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OUTLINE

1. A practical case

2. How an electronics engineer try to understand physics :
*for his own motivation : « curiosity should be the main driver of scientist »
* to build the best possible instrument
*to understand it (and its performance)

2. Introduction to few technical concepts

3. A great adventure !
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THE ATMOSPHERE . THE ENEMY OF ASTRONOMERS ?
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IS THE ATMOSPHERE AN ENEMY FOR ASTRONOMERS ? ﬁh{

IVAVA!
VRV,

gamma ray X-ray ultraviolet  visible infrared  microwave radio

Ultra high (TeV)
Energy Gamma
rays g ’

« Largest part of the Spectrum observed by satellite

Expensive (Billions of euros)

«  High cost of operation

 Low detection effective surface and photons becomes rarer at high energy

 Butthere is a miracle for ultra high energies photon
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WHY IS THE UHE RANGE IS SO INTERESTING

I\ /

Study of cosmic rays
Most violent phenomena in the universe :
 Supernovae

« Relativistic jets and Blackholes
Proimordial black holes

 Red shifted Extragalactic sources
 Neutron stars

«  Gamma ray bursts

*  « COSMic » accerelation gives access to energy
impossible to reach on earth (PeV !)

« Dark matter and dark energy (indirect, axion-
like)

« Test the law of physics (Lorentz invariance...)

NEW WINDOW on the universe:

only very few sources were known 20 years ago...
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How TO DETECT UHE GAMMA RAYS
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e @10 km altitude. Gamma photons interacts
with the atmosphere to produce relativistic
cascade/showers of particules as in HEP
calorimeters

. For E>10 GeV the shower axes follows the
gamma direction

Page 6



CERENKOV LIGHT

« Each relativistic CHARGED particles from the _
shower are travelling at a speed higher than the = produce Cerenkov light

speed of light in air (dielectric medium)

E‘ An (l_v“n:(w))
1° light cone: 8"
lightfront g o
;EED_‘Z
faint light spot (few photons T T e o
few ns long) collected by ...equiped by photodetectors
. | d=10-30 optimized for the Cerenkov light
giant telescopes (d=10-30 m) (peak in blue)

on ground



HOW TO DETECT AND MEASURE UHE GAMMA RAYS ﬁh{

1. Detect few Cerenkov photons within a Night Sky
background Light (1/20000):
high sensitivity an high speed

2. Discriminate for other particles (proton, muons) ¢
interracting with air and producing light (=noise). M T
Only 1/1000 is a gamma:

Imaging capability allows recognizing shapes for
various particle

Elevation (km)
=

——

3. Image the shower
=> axis will give direction of the photon

4. Measure precisely the light intensity
=>proportional to the energy of the photon

Need for ultra high high speed ultra
sensitive camera with high dynamic range

The atmosphere is the detector: very large

sensitive surface: several 100m?2

=> from enemy it becomes our friend !!! Gamma Muon Hadron
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The need of a very short exposure time ﬂ
e

Contamination : Night sky background (NSB) 110000 r—

(100 ps)

1/100000
(10 ps)

1/1000000
(1 ps)

1/10000000
(100 ns)

1/100000000
(10 ns)

© W. Hofmann



The need of a very short exposure time

Contamination : NSB
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The need of a very short exposure time

Contamination : NSB
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The need of a very short exposure time g
hfe

Contamination : NSB
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The need of a very short exposure time ﬁ
hfe

Contamination : NSB
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(10 ps)

i bl 1/1000000
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The stereoscopic observation

The source is
located on the axe
of the shower...

Several telescopes
will help

HESS: 4 télescopes de 100m?
HESS2: + 1telescope de 600m?



SO WHAT DO WE NEED

1. A good observational site
2. Array of telescopes to capture the maximum amount of light :

= High surface required to reach lower energy

= But background incresases for low energy => practical threshold ~30GeV
A high speed camera located @ the focal point of the telescopes with :

3. Good photodectors (sensitive (few Photons) and high speed(ns-scale))

4. High-end electronics: high speed, high dynamic range and low power to be
located in the camera

5. Computing power

6. Motivated students and scientists
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EXISTING AND FUTURE IACT ARRAYS

CTA North (Canary islands) (Project)
4 large telescopes (24m) + 5-10
Medium (12m)

MAGIC(Canary |slands)

