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Outline
1.Principles of the scintillating fiber tracker

2.Past and present projects: a short review

3.Recent developments:

- construction of large detectors (several square meters)

- radiation hardness

4.Prospects for future applications

Disclaimer: this presentation is strongly biased by my own 
involvement in the LHCb SciFi tracker project...

...and has some overlap with the presentation by R.Ekelhof at 
yesterday’s “Tracker and applications” parallel session
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Basic design for Scintillating Fiber Tracker
• Scintillating fiber tracker principle:

- cover the detection area with thin scintillating fibers

- read them out with muti-channel photo-detectors → SiPMs
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Scintillating Fibers
• The scintillating fibers have two roles:

1. act as scintillator

- ~2.8ns scintillation decay time

- light yield: ~1600 photons/mm/MIP×5.35% capture
⇒ 10’s of photons

- scintillating dye is expected to be radiation hard

2. transport the light to the SiPM

- 5.9 ns/m propagation time

- attenuation length is an issue
(radiation hardness)
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Visible and invisible light  
Lumière visible et  invisible 

High energetic: Violet is the highest 
energetic light our eye can see. UV and X-
ray detectors are capable of  seeing 
beyond!  
 
Lumière  haute énergie:  Le violet est la 
lumière la plus énergétique que nos yeux 
détecte. Les capteurs UV et rayon X 
peuvent les ‘voir’! 
 
 

 

Low energetic: The red light is the lowest 
energetic light visible for our eye. IR 
cameras can see more! Our skin detects 
also IR (heat)! 
 
Lumière basse énergie:  La lumière rouge 
est la lumière avec la plus basse énergie 
que nos yeux détecte. Les camera infra 
rouge peuvent la ‘voir’! 

What is light? 
Qu’est-ce que la lumière? 

Light is a wave:  Low energetic light  
infrared and microwave) shows often its 
wave character. 
 
La lumière est une onde: 
A basse énergie (infrarouge, micro-onde) 
la lumière se manifeste souvent comme 
une onde. 
 

 

CERN LHC 

Generate visible light from high 
energetic particles! 

Génération de la lumière visible à partir 
de particules à haute énergie! 

High energetic particle 
Particule à haute énergie  

Particle produces light: Simulation of  a 
high energy particle traversing a 
scintillating fiber. It produces hundreds of  
photons. Light propagates in the fiber. 
 
Production de lumière par une particule: 
Simulation d’une particule à haute énergie 
traversant une fibre scintillante. Elle 
produit des centaine de photons qui se 
propagent dans la fibre. 

Optical fiber 
Fibre optique 

Scintillating light : Can be produced by 
molecules in plastic fibers.  
Energy conservation restricts light 
conversion: High to low energetic light ! 
 
La lumière scintillante:  Elle peut être 
produite par des molécules dans le 
plastique.  
Conservation d’énergie limite la 
production de lumière: Haute à basse 
énergie. 

Visible light is produced 
La lumière visible est produite 

Cosmic rays 

Light is a  particle:  High energetic light 
(LHC experiments and cosmic rays),  
shows often its particle character. It is 
called a photon, it has no rest mass, 
travels with the speed of  light and has a 
energy. 
 
La lumière est une particule: 
A haute énergie (LHC expériences et 
rayon cosmiques) la lumière montre 
souvent sa caractéristique corpusculaire. 

Est-ce que je 
suis un rayon  X , 
un photon…? Ou 
un photon 
visible ? 

Pourquoi se 
faire  tant de 
soucis ? Je  
ne suis même 
pas certain 
d’être une 
onde ou une 
particule! 

How to detect scintillating light ? 
Comment détecter la lumière 

scintillante? 

Photo Multiplier Tube  or semi conductor:   
The energy of  the photon allows to 
liberate an electron. The 1 electron signal 
is amplified and converted to digital 
information (digital camera). 
 
Photo multiplicateur et semi conducteur:  
L’énergie du photon permet de libérer un 
électron. Le signal d’un unique électron 
est amplifié et numérisé. 
 

