FCAL1 0.4 1.1 0.5 24
FCAL2 0.5 1.3 0.7 33
FCAL3 0.5 0.8 0.6 2.7
FCAL4 0.5 1.4 05 3.4
FCALS 0.5 0.8 0.6 2.6
FCALS6 0.7 1.1 0.8 35
All channels 0.9 1.7 1.1 3.4
RCAL1 0.6 1.2
RCAL2 0.6 1.5
RCAL3 0.5 1.1
RCAL4 0.6 1.0
All channels 0.7 1.5
40 T T T T 40 T - r T
N
Sections 1/UNO Sections 41/UNO
30 FHAC1 sections ’ 30 FHAC2 sections i
o= 0 9% o=1 1%
20 d 7 20 R
10 b 10 B
(a) (b}
0 L 1 b 1 0 i 1 — I L
10 12 14 16 18 20 10 12 14 16 18 20
Muon signal (R+L) (pC) Muon signal (R+L) (pC)
Fig. 33. Muon response at 100 GeV /¢ (R+L) (a) for FCAL HAC1 sections and (b) for FCAL HAC2 sections.
20.0 v T 3 20.0 T T T
i T
Sections h/UNO owers h/UNO
15.0 FHAC1 sections i 5.0 FCAL towers )
ag= 1 7% o= 1 0%
10.0 9 10.0 1
5.0 1 5.0 7
b
0.0 i . . @ 5.0 ‘ ol Yo (b)
450.0 500.0 550.0 600.0 650.0 650.0 700.0 750.0 800.0 850.0

Hadron signal (R+L) (pC)

Hadron signal (R+L) (pC)

Fig. 34. Hadron response at 100 GeV /¢ (R +L) (a) for FCAL HACT sections and (b) for FCAL towers (EMC + HAC1 + HAC2).
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Fig. 35. (a) Position of the counter B3 used to define the beam position, and (b) beam eftect dependence of the light yield.

the fact that back-scattering from HAC2 into HACI
sections is not possible for RCAL modules. A recali-
bration of RCAL HAC sections is therefore not im-
plied by these effects.

The u /UNO section-to-section sprcad (see table 6b
and fig. 33a and 33b) is of the order of 1%. The
h /UNO spreads arc larger. For HACI sections this is
due to the problem in FCAL1 mentioned previously
(sce fig. 34a). For HAC2 sections therc is a large
contribution from statistical fluctuations. However, if
the total energy in the towers (EMC + HACI1 + HAC2)
is considered, the variations are small, at the 1% level
(see fig. 34b). From thesc results we conclude that the
UNO currents provide a calibration of HAC sections
accurate to about 1%. Since a single module does not
provide full containment for hadron showers, studies
on e/h, energy resolution for hadrons or EMC/HAC
intercalibration are not possible. These studies were
performed in detail with the prototype calorimeter [5).

In total 552 FCAL and 184 RCAL HAC channels
have been tested in the beam, representing 30% and

60 h T T T T
Sections Light yield
w0 L FCAL modules |
mean= 116 p e /GeV/PM
20 r 1

0 L . ﬁﬂnﬂnn”nnﬂ.n o o

0 100 200 300 400 500
p-e./GeV/PM

Fig. 36. Light yield of FCAL sections (EMC and HACO0),
obtained with 15 GeV /¢ electrons.

20%, respectively, of the total number of FCAL and
RCAL channels.

5.4. Light yield of EMC sections

Sufficient light yield is important in order not to
degrade the clectron energy and position resolution. A
value of 80 photoclectrons (pe) per GeV per PM (or
cquivalently 1 pe/mip /laycr /PM) is considered as the
minimum required level. This goal was achieved for
HAC sections of the prototype calorimeter but not for
EMC sections [5] and a considerable effort was de-
voted to improve the light yield for final modules (see
in particular the section 2.3 on WLS).

