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Particle Tracking with Scintillating Fibers 
C. D’Ambrosio, T. Gys, H. Leutz, and D. Puertolas 

Abstract-This paper presents our research and development 
work on particle tracking with scintillating fibers. We have 
developed new fiber dyes, more efficient fiber cladding, co- 
herent fiber bundles with improved packing fraction, and a 
new fiber readout technique (ISPA-tube). Altogether, these new 
developments increased the hit density of fine grain (60 pm) 
fibers by about seven times. This results in mini-tracks per 2.5- 
mm fiber layer rather than in single hits only and enhances 
the track reconstruction efficiency to nearly 100%. Compared 
with competing tracking methods (silicon strips, micro strip gas 
chambers), our scintillating fibers are superior in hit numbers 
per radiation length and in the two-track resolution. They re- 
quire much less readout channels and consequently no cooling 
provisions to remove their electronic heat. 

I. INTRODUCTION 

HE LARGE Hadron Collider (LHC) at CERN will be T equipped with two multipurpose detectors, CMS [1] and 
ATLAS [2], at its interaction points 1 and 5, respectively. 
Both systems will provide particle tracking within their central 
cylindrical cavities. These will be enclosed by either the inner 
surface of an electromagnetic calorimeter at 1.3-m inner radius 
(CMS) or by the vacuum vessel of the cryostat for a solenoid 
coil and for a liquid argon calorimeter at 1.15-m inner radius 
(ATLAS). Solenoids of 4 T (CMS) or 2 T (ATLAS) flux 
densities will fill the tracking cavities of 6-m (CMS) or 5.3- 
m length (ATLAS) with magnetic field lines parallel to the 
collider axis. 

The proposed particle tracking is based on silicon (or GaAs) 
pixels arranged close to the interaction points of both detectors 
and, in the large cavity volume, on silicon strips interleaved 
with transition radiation detectors (TRD’s) in ATLAS or on 
additional micro strip gas chambers (MSGC’s) in CMS. The 
intention of this article is to present our recent research and 
development activities and to remind people of a further 
alternative for large-volume tracking, namely with scintillating 
fibers. An example for such a tracking arrangement is shown 
in Fig. 1 (radial-azimuth view) and Fig. 2 (radial-polar view). 
It consists of three thin-fiber shells, each composed of parallel 
(p) and stereo (71, w )  layers. Their scintillation signals are read 
out with imaging silicon pixel array (ISPA) tubes [3] attached 
to the end-sections of each half shell at approximately 90” 
polar angle. 

To demonstrate the power and reliability of our fiber tracker, 
we first list the most essential tracking parameters. Then, 
we verify each of them with respect to the measured results 
achieved with our scintillating fibers. Finally, we compare the 
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Fig. 1. Radial-azimuthal arrangement of fiber shells for tracking in the 
central barrel region of an LHC detector. The magnified parts show the shell 
subdivision into straight (p) and oblique ( U ,  U )  layers. The symmetric angles 
A p  indicate the z-coordinate via the indicated relations. The radial distances 
of the three shells apply to CMS and would change to 0.4, 0.75, and 1.10 
m for ATLAS. 

relevant parameters of our fiber tracker with those quoted for 
silicon strip and MSGC tracking. 

11. DESIGN CONSIDERATIONS FOR PARTICLE TRACKING 

Successful tracking within the central cavity of an LHC 
detector means reconstructing charged particles of large trans- 
verse momentum with high efficiency and excellent momen- 
tum resolution. This requires high detection efficiency per 
unit of radiation length of the tracker elements. In addition, 
efficient track finding and reconstruction requires excellent 
two-track resolution. Moreover, the obtained momentum reso- 
lution should at least match the energy resolution of the hadron 
calorimeter. 

These requirements imply low occupancies of tracker ele- 
ments to eliminate dead time or pile-up, which would reduce 
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Fig. 2. 
The shells are kept in radial position by thin-walled (5 mm) plexiglass spoke wheels. 

Radial-polar arrangement of fiber shells. At 90' polar angle they are divided into half shells with ISPA tubes for the readout of fiber signals. 

the detection efficiency. Also, confusion with ghost tracks 
should be avoided by choosing tracker materials of long 
radiation length, which helps to reduce secondary interactions 
and y conversions. This includes the support structures for the 
active tracker elements. 

To avoid frequent recalibration of the particle tracker or even 
replacement of its elements, their radiation hardness should be 
sufficient to tolerate several years of collider operation. This 
radiation resistance should be achieved at ambient temperature 
since any refrigeration could moisten the tracking elements 
and provoke malfunctions. 

The number of electronic readout channels should be kept 
small. This reduces the complexity of front-end electronics and 
facilitates the data transfer to their acquisition facilities outside 
the detector. An important issue is the heat production of these 
electronic channels. If it increases the detector temperature, it 
has to be removed by complicated cooling systems. 

The alignment of the tracker elements should be guaranteed 
within a few pm. It should be possible to check them on-line 
during collider runs to verify their correct positions. 

