Scintillating Fibres —
Tracking Particles With (a little) Light

The new Fibre Tracker for LHCb

Christian Joram
CERN, EP-DT

CBPF, Rio de Janeiro
01/09/2017
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SCIF

LHCb LS2 upgrade

* What are scintillating fibres and how do they work?

* A bit of history
* A few slides on Silicon Photomultipliers (SiPM)

e The LHCb SciFi Tracker

 What makes it difficult (and interesting)? /

: * How can we track particles with scintillating fibres ?
(]
-
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! Christian Joram CERN 2017


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

e !

 LHCb is an atypical collider experiment with classic fixed target geometry.

F

* Its mission is to measure rare phenomena in the beauty and charm sector in particular CP
violation, and to look for signs of new physics (beyond the standard model).

* For this purpose it has pijé/rfuI vertexing, tracking, calorimetry, particle ide@tﬁication

N
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* It’sin operation since
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* In2019/2020 (during LHC Long Shutdown 2), LHCb will undergo a very major upgrade.

* 5x higher instantaneous luminosity. Aim for 50 /fb over 10 years.

* Three detectors will be replaced. All other detectors obtain fast 40 MHz readout electronics.

* Full software trigge[,,fér/"é/very bunch crossing. \\
=Y

F

\

+  New VELO, Si pi;e/i)désed
¢ New Upstreamv/tracker (UT), Si-ustrip
* SciFi Tracker,/s/c' tillating fibres
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TRED Why to replace the Outer Tracker? B

—__ cathode surface

///""'"..Ar/ COZ/ Oz \I)

gas amplification region

OT technology: Straw tubes, i.e. cylindrical drift tubes

ik} 340 ""

[+ R anode wire |

TT—— ! particle
electron ionisation | track
A VR YR . drift path '-.Illlr clusters J
Performance: 07 ;_Lf%{;% \,..,JEH-‘-#FF
Ehit = > 99% \\_')\‘_ J }E{*fi#Lf ;,,,/
G, = 180 um P
3% X, / station LT Drift time < 50 ns

Issues when upgrading the

luminosity at LHCb by a factor 5

and switching to 40 MHz readout:

e drift time will spill over to next
measurement

e occupancy of straws will
approach 100%

5m
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WS Why to replace also the Inner Tracker? .

F

The region close to the beam pipe is complemented by the Inner Tracker (Si micro strip technology).

A

2% of the area
20% of the tracks

suppgrt frame
(Bottom frjd Aigle box)

- 595 supbprt fibfne
' (top arld C-si box)

. . dc F
* No intrinsic performance issue. 6" 14

* New 40 MHz readout needed
* |T area would need to be
enlarged

v | CO( nges

- detdctor boxes

hd

: : . | snnaI— ;
* Integration of a Si tracker in the supply bles
middle of another detector is a
mess = up to 30% X, of material. . ,‘ . O
exible
Anwinlrirni _'T E hille chain
5 . 4N NN I . .- ---l- )

- Replace both IT and OT by a single technology
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What are scintillating fibres

and how do they work?



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

e !

F

What is a scintillator ? Energy deposition by an ionizing particle
%? or photon (y)
6/ Light guide .
J —» generation

— transmission of scintillation light
— detection
photodetector

scintillator
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Two categories

F

Organic scintillators

Inorganic (crystals)
(plastics or liquid solutions)

e More light (up to 70000 ph/MeV)

e Polystyrene + some dopants B e High density r~5-10 g/cm?
e Little light (<10'000 photons / MeV) e Expensive

e Low density p ~ 1g/cm3

e Fast (ns)

e Cheap

Radiation “soft”
Can be used for fibres!

Don’t confuse scintillators with lead glass !

The light generation in lead glass is
actually based on the Cherenkov effect.
Lead glass is the poor man’s crystal. High
density, but little light output.

! Christian Joram CERN 2017
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F

Refraction Total internal reflection
! Qout Nio
oLin > OLcrit 9 oLoutz(xin R = 100%
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e

Jean-Daniel Colladon, a 38-year-old Swiss professor at
University of Geneva, demonstrated (by accident) light

guiding or total internal reflection for the first time in
1841.