Veritas Arizo
4x10m

&% HESS(Namibia
A 4 x 12m: HESSI
+ 1 x 28m: HESS ||

CTA South (Chile) (Project)
30 telescopes
(12m + 6m)



TIMESCALE OF HESS AND CTA

HESS-I HESS-II HESS-I upgrade CTANECTARCAM
Lower deadtime Lower deadtime Lower deadtime
Photodetector Faster & more efficient
unchanged Photodetectors

This talk




WHAT A CAMERA LOOKS LIKE (HESS-I ET
NECTARCAM (CTA)

HESS | (2mx2mx2m)
| _

Module = PMTs + HV + FEB (front end board)

Modules are interfaced to Data Acquisition through
ETHERNET.
They are similar to a computer

VERY large device (> 3m x 3m x 2m), 2.5 Tonnes
2000 « eyes »

Modular design to make the maintenance easier
with embeded electronics to reduce number of cables
and connectors

A lot of anciliary functions (HV,LV power supplies,
cooling, calibration, synchronisation....)

Reliability is one of the key parameter Page 18



A CAMERA SEEN AS A SYSTEM (HESS-| UPGRADED) ﬁ/«/

Farm Telescope Hut — et e HESS1U Camera
400V &C 3Phases Power
Terminal -
Dioor,
- Ventilation System i Humidity &
m - Temp. Sensors
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NECTARCAM DATA PATH
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PHOTODETECTORS (1000-2000 PIXELS/ CAMERA) p
Infe
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Photomultipliers
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Fast 1-2ns

Good timing precision (1.5ns)

High linear dynamic range (1->4000PE)
Up to 40% detection efficiency.

Response match well Cerenkov spectrum
Low « dark count »

Need a High Voltage

High gain (tuned by HV)

Few providers, still « artisanal » production

Silicon « PMs »

$11828-3344M
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Matrix of avalanche photodiodes, no HV
Now Fast 1-2ns, good timing precision
Moderate linear dynamic range (qg 100 PE)
<30% detection (High QE but low fill factor)
High « dark count » (~100kHz/cm?)

High T° sensitivity

Semiconductor industry but still expensive

Well suited for small-size focalplanes. Probably the best solution for the future gage2:




VERY FRONT-END

» Transfrom the signal from the photodetector (current) in someone we can convert to digital
(voltage)
* Could be a simple resistor U=RI !! :

Must be small to avoid integration (prop to RC) but must be large to get a large transfer
function

Used in the past, but low gain : requires high gain operation of the PMT => Ageing

* Provide low active input impedance, then amplify the signal from the photodetector:
+ Example of the PACTA ASIC [ Gascon 2011]

» Allows operation of PMT at low gain (4.10%) to avoid ageing Gain for fferent signalevets (Fiah Gaim
« High Speed (500MHz BW) , Low power Low noise
+ Bigain (x20,X1) outputs to split the Dynamic range. | RksE
g ( ) p p y g 50,00 @WWFWﬁ ‘\

Gain [dBOhm]

3
30,00 —— 75

Current mirror

f
T

to amplify the 2000 e
current 1000 e

0,00

quency response (HG

10,00 100,00 1000,00]|
High Gain Low Gain [Sanuya Gascon 2012] Frequency [MHz]
Super common SATURATION |
base input: low v M2
impedance: MJ:"——| P o S I e 0 ) NSRS —
optimal and M2
: fast current n [1
1:;‘ .‘ feggntigg .L‘“ i <‘ tranSfer Common base ..............
A (gate) stage with . .
LU LLLL current division n:1| lefe re ntlal

PACTA 2 mm? T+ - drivers 1) M EREES
BICMOS SiGe 0.35um AMS | :'_ | , '

QFN32 package

10 15 20
Time (ns)




SPLIT OF THE DYNAMIC RANGE

«  We have to cover 0.3 to 2000 PE range

« We don't need the same resolution over all the dynamic range.

*  For calibration purpose , we need a 6., ~ 0.15 PE

* Resolution of the light measurement is limited by the Poisson statistics:

—‘:V"z’g > 1/4/NPE rms where NPE is the number of photo electrons
=> For 100 Photo electrons we only needs a resolution of 10%.