111. REALIZATION OF THE DESIGN CONSIDERATIONS 

A. Detection Eficiency 

The detected number of photoelectrons per mm fiber layer 
(hit density) for the passage of minimum ionizing particles is 
plotted in Fig. 3. The two lower curves are measured with 
particles of normal incidence to the fiber bundles without 
[4] and with [5] mirrored end face opposite to a hybrid 
photomultiplier tube (HPMT) [6]. The three upper curves 
are calculated from curve 2 according to the particle paths 
resulting from varying polar angles of incidence at the three 
fiber shells. 
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Fig. 3. Hit densities (number of photoelectrons per mm fiber thickness d)  of 
fiber bundles containing 60-pm individual fibers (Figs. 4 and 5) without (curve 
1) and with mirrored end face (curve 2). The three upper curves indicate the 
hit densities ansing from changing polar angles B (Fig. 2) for the outer (curve 
3), center (curve 4), and inner (curve 5) fiber shells (hit density = hits/dsin 0). 

The comparatively high hit densities in Fig. 3 result from a 

1) The light trapping fraction (total reflections) in the fibers 
has been increased by 1.8 times with the application 
of fluorinated methacrylate cladding [7], [SI of 1.42 
refractive index. 

2) The packing fraction (ratio of effective to total fiber 
cross section) has been improved by applying fused 
fiber bundles [9] (Fig. 4) where the hexagonal-shaped 
individual fibers share their cladding with their next 
neighbors (Fig. 5), from 0.67 for circular-shaped fibers 
to 0.85 for hexagonal ones (1.3 times) (Fig. 6). 

3) The usual doping of plastic scintillators with p-terphenyl 
and an additional wavelength shifter (two-component 
system) has been replaced by a one-component dye 

series of recent developments. 
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Fig. 4. Fiber bundle of 2.5-mm edge lengths. It contains about 1600 indi- 
vidual fibers of hexagonal shape and 60-pm “diameter.” The photograph is 
taken with a CCD camera through 2 m of bundle length [9 ] .  

Fig. 5.  An individual fiber within the bundle of Fig. 4 surrounded by its 
six next neighbors. The picture was taken through a microscope objective 
according to the arrangement of [9].  

4) 

(PMP).’ Due to its large Stokes shift, this dye emits 
directly in the visible spectral region. In this way, it 
avoids self-absorption of its emitted light due to the 
overlap of absorption- and emission-bands. At the same 
time any cross-talk is avoided. The new dye improved 
the light output about 1.8 times. 
The large potential difference between photocathode and 
silicon anode of the HPMT (the same holds for the ISPA- 
tube) enhances by 1.6 times the photoelectron collection 
efficiency as compared to a photomultiplier. 

’ Together with collaborators from other institutions (Forschungszentrum 
Karlsruhe, Germany; CNRS, Toulouse, France; University of Torino, Italy) 
we successfully synthesized other one-component dyes. Their performances 
in Stokes shifts and light emission will be reported in a separate paper. 
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hexagonal-shaped fibers and circular capillaries with their respective cladding 
layers. 
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Fig. 7. (a) Mini-track triplet from a particle passing a tracker shell of radius 
I’ at z = A ~ , I ‘ /  sin a and seen at the end-section by an ISPA-tube. The U 

and U tracks are shifted symmetrically with respect to the y1 and pz tracks. 
(Y means the stereo angle between U ;  v and y .  (h) The resulting shell-track 
after shifting the U and 7) tracks by +Ay = f tan (Y sinh 17. 

B. Track Finding and Reconstruction 

For this procedure we developed [lo] an algorithm with 
specific application to a fiber tracker. It is based on the fact 
that each fiber layer exhibits, due to its high hit density, 
mini-tracks rather than points only. These mini-tracks provide 
already track directions and indicate therefore precise search 
roads to extend them to subsequent fiber layers. According to 
this strategy, we start with mini-tracks in the cp2-layer of the 
outermost fiber shell and search for all mini-tracks fitting to 
them in the cpl-layer. Then, we look in the U and w layers for 
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TABLE I 
PROPERTIES OF POLYSTYRENE, THE CORE MATERIAL OF O U R  FIBERS 

Chemical formula : 
Molecular weight 
Density 
Numba of atoms 
Proton / Neutron ratio 
Melting point 
Thermal conductivity 
Linear thermal expansion coefficient 
Tensile modulus (E) 
Dielectric constant 

Optical properties 
Refractive index 

Optical dispersion 
Light decay (l/e) 
Light velocity in PS 
Numerical aperture 

Photon yield (with dopant) 
Absorption peak 
Emission peak 
Fluorescence Yield 

Radiation proxrties 
Radiation length 
Gamma conversion length 
Nuclear interaction length 
Multiple scattering angle 
(dEIdx) min. 

104.15 
1.03 

1.17 
240 
0.105 
7x105 
3200 
2.5 

iX1023 

1.59 (590 nm) 
1.58 (480nm) 
0.04 (400 nm to 500 nm) 
2 to 3 (depending on dopant) 

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

ns m-1 
ns 
m ns-1 0.21 

(kev-l -10 (depending on dopant) 
nm 265 
nm 330 

0.03 

cm 42.4 
cm 54.5 
cm 79.6 

50 (10 GeV/c; 1 "FS) w 
MeV cm-I 2.0 

mini-tracks being symmetric to those in the (PI and cp2 layers. 
They form U ,  v ,  p triplets and their symmetric distances Acp 
(Fig. 7) indicate, together with the stereo angle a of the fiber 
layers and the radial distance T, the z-coordinate of the particle 
track 

To extend the mini-tracks from the outer shell to the center 
one, we shift all U and v tracks to their symmetry axes cpl 
and ' p z  to obtain -10-mm-long track segments. They point 
with an angular precision of about 8 mrad [Fig. lS(c)] to the 
center shell. Here, we repeat the same procedure employed in 
the outer shell already and then proceed to the inner one. 