Since each section is read out on the right (R) and
the left (L) side, it is possible to determine the light
yield of EMC sections from the clectron signal in the
following way:

Ope TOR-L eabz

Y e
where o, is obtained from the width of the R~ L
distribution normalized by the R + L signal, by sub-
tracting the contribution from the beam size (o) and
N, is the number of photoclectrons (R and L side
channcls added). The beam size contribution (see fig.
35a) can be estimated from the length & of the trigger
counter B3 and the attenuation A of the scintillator #21;
1 d

=~ 1%.
Ty \/ﬁ)\ ©

This value represents a significant correction to oy _; :

8%

TR~ = 2% (E =15 GeV /c)

#21 We assume a beam spot distributed uniformly over the
counter B3.
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Table 7a
Light yield per section (average over all modules)
Component Section pe/GeV/PM
FCAL HACO 227
EMC 107
HACI -~
HAC2 -
RCAL HACO 317
EMC 139
HACI1 -
Table 7b
Component Module pe/GeV/PM
FCAL FCALL1 86
FCAL2 117
FCAL3 118
FCAL4 119
FCALS 124
FCALS6 131
RCAL RCALI1 184
RCAL2 160
RCAL3 157
RCAL4 145

la

+6cm

~6cm

1

y

Fig. 37. Position of the two off-center scans with 15 GeV /¢

uo.o
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0.

electrons.
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i i —.nh il
8] 20.0 40.0 60.0 80.0 100.0
A (em)

and therefore this method to determine the light yield
has a systematic uncertainty of 10 to 20%, as illustrated
in fig. 35b, where the number of photoelectrons per
GeV per PM (averaged over EMC and HACO sections
of all FCAL modules) is plotted vs o. Fig. 36 shows
the light yield for all EMC and HACO sections of
FCAL modules. The average values for FCAL and
RCAL sections are listed in table 7a. We observe that,
on the average, more than 100 pe/GeV/PM have
been achieved in FEMC scctions, this value represent-
ing a considerable improvement as compared to the
prototype values (40 pe /GeV /PM). The expected con-
tribution of pe fluctuations to the electron energy
resolution is therefore:

o./E =1%/VE .

The average light yields per module (EMC and HACO
sections) are listed in table 7b. The light yield values
obtained by this method are compatible with those
obtained by other methods (laser and LEDs [18]) which
can also be used for HACI and HAC2 sections.

5.5. Attenuation length of scintillator

The attenuation length A of the scintillator has to
be known in order to reconstruct the shower position
{5]. Tt was determined by performing for all modules
two off-center scans at +6 cm from the middle (see fig.
37) with 15 GeV /¢ electrons. These scans provide two
independent measurements of A for cach section:

Ay = —~2dy/log p, and A,= —2d,/log p,

where p, = (R,/R)/(L,/L|}) and p,=

(Lsy/L)/(R5/R)) (see fig. 37). The mean values R,
and L, from the central scan are used to normalizc the
off-center values (R,, L,, R;, L3} in order to remove
possible intercalibration errors between R and L side
channels. The values of A determined in this way are
insensitive to horizontal shifts of the beam position (y

0.0 - T T T
B
Sections
RCAL modules
30.0 4
EMC
20.0 B
10.0 ]
HACO
b
0.0 L L . [laad] bl
0.0 20.0 40.o0 60.0 80.0 10C.0
A (cm)

Fig. 38. Attenuation length of scintillator obtained with 15 GeV /¢ electrons (a) for FCAL EMC sections and (b) for RCAL EMC
sections.



ZEUS Calorimeter group / Construction and beam test of forward and rear calorimeter 139

Table 8

Attenuation length of scintillator per section

Component Section A (cm) rms

FCAL HACO 73.9 4.5%
EMC1 66.2 6.8%
EMC2 70.7 5.2%
HACI1 - -
HAC2 - -

RCAL HACO 75.6 7.9%
EMC1 69.6 4.3%
HACI - -

direction) but can be influenced by vertical shifts (x
direction). In order to minimize the error induced by
vertical shifts, the average of both A values has been
used:

A=3[A +2,]

In this way the only remaining systematic error is the
uncertainty in the exact distance between scan 2 and
scan 3 (about 0.3 cm over 12 cm). This systematic error
dominates over the statistical error (about 1.5%) and
the total uncertainty in A can be estimated to bc 3%.
The values of A obtained in this way arc displayed
in figs. 38a and 38b for FCAL and RCAL sections,
respectively. These figures show systematic differences
between the various section types, in particular be-
tween FEMCI1 (spacer) and FEMC2 (no spacer) sec-
tions. The average values per section type are listed in
table 8, together with the section-to-section spread
which is typically 5 to 6%. Taking into account the
uncertainty of 3% in thc¢ measurement of A, we esti-
mate the systematic section-to-section differences to be
of the order of 4%. If the samc value of A is used for
all sections of a given type, the systematic error in the
position measurement in the x direction is therefore:

A A 0.2

o =———~0.2cm,

D being the section width in the x direction (20 cm).
This error is in general negligible compared to the
error induced by photoelectron fluctuations (sce ref.

