Large Area Tracking Systems
Based on Scintillating Fibres Read Out by SiPMs

The new Fibre Tracker for LHCb
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e Basics of scintillating fibres

* Tracking with scintillating fibres. Pros and cons.
* A bit of history

* Short recap of SiPM technology

* The LHCb SciFi Tracker

 LHCb SciFi R&D: Challenges, strategies, status
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Basics of scintillating fibres

» Scintillating fibre = Polystyrene (PS) core + plexiglass (PMMA) cladding + O(1000 ppm) dopants
n~1.59 n~1.49

Typical dimensions:

. N 1.49
core " mm HCTit = asin| — ] = 69.6°
* 3% of core (~ 10 um) 1.59

PMMA N irinn Assuming isotropic emission of scintillation
light in a round fibre, the trapping fraction is

1 20.4° . .
Etrap > ﬁfo 2m sinfd6 =3.1%  (per side)

« Why"2"?  3.1% corresponds to meridional modes only, i.e. rays which cross the fibre axis
and which are reflected at the core/cladding boundary.

In addition there are 'cladding rays' and helical paths. They usually survive only over short distances.

N
\V/ RV
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;? Basics of scintillating fibres (cont.d)

sy F
* Double cladded fibres make use of an extra layer of a fluorinated polymer with lower refractive
index (n=1.42)

F

(CERN RD7 / Kuraray 1990). This is still state-of-the art!

1

267 21 sinfd0 =5.4%

iy} Etrap = 37 Jo

Last phabon

* Scintillating fibres exist also in other geometries and flavours

glass capillaries with Micro-fluidic detector study

Square fibres hexagonal fibres

Cladding liquid scintillator
£ W (PMMA) . X .::1' pixﬁ-
_— Core (PS) T 1.
- T
A 7, -t o |7
= S —

Cladding Thickness : T=2%of S
Mumerical Aperture : NA=0.55
Trapping Efficiency :4.2%

C.D. Ambrosio et al.,
NIM A 325 (1993), 161

Annis P, et al. NIM A367
(1995) 377

A. Mapelli et al., IEEE TNS
58, NO. 3, JUNE 2011
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Scintillation in organic materials

iy |

F

* The organic scintillation mechanism is based on the pi-electrons (molecular orbitals) of the

H
00 R
H H

H
Molecular states (pi orbitals)

> singlet states

benzene ring (C.H).

10% s

ultra fast

triplet states

Organic scintillators exist as
Crystals (anthracene)
Liquids (solutions)

non-

radiative

lonization e
energy -
—s
2
Sl \ 4

RO

fast

O\

fluorescence
108 -10° s

T

Plastics (polymerized solutions)

T

phosphorescence

slow

v

So

Organic scintillators are fast. Scintillation light decay time ~ few ns.
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In HEP, we use mainly

sy 0
H R
{é-?]— Polyvinlyltoluene (PVT) ==> plastic scintillator tiles
H HJx

T @T Polystyrene (PS) ==> scintillating fibres

In pure form, both PVT and PS, have a very low scintillation yield.
One adds therefore dopants in %o - % concentrations.

—

uv Visible
~300 nm >400 nm
=| Solvent Scintillator wavelength
2 NVV\, shifter (‘fluor’) N\Nv
B| AE = dE/dx-Ax fluorescence light
\% ) \_ Y, \_ ] Typical yield
X T T 8000 ph/MeV

fast and local energy
transfer via non-radiative

dipole-dipole interactions.
Forster transfer.

radiative transfer A fluor has non-
overlapping absorption
and emission spectra.

The energy/wavelength
difference is called

Stokes shift

(Producers normally don't disclose the details about the additives and their concentrations.)
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Emission spectrum of Kuraray SCSF-78 fibre
(baseline for LHCb Tracker TDR)

as function of distance from excitation point

excitation
photodetector %
C_ 1 v
Tracker TDR, measurement by B. SCSF-78MJ
| Leverington
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* Lightis attenuated during propagation
e Blue light is stronger absorbed than green and red

Wavelength (nm)

ass
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Attenuation in a 3.5 m long SCSF-78 fibre (@ 0.25 mm) in air, averaged over emission spectrum

—_ _ ¥2 / ndf 38.51/30
= f—
@ 1000 — / Short component: A~ 0.3 m Y_ 819.6 £6.745
b= — \ helical paths, cladding light (depends on A_l 357.5 £ 5.646
g 900 - fibre environment (air, glue, ...) Y_S 258 5+ 14 28
5 Tk A_S 30+ 0
© —
S 800
°
700 —
600 —
500 —
400 }— Long component: A;=3.6 m
| Rayleigh scattering, self absorption of WLS,
[ imperfection of core/cladding interface
300 1 | | | I 1 1 1 1 | | | 1 1 I 1 | | | I 1 1 1 | I | 1 | 1 I 1 1 |
0 50 100 150 200 250 300

Position [cm]

Graoh
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Radiation damage of scintillating plastic fibres

C. Zorn, A pedestrian's guide to radiation damage in plastic scintillators,
Nuclear Physics B - Proceedings Supplements 32 (1993), no. 0 377

* Mainly studied in the 1990ies, but often poor dosimetry and not very well documented.

* Literature gives partly contradictory results / interpretations (impact of radiation type,
dose rate, environment).

* Agreement that the main effect of ionizing radiation is a degradation of the transparency
of the core material (PS), while scintillation yield and spectrum are unaffected.

* Radiation leads to the formation of radicals in the fibre which act as colour centres. Those
can in principle react with oxygen and anneal. Environmental parameters may therefore
play a role.

* Viability of a fibre depends crucially on its length and the dose distribution along the fibre
in the specific application.

-> Irradiation tests should therefore be performed under conditions which resemble

as much as possible the ones met in the experiment.

| Christian Joram CERN PH/DT 18 July 2014 R AL
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Example: LHCb irradiation test (2012)

* 3 mlong SCSF-78 fibres (@ 0.25 mm), embedded in glue (EPOTEK H301-2)
* irradiated at CERN PS with 24 GeV protons (+ background of 5:10%2 n/cm2)

before irradiation after irradiation

. 2/ ndf 277/22 | =
S 1 e -1.685 + 0.3151 g - } e UVdata
S, L alfa_short -0.0502 + 0.01926 - 1_ 4-exp fit to UV data
b= = c2 0.08526+ 002395 | = - e . $r-90 data
% 0.8 . alpha_long -0.00228 + 0.0001364 @ 08 .
3] = < -
8 — L
o _ L
5 06 0.6—
T i

0_4; A;=439cm 04—

0_2; 0.2 ;

B 1 | | 1 ‘ | 1 1 | | 1 | | 1 ‘ | 1 | | | 1 | 1 1 ‘ 1 1 | | | | 0 . | . ‘
% 50 100 150 200 250 300 0 50 100 150 200 250 = 300

position [cm] position [cm]

0 kGy 3 kGy 22 kGy
at 6.25Gy/s  at 1.4 Gy/s
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Back-of-the-envelope estimate of photoelectric yield in a 0.25 mm double cladded fibre, 1 m from
photodetector. Non-irradiated.

