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Credit: NASA/DOE/Fermi LAT Collaboration
Gamma-ray sky

- energies > 1 GeV
- 60-month exposition

-y emitted due to different hig-energy interaction processes at the sources
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Imaging Atmospheric Cherenkov Telescopes

Longair, 1992

Cosmic microwave background, -3 mm
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Imaging Atmospheric Cherenkov Telescopes

Credit: MAGIC collaboration

Extensive

Air Shower Reconstructed

Source Position

Cherenkov
Light

* Detection of Cherenkov light emitted by the particles of

Extensive Atmospheric Showers

Cameras with
PMT pixels

* Reflective telescopes on Alt-Az mounts

* Sensitive camera photo-detection plane composed of an

array of photomultipliers
 For multiple telescopes, possibility to operate in stereo
regime — improvement of y/hadron separation and

energy regression Source postton

center of gravity
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Imaging Atmospheric Cherenkov Telescopes across the world

Credit:
Wikipedia



Cherenkov Telescope Array Observatory (CTAO)

Northern Hemisphere Array

Array Coordinates

Latitude: 24° 471' 0.34” South
Longitude: 70° 18’ 58.84" West

» CTAO-South
Paranal, Chile
~3km?

area covered by the
array of telescopes

CTAO-North
La Palma, Spain

Southern Hemisphere Array

~0.25km?

area covered
by the array of
telescopes

Array Coordinates
Latitude: 28° 45’ 43.7904” North
Longitude: 17° 53’ 31.218” West

Credit: Gabriel Pérez Diaz, IAC/ Marc-André
Besel CTAO
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https://sst-1m.space/
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SST-1M telescopes

* Davies-Cotton optics

e Segmented mirror — 18 hexagonal mirror facests

* Fully remote observations — planned by scheduler

Alispach et al., in press

mirror facets radius of curvature R
Patrik Cechvala

Focal Length
fiID
Dish diameter

Mirror Area (*)
Mirror Effective Area (*)

Hexagonal Mirror facets

Mirror PSF Dg, (requirement)

Mirror PSF Dg, (measured)

Telescope PSF Dg, (required)
Telescope PSF Dg, (measured) On-Axis

Figure adopted from Actis et
al., 2011

56005 mm
1,4
4m
9.42m?
6.47m?
7803 mm
0.082° (8.1 mm)
0.028° (2.7 mm)
0.25° (24.4 mm)
0.082° (8 mm)
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Alispach et al., in press

SST_ 1 M Ca m e ra _(I_}amer:j,l dimensione (R/thickness) 810 mm /900 mm gk
otal pixel number 1296 23.2 mm
Pixel linear size 23.4 mm
- - - . Pixel angular size 0.24°
Digital electronics (DigiCam): = s .
« 12 bits FADC @ 250 MS/s PDE@470 nm, 8% X-talk (LCT/LVR) 23% / 54% g
.. . Sampling frequency 250 MHz §
* Fully digital trigger Maximum trigger rate (80/200 ns window) 12.5/5 MHz T
e Power consumption 1200 W Maximum readout rate (80/200 ns window) 226/9.4 kHz X !
Time Spread RMS <0.25ns 5.5 mm
Photo-detection plane: Entrance window: Hollow light guides:
« 1296 pixels * 3.3 mm Borofloat * Cut-off at 24°
 Power consumption 500 W * Cut-off filter at 540 v sz e e

mm for NSB rejection Compression factor of 6

Sensor:
* Custom hexagonal Hamamatsu MPPC
* 4 anodes per pixel with one common cathode

Preamplifier board:
e 2 operational amplifiers per
sensor to reduce pulse length

* DC coupling /

Slow control board:
* Temperature compensation loop (2 Hz)
* HV generation, Differential output to DigiCam 11
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DigiCam, digital electronic DigiCam
Micro-Crate #3
rea d out Micro-Crate #2
Micro-Crate #1
Z =
PhotoDetection Plane = x9 S
® = Analog signals - Data FADC Cards 20 <] 1 Trigger Card/pCrate
S[] ell& 1 FADC Cads <1 L | [ Fraa based
SLUELS> 12 bit ADC - 250 MSs | [ [~ Ve K
5 E = + 48 channels @ 5— <:—> Data Readout
% % 1 FPGA CES| -E—J Time Stamping
Ring Bufers o B
Preprocessed trigger | K >
| | Data Transmission e .| | CANBus Gateway