This allows to split the range in 2 parts with lower dynamic => 2 gains with a factor 20
Overlap zone =» intercalibration

Poisson statistics G 5 Transnmpedanjelgam (cFarge)
= Electronics contribution High Gain 1,0E821
o —— Elec contribution: Low Gain
3 W shape pulses | 2000 phe
£ 1,0E-08 100 phe
E
£ E v el I
prij = ] .J'.
Z o1 & 10609 e
107 A 2 ,OF- 1 1
° Q ] 1 phe Y
: ®© : A A
S a ] . |
2 b 3 10610 b = i 1
W GJ o | = I
= g I| " 1
.g 1072 4 > g :I K - I: I - ®- High Gain
=}
. @) s LB el i ——LowGain -
L s 0 l |
g { h
£ I: !
1,06-12 S - I; S,
1073 4 / 1 3
T T T T T 1,0E-06 1,0E-05 1,0E-04 1,0E-03 1,0€-02 1,0E-01
1071 10° 10! 102 10%
Number of photoelectrons Input peak current [A]
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ACQUISITION: THE ANALOG APPROACH

Threshold >

" logic ~
Discri '

Peak
detector
or T&H

S
@)
e
O
)
d
[
O

Slow

L1 accept
(option)

filtering

« Optimal data reduction: only the data over the threshold are stored

« Large dynamic range achievable (up to ~14bit with single gain)

« DeadTime depends on the structure of the memories

* Final decision taken very early in the chain by the discriminator

« When threshold is low: - « HIT » rate very sensitive to the noise (power & spectrum

* Pick-up or common mode noise can kill the acquisition
 Low versatility The measurement is done once for all in predefined conditions (shaping)
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ACQUISITION: GO DIGITAL AS SOON AS POSSIBLE ﬁ

’ ’
Kd /
7

4 V4

Highest possible
resolution
Highest speed

Ultra-limited

Time
analog front-end

Charge

Anti-

alias
Filter

Large Range/high speed ADC difficult to integrate in
- ASICs.
— + State of the art is 12 bit/100MPS 30 mW
12 bit/S00MSPS 600 mW
 Pro: FPGA: Versatility. Reusability. Ethernet available
Possible digital filtering before discrimination.
Optimal filtering for Q and T.
Digital data available to build complex triggers.
No limitations for trigger latency: just a matter of memory sizing
« Con: Cost of high-end ADC and FPGAs, Power consumption.
Difficult to reach the ns range

Becomes more and more realistic with the technology evolution

= VERITAS & FLASHCAM concept for CTA MST



AcCQUISITION: THE (SCA) ANALOGUE MEMORY p
Infe

APPROACH

Lower speed clock (20MHz)

v
High speed
A FPGA: Link GB ethernet
Memory ZO|
treatment

Can b€
on-chip

L1-accepted Trigger Cent(;ali
ze

LO from all modules trigger

unit
Fast comparators (Dlg |taI)
Can be a custom chip (ASIC [Gascon 2016] )

* Analog signal stored at high frequency in an analog memory made of capacitors.

 Read Back on request (trigger) slowly.

« Requires an external path for the trigger: i.e. discriminator (comparators) + trigger unit: can be very
fast and versatile. Can also be analog (but more complex)

« Data is available for any possible Digital Treatment = versatile
« Low power ADC & low cost FPGA. Very high sampling frequencies available
« Complex, deadtime (in the simplest implementation)

Thresholds

HESS (initial & upgrade 2017), NECTARCAM, LSTCAM



THE REAL FRONT-END BOARD

ACTA (amplificateur)

AnOde Detection Unit
Signaux numériques (HG & LG)

Amplification
du signal par le PMT

Front End Board Backplane
- =
5o 5

=] S

Ethernet PACTA

Loose.  LLLLLLL

|
Photon | analog
Cherenkov 4 | Triager
Ei Digital LO Out
1
Backplane (&p) & :
E Slow control 1 1
[N
! L1 Trig | | Trigger
FPGA
Trames UDP Siow control
Ethernet link
FPM Rits
[ 24V

NECTAr ASIC (can)

PACTA (préamplificateur a deux gains : HG & LG)

Connectors 7 NECTAR
To PMT and

Low cost
Cyclon 5
FPGA

Connectors

B wor To DAQ and

DC/DC convertors: ; trigger &
% i Generates the various WSS synchro
———=L_ Voltage requires from | system, 24V
the 24V




CAMERA TRIGGER

* Goal : detect the events on line in real time
* Detect that several pixel as been touched at the same time
* To be efficient must be fast: ( ns range)

