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ToF for Particle ID: Why’?

. d fory>>1 ssf |
» Particle identification ominent 7 |
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— Pileup rejection
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CMS Experiment at the LHC, CERN :
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Challenges and technologies

» Technologies:
— Silicon, diamond, photodetectors, and gaseous detectors

* Challenges:
— Large vs small systems
— Aging effects
— Rate capabilities

 Several contributions to time resolution

) 2 2 2 2 2 2
OToF = O-to + O-t1 — O-to + Ontr + O Elec + O Clock + O cal
intrinsic det.
resolution
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MIP Timing Detector @CMS

CERN-LHCC-2019-003

* High precision time measurement of MIPs
— 30-40 ps at start, degrading to <60ps at 3000 fb-"
— Provide track-vertex association
— Improve sensitivity to slow particles, add particle ID capabilities, etc.

BTL: LYSO bars + SiPM read-out

> TK / ECAL interface ~ 45 mm thick
> |n|< 1.45 and p;> 0.7 GeV

> Active area ~ 38 m? ; 332k channels
> Fluence at 3 ab™": 2x10™ n,,/cm?

ETL: Si with internal gain (LGAD)

> On the HGC nose ~ 65 mm thick
>1.6<]|n<3.0

> Active area ~ 14 m?; ~ 8.5M channels
> Fluence at 3 ab™': up to 2x10"° n,,/cm?
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MIP Timing Detector

« Barrel Timing Layer (BTL):

— Arrays of LYSO crystal bars with dual-end SiPM readout

— Two meaurements per hit (improves resolution)

— Mounted inside the Tracker Support Tube (independent cooling)
« Endcap Timing Layer (ETL):

— LGAD modules bump-bonded to ASIC

— Two layers (improves resolution and redundancy)

Disks

BTL Module:

1x16 crystals
(32 channels)

Crystal bar
SiPMs

——_

7;\
BTL Read-out Unit:

3x8 modules
(768 channels)

BTL Tray: |, QW4
6 Read-out units | [588 -

(4608 channels)
BTL detector

BTL: Inl<1.45, ;322‘,(':}::;"2‘;2,;*35‘“” ETL: 1.6 <Tn| < 3.0,
surface ~38 m2; 332k channels surface ~14 m?2; ~8.5 M channels
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Timing detector @ATLAS

CERN-LHCC-2020-007

High Granularity Timing Detector (HGTD)
— Coverage: 2.4<|n|<4.0
— Active area 6.3m?, 3.6M ch
— Design based on 1.3x1.3mm? Si pixels
optimized for <10% occupancy
— Rad hard up to 5x10"°n,,/cm?, 4.7MGy

(a) First layer (b) Second layer

3,

Active ¥
area

120-640 mm- %
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PU mitigation with ToF

Time-tagging tracks with a resolution of ~30-40 ps
— 4D vertex reconstruction
— Track-vertex association

Reduce effective PU to the LHC Run2 level

— Slice beam spot (time spread 180 ps)

Vertices merged in 3D,
/ and separated in 4D

T e Collision vertices#fthin a bunch crogéing
06 3D Reconstructed Vertices have a sprea MS) of:
| —e—— 4D Reconstruction Vertices . cm in space
2 —+— 4D Tracks e 180 ps in time

t (ns)

time
||IITIII

z (cm)

M. Gallinaro - "ToF measuremens" - RD51 workshop, Feb. 16, 2021 8



Particle reconstruction

« Improve particle reconstruction/ID
— Increase b-tagging efficiency
— Increase photon and lepton Id, efficiency and isolation
— Improve missing transverse momentum resolution
— Reduce fake jet reconstruction

* 10%-20% gain in S/B in many Higgs decay channels

HH production sensitivity (sigmas) at 3 ab™ CMS Phase-2 Simulation

CMS Phase-2 PbPb (5.5 TeV)
3’1'2 ] 3 | - | S ‘/at/‘c;n‘ ‘
[ mu
Channel No MTD 3<5°|5: 5<0°;)>s 8 1.4 T noMTO telthiso<0.08]  1© Hydjet
£ - o = 1 i 4 m<15 -
bbbb 0.89 095 094 o [~ MDo=40 'ff“,,,..,;‘;;. e R :
bbrT 1.3 158 148 E f T
bbyy 1.7 1.85 183 & [ .« 1<
bbWW 053 0579 0576 % o
bbzZZ 0.38 0.423 0.418 07 Muon isolation
Combined 24 2.71 2.63 0.6 - efficilency
H H H (+) () letAl'!llf.z.'l?“.l..“l | 1 |
Luminosity gain - +26% +20% 0.6 30050 40 56080 70 50 50 50
HL-LHC@140PU Muon p, (GeV)
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MTD: Time resolution

