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Abstract

Three detector media — gas, semiconductors and scintillating fibres — are
compared in view of central tracking at future hadron colliders. As a result of this
comparison, we opted for scintillating fibres and propose an optimized tracker
arrangement: three cylindrical fibre shells, composed of two straight and two oblique
layers each, will cover up to 1.75 rapidity. The individual polystyrene fibre diameters are
60 um. The computed momentum resolution ranges from 0.3% to 10% for Pt momenta
between 10 GeV/c and 1 TeV/c. The vertex resolution along the collider axis amounts to
2.5 mm (for 4° stereo angle). Unwanted contributions like gamma conversions (7%),
secondary interactions (5%) and the number of curls per beam interaction are tolerable.
Monte Carlo simulations show that occupancy is much less than 1% including curling and
secondary tracks and that the fraction of ambiguous track combinations is small. Readour
of track images will be performed via an elecro-magnetically focused Image intensifier
with silicon pixels for random access readout. At comparatively slow drifts of the
electronic images, it provides an image delay of about 1 s and can therefore be gated by
the first-level trigger of the detecior. Consequently, it reduces the readout rate by about
three orders of magnitude, thus eliminating most of the minimum bias background.
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INTRODUCTION

Future hadron colliders are designed for high energies and luminosities. Their beam
parameters, listed for LHC and SSC in table 1, are extremely demanding for the
performance of detectors (o be installed around the beam crossing points. To meet the
physics goals, these detectors will be equipped with calorimeters surrounded by large area
muon chambers. The free barrel space of the calorimeter allows for particle tracking,

which is vital in a general purpose detector for obvious reasons:

- Momentum measurement of high transverse momentum tracks, in particular for
electrons and muons.

— Location of the primary vertex for a triggered event within the multiple vertices of a
bunch crossing (fig. 1).

— Provision of topological trigger decisions to enable isolation cuts and to reject
minimum bias events.

— Enabling secondary vertex tagging of short lived heavy flavours by linking
reconstructed tracks of their decay products to the coordinates obtained via a specially
designed vertex detector.

In spite of the increased complexity of the detector, a solenoidal magnetic field
would add several advantages to central tracking: it indicates the charge sign of the
particles, enables finally momentum measurements and adds therefore credibility to the
physics analysis. Moreover, most of the charged tracks from minimum biased events and
the majority of decay tracks curl close to the collider axis without barely touching the
tracking cells.

In this paper, we discuss the main issues for central tracking at future hadron
colliders. We aim first at an optimum choice of the detector medium. Then, we balance
different tracking issues to optimize the main parameters of the tracker. For this purpose,
we applied, apart from general approximations, Monte Carlo (MC) simulations of pp-
interactions at 16 TeV centre-of-mass energy. They were generated with Pythia 5.5 and
two event classes were considered: top production (myep = 140 Gev/c?) and minimum
bias events to simulate the always present background. In order to calculate occupancies
and to estimate efficiencies for track reconstruction, the generated events were traced
through the central tracker by GEANT [1]. Interactions of particles, gamma conversions,
multiple scattering, delta ray production, bremsstrahlung and ionization losses within the
tracker material were taken into account.
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— 3.
MEDIA FOR PARTICLE TRACKING

There exist mainly three different media for paricle tracking: gases, semiconductors
and scintillators. They all provide signals or hits along the particle path, With
subdivisions into adequate detector elements ~— narrow-spaced wires or strips for gases;
strips, pixels or pads for semiconductors, fibres or capillaries for scintillators — these
hits indicate space coordinates.

2.1 Gas chambers

Within these three media, only gas detectors provide intrinsic signal amplificatton.
Their mechanism is based on charged avalanches induced by primary electrons in suitable
electric field configurations. Their operation relies on well understood technologies and
their design allows — within the constraints imposed, if they are operated in magnetic
fields (Lorentz angle) — for variations in geometry, gas types and pressures. To achieve
the necessary gas amplification, a minimum gas layer of about 2 mm is required, which
reflects on their cell size.

The well-established jet and time-projection chambers are inadequate as trackers at
future hadron colliders according to their insufficient time and two-track resolutions,
Here, we refer only to more recently developed gaseous devices like straw tubes [2],
multidrift tubes {3] and microstrip gas avalanche chambers [4-6] which could work in a
high-luminosity environment. Straws are cylindrical mylar tubes, with inner conductive
layers and anode wires stretched alon g their axis. Multidrift tubes are modular hexagonal
devices. Their individual cells are defined by correspondingly arranged cathode wires,
which surround the anode wires, where the avalanche signals are picked up. In the
particularly interesting microstrip chamber, about 5 Hm to 10 um wide anode and some
50 um wide paralle] field strips are deposited via UV lithography or plasma etching on an
isolating substrate. In this way, cells of about 200 Hm pitch and 2 1o 3 mm gas depth
(cathode distance) are formed. Drawbacks are their sensitivity to magnetc fields (Lorentz
angle) and electron drift times between 30 and 50 ns.