*  Use simplified information from the camera

* Require a centralization of the decision: L1 accept
 Accept only triggers if all the board are available (note busy) = common deadtime

+ Can be digital (simpler) or analog

+ To be used with analog memory : the return time (=trigger latency to return the L1 trigger accept ):
— Must be fast ( including the “cabling delays) =» can be done in 200ns
— Must be reproducible at the ns level

Llaccept

L1,1

Busyl

LO neighbor L1accept

»
»

m Bul_yi-’z

VvV V

Nmodulias/board

CENTRALIZED
Trigger crate

FPGA

1GHz

Principle
of the
digital
trigger
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Camera Trigger

First stage

For each pixel : gain + discriminator.
Suffers from “time walk™: triggering time depends on overdrive

From very
front-end e et calemes

amplifier 0011100 3 S o
E j.-' rd ,"} s
ﬂ A
e o ',' .'* H .'. [
E =|: -t “3 ’P: :|-.|_\I II:IE lllil .'=|

,/ v 1A
3 ot A _“,J’__:-:’J‘:_?,“
Y S—
i )
SN
. . . \J \J Prasd shwsa bl (DAL
1. input signal must be as fast as possible _ y_ Threshold calibration
2. Need for sub ns comparators Using S-curve
3. Thresholds must be adjusted channel by channel T (Fit of an erf function)
(gain and offset spread) L
=>» 1 threshold DAC/channel
Delays must be adjusted channel by channel _ _
Done in FPGA delay is ~proportional to the energy
Low power solution: multichannel integrated in signal above the threshold



DIGITAL (SECTORING) TRIGGER

Very fast logic timing

Sliding Windows g T

...and expect a minimum energy deposit

S0 we program:
- #pelpixel (Front-End Boards)
- #pixels in sectors “

AR DDA DA AR A A AR A S A

f
[t
It

i
[



SPI-like
4wires

The NECTAR chip

N
. SCA Sequencer &
pointer manager

i

J

Fu
—>

Run
—

Read

4 SCA channels => 2 fully differential channels

=>1 PMT channel in BiGain operation

240Mbit/s LVDS serial output

Compatible with low cost FPGA
LVDS

outputs

3mm X 7mm
AMS CMOS 0.35um
QFP128 14 x 14 mm? package

1024 cells/SCA channel (1ps max latency @ 1GSPS, 0.5us @ 2GSPS)

Output data directly usable for calculation (without pedestal/gain spread correction)
Low input capacitance < 5pF including package thanks to input buffers

Power management: write part powered down during RO/digitizing & vice versa
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SCA used as Levell latency buffer :
back in the history o

NECTAr

Read offset
= Depth - Nd

»g—»

« Signal continuously sampled @ FS (0.5 — 3 GSPS) rate in the memory use as
a circular buffer of 1024 cells
 When trigger arrives (after a fix latency): Sampling is stopped & position of the
trigger is marked
« Start readout and conversion (@20MSPS) of a ZOlI of NF cells (16 to 60)
starting from a the trigger cell + ND (corresponding to the trigger latency
modulo 1024)
Readout takes 2(8)us for 16(64) cells: during this time the system is “dead”

32



INTRODUCTION TO SWITCHED CAPACITOR ARRAYS p{q/

* Introduction of Analog Memories for HEP experiments at the end of the
80’s by S. Kleinfelder.

* Principle: Sample & Store an incoming signal in an array of capacitors
(SCA), waiting for (selective) readout and digitization= bank of Track &

Holds
T/H g e & in
ample " "
A e S TTITIT T
T LS
o oo [ s TTTT TTTT

 High integration: 12 to 128 channels, depth of few hundred cells.
* Naturally compatible with CMOS technology.

 High dynamic range possible.

 Low power (few 100uWi/ch).

* In first designs Sample & Hold commands generated by shift
registers clocked in the 10-100 MHz range => Sampling frequency
limitation.



Introduced in 1990’s again by S. Kleinfelder (ATWR, ATWD chips).

The Sample & Hold commands are now generated using a pulse propagating
through a delay line with N.,p: F, = 1/d => multiGSPS operation possible even in

~1um technologies.

Analogue
signal I !
o> =
=L Al
Digital sampling T T

d

DelayLine

signal D l/‘ l/‘ l/‘

Speed

F. tunable through an analogue command

In the early designs:

The digital sampling signal input was a single pulse =
trigger => need for an analogue delay (cable) on the
analogue signal path to generate the “Pretrig” (delay

> latency).