 

Light 
Lumière 

Small number 
of  photons 
Quelques 
photons 

Each cell can count one photon 
Chaque cellule compte un photon 
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Single photon counting? 
Comptage de photon unique? 

1mm ~10cm 

Conversion of  high 
energetic to low 
energetic light! 
 
Production de 
lumière de basse 
énergie par celle de 
haut énergie! 

Experiment:  Try to produce scintillating 
light from a RED, GREEN or UV LED. What 
do you observe? 
 
Expérience: Production de la lumière 
scintillante avec une LED ROUGE, VERTE 
où UV. Qu’observe-t-on? 50μm 

High energy       Low energy 
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Types of fibers
• Scintillating fibers come in various types:

- cladding (single, double) to increase trapping fraction

- layers have decreasing refraction indices (from inside out)

- shape (cylindrical or square)
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Multi-channel SiPM
• SiPMs are arrays of Avalanche Photo-Diodes (APD)

- operate in Geiger mode

- high gain (~106) ⇒ high signal-over-noise ratio (S/N)

- fast signal pulse (few ns)

- fast recovery time

- each channel is made of multiple APDs (pixels)

- each pixel fires independently of the others

- sum is ~proportional to number of photons (up to saturation effects)

- groups of channels make a multi-channel SiPMs

- small size ⇒ little sensitivity to magnetic field

• SiPMs are sensitivity to radiation damage!
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Pixels

128-channel SiPM (Hamamatsu)
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Signal cluster detection
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Signal cluster detection

7

mean position 

pos 

signal 

Channel structure 
on SiPM chip

Pixel structure on 
on SiPM channel

Particle creates 
photons in fibers

Photons can create avalanche 
in a pixel (red squares)
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Not a new concept...
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Some Considerations on Luminescent Fiber Chambers and Intensifier Screens 
L. REIFFEL AND N. S. KAPANY 

Physics Division, Armour Research Foundation, Chicago 16, Illinois 
(Received April 21, 1960; and in final form, June 1,1960) 

, Factors the. of filamentary scintillators are considered. Experimental data on light attenua-
tion for both plastic scmtIllator filaments and thin-wall glass tubing liquid scintillators are presented. A theoretical 
interpretation which satisfactorily accounts for the performance of luminescent filaments in terms of bulk properties 
and surface reflection losses is given and permits quantitative evaluation of surface losses for various materials. 

plastic scintillator fibers are mechanically convenient, it is suggestt'd that liquid-filled fibers will prove more 
and the.ir properties. Comments on the utility of arrays of fibers as particle track imaging 

deVices and as Image mtenslfier screens are included. 

I. INTRODUCTION 

WELL-KNOWN problems associated with particle 
track detection and measurement in high energy 

physics have led to a number of recent technical innova-
tions, among which one of the most interesting is the 
solid-state luminescent cloud chamber. Light emitted from 
the tracks of charged particles interacting with a phosphor 
may, under suitable circumstances, be used to produce 
a recordable image with the help of electronic image 
intensifiers.I.2 Two particularly difficult problems en-
countered in such a system are associated with (a) re-
quirements for great depth of field and (b) low light 
emission per unit length of track. Shortly after publication 
of the original Russian work with luminescent track 
chambers arid image intensifiers, discussions held in this 
Laboratory in early 1957 as well as independent work by 
other groups3-5 made it apparent that light piping tech-
niques similar to those used in fiber optics could be of 
great help in solving both depth of field problems and 
light collection problems. Simple extension of the ideas of 
Conversi and Gozzini6 and Barsanti et at. 7 made it obvious 
that chambers consisting of an array of scintillator fila-
ments serving as light pipes could also give three-dimen-
sional information on particle tracks. Rather than using 
scintilla tors, Barsanti et at. employed 3000 long small 
diameter tubes constructed of glass and filled with rare 
gases. By suitable spatial and temporal arrangement of 
electric fields, electrical breakdown is caused in those 
tubes through which particles had passed. They point out 
that by employing interleaved layers of tubes at right 
angles, three-dimensional information on the track geom-