» Time resolution: ~30-40ps@start

 Dedicated on-detector electronics
(TOFHIR and ETROC)

Different technologies in Barrel/Endcap:

 LYSO crystals (BTL):
3x3x57mm3 readout by two SiPMs

 LGAD: Low Gain Avalanche Diodes (ETL)

Si pixels 1.3x1.3mm?2, 2x4cm?2 module
bonded to ASIC

LYSO:Ce 3x3x57 mm® HPK S12572 015 3x3 mm?

FBK UFSDB 2 Tlme resolutlon VS Blas

’(365"“"” ApANIA AR y t = §120 ; [ o Fexw3
Ft = ps E Total time resolution ' - o |
o avera = .+ T=-30°C [ FBK W7 (55um)
p 60F 7{1 2 O =282 = 0.4 ps BT L :d ift/2 s 100 Photostatistics 1 60} FBK W10 ET L 1
Fty, :o0=41.1=06ps left 1 = ) | | -@ FBK W12
O 551 =} I~ =——— DCR noise ; [
- Ftign : 0=415+0.7 ps tlght e} ! Yy | FBK W13 @ 2.5E15
% 50_— + 34 3 ol Electronics a 5o0f - z o o -
n - —— Digitization ' - | ° o
945 L+ GE') r Clock I "9_,40?--__7--.' _____ .___-.A___-
) 40 [Fezzzzazazazis _+~ ----- *+7— + ...::::::::::E ': 60 oc : > : N ‘ *
e F +47 L - ° | » o .
= 35 E / e A W ) S A
= v [
g ! : re-rad
30y H“F—*it_*_ --------- 8 4o BT At Lum 2 o P ® 1.5E15 ]
25F ] et kE s
o B 20 : 10'.. 4
. LYSOcrystals | = ‘ | LGAD sensors
1 Hv L e fx oo d o Lo Lo Lo Ly “ FEN A AR L r - L L 2 ~ 4 - 4 A L ~ L ~
542 o 2 4 6 8 10 12 14 16 18 B 0 B = o e % 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
X (mm) Integrated Luminosity [fb™] Bias [V]
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SiPMs as photosensors

— Compact, fast (single photon
resolution ~100ps), insensitive

/IIIT[IIHjHH,HIl|IIH\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘

to magnetic fields 0 &1 - E L e
— Optimal cell size 15um (balance .
btw radiation tolerance and SIPM - 1YSO

3.1

photon detection efficiency
— PDE: 20-40% at 420nm
— Gain: 1.5-4x10°

26
30

D raWbaCk: dark cu rrent Integrat(efcé_l:rinosity Nur;.t:ee-r of | SiPM gain (%CHI:)
noise due to radiation 0 9500 | 3.8x10° 0
damage 500 9000 2.9 x 10° 20
1000 8000 2.5 x10° 30
2000 7000 1.9 x 10° 45
end of operation === 3000 6000 1.5 x 10° 55
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Gain is key ingredient to good time

> P

|7_|\
resolution —_— proainlayer o
High field obtained by adding an extra -
dOpIng |ayer E field Traditional Silicon detector Ultra fast Silicon detector E field

— E~300kV/cm, close to breakdown voltage
— Exploit Carbon implant to extend lifetime

Signal yield >10fC up to 1.5x10"°n,,/cm?