2.2 Semiconductors

Detectors based on semiconductors are operated as diodes with reverse bias voltage.
Electrons and holes, induced by the passage of lonizing particles, drift within this bias
field (~ 300 V mm~1) across the depletion layer, which is, in case of silicon, typically (1.3
mm  thick. The charge distribution arriving at the strips or pixels is about 6 pm wide. A
magnetic field perpendicular to the drift direction increases this width (at 1.68 Tesla from
6 um to about 12 um [7]). The detector elements are geometrically arranged as single or
double-sided strips, with typical pitch sizes between 25 um and 100 pm, and lengths of
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several centimetres, or as square or rectangular pixels with edges above 100 wm. All these
elements are directly connected, if not bonded or even monolithicaly integrated to their
relevant front-end electronics. These electronic channels produce heat, which must be
removed by special cooling loops, to avoid a temperature rise of the detector elements
leading to increasing leakage currents.

Other semiconductors which can be operated as detector diodes® are GaAs [8] and
carbon with diamond structure. Their properties are listed together with those of silicon in
table 2(a). Due to its wider band gap, GaAs exhibits a lower intrinsic carrier
concentration. In fact, the chance for electrons to be thermally excited into the conduction
band is reduced by several orders of magnitudes as compared to silicon. This accounts for
thermal noise reduction in pure GaAs wafers. H'owever, the production process of high-
purity GaAs wafers is at the time being not as advanced as for silicon. But there are hopes
that in a few years time GaAs detectors including GaAs front-end electronics can be
produced on a reliable scale. Then, GaAs could provide radiation hard vertex detectors
close to the crossing points of future hadron colliders.

With its wide band gap (table 2(a)), diamond structured carbon shows no leakage
current and its ionization energy amounts to 13 eV. This reduces its response signal
accordingly by three to four times as compared to GaAs or silicon. Natural diamond 1s
contaminated with nitrogen, which reduces the minority carrier lifetime to below 1 ns and
makes it difficult as a particle detector. Therefore, diamond structures produced by
chemical vapour deposition are preferred, which contain less impurities, are cheaper, but
show lautice defects. Although the radiation hardness of diamond is much better than that
of silicon, its application as a tracking medium is still far from realistic expectations.

2.3 Scintillating fibres

Particle detection with scintillating organic or inorganic solids and liquids is a well-
established method. It has been refined during the last decade by the fibre technique,
where scintillating cylindrical cores with diameters ranging from several micrometres up
to a few millimetres are surrounded by a cladding layer (~ 5 um) of lower refractive
index. Therefore, the fibre traps by total reflections on its core-cladding interface a small
fraction (~ 5%) of the scintillation light, again induced by ionization losses, and guides it
via many subsequent total reflections to the fibre end. There, it is in most cases detected
by the photocathode of a photomultiplier or an image intensifier.

* Hydrogenated amorphous silicon (a-Si:H) based detectors are not adequate for future hadron
colliders, since their electron-(~ 1 cm2V-1s-1) and hole-(~0.005 cm2V-1s-1) mobilities prevent
them from following the high bunch collision frequency (table 1), ‘
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Scintillating fibres might be produced either from glasses with different refractive
indices for core and cladding, or from plastic polymers, e.g. polystyrene (PS) for (he core
and polymethylmetacrylate (PMMA) for the cladding. Instead of solid fibres, also glass
capillaries, which serve as cladding, can be filled with scintillating liquids of higher
refractive index. In the context of this paper we restrict our considerations for varnous
reasons” to plastic fibres. Some properties of them are listed in table 2(b).

The cell dimensions of a fibre tracker are defined by the lengths and by the
diameters of its individual fibres. Since the diametres reflect on its occupancy, its spatial
and 2-track resolution, we are interested to keep them small. The lower limit is dictated
mostly by reflection losses. These are due to imperfections at the fibres core-cladding
interfaces, which cause small reductions from unity (1 —q = 10~ 1o 1073) for the average
total reflection coefficient g [9). Since the number of reflections increases linearly with
decreasing fibre diameters, reflection losses start to contribute noticeably to the total light
attenuation somewhere below 100 um fibre diameter. Therefore, fibre diameters in a
tracker must be optimized with respect to spatial resolution and light attenuation. Realistic
values range from 30 pm to 100 wm. Such thin fibres must be produced as fused coherent

bundles of rectangular cross-sections with edge dimensions between 1 mm and 3 mm
[10].

In a fibre tracker, which covers the central region of a particle detector with
cylindrical shells of different diameters (figs 2 and 3), each of them is composed of layers
with different fibre orientation. Fibres, stretched paraliel to the collider axis indicate the
(¢, 1) coordinates. The two other layers with oblique fibres, running at angies of a few
degrees with respect to the parallel ones, provide via their corresponding stereo view the z
coordinate of a particle track. In this way, the area to be covered with readout electronics
comprises only the endsections of the fibre shells. This results in a tremendous reduction
of readout channels as compared to semiconductor detectors, where in contrast a
significant fraction of the cylindrical surface of each detector layer must be covered by
front-end electronics.