We applied this track-finding algorithm to Monte Carlo- 
generated e+e- collisions [lo]. The hits of their charged 
particles were simulated in the two shells of a fiber tracker 
placed in the inner barrel volume of the L3 detector at 
LEP. After this procedure, we searched for and reconstructed 
tracks as explained above. With two fiber shells only, the 
reconstruction efficiency was close to 100% with less than 
1% ghost tracks. This excellent result is mainly due to the 
high hit density (Fig. 3) and the fine granularity of the fibers. 

C. Momentum Resolution 

The momentum resolution 9 is composed of a transverse 
component (index t ) ,  which indicates the track curvature 
projected into the (T ,  c p )  plane (Fig. l), and of a longitudinal 
one (index 11) showing the slope of the track in the ( T ,  z)  plane 
(Fig. 2) where the projected tracks are straight for particle 
momenta >10 GeV/c at B = 3.3 T 

2 
( $ ) 2 =  { (2) 1/2  x (5) x (&)} 

curv 

[m] is the spatial precision, L [m] is the distance between 
the collider axis and the outermost shell, B [TI is the magnetic 
flux density, t is the tracker material layer in units of radiation 
lengths, ( X O ) ,  N is the number of hits along the track, G, 
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TABLE I1 
COMPARISON OF RADIATION LENGTHS xo SEEN IN THE TRACKING VOLUME BY PARTICLES EMITTED 

AT DIFFERENT RAPIDITIES 7 (POLAR ANGLES 6) FOR THE PROPOSED TRACKING ARRANGEMENTS 

11 e ATLAS [2] CMS [l] Fibre tracker 
d e p s  % xo % xo % xo 

0 90 18.5 12.0 8.0 
0.5 62.4 (33.5) 30.0 9.0 
1 .o 40.4 48.5 40.0 12.0 
1.5 25.2 (48.0) 60.0 19.0 

1001 /,I 
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Fig. 8. Momentum resolution for particle tracks produced at different polar 
angles 8. The curves are obtained from (2) for 60-pm hexagonal fibers. The 
points result from Monte-Carlo simulations [14]. Open (full) points and solid 
(dashed) curves are results with (without) beam constraints. For fibers of 1 
mm diameter the momentum resolution increases by 16.6 times. 

is a number that varies between 256 for optimum hit spacing 
(hits at both ends and in the middle of a track) and 720 for 
continuous hit distribution along the track, and, finally, G,,, 
which varies in the same way between 2 and 10 [ l l ] .  Our shell 
arrangement (Fig. 1) matches nearly the optimum hit spacing. 

The momentum resolution for the tracker configuration of 
Figs. 1 and 2 has been calculated [12] on the basis of the 
measured parameters (r (30 pm [9], [13]), the hit number N ,  
the track length L (1.25 m, which includes the beam position 
as a constraint) and the material thickness t (0.O9X0). This 
calculation has been checked by a Monte Carlo study [I41 
that used GEANT [15] to trace charged particles through 
the tracker configuration of Figs. 1 and 2. The tracks were 
reconstructed with the Kalman filtering method [16]. Some 

lOOO[ ' ' """ ' ' " " " '  ' ' " " " '  ' ' ' "'I 

90degrees 
* 30degrees 

I 
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100' 
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Fig. 9. z accuracy versus track momentum for 90' polar angle. 

results are displayed for 90" and 60" polar angle in Fig. 8 and 
for the z resolution in Fig. 9. These momentum resolutions 
would be -20 times worse if fibers of 1 mm diameter would 
be employed. 

D. Occupancy 

Occupancy means the fraction of tracker elements occupied 
by particle hits between two bunch crossings. This fraction 0 
is proportional to the collider's luminosity L ( cm-2s-1, 
which contains the bunch collision frequency ( l / t b ) ) ,  the 
cross-section (r (85 mb) of the colliding protons, the number 
n (6) of minimum bias particles produced per bunch crossing 
and per unit of rapidity TI,  and the time t b  (25 ns) between 
two bunch crossings. It also takes into account the following 
tracker parameters: radial distance T (50, 85, 120 cm), the 
transverse dimension s of a tracker element (0.006 cm) and 
the rapidity qmax covered by the inner tracker 

As soon as the element busy time t exceeds the bunch crossing 
time t b  (e.g., in MSGC's), then t b  has to be replaced by t. 