Damage due to radiation:

— Electric field decrease — compensate
with higher bias

— Increased leakage current
— Doping creation/removal

charge [fC]

45

40¢

35

(

FBK UFSD3.2 Charge vs Bias

v
& FBK W3

FBE W7 (S5um)
FBK W10
®- FBK W12
BK W13
pre-rad
L3
|
@
<
1.5E15
®
é @
________ ;‘._____.‘"_____.
. % 25E15
o ) -
o o--9 ; -
- A L A A A A A | ! A -
) 50 100 150 200 250 300 350 400 450 S00 550 600 650 700 750
Bias [V]
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Precision Proton Spectrometer

CERN-LHCC-2014-021

« Aims at measuring the surviving scattered protons on both sides of CMS in
standard running conditions

 Tracking and timing detectors inside the beam pipe at ~210m from IP5

* Close (~2mm) approach to LHC beams inside movable “Roman Pot” vessels
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Time reconstruction

* A major background due
m m to PU protons from other

collisions in the same
bunch crossing

— PU~40-50 at LHC Run2

PPS ToF Backward PPS ToF Forward

CAtB +CAtF - Ll;gp +L}};P

c
Zyex = € Atg — Lgp = Ligp — ¢ Atp = 5 (Atp — Atp)

« Can be mitigated by

g 1o o] g | precisely measuring the
EQ 8:~ simulation E ED Bi R * *. simulation E . .
o CMS-TOTEM oo R -7l CMS-TOTEM
Po.6|- = Po.6f S ] prOtOn arrlval tlme

“E E " E —  For signal, At of the 2

i E e E protons is correlated with

o . o — . . g
ok E o E longitudinal vertex position
odl E ok E measured in central detector
-0.6; - -0.6]- é
-0‘8; ;o - -0.8]~ -

B AE S S S R B o s g0 i 5025

Leading lepton vertex z position [cm] Leading lepton vertex z position [cm]
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Timing detectors

Time-of-flight measurement to reject background in the

high-pileup of normal LHC running (uncorrelated proton
tracks)

* Desired time resolution 20ps = 4mm (in z)
* Technology: diamond (rad-hard)

 Sustain high radiation levels
—For 100/fb, proton flux up to 5x10'°cm-2

S eaY - W e - el - eid e vE e w Y v e ed

N

S5cm = =
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Diamond detectors
JINST12(2017)P03007

« Diamond detectors
— single crystal CVD diamonds
— 4 planes per station
— pixels of different sizes
— segmentation through crystal metallization

« Single plane resolution ~80ps P00 Van s T8 0 N b
8 G0 G G @GP GO,
) ) Cr-eg-eg-eg ag-e
 Radiation hard PSP
. . D e ) - Entries 4632
()('(ll[)dl](‘_\.].)t‘l RP trigger 120— Mean .0.3332
(<2x2), 13 TeV, n=30, 200 B RMS 0.1178
= 10 . . 0.1 - 2 / ndf 81.35/98
E s simulation 100[— )Fc’rot? 0.8879
r Constant 106.4 £2.0
6 Constant 0.76 pitch 0.08 80 Mean  -0.3337 +0.0017
a L Sigma 0.1134 £ 0.0013
- ' :
2 I “ “ “ - |0.06 60?
07 —
-2 - |0.04 40}
a Pattern4 Pattern3 Pattern2 Patternl B Gt~8ops
® > 20—
-6 b t 0.02 -
-8 eam Cen er I 071 [ I I L 10| | I | I
10l bl TS PPN PP PP P PP Y o -0.8 06 04 02 0 02 AT
© 2 4 6 8 10 12 14 16 18 20 22
X (mm) M. Berretti et al. @test beam RD51 — Feb %17
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https://indico.cern.ch/event/607147/

Double diamond layer

JINST12(2017)P03026

e Connected “sandwich” with two diamond sensors

« Beam tests in 2016/2017

» Performance improved (a factor of 1.7 wrt SD)
— larger signal amplitude dominant over extra capacitance

* With 4 diamond sandwich-planes could reach 25 ps

§ cho
& 00% | Single Diamond ~ 0.6 V by
Double Diam¢nd ~ 1.03 ).144
0.005 AmplitudeSEL_ChO
Entries 5777
Mean 0.6751
0.004 RMS 0.1925
——— Single Diamond
0.003
Double Diamond
0.002
~ -
IN~60-70
|
ol |
0 05 1 15

2
Amplitude (V)

=

100}

80r

60!

| MCP
T 4 ;
—
beam

Time precision

0,<50ps

: (2ssuming the MCP

401

20}

038

time precision about 40 ps)

‘36 34 32

DTHistoFix1

[ Entries 217
Mean 2824
RMS 0.08223
/ot 59.02/ 49
Al Prob 0.1547
1 ‘\ Constant 8433+ 244
Mean 2,836 1 0.001
I \ Sgma  0.06162 £ 0.00116 |
|
|
\
lz \\' e
...... AL *PN, N PP B
3 28 26 24 2.2 -2
AT (ns)
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PPS: Time measurement in Run2