2.4 Comparison of tracking media

Some parameters of the three detector media, with respect to their application as
tracking elements in the central detector region, are listed in table 3. As far as feasible, the
indicated numbers represent their present state of performance. For valuable comparisons,
the numbers given are normalized in the following way:

Radiation length, time resolution, light attenuation (glasses); lower packing fractions and volume
variations of liquids with temperature (capillarics).
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The number of hits is shown in units of 0.1 radiation length Xo. Heat production
and the number of readout channels are indicated in units of subtended surface area fm?2)
and hit thickness H, which means the layer of detector material required to achieve one
readout signal from the energy loss of a minimum ionizing particle.

Spatial precision means the accuracy to locate a hit within the detector frame. The
. humber listed in table 3 for scintillating fibres is an experimental result and represents the
standard deviation (sigma) of a gaussian-shaped hit distribution of a few hundred straight
particle tracks [10]. This distribution was measured with 30 um diameter fibres and it
includes the dominating effect of the optoelectronic chain used for this test. With the
envisaged new readout (chapter 3.4), this contribution will be reduced and fibre diameters
of about 60 um will achieve similar, if not better spatial precision. For silicon, most
experimenters take either the sigma of the centroid (analog readout) or divide the shortest
dimension of a detector element by V12 (binary readout) to indicate this spatial precision.
For gaseous chambers, the spatial precision results from the accuracy with which the
centroids of drift clusters can be located.

In contrast, we define the two-track resolution like the classical resolving power in
Optics, 10 separate two neighbouring objects (particle tracks). For scintillating fibres the
listed number refers to the full width at half maximum of the Gaussian mentioned above.
It is therefore related to the spatial precision © in the usual way: FWHM = 2.36 ¢. The
two-track resolutions announced in most cases for silicon (=100 pm) and micro strips gas
chambers (400 m) do not relate in the same way to their spatial precision.

Heat production represents a particular problem of semiconductors. Its smaller
fraction is caused by the leakage current of each detector element, but most of the heat
originates from the electronics, i.e. preamplifier, shaper, discriminator and pipeline for
data storage. It is difficult to estimate a correct number for the power consumption of
semiconductors with their inevitable individual readout channels for each element. A
cautious estimate leads us to about 0.5 mW per detector element. This heat must be
removed by cooling pipes which increase substantally the matenal layer of such a tracker.

Another important difference is in the readout (see chapter 3.4). Every channel of
gas chambers and silicon detectors needs a complete electronic readout chain, inctudin g
fast front end, discriminator and/or ADC, 67 MHz pipeline and finally a read logic for the
events selected by the first level trigger. Fibres are readout at the shell ends and the signal
processing, excepting the last read logic, is realized in a passive and parallel way by
optoelectronic delay tubes. Consequently, the number of channels is strongly reduced and
the electronic readout frequency drops to about 100 kHz (the first level trigger rate).
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Using table 3 as a guideline, we have opted for scintillating fibres as detector
elements for central particle tracking at future hadron colliders. They constilute a
reasonable compromise as far as spatial accuracy and two-track resolution are concerned.
Below 100 um fibre diameter, occupancy is no problem and the number of hits per unit of
radiation length is certainly higher than for silicon. Their low number of readout channels
I1s a very important decision criterium. This has of course the consequence, that we must
determine the z coordinate along the collider axis via the stereo view o of oblique fibre
orientations, like any other strip-detector.

The power of central tracking could certainly be strengthened, if it would be
supported by a vertex detector surrounding closely the collider tube. Since radiation
hardness is the dominating issue in this context, we would opt for GaAs with pixels of
less than 250 pm edge dimension.

TRACKING ISSUES

Table 4 lists the most important tracking issues together with their related
parameters. In order to design an optimized particle tracker within the free barrel space of
the calorimeter, we must carefully balance these parameters to obtain reasonable results
for all issues. Since we have opted for a tracker composed of plastic scintillating fibres,
table 4 contains only parameters related to this detection mode. This is particularly true for
multiple scattering, radiation and interaction length, which are fixed (table 2(b)) and
therefore express themselves only in units m of material layer.

3.1 Momentum resolution and vertex pointing

The momentum resolution (8p/p) is composed of two components, the
transverse one (index t), which indicates the track curvature in the (r,¢) plane (fig. 2) and
the longitudinal one (index //) with polar angle 8, indicating the slope in the (r,z)-plane
(fig. 3) where the tracks are straight lines for particle momenta 210 GeV/c at B=3.3T:

5o\ Y2 : 2 . 2
%\ (_@_c) x(g)x[psmﬁ) e [0.016sin® \pe
P N L2 0.3B curv. 0.3BL mult sc.
(1)

2
Gs)? (Gcosd : t V¢ {0.014
+l—1 x +4| — x| —— }p/f
N Lsina clope sin ptgd

mult.sc.

o[m] means the spatial precision, which is related to the fibre diameter, B[T] the magnetic
flux density, L[m] the distance in the (r,)-plane between the beam axis and the outermost
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measured point (i.e., the radius of the outer shell), t the material layer in units of radiation
lengths, o the stereo angle between straight and oblique fibre layers, N the number of hits
along the mrack, G¢ a number, which varies between 256 for optimum hit spacing and 720
for continuous hit distribution along the track* [11], and finally Gg} which varies in the

same way between 2 and 10. The z coordinate emerges from the stereo angle o (see
fig. 2).