1

MIP = dE/dx = 2 MeV/cm

photodetector

dx = 0.025 cm > dE = 0.05 MeV (when passing through axis ... optimistic!)

* Scintillation yield: dY,/dE = 8000 ph / MeV 2 Y, =400
e Trapping inside fibre (1 hemisphere): 5.4% - Y, ~20
* Attenuation losses over 1 m: 22% - Y,~ 16
e Efficiency of photodetector (typ. PMT): 25% 2>¥,.~4

=>» Need more traversed fibre thickness
=>» Need higher photodetector efficiency
=>» Need to recover light in the second hemisphere

| Christian Joram CERN PH/DT 18 July 2014
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A tracker serves to detect particles with

* high efficiency = enough light, low threshold

* good spatial resolution = fibre diameter, readout geometry, mechanical precision

In addition...

* it should give no/few false hits (ghosts) = low noise

It should have low mass

It should survive the radiation damage

It should be affordable

LHCb specific: it should allow for fast readout rate (40 MHz)
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Tracking with scintillating fibres -

Pros and Cons

flexible in shape (planar, cylindrical) and size

light weight (X, (PS) =42.4 cm, 1 mm fibre = 0.25% X,)

fibres generate and transport optical signal = the active region
can consist of active material only (almost©)
the material distribution can be very uniform

fast signal (ns decay times)

medium resolution, O(50 um)

quite small signals (few p.e.)

limited radiation hardness

| LIT++ +++

cumbersome production (no company delivers high

.. . R.C. Ruchti, Annu. Rev. Nucl. Part. Sci. 1996. 46:281-319
precision fibre layers).
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<% 2 Ksk B

A bit of history e

-y T
Jean-Daniel Colladon, a 38-year-old Swiss A
professor at University of Geneva, -—

demonstrated (by accident) light guiding or
total internal reflection for the first time in
1841.

Light Reflected
i\_.at Water-Air
\..*," Interface

\'."'ll ~.Light Gradually
'|I | Leaks Out

Water Flowing Out of Basin

Fi[ament sCinti]lation Co,unter* Rev. Sci. Instrum. 28, 1098 (1957);

GeorceE T. Revnorwps anxp P. E. Coxpon

Palmer Phvysical Laboralory, Princeton University,
Princeton, New Jersey

The above result indicates that a minimum ionizing
particle passing through a filament of 1-mm diameter

(index of refraction 1.58) would, on the average, result
in 110 photons appearing at the end of the filament,

. . Viewed with image intensifier tubes cur-

rently being developed,?* these filaments would provide First (?) non-
a solid scintillation chamber capable of fast timing and cladd.ed-scmt|llat|ng
good space resolution plastic fibre.
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0

¥ Gy 1D

Upgrade of the UA2 experiment (1985-87). 1 aliietal, NiMA273 (1988) 135

The first major collider application of scintillating fibre tracking technology.

e Quter tracking and pre-shower measurement for electron identification.
* 60,000 single-clad, blue-emitting scintillating fibres of 1 mm in diameter and 2.1 m long

* developed and produced (!) at Saclay. A > 1.5 m.

* Light propagates to 32 collector plates which are readout by 32 image-intensified CCDs (32000
pixels each).

collector plate

leod RN
trocking
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&k sk M

UA2 readout system 1350 o90° 150

28°

preshower, & (ayers
| tracking, 18 layers

[ n3 Nz mn coupling
(D plate )
+electronics -
3-stage image intensifier (I1)
30 ¢m 21m _ -

e —
.

-y

% fibre - optic tnuDlmg R.E. Ansorge et al., NIM A265 (1988) 33-49
preshower lead

Performance

e 2.8 p.e.perfibre (Imm)

* Single fibre efficiency: >91%

* 6,,;=0.35mMm, 6,4 =0.2 mm
* Readout time ~10 ms

CCD image (circles show calculated fibre positions)
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EMULSION TARGETS

AND FIBRF TRacKers HIGH RESOLUTION
CALORIMETER

CHORUS

HEXAGONAL

-

9
|

v E MACNET |
j | W
Annis P, et al. : ! \ :l o )
NIM A367 /o == . » 106 scintillating
(1995) 367 [ L i
| 1 % fibres of @ 500 pm
BEAM l ‘ Sl . .
—=f Bitt * 58 image-
| - tf - . o fe .
wn B | intensifier chains +
COUNTER \\ : !
\ | ! CCD,
| NV * similar to UA2.
9 SHIBQLLPPE" __Tﬁ???é%{j SPECTRCMETER
Tracking ernulsica Scintillation fiber . . . .
plate tracking arrey The SC'ntlllat|ng flbre'
0 % weemn % e % tracking layers provide
10m=
pre-localisation of the
Bulk emulsion regions to be scanned in
the emulsion.
y Ly intarastion L. .
e |
| They also tested a micro-vertex tracker
% " based on the liquid-in-capillary
st cs@ N § , § concept (see photo on slide 5).
- V.2.¥.% ‘ y.z.ytz" ¥.Z.2.¥
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D¢ The upgraded D@ detector comprises a 80,000-channel central fiber tracker (CFT).