The first bracket in (3) has a value of 127.5 and for the 
second one we obtain 2.9 x lo-%, 1.7 x lop5, and 1.2 x loL5 
and therefore occupancies of 0.36% for the fibers in the inner 
shell, 0.21% for those in the center shell, and 0.15% for those 
in the outer shell of our fiber tracker. With fibers of 1 mm 
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TABLE 111 
COMPARISON OF RELEVANT PARAMETERS BETWEEN DIFFERENT TRACKING DETECTORS. X O  MEANS THE RADIATION LENGTH AND H THE 

MATERIAL LAYER THICKNESS REQUIRED TO ACHIEVE ONE HIT OR CLUSTER (Si: 0.3 mm, MSGC: 2 mm, fibers: 0.25 mm) 

Parameters Sismps MSGCs Fibres 

Number of hits [(0.1 Xo)-l] 
Cell busy time [ns] 
Intrinsic spatial resolution [pm] 
Two track resolution [pm] 
Angular resolution [mad] 
occupancy (1034 0 - 2  s-1 luminosity) [%I 
Number of readout channels [m-2 H-11 
Heat production [w m-2 H-ll 

15-30 a 
4 5  
5-14d  
100 
none 
<1 
2x105 g 
io0 j 

-10-15 b 
-50 
4 0 e  
250 e 
none 

5x104 h 
2-3 

25 j 

84-250 c 
4 5  
15-4Of 
47-94 f 
10f 
<1 
4x103 i 
0.4 

a (0.3 mm detector + 0.3 mm electronic layer) per hit; higher number without electronics. 
F. Angelini et al., CERN-PPE 91-122. 
2 (6) hit(s) per mm at 2 m (0.35 m); bundles with mirrored end face (fig. 3). 

d Silicon strips with 20 or 50 p pitch, divided by \I 12. 
e MSGC with 200 pm pitch, taking the centroid [34]. 

Measurements [9, 13,231 with 60 p diameter fibres. 
g Silicon strip of 50 p pitch and 10 cm length. 

Microstrip gas counter of 200 p and 10 cm length. 
Each pixel channel of an ISPA tube covers 0.5 x 0.05 = 0.025 mm2 fibre endsection. This corresponds to a 
subtended detector surface of : 0.025 mm2 x 2.5 m (fibre length) / 0.25 mm = 2 . 5 ~ 1 0 . ~  m2. 

J Assuming 0.5 mW per channel. 
Assuming 0.1 mW per channel. 

diameter, we would obtain 6% occupancy in the inner shell. 
This confirms our choice of fiber diameters below 0.1 mm.’ 

E. Production of Secondaries, y Conversions, 
and Noise in the Fiber Tracker 

Also, optical cross-talk between individual fibers within a 
fiber bundle is suppressed [Fig. 10(b)] since our fibers are 
doped with one dye only (PMP [17], [IS]). This causes local 
energy transitions [19], [20] rather than radiative ones if 
wavelength shifters between the first and second dye are em- 

The hit number N of a particle track increases with the 
material layer thickness of the tracker elements. However, the 
fraction of unwanted secondary interactions, y conversions, 
and multiple scattering processes increases with this layer 
thickness as well. Therefore, we carefully balanced these 
effects by optimizing the material layer thickness to keep 
the unwanted terms negligibly small while maintaining a hit 
number N high enough to produce clear and visible mini- 
tracks in the fiber layers cp, U ,  and v. The results of this balance 
are the layer thicknesses indicated in Fig. 1. 

The excellent signal (hit number) to noise (unwanted ef- 
fects) ratio achieved is due to high hit densities of our fiber 
bundles (Fig. 3 )  and to the comparatively long radiation length 
(resulting in 18-krad multiple scattering angle per shell at 100 
GeV), y-conversion length (1.8% pair production per shell), 
and interaction length (1.2% hadronic interactions per shell) 
of polystyrene, the core-material of our fibers (Table I). This 
advantage of scintillating fibers becomes also obvious if we 
compare in Table I1 the fraction of radiation lengths seen by 
particles emitted at different rapidities for CMS [l], ATLAS 
[2], and scintillating fibers replacing the proposed tracking 
arrangements in both detectors, or the hit number per unit of 
length listed in the first line of Table I11 for the three tracking 
methods. 

ployed. In this case the energy transition is not local anymore 
because the reabsorption of the light emission from the first 
dye by the second one needs about 200-pm attenuation. This 
process provokes cross-talk between fibers of small diameter 
[Fig. 10(a)]. 

F. Radiation Levels in the Tracker Shells 

Minimum-bias events produced from p p  collisions con- 
tribute most to the radiation dose in the tracking cavity. They 
scale with the collider’s luminosity L cm-2s-1 ), the 
particle multiplicity (n = 6 per collision and unit of rapidity), 
and with the inelastic collision cross-section (a  = 85 mb). All 
numbers are for LHC and the dose rate Do in Gy (1 Gy = 
1 Jkg-’ = 100 Rad) per year (lo7 s assuming 115 days of 
yearly operation) can be expressed as 

with (dE/dz)(sinO)-l meaning the stopping power (2 GeV 
cm’kg-’) of minimum ionizing particles emitted at the polar 
angle B (Fig. 2), 27rr the circumferences of a fiber shell, and 
n sin B/27rr2 the number of particles produced per collision 
and passing per unit surface of a fiber shell. The term 1.6 x 

L means the design luminosity after a LHC fill. The average luminosity 
( L )  depends on the number of collision points and on the luminosity half life. 
Therefore, it is safe to assume ( L )  z 0.5L. 

260-pm-diameter fibers produce 3% ghost tracks, however I-mm-diameter 
fibers produce 50% ghost tracks (both with &4’ stereo angle [12]). 
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(a) 

DETECTION OF 
SCINTILLATING 

(c) 

Fig. IO. Cross-talk of scintillating fibers. Two fiber bundles of 1 mm 
diameter, each containing about 850 individual fibers of 30 p m  diameter, 
were excited at one bundle end by a 0.3-mm-diameter Nd-Yag laser beam of 
265-nm wavelength: (a) The fibers doped with IJ terphenyl and an additional 
wavelength shifter show at their opposite bundle end cross-talk over several 
fibers layers. (b) The PMP-doped fibers show local energy (Forster [20]) 
transitions, and therefore no cross-talk, at their opposite bundle end. Their 
higher light output show that all scintillations stay in the absorbing first bundle 
layer. (c) Experimental arrangement. 