The momentum resolution calculated for the fibre layout shown in figs 2 and 3 is
plotted for three different polar angles in fig. 4. Below 10 GeV/c the resolution is
dominated by multiple scattering, and for polar angles below 60°, by the longitudinal
momentum contribution. These resolutions have been obtained by using the transversal
beam position (£30 um) as a constraint and by taking N=15 as total number of hits.

The vertex resolution is plotted in fig. 5 for three different stereo angles. It is
calculated by a relation similar to (1) for the (r,z)-plane and takes into account the
separation of two vertices, i.e. 2.36 times the vertex precision (FWHM). As can be seen
from the vertex distribution displayed in fig. 1 for LHC and SSC, the resolution achieved
would be sufficient to discriminate between the 15 to 30 vertices produced within one
bunch crossing.

3.2 The influence of material layer

The number N of hits increases proportionally to the material layer m of the
scintillating fibres. In contrast, the fraction of unwanted gamma conversions, secondary
interactions and multiple scattering also increasing with the material layer, should be kept
as small as possible. The fraction of converted gammas amounts to:

fy =1- e~(Tm/(9X0) (2)

Most gammas originate from neutral pion decays and therefore their number equals nearly
the number of charged minimum-bias particles. A relation similar to (2) holds for
secondary interactions, if we consider the interaction length.

According to relation (2), 40 mm of fibre layer, comprising the total tracker
thickness, yield 7% conversion fraction and 5% secondary interactions, which agrees
fairly well with the corresponding contributions obtained by MC-simulations in fig. 11
The total material thickness in fraction of radiation length results by applying the
arrangements and dimensions of fig. 2, and is plotted versus the rapidity covered by our
tracker in fig. 6. The parameters of this figure are the different fibre sheils including the
readout tubes.

In fact, the brackets should read (720/N+4)1/2 for this case.
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3.3 Tracks curling in a solenoidal ficld

Let us suppose solenoidal field lines parallel to the collider axis, and that all particles
are produced at z = 0 (fig. 3). The number of turns, ny within the coverage d cot%ngx of
our tracker becomes:

1
=—d cotd 3
ng Az COtU ( )

with d being the diameter of the helix and at the same time the maximum distance r of the
curling particle from the collider axis. Az indicates the increment of particle displacement
along the collider (z) axis after each helix turn:

Az=vy,; T =nd cot® (4)

where T means the time needed for a particle startin g with velocity v (v, is its z projection)
and polar angle ¥ to accomplish one revolution. Combining relations (3) and (4) and
replacing cot® by sinht, where n is the rapidity, yields:

sinh
R (5)
T sinh 1
Relation (5) holds in a general way for particles without restriction on their curling
diameters (by their absorptions in the solenoid or calorimeter material). These are related

to the magnetic flux density B and to the transverse particle momentum Pt

0.15B

(6)

Replacing in relation (5) sinhfmax by Z(Nmax/d we obtain together with relation (6)
for the number of turns:

_0.15B Z(r)max
Py T sinhn

nt (D
where Z(r)max means the fibre shell length at distance r from the collider axis (fig. 3).
Relation (7) is more adequate for calculations based on tracker parameters and indicates
that mainly minimum bias particles with low p, are involved as expected.

According to relations (5) and (7), the number of helix turns would become infinite, if the
particle is emitted at zero rapidity (8 = 90°). This discontinuity is avoided by decays or
interactions of these particles. The number of turns nq within the decay length Iy of an
unstable particle becomes ny = 14/s where s means the length of one helix turn:

g = nd _ TP,
sind 0.15Bsin®d

(8)
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if we assume again, that the particle is emitted a1 z = 0 with polar angle 9. The decay
length can be written:

pct

Id=—""— 9
d mg sind )

with 1 meaning the particle lifetime, mg its rest mass and ¢ the velocity of light,
Combining relations (8) and (9), we obtain for the number of helix turns within a decay
length:

_015Bct

mmo

nd (10)
Now, 1f the ratio of relations (5) and (10) becomes unity, we obtain the inversion
polar angle ¥ above which the curling unstable particles decay inside the tracker:

_ mg SinhMmay

cot; = sinhm.
! M ct 0.15B

1D

For charged pions (rest mass: 0.14 GeV/c2; ¢ct-length: 7.8 m), which constitute the
vast majority of particles in minimum bias events, we obtain for a rapidity coverage of our
tracker Nmax = 1.75 inversion polar angles 9; of 72° or 84.3° for magnetic flux densities
of 1 T or 3.3 T respectively. Pions starting with larger polar angles decay within the
tracker after 2.6 (at 1 T) or 8.6 (at 3.3 T) turns. For the few longer lived or stable
particles the decay length is replaced by the interaction length and similar considerations
lead to the inversion polar angle 9. Taking into account all relations and integrating

between PP =0.15B 1y g and pret

=0.15 B s (absorber: calorimeter or
solenoid), the number of helix turns per interaction inside the tracker is shown in fig. 7,

together with the average number of interactions per bunch crossing (fig. 8).

3.4 Readout of track images

The readout of fibre signals must preserve their spatial accuracy, their time
resolution (< 10 ns) and provide a gating mechanism for the first level trigger to reduce
the readout of minimum bias events by some three orders of magnitude. At the same time
it should cope with the numerous amount of 60 um fibres (some 100 millions), since it is
hardly possible to read them individually* .