V.M. Abazov et al, A 565 (2006) 463-537

Intercryostat
Detector . . . .
@ 835 um fibres are arranged in 'Doublet’ structure
'| Central Calorimeter — Acetal
NS
y ] Forward
Solenoidal Magnet Preshower
Detector
Luminosity
Monitor
e I Curved
D@ P — Backing
Bgam Plate
Pipe
End Strain
Calorimeter relief ring
for CFT, CPS
Silicon waveguides
Microstrip 256-channel fiber P
Central Preshower Tracker CFT or CPS Central calorimeter
Detector waveguide bundle =~
VY

* 8 concentric layers (axial + stereo)
* Ly~ 2m +0O(10)m clear waveguide
e Total = 200 km of scintillating and 800 km of clear fibres

Vertical
waveguide
chutes

to DO
readout platform
(VLPC cryostats)
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=y i
Very innovative readout in DO: Visible Light Photon Counters (VLPC) % sclF

LED calibration spectrum

reflecti - Cantact Regian
?:m.g o E‘:ﬂﬂ* Eﬂ;ﬁr %-i ﬂm w 250 j 1 photoelectrons
/ l y ) Si:As avalanche photodetector ’
R N Very high QE: ~ 75% gy Ay ‘
+v if— —."__ High gain: ~40-OOO % / 3 photoelectrons
P £ 100 |- / ‘
40— | Needs to be operated at 9 k! & T 4
Visible Phaton = i
Odpm=l = L0um 0 L PP AR PRI B

Performance (partly from test stand)
B. Baumbaugh et al. IEEE TNS 43, NO. 3, JUNE 1996

* Yield: ~10 pe / fibre

e Hit efficiency: 99.5%

* Doublet hit resolution: 100 um

e Fast readout: CFT contributes to the L1 trigger (every 132 ns)

Same technology is also used in the MICE
experiment http://mice.iit.edu/ < .

Bundles of clear fibres ﬁmm v
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& B
S. Ask et al., NIM A 568 (2006) 588—600 M
YEARS/ANSIRERN AT LAS A I_ FA S. Jaskoi)s:n, PhD thesis, NBI Copenhagen, 2013 %

Forward detector in Roman Pots for luminosity and o,,(pp) measurement

4 RP stations are located at 240 m from ATLAS in LHC tunnel
* Scint. fibres chosen because

__ eectonic cards Claddng. they are sensitive up 'Fo the
P very edge (no guard ring like
WRENTE T in Si detectors).
fio
éor:nectors = ° Total ~11.000 fibres, 500 pm
——]

squared, ~35 cm long,
aluminized for reduced cross-
talk.

LHC

_ * UV geometry with 2x10
Beam—_

staggered layers. Active area
is only about 3 x 3 cm2.

* Readout (at 40 MHz) by 184
Multi-anode (64 ch.) PMTs.

10 x 2 fibre layers

upper and lower /
N

Roman Pots

be;m axis
/ ‘ Performance:

* Yield: ~4 pe / fibre

<_Track resolution: ~25 um _>
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A short recap

of SiPM technology
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A short recap of SiPM technology

PIN photodiode Avalanche Photodiode
| (APD)
| |
] | O T
p* i(n) n* l=| 2 3
o A"NNAAK o /

h
O—»

« U, =few 100V

U,..s = small (or even 0) o
* Avalanche, self terminating

* No charge gain (G=1) _ :

* High QE (~80%) ’ Eharge gain G few e e Multi-pixel array of APD
* Excess noise, increasing wi . A

Used in calorimetry (1980-2000), . AG=3.1%/V and -2.4 %/K operated in Geiger

mode, i.e. above

S8 " High QE (~80%) break down
Used e.g. in CMS ECAL e with quenching
e G~10%-107

All these devices are immune to magnetic fields !
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How to obtain higher gain (= single photon detection)
without suffering from excessive noise ?

APD
SiPM

PIN diode

* Operate APD cells in Geiger mode (= full discharge),
however with (passive/active) quenching.

* Photon conversion + avalanche short circuit the
diode. A single photon (or anything else) is sufficient!

N, DIODE :

I = Bias voltage

I Ta W

|| Rq

| vV Cp| | Vaias . G

I BD -1 VD - Linear elger

I I -mode -mode

Rs % I quenching
| i
= |

discharge
e Asingle-cell GM-APD is just a binary device

(=switch). o

-~

Vbd g \70p Vv
charge

* Infoon N, is lostin the Geiger avalanche.

e It will become more interesting when we combine
many cells in one device ...
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Signal characteristics and Gain of a single SiPM cell

DIODE
- ) [~ ———7
The avalanche formation Imax™ (VaiasVeo) /Ra | | W
o Il Rq
is intrinsically very fast, :VBD\ Col 1y, _LVems
because confined to a A very fast spike | . E 1 :
Sma“ Space ("'Mm) T = RLoadCtotaI(parasitic) I S !v
L — -
ID slower tail
T = RaCp
Rq ™ >300 kQ
T, = RCp |~ - 1~ 10ns
)
Rs ~ kQ
Cy~ 10 fF ‘=>
=2 1,<ns

Gain=Q /e = (VgasVgp)Cp/e
\—Y—)
AV (overvoltage)

Cpscales with cell surface (and inversely with the thickness of the avalanche region)

e G~ 10°-107 at rel. low bias voltage (<100 V)
* dG/dT and dG/dV similarly critical as for APD.
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- o
100 — several 10000 pix / mm?

Only part of surface is photosensitive!

Photon detection efficiency
PDE=QE - ¢ " &

geom “avalanche

V

=f(OV)

Sizes up to 6)(6 mm2 now Stand ard_ File  Edit  Vertical  Horizfdcg  Trig  Display  Cursors  Measure  Math ies Hely

o qguench

Quench \ resistor bias bus
resistors g Vzi

Q Q

2Q

e 1GM-APD s a binary device.
* The operation of many GM-APDs in parallel leads to a
quasi-analog detector with photon counting properties.
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iy S
é"%’ The ’dark’ side of the SPPM detector (689 1

* Thermal/tunneling : thermal/ tunneling carrier generation in the bulk or in the surface depleted
region around the junction

* After-pulses : carriers trapped during the avalanche discharging and then released triggering a new
avalanche during a period of several 100 ns after the breakdown

» Optical cross-talk: 10° carriers in an avalanche plasma emit on average 3 photons with an energy
higher than 1.14 eV (A. Lacaita et al. IEEE TED 1993). These photons can trigger an avalanche in an
adjacent pcell. ;

—> Limit gain, increase threshold
—> add trenches btw picells

1E+07 3
0.0 —OT PRy ] N. Dinu & al, NIM A 572 (2007) 422-426
; 1.E+06 - FBK-irst device
2007 production
-0.1 N b
<
o o 1.E+05 4
& < ]
@ afterpulses 1S
E -0.2+ primary pulses § |
2 generated by the thermal carriers < LE+04 E
3
-0.31 1.E+03 5 AV=3V
] AV=2V AV=2.5V
cross-talk AV=1.5V
s s e ————— 1E+02 —— —— —— -
0 50 100 150x1 0-9 0 50 100 150 200 250
Time (s) threshold (mV)
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In addition... as for every Si detector, radiation damage is an issue. Linear increase of dark noise
rate (DCR) with n-fluence. No other serious effects.

