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The Schwarzschild-Couder Telescope (SCT) cta s

o Candidate for a Medium-Sized Telescope for CTA
With an advanced telescope optical system

o Aplanatic dual-mirror optical system

Simultaneous correction of spherical and comatic aberrations
in an increased FoV
Demagnification of shower images
Minimization of astigmatism thanks to curved focal plane
Small focal plane plate scale enables use of state-of-the-art
novel SiPM light sensors reducing camera dimension and costs
- Significantly increase in imaging resolution
= Main challenges: Mechanical stability and mirror alignment

o The prototype SCT (pSCT)

Located at the Fred Lawrence Whipple
Observatory in southern Arizona (USA),
adiacent to the VERITAS telescopes
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cherenkov

The Schwarzschild-Couder Telescope (SCT) Ccla ==

o Candidate for a Medium-Sized Telescope for CTA
With an advanced telescope optical system

o Aplanatic dual-mirror optical system

- Simultaneous correction of spherical and comatic aberrations
in an increased FoV
Demagnification of shower images
Minimization of astigmatism thanks to curved focal plane ‘ http://cta-psct.ohvsics.ucla.edu
- Small focal plane plate scale enables use of state-of-the-art
novel SiPM light sensors reducing camera dimension and costs
- Significantly increase in imaging resolufion
-) Main challenges: Mechanical stability and mirror alignment

o The prototype SCT (pSCT)

Located at the Fred Lawrence Whipple
Observatory in southern Arizona (USA),
adiacent to the VERITAS telescopes
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Schwarzschild Telescope (1905)

Found the exact solution for figures of
two aspheric mirrors which corrected
spherical and comatic aberrations

Untersuchungen zur geometrischen Optik. [

e der Spleceltelescops

| K. Schwarzschild, Astronomische
K. Schwarzschild. Mittheilungen von der Koeniglichen
Kleln in der Sitzune vom 02. Januar 190: Sternwarte zu Goettingen, 10:3-28, 1905

The pSCT is implemented with an
exact Schwarzschild Aplanat: g=0.666;
a=0.666, which was found to be
optimal for IACT application.

e

~ % | i V. V. Vassiliey, S. J. Fegan “Schwarzschild-
| | Couder two-mirror telescope for ground-
based gamma-ray astronomy,” 2007,
arXiv:0708.2741

Karl Schwarzschild (1873 -1916)

Following pSCT project development, the small-sized telescope of CTA (and ASTRI
project reported at this conference) also adopted similar optical system albeit in
different aplanatic configuration.

Slide by V.V. Vassiliev — SPIE 2022
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cherenkov
telescope
array

o Superior opfical e FTRVEN hwkay) “Svree (Brota)
angular resolution ' impact distance: om
over a wide (~8°)
field of view

Largest IACT FOV is
currently < 5°

By focusing the
light on a smaller

@00

surface, it is e S
pOSSib|e TO OdOpT p .. > 1 TeY El shoyeriy) shower (proton)

3.16 TeV hadronic

Impact distance: 100m 4
Impact distance: Om

state-of-the-art
sensors (Silicon-
photomultipliers,
Mg\ Kelgle
electronics

Better sensitivity and
reduced observation
fime
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The detectors: Silicon Photomultipliers

SIPMs: array of reverse-biased Single Photon avalanche Diodes
( ) connected in parallel

Cathode (K)
J

L
Anode (A)

SIPM size: SPAD size:
from 1x1 mm?2to 10x10 mm?2 from 5 pum to 40 um (typical)

http://advansid.com/resources/the-silicon-photmultiplier

& E. Bissaldi Sexten School for Astrophysics ¢ 18 July 2022 6



The pSCT project

~30 participating Institutions

https://cta-psct.physics.ucla.edu/institutions.html

o pSCT project major milestones:

2005-2010: Advanced Gamma-Ray Imaging System (AGIS) and SCT
design concept

2010-2014: AA DS2010 endorsement, merging with CTA, and towards
pPSCT construction NSF MRI project

2014-2018: pSCT Construction at FLWO

17.01.2019: Inauguration of the telescope

23.01.2019: First light

12.2019: On-Axis optical alignment achieved the pre-construction
estimated PSF

05.2020: Significant detection of the Crab Nebula (236th AAS)

10.2020: CTA Consortium endorses development and construction of SCTs
for CTAO

11.2021: AA Decadal Survey 2020 Panel on Particle Astrophysics and
Gravitation endorsement of US contribution to CTAO
06.2022: Off-Axis optical alignment achieved
and validated

2018-... pSCT camera upgrade ongoing

06-00-2015 11:

8June 20

E. Bissaldi
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cherenkov

The pSCT project | s

o ~30 participating Institutions

https://cta-psct.physics.ucla.edu/institutions.html

I n .\.'}”. - - - }‘h—

@ pSCT project major milestones:

Design parameters

2005-2010: Advanced Gamma-Ray Imaging System (AGIS) and SCT o Optical system: f/0.58, F=5.59 m
design concept - P P
2010-2014: AA DS2010 endorsement, merging with CTA, and towards hoo S Aplanats: q=0.666; a=0.666
PSCT construction NSF MRI project 1% Primary (M1) diameter: 9.66 m
2014-2018: pSCT Construction at FLWO ) : , 1843
17.01.2019: Inauguration of the telescope - AN M1 type: aspheric segmented (16+32)
23.01.2019: First light e s B Secondary (M2} diameter: 5.42 m
12.2019: On-Axis optical alignment achieved the pre-construction = 5 . - 2+16
estimated PSE et | M2 type: aspheric segmented (8+16)
05.2020: Significant detection of the Crab Nebula (236th AAS) st Field of View:
10.2020: CTA Consortium endorses development and construction of SCTs S
for CTAO

= deg

Focal plane diameter: /2 cm

11.2021: AA Decadal Survey 2020 Panel on Particle Astrophysics and g AN Effective mIIEl:ting area (including
Gravitation endorsement of US contribution to CTAO B = shadowing & reflectance losses): >35 m?
06.2022: Off-Axis optical alignment achieved . _

sl eGiee _ & PSF less than: <4.5 arcmin (across the FoV)
2018-... pSCT camera upgrade ongoing X ‘ = Photon detector: SiPM

Number of pixels/channels in the IACT
camera: 11,328

Angular pixel size (imaging): 0.067
Angular pixel size (triggering): 0.134 deg

17 January 2019

Sexten School for Astrophysics ¢ 18 July 2022 8



Project scope and common CTA technologies

Initial scope of the

prototype SCT project
funded by the NSF MRI program
and international partners DESY,

INAF, INFN, and the others:

SCT-MEC: Full telescope
optical support structure
(OSS) and positioning system;

SCT-OPT: Full telescope optical
system (OS);

SCT-CAM: Prototype camera
(14% of focal plane is

instrumented with SiPM-
based photosensors and
electronics);

SCT-AUX: Nearly complete
implementation

IN!ZIN T — fl E. Bissaldi

| Bari

The prototype SC-MST
(pSCT) has been
designed in close
coordination with the
DC-MST team and
utilizes nearly identical
telescope tower and
positioning system
developed originally at
DESY Zeuthen.

Common
telescope
mount and
positioning
systems

=)

Common
aspheric
mirror
fabrication
technology

Combination of SCT ideas,
originated in the US, with
moderately expensive mirror
replication technology developed
at INAF de Brera and Media Lario
Technologies became particularly
Common SiPM-based camera prolific for the realization of highly
electronics utilizing identical ASICs aspheric segmented SCT optics.

The camera electronics based on TARGET ASIC
technology, and the trigger backplane are
common for both SCT and GCT-S cameras. Major
camera components, such as front-end
electronics modules, have been developed in
fruitful collaboration with MPIK and University
of Erlangen groups.

Slide by V.V. Vassiliev — SPIE 2022

Sexten School for Astrophysics 18 July 2022
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The pSCT Optical System

o Primary mirror (M1): diameter 9.7 m, segmented into 48 —
mirror panels, split between 2 rings i T TR e

16 P1 (inner) panels + 32 P2 (outer) panels

o Secondary mirror (M2): diameter 5.4 m, segmented
iINto 24 mirror panels, split between 2 rings

- 8S1 (inner) panels + 16 S2 (outer) panels
= Focal length: 5.586 m

0ss —sectional plane Z [m]

Primary Se’condary

o To achieve the PSF
of the Optical System
in the FoV compatible
with the SIPM pixel size
(6mm) sub-mm and
sub-mrad alignment is
required

e onvaselossssen - A \ ] @ -

Each S1 reflects from

2 P1 (and a small fraction
of 4 P2)

Each S2 reflects from 2 P2

.....

E. Bissaldi Sexten School for Astrophysics ¢ 18 July 2022 10



cherenkov

The pSCT Optical System | o

Optical alignment procedure

o Process using a de-focused star projected on the focal plane -

Alignment based on the focusing/defocusing of each pair of panels e
Characteristics of individual images (major and minor axes and > o s 5
elongation) used to guide relative global positioning of M1, M2, FP i
Creation of response matrices Poaged

Asynchronous functionality allows a fast alignment

0' 'l
Focal plane Focal plane Focal plane
K ;

https://doi.org/10.22323/1.395.0717
> (Radial motion) - (Radial motion) o

Ribeiro+2021

(Radial motion) (Radial motion)