CERN-CMS-DP-2019-034

« Timing detectors installed in
Run2 to measure proton ToF
— Equipped with diamond detectors
— One RP on each side, 4 planes in
each RP (2DD+2SD)
« Reasonable efficiency
maintained in 2018

« Expected 50ps/plane not yet
reached

* Moderate loss of timing
resolution from early to late 2018

— Due to damage on the crystal and
electronics (pre-amp, etc)

Average resolution (ns)

0.125

0.12

0.115

0.11

0.105

0.1

0.095

0.09

0.085

0.08

1 track in both pixel tracker stations & ..
4 diamond planes & 1 pad per plahe

LHC sector 56
LHC sector 45

‘\I\\‘HI\‘\HI‘HH|H\\‘IH\‘\IH‘HII‘HHlH

\\‘\I\\‘\\\\‘I\\\‘I\\\‘I\\\ \l\\

‘ | T ' [ L1 1 | 1 |
25 30 35 40 45 50 55 60 65
Integrated Luminosity (1/fb)

ol
o
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PPS at HL-LHC

CERN-CMS-NOTE-2020-008

Plan for an upgraded PPS detector at HL-LHC

* 4 possible locations in the HL-LHC tunnel
— Roman Pots at 196, 220, 234m (+420m) from IP

* Fluence at ~1.5x10"p cm (~6x10"° ng,cm2)

w

N L-LHC, 14 TeV g *°f E
£ o/2 = 250 prad (Vert.) 5 C ]
23 B*=15cm -5_0.45_— -
& 2 J 8 of :
S o4 =
0.351 =
0.3 —
0.25F —
0.2 —
0.15 —
0.1 —
0.05F —
11| 1 | I C)ﬁ

10 47 102133 10° 2754 10 0

M [GeV] M [GeV]

Significantly larger acceptance than in Run2/3
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PPS at HL-LHC

« Synergies with central CMS upgrades

« PPS pixel tracking detectors already aligned with Phase-Il tracker upgrade
« Several options for timing detectors: diamonds, LGAD (as in MTD-ETL)

7 10° T s o W L S\ G : T
A EN EEME=NE——

el RN S\

resolve mean AN /// ...... R E N | ik

moan E NN ==
vertex distance [ \ — /
\

lll{

/
A R
140

T

: ﬁ 280~ ~< .
> / |
PU multiplicities | N = |
- 200 H H -
“"No MTD i Wlth |V|TD |
1—41111—31l11—21111—111111(1)11111111121111411114 1—4LLll—3l111—21111—111110111111111211111411114
z[o,] z[o,]

Figure 47: Time resolution required per spectrometer arm to resolve the mean vertex distance at
a position z (in units of the longitudinal vertex width o) from the IP centre. Four different pileup
multiplicities are shown: p = 50 (LHC Run 2), 100, 140 (nominal HL-LHC performance), and 200
(ultimate HL-LHC performance). Left: for standalone PPS timing. Right: combining the PPS
timing with the MTD system, selecting a time-slice of +50 ps around the central bunch crossing

time. M. Gallinaro - "ToF measuremens" - RD51 workshop, Feb. 16, 2021
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TORCH @ LHCb

« Precise ToF measurement over a large area (~30m?)

— Time Of internally Reflected Cherenkov (TORCH) light
— Exploit prompt Cherenkov light produced by charged particles
— Single photon rates >10MHz/cm?, integrated charge >5C/cm?

« Particle ID (K-nt separation) up to a momentum of 10GeV

AToF(K-1m)=40ps over
10m at 10GeV

—require o~10-15ps

M. Gallinaro -

| 1 1 |
Sm 10m I15m

"ToF measuremens" - RD51 workshop, Feb. 16, 2021
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TORCH design

 How to achieve 10-15ps time resolution?