DCRN@n,lMeVeq. /darkze'G'DCR

F

Fortunately cooling helps!

| Nakamura, JPS meeting, Sep. 2008

5 ! ; ! - MPPC S10362—11-050U-3
200 - 5 A _before irrad. 108, e bR
! - | | N : 2 g educe
5 ' 3%10° n/em? T o Hamamatsu 1mm? device py a factor
':r" pomt - ¢ ” - 10 3 ~2 every 8-
| | ' 1x10° n/em? 2 6l roaoc
OO = o - ; PP, A 10 L =
f T s : T=10¢
N 3x10° n/cn?? 05 L o T=Re
g T S " i
| 1x101° r'u'::m:E af
400 - r |f Y 107 F
[ | 53:{1 0'® n/cm? 03 L gy T=—50C
1x1IJ“" n/cm? R v 'Mgew@"‘}éé T=—70C
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dx1 lem? _ / T=—900
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i | L Mﬁm ] ] ]
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N. Dinu et al., NSS Conf Record (NSS/MIC), 2010 IEEE,
vol., no., pp.215-219,
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The LHCb
SciFi Tracker
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Major tracking upgrade of LHCb
(for after LS2, 22020, 50fb™)

Aim for the same performance at high luminosity (2:1033 cm=s?, 25 ns, v =7.6)
as under current conditions(<4-10%2, 50 ns, u=1.7). L%

+ New VELO, Si pixel based
« New Upstreamv/tracker (UT), Si-ustrip
* SciFi Tracker,/s/c' tillating fibres

Technical Design Report
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LHCb FLUKA simulation

F

1MeV neutron Eq. fluence/cm2 for 50fb-1 (100mb)

Main requirements 800 ————

Detector intrinsic performance: measure x,x' (y,y') with *° |

* high hit efficiency(~99%) 200 |
* low noise cluster rate (<10% of signal at any location)

1e+13

— le+12

Y(cm)
=]
1

* G, <100um (bending plane)
-200 —

* X/Xo < 1% per detection layer

Tle+11

400 |- i
Constraints 60— 0 1 1 1e+10
400,300 -200 -100 O 100 200 300 400
* 40MHz readout Dose (Gy) for 50fb-1 (100mb)
. 2 600 | | | | | 100000
» geometrical coverage: 6(x) x 5(y) m
* fitin between magnet and RICH2 400 |- - f§ 10000
* radiation environment: 200 L |Fq 1000
- <10"1MeV n,, / cm?at the location of the - 100
£
photo-detectors s 0r il

10

- £ 80Gy at the location of the photo-detectorsﬂ_
- £35kGy peak dose for the scintillating fibres !
400 01

- low temperature operation of photodetectors

600 | | | | | | | 0.01
-400 -300 -200 -100 O 100 200 300 400
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readout ™

10 or 12 (almost)
identical modules
per detection plane

Fibre ribbons (mats)
run in vertical
direction.

fibres interrupted in
mid-plane (y=0) and
mirrored

fibres read out at top
and bottom

photodetectors + FE

electronics + services

in a “Readout Box”
\

Gy 1D

{_*_‘r_*_\

stereo angle =+ 5° (prel.)

1 module

readout
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Material distribution X/X, of station T1 (with 4 planes X-U-V-X)

2000
<X/X0> = 2.6%
1500 0.18
0.16
1000

y [mm]

0.14
500 —0.12
0 —o.1
-500 ] uloa
0.06
11000
0.04
1500 0.02
20007 2000 -1000 0 1000 2000 0
X [mm]

Plot is a bit optimistic: 6th fibre layer in central modules not included
Fibre end pieces in midplane (y=0) not included
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Fibres and photodetectors

The SciFi tracker is following the technology
developed by the Aachen group for the PERDaix
detector (prototype balloon experiment)

B. Beischer et al., A 622 (2010) 542-554
G.R. Yearwood, PhD thesis, Aachen, 2013

,mean position
signal ?

amplitude
/
//
£
— pos

e _Em) | PERDaix: 860 mm (L) x 32 mm (W) bi-layer
; {1 channel .
module in stereo geometry.

1~ » 5 staggered layers of §250 um fibres form a ribbon (or mat)
N “fired pixel

* Readout by arrays of SiPMs. 1 SiPM channel extends over

L it the full height of the mat.
(\ ' ‘J e Pitch of SiPM array should be similar to fibre pitch. Light is
\'7 then spread over few SiPM channels. Centroiding can be
f _/\ used to push the resolution beyond p/sqrt(12).
fibre ( | IR , * Hits consist of clusters with typical size = 2. This is an
S S efficient approach to suppress noise hits (=single pixels in 1
\pmﬁde Channe”_
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M =40 kg

Time-of-Flight P, =60W

detector

Main physics purpose:

Measurement of the parameter ¢, which
describes the modulation of the cosmic
ray flux due to the solar wind.

(The magnetic fields modulate the
interstellar cosmic ray flux)

fiber tracker —

Transition
Radiation =
Detector

Figure 2. A photograph of the PERDaix detector:

R. Greim et al., Proc. 20th ESA Symposium on European Rocket and Balloon Programmes and Related Research’

Hyere, France, 22—26 May 2011 (ESA SP-700, October 2011)
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(a) The launch vehicle carrying the gondola with the experiments before the (b) BEXUS-11 carrying PERDaix

BEXUS-11 launch into the stratosphere
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/\
é'/ Some PERDaix test beam results (CERN T9, 2009)

beam (protons/pions)
p=12GeVic

E // trigger counter + PMT
beam telescope
& / ladder

1 i g [ ]

’ﬂ ﬁbermodu!e@ oy ) g T gy T gy ) g T g ) g T g T g
ik > e 2 3

( E ; ﬁbermodule@

- fiber module @ .
é—{& * 32 channel SiPM array from
— O tourmonse (2) Hamamatsu.

* Readout by IDEAS VA 32

beam telescope ladder

£ eamiiescope
ladder

r . (t=75 ns) + 12 bit ADC
trigger counter +
1000 F -
> 015 g ; T
_ 0.14 E § -
5000 L 800 L 0.13 E *  SCSF-78MJ
i L 012 E ©  SCSF-81MJ
: e 88 0.1 E 5 = SCSF-78MJ + grease
4000 Mean 18.63 600 i 0.1 ; N = 5 Monte Carlo simulation
e 00 2 L c 0.09 E N .
[ RMS 7.761 = 0.08 E :
8 3000 [ = [ L = N i
= i _ 400 + © o006 E 5 vy o
© 2000 | Fibres i 005 E L ??;%
i were I 0.04 E e
i mirrored 200 |- 0% _ L
1000 I 0.02 E--noimprovement due to-opticaligreas
001 E :
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0 10 20 30 40 50 60 0302010 01 02 03 lght yield / p.e.