(5D
o (pe)=Aoy_ . ~5cm/VE.

5.6. Other results

Energy resolution for electrons

The energy resolution for electrons at 15 GeV /c is
18%/VE for FCAL sections (see fig. 39) and
17.8% /VE for RCAL sections. These values are aver-
ages over all EMC sections and include the contribu-
tion of the beam momentum spread (8p/p ~ 1%). If

100 T v T T
Sections
8o | Energy resolution J
FCAL modules
60  mean= 18%/-VE 1
40 f b
20 b
{a)
0 i 1 1 1
0 5 10 15 20 25

{o/E)~p (%)

Fig. 39. Energy resolution of the FCAL EMC sections for 15
GeV /¢ electrons.

this beam contribution is subtracted, we obtain
17.6%/VE and 17.4%/VE for FCAL and RCAL
sections respectively. The sampling fluctuations are of
the order of 16% / VE according to Monte Carlo calcu-
lations [5], the difference being the contribution of
photostatistics (see section 5.4). The section-to-section
variations arc about 4% and can be almost entirely
explained by the 3.5% statistical crrors in the determi-
nation of the resolution.

Time resolution for electrons

The time resolution measured during the electron
energy scan performed with FCALI (see section 5.1) is
plotted versus beam momentum in fig. 40. This result
has been obtained by averaging the time measured by
R and L side PMs, but the same result holds for R and
L side PMs taken separately. This observation suggests
that the result is dominated by systematic effects (e.g.
the uncertainty in the measurement of the time differ-
ence between the trigger and the sampling clock of the
electronics). In any case the time resolution of the
calorimeter is better than 1 ns above 15 GeV /c. At
lower energies the time resolution is dominated by

2.0 — + T T T
i~ Time resolution
o 1.5 B
-
© 0 ]
05 | D°°°°°°°°°°°°°o°o,o° ]
(b)
0.0 1 i 1 1 1
0 20 40 60 80 100 120

Pbeam (GeV/c)

Fig 40. Time resolution as a function of beam momentum
(FCAL electron energy scan).
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Fig. 41. (a) Noise for high gain channels of module FCAL1 and (b) noise for low gain channels of module FCALL.

calorimeter noisc and by fluctuations in the arrival
time of the photoelectrons. For muons in the EMC
sections (0.5 GeV equivalent signal) we obtain a time
resolution of 3.8 ns which improves by about 10% after
averaging over the R and L side.

Noise

The noise for individual channels can be deter-
mined with randomly triggered events. In the high gain
channels it amounts to about 0.08 pC (8 MeV equiva-
lent energy) for FEMC, 0.10 pC (10 MeV) for REMC
and 0.14 pC (13 MeV) for FHAC (0, 1, 2) and RHAC
(0, 1) (see fig. 41a). This noise is dominated by the
fluctuations of the uranium signal. The electronic com-
ponent, determined by reducing the HV to 400 V, is
0.04 pC (see again fig. 41a). The noise in the different
calorimeter sections is uncorrelated, but the noise in R
and L side channels of the same section is correlated
by about 50%, since the main source is the common
fluctuations of the uranium signal. For this reason the
total noise in a 20 X 20 cm® FCAL supertower (EMC
+ HAC! + HAC2) adds up to about 0.45 pC corre-

0.20 : : . . .
o (pC) | . °
<
0.15 B ,8 o 6o 6 0% .,%¢@ 1
f%o"%i%%"b%*’%%%@ o:’:‘&%: HAC
g ® °
o
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o of®Rdp O o °‘°G °
R ¥ 339%%0@%&@ EMC
0-05 R MonAdrdPasPASA IS ;|
k s AWES ) v
0.0 . . . . . (e

0.0 S50.0 100.0 150.0 200.0 250.0 300.0

Channel number

sponding to 47 MeV (high gain). The low gain, on the
contrary, is dominated by electronic noise, as shown in
fig. 41b. This noise is 0.80 pC per channel, equivalent
to 84 MeV.

