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The next generation cameras for the Large-Sized Telescopes of
the Cherenkov Telescope Array Observatory
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Cosmic rays and extensive air shower (EAS)

Record electron energy (LEP).

Record proton energy (LHC). https:/lwww.ctao.org/
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The cascade of secondary particles initiated by a single primary particle will produce Cherenkov
photons in the atmosphere, primarily generated by electrons, positrons, and muons. This light can
be detected by Cherenkov telescopes.
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https://www.ctao.org/

The Large - Sized Telescop the Cherenkov g'E\"gEESEI\T/E
Telescope for gamma ray detection T eacouteoes scievces

Parabolic mirror

198 hexagonal mirrors
~1.5 m flat to flat size

Dish diameter 23 m

Mirror area ~ 400 m?

Focal Length 28 m

Field of view ~ 4.4°

Design on-axis PSF 0.05°

Design off-axis PSF 0.11°

The CTAO* LSTs are in an array of 4, will
dominate the energy region of the sensitivity
between 20 GeV and few 100 GeV.

‘ *CTAO : Cherenkov Telescope Array Observatory
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The LST camera CTRO = i

PMT - based camera FACULTE DES SCiEncEs

Number of pixels 1855 - Pixels: 1855 | pMT

Pixel field of view 0.1° R R

Pixel linear size ~50 mm o

Analogue memory DRS4 ASIC developed in PSI !

Analogue buffer length 4 us E o LRI |

Readout rate 7.5 - 15 kHz i

Dead time 5% at 7.5 kHz -50

Operates at low gain* 4 x 104
Two readout chains with low and hight gain amplifiers
PMTs are coupled to light guides

* To ensure the PMT lifetime for 10 years of operation

QO

L i UL | LI

__-—-n\

Light guide for PMTs. | PMT Bias voltage 850-1500 V

L. Burmistrov
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SiPM S - DS
Number of pixels 7987 _ _PMT i

Pixel field of view 0.05° ol SRR -

Designed on-axis PSF  0.05° i i

Pixel linear size ~25 mm g g

Digital buffer length ~4 ps E % E L

Readout rate 75-30kHz || | % T

Dead time better then 5 % || 0 “iiiiiis i =

Single readout chains with one gain || | S voob

SiPMs are coupled to the light Pixels: 185575 | [Pixels: 7987007
g u |d es o 50 X (gm) %0 100 o - X (gm) » 10

SiPM camera detects twice as
much light as PMT ones.

oY d O
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LST PMT camera (0.1°) LST SiPM camera (0.05°)

Gamma event

CameraFrame
1

CameraFrame
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Various options to filter night sky back
Light guides
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Normalized spectra [a.u.]
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80% of the light undergoes reflections

in the light guide

Having “blue” light guides improves
NSB rejection, about 40%

absorption > 540 nm

ICRR, University of Tokyo, Kyoto University
Konan University, ISEE, Nagoya University
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PDE (not include crosstalk and afterpulses)
xR
X

Hamamatsu

= = =50um-1st

50um-2nd
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75um-2nd

Hamamatsu
prototype data
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R o
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SiPM Camera readout chain

Camera plane + cooling system
< >
Light | W o o
—»| | T. T.
I N | Light guide
D |[(concentrator) L L
—» 0 Preamplifier - ! !
w board 0 .
Front — end board || k k
p Camera box + cooling system >

Preamplifier board:
Provides biases to SiPM and slow control (temperature, currents ... )
SiPM raw signal amplification (x 10 times — single p.e. 3 mV).

Front — end board:
Digitize the amplified signal with FADC (flash ADC) 12 bits, ~1 Gsps (in total ~100 Th/s).
L1 FPGA store in the buffers the waveforms
L1 FPGA calculates the digital sum on waveforms (see next slide)
First stage of data volume reduction or Level 1 trigger.

Telescope Central Trigger Processor:

Manage L1 trigger coincidences with other LSTs. If a coincidence is found, the L2 trigger runs
- DBSCAN

- Al trigger (See Tjark's talk)

CTAO DAQ: If the L2 trigger returns true, the further online analysis can run. (See laroslava’s talk)
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. PD DARK box
PD : photo diode
ND : Neutral density

Test bench at UNIGE

i

Integration sphere

Light
In

Interface
connector

ND
Filter

Light
diffuse

Device
specific mask

Picoammeters for precise current measurements
and SiPM bias.

