
DESY 93-078 
Jurre 1993 

en- '7 - '3 5 '2 
~.l.#Jf&lt:t 

The Hl Calorimeter Group 

ISSN 0418-9833 

NOTKESTBASSE 85 - 2260.3 HAMBURG 



' ~·· 

To be sure.f~.alyo:wrpreprints arepro.mpll,y included io the 
. HiltGH ENERGY PHYSICS INDEX, . 
send th:ern to (if possible by air mail): 

DE$\Y 

~o~~~straB~ '$5c· 
2260!1 Hllmber.!J: 

( Gerli\any. 
' 

OESY•ifH 
Bll?liothek 
Plal11ilemallee 6 
15·'738 2leuthen 
Gerntany 

'' 
i j: 

,, ; ,, ,, 



DESY 93-078 
June 1993 

ISSN 0418-9833 

The H 1 Liquid Argon Calorhneter System 

H 1 Calorimeter Group 

Abstract 

The liquid argon calorimeter of the Hl detector presently taking data at the HERA ep- collider 
at DESY, Hamburg, is described here. The main physics requirements and the most salient 
design features relevant to this calorimeter are given. 

The aim to have smooth and hermetic calorimetric coverage over the polar angular range 
4° $; () $; 154° is achieved by a single liquid argon cryostat containing calorimeter stacks 
structured in wheels and octants for easy handling. The absorber materials used are lead in the 
electromagnetic part and stainless steel in the hadronic part. The read-out system is pipelined 
to reduce the dead time induced by the high trigger rate expected at the HERA collider where 
consecutive bunches are separated in time by 96 ns. 

The main elements of the calorimeter, such as the cryostat, with its associated cryogenics, the 
stack modules, the read-out, calibration and trigger electronics as well as the data acquisition 
system are described. 

Performance results from data taken in calibration runs with full size Hl calorimeter stacks at 
a CERN.test beam, as well as results from data collected with the complete Hl detector using 
cosmic rays during the initial phase of ep operations are presented. 

The observed energy resolutions and linearities are well in agreement with the requirements. 
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1 Introduction 

The electron proton collider HERA has recently come into operation at DESY(Hamburg). The 
experimental program extends the tests of the standard model to regions of high momentum 
transfer Q2 (::::; 4 * 104 GeV2

) and low Bjorken x (......., 10-4 ). 1t also puts emphasis on search for 
new physics, such as supersymmetric particles,leptoquarks, lepton and quark substructures, new 
bosoms, hea.vy leptons. The Hl detector has been designed to match these goals, by providing 
an excellent identification and precise measurement of electrqns, muons and penetrating neutral 
particles, combined with very good performances in the indusive measurement of neutral and 
charged cui-rent interactions [1]- [5]. 

The general structure of the Hl detector can be seen in Figs. 1 and 2 which show two cuts 
parallel and perpendicular to the beams respectively. The main elements of the detector are 
a compact tracking detector surrounded by an electromagnetic ( e.m.) and hadronic liqctid 
argon calorimeter covering most of the angular range, both being positioned inside a large 
superconducting solenoid, with the magnetic field parallel to the beam direction. The iron 
yoke is instrumented and is used as a tail catcher for hadronic showers, and as an additional 
filter for muons detected in several layers of planar chambers covering the barrel and forward 
regions of the detector. 

This paper describes the liquid argon calorimeter which is so far the largest ever built and 
located inside a large superconducting coil in a separate cryostat. Thirteen laboratories have 
participated in the construction. For many of the components, original solutions had to be 
found and developed, and will be detailed in the course of the paper. The main achievements 
can be summarised as follows: 

• The large cryostat and the cryogenic system have been operated very smoothly and in a 
satisfactory way since the cool down in January 1991. 

• The argon quality is con.tinuously monitored, its purity is found to be high and stable t.o 
better than 0.5% per year. 

• The entire calorimeter is hermetically closed. Both the e.m. and hadronic stacks are 
contiguously connected without dead material between them. For the hadronic stacks, 
independent read-out cells ensure the precision of the charge measurement. 

• The electronic read-out chain is very stable at the level of 0.2 %, and needs to be calibrated 
only once every few weeks. 

·• The data acquisition system employs Digital Signal Processors (DSP) after the signal 
digitization. It allows the powerful and fast data reduction which is necessary for the 
high number of channels (45000) and the high trigger rate of H1 (1kHz). 

• Finally, a very sophisticated first level trigger has been built for the first time with a 
liquid argon calorimeter without any dead time and allowing minimal energy cuts as low 
as 2 GeV. This trigger will allow the selection of physics events, while the tracker trigger 
will be used essentially for removing the background. 

• Each type of calorimeter module has been extensively tested and calibrated in a test beam 
at CERN. Runs with cosmic rays have also been performed with the full calorimeter a.t 
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DESY. The main results are presented at the end of the paper and will be discussed in 
more detail in subsequent publications. 

2 Physics Requirements 

The properties required for the calorimeter have been quantitatively estimated [1] in order 
to allow precise measurements of the structure functions [6, 7). The liquid argon technique 
has been chosen in order to ensure a good stability and an easy calibration, a homogenous 
response a.nd the possibility of a fine granularity. Besides a very good hermeticity and a ·good 
homogeneity, the requirements in the two parts of the calorimeter are the following : 

In the electromagnetic part: 

• The resolution for electrons should be <T(E) / E"" 0.10 f VB. 
• The stability of the response has to be at the 1% level 

• In order to get precise angular reconstruction and to ensure a good e/11' rejection ( < 10-3 ), 

the read-out structure must have a fine transversal and longitudinal segmentation (lateral 
dimensions of the pads of the order of the Moliere radius r M and at least 3 longitudinal 
segments everywhere). 

• The electromagnetic showers should be fully contained. 

In the hadronic part: 

• The resolution for hadrons should be a(E) / E '"" 0.55/ .JE. 
• The overall stability has to be '"" 2 %. 

• The hadronic showers cannot be fully contained in the calorimeter at high energy, but 
theY have to be when adding the energy seen in the tail catcher calorimeter. 

These requirements put constraints on the design of the calorimeter. In order to provide 
hermeticity and homogeneity, dead materials and cracks have to be minimized. The calorimeter 
should cover most of the solid angle in a single cryostat (F.igs. 3 and 4). Nevertheless, the 
insertion of the tracker components imposes a free space for a polar angle I) > 154", which is 
closed by a lead j scintillator calorimeter. This leaves only the backward beam hole uncovered 
(0 > 174"); .the forward beam hole (0 < 4") is partly covered by the plug calorimeter. 

The absorber material in the electromagnetic part is lead. The required energy resolution leads 
to a plate thickness of 2.4 mm, the total thickness varies between 20 and 30 radiation lengths 
(Xa) (Fig. 4}. The absorber material in the hadronic part consists of 16 mm thick stainless 
steel plates with additional 3 mm steel in the read-out elements. Since the electron response is 
different from the hadron response in a lead J steel calorimeter with liquid argon as read-out 
medium, the required resolution is obtained by off-line weighting. methods making use of the 
large difference in the development of the electromagnetic and hadronic components of hadronic 
showers. These methods put constraints on the longitudinal segmentation of the hadronic part 
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Figure 3: Longitudinal cross section of the H 1 liquid argon calorimeter. The orientation of 
absorber plates is indicated by horizontal and vertical lines respectively. 
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of the calorimeter: Each tower segment must have a depth of"' 1 interaction length (Aab~)- The 
total amount of absorbing material varies between 4.5 and 8 A .. ~~ as shown in Fig. 4. 

The argon gaps are 2.35 mm in the electromagnetic and twice 2.4 mm in the hadronic part. 
In order to keep the systematic errors at the required level, the total argon thickness has to 
be constant within rv 1% in the electromagnetic and within "' 2% in the hadronic part. This 
requires a precision of the individual argon gaps of 50 jjm in the electromagnetic and of 100 jjm 

in the hadronic part. For absorber plates the variation in thickness has to be < 40 jjm for lead 
and < 400 jjm for steel. 

The last building constraint due to physics is linked to the,~calorimeter trigger, for which the 
collected energies must belong to a unique bunch crossing to of the accelerator. This trigger is 
built from sums of neighbouring segments. It is required that the capacities of these segments 
are equal to± 5% in order to allow for an accurate determination of the bunch crossing time t 0 • 

3 Cryostat and Cryogenic System 

This section deals with the cryogenic liquid argon system that consists of: 

• a single cryostat with vacuum insulation containing the calorimeter modules and the 
liquid argon, 

• the storage dewars, transfer lines, controls and safety devices required for stable operation 
as well as for cooling down and warming up. 

A short summary of the cryogenic operations since 1991 is given at the end of this chapter. 

3.1 Cryostat · 

The main design requirements for this vessel were to maximize the space available for calorime­
ter modules as well as to minimize the wall thickness in front of the electromagnetic calorimeter 
and between the hadronic calorimeter and the iron. Furthermore, the vessel should withstand 
a_ maximwn pressure of 3 bars and support the total load of the calorimeter modules ("' 500 t ). 

The cryostat is a cylindrical dewar consisting of two shells separated by vacuum insulation 
and superinsulation material. Figure 5 shows the overall layout and Tab. 1 lists the main 
characteristics of this cryostat. All walls are made of stainless steel except for the inner wall of 
the vacuum vessel, around the beam-pipe and the central tracker, which is made of aluminium 
alloy. A series of longitudinal spars and circular ribs on the inner part of the cold vessel 
contribute to the mechanical stiffness of the vessel and allow the integration of the stack support 
system. 

The total amount of material in front of the calorimeter is displayed in Fig. 6. 

The inner vessel front and rear walls are welded to the main inner cylindrical vessel. A special 
bimetal (S.S. / Al) junction at the front end of the inner cold tube, together with a bellow welded 
to the stainless steel part, allows to take up the difference in thermal expansion between the 
outer stainless steel walls and the inner aluminium one (lmm/m for ~T"' 200 K). At the rear 
a double elastic joint is used. 
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Vacuum vessel 

Outer diameter (maximal) 5.15 m 
Inner diameter (at tracker) 1.82 m 
Inner diameter (at beam-pipe) 0.20 m 
Length 7.15 m 
Outer wall thickness (S.S.) '20mm 
Inner wall thickness at tracker (AI) 8mm 
Wall thickness in front of IF1E calorimeter (AI) 8mm 
Wall thickness around beam-pipe _(Al) 8mm 
Front-end plate thickness (S.S.) 15mm 
Rear-end plate thickness (S.S.) 25-70 mm 
Cryostat weight 41 t 
Cryostat volume 120m3 

Weight of expansion vessel 1.9 t 
Volume of insulation vacuum 20m3 

I Liquid argon vessel I I 
Outer diameter ~max1mruJ 
Inner diameter (at tracker) 
Inner diameter (at beam-pipe) 
Length 
Total height( with expansion vessel) 
Outer wall thickness (S.S.) 
Inner wall thickness at tracker (AI) 
Wall thickness in front of IF1E calorimeter (AI) 
Wall thickness at beam-pipe (AI) 
Front-end plate thickness (S.S.) 
Rear-end plate thickness (S.S.) 
Cryostat weight (empty) 
Cryostat volume 
Liquid argon volume 
Weight of expansion vessel 
Operating pressure (abs. in exp. vessel) 
Hydrostatic pressure (including exp. vessel) 
Total loaded weight 

5.00 m 

1.91 m 
0.33 m 

6.95 m 

9.40 m 
15 mm 
20 mm 
14mm 
12 mm 

20 mm 

30-100 mm 
15 t 

100m3 

53m3
. 