CANBus - Slow Control

Alispach et al., in press

Optical Fiber  jmeeea
Timing Distribution
--------------------------------------- o
To ACTL
Data
""""" Camera |~~~ TS oo
— s Data/Slow-Control
|
-l

Slow-Control

Triggering Discoveries in HEP Ill

e Fully digital trigger — path with reconfigurable algorithms and signal

processing

e Camerais using 10G Ethernet interface and optimized FPGA

e Readout distributed in 3 micro-crates each equipped with 9 FADC boards

(27 in total) and 1 trigger board (3 in total, connecting micro-crates)

Patrik Cechvala

Digitisation of the signal by FADC and stored in ring buffers
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DigiCam, trigger
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1 p-crate per sector, 3 per camera
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From readout view — PDP divided into 3 sectors of 432
pixels (36 modules) each connected to one micro-crate
To reduce the size of data processed by trigger board —
coupling into triplets and re-binned to 8 bits

Each trigger board processing one sector of PDP (144
triplets) + border (48) triplets

Possibility to modify tresholds per triplet and algorithm
Application of White Rabbit for clock synchronisation
and time management

Clocked trigger generator with programmable frequency

and pulse length

13



The DigiCam, trigger

Raw data Baseline Pixel clipping Pixel sum Patch clipping Patch sum &
S subtraction — N —e— trigger decision
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e several trigger algorithms can run in parallel (different size,

shape, ...)

* Future prospects
17

processes
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MUON = z Trp[k] e possibility of the involvement of convolutional neural network for
k=0 improvement of shower/nigh-sky background discrimination

* real-time analysis pipeline — reaction to alerts and fast-evolving
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Trigger scan

107

—— Az =216, El = 40
- Az = 216, El = 60
\ Az = 216, El = 80

background

4

[‘1 hour thermalisation |

Rate [Hz]
—_
<

—
o
™

signal

lolﬁ

100

50 100 150 200 250 300 350 : :
Patch 7 Threshold [LSB] Alispach et al., in press

* Performed for the estimation of the treshold for telescope operation

» Performed for source position but also for a grid of positions — environmental

conditions estimation
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Y

Camera electronics |
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" Camera electronics |
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Ste reo trigger Alispach et al., in press

—— Expected averaged AT

100
* After trigger — data packed into UDP packets and sent to
O,
Camera Server software to assemble the whole event
m
e SST1M use software-based stereo trigger E —100
<
* The timestamps are transmitted to the Software Array —2001
. : : 2.0
Trigger (SWAT) — merge the triggers into one stream 300
1.0
sorted by time and application of sliding window to .
_ . , . . : . . ‘ . —10.0
, 20:00 20:30 21:00 21:30 22:00 22:30 23:00 23:30 00:00
search for pairs
0.07 AT between tesecqpes (2024/01/16)
* Once found ID is attributed ' ) ST eltve o th tokscopes
006/ 1 Gt oonron
* Internal synchronisation of the clocks of the cameras by 005 X -~~~ Quantiiqation nose e = 3
the White Rabbit 0.04-
. . 0.031
* Prospective use of hardware stereo trigger —
0.02
interconnection of cameras with optical fibers oo1.
0-00—55 -40 -20 0 20 40 60

TS tell - TS tel2 [ns]
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sstlmpipe

Data and Monte Carlo analysis software for low-level analysis —
waveform calibration and integration, shower-image
parametrisation, stereo reconstruction, random forest training,
instrument response function (IRF) calculation

Pipeline is divided into several steps (r0 -> dl1 -> dI2 -> dI3) — based

on functions adopted from ctapipe https://github.com/cta-
\\ i o
— ctaplpe

observatory/ctapipe and follows Istchain cta-

observatory.github.io/cta-Istchain/

Results are compatible with gamma-astro-data-format (GADF) ->
can be forwarded for high-level analysis (dl4/dI5/dI6) performed by

gammapy

Patrik Cechvala

Data

sstimpipe_merge_hdf5

sstimpipe_dI1_dI2

DL1 , DL2
sstimpipe_r0_di1 test test
R1 _— D L1 * sstimpipe_mc_make_irfs
D L 1 sstimpipe_mc_train rfs
train > RFs IRFs
RO DL1 sstimpipe_data_dl1_dI1_stereo
tell  ssu mpipe_r0_di1 teld
DL1
t » DL2 DL3
RO DL SIEr€0 otimpipe_di_di2 sstimpipe_dI2_dI3
tel2  sctimpipe_ro_an  tel2
. High-level
StereO analyS|S analysis