He had actually studied law (!) and worked on speed of
sound in water and water jets.

Light Reflected
at Water-Air
Interface

—.Light Gradually
Leaks Out

Water Flowing Out of Basin
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Basics of scintillating fibres

F

* Scintillating fibre = Polystyrene (PS) core + plexiglass (PMMA) cladding
n~1.59 n~1.49

- (1.49 .
PMMA Partice 0.+ = asin 159) = 69.6

-.-.-..-..-.-'TT:- S N, — 1

20.4° :
SN Etrap = 77Jo 2w sinddod

> 3.1% (per side)

There are also 'cladding rays' and helical paths. They usually survive only over short distances.

e XK
N/ OO0\
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SCIF

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

Lost phabon

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

— 26.7°
- 1 .
S A > -
1.\:“ Etrap = 25 21 sinfdo
] 0
> 5.4% (per side)

e Scintillating fibres exist also in other geometries and flavours

Square fibres

— Cladding
" (PMMA)
|_— Care (PS)
- T
N /)
= S —

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

hexagonal fibres

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

! Christian Joram

CERN

glass capillaries with

liquid scintillator

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

Micro-fluidic detector study

MAPMT pixels

- — —

\ liquid 2cm
.~ output

liquid |
- %
input -

A. Mapelli et al., IEEE TNS
58, NO. 3, JUNE 2011
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Emission spectrum of Kuraray SCSF-78 fibre
(baseline for LHCb Tracker TDR)

F

excitation
. . . . . spectrometer d N
as function of distance from excitation point — <l
0.30
Kuraray SCSF-78 Non-irradiated
0.25 e =10 CM |
e (=50 cm
0.20 e =100 cm 1
5 e d=150 cm
K
2z 0.15 d=200 cm —
;aE_.; e (=250 cm
= 0.10 e =300 cm
0.05
0.00
400 450 500 550 600
wavelength (nm)
_a
* Lightis attenuated during propagation I=1I,-e A

* Blue lighti h
ue light is stronger absorbed than green and red A(L) attenuation length
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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
EJOUU :_ Short component: A ~ 0.3 m Y_l 819.6 £ 6.745
= : / helical paths, cladding light (depends on Al 357 5+ 5646
g 000 = fibre environment (air, glue, ...) Y_s 258 5+ 14 28
s F A_s 30+ 0
© —

S 800

o

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 I | | 1 1 I 1 | | | I 1 1 1 | I | 1 | 1 I 1 1 |
0 50 100 150 200 250 300

Position [em]
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How can we track particles with scintillating fibres ?

Tracking = localising particles along their path

* High resolution = use thin fibres :>

particle path
(in a magnetic field)

* High efficiency = use thick fibres

* Low background e -> low noise photodetectors ‘

Future location of our SciFi tracker in LHCb

! Christian Joram CERN 2017
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%I% Trackers based on scintillating fibres sc

* Fibres give lots of geometrical flexibility
* They have low mass and are (almost) self supporting
* All non-active material can be at the end of the fibres

) b) )
VR
v Ya's
2D stereo cylindrical
{HE A
1o e !
\ /

But ...

e Fibres give relatively little light

* They are non very radiation hard

e Building a fibre tracker is a lot of work (companies just deliver fibres)

! Christian Joram CERN 2017
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F

Back-of-the-envelope estimate of photoelectric yield in a 0.25 mm double cladded fibre, 2 m from

photodetector. Non-irradiated.

MIP = dE/dx = 2 MeV/cm (Bethe Bloch)

photodetector

=

dx = 0.022 cm (active) =2 dE = 0.04 MeV

(when passing through axis ... optimistic!)

* Scintillation yield: dY,/dE = 8000 ph / MeV

e Trapping inside fibre (1 hemisphere): 5.4%
e Attenuation losses over 2 m: 50%

e Efficiency of photodetector (typ. PMT): 20%

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

>Y,=320
>Y,~16
>Y,~8

> Ve~ 1-2

VERY little light !