E. Bissaldi Sexten School for Astrophysics ¢ 18 July 2022 11



The pSCT Optical System '(_ta_

Commissioning On-axis PSF

o Measured response of star image to panel motion (Arcturus, 76 elevation)
o Optimized position between M2 and FP

o Improved S1 alignment strategy

= Achieved PSF design goal of 2.9 arcmin

o New progress:

- Precise focus of M1 panels through the
‘Yovershoot method”

- Reduce global misalignment of M1-fo-M2-to-FP
by analyzing cumulative asymmetry parameters

of individual images
Triggering pixel B '

Ribeiro+2021
https://doi.org/10.22323/1.395.0717

fl E.Bissaldi Sexten School for Astrophysics * 18 July 2022 12



The pSCT Optical System

On-axis PSF as a function of elevation
(Arcturus, April 2021)

® Up Going
® Down Going

Correction based on
alignment at 77°

b>\
)
X
©
S
X
(Q\

50 60
Elevation (°)

Ribeiro+2021
https://doi.org/10.22323/1.395.0717

g cherenkov
C telescope
array

o The alignment depends on the pointing
elevation

o A database of aligned panel positions is
being built to allow us to maintain the PSF
through the full range of elevations

o Initial studies:

- Achieved PSF of ~3' across an elevation range
of 77°-40°.

- Negligible hysteresis: up- and down-going
points overlap

: E. Bissaldi Sexten School for Astrophysics ¢ 18 July 2022 13
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pSCT sunlight protection and stray light control

(SCT parking concept without the dome)

Parking at 3 elevation angles
during the year (-52, 202 and 459)

Summer solstice

05/23 7/20

Winter solstice

The light reflected by M2 around noon on July 15t
The M1 and M2 baffle SyStem is intercepted by the M2 baffle. The difference in

demonstrated viability of the parking temperature between reflected light region on the

. . baffle and the region directly illuminated by the sun
concept and confirmed safety of operation. (hafenn e rposeskie] s degreest:

Slide by V.V. Vassiliev — SPIE 2022

¢l E.Bissaldi Sexten School for Astrophysics 18 July 2022 14




The pSCT Camera '(_ta_

o Located between primary and secondary mirrors

Full camera = 9 sub-fields
177 modules
11,328 image pixels

o Modular design: |
9 backplanes, 177 modules, 11'328 pixels [THl | snres-zsmons.

- Camera shares common components (FEE and backplane)
with the compact high energy camera (CHEC) for SSTs ; \E‘— il g

1 trigger pixel

- Each module contains FEE + focal-plane module (FPM)

* FPMs form a curved focal plane facing secondary mirror

Adams—+2022
o Current configuration: https://doi.org/10.1117/1JATIS.8.1.014007

25 modules, 1536 pixels, 2.68° FoV

Hamamatsu (S12642-0404PA-50(X), USA, 16 modules, 3x3 mm?2) + FBK
(NUV-HD3, Italy, 9 modules, 6x6 mm?) Silicon Photomultipliers (SiPMs)

+ SIPM pixels 2 much smaller than traditional PMTs 2 providing much
higher resolution air shower image, reduced uncertainty in gamma-
ray direction and energy resolution, better background rejection

E. Bissaldi Sexten School for Astrophysics * 18 July 2022 15



cherenkov

The pSCT Camera | e

o Front-End Electronics (FEE) functionalities: Module
. . L. . . 64 amplification temperature
- Amplification and digitization of FPM signals circuits monitoring

Control of SiPM bias voltage

- Temperature monitoring and control of FPM
Low-level tfrigger generation
Waveform data packaging and transfer to storage

o Electronics distributed over 2 circuit boards,
primary and auxiliary

Primary board containing 4 TARGET/ chips 16 current monitors

- 7 generation TeV Array Readout with GSa/s for star tracking
sampling and Event Trigger) - =

Samples and digitizes 16 input channels
Analogue ring buffer of 16k capacitors
Storage of analogue waveforms @1GSa/s

4 x 16 channel | High voltage
Cl..lS't(.)m TARGFT SiPM control
digitizers + triggers

temperature
control

Adams+2022
https://doi.org/10.1117/1.JATIS.8.1.014007

Trigger generation

Sexten School for Astrophysics ¢ 18 July 2022 16



pSCT Matrices: Module readout and trigger (cta &=

TARGET 7

Analog Front-End Chip

Channels

4x4 SiPM
Matrix

o A single FPM contains 64 image pixels Module
(lock) allwlalala[als

1 square group of 4 image pixels makes up 44 145 | 56 37 60 | 61
1 trigger pixel (red)

= Single FPM contains 16 trigger pixels
1 square group of four trigger pixels makes up

1 FPM quadrant (blue)

* Quadrants mounted onto a printed circuit
board (PCB)