To achieve for our visual signals a 1 pus time delay (required for the first level
trigger) by the corresponding travel time of light within optical fibres, would involve an
unreasonable optical pathlength (200 m). We therefore decided to first convert at the fibre

* Amongst other reasons, this prevents the application of the cryogenic (=6.5 K) silicon photon
counters, which would necessitate the same number of them for our fine grain readout.
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ends, via photocathodes, the visual fibre signals into photoelectrons. With this in mind,
we designed an electromagnetically focused image intensifier, which covers and reads
about (1 to 4) x 105 fibre channels (17 or 27 tube diameter) at a time. Its principle is
shown in fig. 9: the image delay is ensured by to and fro drifts of the emitted photo-
electrons in the {irst four sections of the tube. Gating by the first-level trigger occurs
when the image in question has arrived on its fro drift after . 1 Hs trigger delay in the
selection section between grids G1 and G2. It is realized within a few nanoseconds by
first blocking the photocathode to avoid further image emissions during the gating
procedure. This implies a dead time of about 40 ns (0.3%) for each selection procedure,
which occurs in LHC every 15 s on the average. This blockage is immediately followed
by a 5 ns negative pulse on grid G1, to kick the wanted image, confined in the selection
section, through grids G2 to GS5. Finally, the selected image is accelerated at the readout
end of the tube,

Electrons emitted from the photocathode have Lambertian an gular— and Maxwellian
velocity distributions. These distributions reflect on the spatial precision (Lambert) and on
the time resolution (Maxwell) of the images. To preserve the required spatial precision,
the tube will be oriented parallel to the solenoidal field of the detector. In this way, the
electrons drifting with ~ 1 m/us are spiraling along the magnetic flux lines. Field
uniformities as expected for a detector solenoid are more than sufficient for the required
spatial resolution of the delay tube. The measured value of it amounts to 25 um for 0.7 T
magnetic flux density [12). Space charge effects due to the flux of emirtted photo-electrons
do not noticeably influence the potential distribution in the tube. Calculations based on
1034cm~2s-1 collider luminosity and 2 mm-! hit density in the fibre shells, show that the
transversal potential distribution is only affected by <10~ in the drift zone and by <10~3
in the reflection zone.

In case of blue scintillation light incident upon the bialkali photocathode of the delay
tube, the Maxwellian energy spread of the emitted photo-electrons can be as high as
1.8 eV. This spread is compensated within the reflection section between gnds G3 and
G4, since faster electrons penetrate farther into this section and therefore take longer to
return. In this way, we obtain the bunching condition:

D/d = 2 x (E/E)"?

where D means the distance between G1 and G3, d that between G3 and G4, and E or E!
the maximum or minimum energies of the accelerated electrons (after G1). With such a
design, the delay tube achieves a measured time resolution of better than 10 ns within the
selection section.
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In the Jast section (G5) the selected electron-image is accelerated to 25 keV and hits
at the readout a silicon pixel detector (pixel size> 600 um (r) X 60 um (¢)) placed inside
the delay tube. The image is finally read out by random access, which addresses only the

occupied pixels within some microseconds, thus enabling track information for the
second level trigger.

3.5 Radiation levels

The radiation levels of the three tracker shells would amount to 0.75 kGy (R=0.75
m), 0.43 kGy (R=1 m) and 0.25 kGy (R=1.3 m) for an integrated luminosity of
104! em'2 or one year of operation at 1034 com2s'! luminosity. Taking into account
curling tracks at 3.3 T magnetic flux density, these levels change to 0.9 kGy, 0.25 kGy
and 0.05 kGy, respectively. Albedo neutrons (2 x 1013 cm 2 [13]) would increase these
radiation levels by =20% (inner shell) and =100% (outer shell).

3.6 Tracking simulations

The occupancy O means the fraction of occupied cells with respect to the total
number of tracker cells. It is proportional to the collider luminosity L, the cross-section &
of colliding particles, the number ny of minimum bias particles per unit of rapidity 1 and
per interaction and to the time ty, between two bunch crossings.

Apart from these collider parameters, we have also to take into account those of the
detector elements. These are: their radial distance r from the collider axis, the rapidity
range Nmax they cover and their transverse cell dimension s (perpendicular to r):

O=(Lcnntb)x[52::xj (12)

When the cell busy time t is longer than ty, then (12) has to be multiplied by t/tp *

Inserting the appropriate quantities, relation (12) yields a first approximation, which
does not take into account particles curling in the magnetic field, production of
secondaries and delta rays, bremsstrahlung and shower production of electrons, and
neutral pion decays with subsequent gamma conversions. Therefore, we computed the
occupancies also via MC-simulations described in the introduction. Some occupancies are
plotted in fig. 10 for fibre diameters of 0.06 mm and 1 mm and for various magnetic flux
densities versus the distance of tracker shells from the collider axis. For comparison,
occupancies calculated from relation (12) are also indicated (luminosity: 1034, cross-
section: 100 mbarn, 6 particles per unit of rapidity and fmax=1.35).

