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% History of the Scintillating Fibre Trackers with SiPM readout

Z
LHCb SciFi 2.5m long mats! SCIF
LHCDb SciFi SciFi  SciFi mass production -
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% LHCb Detector Upgrade SC F

® (Goal: 50 fb" integrated luminosity

- increase the statistics significantly (rare decays)

Replacement of the downstream tracker LSZ ||m|ted by 1 MHZ hardware trigger and
Requirements: !
sl LHCb tracker upgrade - limited by detector occupancy

* high efficiency; low noise

* minimize budget material in acceptance R ) Major upgrade durlng LSZ m 2020

* operations up to 50fb-!

EcaL HCAL

SPD/PS - new VELO

- replace TT with new silicon micro-strip detector

— replace IT (silicon) & OT (straws) with SciFi tracker
(scintillating fibres, SiPM array sensors), to achieve

~ 40 MHz detector readout — full software trigger!

- RICH: new photon detectors

— Calorimeter: remove SPD/PS, new readout

~ Muon System: remove M1, new readout.

14-06-2023 A. ManuHuH — HoBble TpekoBble AeTekTopbl SciFi 3



% LHCb SciFi Tracker

® Layout:

- 12 layers arranged in 3 tracking stations readout

each station with 4 planes of scintillating fibre
modules (two planes tilted by £5° stereo angle)

T1+T2: 10 modules per layer, T3: 12 modules
mirror

in total: 128 modules, 1024 fibre mats + spares
- 340 m? sensitive area
- readout boxes with light injection system for calibration

® Requirements : readout

~5m

single hit efficiency ~99%

material budget per layer ~1% X,

/

Beam direction

single point resolution < 100 um in bending plane
40 MHz readout

radiation hardness (up to 35 kGy for fibres near beam pipe)

T2

T
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% SciFi intrinsic spatial resolution U.

Tracking with four 10 x 10 cm SciFi XY detectors and 12 bit ASIC (VATA64HDR14) readout

o 70000 F o —— .
: : S - 7‘ .
Hit resolution o, S 60000 F l :
2 — 2 2 E .
* Atthe DUT: OResidual” = Ohit~ T Otrack *E 20000 F 1
L - Y [ < WU RS ——
® Opjt same for all layers: 2 H000F Praad = 36um 1
30000 | .
O-hit = 32|1m = Gtrack = 16I'l'm zoooof _17(- L .
10000 i f

90.2 -0.1 - 0 - 0.1 = 0.2

| | N Residual [mm]
Hit detection efficiency €,

® At the best hit resolution: €&pjr = 99.6%

® Track finding efficiency ~98.6%

* Reduce the number of tracks with multiple scattering: cut on track y 4

® Reject events with high energy delta electrons

» At SPS: € = 50% used tracks O. Girard — BTTBG6, Ziirich, 2018

track
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SciFi Principle SC F

Six-layer fibre mat
1.4 mm thick

mean position
signal L

amplitude .~
<
— >

=
| channel

~ \‘"'fircd pixel
N
~{- photon

fibre

- .-l-particle

® Staggered layers of 250 um thin, double-clad scintillating fibres, @ Signal is shared between the adjacent SiPM array channels
to form a 6-layered hexagonal packed mat allowing for a resolution better than pitch / V12

® Read out by the SiPM arrays covering one fibre mat end face ® Mirror opposite to readout end increases the light yield by =
65% for the hits close to the mirror.
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Fibres

fiber
cleaning |

Outer cladding (FP)
Inner cladding (PMMA)
| a3

SCSF-78 (2015 fibres)

i
O
I

<3.9m

attenuation —

32m <A

Photocurrent {a.u.)
—
B
|
i ——a—
——

charged
particle

e 250 um thin multi-clad Kuraray SCSF-78MJ (A, =460 nm)

-
(]

® more than 10,000 km needed!