Backplane of the pSCT camera o Pixels are associated with channels

, IIII
hosting 2 TARGET-7 modules trigger pixels with trigger groups, and .-

quadrants with ASICs in the software Image Trigger Quadrant

pixel pixel

Sexten School for Astrophysics ¢ 18 July 2022 17



FBK NUV-HD SiPM sensors (cta &=

bonding pads ;| ,,n, —

o The Italian National Institute for Nuclear Physics (INFN) has been g D3

-—— continuous Xenon lamp

involved in the development and testing of SiPMs suitable for ,' e oy

Cherenkov light detection in the Near Ultraviolet (NUV SiPMs) 48"

o NUV High-density (HD) SiPMs produced at
Fondazione Bruno Kessler (FBK, Trento, Italy)*

- Wide dynamic range
High Fill Factor (FF) \ a? N\ — -
- Increased PDE ’l AR Wavelength (nm)

(
w‘f

]

N

/ Iy AP

Low correlated noise B

, ‘ N
* For more information, see http://srs.thk.eu/optimization-sipm-technology & ki i

E. Bissaldi Sexten School for Astrophysics ¢ 18 July 2022 18
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FBK NUV-HD SiPM sensors

o Full characterization of FBK NUV-HD3
SiPMs (6x6 mm? aredq, 40 um cell pitch

-~

HD3

T =0°C
Vov =62V
At = 30 ns

o]

o Results prove excellent performance of
the device in terms of gain, cross-talk
probability, PDE, and SNR

[l

o

o
wu

=

w

o
I

Number of events
Gain (10°)

=
o
o
w

HD3
Breakdown voltage at T = 25°C (26.49+0.02) V 501 LJ
Change in Vgp with T (31.1 £0.5) mV/°C _00.25 61.55} AT T AR TR R T
Quenching resistance at T=25°C 1.11 £ 0.01 MQ Charge (pC)
Change in R, with T (—10.2 £ 04) kQ/°C
Saturation current at T = 25°C (32+9) pA
Gainat Voy =5V ~ 4. 10°
Change in gain with OV (7.1 £0.1) 10°/V
SNRatVoy =5V ~ 7
Saturation of detected photons Vov =4V
Cross-talk probability at Vipy =5V ~ 20% b T=o0°C
Change in cross-talk probability with OV| (6.1 = 0.4)%/V # T=10°C
DCR at Voy 25 Vand T = 20°C (3 +£0.2) MHz A T=20°C
PDE (400 nm) at Voy =5 V 54.9% + 0.8% T30

N

10!
~-®-400 (nm)
~¥-410 (nm)
~4-465 (nm)
~%-540 (hm)

590 (nm)

¢ T=-20°C
Y T=-10°C

[}
o
o

Dark Count Rate (MHz)

Ambrosi+2022a
Submitted to NIMA

¢l E.Bissaldi Sexten School for Astrophysics 18 July 2022
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FBK arrays for the pSCT Camera

o 36 FBK NUV-HD3 optical units
assembled, tested and
characterized at INFN laboratories
in Italy

o Study of performance and
homogeneity in terms of breakdown
voltage, gain, signal to noise ration
(SNR), and dark count rate (DCR)

Table 1: Summary of performance of the 36 arrays installed on the pSCT cam- 1 48 arrays 1 48 arrays
e 1 36 arrays on pSCT 1 36 arrays on pSCT
Mean | Standard deviation I
Viep (V) (first group) 26.33 0.05
Vep (V) (second group) 26.54 0.06
Gain (ADC channels/OV unit) 1.5 0.4
SNR at OV=6.5V 4.9 0.2
DCR (kHz/mm-~/V) 223 3.1

Occurrence
Occurrence

Ambrosi+2022b :
Submitted to NIMA : T : 10 0 ' 5 20
Gain/OV (ADC channels) DCR/OV (kHz/mm?)

¢l E.Bissaldi Sexten School for Astrophysics 18 July 2022
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FBK arrays for the pSCT Camera l}i | s

o Quality control tests performed
with fully assembled modules

1. Pedestals acquisition

r e %
A T I 11 P ol e 11111111 P

oy -

2. Waveform acquisition

.i! -
|

3. Trigger verification

Noise for 64 channels (1 ASIC)

)

mean= 3.37 ADC chan
sigma = 1.09 ADC chan

Charge (a.u
g

Raw ADC counts

6

3 8
Noise (ADC channels)

32 64 96 128 160 192 224 256 288 320 352 384 416 448

Time (s) & 100

Light Fraction (%)

Sexten School for Astrophysics ¢ 18 July 2022
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Detection of the Crab Nebula with pSCT 'cta

Significance sky map of the Crab Nebula

8
n

4

2

0

-2

-4

-1.0 -0.5 0.0 0.5 1.0
X (degrees from source)

o The first pSCT observation campaign, conducted in January
and February 2020, demonstrated the detection of
gamma-ray emission from the Crab Nebula with a stafistical
significance of 8.6 ¢