! Christian Joram CERN 2017
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A bit of SciFi history
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A bit of history

After the discovery of Colladon (1841), it took
116 years before scintillating fibres were used
as particle detectors

Light Reflected
\_at Water-Air
4, Interfa

Water Flowing Out of Basin

Filament Scintillation Counter®  fev.sci instrum. 25, 1098 (1957)

GeorceE T. Revynorwps anp P. E. Coxpon

Palmer Physical Laboratory, Princeton Universily,
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- o
rently being developed,?* these filaments would provide First (?) non-

a solid scintillation chamber capable of fast timing and cladd.ed.scintillating
good space resolution plastic fibre.

e ! Christian Joram CERN 2017
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(KiEY I
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

ChristianJoram  PH/DT 23 May 2014 LR
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(9
SC

UA2 readout system 1350 o90° 150

F

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.per fibre (Imm)

* Single fibre efficiency: >91%

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

CCD image (circles show calculated fibre positions)

ChristianJoram  PH/DT 23 May 2014 LR


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

e J

EMULSION TARGETS

AND FIBRF TRacKers HIGH RESOLUTION
CALORIMETER

CHORUS

HEXAGONAL

-

9
|

v E MACNET |
' \ i | 5T
Annis P, et al. E DA :\l
NIM A367 /o == . » 108 scintillating
(1995) 367 [ 5 .
| ) fibres of @ 500 um
BEAM §| i .
P T 58 image-
| - tf - . o fe .
wn B | intensifier chains +
COUNTER \\ : !
\ | ! CCD,
| e * similar to UA2.
g SHIBQLLPPE?_ __Tﬁ???é%{j SPECTROMETER
Tracking ernulsica Scintillation fiber . . . .
plate trecking arrey The scintillating fibre-
mm_% = % e % tracking layers provide
o pre-localisation of the
Bulk emulsion H :
- o . regions to be scanned in
L ) the emulsion.
Ly intaraction
—‘y—-- %.r.'.'."v ]
] They also tested a micro-vertex tracker
S8 i . .y . .
| based on the liquid-in-capillary
st CS%Y . %y " § - concept (see photo on slide 14).
\Z.¥.% Z. Y. y.zi.z.y
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F

e !

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

— Acetal

Forward
Preshower
Detector

Luminosity
Monitor

_ e Curved
D@ B === — Backing
BEam Plate
Pipe
End Strain
Calorimeter relief ring

for CFT, CPS
waveguides

Silicon
Microstrip
Tracker

256-channel fiber

CFT or CPS

waveguide bundle ~
VY

Central calorimeter
cryostat wall

Central Preshower
Detector

e 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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F

% Very innovative readout in DO: Visible Light Photon Counters (VLPC) s

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 ’
T N Very high QE: ~ 75% 3. b |
P 1 High gain: ~40-OOO % [ 3 photoelectrons
8 —] g 100 [~ y ‘
40— | Needs to be operated at T=9K! ¢ | | 4
Visitile = ;
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

* 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

ChristianJoram  PH/DT 23 May 2014 LR
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. Ask ., —
B8 ATlacALFa s mssemoss o .

F

Forward detector in Roman Pots for luminosity and o,,(pp) measurement
4 RP stations are located at £240 m from ATLAS in LHC tunnel

p— i * Total ~11.000 fibres, 500 pm
e (PMMA) ~
= squared, ~35 cm long,
e MAPMT — ini
9 aluminized for reduced cross-
fibre talk.
Connectors = ———
L—S*—l * UV geometry with 2x10

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

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

LHC

Beam—_
‘% 10 x 2 fibre layers
upper and lower
i

Roman Pots

.

be;m axis
25 Performance:

* Yield: ~4 pe / fibre

<_Track resolution: ~25 um _>

ChristianJoram  PH/DT 23 May 2014 "


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

% sc‘ F‘

A short recap

of SiPM technology
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e !

Silicon Photomultipliers (SiPM) -
What makes them so attractive for SciFi ?