IOp3 (J GeV-lYr-') contains the conversions into Joules 
(1.6 x and years (lo7). 

With a solenoidal field of magnetic flux density B (T) the 
annual dose DO of (4) changes to 

D B ( T )  = Do(7.) ( .R' f (z l )dzl+ J\: f(zl)dzl) 

( 5 )  

where (n<,) = sinhqmax/7rsinhq [12] is the average number 
of particle curls within the rapidity range 0 < 7 < vmax of 
the tracker and f(x) = ze-" is the transverse momentum dis- 
tribution of minimum bias particles with z = 2pt/(pt) = 0.3 
Br/(pt). The average transverse momentum ( p t )  is estimated 
to be -530 MeVIc. 

The first integral spans between the helix diameters (d = 
pt/0.15 B [13]) of curling particles touching the inner fiber 
shell ( X z )  and those reaching the inner calorimeter surface 

0 Tesla 

2 Tesla, <L> = 5 x 1033 cm-2 s-1 

- 

10000 

v) 

d 

.3 

e, 
0 

1000 

0.1 1 
Distance from collider axis [m] 

Fig. 11. Annual radiation doses versus distance from the collider axis within 
f 1 . 5  rapidity. The indicated decadic luminosities show DO (relation 4) 
without solenoidal field. The doses DB (relation 5 )  are for an average 
luminosity ( L )  = 5 x cmp2s-l and for magnetic flux densities of 
2 T (ATLAS) and 4 T (CMS). The unit Gray (Gy) = 100 Rad and means 
1 Joulekg. 

(Xb) bordering the tracker ~ a v i t y . ~  The second integral covers 
the short track lengths of those particles that are absorbed by 
the calorimeter. 

The annual doses Do for two LHC-filling luminosities 
and cm-'s-') and for an average luminosity ( L )  

( 5  x cmP2s-') are displayed versus the distance from 
the collider axis in Fig. 11. In addition, the doses Dg based 
on the average luminosity ( 5  x cm-2s-1) and magnetic 
flux densities of 2 T (ATLAS) and 4 T (CMS) in the tracking 
cavity are also plotted. The inner shell of our tracker receives 
the greatest annual dose DB of 750 Gy (CMS) and 1000 Gy 
(ATLAS). To these values we must add the albedo neutron 
flux emerging mostly from the calorimeter. This flux over 1.5 
units of rapidity covered by the tracker amounts to 2 x 10l2 
(cmP2Yr-') neutrons [21]. Assuming 1-MeV neutron energy, 
we obtain for the neutron absorption in the inner fiber shell 
an annual neutron dose of 100 Gy at the average luminosity 
(L).' The total annual doses between 850 Gy and 1100 Gy are 

4For particles emitted at large polar angles 0, the number of helix turns 
would become numerous or even infinite (0 = 90'). This is avoided by 
particle decays. The polar emission angle 0d above which the curling particles 
decay inside the tracker (qmax) is Cotgod = ZQ E T  x sinh 0 1:B may [13]' For 
charged pions ( m o  = 0.14 GeV/c2, CT = 7.8 m) that constitute the vast 
majority of minimum bias particles, we obtain minimum polar angles 0d 
between 76 and 27' for B between 1 T and 6 T and rimax = 1.5. 

5From the neutron cross sections of 4.6 barn (H) and 2.6 barn (C) at 1- 
MeV neutron, energy we obtain 0.34 cm-I neutron absorption coefficient in 
polystyrene. This results, for 2 x 10" cm-'Yr-l neutron flux, in an absorbed 
neutron energy of about 5 x 10" MeVcm-'Yr-l. This gives finally 100 
Jkg-lYr-l or 100 GyYr-l. 
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Fig. 12. Experimental layout of the 120-GeVk pion beam exposure. The fiber ribbon is attached to the ISPA tube and consists of 2 x 4 fiber bundles, 
each containing about 1600 individual fibers of 60-pm transverse dimension. The pions traverse four fiber bundles (10 mm), two scintillating fingers wired 
in coincidence, and a 3-mm-diameter hole in the anticoincidence strip to select beam particles only. 

certainly not harming the tracker performance during several 
years of operation [22]. 

G. Electronic Readout Channels and their Heat Production 

A striking difference between our fiber tracker and those 
based on Si-strips and MSGC’s (see Table 111) is in their 
electronic readout. Fibers are readout at the end-sections of 
their shell arrangements (Fig. 2) via optoelectronic ISPA-tubes 
[3], [23]. They represent vacuum-sealed cylinders of about 
20 mm length with diameters ranging between 30 and 80 
mm. Photocathodes, evaporated onto the inner surface of an 
optical fiber window for collimated light passage, are viewed 
at proximity distances by 300-pm-thick detector chips of 
high-resistivity n-type silicon. They contain several thousands 
of rectangular pixels with 5O-p.in (azimuth coordinate) and 
500-pm (radial coordinate) edges. Each of these detector 
pixels is bump-bonded to an equally sized front-end electronic 
pixel comprised of a preamplifier, comparator with adjustable 
threshold, delay line, coincidence logic, and memory element 
[24], [25]. The line-parallel readout of these pixels reduces 
their total readout time to less than 10 ps, and the connections 
leading through the vacuum-sealed envelope are only 2% com- 
pared to the number of detector pixels inside the tube. Each 
photoelectron hitting a detector pixel creates 280 electron- 
hole pairs per keV. With about 25-kV potential difference 
between uhotocathode and chiu anode. the number of electron- 

hole pairs amounts to 7000, which is nearly three orders of 
magnitude higher than the electron multiplication at the first 
dynode of a photomultiplier. This high number of electron- 
hole pairs along with the Fano factor for silicon (0.1) provide 
extremely small statistical fluctuations. 