® fibre QA at CERN — shipment

0.8 to four mat production sites

06 - bump detection and removal

J ] | L | /| | L 11 | I A —_ i i i i i
e b L e dlameter, light yield, integrity, and
Excitation Distance (cm) attenuation length measurements

o
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Fibre Mats SC :

® 8km of fibre per mat (242.4 cm long, 13.65cm wide mat)

® Kapton lamination foil for
mechanical stability and
light-tightness

4 ® Detailed QA at production
= sites: geometry and light
yield

-

® (lue alignment pins
inherit precision of
the wheel to mats.

YYYYY?Y
A A - - - . -

A A A A A 'y A A

@ : & 8 e 8
Q. rx Threaded 1 I 1 71: o
- winding wheel = = =0 0 b

1 ¥
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% Fibre Modules

® 2x4 mats aligned on precision vacuum table, sandwiched
inside carbon fibre / Nomex core panels

® Reduced material budget.

CFRP 200 pm

sidewall e :

Nomex

20 mm
— .
Frame endplug [ e Foil 23 pm

CB flange iy ‘ - , = | SciFi Mat

Epoxy 27 um

LIS endplug ’ Foil 23 um

Nomex

20 mm

CFRP 200 pm

material budget
1.1% X0
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THES

Radiation Hardness

u
SCF

® [ight yield decreases with radiation dose (35 kGy near beam pipe over full lifetime, 60 Gy at SiPMs)

® Expected signal reduction of 40% near the beam pipe.
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% SiPM arrays SC F

* 128 (2x64) channel SiPM arrays
Hamamatsu MPPC $10943-3183(X) * 290 um channel pitch (= fibre diameter)
e — * high photon detection efficiency ~45%
,,,,,,,,,,,,,,,,,, * low crosstalk probability < 10%

K G neutron fluence 1-10" neq/cm2 (1 MeV)

~ s e i — cooling needed to reduce noise
I ’ small distance between fibres and silicon.

Haemamatsu S10943

] 0.
g‘o.ss ..... —— AV =25V (Ref.) A
- A A ——AV=35V

0.5 e S| o AV =45V

0.45 Rt

0.4

0.35 A......A‘.'.. »

4 x 26 =104 pixels "
per channel mg the absolut PDE
e given by H. for
PoYE o] SN S AN S 405nm and 2.5V 8
- overvoltage ‘
06 400 450 500 550 600 700

Wavelength [ nm ]
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THES

14-06-2023

SiPM arrays Hamamatsu S$10943 {!-'}

SCIF

Each SiPM array has 128 channels (consists of two silicon chips). The
SiPM is working at 3.8 x10° amplification, which gives 0.6 pC signal
per photoelectron, if a single pixel was hit. For all 104 pixels of a single
channel fired the maximum output signal is 63 pC.
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% Cooling

DCR spectrum from random trigger Inside the FE cold box
107 g

12- 10" n ,cm™

counts
.

10°k

10°k

10'E

10°E

i | 1] | ® SiPM dark count rate increases with radiation dose
10 gl A i (60 Gy at the end of LHC Run 3)

® DCR reduction by factor 2 for every ~10°C cooling

e ® Single phase Novek (649) cooling for SiPM arrays
signal amplitude [p.e.] down to -40°C.

-2 0
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% Electronics {!-'}
SCIF
| scFimat | SciFimat

® PACIFIC: custom-made ASIC
— 64 channels, 3 threshold discriminator

I2XSiPM 2xSIPM  2xSiPM 2 x SiPM

— NOoise suppression
cluster cluster cluster il 2Ty arney arey
large sum
e A

0] 0 Pacific

= per mat! FPGA

£ .. Middle

...L.ow GBTx
012345678 910111213 DC/DC
SiPM Channel |
® (lusterisation board: cluster building and zero suppression X
® |\laster board: transfers the data and distribute the signals, Optical
fast control, timing, clock, light injection pulse, and slow control. links
14
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Test Beam Results SC