DELAY ELEMENT ZOOLOGY

Basically the same as those used in digital TDCs, cascade of inverting cells :

Fast.

2"d inverter ¢, Slower
reshapes the signal Symetr_lcal
=> sampling edge I egdes if
always sharp speed speed Cl=C2

3
L J

- Starved inverter e sy e Variable power supply
. — Buffer Stage
M1 = r ! veom1
veorn1 [ m{[m ol -5 E-

g 15 ez - )
’ y - pid

- o o

20 p

vin i@ . ]
MNS = MN3
2y bl I

. M T “» Vo +—1 Vot
N v+ . I Vv
van" VraL
(SHARED)
N o
t act, =2C,Vdd. Luey . . . y
b T W Kuer- Vesae — Ve )>- N\ MOre symetric output Highest speed, but Differential. Low jitter.
Only the rising edge is slowe requires low impedance But Static power.
down command
Modulate PMOS conductance is better for low jitter.
" — Separate Vdd for DLL only.
= Vdd — Vcommand easy to filter
& ] 7 ’-/.‘;ad E\- g Page 35




SERVO CONTROL

To avoid the delay cable: generation of a continuous clock (virtual multiplication)
A rotating sampling pulse is required. Several designs proposed

— Pulse regeneration

- Anew pulse is generated at input with a d.N+,p periodicity

=> d.Nt,p = N. T, period of an external clock.: servo-control with phase comparator
3 3
Clock I\| I\|
d - = .
avoi l De,ay oSpoos I Servo-control using a phase

Phase comparator
+ Charge Pump

Delay
Multiple of T,

— Ring oscHIator also clean the reference clk (as in PLL)

< « £
S
Sampling &)
Enable . l/ ld/ - d
DelayLine ‘ Phase
Speed Comp

(Option)

comparator

avoids drifts due to
temperature, change in
power supply

=» Allows to reach ~10-
20ps jitter/ stability without
correction
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HOW TO DESIGN THE STORAGE CELL: NOISE

 Noise: absolute noise limite = kTC noise
Vg <V, >?=7.k.T/IC sampled on C,

S Ron . 0.1
Vin Vs E — C
X e 2 -
—— C = n 0.01
<

v c, (fF)

« Channel charge + cwnd feedthroughW)Cs when sampling:

kTC noise (mV rms)

1 10 100 1000 10000

kW.L.Cox.(VG=Vin—VT VDD—-VSS).Cov I ﬁ, I
2.Cs C, +Cs - — OV

» First term dominant
« ~ proportional to 1/C, and to the R, of the switch (if L min)
At first order: constant + a term proportional to V,, =>Offset + gain different of 1.
» But transistors mismatches => Offset & gain spread along the SCA.
=> Possible calibration & correction
« “Dummy switch” technique inefficient => increase of the spread.

Large C, is good for noise & uniformity !
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BOTTOM PLATE SAMPLING

*Edges of the switch command is not infinitely fast.
*Transistor cutoff at V4=V, .+ V;
=>Dependency of the sampling time with Vin
=> Distortion, Jitter.
*For a 100ps edge => 50ps error possible !
*Solutions: Bottom plate Sampling :

*S, has a constant source voltage
S, opened before S, => sample
*Aperture time now independent of V;,
*If “flip around” readout, the charge injected by S, is cancelled
=> Charge injection does not depend on V,, .

« Drawbacks:
=> S, added in serie => lower BW.
=> generation of S; command

=> Less compact cell => more parasitic capacitance
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HOW TO DESIGN THE STORAGE CELL: BANDWIDTH

:Zgg 0.35um
. T S, switch
Cell BW set by Rswitch x Cs oo —
E ?zg = RONCMOS
E 600
450
300 = ‘,f“ \_!.r.'p
150 - S, switch —
0
*Minimum L for max Ron with smaller parasitics. Vin (¥

*Ron highly non-linear for a single NMOS and PMOS
transistor

‘BW_,, vary with Vin => distortion.

