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Outline

e Cherenkov Telescope Array (CTA)

- Small-Sized Telescope (SST)

- Compact High-Energy Camera (CHEC)
« SST Camera Project

 Summary




Cherenkov Telescope Array (CTA)



CTA - The next big step...

« World’s first VHE gamma-ray observatory
« Explorestop 4-5 decades in energy - 20 GeV to 300 TeV

« Factor of 10 improvement in sensitivity compared to current
telescopes

« Full sky coverage
« Large community of users
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The Cherenkov Telescope Array

(] [ ) i
CTA South, Paranal - Baseline configuration @ | g
. 4 Large Sized Telescopes
. (LST)
25 Medium Sized Telescopes - 23 m diameter reflector
: (MST) - : "« >45°FqV
70 12 m diameter reflector « ~0.1 km?
: -+ >7°FoV . :
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[ Alpha configuration
* CTAO Northern Array: 4 Large-Sized Telescopes and 9

Medium-Sized Telescopes (area covered by the array of
telescopes: ~0.25 km?)

* CTAO Southern Array: 14 Medium-Sized Telescopes and 37
Small-Sized Telescopes (area covered by the array of
telescopes: ~3 km?)



CTA Science:

Full-sky Coverage

North+South

Known sources:
¥ TevCat
Galactic targets:
@ Supernova remnants
® Pulsars
Extragalactic targets:
@ Blazars

>60° zenith
450-600



CTA Science:

Improved Sensitivity
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CTA Science:

Improved Sensitivity

Optical

LMC and Galactic
Plane observations
will provide many
more detections

Expect an
increase of a
factor of ~10
in the source
catalogue.

Latitude (deg)

Latitude (deg)

Latitude (deg)

300
Longitude (deg)



CTA Science:

Improved Angular Resolution

8° CTA FoV

(10 Gev) |

&1 ek HESS centroid
L ‘error

Centaurus A

The best angular resolution of any instrument above 100 keV
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Small-Sized Telescope
(SST)



Three SST Designs Proposed

= Dual mirror (SST-2M) design allows use of a compact camera

» Short focal length - reduced plate scale - small camera and plxels N
*= Candidate sensors: MAPMTs, SiPMs .
N
= Technical challenges »\\,,.

= Curved focal plane (R, =1.0 m)
* High density readout electronlcs required

= Low cost ‘ s - | YL OJ&
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Three Prototype SSTs Developed

. : . S5
= Prototypes for all SSTs (telescopes and cameras) exist
. . N
- The dual-mirror telescope prototypes provided : ¥/ /-
an excellent test- bed for CHEC foc N7
‘K
4 . . N
Meudon, France Serra La Nave, Italy “Krakow, Poland 114\\ '




CTA Small-Sized Telescope
CTA-SST dual-mirror design

e CTA-SST dual-mirror (SST-2M)

telescopes
Uses Schwarzschild-Couder optics, as
first proposed for IACTs by Vassiliev .

SST-2M telescopes designed to be ]
compatible with same camera i

Small plate scale enables use
of smaller, lower cost camera - CHEC

4.00m

3.05m

« SST design drivers: 5 g
High performance at low cost -

WA

Ease of production and maintenance t% e ——
3.56m

CHEC-S photodetector.




SST Camera

Requirements

« Small-Sized telescopes
— Large area coverage essential to detect rare high energy gamma-rays

— Good event quality - multiple images of air shower increases measurement
precision

- many units = low unit cost
— High telescope-multiplicity events
- highest energy resolution events of CTA at around 10 TeV
« SST Camera Design Implications
— Large impact distance measurements
- wide field of view, large time gradients
— Wide field of view without compromise on image resolution
- many pixels 2 low-cost individual pixels
— Large time gradients

- digitization within wide time window - flexibility for optimal offline
extraction of time and intensity information
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ASTRI and GCT
Competing SST-2M designs

1 s,
o)
]

e




CHEC-M .
On-Telescope Tests in Meudon

« Cherenkov Images

—  Successful self-triggering on Cherenkov events (cosmic rays — no y-rays)
—  First light for any CTA prototype