« Cherenkov light: use quartz as source of fast signal DIRC-style detector
with photon detector near edge

* Quartz of 1cm thickness enough to produce ~30 detected photons/track
— require 70ps resolution/photon

« Spread arrival time due to different paths — need fine segmentation

Focusing block [Feesecesses)

0. = 0.45rad

(a)

Photodetectors

Quartz plate

Mirrored edge Beam pipe

wg

66cm

om
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TORCH performance

NIMA 952(2020)161692

* MicroChannel Plate (MCP) photon detectors

— spatial resolution 6mmx0.4mm ) L
— ALD extends lifetime >5C/cm? Threshoi f  saxsamw
: o active area
» Approx 200k channels T
« Readout NINO+HPTDC “ g o
4— 60 mm pitch =
— _ 6000_—
£ s 2 TORCH
o TORCH S soool
£ Proelimi(r?ary S r (b) Preliminary
E 4000:—
< n
wof-  0t~90 ps pey photon
- (collect ~30 jpe pef track)
2000(—
1000f—
1 ! ! L 0 :...l...l ..... Lo by by o o by by oy oy |y

0 5 10 15 20 25 30 35 40 45
vertical pixel

-1000 -800 -600 -400 -200 0 200 400 600 800 1000
tmeasured = texpected (PS)
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Particle ID at ALICE

JINST 14(2019)C06023, J.Phys.G 39 (2012) 123001

time difference [ps]

Measure velocity (ToF) and p
(tracking) — mass

High multiplicities expected

1000

900
800
700
600
500
400 -
300 -
200 1
100 1

highly segmented ToF array
operate in magnetic field
reasonable cost

low amount of material

Momentum [GeV/c]
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/ Pb+Pb @ sqrt(s) = 2.76 ATeV
>% \ 2010-11-08 11:30:46
] Fill :_1482
\ 3.7 m path length Event | 0x00000000D3BBEGS3
7/K time separation
K/p time separation . .
— need time resolution of
0 1 2 3 4 5 6
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https://indico.cern.ch/event/996326/timetable/?view=standard

ALICE ToF

 PID: combination of ToF and dE/dx
« Multigap RPC (MRPC)

— Many small gaps so that avalanches grow
rapidly and detectable signals are generated

— small gaps (250um) give better timing
— space-charge effects inhibit the growth of

TOF B

ALICE Performance 5
Pb-Pb |5, =502 TeV 1

avalanches | p (GeV/c)
* Approx 150k channels \ Signal electrode
[ l[ ] Cathode -10 kV
; plate 1
Cross section of double-stack MRPC | Z/X = | plate 2 (-8 kV)
130 mm gapb
}‘ . .' [ /k |plate 3 (-6 kV)
active area _ -
gapc
le—— 70 mm —— _ - - | I |plate 4 (-4 kV)
gapd
| // |plate 5 (-2 kV)
T T A gape
# Pat® Canode 0 v

- \/ l Signal electrode
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ALICE ToF performance

10-gap MRPC

— o~60ps @500Hz/cm?

— Efficiency ~100%

For HL-LHC, 20-gap MRPC
— Aim for ~20ps at 50kHz/cm?

’g 0.06— LHC Run2 (2015) ALICE Performance
= Pb-Pb, \s,,, =502 TeV  Time-Of-Flight detector
€
L ovortme = 5 P8 TOF calibration
© L P=1.5GeVic standard
B 0.04] (] improved
? Gaussian model
— g = 56 ps

0.02|

200 400

TOF -t (ps)

4 A‘ i
0

-200

Voltage
1.87 7

1.83

1.79

1.75 |

171 |

1.67

Qin =20 fC, 65 fC, 110 fC, 155 fC, 200 fC

correctighs

time [ns]

Efficiency [%]
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0
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time-over-thgeshold

1
=
L L L

NINO ASIC

I

’ 20

G

10000 11000
Applied voltge acros 6 gas gaps [V]

10.5 kV
A2 3 b b G A R R A AL AR LA R 0 A AR AN
1 2 3 5
Width of pulse [ns]
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Time
resolution [ps]
O Time resolution of MRPC /@ 25
\8\9\9_/@/ ;
15
10
24-gap, 140um |,
L4 ] 4 (]
- T 0
12000 13000 14000
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ToF @ SHiP

arXiv:1504.04956, CERN-SPSC-2019-010
SHIiP: Search for Hidden Particles

— Long-lived exotic particles, rare decays

v

1 ) < |
Two ToF options (~50m?): T
« Scintillator bars read by SiPM arrays

— 1.7m bars, 6cmx1cm, 1.1k ch. e sorer

» Alternative option: timing RPCs (tRPC)
— Sensitive module inside plastic box
— Multi-gap RPC (12 gaps, 300um)
— Test beam shows high efficiency, c;~54ps