Ax/ mm
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LHCb SciFi module design

SciFi module
What is different from PERDaix?

PERDaix LHCb SciFi 1
Module length 39.5/86 cm 2 x 250 cm
Detector surface 0.25 m? ~360 m?
Radiation none 10* Gy, 102 n/cm?2 =
Multiplicity 1 A few hundred §
Readout rel. slow 40 MHz 3

LHCb SciFi main design parameters
* Round double cladded fibres of §250 um, L = 2500 mm, mirrored

* 13 cm wide fibre mats made of 5 (or 6) staggered layers.

* 4 mats are assembled on the same support structure and form a 54 cm wide
module. 54 cm

* Readout by arrays of SiPMs. 128 channels. Pitch of SiPM =250 um.

=» >10,000 km of fibres

| Christian Joram CERN PH/DT 18 July 2014 RRRL
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SciFi Tracker ~20 pastic ip""t'ngmstltutes
— Brasil{CBPF) - L
— China (Tsifighua) ' ikl
— France (LBC, AL, LPNHE) S S
— Germany (Aachen, Dortmund Heldelberg, Rostock)

— Netherlands(N|khef)

— Poland (Warsaw) % = " N |
— Russia (PNPI, ITEP, INR, IHEP, NRCKI) oo’

— Spain (Barcelona, Vialencia) |
— Switzerland (CERN,';'EPFL) f
— UK (Imperial College) |

I Christian Joram CERN PH/DT 18 July 2014 binihe


http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=3v5Y34_2ixODxM&tbnid=fW1p6LpPHOGzKM:&ved=0CAUQjRw&url=http://monkeymagico.deviantart.com/art/Spectrum-Wave-133641157&ei=WbZ1U8ewOIWZPYaXgIAL&bvm=bv.66699033,d.d2k&psig=AFQjCNEyOtdqyqiFoOI5oUXyx3G0HGMGVw&ust=1400309713774368
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=3v5Y34_2ixODxM&tbnid=fW1p6LpPHOGzKM:&ved=0CAUQjRw&url=http://monkeymagico.deviantart.com/art/Spectrum-Wave-133641157&ei=WbZ1U8ewOIWZPYaXgIAL&bvm=bv.66699033,d.d2k&psig=AFQjCNEyOtdqyqiFoOI5oUXyx3G0HGMGVw&ust=1400309713774368

F

LHCb SciFi R&D: Challenges, strategies, status

 Geometrical precision

* Get enough light

* Fast readout with manageable data volume
* Survive the radiation

* Optimize detection efficiency vs ghost rate

| Christian Joram CERN PH/DT 18 July 2014 RRRL


http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=3v5Y34_2ixODxM&tbnid=fW1p6LpPHOGzKM:&ved=0CAUQjRw&url=http://monkeymagico.deviantart.com/art/Spectrum-Wave-133641157&ei=WbZ1U8ewOIWZPYaXgIAL&bvm=bv.66699033,d.d2k&psig=AFQjCNEyOtdqyqiFoOI5oUXyx3G0HGMGVw&ust=1400309713774368
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=3v5Y34_2ixODxM&tbnid=fW1p6LpPHOGzKM:&ved=0CAUQjRw&url=http://monkeymagico.deviantart.com/art/Spectrum-Wave-133641157&ei=WbZ1U8ewOIWZPYaXgIAL&bvm=bv.66699033,d.d2k&psig=AFQjCNEyOtdqyqiFoOI5oUXyx3G0HGMGVw&ust=1400309713774368

YEARS /ANS CERM ‘ SC F

Geometrical precision

* Fibre mats are produced by winding fibres, layer by layer, on a fine-pitch threaded

wheel
addition of very

fluid epoxy glue,
TiO2 loaded

feeder

~ @ 900mm
x>

p=270 um
Fibre winding (at Univ. of Dortmund) Test winding (at Univ. of Aachen)
Dedicated machine, in-house production Use of a large CNC lathe.

»w‘vv

~150 mm
Unicen 1000 MultiTurn

{ | Christian Joram CERN PH/DT 18 July 2014
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Geometrical precision

e Alternative technique: replace thread by a kapton film, structured with
coverlay(© Dupont). PCB technique, R. de Oliveira.

3 m long and 16 cm wide Kapton film used

g:ﬁﬁ p=270 um  for a full-size 6 layer mat (march 2014).

\

~ @ 900mm

~150 mm

Kapton film becomes part of fibre mat.
Allows use of precise alignment marks.

Inspection at CERN After winding at
Univ. Dortmund

| Christian Joram CERN PH/DT 18 July 2014
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Scan of fibre mat end faces (after cut with diamond tool) % —

Optfcal 3D coordinate measurement machine
(CMM) in PH/DT bond lab.

fibre diameter (mm)
03
defect 0.34 B
0.03 +defect
0.28 032
z . 0.02
E . * * - 03 | .
T 026 Lot st b & s £ £ oot
(A PP I D I A 4,?,,,:.-«,.?"?'.&9 - . wd | o . i
§  FANGTTSACTYNROREREONE | L on sKepElen EnEnNSenentens | £ ! Y
- : Uz e T T P
5 0.24 et 2 = Pt =7 S ik Fad)
o 206 < 001 i L &x'%..
£ 0.2 RMS =4-12 um . ®
. . 0.02
0.22
0.22 ﬂ N 0.03
layer 1 - layer 6
0.2 0.2 = -0.04 —
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
fibre number fibre number fibre number
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An important parameter: Fibre diameter profile (along fibre)

Over 99% of the length, the fibre diameter is

Plots by P. Hebler, Dortmund.