Imaging silicon pixel array tubes considerably improve the 
time and spatial resolution and shorten readout times by more 
than two orders of magnitude compared with the usually 
adopted bulky optoelectronic chains consisting of three to 
four image intensifiers with a CCD-camera at the end for the 
readout [19], [26], [27]. The signals of each image intensifier 
within such a bulky chain are transported via phosphor screens 
to the subsequent photocathodes, which causes optical noise 
and losses in time and spatial resolution. In contrast, the 
ISPA tube is a one-stage light detector aligned parallel to 
the LHC detectors magnetic field, which conserves the spatial 
resolution of scintillating fibers by magnetic focussing of its 
photoelectrons.6 

Another technique has been developed to readout large 
diameter scintillating fibers, the visible light photon counter 
(VLPC) [28], [29]. Its maximum photon sensitivity is around 
550-nm wavelength. In order to reduce its dark current to 
photoelectron levels, it must be operated at 6.5 K. Therefore, 

6Photoelectrons emitted from the photocathode with mvt (eV/c) transverse 
momentum follow the magnetic field with a helix of 2mvtlB = 17.5 um 
diameter at 1-T flux density B and 2 6-eV kinetic emission energy 
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Fig. 13. Typical track pattems read out by the ISPA tube during the 
120-GeVk pion exposure. The pixel size is 75 p m  x 500 pm (along the 
beam). Occasional hits aside the tracks are attributed to 5 rays. Note that the 
beam was not exactly parallel to the pixel edges. 

clear fibers transmit the scintillating light to a dewar outside 
the detector. A study for a preshower detector [30] describes 
I-m-long scintillating strips with 4.5 mm x 5 mm cross 
section and 1.5-m-long axial wavelength shifting double clad 
fibers (0.835 mm diameter) doped with 1% p terphenyl and 
1500 ppm 3-HF and coupled to 8-m-long clear fibers for 
a VLPC readout. Whereas the ISPA tube represents a fine 
grain light detector, VLPC’s read out each fiber individually, 
which restricts the number of fibers and hence their diam- 
eter in a particle detector. This has consequences for the 
momentum resolution (Fig. 8) and the occupancy [see (3 ) ] .  
Rise times of ISPA pixels and VLPC direct response are 
similar (< 10 ns). 

Beam tests with an ISPA tube closely attached with its 
photocathode to the end-sections of eight fiber bundles have 
been performed by tracking 120-GeV/c pions transversally 
through their 60-pm individual fibers [23]. The layout of 
this beam test is shown in Fig. 12. Typical track patterns are 
displayed in Fig. 13 and clearly show the expected mini-tracks. 
The ISPA pixels are oriented with their 500-pm edges almost 
parallel to the beam. In the tracker arrangement (Fig. 1) the 
500-pm edges will be oriented radially to allow for optimum 
azimuthal resolution with the short pixel edges. Another 
bundle arrangement with bundles U -  and v-oriented oblique 
to the parallel p1 and (p2 ones is shown together with the 
corresponding mini-tracks in Fig. 14. 

The transverse hit distribution in Fig. 15(a) shows a residual 
standard deviation of 42 pm, resulting in 100-pm full width 

I I- + I 

Fig. 14. Track pattems obtained with a stereoscopic bundle arrangement. (a) 
The beam passes straight through all four bundles. (b), (c) The bundles U and 
7) run with a stereo angle fa = 7 mrad oblique to the bundles 91 and 9 2 .  
Therefore, the ISPA tube displays the track pattems (b) and (c) at a distance 
z = ( U +  v ) / 2  tan a from the beam. The active frame of the ISPA anode chip 
(dashed area) only partly covers, with 7 mm length, the four bundles (10 mm). 
The stereo angle cy was ten times smaller than foreseen for a fiber tracker. 

at half maximum (FWHM) two-track resolution. These values 
would be reduced to 32 pm (residuals) and 78 pm (FWHM) 
with the 50-pm-wide pixels, which will replace the 75-pm 
ones in the near future. The distributions of centre-of-gravity 
precision (maximum at 15 pm) and of angular precision (max- 
imum at 8 mad)  of the mini-tracks are plotted in Fig. 15(b) 
and (c), respectively. The direction precision is particularly 
important for mini-track extrapolations to the next layer (see 
track finding and reconstruction algorithm). 