Uniformity scans

A horizontal uniformity scan with the 15 GeV/c
electron beam perpendicular to the calorimeter was
performed at the center of module FCALL. The result
is displayed in fig. 42a. We observe dips every 5 cm.
These dips are due to the gap between scintillator tiles
(about 0.5 mm). The drop of the electron signal is
about 4%, similar to previous results obtained with the
prototype modules [5]. The beam size was determined
by the width of trigger counter B3 (6 mm). Additional
measurements were performed with a drift chamber in
front of the calorimeter. In this case the position of the
incident particles can be determined to within 300 pm
and the dips increase to about 10%. A similar scan
performed at the center of module RCALL is shown in
fig. 42b. We obscrve again clear dips at module bound-

160 T ™ T 1
(%)
150 4
o ° o o DD o oo nn 50 o UD o © g un
140 @ @ ® b £ B
130 5
Unmiformity scan
120 B
FCAL EMC sections
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110 L i . L
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Fig. 42. Uniformity scan performed with 15 GeV /¢ electrons (a) in module FCAL1 and (b) in module RCALL.
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aries every 10 cm. At the position of the spacer (y = 20
c¢m in the figure) the signal drops by about 7% as
compared to the center of the strip.

6. Summary and conclusions

The 48 modules of the forward (FCAL) and rear
(RCAL) ZEUS high-resolution uranium-scintillator
calorimeter have been constructed. In order to achieve
the required energy resolution, position resolution,
uniformity of response and at the same time a calibra-
tion precise to within 1% from the uranium radioactiv-
ity, a strict quality control of the calorimeter compo-
nents and tolerances has been enforced. Six FCAL and
four RCAL modules have been extensively tested in a
particle beam at CERN with electrons, muons and
hadrons. Most of the clements of the final read-out
electronics have been used in this test. The main
results of this test are summarized below.

— The overall readout with 16.5 bits dynamic range
and 10 MHz analog pipeline can be calibrated using
charge injection, the signal from the uranium ra-
dioactivity and random triggers. The readout elec-
tronics achieves a pedestal stability of about 3 MeV
and a gain stability of 0.5% over a period of 1 week.
The PM gains can be monitored to within 0.5% by
measuring the uranium radioactivity every 8 h.

— The calorimeter response to electrons in the range
of 15 to 110 GeV/c is linear within +1% for
sections equipped with XP1911 PMs. For sections
equipped with R580 PMs a deviation up to 2% at
110 GeV /c is observed.

— A precise determination of the absolute calibration
scale of the calorimeter has been possible thanks to
a precise measurement of the beam momentum with
a spectrometer. This absolute calibration is 9.51
pC/GeV determined with 15 GeV /¢ clectrons inci-
dent in EMC sections of FCAL after setting the
UNO current in these sections to 100 nA.

— The UNO currents alone provide an intercalibration
of the calorimeter sections precise to within 1.1%
(1.5% for EMC sections of RCAL). This result is
based on 33% and 22% of all FCAL and RCAL
channels respectively. The average differences be-
tween modules are in general smaller than 1% (0.5%
and 0.7% for electrons in FCAL and RCAL respec-
tively). For HAC sections the accuracy of calibra-
tion, based on a study of muon and hadron signals,
is about 1%. Since this calibration accuracy meets
the anticipated goals, no beam calibration is re-
quired for the remaining modules.

— The average light yield for FEMC sections is 110
pe/GeV/PM and for REMC sections 140
pe/GeV /PM. These values correspond to 1.4 and

1.7 pe/mip /layer /PM respectively (HACO sections

included).

-~ The attenuation length of the scintillator tiles is
about 70 cm with some systematic differences be-
tween the different section types.

— The energy resolution for 15 GeV /¢ electrons is on
the average 17.6%/VE for FCAL modules and
17.4%/VE for RCAL modulcs.

— The time resolution for electrons is better than 1 ns
above 15 GeV. At lower encrgies this value degrades
due to noise. The result for muons in EMC sections
is about 4 ns.

— The noise obtained with random triggers is 0.08,
0.10 and 0.14 pC (or equivalently 8, 10 and 13 MeV)
for FEMC, REMC and HAC high gain channels
respectively. The noise for a complete FCAL tower
including EMC, HAC1 and HAC2 sections is 0.45
pC corresponding to 47 MeV. The noise is domi-
nated by uranium noise in the high gain and by
electronic noise in the low gain, where it amounts to
0.80 pC or equivalently 84 MeV per PM channel.

— Nonuniformities for electrons under normal inci-
dence at the boundarics of EMC sections are of the
order of 4% for FCAL modules. In the RCAL case
the drop in signal is 6% for boundaries with spacer
and about 2% for boundaries without spacer.

At present (April 91) all modules of FCAL and
RCAL have been transported to DESY, passed a de-
tailed final quality control using movable ®*Co sources
and cosmic rays and installed into the ZEUS detector.
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