Pulsed and continues light sources
Motorized wheel with neutral density filters
Temperature and humidity sensors
Calibrated photodiodes

2 GHz readout oscilloscope

We plan to add 3D translational stage




i : .- UNIVERSITE
Light sensors and readout electronics characterization k7580 DE GENEVE

FACULTE DES SCIENCES

Test bench at UNIGE

i

Picoammeters for precise current measurements
and SiPM bias.

Pulsed and continues light sources
Motorized wheel with neutral density filters
Temperature and humidity sensors
Calibrated photodiodes

2 GHz readout oscilloscope

We are open for collaboration

We plan to add 3D translational stage




The silicon photomultiplier (SIiPM) light sensor.

—» Comparison with FbK.
—» All the measurements done by UNIGE team.

CTND

—» Collaboration between the University of Geneva and Hamamatsu for IACT?>.
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PDE at Pxt = 15 % g 1_ |
n }  LCTS. 3075CN. DC 20 NUV-HD, w/o EpPOXy o 0.95F++| —e— 50 um with ~resin (450 nm) DUFTRES U eI st
] A =
+ LCT5, 3075CN, AC 2 2 g %% —e— 50 um without resi
nhmhmﬂ mnreeT BN g stk R
e ! 0.8E+"| —e— 50 um (420 nm), FoK
50 + “H‘?% U *&Ht HAMAMATSU 60 4 —— 6x6mm 2 50x50 um? 0.752 /}\
y i 2020 : | A
= i ) —— 3x3mm 2, 40x40 um g TS
g —H ?;}, e - 0.65F LR ‘{/
o # " . FBK 2020 06E e
" + h ui 40 : A
2 30 }h E 0.55F '%,.
: Hy 3 osE
= ’ ”‘ig 0.45E
te ", = 0.4F .y'
4 “E
101 . 10 - 0.35F K NUV-HD MT
'S a0 0.3F
o1 Prototype - preliminary ety 0 [ ' ' | ! | ! ' oot 2023
. L : . s . : d = 300 400 500 mo 700 mo %0 1000 .OZEIII\HIII\III\HIHIIIIIIHIIHI\IH\III\IIIHHIII\III\HHI\II
200 300 400 500 600 700 800 900 1000 wavelength, nm e ™8 9 10 11 12 13 14 15 16 17 18
Wavelength, nm ! Vover V
HAMAMATSU FBK NUV-HD FBK NUV-HD MT**

LCTS

50 % at 300 nm
60 % at 400 nm

45 % at 300 nm
65 % at 400 nm

PDE (photo det. Eff.), [%)]

57 % at 450 nm

DCR[MHz/cm?] 2.5at 6V 25 at 6V 6 at 6V
OCT (Opt. x-talk) [%0] 12 % at 6Vov 20 % at 6Vov 4 % at 6Vov
Pulse FWHM [ns] 3 8 ~3 (with shaping ampl.)

*Imaging Atmospheric Cherenkov Telescope.

L. Burmistrov

**\Very promising device but the packaging remains the major issue.
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FANATIC* - the preamplifier ASIC CTNAD UNIVERSITE

—» Fully developed by UNIGE, Swiss companies involved for chip packaging.

—» The chips wire bonded at UNIGE.
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Main specification:

FLARE project (20FL21-201539)

Power consumption: 40 mW per pixel
Dynamic range: 1-250 p.e (good linearity)
Signal-to-noise ratio of 5

Fast response: 3-5 ns FWHM

Second version of the ASIC designed in
collaboration with Spain

Time line :

Design end of 2024
Production April 2025

Simulation

338.07
2990/ Preliminary
26040; |
221.01
182.0

E 14301

S |

104.0

25.0 25.01 25.02 25.03 25.04 25.05
time (us)

«  Linearity

P1:
0.8
o7
2 RO
T 06 -
Fos €3 Channel n 5 00 mV/div
% active -20.40 mV
o4

- 05 mV —-

=150 pv Ay

Preliminary

0.0 52.0 104.0 156.0 208.0 260.0

= Sl il
II__II AL

. * Fast ANAlog Transimpedance amplifier Integrated Circuit

Measurements

"“ TELEDYNE LECROY

Everywherayoulook

ampl(C1) P2:fre

F2 nstam. -

[Timebase 0.0 nsf Trigger (L) LE18]
500 mV/idiv 5.00 k#div| |

| 10.0 ns/div Auto 455 mV
5mV offset.  2.00 mVidiv)! | 2kS 20 GS/s Edge Neg
341.688 k# |

640 mV |--—- 8.63 k#|!