With 1024 pixels we did not notice any heat production 
from the ISPA-anode chip.7 Each ISPA-pixel covers 0.5 x 
0.05 mm2 of the fiber end-section. This corresponds to a 
subtended tracker surface per hit of 0.025 mm2x 2500 mm 
(fiber length)/0.25 mm (hit layer) = 2.5 x lop4 m2. This 
results in 4000 readout channels per 1 m2 of subtended tracker 
surface per hit with a corresponding heat production of 100 
mW. Even increasing the estimated heat per pixel by four 
times, this power (0.4 W) would be dissipated without an 
extra-cooling of the tracker. 

7F. Anghinolfi et al. [24] estimate 25 pW heat per electronic pixel 
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Track residuals [p] 

(a) 

Centre-of-gravity precision [p] 

(b) 

Precision of track direction [mad] 

(c) 

Fig. 15. (a) Residuals from lo5  pion tracks (circles) and their Gaussian fit. The standard deviation CJ and the FWHM value are due to the binary ISPA 
readout, which disregards the number of hits within 1 pixel. An analog readout would reduce this dominant contribution of the 75 pm pixel widths and 
therefore improve both values. (b) The center-of-gravity precision E is related to the number of hit pixels: E = n/m. The asymmetric shape is mainly due to 
the diminishing number N of hit pixels at the right-hand part. (c) Direction precisions of 10' pion tracks, i.e., the angular accuracy with which the mini-tracks 
of an outer layer can be projected to inner layers or tracker shells. It is roughly proportional to &, where L is the ribbon thickness (7 mm). 

H. Tracker Alignment and Mechanical Support production if the standard light transmission (hit density) is 
To achieve the required performance of the fiber tracker 

(residuals of 30 pm) it is of crucial importance to align the 
scintillating fibers within a tolerance of less than 10 pm. This 
can be realized by the following procedures. 

First, we must verify the parallelism (coherency) of the 
individual fibers within a fused bundle. Therefore, we pho- 
tographed through the entire bundle length (see the camera ar- 
rangement in [9]) with parallel slits of 10 pm width each at its 
light entrance face (Fig. 16). These tests were cross-checked 
by shining a collimated He-Ne laser beam (wavelength 633 
nm, to avoid light absorption within the fibers) at different 
positions transversely through the bundle. The light scattered 
into the total reflection acceptance of the fibers shows at the 
endface always the same fiber row illuminated, which confirms 
their coherency. After many verifications, we proved that the 
fiber coherency is in fact an inherent property of the bundle 

achieved. 
Each of the tracker shells would be supported by an appro- 

priately dimensioned cylinder of honeycomb-structured carbon 
fiber epoxy. This material is very stiff and extremely light 
(density: 0.2 g ~ m - ~ )  with 45.1 g cmP2 radiation length. All 
support cylinders of 10 mm wall thickness each would add 
together only 1.3% of radiation length to the mass-layer (6.7% 
radiation length) of the fiber tracker. 

To arrange the fiber bundles appropriately to their respective 
support cylinders we stretch some 20 to 30 of them side by 
side in a metallic mould shaped to the corresponding shell 
curvature. They are secured coherently together by a sheet of 
0.5 mm plexiglass (0.13% of radiation length) glued on top 
of the bundles. In this way, stiff ribbons of 20-30 coherent 
fiber bundles are obtained that can be consecutively attached 
to their respective support cylinders. 
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n 100 200 700 

(a) (b) 

Fig. 16. (a) A fiber bundle was illuminated uniformly at its entrance face 
( 2 . 5  x 2.5 mm’) through a grid with 10-pm-wide slits and 100-pm pitch. 
Its exit face was focussed with a telescope onto a CCD camera. (b) The 
corresponding transverse intensity distribution of the three fiber rows. It is 
partly affected by the slight mismatch between the grid period (100 pm) and 
the bundle period (120 pm). The FWHM amounts to 42 pm. 

Each of the fiber shell support cylinders is kept in position 
by thin-walled (5 mm) plexiglass spoke wheels (Fig. 2), which 
are centerd around the beam pipe of the collider or on the 
inner- or center-shell. The plexiglass wheels at the extreme 
ends of the shells (17 = k1.5) carry black fiducial lines 
(Fig. 17) above their support rims. They appear as nonacti- 
vated pixel lines in the ISPA tubes on the other end of the fiber 
half-shell (7 = 0) (Fig. 18) each time a low-level illumination 
of the plexiglass wheels is switched on. In this way, the fibers’ 
coherency and their location can be monitored any time during 
the LHC runs. 

Iv. DISCUSSION AND CONCLUSION 

During our research and development work for particle 
tracking with scintillating fibers, we have developed a new 
species of fine grain fibers. In addition, we have introduced 
a completely new and compact readout technique for their 
scintillation signals. 

First, we replaced the well known two-component dopants, 
applied in NE- and Bicron-plastic scintillators, by PMP [ 171, 
[18], which bridges, due to its large Stokes’ shift, the region 
from 300 nm (absorption peak) to 420 nm (emission peak) 
without wavelength shifter. This avoids, due to local light 
emission [20], any cross-talk between neighbored fibers and 
increases their light transmission by 1.8 times due to well- 
separated absorption and emission bands of the new dye. 

To obtain small diameter fibers in a manipulatable form we 
developed, in close collaboration with Kuraray Co.,’ fiber bun- 

8Kuraray Co. Ltd., Methacrylic Division, Tokyo 103, Japan. 

