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Abstract 

The design and construction of the ZEUS forward trackwg detector is desCflhed. The 
detector consists of 3 large planar drift chambers mounted in the forward direction with 
respect to the proton heam and a smaller rear detector of the same type. Test beam 
mea.surements performed at DESY show a single wire spatial resolulion of 105 J11l1 and a 
dEjd:t resolution of 8.8%. The resolution of the three dimensional track coordmates and 
slopes provided by one chamber are found to be 90~-tm and 2.7 mrad, respectively. 
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1 Introduction 

The ZEUS detector was built for studying the collisions of 820 GeV protons on 30 GeV elec­
trons in the HERA storage ring located at DESY. The main components of ZEUS are the mner 
tracking detectors, which are surrounded by a 1.8 T superconducting solenoid, a high resolution 
depleted uranium scintillator sandwich calorimeter and a muon detection system. Good track­
ing in the forward regwn, i.e in thP pwton beam direction. is of particular importance where 
jet topologies and the Lorentz boo:;t result in high track densities. In the rear direction good 
tracking helps in identifymg the scattered electron in low Bjorken .1: and low Q2 interactions. 

The inner tracking system was designed taking these considerations into account. It. 
consists of (see fig. 1): a vertex detector VXD (a high resolution cylindrical drift chamber), a 
central tracking detector CTD (a large cylindrical drift chamber), the forward tracking detector 
FTD (a set of three planar drift chambers) and the rear tracking detector RTD. The four planar 
drift chambers were added to the central tracking detector to improve the angular coverage and 
t.he track reconstruction at small and la.rge polar angles where the wire orientation of the C'TD 
be("omes unfavorable. The forwa.rd trackmg detector consist::. of three d1sk-like chamber::; FTDL 
2,:1 (fig. l). each providing three dimensional track information. The FTD's are separated by 
L \I"O gaps of 210 mm each, whiCh are used to accommodate 2 x 2 modules of the traw;ition 

radiat-ion detector TRD. 

In this paper, we report on the design and the ·construction of the forward tracking 
detector. Results on the chamber performance are presented, whJCh were obtained using test. 
beam data taken at DESY. In a.dd1tion to the single wire spat1al resolution and the resulting 
resolution of the three dimensional t.rack parameters, the energy loss measurement (dEjdx) 

\\'as studied 

2 Design 

2.1 Chamber Design 

The strucl ure of the forward tracking detector as well as the internal structure of the individuaL 
ciJombers were designed to meet the following general requirements· 

• The reclundanc.v in the number Of digitizmgs per drift cell has t.o be sufficient to resolve 
1he left-nght ambiguity already at. the cell level and to cope with indficiencies a.s well as 

spurious hits. 

• Each chamber has to provide three independent stereo views of a track element to ease 
the reconstruction of three dimensional track elements by redundant information. 

• The number of measured three-dimensional track elements (i.e. the number of chambers) 
has to exceed the mimmum of two to keep the efficiency for track finding high and to 
ease linking tracks seen by the forward detector to tracks seen in the CTD and the vertex 
detector. 



Table l: Parameters of t.he FTD's a.ndllTD 

I I FTD1 I FTD2 I FTD3 II H'1~ __ , 
distance from collision point (mm) 1220-1374 1.586-1740 1952- 2106 -1218--l:)'/~ 

overall 
inner radius (mm) 124 124 !H 16·1 
outer radius (nun) 820 1030 1110 ("iJO 

sensitive area 
inner radms (mm) !SO 180 200 220 
outer radius (mm) 695 905 l085 .J)J5 

angular acceptance (mrad) 110 470 122 489 105 489 175 350 
detection so- 270 7°-28° 60-:280 10°- 200 

number of cells 204 252 300 lGS 
llllmhcr of signal wires J224 1512 1800 j 00\\ 
uumber of polenlial wires 1<128 176,1 ~100 lli() 

LoLa] number of channels 4536 lOOt' 
gas volume (mJ) 0,25 I 0.40 I 0.60 0.11 

total gas volume (m3
) 1.39 

radiation thickness 
sensitive area 0.09 Xc 0.09 X0 0.09 Xo 0.09 X0 

outer rim 0.13 Xo 0.13 Xo 0.13 X0 0.1.3 Xo 

Each chamber consists of three independenL layers of drift. cells with f-ixed wire orienta­
tions, rotated by 120° going from one layer to the next (fig. 2). Each dril\ cell has six sense 
wires Thus one chamber measures three projections (u, v, w) of a tracl~ element with up to 
six digitizings per projection. 

The basic mechanical concept of the planar drift chambers was developed with the aim (.o 
minimize radiation thickness and, al the same lime, to have a. structure rigid enough lo take all 
internal and external forces without distorting intolerably. The resuHing design is summarized 
in table 1. 

The chamber body 1s a sdf-supportmg structure made of printed circui~ board~. The load 
of the wire tension is taken by this body structure rather than by massive frames. Each cell 
ha5 iLs own wire mounts, which are att.ached to the chamber body. 

ExternaJ forces are introduced into a thin and hollow aluminium structure at the perimeter 
o( the body, rigidly connected to it. Between the inner edge of the aluminium pieces and lhe 
beginning of the cells is a free space of about .6.1· = 80 mm. This space is needed to accommodaLe 
wire mounts, signal cables, and HV distributors. There JS also a reinforcement structure at Lhe 
mner (beamp1pe) hole of the chamber. It is made of thin pieces of glass fiber epoxy <1.nd supp01 ts 
cylindrical aluminium sheets, 0.5 mm Lhicl,, to close the chamber. 
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2.2 Cell Design 

:\ cross sect.ion of the FTD (HTD) drift. cell is shown in fig. 3. The inner dimensions an' 
..l.: :::: 48 mm and il u (.6. v, .6. w) = 21 mm. Each cell cont.ains six sense wires (30 fHTl diameter). 
spaced b~· 7 nun. and seven potential wires (121 ttnl diameter), perpendicular to the charnber 
axis (i.e the bean1 dired.ion). The potential wires lie m the median plane between the cat.hqde 
pl<nws. The St~nse wires arc staggered with respect Lo this median plane by ±!50 pm to allow <t 
resolution of the left-right ambiguity already at the cell level. The distance of 12 mm bet.weeu 
the median plane and the cathodes was chosen to be small enough 

• to keep the maximum drift time (for extreme B-field conditions) smaller than 350 nsec 
(i.e. 3-4 bunch crossings), thus allowing the use of the FTD's for, triggering, 

• to cope with the problem of track finding in dense forward jets', and 

to ted nee the effect of the strong and rather inhomogeneous magnet1c field present in the 
PTD region on the calibration of the chambers. 