1 Yeo K. Zedoiskii, G. Yeo Smolkin, A. G. Plakhov, and M. M. 
Butslov, Doklady Acad. Nauk. S.S.S.R. 4, 241 (1955). 

2 Yeo K. Zedoiskii, M. M. Butslov, A. G. Plakhov, and G. Yeo 
Smolkin, Atomnaya Energ. 1, 34 (1956). 

3 V. 1. Nikanorov, A. F. Pisarev, and O. V. Savchenko Otchet 
Laboratorii Yadernykh Problem OIYaI, Report of of 
Nuclear Problems, Joint Institute of Nuclear Research, May 1957. 

4 L. T. Kerth, Radiation Laboratory, University of California, 
Internal Memo, November 1957. 

5 G. T. Reynolds and P. E. Condon, Rev. Sci. Instr. 28,1098 (1957). 
6 M. Conversi and A. Gozzini, Nuovo cimento 2, 189 (1955). 
7 Barsanti et al., Proc. CERN Symposium High Energy Accelera-

tors and Pion Phys. 2, 56 (1956). 
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etry might also be obtained. The advantages of using 
light from luminescent materials rather than light from 
gas discharges lie, of course, in the possibilities of increased 
spatial resolution, fast response and recovery, and energy 
proportional behavior. 

In addition to being very useful in particle track imaging 
devices, arrays of filamentary scintillators hold consider-
able promise as radiation converter screens (or "intensifier 
screens" to use radiographic terminology). One advantage 
of intensifier screens comprised of suitably oriented lumi-
nescent fibers lies in the fact that resolution no longer is 
a direct function of screen thickness, but rather is de-
termined primarily by fiber diameters and light leakage 
problems, both of which are controllable. 

In both luminescent chambers and image intensifier 
screens, the light trapping properties of individual fibers 
as well as their intrinsic energy conversion efficiency are 
of paramount importance. We shall discuss some of the 
factors which determine the performance of arrays of 
luminescent fibers designed for either purpose. Because 
surface quality enters in a particularly critical way, we 
shall treat luminescent filaments of two kinds: (a) plastic 
scintillator fibers, which are convenient, but for which 
good surface conditions are difficult to produce and main-
tain, and (b) two-phase filamentary scintillators consisting 
of small diameter, very thin walled glass tubing filled with 
high efficiency liquid scintillator, for which surface condi-
tions can be made quite perfect and in which a high degree 
of optical homogeneity may be maintained. 

II. ENERGY CONVERSION AND LIGHT 
TRANSMISSION IN FffiERS 

Work on the use of arrays of homogeneous glass fibers 
for transmission of optical images has been underway in 
this Laboratory for some years. 8 ,9 In the present situation, 
however, we are dealing with light generated within an 
individual fiber and radiated into 411' geometry rather than 

8 N. S. Kapany, J. Opt. Soc. Am. 47, 413 (1957); 47, 423 (1957). 
9 N. S. Kapany, Appendix N in Concepts of Classical Optics, by 

J. Strong (W. H. Freeman and Company, San Francisco, California, 
1958), p. 553. 
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radiation impinging on the end of an array of fibers from 
an optical system of specified f number or from an ex-
ternal Lambertian emitter. If we consider light originating 
on the axis of a single fiber, it is apparent that total 
internal reflection at the fiber surface will trap all light 
within two cones of semi-angle e given by 

8= cos-1 (N 8/Nf ) , (1) 

where lV8 is the refractive index of the material surrounding 
the fiber, and N j is the refractive index of the scintillator. 