For the system described, we take Yty=1
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For track finding we must associate to the azimuth hits in @ their symmetric u and v-
hits (fig. 2). According 10 table 4, the stereo angle o must carefully be chosen to balance
the z precision against the angle B, which should be kept reasonably small to avoid
confusion for track finding. Obviously, also increasing occupancies generate ambiguities,
which fake uj,vi symmetries with respect to radial ¢;-tracks by u- and v-hits not really
associated to the central @-hits but satisfying the following conditions:

(Ui + vi)/2 = @i and (ui—vi)/2 =Bi (13)

How many (uj,vy)-doublets exist at a certain occupancy O, which satisfy relations
(13), but do not belong to the central ¢;-track and therefore simulate ghost tracks ?

The total number of u plus v tracks in a given Byay interval® of a fibre shell section
can be written:

max max Bmax 2nr '
NFO[ =([—32—)X2N[ol=( 5 X —5— x20 (14)

n n

with Nio, meaning the number of charged tracks inside the tracker per bunch crossin g™,
To obtain the number of ambiguous (ghost) tracks we subtract from this total number all
"single” tracks, i.e. all u- and v-tracks missing a symmetric partner (with respect to a
central @-hit) in the corresponding u or v-layer. For these configurations we obtain
2PgPy, with (Pg,P)) indicating the Poisson probability for zero or one track segment
respectively. Extending this to (Pp,Pn) and multiplying by n , we obtain the fraction F for
all possible u,v-combinations missing a symmetric partner:

. oo n-1
F=2Py YnP, =2P00e™® ¥ =2P00 (15)
n=1 n=1(n—1)!

if we substitute Py, by (O™ e-O)/n! and calculate the series. This procedure leads to the
number of "single" tracks, within the angular interval +Bay of our fibre shell section:

S

NPmex _ ’Bﬂ)xzpoo
[ 2 (16)

The number of (u,v)-doublets symmetric to their @-signatures within *Bmax results finally
by substracting relation (16) from relation (14):

{ [3,,,.,( a I'Bmax Nam
5 (NG *Nf‘“)z(TJXO“'POF b (17)

10l

Bmax = sinot $inhMmay With Nyax meaning the rapidity coverage of half a fibre shell (fig. 2),
o Niot = L G iy imax b = O (2nR/@D) (see relation (12), with @ replacing s).
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which equals the fraction of ambiguous track segments Namb (ghosts) from the total
number of tracks Ny, within the tracker.

In order to take into account a safe two track separation, we introduce the quantity
nc, indicating the number of detector cells (fibre diameters) we consider necessary to
define a track "corridor". Then, relation (17) can finally be simplified for occupancies
smaller than = 30%" :

N b _ I‘Bmax 2 Bm‘”‘ ) ,
Nazx “( %) )ncO _(275 | Zmr ) e Nian (18)

For occupancies 0<0.01, O must be substituted by O — (/21 Bmax),

Relation (18) shows a linear dependence on Pmax which in turn is connected to the
rapidity Mmax covered by half a fibre shell and to the stereo angle & between the straight
@-fibres and the oblique u- or v- fibres. The most important quantity is the occupancy of
the tracker shell, which must be kept certainly below 1% to avoid too many ambiguities.
Fig 12 shows the fraction of ambiguous tracks for different tracker layouts. From these
figures it can easily be seen that this fraction increases drastically with the fibre diameter.
By linking the ¢-segments of n different fibre shells, the fraction of ghosts would roughly
follow the relation (Namp/Nio)" . This holds, for example, for shells constructed with
slightly different stereo angles and therefore uncorrelated ghosts and for fractions smaller
than unity.

CONCLUSIONS

As medium for a particle tracker to be implemented within the free barrel space of
the detector calorimeter, we have opted for scintillating plastic fibres [14]. According to
table 3, this represents a compromise between hit density per radiation length, multiple
scattering, two-track resolution, number of readout channels, and heat production in
favour of fibres and spatial precision in favour of silicon. Occupancy does not play a role
for both techniques. Gaseous devices are restricted by their cell busy times and by their
occupancy.

The shell radii chosen present also a compromise between radiation exposure,
which asks for detector components as distant from the collider axis as possible, and the
area of the shell end sections which must be covered by opto-electronic delay tubes.
Fortunately, the radiation level decreases with r2, but the readout area increases only
linearly. The empty space between the fibre shells looks very inviting to be filled up with

* 1-Po = 0-02/2+403/31.....



~15-

other detector components. If at all, this should be considered with great care, in
particular in view of the additional material layer.