Five field shaping strips on either side of the drift cell (2 mm wide and spaced by 2 mm) 
allow to pmcluce a homogeneous electric drift field even at the edges. All planar electrodes, 
i.e. cathodes, field strips, and outer shielding, were made by printing and etching the Cu cladded 
boards. 

The potentials of the wires, cathodes, and field shaping strips were optimizc::d in v1ew of 
the following criteria: 

• ·Mmimal inhomogeneitie:o; of lhe drift field at the edges of the cell. 

• Equal surface fields (gas gain) on a.ll six sense wues. 

• Surface field on potential wires below 20 kV /em (to avoid whisker growth). 

• Minimal electron drift .to potential wires or field strips. 

• Electrostatic deflections small compared to the gravitational sagging of the sense wires. 

The initutl optimization wa'l clone with help of the programs VVIRCHA [1] and DRIF'T [2] 
and fined tuned experimentally. The reHulting set of potentials for a ga.'l mixture of argon/ethan<· 
(:JOj:JO) at atmospheric pressure is shown in table 2. The corresponding drift field is about 
125 kV/cm and the gas gain is about 5 x 104

. 

The cathodes and field strips are electrically subdivided, such that the gas gain can be 
reduced in the region around the beam pipe in case of intolerably high backgrounds from beam 
gas mteractions or synchrotron radiation. 

3 Mechanical Construction 

In this paper we present a brief de:,;cripLion of the chamber construction. Details can be found 
m [3] ond ['l]. 
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Table 2: FTD (RTD) Cell Parameters 

inner cell dimensions 24 X 48 mm 
number of sense wires/cell 6 
number of potential wires/cell 7 
number of field strips/cell 10 
material of sense wire W + 3% Re, gold plated 
diameter of sense wire 30 f.LLTI 
material of potential wire Mo, gold plated 
diameter of potential wire 121p.m 
voltages 
sense wire 1860 v 
potential wire ov 
field stnp S1-5 -550 v 
field strip 82-4 -50 v 
field strip S3 630 v 
cathodes -1140 v 
drift field "'1.25 kV /em 
gas mixture Arjethane (50/50) + ethanol 
gas pressure atmospheric 
drift velocity 52 11-m/nsec 
max. drift timt> aL max. B 350 nsec 
gas gain ~ 5 X 104 

--
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3.1 Chamber Body 

As shown in figs. 2 and 3; each chamber layer is composed of two vertical disk-hke walls and 
smaller cathode walls between them forming long rectangular cells. 

All Lhe walls were made of glass fiber epoxy boards (EGS619/FR4), l mm th1ck, with a 
copper daclcling of 18 Jt111 on either side. The construction of the chamber body was done as 
follows: The mdentation slots and holes for the bearmgs of the wire supports were punched by 
1'\. computer controlled machine. The cathodes, the field shaping strips, and the outer shielding 
pa!.t('rn was silk printed on the boards. The copper was etched using a solution of FeCl3 . After 
cleaning of the surfaces and HV tests the walls were glued together with Araldite using an 
indentatiOn technique, tints forming a multi-I- beam structure. To seal the remaining leaks in 
t.he indentation slots thin sheets (0.2 mm) of FR4 were glued onto either side of the layer. 

Three such layers were glued together with a_nother 0.2 mm glass fiber exopy sheet (for 
msulation) in between and with the cells of neighboring layers .at ± 120° w.r.t. each other 
Tn this way the mechanical structure of the chamber body becomes similar to a. honey comb 
structure. Il was completed by gluing two more 0.2 mm sheets onto the outer disks. 

The internal support struct~u·es at the outer rim (figs. 2 and 4) as well as at the beam pipe 
hole were moLtnted only after the wiring of the chamber, the adjustment of the combs, the 
installation of the internal cabling (signal, HV) and various tests of the circuitry. 

3. 2 Wire Stringing 

The material and diameter. of the wires are described in table 2. The potential wires were strung 
with 5 N, resulting in a maximum gravitational deflection of 120 p.m for the longest wires. The 
sense wires were strung with 0.6N, which equalizes the amount of sagging for both types of 
wires The wire tensions are well below the limit of pt·oportionality. The choice of molybdenum 
and \.ungsLcu was motivaled by the similarity of their linear coefficients for thermal expansion. 

The wires were mounted as illustrated in fig. 3 by using moulded combs made out of" 
ULTEJvi. The wire position is defined by precisiOn grooves in the combs. At the outer end the 
wiro2s were fixed mechanically by small brass cones squeezed mto brass feed-throughs and by. 
soldering. 

Wiring a cell was done according to the following steps: 

• All13 wires of a. cell were strung and fixed to both combs on a wiring bench which allowed 
for a precise adjustment of the required distance between them. The desired wire tension 
was produced by attaching a proper weight to the loose end and squeezing the wire at. 
the second mount. It was checked by measuring the mechanical resonance frcqu('ncy . 

..\ 1\a.plou foil was soldered to lhe feed-throughs Oll the readout end. This foil provides 
flexible leads for the signals and the HV, and it supports protective resistors as well as 
coupli1tg capacitors. 

• A slim tool which allowed for a precise adjustment Of the length was attached to the two 
\vire mounts. 
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• This R.ssembly was slid mto the cell and was adjusLed such that the mouut at tlw f<tr eucl 
was aligned with respect lo the bush beanngs in the w<clls. The springs were released oud 
lhe eccentric cylinderH engaged the bearings. 

• After checkmg the wire tensions, HV tests of the sense and the potential wires were 
performed. 