Multiple reflections will, of course, serve to trap light 
within the fiber, and if absorption and inhomogeneity are 
nonexistent and surface conditions are perfect, the light 
will not suffer any scattering or attenuation. In practice, 
however, both optical inhomogeneity and imperfect re-
flection at the dielectric interface must be considered, in 
addition to bulk absorption of the optical radiation. We 
assume that a fraction A of the light is lost at each reflec-
tion and that the optical absorption coefficient of the bulk 
material is a. The length of the optical path along any 
general ray inclined to the fiber axis at an angle 8, and at 
an angle ¢J to the meridional plane, for a physical length 
I is simply P=l sec8; see Fig. l(a). It is to be noted that 
this relation is independent of the fiber diameter and holds 
for both meridional and skew rays. The transmission, 
considering bulk attenuation along the ray at angle 8, is 
thus Tb=e-alsec8. The surface attenuation along the same 
ray gives a transmission factor 

Ts= (1- A)l tan8/dcos¢J, (2) 

where (Itan8/d cos¢J) is simply the number of reflections 
and d is the fiber diameter. If we wish to consider the light 
output resulting from a scintillation within the fiber, we 
must simply integrate the transmission over all rays within 
the region defined by Eq. (1). Let the particle energy loss 
rate (dE/dx) be taken as constant in one fiber while the 
track length LlX in the fiber is short compared to L, the 
distance to the detector. The total number of optical 
photons per unit energy loss is "1/; only light initially 
traveling toward the output end of the fiber will be con-
sidered. Some increase in output might be obtained by 
introducing a reflector at the entrance end of the fibers. 
Losses due to reflections at the output end are ignored. 
The number of emergent photons N is then given by 

x T 8 (8,¢J,I,A)e(X) sin8 cos2¢Jd8d¢JdX, (3) 

where e(X) is the normalized spectral distribution function 
for the luminescent material. For the case of an on-axis 
scintillation which, for simplicity, we may assume to be 

INCIDENT ==:: 
RADIATION -
IMAGE ==: 

101 

(b) 

SYSTEM 
(INTENSIFIER, FILM ,ETC.) 

FIG. 1. (a) Fiber geometry; (b) schematic representation 
of image intensifier screen. 

roughly monochromatic, Eq. (3) reduces to 

N= "l/LlX(dE)f8 e-aLsec8(1-A)L tan8/d sin8d8. 
2 dx 0 

(4) 

In formulation of Eq. (4), it is to be noted that two 
basic effects have been ignored: 

(1) presence of skew rays which would be produced by 
an off-axis scintillation. 

(2) fluorescence scattering within the phosphor which, 
for certain compositions, may reduce the "good geometry" 
mean free path for optical radiation by a substantial 
factor compared to the "poor geometry" transmission 
usually measured for bulk scintilla tors. In such cases, a 
treatment based on a radiation diffusion approximation 
applied to a cylinder with partially absorbing walls would 
be more appropriate than our geometrical optics model. 
Such a treatment would presumably have to take account 
of the progressive Stokes shift of the re-emitted radiation. 
Numerical results from our approach, when fitted to ex-
perimental fiber performance, probably could then be in-
terpreted as giving only "effective" values of quantities 
such as A. 

It is worthwhile to point out that a simple extension of 
Eq. (4) permits rough optimization of intensifier screen 
designs for a specific incident x-ray or gamma-ray energy; 
see Fig. 1 (b). This is of interest especially when scintilla-
tors are "loaded" with foreign atoms having desirable 
nuclear properties at the expense of reduced transmission 
of the fluorescence. Note that for the liquid-filled glass 
tubes, either the scintillator or the wall material or both 
may be "loaded." If the attenuation coefficient for the 
incident radiation is characterized by a relaxation length 
j.l", so the energy delivered to the fiber in the element dl at 
an axial point (L-l) from the output is j.l,,] oe-I'z l, then 
the light output for an intensifier screen of thickness L 
irradiated by an intensity 10 is given by 

N= 10"l/j.lx Ie e-l'zL-exp{ (A/d) sin8]} 

2 0 • [a-j.lzcos8+(A/d)sin8] 
Xsin8 cos8d8. (5) 
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Fig 1 OCR Output
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Selection of past and present SciFi trackers
• UA4: hodoscope of scintillation counters (~1984)

• ISPA (imaging silicon pixel array) experiment (~1994)