F

A photodetector for reading the scintillation light from a fibre requires

Image  (MA)PMT SiPM

intens.
High sensitivity (PDE) o 0 + ~ 40%
High charge amplification + + + ~ 107
High speed (multi-MHz) - + +
Small size o - + ~ mm?2
Low cost (per channel) - - + few CHF
Immunity to magnetic field - - +
Radiation tolerant o 0

Christian Joram CERN 2017
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e

PIN photodiode

o

p+ n+

i(n)
h e
e

* High QE (~80%)

* U, =small (or even 0)

* No charge gain (G=1)

* 1 photon = 0 or 1 electron

* Can’t detect single/few photons

Avalanche Photodiode

(APD)
|
%22 % /
Y

* High QE (~80%)

* U, =few 100V

* ‘small’ avalanche, self
terminating

* Charge gain G ~ few 100

e Can’t detect single/few
photons

SiPM

A R e e )

[

Antireflective layer
=0

j ) =l

=3

g
g

5,

A
=/

body

Quenching ReYistor

Multi-pixel array of APD

* operated in Geiger mode,
i.e. above break down

e G~ 10°-107

* forced quenching

* Every pixel is just a binary
detector (0/21)

e Parallel connection of all
pixels gives a quasi-analog
detector

Christian Joram CERN 2017
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e 1

100 — several 10000 pix / mm?

Only part of surface is photosensitive!

Photon detection efficiency
PDE=QE - ¢ €

geom ~ ©avalanche
=f(OV)
Sizes up to 6)(6 mm2 now Stand ard‘ File  Edit  Vertical  Horizfdcg  Trig  Display  Cursors  Measure  Math ies Hely
o qguench
_Vbias

resistor bias bus

Quench \ 7
resistors g
zé

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.

! Christian Joram CERN 2017


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

The LHCb
SciFi Tracker
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%% General layout of the detector geometry:
3 stations with 4 planes each X-U-V-X (like the OT)

SCI F

Requirements:

* 0, <100um (bending plane)

* Low mass, 1% X, per layer
 Readout every 25 ns

* Radiation tolerant up to 35 kGy
and 102 n/cm?
N

~
~

Christian Joram CERN 2017
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e !

SciFi in numbers

F

Fibre mat

§ -8

SciFi Module

1x SciFi Module

‘ X 12 XUVX
Detector Layer 4
om

X 4 (stereo angles

‘ 0°, +5°, -5°, 0°)
Tracking Station
¥ x3
Scintillating Fibre Tracker

-
<

- 1024 mats, 128 modules

- 340 m? total area

- almost 11,000 km of fibre

- 4096 SiPM arrays = 525’000 SiPM channels

! Christian Joram CERN 2017
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e

QA on scintillating fibres (11’000 km, 880 spools)

Amount of scanned fibre [km]

12000
11000

10000 -

=== Shipment date (Japan)

=== Shrinking and QA ready (CERN)

9000

8000

7000

6000

5000

4000

3000

2000

1000

Status: 24.07.2017

SCIF

Every mm of fibre is scanned for
diameter anomalies (bumps)

Big bumps (AD > 100 um) are
shrunk / removed.

Every spool is characterised in
terms of attenuation length and
scintillation light yield.

A fraction of spools is checked for
radiation hardness, decay time,
bendability

Significant contribution from
CBPF: A.B.R. Cavalcante 2014 —
2016 (PhD 08/2017)
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e

Fibre mat &module production
@80 cm wheel with fine thread (p=0.275 mm)

Winding machine, produced in industry

6 layers
+ epoxy
glue

polycarbonate endpiece
mounting endplug

Nomex honeycomb
/ /— CFRP

7 2.0 gap il

\ light-injection endplug

ROB interface collar

LT | \//////////I

40 mm

mirror endpiece )
mirror CFRP

L|

A

2.5m

Christian Joram CERN 2017
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% Principle of readout .