Event 5
Example of a single event

recorded on-sky
Pixel: 949 Camera
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Compact High-Energy
Prototype (CHEC)



Prototyping CHEC

Overview

e CHEC-M & CHEC-S

— Same fundamental architecture

—  Different photosensor technologies
. Tested in the lab and on-telescope

—  CHEC-M on GATE (GCT)

—  CHEC-S on ASTRI

Doors

Liquid-cooled
focal-plane plate

Backplane ‘
TARGET [

modules

Timing Board

Protective
| window

Slow Control ]
~ Photosensors

Board
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Prototyping CHEC

Evolution

. CHEC-M
—  MAPMTs
— TARGET5S

— 1 Gbps DACQ boards
— Wash U. Backplane

- Proof of principle of many aspects (e.g. triggering and
reado(ljjt) limited by ASIC performance and MAPM gain
sprea

* CHEC-S
— SiPMs
— Liquid cooling
— TARGET C and TARGET T5TEA
— In-Project Backplane
— 10 Gbps XDACQ
— Slow signal chain for pointing

- Most CTA requirements met, performance limited by
SiPMs and thermal control




Prototyping CHEC
CHEC—Syp S

Cooling connection
to focal plane

Cooling output to

SiPM and FEE
module 3

Lid Motors

UV-transparent
Window

Liquid-cooled Focal
Plane

LED Flasher Units

Cooling
input from chiller
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Prototyping CHEC
CHEC—Syp S

Connection to the backplane: raw data, trigger, clock signals, electronics
power (12 V) and SiPM bias voltage (~70 V)

Power board provides low voltages, SiPM bias
voltage trimming and monitoring

Shielding for all switching components and ASICs

SiPM bias voltage

Low-voltage power on separate cable to buffer

Primary board and auxiliary
boards each contain 32

Copper heat-sink
channels of readout

arrangement to focal

. plane plate
TARGET-C and T5TEA ASICs provide

16 channels of digitization and
triggering. Slow ADCs provide a Amplifier and shaper
parallel readout stream for monitoring circuits for optimal
of DC signhal component signal-to-noise

Cables used to remove
radius of curvature in focal

plane
Samtec individually shielded

coaxial ribbon cables for analogue
signals

Temperature sensor

SiPM
Tile

Buffer circuits for
noise immunity 22



Prototyping CHEC

Camera Architecture

TARGET TARGET
Trigger ASIC Sampling ASIC

[ 64 x Preamp ]

|
1 X 32
Clk &Time
Stamps

DACQ

Board(s)
Timing
Board . n
Ethernet White Rabbit
Slow Control Timing
Board
Slow Control
Ethernet
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o
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()]
-
L
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An obvious place to put a
telescope!



= Sicily, Southern slope of Mt. Etna at
Serra La Nave

Hosted by INAF-Catania
1750 m asl

It worked!

Pixel Amplitude (p.e.)

25



ASTRI-CHEC Campaign
Field trials - 2019

« CHEC-S installed on ASTRI in 2019

— Interfaces prepared before arrival and verified

— First light ~48 hours after arrival onsite

— Images in focus without additional camera alignment

— On-sky data a good match to MC expectations

— Continuous calibration performed in parallel to observations
« Astrometric verification via slow signal
« Photosensor calibration via interleaved LED flashes

— On-telescope operations fully exercised

A .
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Representative air-shower image 5
R T s BT TS

HEEE |-

Trigger Rate vs. Threshold , =~ 30Mt:
at various NSB levels g e

=== 500 MHz
—+= 30MHz
= 60 MHz
~+= 120 MHz
—+— 500 MHz

80
Threshold (mv)

I
|
++

Pixel Amplitude (p.e.)