- bundles of 60µm scintillating fiber target

- achieved a resolution of 42µm

9CERN-PPE/94-152
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Tracking in the CHORUS experiment
• Search for νµ – ντ oscillations

at CERN SPS (1994–1997)

• High resolution detection of τ leptons
⇒ emulsion detector
⇒ fiber tracker to find interaction points
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3.2m
m

CHORUS fiber tracker
• Fiber tracker constraints and properties

- low occupancy; low rate

- 500µm diameter fibers, arranged
in 7 layers of length 2.3m

- 4 image intensifiers

- photo-detection with CCD

- CCD: 228×500 pixels of size 16×23µm2 

- 4 pixels per fiber after demagnification

• Achieved a resolution of 350µm
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CHORUS: tracker R&D
• R&D for a vertex tracker to detect τ leptons

• 20µm capillary fibers
filled with liquid scintillator

• 2×2×150cm3 detector

• Achieved ~15µm resolution with 5GeV/c hadrons
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3. L i gh t t r anspo r t i n cap i l l a r i es f i l l ed w i t h l i qu i d sc i n t i l l a -
t o r
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t o t ha t i n a s t ep i ndex f i be r . Le t us cons i de r a cap i l l a r y
o f d i ame t e r d , co r e r e f r ac t i ve i ndex nco r e and c l add i ng
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f r om t he f i be r ax i s , measu r ed i n f i be r r ad i i ( 0 < p < 1 ) ,
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t o be we l l f i t t ed by t he sum o f t wo Gauss i ans , co r r e -
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men t o f t he spa t i a l r eso l u t i on . The h i ghe r op t i ca l mag -
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Selection of past and present SciFi trackers
• D0 scintillating fiber tracker

- 4 cylindrical layers (80k fibers)

- readout with Visible Light
Photon Counter, operated at 6-8K

• COMPASS: fibre hodoscope

• HERMES recoil detector (HERA)

- scintillating fiber tracker

- readout with MAPMT

13
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(a) (b)

Figure 4.14: MAPMT Hamamatsu H7546B [Ham00] for detection of scin-
tillating light. (a) Photo of the core H5900-00-M64 MAPMT (Multi Anode
Photomultiplier Tube) without housing and voltage divider. (b) The layout
of the cathode plane illustrate the high density package of the 64ch-MAPMT.

22k

22k

10pF

82pF

PMT GASSIPLEX

Figure 4.15: Interface between MAPMT as signal source and the track
and hold unit Gassiplex as signal drain. CDC (Charge Division Circuit) to
adjust resistance of MAPMT and Gassiplex chips.

4.4.3 Analog to Digital Converter

To improve the particle identification beside the topology of the track as
well as the deposited energy inside the SFT have to be measured as sim-
ple hit informations generated by discriminators are not sufficient. Since
5120 MAPMT channels have to be readout and as the amount of space in
the experimental area are limited standard hardware did not fit the neces-
sary requirements. Therefore the inhouse high density ADC readout of the
HADES (High Acceptance Di-Electron Spectrometer) experiment was used
as the cost per channel are very low as well. A very detailed documenta-
tion about this Analog to Digital Converter can be found in [Kas+99] and

HERMES
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Selection of past and present SciFi trackers
• ATLAS ALFA (luminosity measurement)

- square fibers

- readout with MAPMTs

• Positron Electron Balloon Spectrometer (PEBS)

- 250µm diameter fibers

- readout with SiPMs

14

beam
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Recent developments

• Two selected topics:
A. constraints and requirements for detectors of large dimensions

B. radiation hardness of fibers and SiPMs

15
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Large dimension fiber detectors
• Take the LHCb scintillating fiber tracker project as example

• Build large detector modules

- (2×) 2.5×0.52m2 

- 13cm-wide fiber mats

• Questions:

- how can the resolution be kept <100µm
over the whole surface of the detector?

- how can the S/N be kept high, even for
hits at 2.5m from the photodetector?