3.3 Precision of Wire Location 

The influence of all relevant. alignment errors on the reconstruction of three dimension ill tr<H"k 
elements (as measured by one chamber) was studied by Monte Carlo calculations. In view o! a 
target value for the spatial resolution of cr = 100 ttm the following tolcnnces are required: 

• Internal accuracy of the combs 
(depths <1.nd spacing of grooves) 

• u (v, w)-position of the combs 
(for the coordinate system see fig. 3) 

• Zeroes of the u(v, w)-scales 

• z-position of the combs 
of a.ll three layers 

• Angles between w1re directions 
of adJacent layers 

±30J.Lm 

±30fll11 

±20 Jlm 

±100 pm 

±O.Smracl 

(Note, we quote here and throughout th1s section tolerances rather than rms values.) 

The internal geometry of the combs, i.e. the depth of the grooves and their spacing in z, 
was measured to ):>e accurate within± 25 pm. This means that the errors of the wire locations 
in the chamber _is dominated by the enors of the comb locations. The reference mark:-:; o( all 
em nbs were therefore viewed by means of i\. levelling instrument The comb axes were alignPcl 
t.o be horiwnlal by turning tlw eccentric cylinder fittings. The tilt angles were adjusted and 
t.lw position was rechecked An accuracy of± 40 flll1 was achieved The accmacy of the angles 
between the wire directions of adjacent layers was given by the accuracy of the punched dowel 
holes and their distance from the symmetry axis of the chamber structure. It was betler t.han 
± 0 2 mrad. 

The accuracies achieved by optical survey methods cannot fully meet the requirements 
quoted above. This is particularly true for the zeroes of the 11 (v, w) scales a'l well as for t.lw 
relaLive positions and orientations of the tracking chambers in ZEUS. Straight and isolated 
trilcks will have to be studied to improvr- our knowledge. 

H the tcmpemture in the running ZEUS detector wdl differ significanlly from roo111 lem­

pcraLure thermal expansion will alter the wire positions. For two cells separated by 2 m, e.g, 
in FTD.J, thE' thermal shift is 15 ;nn per degree. Again the <tnalysis of straight particle tracks 
ca.n yield the information. The same is true for the efFects of gravitational sagging, wl11ch 1s 
120 /tl1l at ma.\.imum. 
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3.4 Internal Cabling 

!llSid(' each layer the HV is distributed by means of custom made daisy chains which wen· 
nHl.!lllfacl ured ahead of the installatiOn. All loose ends of the chain, except the one for the HV 
connector, ctre equipped with 1 MD protective resistors. 

The intemal signal cables from the coupling capacitors to the pre-amplifier motherhoa:rds 
were soldered to the capacitors already d1.1ring the manufacture of the Kapton foil assembliE's 

3.5 Internal Support Structures 

To reinforce lhe chamber body a light-weight aJuminium structure was introduced into the out(•J 
rim of f'ach layer. The st.ructure is composed of twelve pieces per layer forming a polygon. The 
:36 cduminium pieces were installed after the completion of the internal cabling. This mn 
structure supports the weight of the chamber and takes all external forces. The cutouts in 
t.lw polygon pieces are used to aCcommodate the pre-amPlifier hybrids thus providing good 
eledromagnelic screening, see fig. 4. VVaLer pipes were bolted on the aluminium p1eces to 
prov1de cooled surfaces surrounding the electronics. 

Tl1e reinforcement structure at the inner (beampipe) hole is comparatively thm and sim­
ple. It is composed of rings and spacers made of glci.ss fiber epoxy, which were bolted and 
glued to the chamber walls. The structure supports the inner gas enclosure consisting of an 
aluminium cylinder of 0.5 mm thickness. 

3.6 Chamber Sealing 

The little space available and the thin structural elements wh1ch would not stand the necessary 
local pressure did not permit the use of 0-rings. The gas volume wa'l therefore sealed throughout 
b_,. gluing. 

The cracks at Lhe inner hole and between the boards and the outer aluminium p1eces 
as well as the bolt heads were sealed with Scotch-Weld 2216 B/ A, an elastic two-component 
glue. The cla.o;ticiLy is required to avoid fissures in the glue due to tiny stresseS or shears which 
ccmnot be avoided completely while handling the chamber. Sealing the pre-amplifier boards 
and the aluminium sheets inside the polygon pieceS was done with silicone rubber to facilitate 
!'('-opening single cutouts for inspection or repair. 

It was demonstrated by experimental checks that the gas seal can stand safely an internal 
overpressure of 30 mbar. The maximum overpressure for emergency flushing is 10 mba.r while 
the normal operation requires only 2 mbar. 

3. 7 Chamber Tests 

Before soldering the signal leads to the motherboards and before sealing the motherboards each 
chamber was flushed with N2 or C02 and HV tested. The outer ends of the signal leads were 
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grounded to have the full voltage across the coupling capacitors. The sense wire voltage was 

typically raised to 2.3 kV. 

After the completion of the chamber sc<tling each chamber was flushed with a multiplying 
gas mixture Ar/C02/C2 H6 (88/10/2) or Ar/C 2H6 (50/50). Attempts to raise all voltages to 
their nominal values and polarities revealed in a few cases problems, which were cured after 
temporarily removing single motherboards. Then the pre-amplifiers were mounted and all 
readout channels were tested with a radioadive source and an osc1lloscope. 

After installation of the complete forward tracking detector into the ZEUS detector, tlw 
leak ra.tes were again measured by pressurizing the chamber and observing the pressure decreas<> 
with time. All readout channels were tested by feeding test pulses into the pre-amplifiers and 
measuring the output. In addition the HV was turned on after flushing all chambers with 
Ar/COz/C2 H6 (88/10/2) and single rates Of all wires were taken. Only a small number o[ 

channels ( < 1 %) was found not to work. 