Muon shield

iy | .
20 | — £ s plastic scintillator+SiPMs .
<Eff> = 98% <Time> = 54 ps B
tRP ) § ok
15 o 0.12
g C
® 85 £ 01— o
- 10 4 008 ¢ J;iMWM "
g £t —3
& Lﬁa- 0.06{—
; i - —&— 8xSiPM array-1
0.04+— —8— 8xSiPM array-2
E ~80 pS & Measurement of mean
1 0.02— —%— Weighted mean
95 1:130 105 110 % 40 50 6 70 80 oo; T BT T ey
Efficiency (%) Time precision (ps) x [cm]
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Fast timing with Si detectors

* How to reach “10ps range” with Si detectors
 Exploit “in-silicon” charge amplification
— Geiger mode (as in gas RPC)

— Linear mode (Low Gain Avalanche Detectors)
IE| «’/ N. Wermes, VCI Wien, 2016

>

300 kV/em | /' @
4

<

p* multiplication layer ntt electrode

20 kV/em high res p- substrate
10 kQ cm

M p** electrode

» Separate collection of charge from signal gain

 Fast drift, large signals, low noise
— Collect electrons fast = thin
— Large signals = amplified holes
— Small C, small iigg, low noise = small electrodes
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Low-gain vs high-gain

Options for avalanche diodes

- Different amplification —— Patruton
approaches sho l

« “thin” layer: a few um of l —
depleted region l=

~

60
—Small gain region near the dgnplgtion
surface (longer drift) ™ ) Pl_r;agmn
* “deep-depleted”: depletion Junction
region ~40um

—High-gain region deeper I l Majority carrier

—shorter drift
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Low-gain vs high-gain

Options for avalanche diodes Electric field
e Different amplification E field comparison for APD and LGAD (140um thick)
APD=200um thick, bulk doping-1.4e14 and 1.8e14cm-3,
approaches — —
: === LGAD Peak-pwell-9.75e16 500V
eppm o . — APD-1 feldcm 3300V
* “thin” layer: a few um of — A1 dedem 000y
dep|eted regiOn - — APD1 Beldem 31300V
—Small gain region near the £ | —thin layer /deep depleted
surface (longer drift) E

 “deep-depleted”: depletion
region ~40um
—High-gain region deeper O e AN~ SN S
—shorter drift o 2 s e s a0 13 10 160

Distance along line
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NIMA 850(2017)83

°
°

(2}

2

=

C

Ll

MTD: two layers of Si sensors
1.6<|n|<3.0

Fast timing from Si with thin
depletion region, ~50um to
reduce drift time

— fast signal ~0.5ns

— internal gain O(x10-30)

p+ gain layer

a) Traditional Silicon detector b) UFSD

V pias = 200 V, Gain ~ 20 o 65F
. E % ¥ CWSTEE0PATIE, BT |
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APD: Silicon Detectors

» Si sensors with amplification

— Sensitivity to MIP in Si devices with internal frans-mpedance
amplification .| amplifier readout

- R&D on high gain APDs with field shaping | (MNeweomeretal) ¢ @xemm?)
to achieve fast timing |

— high gain devices (G~500) ) APD2| |
— “deep-depleted” technology APD1
® La rge S/ N~1 OO ":’4 ‘\"‘"'”““fm e ":ﬂ . /“”'j"y;;vgf’\“\:/; I
t{(APD2)
2905 d { | < oinsec)
! . et 2005 / V£l 1
29.00} | ] | 00308237 00163687 |
28.95| o 150f / \
2890 " 100} | \\ c~16 ps
| | ‘ )
28.85| n y _
T “! from slide by S. White
e D)L .. (also arXiv:1409.1169)

t(APD1) -U IU‘ o ‘-J‘L,'_; o A(.;JL- o -L;K- o -U‘|4(.