within 250 * few um T 650—
2 L
w x-Diameter g 600}
@ 10° Entries 3918084 £ =
g E Mean 2545 S 550
RMS 3.427 =
10° =
= ~4 M measurements 500
e along 12.5 km fibre 150F-
g (1 point every 3 mm), -
e performed with a LASER 400 —
E micrometer.
.C 350
10° = -
= 300} |
10 n L Vbl i =
= 250 ™
1Elllh\\||||||\\|A]V""”HH’JH”[”"H]J]||"|\\|"||||\\||"|||\\||| 200i v .
2000 250 300 350 400 450 500 550 600 _ 650 _ 700 = L T Ll o ‘
Diameter [um] 0 2000 400( 6000 8000 10000 12000
position [m]
E [
However, typically once per km, the B These sections are
fibre diameter increases beyond ° [ manually removed during
acceptable limits (300 pm). Problem »r winding process, at the
r U
worked on by producer but not fully 350 | position where the mat is
understood. soof- f| anyway cut. Costs time (5')
- A | but no performance.
N A N
:\\\‘II\\llll\||||\‘II\\‘\I\\‘III\‘IIII‘I

4429.5 4430 44305 4431 44315 4432 44325 4433
0 position [m]
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& & et M
Maintaining the intrinsic fibre precision when building a

full detector.

r=—42.10 -

Require overall precision and stability: O(100 um) i :x—Alignment g‘;

Pin [ i

* Quite non-trivial! Subject of current studies. < -
| . | 2
* Good ideas and promising results on prototype Fibre mat - 1 @
level exist. / 58

Alignment chain:

* Fibres inside mat = thread / coverlay

4900
r
| T
3
X

®

* Sides and end faces of mats need to be cut 2
rely on epoxy-pins on backside of mat (or

|||
markers on coverlay). I I I
R ) | ||
Round-head Pin Samples I I I
|||
* Mount mats on support panels = rely on I I I
epoxy pins or mat precision BE
: |||
* Mount support panels in C-frames = BE
alignment pins. ||| ,a—.ﬁ.lig;!nent
= _ ]
* Offline alignment ©

UB

: | Christian Joram CERN P
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Get enough light 2> maximise PDE of SiPM

32.59mm

We co-develop with

2 x64 Hamamatsu (JP) and KETEK (DE)
channels (g pure e o s s s 128-channels SiPM arrays, with

' very similar dimensions.

Photon detection efficiency
PCB N PDE=QE - ¢ €

geom ~ ©avalanche

Flex cable _f(OV)

*  Egeom CaN be optimised by
minimising the number of
pixels.

_ ®  €,.alanche AN be increased by
Dead area higher OV.
Pixel outline e Both effects must be counter-

Bondingwire  Channeloutline

acted by efficient trenches to
0.25mmx 1.32mm

control pixel-to-pixel cross-talk.
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PDE and cross talk measurements at CERN and EPFL

with trenches

F

iy |

0.500 050 with new trenches —5— KETEK C4-W3-c3-ch16 OV=2V
' ' ' ' —&— KETEK C4-W3-c3-ch16 OV=3V
-3B- W1-3B-1 0V =1.5V - -c3-
o4so | KETEK 2012 W1-3B-1 045 | KETEK 2014/ C4-W3-c3-c KETEK C4-W3-c3-ch16 OV=4V
(X-talk and after —B-W1-3B-1 OV = 2.5V 0.40 Eﬂ% —E— KETEK C4-W3-c3-ch16 OV=5V
0.400 = pulses removed) —5—W1-3B-1 OV = 3.5V ' .- % '
0.350 | 035 2 _ (X-talk and after
: —5—W1-3B-1 OV = 4V . Sl g % pulses removed)
0.300 0.30 id d N
§ 0.250 0.25 I
0.200 0.20 I
0.150 ] 0.15
0.100 - - 0.10 3
0050 BFr—F———— = e 0.05 E
0.000 C i 0.00
300 400 500 600 700 300 400 500 600 700
wavelength (nm) wavelength (nm)
0.1 o1
0.08 ¢ '
x . _ 008
‘E 0.06 ® 0.06
g 00 ¢ % 0.04
(8]
0.02 * 0.02 . .
0 o . *
0.00 1.00 2.00 3.00 4.00 >00 0.00 1.00 2.00 3.00 4.00 5.00 6.00

Over voltage (V) Over voltage (V)

Expect also new Hamamatsu devices in few weeks!
18 July 2014 RRRL
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~ o
é"’ KETEK 2014 C4-W3-c3-ch16 % .

0.50 —&— KETEK C4-W3-c3-ch16 OV=2V
' | —&— KETEK C4-W3-c3-ch16 OV=3V
0.45 ' = KETEK C4-W3-c3-ch16 OV=4V
Matching between 0.40 —5— KETEK C4-W3-c3-ch16 OV=5V
KETEK PDE and 0.35 4
scintillation spectrum w030 1 !
. . . . D
(after irradiation) isn’t o025 4 !
perfect yet. 0.20 I i ;
0.15 | |
1 |
0.10 .
: . |
0.05 '
il ! :
0.00 : :
0.07 . ! : |
after full irradiation : | =norm. total 35 kGy 250 cm Close to SiPM
0.06 : : norm. total 35 kGy 100 cm
|
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0.05 .
_ I
3 I
s I
< 0.04 |
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E 003
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- \\'\
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Get enough light = produce high quality mirror at non-read fibre end

F

50% of the scintillation light is emitted in the wrong hemisphere.

We studied three different mirror technologies

e Aluminised my|ar foil Expected relative light yield
. with/without mirror A, . =438 cm, R=0.8
* 3M Extended Specular Reflectance (ESR) foil e (with/ long )
e Aluminium thin film coating (TFC) ' 20% gain
. . . . . * 1.2 -
and measured the intensity gain (mirror/no mirror*) - e 80% gain
: D S
Pl , . . . . E 0.8 \
1 ate 1&2, intensity ratio at mirror ] ~———
v 0.6 e —
0.80 0.81 0.80 082 2 o—V
0.8 - 570 — ' 0.4
0.2
0.6 - —
0
04 - ~ | 0 50 100 150 200 250
% distance from photodetector [cm]
o
0.2 - —
0 .
Ratio Al.M. Ratio ESR Ratio TFC

It remains unclear why ESR results are so low. Would have expected > Al. Mylar.
We checked for possible influence of angle of incidence as well as glue type. No change.
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Get enough light &> maximise fibre attenuation length

CERN set-up for measurement of attenuation length

(]
X

. .. /
i

UV-VIS-photodiode® Teflon ‘cavity’ with 4 UV-LEDs Mechanical fixation

(+ PIN-diode for intensity monitoring)

17T <l 7

Optical rail, 3.5 m

AquaDAG (black paint)
Supresses cladding mode + rear reflection

*May be replaced by a SiPM, to have correct sensitivity characteristics.
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<SV3 s 1D