4 Gas System 

The gas system for the FTD's/RTD is a simple open flow system without re-circulation with 
three independent gas lines. The components are mixed in the gas house using regulators COli­

trolled by muss flow meters. Th1s mixture is bubbled through temperature controlled ethanol. 
Two sumn1.ary gas flow meters in the gas house (up- and downstream of the chambers) check 
for leaks m the system. Individual combinations of flow meters and mechanical regulators in 
the experimental hall distribute the gas among the four chambers according to their different 
volumes. The gas leaving the chambers is pumped back to the gas house and exhausted ow·r the 
roof of the gas house. During the commissiOning of the detector a non-flammable gas mixture 
of Ar/C02/C2H6 (88/10/2) was used instead of the nominal Ar/C2H6 (50/50) mixture. 

5 High Voltage System 

Tlw six different potenLiab needed for each drift cell (sense wires, potential wires, cat!todes, and 
three types of field shaping strips) are supplied via individual cables from the HV electronics in 
the electronics hnt. No resistor chains are used. This allows measuring the individual chamber 
currents directly and in an unbiased way and it avoids additional power dissipation inside or 
close lo the chambers. t\clditional I-IV channels arc used for supplymg the cathodes and field 
stnps of all cells close to the beam, which are subdivided in order to reduce the gas gain in 
case or high backgrounds In total there are 40 HV channels, connected to one CAEN SY1:2T 
1-1\." crate [5]. 

In order to prevent excessive currents in the chambers the distribution system is equ1pped 
with two types of switches for each channel. A passive diode circuit increases the eiTective 
internal resistance of the I-IV channel to 100 MD, resulting in a [a..c;t breakdown of the HV. 
An additional reed relay interrupts the line when 10 JtA are reached. Tins relay can also bf' 
opened by hand if a local problem occurs _while the other cells can still be operated. It has the 
important feature that the HV remains constant even if the chamber currents change due to 

va.rying ba.ckgrou11d conditions. 
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6 Analog Electronics 

Signal amplification is done in two stages, by pre-amplifiers mounted on the chamber and by 
post-amplifiers m the electronics hut with adjustable gain to match the signal amplitude to 
the dymanic range of the flash-ADC's. The analog electronics was designed and built by ~he 
University of Siegen [6]. 

6.1 Pre-Amplifiers 

Signals from the sense wires are fed mto the pre-amplifi"ers via 470 pF capacitors on the Kap­
ton foJls. The charge sensitive pre-amplifier is mounted on a motherboard inside the outer 
aluminium support structure (fig. 4). It is a low power SMD hybrid (2.3 x 6.8 cm2) with 6 

channels corresponding to the G sense wires of a cell dissipating about 1 W. The amplifier has a 
conversion factor of 1 mV / 5000 e0 and an equivalent noise charge of about 3500 eo. The signal 
l"isc time is about 4 ns, corresponding to a bandwidth of 90 MHz. Each hybrid is equipped with 
a test signal input, which is capacitiv~ly coupled to ali 6 input channels. The output pwvides 
a bipolar signal connected to the post-amplifier by a 50 m long twisted pair cable [7]. 

6.2 Post-Amplifiers 

The post-amplifier - a 2 channel hybrid - consists of three parts: a differential amplifier with 
adJustable gain, a pulse shaping pole-zero filter and another amplifier. The difference of the ~ 

bipolar input signal is amplified by the first amplifier stage and fed into the pole-zero filter. 
This filter is used to shorten the falling edge of the p~lse to reduce pile-up effects. The gain aud 
pulse shaping of each hybrid was carefully adjusted to ensure equal response of all channels [8]. 

7 Digital Electronics 

Due to the short HERA bunch crossing interval of 96 ns the sampling frequency of the FADC's 
1s 104 MH.z For the same reao;on the processing of the FADC outputs called for a special 
c!ew·lopment of the various modules. To keep the readout electronics [or all chambers of tlw 

inner tracking system as uniform as possible only the FADC modules are different for the 
planar chambers (FTD's and RTD) and for the central tracking device (CTD). The !aLter 
FADC modules as well as all comp011ent~ of the environmental electronics were designed and 
huilt by the RuLherford Appleton Laboratory and partly by the other British ZEUS groups [9]. 
while the FADC modules for the FTD's/RTD are a design of the Univers1ty of Siegen [10]. 

In a. Siegen-type module the FADC data can be pipelined for a maximum of 40JtS (hard­
ware limit). On a positive first level trigger signal (FLT) which has to appear within a maximum 
of 5/tS (FLT limit) a selectable blocl{ of data is transferred to a primary event buffer. While 
copying the data. to a secondary event buffer they are processed by a digital filter of the FIR 
type, providing an effective data reduction at the eirliest possible stage and thus a minimum 
dead time of the front-end electronics. 
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The contents of the secondary event buffers of all PADC modules in a crate are collected 
by a readout controller which' is part of a transputer network. The same network performs the 
extraction of the drift time and the dEjd.1; information and stores the results until the arriv<tl 
of a second level trigger signal. After a positive decision the data of an event are passed to the 
ZEUS event builder. 

8 Test Beam Results 

Before t.he installation of !.he FTD's in ZEUS the second largest chamber (FTD2) was tested al 
DESY with electron beams of energies between 0.5 and 3 GeV. Efficiency, tracking and dEjd.!' 
were investigated 

8.1 Test beam setup and data taken 

Pigure 5 shows a schematics of the setup. Before hitting !.he chamber, the electron beam had 
to traverse a l cm2 squared collimator and two pairs of finger counters which were re<Hl oul 
by four photomultJphers and were used to trigger the data acquisition system. A scintillator 
paddle 1~ith a 1 cm2 squared hole in the middle served as a veto. 

The FTD2 was placed such thett the wires m thew plane were always vertical. Only 12 
( ,1 per plane) of the 264 cells of the chamber were instrumented. 

The gas mix-ture used was A1'/C2 H6 (50/50). The analog electromcs were of the final 
design. All the post-amplifier gains were set to give similar output pulse he1ghts for the silm<" 
input signal at the pre-amplifiers 

Smce the final readout electronics (sect. 7) was not yet available, the readout was per­
formed by a 6 bit STRUCK DL301 PADC sYstem [11] with a sampling hequency of 100 MHz 
and a nonlinear response function to expand the dynamic range to eiTectively 8 bits. We will re­
fer to an FADC pulse as the one obtained after correcting the FADC contents for the nonlmear 
respon~e function. 