To conclude, the fibre tracker which emerged from our optimization procedure,
shows the following design parameters: fibre arrangement in three shells with dimensions
as indicated in figs 2 and 3. Stereo angle between oblique and straight fibre layers of 4
degrees, which enables nearly 98% of ¢, u and v triplet identification for 60 pum fibre
diameter. At the same time, the fraction of fake (ghost) tracks is reduced to about 2%.
Momentum resolutions better than 3% below 100 GeV/c transverse momentum (fig. 4)
can be achieved with 60 um fibre diameter. This diameter represents a compromise
between spatial precision o (relation (1)) on one side, and reflection losses and packing
fraction™ on the other side. For hexagonal arrangement of the fibres, the packing fraction
improves from 73% for 30 um fibres to 85% for 60 um fibres and reaches 90% for 90
pm fibres. Occupancy is well below 1% for the arrangement chosen. Work is going on to
further improve the hit density of the plastc fibres, which could still decrease the material
layers of the fibre shells. This can be achieved by applying new dopants [15] dissolved in
the polystyrene cores of the fibres and new claddings of lower refractive index [16].
Finally, the delay tube will provide fast triggered readout with excellent spatial precision
and time resolution.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. §

Fig. 6

Fig. 7

Fig. 8

Vertex distributions per bunch crossing along the collider (z)-axis for LHC and
SSC. z = 0 means the nominal bunch crossing point for the detector in question,
the opposite z direction is symmetric. The integrated values are 15 and 14
vertices per bunch crossing for LHC and SSC, resp. For other luminosities
multiply the ordinate with the corresponding factor.

Arrangement of scintillating fibre shells for tracking within the free barrel region
of the calorimeter. r—@ plane seen at z = 0. The magnified parts show the
subdivision into the straight ¢ and the oblique u and v layers. The symmetnic
angles P indicate the z coordinate via the indicated relation.

r—z plane. The tracker covers up to 1.75 rapidity. Readout with electro-
magnetically focused delay tubes is at z = 0 of each shell. ¥ means the polar
angle,

Momentum resolution versus momentum in a solenoidal field of 3.3 T magnetic
flux density. The assumed hit distribution corresponds to the arrangement of figs
2 and 3. For the 60 im fibres, the resolution is dictated below 10 GeV/c by
multiple scattering (dashed curves for a) and b} ).

Vertex resolution achieved with the oblique v and u layers at the indicated stereo
angle ct. The assumed hit distribution corresponds again to the arrangement of
figs 2 and 3. This resolution must be compared to the vertex distribution in fig.
1.

Material layers of the fibre tracker in fractions of radiation lengths versus the
rapidity . The shell thicknesses are indicated in fig. 2. For the readout tubes we
took ceramic (radiation length : 7.65 cm; density : 3.65) walls of 1 mm
thickness,which is multiplied by n for the average thickness and by 4/7 to
account for their filling factor.

Number of curls hitting the fibre shells arranged at the indicated distances (shell
radii) from the collider axis versus the magnetic flux density of solenoidal fields
oriented parallel to this axis. The number is calculated per beam interaction
following relation (12), taking into account the py distribution of minimum-bias
events (fig. 8), decaying (relation 10) and interacting particles. It must be
emphasized that the vast majority of the curl lengths occurs between the fibre
shells and hits are only seen at crossing points with fibre shells.

Average number of interactions per bunch crossing versus the collider
Juminosity. To obtain the number of curls per bunch crossing for a certain
luminosity, the corresponding ordinate values of figs 7 and 8 must be multiplied,
The insert shows the p distribution of minimum-bias events used for fig. 7.



Fig. 9

Fig. 10.

Fig. 11

Fig. 12
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Scheme of delay tubes to read out the track images. Typical grid potentials and
the field direction of the detector's magnetic flux density are indicated and the
sequence of electronic pulses released by the first-level rigger is displayed.

Occupancies of tracker shells versus the shell radius generated by M.C.-
simulations with Pythia 5.5 and GEANT (see text). For comparison, the

occupancies calculated according to the relations in chapters 3.3 and 3.6 are also
displayed.

Different contributions piling up to the total occupancy of minimum bias events
per bunch crossing at 104 luminosity for the inner, centre, and outer shells of
the tracker composed of 60 pm diameter scintillating fibres.

Fraction of ambiguous (ghost) tracks calculated from rel. (18) for one fibre shell.
The simulated occupancies (fig. 10), track corridor ne=3 and Brax for +4° stereo
angle and 1.35 rapidity are taken into account. For comparison, the fraction for 1
mm fibres and *16° stereo angle is also displayed. It is obvious, that small
diameter fibres and well balanced stereo angles are essential to obtain sufficiently
low fractions of ghost tracks. For small ambiguities and if the stereo angles are
slightly different for each shell, their fractions must be brought to the power of
n, where n is the number of fibre shells .
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Table 1 Parameters of colliding beams at future hadron colhders

BEAM PARAMETERS LHC SSC
Full beam crossing angle irad 200 0-150(@
Beam diameter (4 6 = 95% of particles)© pm 42 19.2(b)
Bunch length (4 0 = 95% of particles)() m 0.31 0.24
Depth of focus (§*) m 0.5 0.5
Length of luminous region (95% of interactions)(©) m 0.19 0.15@
Bunch crossing time (95% of interactions)(©) ns 0.63 0.5
Bunch separation ns (m) 15 (4.5) 16.7 (5.0)
Bunch collision frequency s~} 66.7 x 106 60 x 106
Luminosity cm—2s-1 1034 1033
Average number of vertices 15 1.4

(a) adjustable
() B*=05m

{c) for 68% divide by two

(d) crossing angle = 75 jirad




Table 2(a)

"

ner T

Atomic number
Atomic weight
Crystal structure
Lattice Constant
Number of atoms
Density

Melting point
Thermal conductivity

Linear expansion coefficient

Electri )