-15 mV |Ay
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L1 board and Telescope Central Trigger
Processor (CTP) board

Main components are : ‘Front - end board

FADC (commercial or custom designed by EPFL)
FPGA: AMD / Xilinx Kintex UltraScale+
Functionalities:
Capture and buffer FADC stream
Perform low level trigger (digital sum of super flower)
Send to Central Trigger Processor only “triggered events”
Reads 49 pixel (super flower or flower of flowers) ELARE broject (20FL 21.201539
Each L1 board connected to project ( - )

neighbor with 1 or 2 10Gbps links. CTP board

e PCB development:

o Design finished and files sent to the manufacturing company.
o Right now, they are inspecting the design.

—» Collect data from events passing L1 trigger condition
—» Perform partial event building
—» Manage coincidence of hardware telescope triggers

—» evel 2 trigger with DBSCAN based or/and
CNN - based algorithms




L1 board and Telescope Central Trigger

Processor (CTP) board
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Main components are :

FADC (commercial or custom designed by EPFL)
FPGA: AMD / Xilinx Kintex UltraScale+

Functionalities:
Capture and buffer FADC stream

Perform low level trigger (digital sum of super flower) £
Send to Central Trigger Processor only “triggered events™™ ™=

Reads 49 pixel (super flower or flower of flowers) ' EZ‘DC boad

Each L1 board connected to

neighbor with 1 or 2 10Gbps links.

CTP board
e PCB development:

o Design finished and files sent to the manufacturing company.
o Right now, they are inspecting the design.

—» Collect data from events passing L1 trigger condition
—» Perform partial event building
—» Manage coincidence of hardware telescope triggers

—» | evel 2 trigger with DBSCAN based or/and
CNN - based algorithms

16




L1 board and Telescope Central Trigger TN UNIVERSITE
Processor (CTP) board CTAO e

Main components are _

FADC (commercial or custom designed by EPFL)

FPGA: AMD / Xilinx Kintex UltraScale+
Functionalities:
Capture and buffer FADC stream

Perform low level trigger (digital sum of super flower)
Send to Central Trigger Processor only “triggered events”
Reads 49 pixel (super flower or flower of flowers)

Each L1 board connected to

neighbor with 1 or 2 10Gbps links. CTP board

e PCB development:
o Design finished and files sent to the manufacturing company.
o Right now, they are inspecting the design.

S

FLARE project (20FL21-201539)

—» Collect data from events passing L1 trigger condition
—» Perform partial event building
—» Manage coincidence of hardware telescope triggers

—» | evel 2 trigger with DBSCAN based or/and
CNN - based algorithms

17




FADC counts

Level 1 trigger based on digital sum

Digital sum definition : Z Z

time channels

time )
channels
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CTND

It serves as an effective signal
amplifier and noise cancellation.

Example of the waveform W|th 0,123 photon

] = e - — 0 p.e. (av.)
- 1Se 5 g [ Digital sum 1 5. (&)
320 —|== : o e e. .
= |=2pe. | - %8 —2p.e. (av.)
315 _—-3 e. L
= P \ — 3 p.e. (av.)
310:_ ............. ................................................. 306
o | i
ol QW | / \ \\
2955_ ....... \ _ 302 /
290 f_.......... .: ............................................................. ;. .......... ; ........................................................................... [ :
i b i i l i | iy | | | | | i | 300
0 5 0 is w0 25 30 357 Th0 45 50 55 e e 70 75 -

Different topologies

Flower
&

Flower+neighbor

. *

L. Burmistrov

Selected input for the L2 trigger.

Selected input for the L1 trigger.

] Il ] Il 1 | Il [} | Il Il [} Il Il Il I ] Il | [} Il Il Il 1 Il 1 Il 1
10 20 30 40 50 60 70
Time, ns

Flower+neighbor+neighbor Super flowgr(flower of flowers)
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Level 2 trigger based on DBSCAN

Density Based Spatial Clustering of Applications with Noise
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From: KDD-96 Proceedings. Copyright © 1996, AAAI (
A Density-Based Algorithm for Discovering Clusters in Large Spatial Databases
with Noise. Martin Ester, Hans-Peter Kriegel, Jiirg Sander, Xiaowei Xu

).

D
(

—P Faint events have arbitrary shape

-—P Time introduced in the metric to account for
shower development.