* Jurysek et al., PoS(ICRC2023)592
e Jurysek et al., 2024, sst1mpipe v.0.4.1, Zenodo
* https://github.com/SST-1M-collaboration/sst1mpipe

©OWatch 3 + % Foak 1 - % Sar 0~

Single-Mirror Small Size Telescope for

sstimpipe  public

¥ main - ¥ 8Branches © 11 Tags Q Go to file t Add file ~

@ jurysek Merge pull request #120 from SST-1M-collaboration/installation @@ 8318329 - 2 weeks ago 1) 313 Commits

observations of gamma-rays above 3 TeV
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Crab Nebula (M1) observation

e Standard candle in gamma-ray astronomy

* Obs. campaign 2023/2024 (currently ongoing campaign 2024/2025)
e Approx. 23 hours of stereo data after quality cuts
e Data zenith angle < 45° and energy treshold 2-3 TeV

e 50 detection in less than 2 hours in stereo (in less than 3 hours for mono)

S 25
Significance map 450 '
i Non = 586
X Crab Nebula LY Nott = 624
24° | Nexcess = 461 . .
~ PSF - 20 5 Pestracions = 5 M1 Credit:NASA, ESA and Allison Loll/Jeff
sof | Emae;gzn?f'ﬁa"nce o Hester (Arizona State University).
23° : Acknowledgement: Davide De Martin
- 15 ok (ESA/Hubble)
C
'g g 01
S 22° :
% 200 !
8 E
° 150 i
21 o
100 l
by
20° o 00 00 .00 o Ty
50 : ®e v§ee ™ o ° © L 4 A
5h45m 40™ 35™ 30™ 25™ “’ 2 iy °*  Tavernier et al., PoS(ICRC2023)741

Right Ascension
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Crab Nebula (M1) observation

Obs. campaign 2023/2024 (currently ongoing campaign 2024/2025)
Approx. 23 hours of stereo data after quality cuts
Data zenith angle < 45° and energy treshold 2-3 TeV

50 detection in less than 2 hours in stereo (in less than 3 hours for mono)

SST1M Crab Spectrum (stereo | 23.60 h)
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M1 Credit:NASA, ESA and Allison Loll/Jeff
Hester (Arizona State University).

Acknowledgement: Davide De Martin
(ESA/Hubble)
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Mrk 421 Credit: Sloan Digital Sky
Survey - http://skyserver.sdss.org/
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Active Galactic Nuclei (AGN) monitoring
Markarian (Mrk) 421, stereo data

First extragalactic source in true stereo detected by SST-1M

Observation during increased activity on 15.3.2024 — ATel #16533,

https://www.astronomerstelegram.org/

Observed spectral index-2.6 £ 0.3
The result is compatible with result published by HAWC collaboration (Albert et

al., 2022) 2.26 £ 0.12 L 10
Significance map
Maximum energies compatible with HAWC (9 TeV) ' s
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Significance map

VER 2019+368 (Dragonfly)

1°00

Complex region with multiple sources —in radio, in X-

rays and in gamma rays

Galaclic Latitude
)
w
a

* Slightly extended source (approx. 0.5°)

* Observational campaign in 2024 — zenith angle ranging X Yot @ e zrs

L]

e VERJ20201368 @ ILHAASO J201843543u

+* VERJ2018+167 A 1LHAASO J2020+3538
*

A VER J2016+371 ILHAASO J2020+3543u

-0°30'

50-60o 75°30' 00' 74°30

Galactc Longtude

e Region discovered by MILAGRO (Abdo et al., 2009)
* Resolved into different sources by VERITAS (Abeysekhara
et al. 2014, 2018)

* Source(s) resolved — VER 2019+368 together with CTB 87

[ ]
Significance

Ongoing analysis

755 75.0 74.5 74.0

Triggering Discoveries in HEP I Patrik Cechvala



Conclusions

* Field of gamma-ray astronomy is swiftly developing

» 2 prototypes of SST-1M successfully built and currently gathering data in
stereo regime

* Implementation of inovative photo-detection plane — use of SiPMs

* Use of fully digital readout (DigiCam)

* First detected sources both galactic and extragalactic

* Perspective for interesting scientific results in near future (stay tuned!)

Triggering Discoveries in HEP 11| Patrik Cechvala
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Backup

Mono and stereo performance comparison
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Significant improvement of parameters in stereo mode
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Backup

Perfomance of SST-1M

- Significant improvement of parameters in stereo mode
- Results in stereo mode for different zenith angles
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Perfomance of SST-1M

- Significant improvement of parameters in stereo mode

- Results in stereo mode
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