1.9 t 
1.35 bar 

1.0 bar 
600 t 

Table 1: Main characteristics of the liquid argon cryostat. 
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Figure 6: Amount of dead material (Xo) in front of the calorimeter vs. the polar <).Ogle e. The 
lower (upper) curve shows the material due to the tracker (tracker+ cryostat). 

The weight of the full cold vessel ("' 600 t including the calorimeters and"' 80 t of liquid argon) 
is transferred directly down through the cryostat walls to the central iron yoke. These forces 
are taken through the insulating vacuum on four feet of low thermal conductivity made of fiber 
glass and located between the end flange of the magnet cryostat and the muon chambers. These 
feet stand on warm teflon-coated sliding surfaces thus allowing for the differential displacements 
occuring during cool7down and warm-up. 

An expansion vessel ( 4. 7m3
) located at the rear of the cryostat and partly covered by the iron 

yoke, is directly connected to the cold vessel through a chimney with no valves to avoid -acci­
dental shutting of£ of this relief volume. This chimney also houses the argon and nitrogen lines 
needed for the cryogenic operation as well as the high vOltage (HV) cables of the calorimeter. 
The liquid nitrogen for the main cooling coils is fed in at the front part of the cryostat, whereas 
a port located at the bottom of the rear part of the cryostat is used in the circulation scheme 
for cooling down by injection of cold helium and for filling or emptying of the liquid argon. 

3072 fiat cables of 16 channels each are brought out of the cryostat through 24 special tubular 
ports distributed at both ends around the top half of the vessel. Figure 7 shows the principle 
of such feed-throughs. The cables within these tubes are packed within a thermal insulator 
forming a heat-exchanger and preventing convection currents within the tube. Note that there 
is no flow of argon in the feed-throughs. 

The 1504 HV cables exit from the cryostat through the top of the expansion vessel by a specially 
developed single feed-through. 
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Overall heat losses (stable conditions) 
Corresponding LN2 flow 
Heat losses due to cables 
Cooldown time 
Total quantity of LN2 for cool~down 
Time to fill up cryostat 
Time to empty cryostat 
Regulation pressure 
Operating temperature 

3.8 kW 
951/h 
1.2 kW 
29 days 
190m3 

5 hours 
2.5 hours 

1.35 ± 0.05 bar (Abs) 
90.2 ± 0.1 K 

Table 2: Parameters of the cryogenic system. 

3.2 Cryogenics 

The layout of the cryogenic system is shown in Fig. 8, its main parameters are listed in Tab. 2. 

Refrigeration for the cool·down, stable operation and argon storage dewar is provided by liquid 
nitrogen supplied from a 25000 1 storage dewar filled by a liquid nitrogen liquefier or an external 
supply. 

The cryogenic system was designed to allow a maximum cool-down time of 29 days, transfer 
of liquid argon into the cold cryostat in less than 5 hours, transfer of liquid argon out of the 
cryostat in less than 2.5 hours and a maximum warm-up time of 30 days. Cooling down to 
liquid argon temperature is achieved by circulation of helium gas cooled in an external and 
movable liquid nitrogen heat exchanger. Stable operation is ensured by a regulated flow of 
liquid nitrogen through three sets of coils, the main one located along the top half of the cold 
vessel, another one located around the bubble shield which is on the top half of the larger radius 
part of the inner cold wall, and the third one in the expansion vessel. 

Complete control of al~ processes is done by a system of VME processors with an OS9 operating 
system coupled to a GRAFCET control process [8]. This enables all operations including cool­
down f warm-up and filling/ emptying to be automatically done under computer control. 

The complete calorimeter was effectively cooled down in 25 days in early 1991 and has remained 
cold since then. The average liquid nitrogen consumption was 600 1/h during the cool-down 
and ,...., 951/h during stable operation. 250m3 of helium gas and 190m3 of liquid nitrogen were 
needed for the whole cool-down process. The time needed for filling with liquid argon was -5 h 
and for emptying ,...., 2.5 h. 

The pressure in the gaseous part of the expansion vessel was regulated to 1.35 ± 0.05 bar thus 
enabling the temperature of the liquid argon to be kept at a stable value of 90.2 ± 0.1 K. 

When moving into the beam in early 1992, the cold vessel was emptied to comply with the 
local safety rules and the cooling lines were disconnected, effectively stopping the cooling for 
ten days. During this period the average cryostat temperature rose by about 15 degrees, with 
a bottom to top temperature gradient of 30 degrees on the cryostat walls and 25 degrees on 
the calorimeter modules. Refilling was done within 5 hours after a one day cool-down to bring 
the calorimeter to -100 K . 
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3.3 Liquid argon purity measurements 

A system monitoring the liquid argon purity is integrated into the H 1 liquid argon calorimeter 
to check the stability of the ratio of energy loss to collected charge at the required level of~ 1 %. 
The goal is to monitor any variation of this ratio as a function of time and its dependence on 
the location inside the cryostat. 

The basic sensor is a liquid argon ionization chamber with a nominal electrical field of 1 kV /mm. 
Its cathode is coated with a 207Bi source with an activity of 104 Bq. Each purity probe is made 
of such a chamber equipped with an independent HY supply, a low noise charge sensitive 
preamplifi~r working in the cold [9] and a calibration input through a 10 pF capacitor. After 
an amplification and multiplexing stage located o'utside of the cryostat output signals are sent to 
a spectroscopy amplifier. The energy spectra of the radioactive decaYs are accumulated for each 
probe successively. An on-line shape analysis yields the average pulse heights corresponding 
either to the 481 keY conversion-electron peak or to the upper· edge of the spectrum around 
1050 keY. The latter measurement is the most precise ( ,._, 0.3%) becaus·e it does not suffer from 
the Compton background. It is not affected by the dispersion of the center of gravity of the 
ionization blob inside the liquid argo~ gap. The specific charge distribution in the active gap 
yields the factor relating the attenuatiOns of the charge collection due to a given electron mean 
free path in the probe and in a calorimeter stack. For eKample a typical probe is 3.4 times more 
sensitive to impurities than the calorimeter. Using this factor during the CERN calibration 
runs, the effects due to changes of the liquid argon purity on the electron beam signals could 
be successfully related to the 207 Bi signals. Hence all purity measurements can be conveniently 
expressed in the same "Ill purity unit" (fraction of charge collected from·an electromagnetic 
shower by the H 1 calorimeter at the nominal electric field). 

The complete purity monitoring system consists of ten probes distributed in the H 1 cryostat, 
plus one in a small movable cryostat for testing liquid argon samples and six in the CERN 
calibration cryostat. At delivery, or after each filling, the purity of the liquid argon is evaluated 
by fitting the "HY curve" as in ref. [10], i.e. charge collection efficiency versus electrical field E. 
Then the relative variations of purity are monitored continuously for each probe as shown in 
Fig. 9. The operations are fully automated by a PC connected to the OS9 computer in charge 
of slow controls. An off-line analysis is done in order to control systematic errors at the desired 
level of 0.1%. 

The results of nearly two years of operation show that cumulative effects of the liquid argon 
pollution are well below our 1% goal. During the CERN calibration runs (see below), we have 
observed different levels of degradation of the argon purity with time for different calorimeter 
stacks [11]. We attribute this to the fact that the flushing and cool-down procedure was different 
from the one used finally at H 1. 

'!4 



Pcobe 11 D 
·-·-·-·-·-· . . ·- - 1 ' I 
c=::::J @-r: 1 I I 
c:::J w- , "' ---------------c+----------0·-·-·-·-·-

I &; 

P~obe 10 

-' 
~""t ........ I 

Et·~ ,,.q,..,. -"~'/';_, •. ~·,. 
:r 994 .I 

999: I ...... -··· I 

~TOO. 
~ 1CO. 

1l 101 

' a. 99. 
0 
] 99. 

-~ 99. 

"· 

' 
' 
' 
' 
; 

' 
' 
' 

200 .occ 4CO !.iOO ceo 
Ooys since Februcry iO. !991 

OM 200 •M oco •M 00 <M '"" 
Days •ince Februcry 10, 1991 

Probes 
1 
2 
3 

' 5 

Figure 9: Schematic of the position of the purity probes in the H 1 calorimeter (top). Relative 
variation of the charge (H 1 purity unit) collected for two probes (2 and 7) situated at both 
ends of the cryostat as a function of time (days after the first cool-down of the calorimeter). 
Note the strongly suppressed scale on the ordinate. The discontinuity happened directly after 
emptying and refilling the cryostat. 
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4 Stack Design and Construction 

4.1 General layout 

The physics requirements and the general characteristics of the calorimeter have been given 
in section 2. The segmentation of the liquid argon calorimeter in stacks is the result of a 
compromise between the minimization of dead volumes {cracks) and the practical feasibility 
and handling. In the beam {z) direction the calorimeter is segmented into 8 wheels (Fig. 3). 
Their structure is self-supporting. Throughout the calorimeter we have chosen an eightfold 
r.p-segmentation with pointing cracks in the electromagnetic and strongly non-pointing cracks 
in the hadronic section (Fig. 10). A good containment is kept in this way and the energy 
deposited around the crack region can be corrected for at the event-by-event basis. 

The orientation of the absorber plates (Fig. 3) was chosen such that the angle of incidence was 
not smaller than 45°. Therefor~ the orientation of the absorber plates is vertical in the forward 
and backward, and parallel to the beam in the central region. In the electromagnetic part, the 
lead plates are mechanically stabilized by fiberglass(GlO) plates glued to them. The thickness 
of the liquid argon gap is defined by spacers. This technique cannot be extrapolated to the 
much thicker and larger plates in the hadronic section. Therefore we have used stainless steel 
as absorber in the hadronic section. The tolerances on "thickness and flatness of the 16 mm 
thick and up to 2.5 m long plates do not allow to define the gap thickness with the precision 
necessary. Hence a sensing structure independent of the absorber plates is used to define the 
liquid argon gap. These read-out cells are inserted into the gap between the absorber plates. 
The nominal design parameters of the different calorimeter stacks are collected in Tab. 3, they 

Electromagnetic calorimeters 

Liquid argon gap 
Lead thickness 

Hadronic calorimeters 

Stainless steel absorber plates 
Absorber gaps 
Liquid argon gap 
Stainless steel in read-out cell 

2.35mm 
2.4mm 

16mm 
12mm 

2 * 2.4mm 
2 * 1.5mm 

Table 3: Nominal values of the main mechanical design parameters. 

have to be compared with the technically realized values collected in Tab. 6 and 7. 