F

. single channel: single pixel
SIPM array 0.25X1.5mm?
+ ;
96 pixels

Kapton flex-PCB

! Christian Joram CERN 2017
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% Principle of electronics -

F

mean position
A

signal e Hit fibres form clusters of 2-3 SiPM channels
amplitude P
//. ° . . . . .
7 h pos Analog centroiding would give optimum spatial

e EE BN :
resolution.
pinel | L —f Rl channel  Signal per channel up to ~20 pe = require 6 bits
il & \ ) resolution.
k (S HTRT fired pixel .
| A‘;(:’ . > mun N * Remember: 525 k channels x 40 MHz readout x 6 bits =
(/,AM? (B~ photon 126 Tb/s = Not affordable
| it 0 | 2T l
\v)c —**4:‘“’% e Second best solution: a 3-thresholds binary readout
/L y&; A/,) cluster cluster cluster
dwa N \“/’ : large sum
e LR = ™
NE RN | N |
varticle Q $ ‘
©
3 — — 45pe
=
£ v 25pe 3 thresholds
<r--B--BW - ' P
= 2 bits
Achieved in test beam: 1.5 pe
o, <84 um

012345678 910111213
SiPM Channel

! Christian Joram CERN 2017
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%{‘9} Principle of electronics !!l

+HV

- Clusterisation GBT (data and controls)
Pacific(5) FE ASIC B FPGA
Preamp Shaper Integrator T&H Digitisation — g
; r
N y ’J El: a| 160MHz
ﬁ% Lot | —
I L2 1 W ] 1 '—_’—' J1 ]I L 1 i
64 channels 64 differential lines
GBTx

Clusterization
FPGA

PACIFIC

SiPM

4 small boards
1 master board

! ChristianJoram CERN 2017


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

e

SC‘ F‘

What makes LHCb SciFi challenging
(= interesting)?

Radiation

Large size

High precision
Complex integration

RADIATION
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F

e

LHCb Radiation Environment

lonization dose: Neutron fluence
35 kGy in hottest region at SiPMs: 6x 10*' n,, / cm?
Dose (Gy) for 50fb-1 (100mb) 1MeV neutron Eq. fluence/cm?2 for 50fb-1 (100mb)
600 600 — T le+14
400 - 400 —
1e+13
200 — 200 —
o E 0+ — 1e+12
>
00 - -200 — —
1e+11
400 | 400 .
600 | | L | L 0.0 -600 1 : 1e+10
400 300 -200 -100 0 100 200 300 400 ' -400 -300 -200 100 O 100 200 300 400
X X(cm)
(cm)
decrease of fibre transparency Increase of SiPM dark noise

Christian Joram CERN
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(9
SC

Example: LHCb fibre irradiation test (CERN PS, 2012)

F

* 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 26.77 /22 —_
S 1 1 -1.685 + 0.3151 g * UVdata
S, L alfa_short -0.0502 + 0.01926 - 1_ 4-exp fit to UV data
s T aphaong omzsesonores | 2 | Sr-90 data
= 08— g 08—
g F N A =126 cm
£ 06 0.6 . !
° A =439 5 i A/ =422 cm
= cm _
0.4 I 0.4r A, =52 cm
0_2; 0.2;
B | 1 ‘ | 1 1 | | 1 | | 1 ‘ | 1 | | | 1 | 1 1 ‘ 1 1 | | | | 0 . | . ‘
% 50 100 150 200 250 300 0 S0 100 150 200 230 300
position [cm] position [cm]
0 kGy 3 kGy 22 kGy

at 6.25Gy/s  at 1.4 Gy/s
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SCI F

%’% Dose along fibre will be very non-uniform

[ =)

SiPM position

00¢

UPISAI L) e

04T

(w2) adid weaq wou) 3ueIsIiq
001

Fluka
M. Karacson

beampipe level

01
661
0001
1

Expectled dose (Gvy)

=y
(=]
™

Attenuation length A SciFji irradiation tests

Many radiation test
-> reasonably good
understanding of
radiation damage
over full dose
range.