Total exposure (without correction for acquisition deadtime): 21.6
hours OFF, 17.6 hours ON
No full MC simulations: VERITAS providing independent

information about nature and properties of air showers observed
simultaneously - clear identification of true air shower events

Y (degrees from source)
(0) @>uedylubis [eaRsnels

Adams+2021
https://doi.org/10.1016/j.astropartphys.2021.102562

Angle o between major axis of the image, and a line
7|| |-| joining image centroid image to the location of Crab
-Red =17. 6 hrs ON source obs

- Black = same duration OFF source obs, after
applying gamma-ray selection cuts

- Shaded region = the < 6° cut on &

Sexten School for Astrophysics 18 July 2022 22

Same air shower event (3.5 TeV gamma-ray reconstructed by VERITAS)
observed by VERITAS T4 (left) and pSCT (right).




pSCT Camera Upgrade "cta_

o Populate all 9 camera sectors 2
177 modules — 11328 pixels

o SiPMs produced by FBK with high PDE and
low optical CT

o New electronics to reduce noise

1. SMART ASIC: Integrated pre-amplifier attached to SiPM boards
2. CTC ASIC: 16 channels sampler (1GSa/s) and digitizer
1. Analog buffer with 16k cells per channel - 16 us storage depth
5. CTSTEA ASIC: 16 channels frigger
* Channels are summed in groups of 4 (16 trigger pixels per FEE modules)
« Adjustable threshold for each group

o New DACQ boards, module cage, camera frame and redesign of the cooling system

> Improvement in single-photon resolution, lower minimum threshold and lower noise
> Reduction of noise both on digitized signals and in the trigger circuit

\7 E. Bissaldi Sexten School for Astrophysics * 18 July 2022 23
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pPSCT Camera Upgrade

Preamps and current

FPM+preamps @ -
and current e
sensors (SMART)

Charge Spectrum CHAAGL DISTRIDUTION - wrax %0
‘ Entries 7944

Mean 67.64
RMS 49.64
Closer FPM and
preamps

Separate trigger
and digitizer
]

200 800

lll[llllIIIIIIIIIIIIIIIIIIIII

Charge (ADC:ns)

INFN ~ Slide by M. Capasso — SCT 2021
BARI  Foleenico fl E. Bissaldi Sexten School for Astrophysics 18 July 2022
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cherenkov

pSCT Camera Upgrade: Recent electronics tests | e

o Assembly and test of full chain from SiPM to FEE
.

Digitized waveforms , , ,
Trigger rate scan on a single pixel

™
I
[¥e]
ik}
]
1+
o

calibrated ADC counts

1200 1300 1400 1500 1600 1700
Thresh (DAC)
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pSCT Software ( cta oo

o New software system in development to : :
replace the current monitoring and data First version of the Slow Control (SC) GUI
taking scripts =

pSCT

Procedures

o A single camera conftrol server to
communicate with, monitor, and log the

status of all camera hardware | camessove
SlOW_ConTrO| (SC) SYSTem \ ﬂéxr " Supply CurrentiA  0.563 HV Current/A 0,01
- Powering and monitoring camera hardware o BB : ——————
Componen-l-s Shutter contral
» SIPM temperature control o A _
c CreCITIOﬂ Of Oler.l.s | 33 e Motor is On Shutter is closed
Run-control (RC) system : v

* Load configuration settings of FEE modules
« Start, monitor, and stop runs
* Recording of the physics-level and calibration

Network Setting

Aerts

. . @0 09990000 |
O SC Grophlcgl User In‘l-erfcces (GUl) Fan Power Network Chiller Currents Voltage Presence Temp 0057
Fully tested under observing condifions R B B T
Working on debugging the Run Control GUI b 0ot i - it S e

under operating conditions
Adams+2022 JATIS Vol.8

Sexten School for Astrophysics ¢ 18 July 2022 26



SCTs in CTAO ( cta o=

o Goal of SCT Project has always been to:

1.  Enhance the performance of CTA
2. Complete the medium-sized telescope array at CTA-S or CTA-N (if needed)

o In the era of the Threshold Configuration: Add 10 SCTs to CTA-S or CTA-N
- This was the plan presented to and endorsed by the U.S. Astro 2020 Decadal Survey

o In the era of the Alpha Configuration: Add 11 SCTs to CTA-S

- Discussed now with CTAO management
- Studied in simulations with Prod3b and Prodé

Cherenkov Telescope Array (CTA): Exploring the Universe at the Highest Energies
To fully realize scientific potential of MST -

array in CTA, the advanced telescope optical s

system is needed to fully exploit IAC ' al ! |

fl E.Bissaldi Sexten School for Astrophysics * 18 July 2022
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SCTs in CTA-S (cta &=

o Extensive IRF studies and MST/SCT Prod3b “Alpha” comparisons on CTA Gitlab:

https://gitlab.cta-observatory.org/cta-science/simulations/simulation-and-performance-parallel-
mode/future-extensions/prod3b-sctalpha-performance/-/tree/main/