28.7 288 289 290 291
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APD: Silicon Detectors

NIMA 949(2020)162930

« Si sensors with amplification P I v
— Sensitivity to MIP in Si devices with internal | ™=
amplification | et
* R&D on high gain APDs with field shaping 4
to achieve fast timing .
— high gain devices (G~500)
— “deep-depleted” technology
« Large S/N~100
B SINGLE PULSE
g 205; 3 2 400 x? / ndf 11.81/6
g 18 53505_ Constant 368.7 + 14.2
C o 18E E Mean 2.996 + 0.001
14 : 300E- Sigma  0.02678 + 0.00092
12 § 250 Offset 13.21+ 2.60
122- - 200
ol 1501 $
2 soF-
%0 60 80 100 20 140 85 20 i 506 206 8 505 804 506 508 3
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MCP PMT

* Microchannel Plates can achieve best time resolution

NIMA 960(2020)163592

« Better than 10ps in test beam

180F
1603— Oyt = 72401 ps + *PICOSEC CO”
140F 1 =-5.036 +0.001 ps
[22) -
© 120 42/ndf=129.7/84
o X — 2 2 2
> 1005 Otot = \/GMCPI * Ovcp2 T %pag
S ¢
g 80F
5 60
< HBK R3809U-50
401
201 L4 b
0~ . A N RN IR Do/
-5.08 -5.07 -5.06 -5.05 -5.04 -5.03 -5.02 -5.01 -5
SATycpi - SATycps (NS)
Gain N,. total charge electronics resolution final resolution MCP type
(electrons)
~2x10° ~70 1.4 x108 4.1 ps 6.2 ps HBK R3809U-59-11
~1x10% ~ 80 8 x 107 2.0 ps 6.8 ps PHOTEK 240
~8x10% ~44 3—4x10° 2.2 ps < 7.2 ps HBK R3809U-50
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MCP: Challenges

JPhys 1498(2020)012013

« S/N ratio crucial to time resolution
« Large total charge may cause large after-
pulsing rates (due to ion-feedback) brinfary
— After-pulses get worse at higher gain ;‘:ﬁ?“
* Multi-channel MCPs Total feedbacky -8 % nfliber of primary || |

— Cross-talk btw pixels, charge sharing,  single electrogp R L L
ringing effects N

* Problems relevant for use in experiments

: : [ BCH  EEH O S EH O R
operating at high rates TP

5 ns/div

64-ch Planacom

A e e e e e\ it SRR

XP85012 after | CROSSTALK
modifications | SIGNAL X 5
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PICOSEC Micromegas

NIMA 903(2018)317
« Cerenkov radiator+Micromegas —L_
— photoelectrons emitted simultaneously
by the photocathode Cherenkov .
adiator
— Csl photocathode on a thick 3mm H1
MgFZ window Drift 100-300um  mesh E’Fie'dI
Amplification soqsnm DO tEEesmus 3/s e e s s s s 0 oo E.-F.ié'd.‘ Ground
0.05 ; ; ; ; 5 anode v
<Sig;nal Arrlval Time? I [Preampifier + DAQ

0

-0.05

..........................................................................................................................................

ion téil (~100ns)

Two component signal: e-peak
+ jon-tail

-0.1

Voltage (V)

-0.15

? - Cerenkov radiator to produce
-0.2 ‘ ' | ' ‘

................ t V SynCh rounous phOtonS
o5t glectronpeak (~0.9n8) .. |  -Short drift to reduce jitter

340 360 380 400 420 440 460 480
Time (ns)
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PICOSEC Micromegas (cont.)

NIMA 903(2018)317

 Fast MCP used as t, reference (<10ps resolution)
* o~24ps with 150GeV muons, 76ps with single pe in laser tests (N,.~10)
« Time resolution improves with higher drift field

450 0.45 —
E ¥2/ ndf = 73.26 / 45 ]
400F 0.4 | e Drift 200V |
- u =2.7451 + 0.0004 ns oy ‘ = Drift 225 V
- wn |
350 o, =20.9 + 0.3 ps 5 0.35 | A Drift 250 V|
® = 1 s E\ & v Drift 275 V
§ 300F 0,=389+1.1ps S 03[ My o Drift 300V |
) = _ B L (A o Drift 325V
= 250F Orot =24.0+ 0.3 ps S 0.25 a4 4 « Drift 350 V|
N - 8 i
o 200 :
_g - f 0.2
S 150 =
Z - = 0.15
100
- 0.1
50:— -------------- |
: 4"'}' l 1 1 1 L l 1 1 1 l\:l::i 0005 1 L i | H - |
86 %65 27 275 28 285 29 1 10
Signal Arrival Time (ns) Electron Peak Charge (pC)
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Further developments