Measurements of 8 spools + older Dortmund sample (unknown Lot no.)
KURARAY SCSF-78, 250 um, double cladded)

1.6
g = o] 288.0 d:LHCb SciFilFibre procurement/root/Lot131112101.tx
o [ [} 259.1 d:LHCb SciFi/Fibre procurement/root/Lot131112102.tx
w3 14 L A 270.9 d:LHCb SciFiFibre procurement/root/Lot131112103.tx
_:; . I3 318.9 d:LHCb SciFi/Fibre procurementiroot/Lot131112104.tx <A, >=293cm
- = & 271.0 d:LHCb SciFifFibre procurementiroot/Lot131112105.tx (Lot 1-8)
_g 12 __ ¥ 344.7 d:LHCb SciFi/Fibre procurement/root/Lot131112106.tx4
[ R b 281.5 d:LHCb SciFi/Fibre procurement/root/Lot131112107_mjnror_DA
Lj — % * 309.1 d:LHCb SciFi/Fibre procurement/root/Lot131112108.tx4
E 1 __ ; i v 378.9 d:LHCb SciFi/Fibre procurement/root/Lot_Dortmund_xxx.txt
(=
o f—
= -
3 0.8—
L C
= -
= I
206
= —
=3
] I
o I
° 04—
oy f—
a —

0.2—

0_||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 3560

excitation distance [cm]

We are currently investigating with Kuraray whether lower or higher concentrations of dopants have
a sizable impact on A or whether we have to live with A~3-4 m.

Side remark: We are also maintaining / building up relations to 2 other potential fibre producers:
Saint-Gobain (Bicron), ELJEN Technologies (new in the SciFi market).
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& A
é_/ %A new but still unproven approach for scintillating fibres: % !!.

Nanostructured organosilicon luminophores (NOLs)

S.A. Ponomarenko et al., Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences

(see slide 7)

Light output is 45-
65% relative to
the anthracene
standard.

E

Photodetector

(@, Bory-

radiation)
New plastic
scintillator with
nanostructured
,| organosilicon . Light output is 90-
—»| luminophores o 120% relative to the
E —»| (NOLs) % anthracene
— @ L U g standard.
(o, B or y- gg *
radiation) .

‘L=1-2nm<<R
J U
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&k sk M

Measurements on scintillator tiles

Comparison of light yield from 5.49 MeV « particles Comparison of scintillation decay time
] 1 h/MeV _
0. Sco ,000 ph/Me 1,489 ph/MeV T o] \Sel
— NSc1b S —— NScl (fit 1.71 ns)

T 5 —— NScl (fit 13.35 ns)
3 © ——Sc0
° > 084  "Standard "NOL S 5l ScO (fit 2.42 ns)
5= scintillator" scintillator" % E — Sc0 (fit 19.11 ns) Sco
*Q c t_=2.42ns
3 . 0 6 a e ast
c L—Q ) 3 t ,=19.11ns
o2 ° D 10° _
= ) <% Sfasllsslow_1'57
S5 04 g
o (O] e < J
25 S Nscl_c=0.03 ML
o 2 ° 1073 t..=1.71ns
T < 024 2 t =13.35ns
E —_ E slow.
5 = 5 S, /S, =132
c Z 100_ asr slow

0.0 T T T T T T T T T T T T T T T 1 B B e o I BN B e e L B e e e
0 256 512 768 1024 1280 1536 1792 2048 0 10 20 30 40 50 60 70

photon/MeV time, ns

S.A. Ponomarenko et al., Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences

* Potentially very interesting!
* How will the material behave in fibre geometry ?
e Radiation hardness ?
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YEARS /ANS CERM ‘ sc F

Fast readout with manageable data volume

e ~0.6 M channels
* 40 MHz readout rate
» Signal propagation time up to 5m - 6ns/m = 30ns = some spill over to next BC

* No adequate (fast, low power) multi-channel ASIC available

LHCb develops its own ASIC, called PACIFIC, with 128 (or 64) channels (130 nm CMOQS)

DAC
i ‘o % 3 hardware thresholds (=2 bits)
Fast ‘ Lt |~ 2 « seed
Shaper DIGITAL
J S comp—P' A * neighbour
clkb mta rator clkb
* high
~90._ ~ com
Zin~20-40Q ;™ 250 MHz > plus a sum threshold (FPGA) are a good
e compromise between precision (<100
m), discrimination of noise and data
A cluster :lhnlse FEThwEEE;g A cluster A cluster
*ﬂ—[} g 3um resno *Q_D"ﬂ—l} hign Volume-
........................... threshold
Compared to analog (6 bit) readout,
seeding . ~
... foreshala expect resolution to degrade from ~50 to
relghboring . . .
oy RIS 60 um. Marginal impact on p-resolution.
SIPM channeals
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YEARS /ANS CERMN

SI:IFIMuduIE FE Box LHCh cavern ECuurltlng hou se

Clustering
FACIFIC GBT
FPGA Optical links

SIPM ' I 4)._)-_) o TELL4D
_)._)-_) to TELL40
Clustar

SiPM

SiPM

ADC data dats
128x2b(@40MH 2

Clusterization
EPGA Concentrator

FPGA

SiPM connector
PACIFIC

Current layout of motherboard ™

For 8 x 128 channels.

4 small boards 250,"”7 140,,,mf

1 large board
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1MeV neutron Eq. fluence/cm2 for 50fb-1 (100mb)

A 600 T T T T T T T le+14
1e+13

YEARS /ANS CERM

200

Survive the radiation

- le+12

Y(cm)

-200

Neutrons:

1e+10

* The SiPMs are exposed to 1.2:10'% Ny, e /cM? (50 fb?) o m 20 1 0 100 20 w0 4w

X(cm)

 Adetailed FLUKA simulation showed that shielding (Polyethylene with 5% Boron) can
halve this fluence = tests so far done for 6-:1011/cm? .