THES

F
'E 1f'_._‘ =1 ¥ ¥ T T T| —— 1.5 neighbour, sum = seed
- —— smandoun | ® Measured at SPS180 GeV p/m* secondary beam:
0.99- . &
; N ~ : ® |ightyield: 16 p.e. )
0.98- -]
5 / : ® Hit efficiency: 99% > near the mirror
0.97- TDR working point S b
- - ® Spatial resolution: 80 ym
0.96~ - § Qe
i TSR R !1 P o9 light yield
cluster s3eed threshold / p.e. 08 — light yield rebinned
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(Ip—- 0.7+
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THES

14-06-2023

SciFi mass production centres

10,000 km scintillating fibre

<< L

Fibre Quality Centre (CERN)

mted fibre

Fibre Winding Fibre Winding Fibre Winding Fibre Winding
Centre Centre Centre Centre
Aachen Dortmund Lausanne Moscow
/

\\

Module Centre

Module Centre

Heidelberg

Amsterdam

CERN

1300 tested fibre mats

: ! 144 tested modules
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SciFi production centre at NRC KI {!’}

SCIF

22222

I - Entrance

IT - Fibre QA
IIT- Winding
,|1IT
A|

IV - Assembly

14-06-2023
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% SciFi production centre at NRC Ki SC F
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SciFi winding machine at NRC Ki

(i
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14-06-2023

Winding wheel made at NRC Ki SC

F

| Maximum wheel
- deviation  from
| anideal shape is
N less than 70 um.

o
iw Wheel's pin hole

alignment  with
respect to the
thread is better
“than 20 pm.
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' : :
Mat cutting with a hot knife. Removal from the wheel.
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% SciFi production centre at NRC Ki SC F

Then the polycarbonate end-pieces glued at the mat ends and cut through to the right size;

the optical scan is performed on a test bench; after the tests mirror is mounted on one end.
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% SciFi production centre at NRC Ki SC F

NRC KI SciFi alignment pins position accuracy (in microns) measured by a laser beam at DU.
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SciFi light yield test setup at NRC Ki {!-'}

SCI F

Measurements with *°Sr radioactive source:

Vie from mirror end of the at. “ View from th readout side of te mat.

14-06-2023 A. ManuHuH — HoBble TpekoBble AeTekTopbl SciFi 24



SciFi readout electronics at NRC Kl {!-'}
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Light yield test online display
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Production SciFl light yields at NRC KiI >
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SciFi modules test setup at CERN

Measurements with cosmic muons:

s
s A
L 4 ;:"
= o
S T
4 ~ e
= ~
SO

View from the readout si
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SciFi modules test setup at CERN {!-'}

Measurements with cosmic muons:

"V|ew from the readout side. The module éold box with the signal connectors.
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% SciFi planes integration at CERN {!-'}

First the modules were assembled in tracker planes at the ground surface:

Assebly scaﬁoldmgs in the surface building. SCIFI tracker plane before movmg down to LHCb
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LS SciFi planes installation in LHCb

Then the SciFi tracker planes were installed in the LHCb experiment:

) — — e A S
—— 1 D, R ag)
W oa | = B 2 e ¥

A\

The StiFi tcker plane bein\g installed. Work on the SciFi tracker instalatin.
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Connecting services and labelling.
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LS SciFi planes installation in LHCb

Then the SciFi tracker planes were installed in the LHCb experiment:

The SciFi tracker is installed. View on the beam pipe, the planes are moved apart.
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% LHCb SciFi tracker in place - January 2022 {!-'}

H

X ~ 5
'““—-n-; e |

"’ -Irl‘ TN P

Y mm \

TR =)

g™

View from the beam pipe and magnet SGiFi tracker s closed View fromthe experiment's side.
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% 27 October 2022 - SciFi is in LHCb trigger! SC F

elo tacks S0 seeds
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K invariant mass distribution with the long SciFi tracks. Screenshot from SciFi event display.
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% Summary 1 SC F

* Large area (340 m?) high resolution (<70 pum) scintillating fibre tracker
read out with 128 channel SiPM arrays.