Total intensity contained in $-|-
air-shower images

35 4.0 45 50 55 2 6
log(intensity)




ASTRI-CHEC Campaign
Field trials - 2019

Elsst
o[

Observation strategy during CHEC-on-ASTRI campaign: Wobble Mode
— Pointing direction is offset from the source by 1 degree
— Observations alternate between offsets on different sides of the source

Priority of campaign: Test on-telescope operation of camera and
compatibility with ASTRI structure - SUCCESS

Gamma-ray source observation: Sensitivity limited by mirror reflectivity

Cherenkov showers
pointed towards source
position (as reported by
ASTRI-Horn SQL database)

2019-05-02 20:49:33.133597552
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CHEC-S on ASTRI
Field trials - 2019

« Slow signal - Predicted pointing accuracy

Utilise timing information as star crosses pixel boundary
Simulations: 4-5 arcseconds

Requires ~10 stars in FoV

Up to 30 stars expected in a typical FoV (Vmag < 9)

. Can be used for

NSB level during observations

Disabling pixels with stars
present

Telescope pointing
PSF across FoV

Hotspot Brightest Match
otspots Hotspot Found

200

190

180

170

Pointing Offset (arcseconds)

Rolling StdDev (1 minute) (arcseconds)

10000 ¢

1000 ¢

100 ¢

10

10000 ¢

1000 ¢

100 ¢

10

T T T
’4, Passing plane/satellite
Bright star (gamma) on edge of FaV

i

Cloud cover + main hotspot crossing

I, w

gaps between modules / dead pixe

. . . .
09 01:20 09 01:30 09 01:40 09 01:50
Time
T

.
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N
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Time

I
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SST Camera Project



SST Camera

Selection

« Following 2019 CTAO Harmonization review
— CHEC selected as baseline SST Camera
— ASTRI selected as baseline telescope
« SST Camera Key Features
— Fine pixellation, ~9° FoV
— SiPMs with Target ASIC readout
« 5x lower cost than MST/LST per pixel
« Higher detector efficiency
— Efficient trigger scheme
— Full waveform readout
« Now focused on an iteration to ensure
— Ease of production
— High quality
— Ease of installation
— Low maintenance needs

30



SST Camera

Design Finalization

Many lessons learnt from CHEC protypes

Assembly concept ™
— Involves removing SiPMs to access Target Modules nsertion
« Risk of SiPM damage
— Involves inserting Target Modules through focal plane
¢ Risk of TM damage
New camera assembly scheme - SOLVED BOTH
SiPMs
—  Optical Cross Talk (40%)
e Limits trigger performance and charge reconstruction
Latest LVR3 SiPM devices utilized - SOLVED
—  Control (Bias voltage resolution)
«  Limits trigger uniformity
Per pixel bias redesign - SOLVED
Cooling capacity
—  Adequate for SiPMs (FPP worked well)
—  But large gradient across TMs (> 20 °C)
+  Limits charge reconstruction (ASIC temperature dependence)
Cooling system upgrade — SOLVED
LED Flasher concept
—  Relies on reflection from M2
—  Hard to calibrate in the lab
New Flasher circuit design and placement - SOLVED BOTH

Thermal gradient
across camera

'S
=)

w
a

w
o
Temperature ( ° C)

n
o

™27 TM21 TM15  TMO09

Example flash from LED unit O (top right) on ASTRI

Known

disabled HV
blocks

M2 artefact

H

£
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Design Changes

SST Camera

32

SST Camera

ype

CHEC-S Protot



SST Camera Design

* Changes w.r.t. CHEC-S

—  Flat window

—  Updated SiPMs (+ matching changes to preamps & bias)
—  Small iteration to TARGET modules : o
—  Revised Backplane to include CHEC-S readout board (XDACQ) = . Breather desiccator
—  Improved cooling and airflow s =

Camera components
‘ (excluding enclosure)

Revised Backplane

(combines 2 previous .
Latest SIPMs

Improved heat
exchanger

Window changed from

curved to flat (simplifies
== ’ with improved cooling fabrication)

= capacity & reliability

Focal Plane Plate iteration

Fans on both sides of
rack (push - pull) 33



SST Camera Technical Status

Detailed design of many elements (prelim) TR —————
complete, some examples shown here Board

(3 (4} Not needed un
~ \ A6 assembling o focal plane

Door Assembly (1/2 of 2-part door)

Focal Plane Plate Liquid cooled ribs

(4.5 mm diam. holes along
51cm rib)