The basic granularity of the read-out cells of the calorimeter follows from an optimization of 
different design criteria. 

• The requirement to separate electromagnetic and hadronic showers leads to a width trans­
verse to the direction of the detected particle of 1- 2 rM. 
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X 

• The longitudinal development of a shower should be sampled 3 to 4 times. 

• The capacities of those channels which provide a combined input signal to the first~ level 
calorimeter trigger should be equal within ± 5 %. 

• The overall capacity per electronic channel was chosen to be below 15 nF to limit the 
electronic noise. 

In order to ·meet these conditions, we have chosen a basic granularity of the electromagnetic 
read-out cells of ...... 2 rM's as measured at the entrance of the electromagnetic calorimeter. For the 
backward electromagnetic part (CBl, CB2, BBE) and for hadronic stacks, the basic dimensions 
are roughly doubled. The <p - granularity can eit.sily be realized by segmenting the read~out 
plates properly1 which realizes also the (;) - granularity for the stacks with plates parallel to 
the beam. In the other stacks the fJ- granularity is achieved by ganging a proper number of 
consecutive boards. This corresponds to a geometry of read-put towers with projective geometry 
in rp - and non-projective geoffietry in (;) - direction. The· overall () - granularity is shown in 
Fig. 11. The characteristics of the pad structure and the number of electronic channels in the 
different parts of the calorimeter are summarized in Tab. 4 [12]. 

4.2 Overall mechanics 

In the following, the general set up of the stack mechanics common to all wheels iS described. 
The special features of the electromagnetic and hadronic stacks are discussed in detail in 
Sects 4.3 and 4.4. · 

The eight stacks of a wheel are separated by a narrow gap filled with a minimum amount of 
material (liquid argon and cables). The insensitive region of a rp-crack corresponds to about 
0.5 effective rM, hence off-line corrections of the losses in these regions are possible on an 
event-by-event basis'(see Sect. 8.4 for further details). 

The nominal clearance between two wheels in z-direction amounts to 10 mm with additional 
space between the wheels FB1/FB2 and FB2/0F available for cables. Independent read-out 
cells are inserted in the z-cracks in front of the stacks with vertical plates to keep the sampling 
ratio in the crack region between two stacks stable. 

Stainless steel of grade 3041 was chosen as the absorber material for the hadronic stacks. It is 
the cheapest steel satisfying the design criteria of low permeability at liquid argon temperatures 
(JL ~ 1.02) and allowing easy welding. Note also that the resistivity is large, hence the forces in 
case of a quench of the superconducting solenoid are manageable. The basic cell of the hadronic 
stack is nominallY 28 mm thick and consists of a 16 mm thick absorber plate followed by a 
gap of 12 mm. Independent read-out boards are inserted into the gap like books into a shelf. 
This configuration is repetitive. Each of the absorber plates must be enclosed between parallel 
planes of 18 mm thus ensuring the clearance for the independent read-out boards . 

The absorber plates are assembled to form a rigid structure by bars perpendicular to the plates 
and welded to each plate. Each hadronic stack is self-supporting. Eight stacks are locked 
together to form a wheel which has a self-supporting structure. Local reinforcements in the 
region of the locks are necessary. The welding of the plates leaves the rp-crack free of dead 
material. The forward part of the calorimeter (IF in Fig. 3) is only divided into two half-rings. 
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Wheel Weight/ Total Area Thickness Variation #Samplings 
Wheel ROB HV LAr Gap Plate 

(t) (m') (m') (pm) (pm) 

IF2H 21.5 308 308 40 - 36 
!FIE 8.6 277 262 30 60 64 
OF2H 34 497 497 42 .- 26 
OFlH 20 300 300 38 - 17 
FBiH 50 744 744 39 - 31 
FBiE 6.6 27.6 27.5 30 55 46/70 
CBiH 48 512 512 55 - 31 
CBiE 8 832 792 40 45 42 
BBE 4 16 15.9 25 45 46 

Table 5: Characteristic parameters of the calorimeters. 

The electromagnetic stack is a pile of GlO-lead-GlO sandwiches which alternatively serve as 
high voltage electrode and read-out board segmented into pads [13]. The details of packing and 
supporting the stacks differ for the different regions of the calorimeter (see Sects 4.3, 4.4). The 
electromagnetic stacks were assembled separately from the hadronic stacks. They are coupled 
to their corresponding hadronic stack and locked mostly in the the z-cracks. A different solution 
was chosen in the IF region where the half-rings are fixed to a single stainless steel tube bolted 
to the upper stack of the OFlH ring. The wheels were mounted in a horizontal position outside 
of the cryostat and inserted and supported by two rails. In Fig. 12, a wheel after assembly of 
the full ring is shown. 

The free space between the inside part of the cryostat and the front of the electromagnetic 
calorimeter is filled with foam ("rohacell51") which serves as an argon excluder. 

In Tab. 5 some characteristic data of the full calorimeter (total sensitive area, weight of wheels, 
precision achieved) are collected. 

4.3 Electromagnetic stacks 

Common features of the GlO-lead-GlO sandwiches Each electromagnetic stack consists 
of a pile of GlO-lead-GlO sandwiches separated by spacers which define the liquid argon gaps. 
These sandwiches serve alternatingly as high voltage electrodes and read-out boards segmented 
into pads respectively. Because of the varying plate orientation and plate sizes, three different 
methods of piling up the sandwiches have been chosen. 

The structure of an electromagnetic cell is shown in Fig. 13 (top). Copper cladded read-out 
boards with the pad pattern on one side and the signal leads on the other side are glued with 
"prepreg"(glue film) onto both sides of the lead plates. The glueing of the FBE, CBE and BBE 
sandwiches was realized in the laboratories using a press in order to reduce the costs. The big 
IFE sandwiches have been produced in industry using an autoclave. The lead surfaces needed 
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Figure 12: Pictures of the hadronic;: FB2 wheel during the rotation to the vertical orientation. 
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!FE FBE, BBE CBE 

Lead absorber 2.427 2.375 2.397 

Read~out boards 4.837 4.527 4.301 
(incl. lead) 
High voltage boards 5.125 4.740 4.695 
(incl. lead) 
Liquid argon gap 2.370 2.338 2.336 

Overall Cell 14.702 13.943 13.668 

Table 6: Average thicknesses (nun) as measured at room temperature for the electromagnetic 
stacks. 

a special treatment consisting of blasting with plastic spheres. The fresh surface was protected 
by a thin plastic film. 

As shown in Fig. 13, a Kapton foil is glued with prepreg to the sandwiches of copper cladded 
GlO and lead . A layer of high resistive coating consisting of a mixture of carbon and glue with 
a surface resistance of 5 MO / D is sieveprinted on a this foil afterwards. The high resistivity 
of the coating provides a high voltage protection while the Kapton foil serves as distributed 
decoupling capacity which allows to keep cross talk smalf. 

The quality of the produced sandwiches was carefully controlled by measuring for each sandwich 
its weight and the St,J.rface resistance for high voltage sandwiches. In addition, the thicknesses 
of the copper cladding, of the kapton foil and of the lead plates were recorded, enabling the 
characteristic parameters of the electromagnetic cells to be deduced. They are collected in 
Tab. 6 for the different types of wheels. The differences are due to the fact ,that different 
laboratories participating in the production placed their orders at different factories. Note that 
for a given wheel the parameters agree within the error limits. Hence the design goal for the 
mechanical tolerances has been achieved. 

A further important parameter is the gap thickness. It ha.s l:ieen determined with mechanical 
devices and by capacity measurements respectively. The results are included in Tab. 6. A 
typical distribution for a stack is given iu Fig. 14 measured with a mechanical device. In 
addition, the information pn the variation of the thickness across the surface is available which 
can be used for correction when determining the calibration constants (Sect. 8). 

IFlE stacks The IFlE stacks correspond to two half-rings with a vertical line of separation. 
In each half-ring the plates are bolted together by rods every 20 em. Due to the large size of 
the sandwiches (2.5 m) the pressure by screwing the rods is only applied to the spacers and 
not to the plates. The GlO-lead-GlO sandwiches are just blocked between spacers without any 
pressure due to the rods. After fixing the stacks in the stainless steel tube (Sect.4.2), the two 
half rings are bolted together at the top and the bottom. 
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Figure 14: Measurement of the gap widths of an electromagnetic read~~t celL 

FBE, BBE stacks The mechanical assembly of these stacks is similar. The sandwiches have 
the same trapezoidal shape for FBlE and FB2E. The design of the BBE sandwiches follows 
closely that of FBlE, but for a better coverage the octagon shape of a wheel is changed to 
a 24-polygon which approximates more closely the shape of the inner cryostat vessel. Nine 
steel rods, uniformly distributed on the surface of the plates and ended by springs fixed on 
one z-endplate, press the 120 sandwich plates together. The distance between high voltage and 
read-out plates is defined by spacers. The GlO-lead-GlO sandwiches are not stiff enough to 
hold the forces on the rods. Therefore in the front-, the end- and the mid-plane the lead of 
two consecutive saridwiches is replaced by a 6 mm stainless steel plate in the first sandwich 
and a 0.8 rnm GlO plate in the second one. It has been shown by Monte Carlo simulations and 
confirmed by test beam data that the homogeneity of the stack can thus be kept at the percent 
level [11]. The overall rigidity is guaranteed by 2 mm thin stainless steel plates in the rp-crack. 

Note that the BBE stacks consist of 80 sandwich plates only, therefore no mid-plane is necessary 
to stabilize the stack. 

A s'imilar hardware compensation of dead material as for the central stainless steel plate of 
the support structure has been applied in the region of the stainless steel rods by replacing 
a carefully chosen amount of lead near the rods by an aluminium ring. Again this hardware 
compensation of intrinsic inhomogeneities works at the percent level. 

The FB2E sandwich has a specific feature which allows to use the pads of the front row of a 
stack for preshower measurements. To this end the lead core in this region of the sandwich is 
replaced by G10 material. 

The FBE stacks are not self-supporting and are therefore coupled to the corresponding hadronic 
stacks. The BBE stacks are supported by the CB1 hadronic stack structures. During transport 
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IFH FBH,OFH CBH 

Absorber structure 

Stainless steel plates 15.79 15.86 15.75 
Absorber gap 12.11 12.06 12.00 

Independent read-out cell 9.72 9.46 9.22 

Table 7: Average thicknesses (mm) as measured at room temperature for the hadronic stacks. 

a specially designed support structure had to be used to gUarantee the required rigidity. Each 
electromagnetic stack is attached at 2 * 7 points to the hadronic stack. 