16
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SciFi 2019 (full tracker version) Today: OT+IT 

• The SciFi Tracker (FT) is intended to replace the Inner Tracker (IT) and the central part of the 

Outer Tracker (OT) modules 

• We are currently studying a version of a full SciFi tracker replacing all OT modules.   

• Technology choice for the Upgrade will come on November 21-22, 2013.  

• The TDR is expected in March 2014. 

2 x ~3 m 

2 x ~ 2.5 m 

3 stations of X-U-V-X 

scintillating fibre planes 

;чϱ°). 

Every plane is made of 5 

layers of Ø250 Pm fibres, 

2.5 m long. 

readout 

readout 

Introduction / Reminder 
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Mechanical tolerances
• Determine the tracking performance from simulation

- inefficiencies for all and >5GeV particles

- ghost rate (also strongly influenced by occupancy)

• Performance degradation is seen for random misalignments
- 50µm in X (perp. to fibers and particle trajectory)

- 300µm in Z (perp to fibers and ~parallel to trajectory)
17
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Building large modules (R&D ongoing)
• Wind fibers on a large wheel (circum. >2.5m)

• Two methods currently under
consideration to align the fibers

- wheel with precision-threaded grooves

- well established technique

- fiber mats contain only fibers and glue

- requires cleaning of the wheel

- use coverlay™ patterned kapton sheets

- use cheaper unthreaded wheel

- the kapton sheet remains attached to the fiber mat

- preserves precise alignment
in following production steps

- adds a little amount of material

18
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Side study on fibre support 
 
• Wind fibres on grooved metal wheel …   or on coverlay™ patterened kapton sheets 

alignment 
patterns 

some wound  
fibres 

region with guiding lines 

-   Use of a cheap unthreaded wheel  
-   Always clean and fresh surface 
- The Kapton sheet stays attached to the 

fibre mat and allows precise alignment 
during subsequent production steps.  

coverlay™
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Pulse shape from long fibers

1922

Arrival time of photons at the detector 
as a function of y pos of injection 

3 

500mm

1500mm

2500mm mirror

SiPM

detection 
point

⇒ Use of a mirror is essential to recover signal from far end of the fibers
Achieved ~87% reflectivity with (simple) aluminized mylar foil!
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Radiation hardness
• In the LHC environment, radiation hardness is an issue

- SiPMs are known to be sensitive to radiation damage

- scintillating fiber ageing is also a potential problem

20

Figure 43: Mapping for the 1MeV neutron equivalent fluence at z=783cm using a cartesian
grid for an integrated luminosity of 50 fb�1. The two red lines are placed at ±2.5m to
indicate where the silicion photomultipliers (SiPM) would be situated.
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Figure 44: Zoomed region of Fig. 43 corresponding to an integrated luminosity of 50 fb�1.
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Figure 18: Mapping for the absorbed dose at z=783cm using a cartesian grid. The results
are expressed in Gy and correspond to an integrated luminosity of 50 fb�1. The two red
lines are placed at ±2.5m to indicate where the silicion photomultipliers (SiPM) would
be situated.
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Figure 19: Zoomed region of Fig. 18. The results are expressed in Gy and correspond to
an integrated luminosity of 50 fb�1.
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Neutrons
~1012 n/cm2 (at y=±2.5m)

Factor ~2 reduction with shielding

Charged particles
~35kGy in hottest spots
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Scintillating fiber radiation hardness
• Several radiation hardness studies are reported

in the literature

- difficult to draw a global and consistent picture

• Fibers have been tested again up to 60 kGy
within the LHCb SciFi R&D

- on double-cladding scintillating fibers
(KURARAY SCSF-78, ⌀250µm)

• Tested effects:
a. photon spectrum after propagation through the fiber

b. attenuation length

c. scintillation process ⇒ not affected

21
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Fiber photon spectrum after irradiation

228

 14⇒ spectrum shift toward the green wavelength
⇒ drives SiPM development

3kGy

22kGy

~0kGy



F.Blanc, Scintillating Fiber Trackers

Attenuation length of irradiated fibers
• Irradiated fibers with 24GeV/c protons (at CERN PS) 