-
[=]

Attenuation factor o = 1/A

=Y

o= OLO+ OLirr

-
(=]
L

OLirr ~ k D

alrr
additional attenuation for 450 nm [m™]

o
=
o

R. Ekelhof, PhD thesis
Ll Lo L |

=
.
o
[¥]
= F
<
=
=

2
10 dos? [kGy]
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%{3} The (almost*) ultimate irradiation test !!l

n

We irradiated two mirrored SciFi mats

= 10" 2
. . g, E July 2016 October 2015
In the PS Irrad faC|||ty at CERN tO the § !g: Expected dose Expected dose
. e _‘;\ B Measured dose - Na22 e  Measured dose - Na22
eXpeCted Steep dose prOflle' 10 = | ——--- Fit to measured dose || ----- Fit to measured dose
Only a 25 mm wide band along - Fit+- 1o ft+ 1o
the mat was irradiated. oL
From previous results, the expected -
signal loss at the mirror end of the e g ““'f_;
- ¢
mat was 40%. -
| 1 1 1 1 | 1 1 1 Il 1 1 ‘ Il 1 Il ‘ Il

|
50 100 150 200
Position along the module [cm]

Scan across the mat (13 cm), at 2 cm from mirror
L}

..-.dé.. - ?
1

RS

ight yiald [p.a]
=

H H
[ ] ]
S

T

F.

[ IS T = ]

plon/muon

COEEE s

[ TETE RPN Y P

P
i)
channel

(* the ultimate test would be to irradiate at the correct (non-accelerated) dose date, which would have taken 5 years. However,
we have so far no indications that rate matters).
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% Irradiated SiPM detectors become ‘noisy’ sc

F

Dark counts from a single channel of an
irradiated SiPM detectors,

* Asin every Si device, neutrons operated at T = -40°C
damage the Si lattice = leakage
current. < 2 pus g
3-10 n/cm? ~7 MHz

* InaSiPM the main effect is the
increase of the dark count rate
(DCR), linearly with the neutron

fluence: DCR=a-® 6-1011 n/cm? | ~14 MHz

* At room temperature, DCR can | '
reach GHz per SiPM channel ‘ oy ]

12-10 n/cm? ~28 MHz
* Neutrons fluence is about the
same for all SiPMs = All SiPMs are | | ‘, ui
equally affected. e | ek

A. Kuonen et al. CERN-LHCb-INT-2015-004
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e !

®» Problem: noise hits have same amplitude as 1 pe signal hits. They can
combine/pile up to signal-like noise clusters. - Noise Cluster Rate (NCR)

F

» [or efficient operation and reconstruction, NCR shall not exceed 50% of the
smallest Signal Cluster Rate (SCR), which is 4 MHz.

» Solutions:
. Coo“ng; Every 10 K Noise cluster rate (NCR) for different Pacific

. settings and thresh.
reduction halves DCR. ng

_ - —® 1.5PE | 2.5PE | 3.5PE (4b)| |
= -40°C gives a factor 64 ™ 1,5PE | 2.5PE | 4.5PE (4b) [ -
(2¢) reduction. : ==

=

= 1.5PE | 2.5PE | 3.5PE (4)
—=&—1.5PE | 2.5PE | 4.5PE (4) |-

=

» Clustering. Noise hits don't
form clusters, except
accidentally!

NCR [MHz] per array (128 channels)
wn

« Optimise SiPM for low cross-

IIIIIIIIIlII|I|I

T
o
~

o O
< l
] Q : : :
O
Q
o

talk and after pulses. _E*Holy' Olivier Callobjifhit: NCR <. 21 _tl_z;{iif’[v\ orgy
+  Use preamp with short £ A
shaping fime. g ——— | | 5
+ Neutron shielding. U e R
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%’% Mechanics and services

- o e e e e

he e -

®» 2 x6 C-frames

® Hanging under existing bridge, new rail
system needed.

® Precise positioning of 2 x (5)6 modules

~7m

= Supply of Novec fluid (@-50C)

= Supply of cooling water

®» HV & LV cables

CF cables

® Signal and control fibres

Lower service bar has a translational
DOF in y-direction

Christian Joram CERN 2017
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%% Very challenging and complex integration

Novec

manifold

Réadout box

& Flex cables

_IE)

A-side/C-side ) _
intersection !\lovec manifold, vacuum
insulated

) [}
DV A

1__

— Fibre modules
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SCIF

Overall Status of Project

pre-series (0]4}
schedule

Fibres — 75% V]

Mats ) 4% [ catching up
Modules DEEEEEEEEESSSSSSES) 5% D[] catching up

SiPM — ordered
Flex cable D) ordered

Cold box — M-> still some issues
Pacic —— tight
ASIC operational

FEE — tight
C-frames — M=> tight

No |X| butsome tension in the
planning.