Energy gap

Specific dielectric constant
Intrinsic carrier concentration
Intrinsic resistivity

Mobility of electrons
Mobility of holes
Breakdown field

Minority carrier lifetime

Ionization energy

Radiation properties
Radiation length

Gamma conversion length
Nuclear interaction length
(dE/dx) min

Multiple scattering angle
(1 GeV/c; 1 mm material)

* Values compiled by F. Pengg [private communication].

eV

cm3
cm?V-1s-1
cm?V-lg-1

Vem!

eV

MeV/om
mrad
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Si

14

28.09
Diamond
54.31

5x 1022
2.328
1693

1.5

1.6 x 10-6

1.12

11.9

1.45 x 1010
2.3 x 105
1500

480

3 x 105

2.5 % 103
3.6

9.36
12.03
45.53
3.87
1.551

Properties of semiconductors*

C

12.01
Diamond
35.67

1.8 x 1023
3.515
4100

20

5.48
5.66

(1010 10%4)
1800
1200

> 106
<1x10°9
~13

12.15
15.6
24.55
6.26
1.36

GaAs

32 (average)
144.63
Zinkblende
56.53

4.42 x 1022
5318

1513

0.45

6.86 x 106

1.428
12,73

1 x 107
108
8000
400

4 x 105
10-8
4.2

2.3
3.0
26.4
7.44
3.12



General properties
Average atomic number
Density
Proton/Neutron ratio
Melung point

Thermal conductivity

Linear thermal expansion coeff.

Tensile modulus (E)

Dielectric constant

Optical properties

Refractive index

Optical dispersion
Light decay (1/e)
Light velocity in PS

Numerical aperture

Photon yield

Radiati i
Radiation length
Gamma conversion length
Nuclear interaction length

Multiple scattering angle
(dE/dx) min

~21-

gcm-3

°C

W cm~1K-!

MPa

ns m-1
ns

m ns—1

(keV)-1

mrad

MeV/em

Table 2(b) Properties of polystyrene

3.5
1.03

240
0.105

7 x 10-5
3200
2.5

1.59 (590 nm)
1.58 (480 nm)

0.04 (400 nm to 500 nm)
2 to 3 (depending on dopant)
0.21

0.53 (n cladding = 1.49)
0.69 (n cladding = 1.42)

~ 10 (depending on dopant)

42.4

54.5

79.6

0.73 (1 GeV/c; 1 mm PS)
2.0



-2

Table 3 Comparison of relevant detector parameters between different detector media.
Xp means radiation length and H the material layer required to achieve 1 hit.

Parameters Silicon Fibres Gas(@)
Number of hits (0.1 Xp)=1 || 15-30®) | 42-63) | ~10-15(d)
Occupancy (1034cm=2s-1 luminosity) % <1 <1 2-3(d)
Multiple scattering mrad (GeV)-1 H-! I.1 0.7 1.4
Cell busy time ns 5 3 30-50
Spatial precision um 70 35 40
2-track resolution pUm 100 80 400
Number of channels m2H-1 [ 4x 1080 | 1 x104® | 4x 1040
Heat production(i) W m-2 H-! 5x103 109 ~200

(@ Micro-strip gas chambers, Occupancy and 2-track resolution for other gaseous devices are too large,

() 0.3 mm detector + 0.3 mm electronic layer per hit, higher number without electronics.

{c) 1(0.75) mm polystyrene fibre per hit

{@) Arrangement of F. Udo et al [6] and Angelini et al., CERN-PPE 91-122.
(&) Silicon strips with 25 pm pitch, divided by v12.

()  Silicon element of 25 pm pich and 1 cm sip length,

(® 10 000 pixels of 60 pm x 600 pm each, at the readout end of one delay tube. They cover 3.6 cm?
of fibre endsections. For 1 mm fibre layer (hit thickness H) this corresponds to 7.6% of shell
circumference (at 0.75 m radins). With 2,1 m shell length (1.75 rapidity), one tube covers
2.1 x 21 x 0.75 x 0.076 = 0.75 m2. This increases to 1 m2 for H = 0.75 mm. The mean value

is indicated.

(h) Arrangement of F. Udo et al [6]. One ring of MSGC needs 2.8 x 105 channels (F. Hartjes). 20

rings cover about 12 m2 and provide 12 hits on the average.

(i)  Assuming 0.5 mW per channel.

(k) Delay tube pixels will only be activated by the first-level trigger.
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Table 4 List of tracking issues, which improve with the indicated parameters and
related inconvenient effects, which increase with the indicated parameters.

Tracking issues Improving with Inconvenient effects ;r:ictxl']easmg
Momentum resolution ¢!, vVm, B secondary interactions m
Vertex location (z) o1, Vm, o gamma conversions m
Occupancy o1, 1, -1 multiple scattering Vm
Track finding ¢, m, o=!, B~ number of turns for curling tracks B.n
Track reconstruction prob. |¢-1, a1, B~ number of readout channels r
Radiation damage r2

¢: fibre diameter 1: rapidity

B: magnetic flux density

m: material layer of detector

r: shell radius or distance from collider axis

@ stereo angle of oblique v and v layers

B: angular range to find u and v hits symmetric to ¢ hits (fig. 2)
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