Fig. 17. Example of a plexiglass wheel placed at one of the extreme tracker 
ends (Fig. 2). It supports one shell end and carries at the same time black 
fiducial lines. Once scarcely illuminated, they appear as nonactivated pixel 
rows (Fig. 18) of the ISPA tubes at the ISPA end of the shell. 

I Fiducial lines 

\ I I 
Fig. 18. Example of nonactivated pixel rows due to the illumination 
of the plexiglass template at the other end of a tracker shell. It marks 
Ap,,, = tanu . sinhqmax. With the known stereo angle cy, it is 
possible to control the rapidity qrIlaX or the maximum polar angle 0 
(cotgBrnaX = sinh q,,,,) covered by the tracker shell in question. 

dles of squares cross section.’ They contain between several 
hundred and a few thousand individual fibers fused together 
(Fig. 4). This new method guarantees the fiber coherency and 
improves their packing fraction by 1.3 times. 

9The gap between their sensitive area is SO p m  caused by their PMMA 
boundaries. This causes 2% (center and outer shell in Fig. 1) or 2.5% (inner 
shell) dead space for one bundle layer. Two layers reduce it already to 0.04% 
and so on (Fig. 18). These numbers represent the worst case where all particle 
tracks are strictly radial at 90° polar angle. 
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To enhance the light-trapping fraction of the fibers, we 
introduced a new double-cladding method. Instead of the 
common PMMA cladding, we proposed to Kuraray Co. in 
19891° to clad their fibers with a fluorinated cladding of lower 
refractive index. This is now applied routinely by Kuraray and 
increases the trapping fraction by 1.8 times. 

The readout of fiber signals has been drastically simplified 
by the development of ISPA tubes [3], [23]. These new and 
compact position-sensitive light detectors enhance the number 
of detected photoelectrons by 1.6 times, are gatable, and read 
out in less than 10 ps while data taking is going on. In this 
way, they improve the signal-to-noise ratio as compared to 
the bulky chain of several conventional image intensifiers with 
their noisy phosphor screens and CCD readout. 

All these fiber developments together with better production 
performance led finally to the comparatively high hit density 
displayed in Fig. 3. It provides mini-tracks in the three fiber 
layers (Figs. 13 and 14) rather than single hits. This facilitates 
track finding in high-multiplicity environments and improves 
their reconstruction at high-momentum resolution. 

In order to compare scintillating fibers with the competing 
MSGC’s [31]-[34] and silicon strips [2], we list some relevant 
parameters of the three tracking elements in Table 111. These 
values are best estimates of the present state-of-the-art and, 
for valuable comparisons, they are normalized either to units 
of 10% radiation length or to units of subtended detector 
surface and to the material layer thickness required to achieve 
one hit from the energy loss of a minimum ionizing particle 
(scintillating fibers: 0.25 mm; MSGC: 2 mm; Si-strips: 0.3 
mm) . 

The spatial precision listed for scintillating fibers represents 
the standard deviation of a Gaussian-shaped hit distribution 
[9]. With Si-strips it is either taken as the standard deviation 
of the centroid strip distribution (analog readout) or as the 
strip pitch divided by (binary readout). For MSGC’s the 
spatial resolution means the accuracy with which the centroids 
of drift clusters can be located. In addition, the precision of 
MSGC’s is corrected with their detection efficiency. The single 
strip efficiency of 96% for perpendicular tracks decreases to 
between 35% and 15% at 30” angular deviation from normal 
incidence depending on the threshold [35]. This worsens 
precision and two-track resolution accordingly. 

The two-track resolution indicated for scintillating fibers 
means the classical resolving power in optics for the spatial 
resolution of two neighboring objects. Therefore, the listed 
value refers to the FWHM (2.36 a) of the Gaussian precision 
distribution [9]. The two-track resolution reported for Si-strips 
and for tracks of normal incidence in MSGC’s do not relate 
in this classical way to their claimed precisions. Finally, for a 
7-mm-thick ribbon of scintillating fibers, the average center-of- 
gravity precision is 15 pm and the average angular precision 
is 10 m a d  [23]. 

“Three different fluorinated monomers were shipped by us to Kuraray Co. 
in February 1990. In March 1991 we measured the first fibers with fluorinated 
cladding, which unexpectedly resulted in a decrease of light transmission. We 
then proposed to produce double-clad fibers (usual PMMA plus fluorinated 
cladding), which finally resulted in the expected increase in light transmission 
(August 1991). 

An important difference between fibers and the two other 
tracking methods is in the arrangement of the electronic 
readout. Fibers are readout via their end-sections by ISPA 
tubes. In contrast to that, every silicon-strip or micro-strip of 
MSGC’s must be equipped with its proper electronic channel, 
which results in the great channel numbers listed in Table 
111. An additional problem arises from the heat production of 
these many electronic channels. It necessitates extra cooling 
provisions that add still more radiation lengths in the tracking 
volume. 

To conclude, the proposed fiber tracker provides mini-tracks 
and therefore close to 100% reconstruction efficiency. The 
fiber bundles and their honeycomb support represent only 8% 
of radiation length. This reduces the level of ghost tracks 
below 1% and does not therefore disturb the efficiency and 
energy resolution of the electromagnetic calorimeter. The ISPA 
readout provides the delay for the first-level trigger and a 
complete track picture in about 10 ps with the present chip. 
In the future, it is foreseen to reach readout times of less than 
1 ps .  Its low heat production obviates any cooling provision. 
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