23X
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1
UV data
4-exp fit to UV data
Sr-90 data

Plate 1: Comparison of UV and Sr90 Data

Figure 15: Plate 1, after irradiation: Relative light yields following UV excitation and exposure
to electrons from the Sr-90 source.

of 10% can be expected. The e↵ect of the mirror is demonstrated in Fig. 16 for plate 1
prior to irradiation. The gain is largest close to the mirror and reaches about 70-80%
while it is about 20% on the first meter from the photo detector. After irradiation, the
same maximum gain close to the mirror is found, however the gain drops within 50 cm
from the mirror to a level of about 10%. The mirror potentially doubles the propagation
time of the light from 15 to about 30 ns which would exceed the LHC bunch crossing
interval [18]. We assume that a timing cut applied on the level of the front-end will avoid
signal spill-over and consequently limit the gain by the mirror to the far region (seen from
the photodetector).

3.5 Discussion and conclusions

The irradiation of the Kuraray SCSF-78 fibre to fluences of up to 7.1·1013 p/cm2 (equivalent
to 22 kGy) leads to a significant reduction of the optical absorption length. The primary
scintillation and wavelength shifting mechanisms appear to be una↵ected. On a time scale
of 2 months, the measured absorption lengths are stable and no annealing e↵ects were
observed. Annealing is generally attributed to the oxidation of free radicals produced
during the radiation exposure [19]. The fact that our fibres are embedded in epoxy glue,
which may act as a barrier for oxygen, is possibly suppressing a recovery of the optical
transmission. It should be noted that a possible fast annealing component during the first
7 days after the irradiation would have remained undetected. The available data limits
the time constant of such a component to about 3 days.

The measured damage, expressed as K = �

abs

/�

abs,0, was fitted to a model proposed by
Hara et al. [14]: K = ↵ + � · log10(D), with D being the dose in kGy. The fit yielded the
parameters ↵ = 0.381 and � = �0.196 (see Fig. 17). The model appears to describe the

20

~0kGy
attenuation length:

400cm/20cm

~3kGy
125cm

~22kGy
52cm

⇒ attenuation length is an issue for large irradiated detectors
⇒ also justifies the use of mirrors at the un-instrumented end
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SiPM radiation hardness
• SiPMs are known to be sensitive to radiation damage

-  at the level of ~1011 nequiv/cm2 

- LHCb environment requires hardness up to ~1012 nequiv/cm2 

• How can we then operate the SiPM at the LHC?

• The solution comes from three main axes:
1. shielding
⇒ delay the damage

2. cooling
⇒ reduce the primary (thermal) noise

3. SiPM technological improvements
⇒ e.g. addition of trenches between pixels to reduce cross talk

• Count noise as the rate of fake reconstructed clusters

24
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SiPM noise studies
• The thermal noise is the primary source of noise

• The noise cluster rate fC depends on
- the primary noise frequency fp (thermal noise)

- temperature T (fp is reduced by a factor 2 every 10ºC)

- neutron dose (fp increases linearly with the dose)

- pixel-to-pixel cross talk probability px-talk 

- after pulse probability pafter 

- integration and shaping time Δt (depends on electronics)

- clustering algorithm A, which depends on selection thresholds

• This model can be tuned on measured data to make 
predictions for other conditions

2532
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Figure 24: Dark count rate (T=22�C, average charge per noise count and x-talk for 32 channels
of a SiPM with new structure after irradiation equivalent to 2.8 fb�1. All measured parameters
show a high degree of uniformity.

frequency of noise clusters for a 128 channel detector module and is given by:

f

C

= f

✓
f

P

(�V, T,Dose), A(th
seed

, th

neigh.

, th

sum

), p
x�talk

(�V ), p
after

(�V ),

Z �t

◆
(1)

f

P

Iis the primary noise rate. It is the thermal noise generated without x-talk and after-
pulsing, it increases linear with the over voltage �V , depends on the temperature T
and the radiation dose received.