Preliminary proposition of including SCTs in CTA-South Closest configuration tested with Prod3b

® |37ssT S.SCTAIpha.H2-14MSTs11SCTs40SSTs-MSTF
@® |14 DC-MST L L4

@ |10 SCT (default)

7 additional SCT
(for simulation & optimization

SST foundation

#LSTs: 0 #MSTs: 14 #SSTs: 40 #MSCTs: 11

500 1000 1000

East [m]

Sexten School for Astrophysics 18 July 2022 28
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SCT Simulations

o Simulations adding 11 SCTs to the CTA-S Alpha configuration (14 MSTs + 11 SCTs)

L] L] IIIIII C1 (IonaIXiSI)IIIIII L] L] L] IIIIII
C2 (onaxis)
C3( )

effective area [m*
effective area ratio
PP R N - R -

onaxis
H2 (onaxis)
Alpha (onaxis)
Gamma (onaxis)
- ——-= Requirement (South-50h)

1 III.‘III

10 10 N - 10*
energy [TeV] energy [TeV]

1 III!III

-y

P ORI S -

- On-axis
- 50 hours
- 20 deg zen
- Average

c L1 a1l Lol L0 vl vl
azimuth 101 1 10 102 o

energy [TeV] 1 eray oy

TTTEN T TTTEN

7]
of
£
o
o
)
9,
>
=
>
=
@
c
[0}
w
x
=
™
*
o™
w

background rate raio

| DL L II‘III
background rate [1/s]

=
=]

1=
=]

improvement mostly at lower energie
(SSTs cover > 3-5 TeV range

Sensitivity ratio
energy resolution
angular resolution [deg]
angular resolution ratio

=
=]
=3

=
=] -
&
=
o

o EER e
llll'I 3

=

=]

&
2 f
o

o
(=]
2
= o
[

- | ol
10 10° 10?

' a energy [TeV] energy [TeV] energy [TeV] energy [TeV]
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cherenkov
telescope

SCT Simulations |

*ﬁﬁﬁﬁﬁﬂm

Sensitivity ratio
- = s

—h

2
©
t
c
=
=]
=
=
[ ]
1]
=]
L
s
3
O
c
©

Angular Resolution Ratio

CTAQO Alpha
CTAO Alpha + 11 SCT

Sensitivity Ratio

CTAQO Alpha
CTAO Alpha + 11 SCT

10°
energy [TeV]

10 10
energy [TeV]

o 3-4° off axis at 20° zenith angle
- The three colors correspond to slightly different layouts for the added SCTs

- Note that the time needed to detect a faint source scales with the sensitivity squared
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SCT Summary and Outlook | e

o Recent results
- Improved optics alignment

- First measurement of inclination-dependent PSF
measurement

- Further work on current camera to improve data analysis

- Full-chain (FPM+SMART+FEE) measurements for camera
upgrades

* Production for full camera started

o Next steps
- Confinued commissioning, engineering, and operations

- Improvements in Optical System (alignments and off-axis PSF)

- Camera upgrade
* Production and installation of upgraded sensors and electronics
Discussions with CTAO Project Office
* Infrastucture planning and budgeting for SCT addition in CTA-S
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Recen‘l‘ pSCT ACII.iViII.ieS qlll FLWO 47 nights of on-site technical work: | _ aray

31 nights for optical alignment / trackima
14 nights for DAQ / control software

. . Environmental Monitoring
Fabric Covers Developed for Secondary Mirrors Sensors Installed:

Camera & server room;
Temp., humidity, water, etc Tower Interlock Switch Installed

Prevents telescope motion when platform extended
Still need to run cable to control panel

Improved Emergency Response (total power loss):
Portable generator connects (400 V) to main drive cabinet
& not just emergency cabinet (~1 h response => ~10 min)
Thank you DESY!

Full set of 24 covers designed, prototyped & manufactured
Enables day-time technical work & 2022 camera upgrade

E. Bissaldi Sexten School for Astrophysics 18 July 20



The pSCT Optics 'cta

Improved focus via overshoot method

Overshoot method

P1/S1 PSF measurements

PSF vs. Panel

—
c
E
o
e
m
w
[
o

16 P1s “overshoot”
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The pSCT Optics — PSF Analysis | e

P1/S1T and P2/S2 PSF analysis

o The achieved PSF of focused P2/S2 and P1/S1 rings is

Best individual foci of P2/52 panels comparable to the PSF of individual pairs of panels, which
indicates that the alignment errors are significantly
subdominant to the figure errors of individual mirror
segments.

o The PSF of entire SCT is dominated by the figure errors
el el T (variations in foci) of P2/S2 pairs. The slope errors of mirrors
e f e defining PSF at the best focus are subdominant.

entire P2/S2 ring o The deficiencies in the fabrication accuracy of the figures of
of 32imagesis 2.8 P2 panels detected during manufacturing have now been
elrcianlln: confirmed as the main limiting factor of on-axis SCT OS

nez0 o2z PR PSF [arcmin performance.