Runs of approximately 10000 events each were taken a.L different condJtions: 

l. Incidence angle (angle formed by beam and chamber ax1s) of 0°,15°,20° and 30°. The beam 
energy was 2 GeV. Notice that the maximum incidence angle qf the particles coming [rom 
the interaction region in ZEUS is approximately 30°. 

2 Tl1e beam incidence posJtJOn on the detector was changed by moving the chamber ver­
tically and honzontally in the plane perpendicular to the beam (steps of Smm). The 
incidence angle was 15°. 

3. B('a.m energies of 0.5, 1, 2 and 3 GeV. The incidence angle Was 15°. 
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8.1.1 Signal processing 

The relevant. information provided by the digitized signals was extracted alternatively using 
three different types of signals: 

• The original digitized signal. 

• The Difl'erence of Samples pulse (DOS) as proposed in [12]. The relation betweeu the 
01iginal contents x(iT) (where T=10ns is the bin width of the FADC and i runs from 1 
to 100) and the DOS signal output z(iT) reads 

z(iT) ~ x(<T)- x((i -l)T) 

This operat.i.on correspol)(ls approxm1ately to a differentiation of the original pulse slutpc•. 

• The outpLlt pulse from an Infinite Impulse Response (JUt) digJtal filter applied t.o 

origin<tl PADC s1gnal as prqposed in [13]. The relation between the original aud 
llH-filtert'd signal output y(k.T) is (see for example [i4]) 

y(iT) ~ L_Di.x(iT- jT) + L C;y(iT- jT) 
j"'O ]=0 

Llw 
tlw 

where m, Dj and Cj are constants characterizing the filter. They were set Loa bandpass 
filter with a frequency of 20 MHz and a Q-value of 1 (Q is the ratio of fl'equency and 
bandwidth) [13]. . 

P1gure 6 shows a typical FADC output signal (a) and the corresponding DOS and IlR­
filt.en"<i pulses (band c respectively). 

8.2 Results on tracking 

For hit identification, a number of successive DOS bins above a threshold with the integral sum 
of tht'ir contents exceeding some chosen value wa:; requested (for details see [15]). The drifL 
time was calculated as the weighted mean of the positive part of the DOS pulse, see fig. 6. Tlw 
drift times were converted into drift distances using a computed space drift time relation [16] 
based on the measurements and electric field calcLliations from [17]. 

An identified signal on a wire was used for the analysis only if: 

1. there was only one hit per event identified, 

2.· the estimated drifL time after subtraction of the contribution from cables, readout eler­
tl:onirs etc. (to correction) was s_maller than 280 nsec, 

3. the FADC signal did not contain any overflow per bin, i.e. the pulse height did not exceed 
200 mY 
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8.2.1 Reconstntciion oftmck pmjections 

The projections of the particle track were reconstructed cell by cell by fittmg the space poi1-1ts 
conesponding to the.calculated dnft distances to a straight line. To solve the left-right ambi­
guity a.ll possible combinations of the space points (above and below the wire plan(~) were t.akeu­
mto account. The line resultmg from the combination which gave the snHl.llest v<tria.nee in t.lw 
fit was chosen as the true track. 

For a track projection to be considered valid, a minimum of 5 hits and a vanance per 
degree of f1eedom smaller than 20 were required. Notice that in our fitting procedure, a variance 
of 20 corresponds to a mean distance of 400ftm from the reconstructed points to the fitted track. 

The distributions of the track residuals, YJit- Ymea~"red (the comdinate system inside a cell 
is shown m fig. 12), were found to be Gaussians w1th very similar parameters for all channels 
investigated. The standard deviations of Gaussian fits to these distributiOns (am•as) are related 
to the spatial resolution of each WJre by a-;= a;ea.sjo.;. The factors Cl:; take care of tlw bias 
introduced into the track fits by the small number of wires contnbuting to them. They r<~ngf' 
from 0.9 to 0.7. 

Figure 7 shows as an example the single wire resolution, averaged over the six wires in a. 
cell, as a function of the distance from the track to the wire, for two cells. For drift distance~ 
larger than 3.5 mm an almost constant value of about 105,um is observed. When the track 
approaches the wire, the resolution deteriorates. This is partly expected from the distribution 
of wniza.tion clnsters along the track. The fact that the deterioration starts already at distane<~s 
of a few mm indica.tes, howevet', that the space drift tune rf':lation needs !1ne tuning. This will 
be done with data taken in ZEUS to include simultaneously the effect of the magnetic field. 

Already at cell level the left-right ambiguity was resolved correclly for about 9G% of all 
reconstructed projections. This is demonstrated by fig. 8 which shows the reconstructed polar 
ongle for a cell of layer w. Because of the pa.rttcular geometry of the setup, the reconstructed 
polar angle should coincide with the angle of incidence of the beam. The approximately 4% of 
wrongly reconstructed slopes appear at -300 mrad. Most of them can be recovered using the 
trnck information of the other two layers. 

When the particle trajectory crosses two adjacent cells of the same layer, the reconstruc­
tion JS performed using lhe information from both cells. Thts implies the introduction of t.lw 
relative positions and angles between both cells, which were determmed by optiod surveying 
of the detector. Their uncertainties contribute to the fit vanance, which is slightly shd"tcd to 
lcu·ger values. But nevertheles~ the single wire resolution is still close to 105 lim 

8.2.2 Efficiency 

The tracking efficiency of each wire was determined by requll"lng a track reconstnicted from 
the hits on the remaining 5 wires of the same cell, again applying a. '-;ariance cut at x2 = :20 
(sect. 8.2.1), and by comparing this prediction with the response of that wire. In about :3% of 
all tracks the predictwn wa.'> outside the cell. Par geometrical reasons Lh1s was possible o11ly 
for the outermost wires (1 and 6). These events as well as overflow hits (2.5%) and double hits 
(:J.7%), which can in principle be used in ~he analysis, were included in the calculation of the­
efficiency Vv'ith these definitions the efficiency wa..'l found to be 99.7% for the inner wires (2 to 
!>)and 99.1% for t.he wire land G, resulting in an a.vera.ge efficiency of 99.5%. 
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8.2.3 Three dimensional tmck reconstruction 

To study the reconstruction of the particle trajectories in space, a global coordinate system was 
established. They axis is defined perpellClicular to the wire planes for cells mlayer v, while the 
.t· axis is parallel to the wires of these cells, and :: points to the same hemisphere as the beam. 
In t.his frame a track in space can be specified by 

x(z) ~ x(zo) + a,z, y(z) ~ y(zo) + a,z, 

where :-0 is a.n arbitrary value of the z coordinate, chosen to be in the middle of layer v, i.e. the 
center of the chamber. 