Christian Joram CERN 2017
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SCIF

LHCDb gets ready for a SciFi upgrade

by Kate Kahle

CERN weekly bulletin (30/08/2017)

Each of the four boxes houses five detector modules. 128 modules will make up the new scintillating
fibre (SciFi) tracker, part of the major upgrade of the LHCb detector (Image: Christian Joram/ CERN)

The very first detector elements of the LHCb upgrade, early pieces of the scintillating fibre
(SciFi) tracker, have arrived at CERN. Four boxes housing the first 20 of 128 modules were

! Christian Joram CERN 2017
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e

F

Summary and Outlook _

Thanks to Silicon Photomultipliers (SiPM), there is new interest in scintillating
fibres. One can build fast and light tracking detectors

LHCb SciFi tracker will be the largest and fastest fibre tracker ever built

Radiation levels pose major problems, but the chosen design is expected to
cope with them (in Runs 3 & 4, 50 fb1)

The detector construction is in an advanced state. The schedule is tense but
there is (justified) hope that we’ll be ready for installation in autumn 2019.

Not covered in this talk but perhaps of interest to the younger generation:

A further LHCb upgrade (LS4, 2030) to 2x103°> and 300 fb! would require a
modified SciFi and to complement it with an Si-based Inner Tracker, for R ~ 1-1.5
m around beam pipe.

! ChristianJoram CERN 2017
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(s !

«ScikiFracker: ~20 part|C|pat|ng institutes
— Brazil (CBPF) R, 5 A7 A el
— France (LPC, LAL, LPNHE) q,f - ; |
— Germany (Aachen Dortmund Heldelberg*Rosi;Qck) , '

— Netherlands (lehef) R S e

— ' Poland (Warsaw) i = 3 :

— Russia (PNPI, ITER, INR IHEP, NRC KI)\

— Spain (Barcelona, \/ale,nua) '.: 3 |

| — Switzerland (CERN,‘ EPFL) s o il i
i |

NL 5’?4«;% HEN |
LABORATOIRE i) UN'VERSITY CBPF .: : : ‘ o \ | . -‘; .
Contro Brasileiro de el A R D =]
Pesquisas Fisicas Sraontie ) . fadet
|||| T CEgt
- LPNHE

DE UACCELERATEUR U ~1s
et
PARIS

LINEAIR:E s

ECOLE POLYTECHNIQUE I II"

FEDERALE DE LAUSANNE
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unwinding tensioner  cleaner LN AccuScan cladding
spool 50¢g 3015 6400 Test

Fast 10

\%

< 6m

CERN (built together with Aachen), which allows to scan fibres with 40 um step size and <1 um
resolution. A 12.5 km fibre spool can be scanned in ~3.5 hours.

. All All
2 FO @
51400~ .
[&] - 8]
1200~ X and Y diameter )
C 10
r (look perfect on
1000 linear scale) -
800 350 mu
n o
00—
r 10°
400—
I 10
200
C 1
N R A TR | :
0 100 200 300 400 500 600 700 800 900 1000
900 220 80 500 Diameter (um)

Diameter (um)
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SC

F

290 um
\%2907 o A Projection 1 (~x)
2T Prolectl(y\/w . —
E ,
a L

280 \
7 ~_

270 >

260

250

e e e e e Ly L
430714 430.716 430.718  430.72  430.722 430.724 430.726

Time (s)
£ £ €
= = 3
< [e0] (o)) . .
— 1)) — Projection 2 (~y)
o ~N o™
E.F s
g 320 ; P rOJecthf y /\ Distance 562.0 um
o * o
5310F /
a [
300
2901 b
280[—
2701
F ~1.1 mm
260|- < >
260 [ ey
430.714 430716 430718 43072 430722 430.724

Time (s)

N.B. Correspondence between projections x,y and 1,2 is only approximate.
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Set-up for measuring the light
yield with ionising radiation
(Sr-90 source)

S 4

->{D.