NIMA 903(2018)317

* Resistive readout: employ resistive strips to
limit effect of discharges

)

« Multipad readout: achieved c~32ps for
signal shared on 3 pads

» Photocathode lifetime: against discharges @8
and ion feedback to increase photocathode |
lifetime. Different materials and protective
layers under study

See presentation by A. Utrobicic
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https://indico.cern.ch/event/996326/timetable/?view=standard

LAPPD: Large areas

arXiv:1603.01843, arXiv:1909.10399

« Large Area Picosecond Photo Detectors
« MCP based on planar geometry photodetector

« Design of 20x20cm? modules, gain >107, non-
uniformity<15%, time resolution<50ps for single
photons, spatial resolution 700um

25 LAPPDA0
200 J
175 K

o LAPPD<50ps

1250 L -
100

Transit Time Spread [ps]
o
o

n ~
o (&)
—T

0 50 100 150 200 250 300 350 400 450
Photocathode Voltage [V]
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Fast timing at 20-30ps

« (Good progress in small single-pixel devices
« More difficult in larger systems

|Utime ~ trisetime/(S/N)l

« Possible to obtain a good time resolution with large S/N ratio
— for tcetime= 200ps — need S/N~10 to get to 20ps
— for slower risetime ~2ns, need S/N~100

« Many other effects also contribute (electronics, chromatic
effects, #of pe, transit time, reference t,, stability of clock
system, etc)
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Time resolution, rates, aging

NIMA 939(2011)144, NIMA 876(2017)42

| Rate Capability of various MCP-PMTs | photons / cm? (at gain = 10°)

« MCPs currently provide best time 1o “,’ Ba1r(r):I| End:ip] 1?1? ______
: s [PAN DA FAI R
* Micromegas gas detectors canreach 3 |__ @
24ps Both 2 ST B G
c A Photonis XP85011 (25um)
V¥V Photonis XP85013 (25 um)
| | W Photonis XP85012 (25 um)
. Hamamatsu R10754 00-L4 (10 um)
10—2 ul L Ll ol Lol L R

« High rates: Stable operation with MCPs — «w v o w
to 200-300kHz/cm? B ANDA BarrDIRG tims (]

» Aging: Expected radiation at ATLAS/CMS T
is challening (~4x105 n ,/cm? and ol
~4MGy=400MRads)

« Large areas, complex systems: current
tests w/ few pixels, small, less complex
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Summary

 ToF measurements are key to particle ID
* Precise time determination

« Vast progress in many areas
— Synchronous signal, high gain, thin drift, etc.
— Across different technologies

« Several challenges (aging, rates, large areas, etc.)

* Average distance between vertices at z=0:
— 1mm for HL-LHC (140 pileup)
— 125um for FCC-hh (1000 pileup)
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Thank you!

Questions?

Many thanks to Eraldo Oliveri for
useful discussions and various inputs
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LYSO crystals

Lutetium-yttrium orthosilicate crystals activated {//]0.05]A]
with cerium (LYSO:Ce) as scintillator I [1] =
[710.05 é 3,2
o Excellent radiation tolerance 22 (3] /@ —
o Dense (>7.1 g/lcm3): a MIP deposits ~4.2 MeV i
including impact angle (0.86 MeV/mm)
o Bright: light yield (LY) ~40k photons/MeV. 5558
o fastrise time 100 ps and decay time ~40 ns -

57.0

0.08 mm ESR

reflective foils structural wrapping around array <0.15 mm

|
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Radiation at HL-LHC

® Technology choices are driven by radiation and cost
- BTL:LYSO + Silicon Photomultipliers (SiPM)
- ETL: Low Gain Avalanche Detectors (LGAD)

CMS Phase-2 Fluka Simulation
| MeV n.eq./cm? for 3000/fb

E Y
S 8o v
0 g

('

40 1

LY

280 290 300 310 320
\ Z [cm]
ETL
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Diamonds@PPS: Test beam

CERN-CMS-NOTE-2020-007

» Single crystal scCVD diamond sensors operated
during Run2

» Sensors exposed to highly non-uniform proton
radiation, fluence ~5x10"9p cm2 (~2x10"° nggem-2)

e Testbeamin 2019
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