— Spatial - time clustering with  DBSCAN
—» DBSCAN can be used for waveform/image

cleaning.

DBSCAN).

=P Type of the digital sum to form a micro-cluster.

= Threshold on the digital sum to form micro-cluster (point for

=P Timing component introduced into the metric

=P The maximum distance between two micro-clusters (eps.).

=P The minimum number of micro-clusters build the cluster.

eps

0.6

Topology
Time

»-

La

Threshold

ll Micro - cluster g
L1 FPGA

— eps.
— number micro clusters

X DBSCAN > L2
*

A\

Sb

« 14-dist

N

0.5F

= -

\

0.4F

N
N\

0.3F

0.2

\,

\i

ep

i

3

L. Burmistrov
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- g apcizonst N> | wmszt B Scod (faim
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""A"'L&.é"‘X'Am“"o.‘;;“‘ﬂ“‘ 299 g ]
Totalin~74ns ::: 235 ::E wi t|n;e 37 ns
L - ,--"- oy .E:-r,, ' . .
T 4 & SRS » er';/eern? id : 29 9, DBSCAN without time
% - : . )
051 B w5 05 aue exco e -145 m Information
A 304 : ycore :-221m
14 Gp A D St
= = o n : . .
s s o0 ° e ;45 Spacial clustering only
-05[- © o R 30 n_pixels ; 21
i & 301 T ~azimuth : 180?/1 0 deg
i ® %® i “ “altjude . :699/10 %9
T 300 i a0 ?1 Irst_int : 21481
:|||I||||\lllw\w@wlw\ww\w\ 299 L B hr_naX_ 13667km
- B 1 e - S
308 C 30¢
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it 307 i S E . o wi tl?rge 37 ns DBSCAN with time
308 N o F ] a0¢
L AR G b AT, 2920 1 i
05 0505 .‘g:’;:?-;;w;-;;*ﬁf*ti--Zf*“-:aﬁ::-;ﬁv; aot éar‘(grn IOI: %/ Information
304 R AR AL e S T o XCO e . '1 45
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DBSCAN vs. super flower digital sum

Trigger effective area (on axis gammas)

Super flower (flower of flowers) DBSCAN

“ - : 1 i ’_i_ N —t

I N Super Flower digital sum ...

—

o
[8)]
|

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

We choose the super
flower as a cluster
more or less equivalent
to “LST trigger”. e o & S A e

Trigger effective area, m*
I

—

o
o

|

---------------------------------------------------------------------------------------------------------------------------------------------------------

DBSCAN is a highly I —— D — S —

promising algorithm. - I

I [ AN I'i """"" I Y I [ I""I"'I'"I"I"I"I'} | L | L
1 10 102 10° 10* 10°
L. Burmistrov Energy, GeV




Hardware implementation CTND ( UNVERTE
(preliminary feasibility study for FPGA)

Off line operation (Level 2 trigger)

DBSCAN would run on stereo triggered events, with latency of about ~3 ps.

Accelerating the DBSCAN clustering algorithm for low-latency primary vertex reconstruction

2L Alex Tapper (Impe

. . E Laiency £ And R
With 230 tracks (points) they got 0.726 ps latency. : [REETIETN ©+ | . <. o0 soome oo
VU9P FPGA : 127 £ Marco Barbone :
. Speedup! A Robert John Bainbridge (imperial College (GB)) =
: L Wayne Luk
SsssssmmmsEEEREEEEE NN I T
_ x10°
: . %2000 po ~3640
Real time (Level 1 trigger) ? E 1800 pf1 8.505
: : - | p2 0.04395 ,, ,
DBSCAN would run in real time at ~10 MHz, o /
latency of 0.01 ps is required in this case. 1400F :
12001~ /
We have ~ 3 times less points (micro 1000} SN SN S S U S_———— - _—
clusters), corresponds to 0.07 ps latency. OO o
Possible algorithm optimization : /
- time axis is fully ordered. e A
200—
Ooi%ﬁoéu

. 2000 2500 300;) : k:;50;)‘ l4‘00;] : ‘4‘50!‘] : ‘5‘00!‘)1 k51501‘] ‘ l6‘00!‘] l ‘fliéOO
L. Burmistrov Number of micro-clusters ~ »9


https://indico.cern.ch/event/1106990/contributions/4998133/
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credit: CTA Consortium, Akihiro Ikeshita, Mero-TSK, International

Thank you very much for your attention

L. Burmistrov
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