CBE stacks The sandwiches have i. rectangular shape, are parallel to the beam axis and 
have different sizes within a stack. In order to facilitate·the production, all24 CBE stacks have 
the same mechanics and dimensions. The gap between the sandwiches is defined by spacers 
glued every 100 rnm on the read-out boards. The plates are pressed between a front-plate 
(inner radius) made of a composite light material and the first stainless steel plate of the 
hadronic stack. The compression is maintained by a steel frame with plat~s perpendicular to 
the beam axis (z-crack) and with four rods located in the rp-cracks between two octants. With 
the exception of these rods the rp-crack is free of dense material and is reserved for the ganging 
cables. Each CBE stack is coupled to the CBH stack by 2 x 3 locks in the z-crack, embedded 
in the stainless steel_ absorber plates of the hadronic stacks. 

4.4 Hadronic stacks 

Common features oft he hadronic cells The read-out cells are independent, self-suppOrting 
structures. Two stainless steel plates of 1.5 mm thickness define the active liquid argon gap using 
brass spacers and copper rivets. A sketch of the technical solution is shown in Fig. 13(bottom). 
The distance between two spacers is of the order of 100 mm. A kapton foil is glued with a 
prepreg layer to the inner side of the stainless steel plates, which is either coated by a high 
resistive layer (IFl, FBH, OFH) or with copper (CBH) on which the high voltage is applied. 
As for an electromagnetic stack, the kapton foil provides t.he decoupling capacitance necessary 
to keep negative cross talk low. While the high resistive coating provides automatically high 
voltage protection, for the copper solution neon spark gaps are added as' active protection. 

In the middle of the gap a G10 board with pads on both sides collects the charge deposited in 
the liquid argon gap. The pad sizes are typically four times larger in the hadronic than in the 
electromagnetic stacks. The hadronic boards have a typical size of 1 m2 • -100 m of 0.4 mm 
wide insulation lines run on each side. 3200 boards of 110 different types have been home 
made at low cost, using special technology and equipment [13]. The distance between the G10 
boards and the high voltage layers is defined by polyethylene spacers. The typical values of the 
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Figure 15: Measurement of the gap widths of a hadronic read-out cell. 

mechanical parameters are collected in Tab. 3 and 7. After assembly the thickness of the two 
gaps per cell have been determined by a capacity measurement. A typical result is shown in 
Fig. 15. The achieved tolerance of ±1.5% is in excellent agreement with the design goal. 

IFH stacks The inner forward part of the hadronic calorimeter is divided into two half rings, 
with a horizontal line of separation. The absorber plates are welded together by seven bars 
pointing into the z-direction. The three back absorber plates have a smaller diameter adopted 
to the concave shape of the cryostat, they are individually screwed to the absorber plates in 
front. The complete IFH ring is supported by the OFH ring. 

FBH, OFH stacks The vertical absorber plates of a ring have all the same size. The shape 
o~ the plates follows from Fig. 10. The plates are welded to five bars pointing along the beam 
axis, three-of them at the outer and two of them at the inner radius. Almost no dead material 
is in the i.p-cracks and the amount of dense material between an FBH and FEE stack is limited 
to two small ba.rs. The locks which bolt each stack to the adjacent one are located at the 
periphery. 

CBH stacks The absorber plates have a rectangular shape, are parallel to the z-axis and have 
all a different size within a stack. As for the corresponding electromagnetic stacks, all 24 CBH 
stacks have the same mechanics and the same dimensions. The welding of the absorber plates 
is done in the vertical plane (z-cracks) thus leaving t·he ~-cracks free of dense material and open 
for ganging cables. The last plate at the outer radius is thicker (30 mm) and reinforced by 
ribs. For the two stacks located below the horizontal mid-plane, skids are bolted to this plate, 
thus transfering the forces from the wheel to the rails in the cryostat. When assembled in a 
wheel, each stack is bolted to its neighbouring stack by 2 X 3 locks arranged uniformly along 
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the radius in the z-crack. These locks are embedded in the plates thus avoiding an increase of 
the dead material in the z-crack . 

4.5 High voltage system 

Overall description The high voltage to be applied to the liquid argon gaps is typically 
1 kV /mrn. In the present case this amounts to up to 2.5 kV. The high voltage is supplied 
via an external distribution system where voltage, leakage current and sparking are monitored . 
Shielded cables carry the high voltage to an entrance port at the cryostat where the shielding 
function is taken over by the cryostat wall. Single-lead cables are connected to fiat cables which 
enter the cryostat via a special feed-through at the top of the expansion vessel (see Fig. 5) . 

The number of high voltage connections has to be kept at a reasonable minimum to keep 
the cryogenic losses small. On the other hand, the volume of the stack which is supplied by 
one cable has to be kept small 'enough to minimize the effect of sparking in a single channel. 
Therefore we have chosen to supply areas comparable to one longitudinal sampling. The high 
voltage is fed via 1504 lines to the high voltage planes in each gap. Each line feeds a group of 
non-subsequent planes in a stack, interleaved with planes linked to a different line. Therefore 
no tower segment is completely dead in case of a problem on one high voltage line. On average, 
twelve lines are used per electromagnetic or hadronic octant of each wheel. An example of the 
distribution of these channels to the various parts of an octant is shown in Fig. 16. 

High voltage distribution and control system There are 56 independent high voltage 
sources, coming from two cOntrol crates, each with seven blocks of four high voltage generators. 
The 56 sources feed 56 distributors (located in 14 crates), each of them having 32 output 
channels. A 68K processor operated through an 059 system controls the high voltage generators 
and the distributors via a VME bus interface and a. serial transmission line. For each final high 
voltage channel the 'current is monitored with a full scale of 20 1-'A and a sensitivity of 20 nA 
(respectively 200 J,LA and 200 nA for some channels with high voltage problems). The processor 
is· also linked to the general sl?w control system. 

Operation The present operating voltage of the whole calorimeter is 1.5 KV which corre­
sponds to an electric field of 650 V /mm. This is lower than the standard 1000 V fmm, but leads 
to a much more stable operation, minimizing the number of high voltage channels drawing high 
currents. The extrapolation of the collected charge to infinite high voltage is deduced from a 
fit to the high voltage curve. 
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5 Electronic System 

5.1 Requirements 

The design of the electronic system [14] had to take into account the situation of large energies 
being deposited at short time intervals (96 ns) into detectors with large capacitances and Ion~ 
charge collection times. In addition, the information has to be stored until the arrival of the 
trigger signal ( ..... 2.9 ps). Finally the liquid argon calorimeter has to be operated in a large 
magnetic field. 

Particles crossing the drift gap ionize the liquid argon along their tracks. The generated free 
charge carriers are separated and collected by a·high voltage field across the gap. The charge 
signal is built up by the electrons drifting to the anode, whereas ·the influence of the slow 
positive ions is small a.nd largely suppressed in the differentiated signal. The drift time is about 
200 ns/mm and depends only slightly on the high voltage in the range considered here. For 
a.n ionization electron with charge e0 deposited at a distan¢e x frOm the cathode the measured 
charge is proportional to the drift path: Q(x) = eo (d - x) / d, where d is the gap width. 
Integration over a uniform distribution across the gap yields half of the deposited charge as 
measured charge. 

In case of high counting rates, the length of the signal pulses has to be kept short and therefore 
small gap distances are necessary. In the H 1 calorimeter a gap width of ....... 2.35 nun is used 
corresponding to a drift time of 470 ns. The integration time has to be at least of this magnitude 
in order to accumulate all deposited charge. · 
For typical towers of the forward calorimeter sections the estimate of the -electronic noise u., 
using the measured dependence of the electronic noise on the detector capacity Cv is: 
u .. = 5500e0 + 5000 [e0 /nF] * Cv [nF]. Maximal signals are computed from GHEISHA simula­
tions using electrons and pions of energies corresponding to the maximal two-body kinematic 
limit [15]. The ratio of the maximal signal to the noise is 19 400 in the electromagnetic part and 
14 700 in the hadronic part. For 75 % of all channels a dynamic range of 12 bits is sufficient, 
for the remaining 25 % a dynamic range of 14 bits is needed. 

The smallest signal is typically that of a minimum ionizing particle. In the read-out configura­
tion a.s defined for the hadronic calorimeters of H 1, the charge Q collected from both gaps is 
given by Q [eo]= dEjdx * 2dj2E, where E is the ionization potential (26.5 eV /eo) and dEfdx 
the energy loss of minimum ionizing particles (2.11 MeV /em) in liquid argon. This yields 
Q = 18 710 eo for the charge deposited in a double gap of 2 * 2.35 mm. Correspondingly, the 
charge deposited in a single gap of the electromagnetic section is Q = 9 955 e0 • The expected 
signals from minimum ionizing particles vary between 61900eo and 309 700 e0 depending on the 
longitudinal ganging. In order to detect this charge efficiently, a low noise amplifier is needed 
which has to have a variance of the noise peak of u < 15 000 eo for an input capacitance of 
about 1 nF as in the electromagnetic section of the forward calorimeter.· 

Due. to the short bunch crossing distances at HERA, special care had to be taken to shorten 
the signal processing time. The probability that pile up occurs in a pad close to the proton 
beam during the processing of the.signal is in the order of 10-s. The pile up problem in one 
channel does not seem too severe even accounting for the fact that the background is of high 
energy and spreads over several pads. However, the probability that there is 2 GeV of energy 
due to pile-up in conjunction with a good event somewhere in the detector is high (5- 10%). 
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5.2 Overall system 

The individual read-Out planes are ganged together on the side of each calorimeter module. 
The signals are transfered to the merging boai-ds on the backside of the individual calorimeter. 
modules where a regrouping into the final configuration is done. Calibration signals arriving 
from pulse generators located on the outside of the cryostat are applied here also. 
Signal cables( ....... 10m long transmission lines of 500 impedance) lead to the first stage elec­
tronics via the 24 feed-throughs of the cryostat [16]. 

Since the calorimeter is operated in high magnetic field, matching transformers cannot be used. 
The amplifiers have to be located as close as possible to the pad structure to reduce noise due 
to cable capacitance and to avoid slowing down signals due to the cable inductance. Thus the 
signal lines are fed out of the calorimeter into an analog signal processing chain consisting for 
each channel of a charge sensitive preamplifier (PA) and of a bipolar shaping amplifier. Upon 
trigger the peak signal is strobed into a sample and hold circuit. 
The layout of the overall electronic chain is shown in Fig. 17. Sixteen channels are grouped 
on one analog card (ANCA), their analog signals are multiplexed 16/1. Eight analog cards 
a.re grouped into one mechanical and electrical unit called analog box (ANBX). Here they are 
linked to a service module, the translator card, which provides a second multiplexing (8/1). 
The signals are finally sent twice via two differentially driven twisted pair lines of ....., 25m to 
differential line receivers located in the analog receiving unit (ANRU). The double transmission 
with two different gains is used to extend the dynamic range to 14 bits. The amplification factors 
are either (1 + 2) or (1 + 4) depending on the ratio of the maximal signal expected from physics 
proces5es to the electronic noise in the different· regions of the calorimeter [17]. 
For each analog card, a sum of the signals from each group of four adjacent channels as well 
as a sum of the signals from all channels is formed at the output of the preamplifiers. The 
summed signal5 a.re provided for the trigger. 