Manual set-up at CERN.

./

Trigger PMTs

. ~270um

T

wall
Y
wall

/\
e

===

7
£ ¢ SCSF-78MJ = Fit SCSF-78MJ
' 6 - A SCSF-L2MJ = Fit SCSF-L2MJ
Sienal PMT B SCSF-LIMJ  ==Fit SCSF-L1MJ
32
o
e-gun, Sr-90 based ‘ S 4 -
(eeof¥1+0.1MeVv) S1 o
Calibrated Z3 -
inp.e. § Points at 60 cm
» 2 - are not
included in fit
1 -
0 | I
0 100 200 300
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Complex irradiation of a 2.5 m long
fibre module in the new PS IRRAD zone

(Oct 2015)

Christian Joram

—~10°

Log(Dose

104

10°

CERN 2017

| ] Expected dose
[} Meas. dose - Mirrored end

[} Meas. dose - Read-out end

Requested dose profile varies
by a factor 1000 along the

module

50 200 250
Position along the panel [em]
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Find better fibres which give more light

LuminnoTech (Rus), Kuraray (JP) and CERN work on a new type of scintillating fibre.

Nanostructured Organo-silicon Luminophores (NOL)

On paper, it’s a little revolution. In practice, the quality isn’t good enough yet. Perhaps a

solution for SciFi upgrade?

Silicon link

UV photon

activator

polystyrene
matrix

visible photon

wavelength shifter

S. A. Ponomarenko et al., Nature Scientific

Reports 4, Article number: 6549.
Spin-off company Luminnotech
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Geometrical precision

F

* 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

t ! Christian Joram CERN 2017
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Geometrical precision

F

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
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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 0.32
z . 0.02
E . * * - 03 | .
T 026 Lot st b & s £ T 001
(A PP I D I A 4,?,,,:»-«:*?’.&9 - . wd | o . i
§  FANGTTSACTYNROREREONE | L on sKepElen EnEnNSenentens | £ ! Y
£ 3 S Ll = f o : Ll x 0 O.."I'R:;#‘ '% T T r P
5 0.24 et 2 s R A TV 7 ,95"3 fa
S 20 < 001 i L &x'%..
£ . RMS = 4-12 um : x
. . 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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Get enough light = produce high quality mirror at non-read fibre end

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

We studied three different mirror technologies

e Aluminised mylar foil

* 3M Extended Specular Reflectance (ESR) foil

e Aluminium thin film coating (TFC)

and measured the intensity gain (mirror/no mirror*)

Plate 1&2, intensity ratio at mirror

0.80 0.81 0.80 0.82
08 1 0.70
0.6 - —
0.4 - ~ —
Q
-
e
o
0.2 - —

Ratio Al.M. Ratio ESR Ratio TFC

14

[N

0.8

relative yield [a.u.]

Expected relative light yield
(with/without mirror A, = 438 cm, R=0.8)

20% gain
Moo 80% gain
oy
\\
\Q
50 100 150 200 250

distance from photodetector [cm]

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.

! ChristianJoram CERN 2017


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
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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
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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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Scintillation in organic materials

F

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

benzene ring (C.H). H
XX, O O
I @&
H

Molecular states (pi orbitals)

> singlet states
lonization =———%>"% _
energy — 1oms  ultra fast Organic scintillators exist as
E— . e Crystals (anthracene)
2 triplet states . .
* Liquids (solutions)
— radiative T, * Plastics (polymerized solutions)
1

Y :

fluorescence phosphorescence
108 -10° s qlcll/(};ls/k

v

fast

slow

So

Organic scintillators are fast. Scintillation light decay time ~ few ns.
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SCIF

|

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.

I=i=T
IT= =21

]— Polyvinlyltoluene (PVT) ==> plastic scintillator tiles
X
In HEP, we use mainly

—

uv Visible
- ~\ - — ~N (~300 nm) (>400 nm)
z| Solvent Scintillator wavelength
2 > NV\I\ shifter (‘fluor’) NWv
B| AE = dE/dx-Ax fluorescence light
k% _J T \_ ) T \_ ] Typical yield

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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