Each F'TD chamber measures three projections of the particle trajectory. Calling ·u(z). 
1'(:-),· w(::) the y coordin<ete of the cell reference system (see fig. 12), for layer u, v and ll' 

respectively, lhe three projections can be written as 

tt(z) = u(zo) + auz, v(z) = v(zo) + avz, w(z) = w(zo) + awz. 

Because of the geometry of the FTD chambers, the following relations exist: 

1t(zo) + v(zo) + w(zo) == 0, au+ av + aw == 0. 

Figure 9a shows the sum of meil-'lured slopes of the three track projections from <1. nm 
wiLil a l.'J 0 angle between the benm a.nd the z axis of the chamber (i.e. the beam incideun· 
cmgle). The expected relation holds well. The width of, the distribution is a measme or the 
<tllgular resolution of the cell O"ce/1 = as"m/../3 = 7.3 mrad. Figure 9b shows the corresponding 
cllstl"ibution for the sum of the free parameters of the reconstructed projectwns. Also in this 
case the expected behavior is observed. The relatively large width is due to the necessary 
extrapolations to z0 which involve additional error propagations. The z distances have yet to 
be preCJsely meosured with tracks. 

From the measured values -u(::::0 ), v(z0 ), w(zo) and au, av, aw one can extract x(z0 ), y(.::0 ) 

<111d a,., au· Only two projections are necessary to reconstruct the particle trajectmy in space. 
The third one provides a useft~l redundancy. · 

In this paper, the resolution for the reconstruction of the position and of the angle is 
defined as the value at which the integral over the corresponding error distribution reaches 
GG% of the total. Table 3 shows the values obtained for the resolutions of x, y, a,; ay in the 
coordinate system under consideration and in the one in which the resulting errors become 
equal (rotated by 45° around the z axis). 

[ICOordinate system I y parallel to wires at v I y 45° to wires at v II 
a, (ton) 116,1 88.5 

ay(pm) 49,4 . 88.4 
a".T (mrad) 1.02 HS 
au" (u1md) 3,66 2,66 

Table 3: Resolution of position and angle for two different global coordinate systems. 
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8.3 Results on dE/dx 

The- perform<1ncc of the ch<1mber concerning dE/ d:t mca:mrements was also investigated. Det<tib 

an" (kscribed in [18]. Only low energy electron beams (less than !) (;cV) were available and 

therefore no comparison could be attempted of the signals produced b_v clirfr>reut particle t\"]W->. 

The study concentrated on the behavior of the charge collected on the wirf':> wheu varying t.ht· 

beAm energy, the amount o[ gaB traversed by the particles and the relative direction between 

the beam and the wires. Regular and IIR digitally filtered signals were used for this analys1s. 

8.3.1 Dat.a. analys1:s 

Two conectioJlS, cmss talk and ullibration, were <tpplied to the digitized signals for 2dl evenb 

before any fur~her proce~sing The signals were then passed through the cligital iilterin)!; process 

and the energy loss was calculaLed. 

Cross /all.: The conection for cross talk was done event by event and channel to channel by 

<\clcling to the signal of a given wire the signals of the neighboring wires, weighted by a coneclion 

factor (the sum was clone bin by bin). The correction factor of 10% was obtained from a study 

of the cross talk using a radioactive source [4]. 

Calibmtion. To further cquali~e the response o( the read out d!il.illlcls, correclio11 facLurs wen· 

C!ppliecl bin by bin Lo all FADC output streams. For the majority of the wires t.hese correctio11 

factors were estimated by comparing the most probable values of tbe charge distributions with 

0° data. Only pulses awa.y from the wire (4.5 mm to 10 mm drift distance) and corrcct.ed for 

the sta.ggering efi"ect (see next section) were included in the distributions The normalization 

II· OS done to the mean of the uncorrected mo.st probable values. In the case of wires for which 

we had no clClLa at. 0° the comparison was clone at 1.5°, t<tking as reference aln~a.dy corrected 

~ign,t!s. '1\"pi("nl deviations r<tnged over 10% and Lile maximum observed wos 50%. 

The sigm1\ pedestal was estm1ated by aver~tging the contents ol" the first 10 PAD(' hins 

al"t.r>r t.he t.1ro conections a.bove were applied. 

The charge collected on the wire wa.~ obtained in two Jiffereut ways: a) ily i11tcgratiJJg 

the FADC pulse over the first 20 samples (200 ns) after the start of the pulse, the result being 

referred t.o as "total charge", and b) by integrating the positive part of the filtered signal (see 

fig. (i), mllecl ''filtered charge". Wires with more than one reconstructed pulse per event were 

not LJ.~ed m the analysis. 

Figure 10 shows a typical distribution [or the charge collected on a wire after conect10u 

for the dist«nce travelled by the particle in:-:;ide the active volume of the wire (a: total charge. 

b: filtered charge) The energy and incidence anglf:' o[ the electron betun was 1 GC'V and 1:)0
• 

respectn•ely. The curves on top correspond to fiLs using a Moyi\1 l"unct.ion [Hl]. l~olli tala! 

and filtered charge distributions have the expected Lilnda.LJ-type structure with a FWIHI"i of 

npproximately 110%. 
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8.3.2 Sv8tnnalic co·rrcclion.s 

To obtain il nw<~..-;urc l"or !.he sp!:cific energ,Y !otis, lhc mca::;urcd value:-; were correc(.ecl t'or clif­

ferr-•JJct's in t.hc dwrge collcct.iou clue to Lbe st.aggering of Uw wire.':i, eledronJC' capture (<ll-l.adl­

llH:'nL) allCI ~a.Lura.Lion. The corredim1s were done pulsewise. A description of these eHect.s <t.ncl 

a mdhod to correct for_Lhem is given in reference [20]. 