For the CB and BBE calorimeters, the analog boxes are located near to the feedthroughs 
at the {-z)-side of the cryostat, while for the IF, OF and FB calorimeters they are located 
correspondingly at the ( +z)-side. 

The analog receiving unit performs the analog baseline subtraction. It serves four analog boxes, 
i.e. 512 electronic channels, and is connected to the ADC board. Each ADC board either 
serves 1024 channels coming via twisted pairs from two analog receiving units or 512 double 
gain channels coming from only one analog receiving unit. It consists of 8 ADC modules of 
12-bit resolution which are read out and controlled by a DSP module located on a separate 
board. The whole set of DSP's is located in a VME crate and accessible to the DAQ system. 
The entire system is therefore designed for 14-bit dynamic range with 12-bit resolution. The 
DSP performs basic operations on the data like pedestal subtraction, zero-suppression and gain 
adjustment. 

In Tab. 4 we summarize the number of channels for the analog chain. The total number of 
analog boxes is 353 and the total number of signal cables 3000. 
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5.3 Analog signal processing 

Preamplifier The basic considerations for the application of low noise charge sensitive pream­
plifiers in liquid argon calorimeters have been outlined previously [18]. The input noise is 
proportional to (Co+ Cpa.r), where Co is the detector capacitance and Cpar the parasitic ca­
pacitance (e.g. cables}. Typical values are Co"' 5 nF and Cpar,..., 1 nF. It is standard practice 
to match the calorimeter cell to the preamplifier via an optimally chosen transformer [19]. Due 
to the operation in a large magnetic field (1.2 T), other means to minimize the noise for large 
Co have to be applied in the present case [20]: Very low noi~ JFET's are employed and longer 
integration times are used. 

A protection of the preamplifiers against high voltage sparking is included in the motherboard. 
For each channel, it consists of a spark lamp, a series resistance Rs = 20 !1, and a protective 
transistor. 

A single JFET (2SK372 Toshiba.) is used at the input of the low noise charge sensitive pream­
plifier as the lowest noise device available. A large open loop gain of the amplifier of 95 dB 
is achieved for a maximal signal of 280·106 e0 • the feedback capacitor being CF = 20 pF. The 
maximal output voltage of the preamplifier amounts to 2.2 V. 

The preamplifiers are built in hybrid technology, their dimensions being 25.4*16.9 mm2 • 

Shaping amplifier The shaper [21] is a bandpass filter consisting of two passive high-pass 
sections and three active low-pass sections. Its purpose is to shape the incoming signal from the 
preamplifier into a bipolar signal with its peak amplitude at 2.4,us, and to supply this signal 
at an output voltage of 0 - 5 V to the sample and hold circuit. 

The first high-pass stage has a time constant of 0.975 ,us. It works as a pole-zero compensation 
for the preamplifier time constant of 40 ps. The second high-pass stage has a time constant of 

0.560 ~·· 
The active low-pass sections use the low-noise operational amplifiers of type LF35l.M and 
LF353.M. The first and third stage together with the high-pass stages are the main shaping 
elements. They are realized as "Sallen-key" filters. They are d~signed with positive feedback, 
and have high input and low output impedances. The transfer function of each stage delivers 
two conjugate complex poles with characteristic time constants of,.,. 0.5 ,us. 

The second low-pass stage is realized as a conventional filter with negative feedback. It is used 
to adjust to the detector capacitance. The time constant matches on average the peak times 
at the strobe. 

The shaper is realized as a hybrid circuit of dimension 38*16.9 mm2 • 

Performance of the analog front-end With this signal processing the noise depends on 
the detector capacitance as 5.0 e0 / pF with a constant term of 3 000 e0 • This value increases 
to 5 500 eo if the entire chain is operated. These values refer to the actual input matching 
including the additional noise due to the protective resistance Rs. The linearity of the system 
of preamplifier and shaper was measured to be better than 1/8000. 
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5.4 Transmission line and multiplexing 

Analog card Besides preamplifiers, shapers and calibration lines, it houses the sample and 
holds, the storage capacitors and the first stage multiplexer for 16 channels. It is linked to the 
translator card by a flat cable which transfers the command signals and is daisy-chained to the 
eight analog cards, and by one line each for the multiplexer address and the output signal. 

The sample and hold configuration which has been selected is simple and inexpensive, yet 
performs rather well (22}. The non-linearity for signals that peak at,.._. 2.7 Jl.S is ...... 0.2% over a 
5 V range. 

The principal disadvantage of such a simple configuration is the large, and potentially variable, 
charge injection pedestal produced by the CMOS switches. A double sampling configuration is 
used which substantially reduces these pedestals and their variations [23]. After multiplexing 
the signal and its associated pedestall.lxe stored in another, high quality sample and hold circuit. 
The storage capacitor is then d~scharged and a new, almost identical, charge injection pedestal 
is produced. The analog difference between the stored signal and the new pedestal represents 
the signal with nearly all of the pedestal removed. 

An additional important advantage of this double sampling scheme is that it all but eliminates 
low frequency pick-up in the long cable between the multiplexer and the second sample and 
hold circuit, since the signals which are subtracted ani' only separated by 3.5 Jl.S in time. This 
should, in principle, reduce the effects of 50 Hz pick-up by about a factor of 1000. In practice, 
a factor of 300 is observed, probably due to the limited common mode rejection of the second 
sample and hold circuit. 

Translator card It is connected to its analog receiving unit by a single cable with ten twisted 
pairs. Six pairs are used for the command signals, two transmit the two gains, the last two are 
used for test signal and ground. Special attention has been given to the following points; 

• The conversion of the six ECL command signals in CMOS are made with inexpensiv~ 
transconductance amplifiers (CA3080) except for the signal which defines the trigger: In 
order to improve the slew rate and the response time, it is converted by a special custom 
made amplifier, since for channels with low capacity, it is necessary to transmit the trigger 
signal as fast as possible. 

• Since the analog signals may have amplitudes up to 8 V with stabilization and transition 
time of 3.5 ,us, it is necessary to use good performance line drivers (ADS45). 

• It has been found that some parts of the analog cards are temperature sensitive. For 
that reason and also for test purposes, the translator generates two extra signals after 
having sent the signals of the normal 128 channels: One is used to measure its own 
ground and may be used to detect pedestal variations; the other one is used to monitor 
the temperature of the analog box as measured by a thermal gauge (AD590). 

Analog receiving unit The analog receiving units are single slot VME like boards located 
in crates which house up to 20 analog receiving units each. A crate receives the synchronization 
signals from the front-end sequencer through a driver board for the analog receiving units. An 
analog receiving unit has two functions: 
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• It is used to fan out the six ECL differential command signals (corning from the sequencer 
and distributed to a backplane bus by the driver board) to the analog boxes. 

• It performs the analog baseline subtraction. For that purpose it has eight subunits. 
Each consists of a. differential line receiver, a second high resolution sample/hold circuit 
(SHM20) for the subtraction and a subsequent differential line driver for the connection 
to the ADC board. 

Front·end sequencer It is responsible for the sequencing of the entire analog chain. It 
mainly produces the phases for the switches of the sample/ hOld hybrids and the channel count 
for the multiplexers [22J. It also sends synchronization signals to the ADC Board. It is built as 
a. single VME unit, all parameters are thus VME accessible. If the channel count is fixed, it is 
possible to view the shaper response of any analog channel at the level of the analog receiving 
unit with an oscilloscope. 

5.5 ADC and read-out system 

Overview The outputs of the analog receiving units are connected to an ADC board coupled 
to a Digital Signal Processor board; each pair processes the data of up to 1024 channels. 

ADC The ADC board consists of eight identical modules each digitizing the data of 128 
multiplexed channels. Thus each ADC Board converts either single gain data of 1024 channels 
or double gain data of 512 channels (see above). One module consists of a pair of LF347 line 
receivers, an SHM20C Sample and Hold, an AD7572 ADC and a buffer where the data are 
latched in by the DSP sequencer at each conversion cycle. This 12-bit ADC has a conversion 
time of 5 J.LS. The ADC Board has a 4-layer printed circuit with all components except the 
SHM20C in surface ·mount technology. It is located in a special crate providing the power 
supplies, each board occupying a single slot and interfaced to its DSP board by a 1.5 m flat 
cable connecting both P2/ J2 connectors on the backplane. 

DSP read-out A specially designed DSP board based on the Motorola DSP 56001 [24] 
is· used to process the converted data. Details on the tasks performed by these DSP's are 
given in the section on data acquisition. Synchronization for the ADC conversion is provided 
by a programmable sequencer located on the corresponding DSP board and triggered by the 
main front-end sequencer for each of the 128 conversion cycles per event. In each DSP crate 
(maximum of 17 ADC / DSP sets) a service module interfaces the signals between the trigger 
fan~out, the front-end sequencer and the DSP's. In addition, it has a local clock and trigger 
functions for stand alone tests. 

5.6 Calibration system for the electronic chain 

The layout of the calibration system for the electronic chain is described in [25]. In order to 
maintain the excellent calorimeter resolution, it is necessary to correct for different electronic 
gains of individual channels. This is determined by a precise measurement of the ADC response 
to a. known charge injected at the calorimeter pads. Moreover, the calibration procedure allows 
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Figure 18: Time adjustment of the calibration with respect to the particles. 

for crosstalk deterrninatiori as well as for hardware monitoring during long periods of data 
taking. 

Calibration set-up. The calibration hardware consists of a set of pulse generators steered 
by four command modules. Each generator may simultaneously pulse at most 64 channels. A 
command module activates selected groups of generators and sets the level of a voltage pulse by 
a 16-bit DAC. The output voltage varies between -1 and 0 V. It charges 47pF calibration ca­
pacitors (1% precision), this value allowing to cover the total dynamic range of the calorimeter. 
Two calibration systems are used: In the 'warm' system the signal is injected into capacitors at 
the preamplifier level, and in the 'cold' system it is injected into capacitors located in the liquid 
argon near the calorimeter pads. These capacitors are placed On the merging boards on the top 
of each stack where the transition between ganging cables and signal cables is done. In total, 
992 (768) generators are needed for the cold (warm) calibration of all channels of the liquid 
argon calorimeter. The distribution of the calibration signals follows a flexible scheme where 
one generator pulses one channel out of a group of 12 or 16 depending on the pad configuration 
of a given stack. Thus detailed cross-talk studies may be performed. 