A is the clustering algorithm combining single channels into clusters. The most important
parameters are the seed, the neighbouring, and the sum thresholds.

p

x�talk

is the probability that a primary noise signal produces via x-talk a second instan-
taneous noise signal. The x-talk probability increases strongly with �V

p

after

is the probability for a primary noise signal to produce an after pulse. The after-pulse
can occur at times much later than the primary noise.

R �t

is the integration and shaping time of the readout electronics (FE). Long integration
and shaping increases the noise cluster rate.
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Example: dark noise spectrum simulation

2633

Simulation of the dark noise spectrum (no clustering yet!) 

 Irradiation 8fb-1 
 T=-40°C 
 Slow shaping 

Very good agreement for the 
dark noise spectrum. Dark 
count rate can be compared 
with measured dark. 

 Irradiation 8fb-1 
 T=-20°C 
 Slow shaping 

Change only the primary noise 
(higher  T) . Very good 
prediction of the dark noise 
spectrum. 

 Irradiation 50fb-1 
 T=-44°C 
 Slow shaping 

Too slow readout, pile-up of 
random events create large noise. 

The simulation was also cross-checked to predict the 
correct cluster size distribution and noise cluster rates. 8 

Excellent predictive power ⇒ can be used to extrapolate to other conditions

In the case of LHCb, find that operating at –40ºC is necessary

red: simulation
black: measured

change T only
change dose and T only

pedestal

1-photon
noise
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Musienko, PSI2013

• Recent improvements on the detector layout:
- increased geometrical factor
⇒ increased photon detection efficiency (PDE)

- introduction of trenches between pixels
⇒ reduced optical x-talk

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0.450

0.500

200 300 400 500 600 700 800

Ti
tle

 

Title 

MPPC-50mu new 1 MPPC  50 mu new 1 OV=1.5V

MPPC  50 mu new 1 OV=2.5V

MPPC  50 mu new 1 OV=3.5V

MPPC  50 mu new 1 OV = 4.5V

MPPC  50 mu new 1 OV=5V

Gain(E6)   
0.94 
1.54 
2.08 
2.73 
2.98 
 

XT  
0.03 
0.05 
0.08 
0.11 
0.13 

 
 
 

• Very interesting sensitivity characteristics. Plateau from 420 to 520 nm ! Ideal for SciFi! 
• High gain, large OV range  reduced relative temperature sensitivity. 
• Strongly reduced cross talk (1/8 compared to standard MPPC). 
• Very low dark count rate (83 kHz @ 5V, 25°C) 

 

New MPPC structure (1x1 mm2), 50 m, with trenches 

10 

(June 2013) 

SiPM technological improvements

27

SiPM with trenches [from Hamamatsu, 2013]
⇒ high S/N
⇒ ~40 individual photon peaks!
⇒ high uniformity of the detector
⇒ ~flat spectral response over 430–520nm
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Summary of SciFi technology
• Scintillating fiber trackers using SiPM photodetectors are an 

interesting alternative to other technologies

- resolution as good as Silicon strip detectors

- fast detectors

- big progress for operation in radiation environments

- flexible geometry: various detector shapes are possible (plane, 
cylindrical, oblique cuts, etc...)

- no high voltage (below 100V), no gas

- cost mostly driven by length of  the detector

- for Silicon strip detectors, the cost goes as the instrumented surface

• But many aspects still at the stage of R&D ...

28
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Prospects for future applications
• LHC experiment upgrades

- ATLAS ALFA

- LHCb tracker

• Linear Collider experiment (?)

- large surfaces too expensive for Silicon

• Balloon and satellite(?) experiments 

• Medical applications

- portability and robustness of the hardware is an asset

29
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Conclusion
• Scintillating fiber detectors have been around for some time

• In the past decade, developments in photodetectors allowed to 
build larger and more dense fiber tacker

• More recently, the SiPM technology has been improved for 
radiation hardness, noise reduction, and PDE

• Further improvements can be expected in the near future

• As a result, the scintillating fiber technology is likely to play 
an important role in future experiments!
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