® 5m long fibre modules with 218p.e./MIP light yield and 99% efficiency!
® Production has started in 2016 at 4 production centres (one in Russia).
* |nstallation started in 2019, finished in 2021, working in LHCb 2022 run.
® Close collaboration of 18 institutes in 9 countries.
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AKL| ®UAH

C.A.JIABOYKHUHA

14-06-2023

. Kocmunueckum ramma-teneckon FrAMMA-400

> Magnetic plasma detectors P

GAMMA-400 gamma-ray
telescope

L
pm—|

Solar Arrays

High-data-rate radio
complex with high
gain antenna
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Kocmuueckum ramma-teneckon FrAMMA-400 @
MNCOUA

* [lonckn HenpsiMbIX CUrHasioB (ramMma-fiMHUM) OT aHHUrUMNAUUn
YacTUL, TEMHOU MaTepumn.

AKL| ®UAH

* [lonckn adpdektoB kBaHTOBOM rpasuTaummn (QG) B KpuMBbIX
6necka ramma-Bcnneckos (GRB).

"Typical" Prompt GRB Spectrum
T T T

10° F—1 T T T T
i GBM

P 10 3 = = 3
' F N ——
o 10° r LAT _;
5 § §
D 107k 3
e Ta
s 0f e
T

10-4 i | ] ] ] ] ] ] | :

0% 16% 4@ 16 46" 36¢ 4 10Y 1

7

Photon Energy (MeV)
* Yny4ywnTb NPOCTPaAHCTBEHHOE, 3HEPreTU4YecKkoe N BPEMEHHOE I/m

// pa3pelueHue teneckona FrAMMA-400. WHCTATYT
KOCMMWYECKHUX
C.A.JJABOYKMHA FICCTEIOBATHH
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Kocmuueckum ramma-teneckon FrAMMA-400 @
MNCOUA

MoTuBauus: noucku acdekToB kBaHTOBOW rpaButaunmn (QG)

AKL| ®UAH

5 N HabgiopeHne GRB 090510 teneckonom Fermi-LAT
g"f"’ N3MepeEHNA 3ana3ablBaHNA B SHEPIreTU4ECKNX OuHax.
107 |- L v
olage’y, o2 .
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3 200 : Jono 2
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g g (>1GeV) i [ e & @ 730 <99 start of > 1 GeV emission 1000 1 >10.0
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8 5 | I[H i1 : £ — <19 If 0.75 GeV* y-ray from 1% spike 0.1 -1 >1.33 MHCTUTYT
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Kocmunueckum ramma-teneckon FrAMMA-400 @
| M

Ndon
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| 4nnockocty SciFi x, y + W 0.025 Xo i
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onopHasa
nnura

C3 800x800 T CA(CaK)

KK2 814x814 3MeKTPOHMKa
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INEeKTPOHNKMN MHCTHUTYT
KOCMHWYECKHX
C.A.JIABOYKUHA HCCHEPJ)IA?I_]?AHHH
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Kocmuyeckum ramma-teneckon F’AMMA-400 @
MINCOU

AKL ®UAH KoHcTpykums SciFi-moayns KoHBepTepa-Tpekepa:

7 IR

// VHCTUATYT
KOCMUYECKHX
C.A.JTABOYKMHA MCCIEJOBAHMM

PAH
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Kocmuyeckum ramma-teneckon F’AMMA-400 @
| MUCOU

AKL ®UAH KoHcTpykums SciFi-moayns KoHBepTepa-Tpekepa:

— - 159 0.18 Mm !