The calibration signals should reproduce the calorimeter signals as closely as possible. This 
is achieved by a calibration signal which has an exponential form with a time constant which 
corresponds to the charge collection time in the liquid argon divided by a factor of three. Since 
the calibration signals are injected close to the calorimeter pads, they depend on the timing 
and on the pad capacity li'ke the signals from real data. MoreoVer, a manual adjustment of 
each generator card ensures that all the signals coming from the generators arrive at the same 
time at the injection capacity. 
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Calibration procedure. At first, the calibration chain is timed with respect to the particles 
by adjusting the shaper responses of both sources to a common function. This is shown in 
Fig. 18 where the histogram corresponds to the signal seen at the CERN test beam in one 
electromagnetic channel and the curve is fitted from the calibration. The calibration system is 
used for two functions: 

• Long terni: A high precision determination of the calibration curves (ADC response vs. 
injected charge) is done each time changes in the hardware occur. Here the calibration 
of the electronic chain is a two-fold procedure: In a fir~t step, mean value and width of 
the response distribution are calculated for each channel at each calibration point. Then 
a fit to a third order polynomial is performed according to: 

3 

Q = E p,. * ( ADCcount - pedestal)"" 
n=l 

The absolute precision of the calibration output is of the order of 0.1 - 0.2% at each 
generator output. 

• Short term: Day-to-day fast monitoring of the hardware and of the reliability of the 
electronic calibration. 

The time stability of the calibration parameters is demonstrated in Figs. 19 a, b and c. For 
the very few channels ( < 1%) which do not respond to the cold calibration a special algorithm 
based on the warm calibration is used, providing a high security for a possible later loss of cold 
calibration lines [26]. 

Calibration monitoring. The calibration system has its own monitoring system built into 
the DAC modules. For each generator, this rilodule is able to measure the level of the output 
voltage and of the ground with an ADC and a set of multiplexers. Measurements are made 
either absolutely or differentially with the DAC value, in the latter case with an accuracy of 
250~-!V. Module to module comparison is also possible. This is particularly important for the 
comparison with the module which is the basis of the energy calibration with beam. The results 
show that the dispersion in the generator gains is 2 * 10-3

, the stability of the generator being 
10 times better as seen in Fig. 19 d. 

5. 7 Performance of the electronic system 

The performance [27] of the electronic system has been measured using the data acquisition 
system and operating the calibration in various configurations. Results are shown in Tab. 8, 
they refer to the whole liquid argon calorimeter. 

• The first five items in Tab. 8 show the timing quality of the system. The most critical 
items are the timing of the cold generators which has to be better than .-.... 5 ns in order 
to accurately adjust the calorimeter trigger, and the accuracy to which the calibration 
timing is known with respect to the beam particles [28J [29J. 
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Quantity Unit Average Rms 1% limit 

Cold generator timing 
~· 0.012 0.030 

Warm generator timing 
~· 0.016 0.030 

ANBX timing 
~· 0.031 0.080 

Shaper timing 
~· 0.026 0.048 

CERN timing 
~· 0.005 

II:"'" ps/nF 0.041 .'0.004 
R"''"m ps/nF 0.021 0.002 
B'I<Ji~e e0 jnF 3498 3.2 
Anoi•e e, 11325 17.3 
Crosstalk % 0.8 1.1 4. 
ADC-to-charge fit % 0.06 0.06 0.25 
Non-linearity % 0.42 0.4 1.5 
Gain stability % 0.1 0.25 
Pedestal stability !C 0.4 1.2 

Table 8: Summary of the performance of the electronic chain. 

• The next four items refer to quantities which depend upon the detector capacity C: 

t~~~ ;::: Rcold C 

t':;,:~m :=:i Rwarm C 

Up~destal = Anoi3e + BnoiseC 

where t!:;~lf,warm) 'are the times when the signal at the shaper output is maximum for the 
cold (warm) calibration respectively, and Upede~Jal is the measured noise. 

• The last four items are figures of merit for the ADC to charge conversion. "ADC-to-charge 
fit" denotes the accuracy of the 3rd order polynomial fit. 
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6 Calorimeter Trigger System 

6.1 System overview 

The requirements imposed on the first level liquid argon calorimeter trigger system by physics 
considerations are outlined in a separate report [30]. We address here only the technical reali­
zation which is described in detail in ref. [31]. 

The calorimeter trigger is divided into an analog and a digital part. The task of the analog 
electronics is to reorder and combine the signals from 45 000 read-out channels in an analog form 
into 256 projective towers, called 'Big Towers' (BT), which are divided into electromagnetic and 
hadronic sections. These 2 * 256 big towers are digitized with fast (10 MHz) FADC's and fed into 
digital summing electronics yielding various energy sums (e.g. total energy, transverse energy 
etc.). The sums are discriminated employing programmable threshold functions, providing the 
trigger bits for the central trigger processor. 

In the analog part, the big tower granularity is achieved in two steps: The primary input of the 
trigger system is a 'Trigger Cell'- (TC), receiving its differential signais from the preamplifier 
boxes via twisted pair cables. Each trigger cell is an analog sum of 16 pad signals in the 
electromagnetic or 4 in the hadronic part. Up to 4 electromagnetic and 6 hadronic trigger 
cells are summed and shaped, they form the raw inputs to build a 'Trigger Tower' (TT). The 
trigger tower outputs are still separated into electromagnetic and hadronic sections. In order 
to suppress noise at this stage of analog summing, the trigger tower signals are gated by fast 
analog switches only if they exceed a minimum amplitude, ;;~et by external controls. 

Finally, the big tower is a sum of up to 4 trigger towers v.:here the finest granularity is realized 
for small polar angles with respect to the proton beam. Synchronous to the bunch crossing 
frequency of 10 MHz, the big tower analog signals are digitized and stored for later access 
by the data aquisition system. Further signal processing is purely digital. Both the actual 
electromagnetic and ·hadronic sections are added to total big tower energy sums after relative 
weighting by lookup tables. These big tower energy sums are used to calculate and discriminate 
the following quantities: 

• Topological energies in various parts of the calorimeter, such as central barrel, forward 
barrel, inner forward barrel, BEMC and Plug. For each of these regions the energy sums 
for each azimuthal quadrant are also available. 

• Energy in the barrel part (CB and FB) 

• Energy in the Forw~rd Calorimeter (IF + Plug) 

• Energy in the Backward Calorimeter (Barrel + BEMC) 

• Transverse energy 

• Missing transverse energy 

• Weighted energy in the calorimeter 

The geometrical weighting of the big towers is done via lookup tables which are programmable. 
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In addition to the energy sums, the digital part of the calorimeter trigger also counts big towers 
with given energy depositions in the electromagnetic and hadronic sections. In this way electron 
triggers can be derived by e.g. requiring more than a minimum energy in th~ electromagnetic 
section and less than a maximum energy in the hadronic section of a given big tower. The total 
number of big towers fulfilling these criteria is counted at ea<:h bunch crossing. 

For each of these signals, various discriminator levels are foreseen which can be remotely con­
trolled, thus determining the desired trigger energies or big tower numbers. 

Besides the fast determination of energy sums and big towei numbers, the trigger has the task 
to determine the exact bunch crossing of the energy deposition ('t0 '). This is done in the analog 
part by means of a pulse delay and crossing technique at the trigger tower level: The crossing 
point of the original and of the delayed trigger tower signal is determined and compared to 
an amplitude window to exclude noise aild saturation effects. The gated t0 signals are then 
synchronized with the bunch crossing signal and counted. A number discriminator provides a 
to signal to the central trigger l?gic. 

The entire processing of the trigger signal is pipelined. Between the bunch crossing numbers 12 
and 13 after the event, the to signal is generated and the FADC's start the digitization. The next 
clock pulses shift the data through the digital adder trees which need about 8 bunch crossings 
for the complete summing. At bunch crossing 21.5 the output signals of the discriminators are 
fed into the central trigger logic. 

6.2 The analog part of the calorimeter trigger 

The schematic arrangement of the analog part of the calorimeter trigger is shown in Fig. 20. 

Summing and shaping module (SSM) The module contains four identical channels, each 
collecting the input ·data for one trigger tower. The line receivers accept differential signals 
from the various trigger cells via twisted pair cables. Each single receiver can be enabled or 
disabled by remote control of analog switches. Up to 4 electromagnetic and 6 hadronic trigger 
cells can be sununmed separately. The summing amplifiers feed their outputs into identical 
shapers with a time constant of 200 ns. In addition, the total e:riergy sum (electromagnetic and 
hadronic) of the trigger tower is formed. This signal is shaped with a time constant of 100 ns 
and is used to determine the to time (see below). The two types of shaping amplifiers represent 
bandpass filters which have the same structure. The shaping amplifier consists of two active 
low-pass sections and two passive high-pass filters, realized by two 1ifferent time constants. 

The shape and the timing of the output voltage for a given input current shape depend not only 
on the shaper function but also strongly on the detector capacitance. Since this capacitance is 
very different in different parts of the detector, the peaks of the corresponding output signals 
will appear at different times. Since high accuracy of the bunch crossing time is required, a 
perfect pole-zero compensation for the input time constant is necessary. This is realized in the 
transfer function of the summing amplifier. To this end the RC-time constants in all input 
ports of this amplifier can be adjusted individually so that the corresponding detector time 
constants a.re cancelled. 

Pad capacitances range from 1 to 15 nF over the whole detector. However, the signals from the 
first summing stage within a given trigger cell come from gaps having similar capacities within 
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±5 %. Otherwise, the t 0 signal could be shifted to a wrong time slice. 

Analog gating module (AGM) In order to keep the summed noise as small as possible,· 
only those channels containing a certain minimal energy are added together. The total trigger 
tower energy signal delivered by the summing and shaping module is compared to a computer 
controlled threshold presently set to 5 u ( u = 250 MeV). If the signal exceeds it, two fast analog 
gates are opened to guide the electromagnetic and the hadronic energies of a trigger tower to 
the summing stage building the big towers. The analog switches are realized with very fast 
MOSFET's. The injected charge is compensated by a reverse signal. Eight trigger towers are 
processed in this way on an analog gating module. 

Big tower summing module (BTS) In this module the signals of trigger towers are 
summed to build big towers. The number of summed trigger towers (between one and four) 
depends on the position of the trigger towers within the calorimeter. Each big tower'sumrning 
unit provides the signals from eight big towers to the digital part of the trigger separately for 
electromagnetic and hadronic sections. A big tower summing module contains 32 summing 
amplifiers and 32 signal splitter/drivers. The second output is an option for another set of 
FADC's which may be used for a fast higher level trigger processor. 

t 0 determination The t 0·modules determine the exact timing of the event, i.e. the bunch 
cross number of the ep interaction. The energy signal from the trigger tower is delayed and 
compared with the undelayed signal. The crossing time of the two pulses defines the relative 
event timing. It is synchronized to the next HERA clock cycle. Sixteen trigger tower signals 
are processed in one t 0.module. 

There are three different timing classes for the signals generated in the summing and shaping 
modules and in the .t0-modules due to the large differences in detector capacities. Since the 
signals have to be counted for every bunch crossing, these differencies are compensated in the 
TOTF-module. At the output of this module all to·signals coming from one event appear at a 
single bunch crossing period and are ready to be counted. 