Nominal individual foci of P2/S2 pa Nominal individual foci of P1/S1 panels

Best achieved
on-axis focus of
entire P1/S1 ring
of 16 images is 2.1
arcmin.

[1.8,2.0] (2.0,2.2] (2.2,2.4] (2.4,26] (3.0,32) >3, (1.6, 1.8] PSF [OrC mln]
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The pSCT Optics — Alignment a &

M2 & M1 global alignment

o A fast method has been developed for M2
alignment, based on the elongation structure of
the P2/S2 images of pSCT OS.

o Rotation angles of M2 (Rx , Ry) are computed from
the data in a single image (see example) and
require two-three iterations to achieve
convergence at the noise level.

- Example shown corresponds to 2x10-3 rad misalignment
(7.2 arcmin or 5.4 mm displacement at the edge of
2.7m M2 radius)

o Alignment accuracy achieved: ~2x104 rad
(0.54 mm displacement at the edge of 2.7m M2
radius) and is limited by the distribution in PSF and
focal length of individual P2/S2 pairs.

o Elevation-dependent deformations in the M2 OS
structure dominating on-axis PSF degradations
exceed significantly this limit and are correctable
by M2 OS re-alignment (in principle)
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SCT best on-axis focus and 1 degree off-axis initial result | S

On-axis PSF (Arcturus, 05/2022) o The best SCT on-axis optical PSF of 2.6" arcminis
achieved with the o_y,0_x determined as best fit
of the Gaussian profile

[PSF = 2 X max(oy, ax)]

o The pre-construction “*acceptable” on-axis PSF: .
| 3.6' and the “desirable” PSF: 2.6’ ¥ J
o >80% containment within a y-ray imaging pixel > o s 5
(4'), >99.5% within a trigger pixel (8'). NN o =
o Further minor improvements in the pSCT on-axis “t "
optical PSF might be possible by re-arranging rog"

individual P2 panels on the telescope
(diminishing return). Ultimately, the SCT optical
PSF can be improved further by reducing P2

, panels figure fabrication errors; significant

8 fraction of P2 panels have not met specifications
in pSCT implementation and this parameter can
be improved within current MLT technology.

The initial work was conducted on the off-axis alignment of pSCT utilizing flat screen (no curvature to correct for
astigmatism). The result achieved so far at 1 degree field angle is 3.3 +/- 0.2 arcmin measured in four perpendicular
directions. A segment of the full size curved focal plane was fabricated, and test fitted to the pSCT focal plane. The
work is scheduled to continue in May-June.
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INFN modules for pSCT: QC and tests Cca ==

. .l Pedestal for 16k capacitors
1. Pedestal acquisition

Waveforms acquired using the

external frigger to cover the entire buffer
(1 color per waveform)

0 000
+—
o
O 2000
)
<
S .
@
m 1500

FBK matrices coupled but no voltage
provided

Pedestals studied for each capacitor (16384)

| Noise after pedestal subtraction (1 channel)

«. Mmean=0.00 ADC counts g
o =2.86 ADC counts |

mean= 3.37 ADC chan
sigma = 1.09 ADC chan

LADC c"ounts

4 6 8 10

Noise (ADC channels)
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INFN modules for pSCT: QC and tests Cca ==

2. Waveform acquisition

Simultaneous acquisition of ~3500 waveforms
from 64 channels

Raw ADC counts

Charge spectrum obtained with an
integration window of 16 ns

- Maximum amplitude distribution at different
light intensities > ADC linearity confirmed

32 64 96 128 160 192 224 256 288 320 352 384 416 448

Time (S)

Charge spectrum for one channel

)

b
[%)]
3
o

]
Q
c
o
S
S
3
Q
3]

o

Charge (a.u
9 e O @0 e 8

800 1000

Charge (a.u.)