‘BW,,, is affected by transistor mismatch

To limit these effect BW,, should be >> system BW

*Possible strategies to limit distortion:
use NMOS + PMOS in // NECTAR: S; & S, switches
Rg;+Rs, = 600 Ohms
BW¢,,= 820 MHz (300fF)

small C, is good for high BW: tradeoff with noise => Cs =300 fF
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CELL READOUT

Current discharge Wilkinson readout

The cell is discharged at a constant current. Measure of the time of
discharge with a counter =» conversion to digital

Counters & ramp generators can be inside or outside the chip

Parallel digitization of several cells. Need for one offset & one
gain/cell

— \oltage readout

__/5_— 1 buffer/cell (cut when not used) => low power
B Multiplexing toward an external ADC
__—; Need for one offset/cell (gain/cell)

« Flip Around » Readout:

cancels injected charge

Very well defined gain

1 ampli/ line of cells => critical design very sensitive to C,
=> speed

=> noise (amplified by (C,+C,)/C,

Multiplexing toward an ADC (on-chip in NECTAR)
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THE FINAL STRUCTURE OF THE NECTAR SCA:

16 LINES OF 64 CELLS X 2 (DIFF) X 2 CHANNELS

Main shift register

Clke Pulse shaping
= =2 blocks
Small C,,,  rotation ‘E e J\E ol Q / Readout
Annlog E \/ W/ v U Amplifiers
Input _Ijk s Ak Bl nain /
Small Cin D—-|>— - = HRH I H—— —HHR R —— | :>_ \
>
o — E» ST A £ s T nabll==Ell
1 amp“/lme 'I/\ HEHHH H—— —HHH I {>_¥
Input |
buffers: I
: Output
{‘P oz I s 2 % gz 1 =gz + T
e | T T T T T —
-|> - — — — A e R . | {>_\_
T v I S £ 2 Er v £ 2y
T T T T T =
-I> i - — S —HHH - — e &
enod ) 01 0 ) Ol
s Clk W ﬁ m m comp ors
short DLL: Reference shift register Parallelized
less jitter Readout

1 delay servo-control /col: stability

Advantages: robustness => only 1 pedestal/Line to calibrate.
good timing (18ps rms) even with no calibration.

Drawbacks: complexity . Not scalable to a large number of channels/chip.,



AT THE OUTPUT OF THE SCA

ANALOGUE FRAME Digital FRAME

Need to be converted to digital by an ADC (analogue to digital converter)
Choosen architecture : PIPELINE ADC

well suited for the resolution/speed/power consumption requirements

( 12 bit /20MHz/ 30 mW) in the CMOS 0.35um technology
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F. Rarbi, D. Dzahini, L. Gallin-Martel, “A
power efficient 12-bit and 25-MS/s pipelined

PRlNCIPLE OF THE PlPELlNE ADC ADC for the ILC / Ecal integrated readout”,

IEEE Transactions on Nuclear Science, vol.
57, n°5, Oct. 2010

* Fully differential design, 2V full scale
» Cascad of :
-10 1.5 bit-MDAC stages

1.5 bits

- 2 bit flash ADC ‘\‘Front-end stage _--"~ ~ Back-end ADC
Even and odd stages operated on oposite | r<ase 1 o 503 ‘ ‘ Sage 0 | ——
clock edge 1 1,5bits 1,5 bits 1,5 bits 2 bits
= Low latency : 6 clock periods to convert 3 + — 13 . +
| data delay + digital correction |
EXCELLENT LINEARITY (INL+4 LSB, 1z Y
DNL=1 LSB)
Ves V

Strobe
o o

-
=
=

A

Less significant bits extracted by a flashADC
= 4 comparators + encoding logic

A
vy

A
vy

f
i
i
! Flash requires 2N -1 comparators to extract B bits
| =» impossible for 12 bits (would required 4095
\:/[Lf comparators)
i
—~—

= Use of pipeline based on Multiplying DACs (MDACS)

Encoder
o
o

A
vy

T—AAA
Yy

N1
comparators
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PIPELINED ADC: 1.5 BiTt MDAC

1.5 MDAC:

« Compare the input to 2 thresholds => 3 values of b

* Depending on b subtract 0, a + reference or a — reference

« Multiply the result by 2 to obtain the residue sent to the next stages

ampt » e
In ﬂ [
[ = o
» - \in i 5 Vs1
2+«Vint a~Vref > Vs|—=—9

treshold 1
>

Vref

Vref@ J Vref2
| 2 —»

Vrefl B

treshold 0
>

1.5 bit MDAC Dynamic comparator

Extract 1.5 bit offers redundancy (range of consecutive stages are overlapping)