IR

WUHCTUTYT
KOCMMHYECKHX
WCCJIEJTOBAHUM
PAH
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Kocmuueckum ramma-teneckon FrAMMA-400

Space-based gamma-ray telescopes Ground-
AKUl q)MAH based
Medium energy High-energy
facility
e- Fermi- | GAMMA- AMS-
AMEGO HERD CTA
ASTROGAM LAT 400 100
USA/ _ China/ Europe +
Country Europe USA Russia
Europe Europe USA
Energy
range for 0.3 MeV— 0.2 MeV—| 50 MeV— | 20 MeV— | 0.5 GeV—| 1 GeV—
> 50 GeV
gamma 3 GeV 10 GeV 1 TeV 1 TeV 10 TeV 10 TeV
rays
Observation . . . Point- . . .
Scanning Scanning | Scanning Scanning | Scanning | Scanning
mode source
Highly
Circular, Circular, | Circular, elliptical, Circular,
Orbit L2 -
~550 km ~550 km | ~550 km 500— ~400 km
300 000 km
/ Angular 0.1° 1° 0.1° ~0.01° 0.1° ~0.01° 0.1°
resolution (Ey =1 GeV) (Ey =1 GeV) (Ey = 100 GeV) (E, =100 GeV) (E, = 100 GeV) (E, =100 GeV) (E; =100 GeV)
Energy 20% 10% 10% ~2% 1-2% 1-2% 15%
resolution (E;, =1 MeV) (E, =1 GeV) (E, = 100 GeV) (E, =100 GeV) (E, = 100 GeV) (E, =100 GeV) (E, =100 GeV)

Céls’ll/lcli)l/l

HNO UMEHW

C.A.JIABOHKUHA
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Kocmuueckum ramma-teneckon FrAMMA-400 @
| MNCOUA

AKLU ®UAL  yrropoe paspelueHre opBuUTanbHbIX Y-TENECKONOB KaK yHKLMS SHEPTUN:

R | ot b | R | L | L | rorrrT I
oD 3
L
o
% -
n _
7P
A —— GAMMA-400
] — Fermi-LAT
0,01 - HERD 3
] ——DAMPE :
. —CTA GAMMA-400 .
00 e e e —— I/m
10% 10" 10° 10" 10* 10° 10* FAN S
// E . GeV KOCMUYECKHX
C.A.JIABOUKMHA v R
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C.A. JIABOYKMHA
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Summary 2

[Mocne Fermi-LAT muccna GAMMA-400 3HauUMTEeNnbHO YryudwnT
npAMble  OaHHble O  MOTOKaX  HU3KO3HepreTtuyeckoro u
BbICOKOSHEPreTM4eckoro raMmma-msnyyeHunsi, a Takke 39reKTPOHOB
+ MO3UTPOHOB.

bnarogapa npumeHeHuto getektopoB SciFi yopanocb obutbes
PEeKOpAHbIX YIrMOBOr0O W SHEPreTMyeckoro paspelueHus, npu
BbICOKOM BPEMEHHOM pa3peLleHnn 1 BOoMbLLIOM Nose 3peHus.

BuibpaHHast cxema Terneckona Mo3BOSIET BECTU HeNpepbIBHbLIE,
MHOroneTHNne, KoakcuanbHble ramMma- U PEeHTreHOBCKue
HabnaeHus.

3anyck kocmudeckon obcepsaTopun NAMMA-400 3annaHupoBaH
Ha ~2030 rog.

Cﬁlffll/lcli)l/l
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OaHopoTOHHLIM TOMOrpad ana BH3T ﬂn.
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MHOI MI'Y
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N3roTtoBneHnue npototuna XY-getekropa SciFi gns Tomorpadun.
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OaHodoTOHHLIM Tomorpad anA BH3T @
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N3mepeHus Ha npoToTune XY-getekropa SciFi ¢ y-kBaHTamu.
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OaHod)oTOHHBLIN TOMOrpad ana BH3T

| startrun

stop after event 100000
remember each run

reset

“znnm“ls_

[ test_xray_two_Layers Ses 3

signal / ADC counts

signal / ADC counts

Position: © A B c Ob
B with mirror " Ztrigger included
23-01-26 12:39:18

21,48°C 22.12°C 62,55V 13.3LpA

20.27°C 26.44°C 63.62V 18.15p

21.88°C 21.50°C 62.63V 37.39y

20.46°C 20.67°C 63.20V 37.87pA

signal / ADC counts

signal / pixels

cluster width / channels

strosmic30 =

812000 i/ 12 s = 1000 s pochannd
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NceneposaTenbckun peaktop MP-8 B HALL KU, kaHan 7A:
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Summary 3