80 100

Light Fraction (%)
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pSCT Camera Tests

o Modules @ University of
Wisconsin, Madison

16 Homamatsu modules
6 FBK modules

o Modules infegration

(March-May 20 1‘8)

y
7

il E. Bissaldi

g cherenkov
‘ telescope
~ array

“““““

IS
"""""

““““““
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The Graphical User Interface(s)

Slow conftrol GUI

FEE number

Currents  Voltages

Last Run 1D:56789

Alert LEDs

Logging © 00000

2021-02-09 21:05:26,315 -
2021-02-09 21:05:26,315 -
2021-02-09 21:05:26,315 -
21-02-09 21:05:26,315 -
1-02-09 21:05:26,315 -
2021-02-09 21:05:26,315 -

WARNING - Power
WARNING - Power
WARNING - Power
WARNING - Power
WARNING - Power
WARNING - Power

supply_current -0.013A
supply_current -0.013A
supply_current -0.013A
supply_current -0.013A
supply_current -0.013A
supply_current -0.013A

presence [REEER Module States

t

Presence

420

415

410

405

40.0

395

39.0

385

Temp

pSCT

Fan

Procedures Inftialize System Shutdown System
Fan
Voltage/ v CurrenyA Powe r
Fans ON Fans OFF -804 8007
Camera Power
ON ON (w/ HV) OFF

Semsty Cursous. ENTER

Supply Nom Volts/V None

Shutter

HV Nom Voltsiv  None

Supply Meas VoltsV' None HV Mess Voltsiv None

\

Shutter control

e \ Network
Motor is On Shutter is closed e WO r S
Close
'~ @ @ /
ETHE ETH? ETHE 9 Chll |el'
Check_interface_activity reboot_dacq 1 [
Power Cycle
Chiller
Pressure/Pa Temperature/*C
101.859 85.938

N

Politecnico
di Bari Michelangclo Merlin

E. Bissaldi

cherenkov
telescope
array

Run control GUI

Load config fille:
rigger_module_ids,
HV on/off, run duration, etc.

Start and stop
time —"

Logging

Sexten School for Astrophysics ¢ 18 July 2022

3 @ pSCT Run Control
_/'oad Config run_control_gui/run_config.default.yml <] Connected O app|y Conf|g f
add Binsi.® to the camer
channels_per_packet: 32 A Conf
hv_on: true e 3 server
module ids: (1, 2, 3, 4, 6, 9, 100, 106, 107, 108, 111,
112, 114, 115, 119, 121, 123, Initialize
124, 125, 126)
num blocks: 4
packet_separation: 4000 Shutdown
read_adc_period: 60
read_currents: true
read_temperatures: true Run ID n
run_duration: 7200 un u
run_type: data
thresh: 425
trigger delay: 648 Run Mode
trigger module_ids: [115, 123, 124)
Run Duration
Not applied
Start Run
acfes acfen
07-30 23:15:30 [ INFO) Loaded config from file:
{'run_type': 'data’, 'module_ids': (1, 2, 3, 4, 6, 9, 100, 106, 107, 108, 111,
112, 114, 115, 119, 121, 123, 124, 125, 126), 'trigger module_ids': (115, 123,
124), 'run_duration': 7200, ‘thresh': 425, 'num blocks': 4, 'hv_on': True,
‘read_adc_period': 60, 'read temperatures': True, 'read currents': True,

‘channels_per_ packet':
‘add_bias': 0)

07-30 23:15:30 |
07-30 23:15:30 [
07-30 23:15:30 [

32, 'packet_separation': 4000, ‘trigger_delay': 648,

INFO] The new local configuration is valid.
INFO) Successfully connected to the camera server
INFO) Connection state changed, value is now [True)




Gain compensation (cta ==

Detailed study of charge fluctuations from flasher runs to correct for the different amplification
stages on INFN and US modules

Before Gain Compensation [ 0 After Gain Compensation
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s M A RT A s I C 8 bits, Glain8llaei'tss,aB|jl;V6bits; el Sup] Fast Path é
SMART: a SiPM Multichannel Asic for

high Resolution Cherenkov Telescopes - . : |
o 16 input channels ' By oo

analog mux ;

- Trans-impedance amplifier
- Fast path gain: 2-5mV/ph
- Tail supression: pulse duration ~ 10ns

- 20-bit global adjustment: gain (8 bits),
bandwidth (6 bits), PZ (6 bits)

o Slow monitoring of SIPM current
(10-bit ADC)

o 8-bit DAC for SIPM bias fine tuning
(1 DAC per channel) 0 =i

o 600 mV dynamic range
o 200 SMART ASICs produced and assembled for full camera
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The pSCT Camera Upgrade

o Updated Inner Camera

- 1/7 modules

- 9 backplanes

- Motion control

- Heat exchanger

o Performance

- Heat control
« >6 kW water cooling capability
- < 2°C variation across camerd
- Pitch/Yaw range > +/- 50
- Opfical Axis z: (electric drive)
> +/-40 mm movement
* <0.001 mm step size
- X-Y adlignment (manual)
« > +/-25 mm horizontal
e > +/- 12 mm vertical

o Timeline

- Fabrication & Test (Aug 2022)
- Install on SCT (Oct 2022)
- Operations (Jan 2023)

E. Bissaldi
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Linear slide Backplane
Fan & HGN | - hoards x9

Exchanger x6

Linear slide x2
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