If a stage makes an error it can be corrected digitally => allow the use of low
precision (low power) comparators
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NECTAR CHIP PERFORMANCES

* All the results obtained in nominal conditions include limitations due to

Charge Hard {low gain)

external components (ampli, DC-DC...)
« Chip power consumption =210mW
« Behaves has expected for 0.5 - >2 GSPS

« ADC range = 2V /12bits => ADC LSB=0.49mV

# BEvis
100

210

Entries © 150212
Mean: 22024
Fms 1 6803

220 230 240
AdC count

« Noise for one sample (random position in the matrix):

0.8mV rms (1.7LSB) (no offline correction)
=> 11.25 bit rms Dynamic Range
Sigma(Sum) follows square root law

= No noise correlation between samples
= Important for charge calculation




NECTAR: FREQUENCY RESPONSE

-10

-15

Attenuation (dB)

-20
-25

-30
1 10 100
Frequency (MHZ)

mPMT-like pulse 3ns FWHM)

W e

600MHz BW scope
=30
Nominal power
40

-50

Amplitude(mV)

t(ns)
-60

166 167 168 169 170 171 172 173 174 175 176

4

I~
-

« 800 mV Peak-Peak
sinewave input

« Very flat response
« -3dB Bandwidth > 400 MHz
« Remains >300MHz for 2V pp

OMHz 1000

<=Template signal used for NECTAR
characterization

<= NECTAR response (nominal and /2 power)
compared with 600MHz BW oscilloscope
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1E+&

1E+%

1E+4

1E+2

1E+2

1E+1

100

10

1E-

Q= Sum over 26 samples (ADC bin )

sigmaQ/q (%) -

1E-1

NECTARO: CHARGE LINEARITY SCAN WITH PMT- g
Ife

LIKE ELECTRICAL SIGNALS

+ HG - -
= i |
= : : Charge calculated over 26 samples (13ns)
| 1
) T
| EF
] | 3% HG saturates in amplitude @ 200 PE
1 § I §§ LG saturates in amplitude @ 3000 PE.
| 5 i INL<3% up to 6000 PE
| @ I}jn[pﬂ
] @
1E+0 1E+#1 1E+2 : E 1E+3 : 1E+4
2 1 & !
=SS5 LE— 1
it i
T i g i resolution on PE
| ] * 0.8% Floor resolution for large signals on HG
’%@F E JrH consistant with sampling jitter < 40ps rms
1
' « Q resolution far better than fluctuations o
+HG : == Poisson statistics (and requirements)
+LG_ Shape distortion, .
Poisson jitter & undersampling
-+ Camera Requirements limitations

Qin [PE)}

1E+0 1E+1 1E+2 1E+3 1E+4 Page 47



PERFORMANCE SUMMARY

NECTAr Features or

Requirements

Unit

Performance
Differential
Number of Channels 2 channels
Memory depth 1024 Cells
Power Consumption < 210 <300 mwW
Sampling Freq. Range 0.5 -3.2 0.5-2 GS/s
Analogue Bandwidth 400 >300 MHz
Read Out deadtime time for an 2 5 s
event (2 gains 16 cells) H
Deadtime @ 10 kHz trigger rate <2% <5%
ADC LSB 0.5 0.5 mV
Total noise
(unchanged with frequency) = Sl T e
Maximum signal 2 2 v
(limited by ADC range)
Dynamic Range >11.3 > 11 bits
Crosstalk 0.4 %
Relative non linearity (integral) <3% <3 %
< 40 <50 psS rms

Sampling Jitter

(from Q resolution)




SINGLE PHOTO ELECTRON SPECTRA p
b

Pulzsz Wanneform

HESS upgrade

High PMT gain: 2.7 105

1GS/s, 13ns Integration Window

1 PE peak - baseline =80 ADC count
Noise: o on Baseline = 0.16 PE

e
SaTp T

[ Ashton, Klepser 2020]

1400

T T
15 E ak: 66.66 ADC
5| :0.32 P!
| P 53.08 ADC
o 1200 H a?{\ 2
S ] 17
<8BPE= o
SPE 47 PE
Gain; 403300 (+242,0-1123
3

CTA Low PMT gain=5 104 +PACTA
transimpedance amplifier

—
=
=]
=]

1GS/s, 14ns Integration Window
1 PE peak - baseline =67 ADC count
Noise: s on Baseline = 0.19 PE

g
°

o -
o %
Number of pulses
=] o
= =
o (=]
——
-_._.--—-'"-_'_
| e
°

Mean SPE waveform (50kevent)