Since the sum of all t 0 signals has to be available for every bunch crossing, the summing is done 
in the pipelined t 0 summing module. The first summing stage is done in lookup tables, the 
further in binary adders. In order to be as fast as possible, the overflows are treated separately. 
The finar pipeline stages and the comparators which send the trigger signal to the central trigger 
logic are assembled in the module SUMKA. This module is connected to the computer via VME 
and allows the loading of digital thresholds for the lower and upper limits on the number of t0 
signals generating the event timing. 

Control module (CNTRL) The control module is the main connection of the analog part 
of the trigger to the computer. All analog thresholds and the switches for the input to a 
summing and shaping module can be set via this module. The enabling/disabling feature 
of input channels requires digital control logic for the computer connection. A 40 Bit wide 
write/read register controls the analog swit~hes in the receiver circuits. 
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Mechanics The analog part of the trigger is arranged in five racks containing five VME 
crates each. The crates iri turn house between foUl' and eight summing and shaping module 
units (172 units in total), one or two big tower summing units (32 in total) and one or two 
t0·modules (44 in total). For the t0 determination, 16 TOTF modules, four t 0 summing units 
and one SUMKA are needed. In addition, various modules for clock distribution, VME-Bus 
interface and thresholds are necessary. 

6.3 The digital part of the calorimeter trigger 

The schematic arrangement of the digital part of the calorimeter trigger is shown in Fig. 20. 

FADC front board (FB) The digital part of the first level trigger processor starts with 
the FADC's as digital data sources. They convert, synchronous to the bunch crossing signals, 
every 96 ns the various big tower signals into eight-bit wide words which are stored into RAM's 
for later read·out. The RAM's are 256 bunch crossings deep so that a history of 2.5 J..LS can 
be stored. The relative weighting of electromagnetic and hadronic big tower energies is done 
using lookup tables. The two components are added after weighting to get the total big tower 
energy. On' the big tower level a number of functions are. carried out in addition: Each of the 
big tower components is digitally discriminated in order to determine big towers with an energy 
deposition characteristic for electrons, i.e. large energy deposition in the electromagnetic and 
small energy deposition in the hadronic part. Furthermore, the individual big tower components 
exceeding a presettable energy threshold are flagged ('trigger bits') for later processing in the 
special digital signal processors for the trigger data. (DSPT's, see Sect. 7). 
There are four big tower processing channels on each front board which need eight FADC's 
and the necessary control logic. RAM's and lookup tables are accessible via VME bus. The 
processing of the trigger data in this module takes three bunch crossings in the pipeline. 

Digital mid board (MB) In order to compute the different trigger quantities mentioned 
above, the total big tower energies have to be weighted with various functions. Again this is 
done using lookup tables. For each trigger quantity the big tower energies are transformed 
to the corresponding outputs to be summed up in consecutive digital adder trees. The first 
partial sum is evaluated in the mid board to reduce the amount of connections to the subsequent 
summing units. Each :mld board is associated to a front board, building the various partial 
energy sums from the 4 big towers in the front board. The results of this first summing stage are 
stored in local RAM's with a frequency corresponding to the HERA clock, 256 bunch crossings 
deep. For the deter:mlnation of the missing transverse energy the components Ez and E11 are 
separately calculated incl~ding the sign, thus reducing the accuracy to seven bits. In addition, 
the discriminator outputs from the electromagnetic and hadronic parts of the big towers are 
evaluated to set the corresponding bit for an electron, to set the bits for big towers above a 
given threshold ('big-tower-to'), or to set the bits for big towers pointed at by tracks from the 
central chambers ('big-ray-to'). 

Digital adder tree Three further levels are needed to sum up the various quantities: The 
first stage is done on the adder boards (AB), located in the FADC crate. The resulting partial 
sums are fed into the topological boards (TB), where the weighted quadrant and total sums 
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in the various topological areas are built. Finally, the summing board (SB) calculates the 
total quantities over the entire calorimeter. As to the determination of the missing transverse 
energy, the vector sums of the two components Ex and Ey are computed indivjdually. Counting 
of electrons, big-tower-to's and big-ray-to's are done in the bit boards (BB), in analogy to the 
summing board, after an initial summing stage at the FADC crate level (EDSPB for counting 
of electrons and BRBTB for that of big-tower-tos and big-ray-t0 s counting). The digital 
discriminators for the trigger quantities are located on the topological board, summing board 
and bit board. They are realized as lookup tables, again 256 bunch crossings deep and eight-bits 
~~ ' 
There are various possibilities of adding 256 eight-bit words. In this system, five times 256 
weighted big tower signals have to be summed. Serial accumulation would disturb the pipelined 
structure of the system, while parallel summing would need a large amount of logic. A total of 
eight planes of adders are necessary to get the final result. With standard integrated circuits this 
would take about 1000 four-bit adders for one adding tree. Together with the necessary storing 
elements for the partial results ind line driving circuits, the system would not be practicable. In 
order to reduce the component number and the crate and rack space, a gate array solution was 
realized. It contains a four-word eight-bit adder with input registers and overflow handling. It 
adds the four words in 70 ns in two adding planes. 

Mechanics and interface The digital part of the trigger is arranged according to a geo· 
metrical ordering scheme in two racks with five VME crates each- four FADC crates and one 
adder crate. Each FADC crate houses eight front boards, eight mid boards, one adder board 
and a controller board (CB) for VME communication. Because of the fine granularity in the 
forward direction, one rack services only the inner forward and PLUG regions, while the other 
houses the forward barrel, central barrel and BEMC regions. In total the adder crates contain 
five topological boards, eight summing boards, and four bit boards. The system is interfaced 
with VME and with the DSPT's (described in. Sect. 7). When the first level trigger has stopped 
the pipeline, these p~ocessors read-out the digital information stored in the modules described 
above for a preselected number of time slices around the event to, suitably zero suppressing 
all big towers below a minimum energy. Each of the ten digital crates is associated with one 
DSPT so that the entire system is read-out with a high degree of parallelism. 

6.4 Performance of the trigger 

The overall decision time of the calorimeter trigger chain is 21.5 bun~h crossings or 2.1 ps. The 
precision of the t 0 determination is 10 ns for a single trigger tower over the full dynamic range 
and 20 ns for the entire system. The intrinsic noise within a trigger tower (electromagnetic 
or hadronic part) ranges from about 250 to 400 MeV (1 u limit), depending on the channel 
capacity. Trigger thresholds of 2 GeV have been achieved for electrons, and 4 GeV for the total 
energy quantities such as transverse and missing transverse energy. 
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7 Data Acquisition and Monitoring 

The overall layout of the data acquisition and monitoring system for the H 1 calorimetry, in­
cluding warm calorimeters, is shown in Fig. 21. 

The basic data used for the liquid argon calorimetry measurement consist of about 65 000 
twelve-bit ADC values taking into account double gain channels. In addition, extra data are 
needed to monitor the pileup effects: the expected HERA proton beam gas and beam wall 
rates lead to an average of 2 pileup events hitting the calorimeter during the 10 ps time of 
sensitivity of the liquid argon analog electronics. This is controlled by reading the history of 
the trigger signals from the 512 big towers which are available in FADC memories (256 bunch 
crossings deep). The primary data flow from the front-end electronics thus amounts globally 
to 1/4 Mbyte and is equally shared between the calorimetry and trigger data. 

These data must be read out following the constraints imposed. by the expected high rate of 
background triggers: Read-out·is·initiated by the Ll/12 hardware trigger at a rate of a few 
hundred Hz. It should free the front-end electronics for a new event in less than 800 ps. During 
this time, it should be interruptible by an 13-reject trigger decision and resettable in a few 
ps. The L3-kept events should be logged to the H 1 central data acquisition at a rate of 50 Hz 
with less than 10% dead time. Meeting these constraints requires a large amount of front-end 
processing power performing a strong data reduction, w1th the additional goal of providing data 
in a form directly usable by the off-line reconstruction. 

The first level of front-end processing is done on a channel-by-channel basis by a set of Digital 
Signal Processors based on the Motorola DSP56001 chip [24], providing altogether 700 MIP's 
of parallel processing power. Two different boards were designed to match the interfaces with 
the calorimeter ADC's and the trigger FADC's respectively. On the calorimeter side, 69 DSP's 
(DSPC) perfmm• 

• a noise suppreSsion in absolute value {keeping negative values), 

• an electronic calibration correction using the coefficients from a third order polynomial 
fit, 

• gain selection for double gain channels, 

• a geometrical numbering of channels. 

On the trigger side, 11 DSP's (DSPT): 

• check the timing of the big tower data, 

• estimate the pileup signal per big tower (energy and deposition tirrie), 

• read-out the results of the digital summing tree. 

The set of DSP's outputs a data flow of 10 to 20 Kbyte per event which corresponds to a 
reduction factor of 20 compared to the input flow. 

The second level of front-end processing is done on an event basis by two event builders process­
ing the calorimeter and trigger data separately. For this purpose, a special board based on the 
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AM29000 RISC processor [32] was developed running the VRTX real time kernel [33). Starting 
on the 13-I(eep trigger signal, the event builders act as block movers gathering the DSP data, 
formatting them and logging them to the central data acquisition through a multi-event buffer: 
In addition, the processing power of the AM29000 allows to perform simple monitoring tasks 
like channel map histograms. 

The liquid argon data acquisition system involves more than 200 VME boards spread out over 
40 VME crates (Fig. 21). All crates are interconnected by the Vertical Bus (interfaced with the 
CES VIC8250) providing FASTBUS like features. The whole system is controlled by a central 
OS9 station connected to a VAX cluster by a dedicated YMEbus-Qbus link. The main purpose 
of the OS9 station is to run a VME server defining the con"tiguration of the hardware (DSP's, 
event builders, calibration, trigger) according to user requests. It also provides basic checking 
procedures in a convenient multi-user environment. The VAX cluster can make direct requests 
to the OS9 VME-server through the Qbus link. This is used for sophisticated calibration 
procedures involving both calorimeter and trigger branches in connection to the ORACLE 
data base. The VAX cluster also runs online monitoring programs processing events requested 
from the event b!lilders through OS9 during data taking. 

More details on the H 1 calorimeter data acquisition system can be found in [34]. 

8 Energy Measurement 

8.1 Procedure for energy calibration 

The charge Q0 deposited in the calorimeter follows from the recorded signal after having taken 
into account pedestal fluctuations, cross talk and noise cuts. The measureed charge Q is 
converted into an energy using beam data collected at the CERN SPS [11, 35]. Since the 
experimental conditions at the test beam arc not identical to those at the HI detector, an ideal 
calibration constant c~~ .. = Edep / Q;d has to be defined, where Ed•p is the energy deposited in 
an ideal stack and Q;d is the corresponding detected charge. An ideal stack is defined by the 
following conditions: 

• The gap and absorber thicknesses are homogeneous and correspond to the nominal value. 