The correction faders were estimated by studying the behavJOr of the most probable value 

of Lhe dislribulions for the charge colledcd per wire, when varying the beam energ_v and t.h(' 

relative angle bel ween wires and beam. The most probable values were obt.amed from it 11Ued 

!\loyil.l fundion. To minimize Lbe effects of the long Landau tail, only those bins with a conteut. 

larger ~han half the maximum were us~d in the fits. 

S'/_r,tJgcring The staggering of the sen::;e wires leads to a sl1ght. difference in the charge q 
collected on the wires staggered towards the tra.ck (ncar) -or away from the Lrack (far). To 

e::;tima~e quantitatively Lh1s effect, the ratio Qfar/Qnea,· was measured for those wires which 

hac\ collected enough pulses both near and fm·. In order to minimize the contribution from 

oLl1er ef[ects only particles at 0° and at least 3mm. away from the wire were used. \Ne obtained 

Q f,,.JOnear = 1.07 and a di::;persion of Q.Ol. The signals were normalized to that left. by a ncar 

pa1·Lic le 

.-11/ncfunen/. Figure 11 shows Lhe dependence of the most probable V21-lue of the chMge colkct.ed 

<:1s a. function of the drift dis Lance for the siX wires of a cell. In order to minilllJZe the contribution 

of other effects, only part1cles at 0° and <tL least 3mm away from the wire were used. In i\.ddiLion, 

for each wire the distnbution conLained only pulses either near or fm· At the outermost \\·ires 

of the cell (1 and 6) the measured charge decreases wil.h drift distance, whereas it increases a.t. 

the inner Wires (2 to 5). Similar results were obtained with the other cells. 

A likely explanation of the observed behavior is the following. llecause of the high ga~ 

gam a.t which the chamber wa~ operaLed and the small drift, distances involved, a.pprecia.bk 

sa.l.uraLiou erfccts were expeded (::;ee nex~ seclion). They should become mOI"C' imporlcm(. a.~ drift 

disLaJICf'S geL smaller and t.he track ct.pproil.ches peL·penclicula.rit.y lo t.lw wire (see for e:\ampll, [11 J 

illld [20] ). Figure ll shows LhaL Lh<~ saturation dcpendeuce on ~he drift. disL<tJJ("e is nomH:'gligi hle 

for the FTD's, and dominates over a~tachmen~ at the Hlller wires. The higher at.tachment a.L. the 

outermost wires could be explained by their doseuess to the chamber walb. The I-IV scLlings 

for the field shaping strips are not yet fine tuned, and non optimal values could Lra.nsla.te inl.o 

21. smaller density of field lines at those wires, reducing therefore saturation. 

To correcl. for these effects the signals were normalized to that left by a particle passing 

:J.I.~ nlln away from Lhe wire a'lSuming a linear dependence on the drift distance 

Q Q"'""·'"'~d 
1+A(d-3.75)' 

where d is the drift dJsta.nce in mm. and A was obtained by averaging the mf:'astHecl 

dependence for the inner and outer wires. Anner = 0 016 ± 0.003, Ao"ter· = -0.007 ± 0.006. 
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Sal.-u ml-'ion The presence of sa-turation c<'t.Us(~r; a rather complex c\q)('ndcncc of lhr> energy loss 

measurement ou the Lrad~ para.mdcrs of each particle, i.e. on ik; prim<H.)' iolliza.tion d(•nsily. 

its drift distance and Jts Lra.ck orientation. The dependence of the charge collection 011 the dril"t 

distance was studied 111 the previons sectJOn. Here the dependence on the Lra.ck oricnl<Lt.ioll 1.~ 

iuvestigated. No attempt was made to study the effect on the primary ionization densit.y. 

In the cell reference frame, Lhe particle track orientation is specd'ied by the two a.ngks ([! 

and f) formed by its projections on the zx and ::y planes and the z axis respectively (see fig. 1'2). 

'vVhen the track angle 0 is larger than 0° there is a slight difference in the lime of <:l.rriY<d 

a-t the amplification region of Lhe primary ionization electrons created o.long lhe t.ra.ck S('!',ll\CIIl 

(see fig. 12) and thcrdon• the expected reduction of the elcclric field for later elcct.rons wil\lw 

sl!lalkr. If tl1c tra.ck angle¢ is ln.rger tl!il.n 0° the arrival of Llle primary ionJZ<J.Lion elect.rons l.o 

tlw amplificaLJOn region JS not a.nymore concentra.(.ed in a c;]ngle -~pa.n: point. on the wire but 

spread out, also redL1cing saturation. 

Figure 13a. shows the() dependence of the charge collected for wires of layer w. The point-s 

represent the mean of the most probable values obtained for the different wires and the error 

bars show their dispersion. Because of our setup, the corresponding ¢ angles a.re always vcr_\ 

close to 0° (see fig. 12) and therefore the mild dependence observed is expected lo come fro111 

(.be differences m the time of arrival to the wire of the ionization electron~; discussed a.hovf'. 

figure 13b shows the rP dependence of the charge collected !"or wire~ of layers u and v. The 

strong·er dependence obo;erved here is therefore expected Lo come mainly from lhe .~-prea.di11g 

oul of the avalanche along the wire. 

The 0 and ¢ dependence of the charge collected were parametrized by 

Omea..-..red = Q(l + AosinO), 

Omeastired =. Q(l + Aq,sinrjJ). 