1) Ucmomb3oBaHne KOMIAKTHOTO CHJIBHOTOYHOTO YCKOpHTENS TMPOTOHOB RFQ

0-0Bpy -
3 S 130
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MHOIL MT'Y

14-06-2023

HEMpEpHIBHOTO JICHCTBAA M TOHKOM JMTHEBOW MHMIIEHH 00€CTICUMBACT
3HAYMTENBHO OOMBIINE HHTEHCUBHOCTH (M TIOTOKHU) TEIUIOBBIX HEHTPOHOB A
nened BH3T, uTo sBISeTCA OJHHM M3  OCHOBHBIX TPeOOBAHMH JAHHOTO
METO/IA JIEYEHHS PAKa.

Yexoputens RFQ sBiseTcs poccHilcknM M300peTeHHEM M MOKET OBITh, B
HACTOAWIEE BPEMS, IOCTPOEH U3 TOJHOCTHI) POCCHUCKAX KOMIIOHEHTOB M
MatepuanoB (OeCKUCIOpoHAad BaKyyMHas MeEIb BBICOKOM YHMCTOTHI JUIA
yckopstommx  sneMenToB  RFQ  mpomssogurcs Ha 3aBoje  «Kpuctamm,
Buamkaska3, momusie uctounnkd CBY mpomsogsarcs kommanuen « Tpuana-
TB», Hoocubupck).

ToHkas nuUTHEBas MHUINEHb C pereHepaluedl 00€CTeYMBACT TOUYECUHBIHA,

TIOJNTOXMBYIIANA UCTOYHUK HEWUTPOHOB C OJHOBPEMCHHOM MUHMMH3ALMEH
(hOHOBOI'0 IIOTOKA FaMMa-KBaHTOB.

A. ManuHuH — HoBble TpekoBble AeTekTopbl SciFi
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Summary 3 (continued)

4) Jlng xoHTpons, Bu3yaiu3almd M ympaeneHus mporeccoMm BH3T Oymyt
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MHOIL MT'Y

14-06-2023

HCTIONB30BAHbl  OTEUECTBCHHBIE JIETCKTHPYIOLIME CHCTEMbl, JUI  YEro
MIAHAPYIOTCA HUCCIENOBAHUS JIBYXKOOpAMHATHOTO JeTekTopa SciFi, (Ha
OCHOBE CLMHTHJUIMPYIOIIMX ONTOBOJOKOHHBIX COOPOK), B TOM 4YHCIE
M3MEPEHHS HA TaMMa-KBaHTAX, POKIAIONIMXCA TPH 3aXBATE TEIIOBOIO
HelTpoHa. [lenbto paboT ABIAETCS CO3MaHKME raMMa-KaMephl OHODOTOHHOTO
ToMorpada, CcrnocoOHOro paboTaTh B MPHCYTCTBMM 3HAYMTEIBHBIX (JOHOB
TETUIOBBIX HEWTPOHOB M 00JAJAIOMIEr0 PEKOPAHBIM MPOCTPAHCTBEHHBIM
pa3peLICHUEM.

3azen B 00MACTH MPUMEHEHMS KJICTOYHBIX CCHCHOMIM3ATOPOB M METOMMK
CCNEKTHBHOTO BBEICHMA TpemapaToB 0Oopa-10 B omyxonb, a Takke
HCTIONB30BAHKE METOMMK YIPaBICHHS KPOBOTOKOM B MOPaKEHHON 00MacTH,

00€CTICUHT JIOTIOJNHUTENbHBIA (akTop pocTa APPEKTUBHOCTH MPUMECHEHUS
BH3T repanmn.
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Cnacubo 3a BHuMaHue!
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