Heat Exchanger Assembly




SST Camera Technical Status

A few examples of other recent technical developments

Mechanical Tests
—  Liquid-cooled focal plane preliminary
(welding + leak) tests complete
Window

—  Production of 3 windows with varying
thicknesses and coatings complete
Transmission measurements underway
Uniformity tests indicate ~1% RMS (@400 nm)

SiPMs

— Candidate tests complete and SiPMs chosen
Hamamatsu LVR3, 50 pm, 6 x 6 mm?, uncoated

Assembled onto custom PCB (64-pixel tiles) by
Hamamatsu

- Optimum heat flow, appropriate
connectors, T sensors

—  Full camera + spares ordered
TARGET ASICs & Modules

—  Latest ASICs tested & confirmed

—  Full camera + spares ordered

—  TARGET Module design iteration in progress
Backplane

—  First “quarter” BP (handles 8 TMs) due ~now

Focal plane plate test
piece with welded
insert

First full-scale window under test
(430 x 430 mm, 2 mm thick)

Design goal of 3.2 mV/pe
achieved (to match
requifements of ASICs)

i

-m@ﬁm 1 Il

~8-9 ns

NB: Many detailed tests done on candidate SiPMs (report due soon). 35
Screen shot shown here for simplicity only.



amera Series Production
Modular assembly

FocAL PLANE AsSEMBLY

TARGET MODULE ASSEMBLY

ELECTRONICS RACK ASSEMBLY

ENCLOSURE

g
=

=z
=
=4

(ERA)

(ENC)

SUBSYSTEM ASSEMBLY

Door Assy—~fi] l

Window —*

Assy
T
;Iuca’\’P:ne e prea
ech. Assy - AsSY
&
Flasher
Assy—e=D

——— SiPM Assy
. D

FPA Assembled, Tested &
Ready for Camera
Integration

™ Pur PCB — e |::>
1 1
TM Aux — 32 TARGET Modules
pPca Assembled, Tested &
1 1 Ready for Came

™ Primary — el ™ inegration

PCB fraver
Mechanical

Rack —

b Timing
Toard [l‘>
1 i ERA Assembled, Tested &

Slow-control Ready for Camera

Assy. Backplane Integration

T
Case
Power Supply
Assy
o) — &
&
Thermal Thermal
Exchange Exchange
Assy A Telescope Interface Plate  acsy B ENC Assembled, Tested & Ready

for Camera Integration

— U

FPA, ERA and TMs integrated

i

FPA, ERA and
into ENC

/410 R\RAR\V)Y
(1}

Telescope Interface Plate
added as final step

|l

Camera Fully Integrated

ABWISSY YHINYD
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Camera Series Production
Timeline

« Series production can begin once:
— Camera design is accepted by CTA Observatory (CDR mid-2023)
— In-Kind Contribution (IKCs) agreements are signed
« Two camera production sites - Leicester, UK and MPIK
Heidelberg
« Current schedule:
— ERIC finalization — Early 2023 - agreement on IKCs
« ERIC = European Research Infrastructure Consortium
— SST Design Consolidation Phase — completion Q2 2024
— First SSTs onsite — 2025
— SST array (Alpha configuration) completion — 2027-2028

37






SST Camera - Summary

* Lessons learned from CHEC-S - completed

- Design iteration (for production) - well underway
— Improved assembly concept - de-risk focal plane and TARGET module operations
— Improved SiPMs: Hamamatsu LVR3 - higher PDE, lower OCT, bias control per pixel
— Window design and performance improved
— Backplane design modularized and de-risked
— Cooling and temperature uniformity improved
— Improved LED flasher concept
« Camera subsystem design largely completed and in manufacture
— % camera (QCAM) build and test late-2022
— Camera CDR mid-2023
— Engineering Camera (ECAM) build and test mid-2023
— ECAM Field testing late-2023
« Camera production phase
— Begins 2024

We gratefully acknowledge financial support from the agencies and organizations listed here:
https://www.cta-observatory.org/consortium_acknowledgments/
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Spare slides