• No dead material is positioned in front of the stack. 

• The liquid argon is not polluted. 

• The calibration capacities of all channels have the nominal value. 

• There is no electronic noise. 

The corrections due to e.g. dead material in front of the calorimeter, or the noise cut follow 
from Monte Carlo simulations [11, 37]. 

Electromagnetic scale for electromagnetic calorimeters The charge Q measured with 
a calibration stack at the CERN SPS beam is corrected for the following effects: 
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Figure 21: Schematic layout of the data acquisition system. 
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• The nomina.l capacity to calibrate the electronic chain is 47 pF, in reality small deviations 
up to 0.6% are observed. Each channel is individually corrected. 

• Due to the pollution of the liquid argon and the finite electric field corresponding to the 
voltage of 2.5 kV applied to the liquid argon gaps, only a fraction of the deposited charge 
contributes to the signal. The relation used between the detected charge Q, the maximum 
available charge Q0 , the gap thickness d and the mean free path length A for absorption 
of electrons by impurities is given by [36] 

Q ~ 2<Q0 , (A/d), {I- (:-jd) •'(!- ,-(df'l)) 

Expressing the losses in oxygen equivalent terms, one can use the relation 

:-~cnEjp 

a~ (0.15 ± 0.03) [(ppm • em)/ (kV /em)] 

to correct for these losses.· Depending on the experimental conditions 5-10% of the signal 
are lost due to electron capture. The time dependence of the pollution was carefully 
monitored and the corresponding correction applied. 

• A Monte Carlo simulation of the detector setup at the CERN beam includes effects due 
to dead material in front, detector imperfections and noise cuts. It was used to determine 
the energy E,Jey deposited in the calorimeter. The careful comparison of the observed and 
simulated energy deposition in different parts of the detector allows to cross-check the 
reliability of the Monte Carlo simulation. It has been proven that the calibration constant 
Cid depends neither on the cut-off energies used in the Monte Carlo simulation nor on the 
applied noise cuts. 

• The Monte Carlo simulation was also used to correct the detected charge for deviations 
of the gap thickness from its nominal·value. These deviations influence the observed 
signal due to the change of the effective electric field and the charge produced. These 
effects compensate partially. The correction which amounts to "' 1% was determined by 
considering the shower shape as given by the Monte Carlo simulation. 

• The deviation of the lead thickness from the nominal ~alue results in a correction of 
-0.2%. 

The overall calibration constants cf!;MC for the different wheels of the electromagnetic calorime­
ter were measured at different energies. They range from 3.41 to 3.62 GeV fpC [37]-[40]. The 
differences are a measure of the presently existing systematic uncertainties which are of the or­
der· of""' 3%. Further studies of the calorimeter performance are under way in order to identify 
the source of the observed discrepancies. 

Electromagnetic scale for hadronic calorimeters For the hadronic stacks no calibration 
data with electrons are presently available, they will be determined in the near future. Presently 
we take the computed ratio of the response to electrons of the hadronic and the electromagnetic 
stacks to determine the ideal electromagnetic scale of the hadronic stacks ~11°. The response 
is determined by detailed Monte Carlo simulations where the influence of geometry, cut-offs, 
granularity and the version of the simulation program (EGS4, GEANT) has been carefully 
studied: 
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~i~c = ( ~,6~ I cf.M§) * cf,;';!c 

The calibration constants for the different wheels vary between 6. 7 and 7.6 GeV fpC. The 
sensitivity of the ratio d!f.Fc I ~Mg to cut-off parameters is a further error source. The present 
estimate of the system~tic err~r is "" 4%. The direct measurement of the response of the 
hadronic calorimeter· to electrons will reduce the contribution of this error source to .:S 2%. 

8.2 Results from the CERN calibration runs 

We reported on several tests of Hl prototype calorimeter in refs. [41]-[45]. Meanwhile genuine 
H 1 stacks were calibrat_ed in eight characteristic configurations repres_enting a full coverage of 
() and all important crack configurations. In the following we summarize some typical results. 
They are compared to a detailed Monte Carlo simulation of the CERN testbeam set-up where 
all details of the construction elements have been included. For further results on the calibration 
by testbeam results aitd simulation see refs. [11, 35] 

Figure 22 shows the linearity of the response of the FB calorimeter module w.r.t. the electron 
energy for the data. The ±1 % region is shown as well. In order to extract the calibration 
constant, all corrections due to e.g. noise cuts, inactive material in front of the calorimeter 
module, restriction to a specific fiducial volume have been taken into account [37H40]. 

Figure 23 shows the energy resolution a/ E for electrons in the energy range 3.7- 80 GeV for 

data and Monte Carlo events. A fit (solid line) using uiE = JA2fE+B2jE2+C2 yields 

A~ (11.16 ± 0.05) ·10-2 )GeV, B =(!52± 4) MeV and C ~ (0.64 ± 0.07) · 10-2 • The result 
of a corresponding fit to the Monte Carlo data (dashed line) is within the errors compatible 
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Figure 23: Energy resolution a j E for electrons as function of energy from the test beam (open 
circles) and from Monte Carlo simulations (squares). 

with the data. 

For pions, a novel1r0 -weighting technique has been developed ([46]- [48]). A non-linear energy­
to-charge relation for the electromagnetic and hadronic calorimeter has been used: 

E(Q) /Q = [At. e-AdQ/V) + A3]EMC + [Bt. e-BdQJV) + B3]HAD 

Six parameters had to be defined. The energy dependence of these constants has been fully 
parameterized. The resulting deviation from linearity is shown in Figure 24 for 1r's of the test 
beam in the FB/OF stacks. On average, the deviation is within ±1 %, except for energies 
E ~ 20 Ge V where ±2 % is obtained. Figure 25 shows the energy resolution cr / E for pions in 
the energy range 3.7- 170 GeV. A fit (dashed line) using cr / E = J A2/ E + B 2/ E2 + C2 yields 
A~ (46.1 ± 0.7) · 10-' v'GeV, B ~ (730 ± 30) MeV and C ~ (2.6 ± 0.2) · 10-'. 

These calibration results show that the H 1 calorimeter will achieve the performance require­
ments given in Sect. 2. 
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Calorimeter CB IF 

Electromagnetic 34 MeV/ 0.33 Mip'' 10 MeV/ 0.10 Mip's 
Hadronic 28 MeV/ 0.15 Mip's 18 MeV/ 0.11 Mip's 

Table 9: Electronic noise (1 a) in the electromagnetic and haflr.onic sections of the central.barrel 
and inner forward modules in units of deposited energy and of minimum ionizing particles, 

8.3 Results from cosmic ray runs and charge collection efficiency 

Cosmic data have been taken with the H 1 detector at DESY during a one year period in 
1991/92. Several million cosmiC triggers have been recorded. Triggers relevant for the analysis 
of cosmic tracks in the liquid argon calorimeters were 

• a track crossing a 16 em diameter proportional chamber in the central tracking detector 

• a track passing through the forward part of the instrumented iron yoke and through the 
above mentioned proportional chamber 

The first trigger provides good coverage of the top and bottom modules of the CB wheels, 
while the second one provides tracks in the forward modules with vertical plate orientation 
(FB, IF/OF wheels). 

The analysis is based on pattern recognition in the liquid argon calorimeter itself where a cluster 
method has been us~d. Muon track candidates were required to deposit a signal above noise 
threshold in four layers, at least one in the electromagnetic and two in the hadronic section. 
The noise threshold was symmetric around ± 1.5 a, i.e. signals above 1.5 a and below -1.5 a 
were kept in an area of 3 by 3 cells around the crossing point of cluster axis and read-out layer. 
The negative noise provides an automatic compensation of th~ positive noise contribution to 
the layer signal. In Tab. 9 the noise level is given for two typical parts of the H 1 calorimeter, 
a low capacity part (IF) and a high capacity one (CB) in terms of deposited energy (see also 
Sect. 5). It is also compared to the energy deposition of a minimum ionizing particle. Figure 26 
shows the charge response in a hadronic layer of a central barrel module of the liquid argon 
calorimeter [49). 

Data taken at different high voltage settings allow to measure the charge collection efficiency 
as function of the high voltage applied to the gaps. Figure 27 shows high voltage curves in the 
central barrel hadronic modules. A Monte Carlo correction for the shift of the mean response 
due to pattern recognition in the presence of noise has been applied. This correction depends on 
the signal/noise ratio and amounts up to -35% at the lowest high voltage setting (150 V). A fit 
to the parametrization [36] yields a contamination of P = (0.55 ± 0.14) ppm oxygen equivalent 
corresponding to a charge collection efficiency at 1500 V of Q(1.5kV /Qoo = 0.944 ± 0.014. 
The errors are estimated from the dispersion of the fit results for the different wheels. 
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Figure 28: Linearity for simulated charged 7r's (circles) and u-quarkjets (diamonds). 

8.4 Expected performance 

The expected performance of the calorimeter has been studied with a full simulation of the liquid 
argon calorimeter including noise as measured with the full detector at the HERA storage ring. 
As previously shown, the Monte Carlo simulation agrees with both the calibration data from 
CERN a.nd with the cosmic data. This gives us confidence to use it for predictions of the 
expected performance at HERA. We conclude that the calorimeter fulfills the requirements in 
particular for the constant terms in the energy resolution and homogeneity of the response. 
The energies of both u-quark jets and single 1r-mesons which hit the calorimeter in the region of 
full acceptance are recopstructed with a precision of better than 2% (Fig. 28). If no weighting is 
applied the reconstructed energy deviates up to 50% from the generated energy. The resolution 
achieved is shown in Fig. 29. The ability to correct for losses in the cracks of the calorimeter 
is demonstrated in Fig. 30 for charged 1r's which hit the calorimeter at different polar and 
~imuthal angles. The azimuthal angular interval shown corresponds to 2 half stacks. The 
required precision of ±2% is achieved in nearly the full angular range. The losses in the r,p­
crack are fully corrected) while small deviations from the nominal value are still observed at a 
polar angle around 85°. The data collected at the HERA storage ring will help to check this 
result of a detailed detector simulation. 

Sununarizing the results one concludes that the original design goal of a homogeneous calorime­
ter has in principle been achieved. Full verification of the calibration by HERA data is in 
progress. 
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9 Conclusion 

The construction of the H lliquid argon calorimeter has been finished in December 1990. It was 
inunediately cooled down. In the meantime three cosmic ray runs allowed to establish the proper 
operation of the detector, the electronics, the trigger and the data acquisition system. In the 
first physics run which started in June 1992 reliable data were taken. A deep ineleastic neutral 
current event recorded during this data taking period is shown in Fig. 31. The performance of 
the liquid argon calorimeter has reached its design specifications and leads to physics results in 
a space-time regime which was not accessible to experimen~ up to now. 
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Figure 31: One of the first deeply inelastic neutral current events recorded with the H 1 calorime­
te' (Q' = 2600GeV'). 
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