 The SiPMs need to be cooled. Our default working point is -40°C. Noise reduced by

factor ~64.
~ ";l"1[lz__ AT > —= . .
- 610/ EE— * e Dark counts are primary noise
€= ! S et B ———
oo p— g p— source.
Q2 T —— e i
o = -t S —_— . .
ot " ’_/-/"" e * Keep pixel-to-pixel cross-talk
o 8 UE B Mﬁ’_*ﬂ--: A low = avoid double-noise hits
“© f _,.l_""f __q,.v’f: = ( ) H 1
D T e St (which can seed noise clusters)
M . _d_—é.-‘___fﬂ
1 I ] fﬁ_r____ﬂ—&r—
o (The expected neutron fluencies
o Standard-(40°C) = Trench {8°C} i
i ~w T Trench [A0°C) 5 Trench (F20°C) don’t appear to be a problem for
i —+— Trench (-30°C) Trench (-40°C) the fibres (to be better
1{]lI T-'EﬂEh::[::E:Q"?El:::::::::::::E::::I:EEE[EI&:E:EE?‘.G}::::::::::: . (
(IR T R T R IR I T TR I M T N I R N TN NI T I NI T M T B I | Verlfled!)).

1 1.5 2 2.5 3 35 4 4.5 5 5.5
Over voltage [V]

Hamamatsu 2013 technology (singe channel devices)
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0
R

YEARS /ANS CERM

SiPM cooling in Readout Box

2, I
0
<
)
S, 58-2
% ; N { - - o
o\ o Readout electronics (warm) g
™ 8x PACIFIC>1L O O OO OO0 [0 [ g
“-.\\\1. f o
Cold N 0
Pipe | - ®
T=-40° <€ ,
- o 0 o 0
SiPM 7 - s [T
] I s . '

41.90
Large T-gradient (60 K
over ~2 cm) poses
formidable challenge.
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Dose (Gy) for 50fb-1 (100mb)

/"\ 600 —— 100000
@ a0 | #® 10000

YEARS /ANS
EARS /ANS CERM 1000
200 [~

100
0k

Y{cm)

10

Survive the radiation

-200
1

-400

0.1

lonizing dose:

_600 1 1 1 1 1 1 1 0.01
-400 -300 -200 -100 © 100 200 300 400

* The fibres get significantly damaged in the central part of the detector (up to 35 kGyY”

¥ Indf 9.585/10

. : Model 1 .
Y ]
} V2 ndf 732719
B N Model2 i, 1849 0.5386 ;
0.8/ X ie. atmseme;
L . - x* I ndf 4.097/8,
L . Model 3 1o 0.435+0.0423
o - *s L B_-0.2259 = 0.02907
< 06+ O Tindf 467519
— - Hara model < ~ Model 4 ﬁ 2,874+ 0.7385
< B . 7 0.3691+ 004536
0.4—
B = CERN-PS
0.2— e KIT-HD
B O LHCh-Pit (not in fits*) _
0.07 1 1 IIIII\l 1 1 IIIIIII 1 1 IIIIHI 1 1 \III\II 1 L1 11~
10 1072 107" 1 10 10?
Dose / kGy

There is no well-established model to describe A(D)/A, = f(Dose)
Hara model:  A(D)/A(0) = a+ P log(D) K. Hara et al., NIM A411 (1998), no. 131 .

Describes our data well, but has some weaknesses (can’t include D=0, can become negative)
There is no generally accepted model - Need more low dose data.
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¥EARSYANSICERD l % sc

Survive the radiation

F

Fibre annealing?

e Can we hope for some annealing effects ? Controversially discussed in literature. But also
non-agreeing observations in Heidelberg (yes) and at CERN (no).

* 6 fibre layers in the central part will provide safety margin.

* Ultima ratio: be prepared to replace some central detector modules after n fb1.
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SS¥.3

YEARS /ANS CERM

Trenched tech

Optimize detection efficiency vs ghost rate

nology Hamamatsu - Irradiation 50 fb-1

iy |

Detection efficiency 6 Layers
T T T

Noise Cluster Rate (MHz) per SiPM (128 ch.)

2.5 photons seed cut
3.5 photons seed cut [
4.5 photons seed cut
5.5 photons seed cut

1 1 1

4‘2 125 B — X -talk=2% T=-40°
c B S — X-talk=7% T=-40° 100 -
7 L QQ'D: — X-talk=12% T=-40°
_8 10— x1=179 E ! — X-talk=17% T=-40°
[oVs) B ol
2 N 2!
L QL
7o 2 S
B 3. g
! g
B : ; 0
sl XT=12% ' &
- % : 94
- . |
|
B *\ 1
ssl_ . B
L _XT=7%_ 3|é___ e N = - -
A~ .
- AT=2% B ey —
1 1 1 1 1 1= S — R I i — — 1 90
0 2 25 % ' 3% 8
Seed threshold
considered )
tabl Seed = charge (in p.e.) of a
acceptaple
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Where do we stand ?

* Fibre modules Learned how to make 13 cm wide and >2.5 m long fibre mats. Current
focus: machining and precision assembly of mats on panels. Aim to test
them in SPS beam in autumn.

* SiPMs 64-ch. SiPM arrays from Hamamatsu and KETEK successfully tested.
First 128-ch. arrays from KETEK look promising. Expect new arrays from
Hamamatsu soon. Increased PDE and(!) reduced XT.

* RO electronics Single channel of PACIFIC being tested. 8-channel version submitted a
few days ago. Full scale prototype ASIC in 2015.

* Design Efforts for overall detector design, Readout Box, mechanics getting in
full swing. Lots of challenges like beam pipe hole, cooling (insulation,
condensation).

* Production Starting to think of tooling, logistics and QA. Mass production of fibre
mats and modules will require sustained efforts and tight quality
control.
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Where do we stand and what can we expect?

Non-irradiated 2.5 m long 5-layer mat + 2011 technology SiPM array,
measured with 1.5 MeV e in lab (from energy filtered Sr-90 source).
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Summary and Outlook

e Scintillating fibre technology in combination with SiPM arrays allow building large-area
and low-mass tracking detectors with good spatial resolution.

* Asinevery light based detector, lots of effort is spent in producing enough photons
and loosing only few of them.

* Radiation is the main enemy, both for the fibres (ionizing radiation) and the SiPMs
(NIEL = neutrons). The radiation environment of LHCb is already pretty challenging.

* There was relatively little activity in scintillating fibres during the last two decades.
Compared to e.g. silicon, the fibre technology hasn't evolved very much in terms of
e.g. light yield, radiation hardness, attenuation length, ... . NOL technology could have
a large impact.

* Building a precise large-area fibre trackers is a labour intensive endeavour with lots of
in-house production. Industrial partners producing high quality fibre mats would be
welcome.
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Figure 4.5; drwestpate—set cfficiency of the Forward pattern recognition algorithm on samples of
simulated B, — ¢¢ events in upgrade running conditions at v = 7.6, for the upgrade and the
current detector. For the efficiency a cut of the track momentum of p = 5 GeV/e is applied.
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