From fit:;; to the data (solid lines in fig. 13) t.he values A 0 = 0.28±0.18 and A,.,= 0-91±0.22 

were obtained. To coned for this effect of saturation, the signab were normalized to that kf\ 

by a particle crossing the cell at 0 = ¢ = 0° 

8.3.3 Results 

In one chamber, the energy loss of a particle is sampled 18 times.along its track To reduce 

the effect of the long Landau tail in the determination of the mean energy loss per particle, 

a ~truncated mean" was calculated, where the samples w1th the largest energy loss were nol 

used. Only events with at least 15 recognized pulses w1th drift times larger than .')0 n:;. ami 

,,-it.h a reconstructed particle track were considered for the !"allowing anaJ_ysis. 

The amount of truncation for an optimum particle separation was estimated ~o be a.bOIIl-

30% [20]. We eliminated in this analysiS only 17-20% of Lhe samples (3 out of 1-5-18) becan~e 

of the low number of reconstructed pulses per event that we had under certain condition,~ 

(resulting from the limited number of readout channels). 
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Figure 11 ,'jhows l.]w lrun,<l.\.(·'d mean dJs(.ribuliou for l CeV electron!:! under an inci(knn· 

angle of l-5° obL<I-ined wiLI1 (.ot<d cbarge (a) and filtered charge (b) pulses. The curve~ <tn' fit.kd 

C:a.u.':isian distributions. 

We define the dE/ dx resolution of a.n FTD chamber ( 6.( dE/ dx)) as the standard devia.tio11 

of the distribution fitted to the measured truncated mean values. 

The trunca.ted mecm follows a.n approximate Gaussian distribution with a a- that depends 

both on the Landau distribution for the energy deposition (which at the same time depends on 

the characteristics of the chamber) a.nd the number of samples used m 1ts calculat.ion. This a­

will be ta.ken as the intrinsic component of 6..(dEjdx) and will be called O"mh·· To estima.l-t~ it. 

Gaussia.ns were fitted to the truncated mean distributions obtained for t.he different conditions 

uw!er study (different beam energy, different incidence angles) obta.ining very simihH r7 's ( wJt-bi 11 

10%). O"intr was taken as the mean of all o_f them. After including a factor 1/J3 to ta.ke wt.o 

account the other two chambers in the forward detector, the results Were (statistical errors are­

negligible): o-l~;r = 6 5%usingthetotalchargeando-{~;r = 7.6% using the filtered pulse. 

Not1ce the wider distribution obtained if filtered puhies are used. A tuning of the digital 

filter parameters may 1m prove this result. 

The second contribution to 6.(dEjdx) comes from our hmited knowledge of the processes 

l haL occur when the particle crosses the chamber and in part1cula.r from uncertil.inties in the 

correction factors applied to the data. As they will translate into systematic deviation.':i of t.he 

measured dEjdx from the real values, we call this contribution O"syst· The value taken for O"sysl 

for the FTD2 is the rms of the distribution formed by: 

1. The observed deviations of the mean values of the truncated mean distributions, with 

respect to expectations, when va.rymg the beam energy (Bethe-Bloch prediction) and 

incidence angle (constant behavior). 

2. The devia.tions from the constant value when varying the incidence position of the beam 

(vertical and horizontal chamber displacement). 

The results were o-!~~~ = o-f~:t = 6.0%) with a statJstJcal error of ±1.2%. llnlike the 

intrinsic resolutiOn O"intn the contribution O"syst obtained for the FTD2 cannot be extrapolated 

in a simple way to an expected O"syst for the three-chamber setup. We therefore estimate an 

upper limit for 6.(dE/dx) by adding in quadrature O"syst(FTD2) to O"intr(3- chambers) which 

giVCS 

6(dE/dcc)''' < S.S% 6(dE(dx)ii< < 9.7% 

VVith this resolution a reasonable electron-hadTon separat.ion·for low energy pa.rt.icles (0 5 

to.')· GeV) can be achieved, in particular in combination with the other methods of electron 

identification provided by the ZEUS Qetedor. 
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9 Conclusions 

The design and construction of the ZEUS forward trackmg detector has been described. Te~l 
beam measufements performed at DESY confirm the design specifications, namely 99.5% ef~ 
f1ciency, 1051-Lm single wire spatial resolution, 90JLm and 2.7 mrad for three clime'nsiomd Lrack 
coordinates and slopes, respedively, and an upper limit of the dEjd1: resolution o( S.S%. 

The detector was installed into the ZEUS detector in November of 1991 Test, da~a were 
taken in 1992 and 1993 with only a lnnited amount of reo.dou(, e!ect.ronics. The final PAD(' 
clcdrouic~ is <~xpeded for early Hl94. 
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Figure captions. 
Figure 1: Layout of the ZEUS inner detector. Vertical sectJOn. 

Figure 2: Basic chamber desJgn. FTD3 as an example. 

Figure .3: Cross sedion and sketch of 2 drifl cell::;. 

Figure 4: Mounling of on-chamber cwcillaries on the aluminium support. structure. 

[·'igure 5: FTD2 lest beam :-;dup. 

Figure 6: A typical FADC pulse (a) and its corresponding DOS and IIR-filtered plllses (h 
and c). 

Figure 7: Wire resolution, averaged over the six wires in a ceil, as a funcLion of t.he Jrifl 
distance. The two figures correspond to two different cells. 

Figure 8: Polar angle reconstructed in one of the cells in thew plane. 

Figure 9: Measured sum of slopes (a) and sum of free parameter::; (b) for track::; with Lhe t\nW' 
projections reconstructed. The incidence angle wa.~ 15°. 

Figure 10. Typical distributions of the charge collected at one wire using regular pubes (a.), 
and fillerecl signals (b). The curves show the fits to a Moyal function. 

Figure 11: 
cell 

Figure 12· 
dE/dx. 

Charge collecLed as a function of the drift distance for the six wires of a. typical 

Cell reference frame and track angles used to parametrize systematic effcct.s on 

Figure 1:3: Charge collected a..s a function of the track angle 0 for wires in layer w (a) <wd <lS 

a function of~ for wires in layers u and v (b). 

Figure 14: Truncated mean distribution for 2 GeV electrons under a.n incidence angle of 1.5° 
obtained with total charge (a) and filtered charge (b) pulses. The lines arc fitted :Caussi<HI 
distributions. 
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