200 T T8PH,. °
1 TT \M\
0 |J
0 1 l
3 3300 3350 3400 3450 3500 3550 3600
ADC

[ Tsiahana PhD’s 2020]

Number Of DUs
5 2 B

=>Both Spectra are compatible
with in-run camera calibration

2.1 2.2 2.3 2.4
SPE Width (ns)

SPE width (1850 channels)



2017: FIRST OBSERVATION WITH THE UPGRADED

HESS-1 CAMERA

2017 : end of the refurbishing of the HESS-I camera (with NECTAR electronics)
4 avril 2017, during the commissioning phase
Alert from the Hawk detector (another high energy experiment in Mexico)

= Increase of activity of MKN 421

= A well known variable source (blazar) located in Ursa Minor (North

hemisphere)
Even if the experiment was not fully commissioned , the collaboration decides to

observe it = first successful operation showing the robustness of the system.

Declination
(J2000)
8 i

11"20™00°* 11"10™00° 11"00™00° 10"50™00°
Right Ascension (J2000)

Gamma-ray sky image of Markarian 421 as seen with the new H.E.S.S. cameras

« Since this time, the cameras are perfectly working
« Since the COVID crisis, they are now operated by Nabimian scientists/students



THE ISSUE OF DEADTIME (1)

. During readout, that lasts T, NECTAR cannot accept new events
. For random (Poisson process with mean rate R) events the accepted event rate is given by:
R
F...~ R(1—-DTF) =
mes= R ( ) = Tke
ie : A fraction DTF = 5% is lost for R=110Hz and = = 450us

As the input frequency drastically increase when we lower the threshold, deadtime (and its stability) becomes a
problem.
1. This deadtime must be taken into account (measured) to estimate the real activity of the source

2. If N telescopes operates in stereo, their global deadtime will be given by :

GDTF =1— (1 - DTF)V

(this is also the reason why we prefer a common DT for all pixels of the camera)
=> For 3 telescopes with DTF=5%, the global deadtime = 14.2% that becomes not negligible.

This was the main motivation for the HESS-I upgrade, T was decreased from 450 uS to 7us
=> decrease by the 64 of the DTF or possibility to operate up to 5kHz (as HESS2)

— Pre-upgrade, 146 Hz
iy Post-upgrade, 335 Hz

Distribution of time difference between consecutive
events before and after upgrade (with slightly different
input rate) .

It is exponential as expected.

The lower bound give t

Normalized number of events

L |
1] 001 002 @003 004 005 008 007 008 002 01 Page 51
Time difference between consecutive events [s]



THE ISSUE OF DEADTIME (2) : BUFFERING

+ to decrease the deadtime without decreasing T, we can

« derandomize » the input events using buffers with
several (=K) « cells » :

512 cellsin

. idle mode or
R-(l—(R-T)K) 1024 cells sampling (being read if

then Fmes_ R (1 — DTF) = W or in read mode an event is

stored)

=> an infinite buffering will give a 0 deadtime forR <1/t

* The simpliest way to do it is K=2 : ping-pong mode: — — —

2 -

Integrated in NECTAR2 for CTA all ;
- - - - d B

When a subarray is read after a trigger, we write in the 2", ... Nectar

| limited

(=

+ Inthe CTA condition ( t = 8us) as expected the deadtime 10

N he . Ethernet
is divided by 10 up to 15kHz and remains below 1%. ..
limited
* For higher input rate, the deatime is now limited by the

100 |
ethernet transmission rate :

Deadtime Fraction (%)

—— simul:PP=True
—— simul:PP=False E
® Measl: All triggers ]

® Meas2: collected triggers only |
i [ 1 i I A | i I I R
10° 10? 10° 107

Trigger Rate (kHz)

1071k
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NECTARCAM IN REAL CONDITIONS

waveform ADC (T

gerformances
INLAB measurements simulating NSB

T T T T 20 wav_eform (1 = 117 ns)O
—— Limit for 125 MHz | 05 300
—— Goal for 125 MHz 1 250
woh L1 | I 0 200
100 Statistieal Limit (Poisson law) 0.0 150
— 100

) 0.5 50

E’ waveform AQC (T = 18 ns)?
o > “
= 200
= E:', 0.0 150
= o 100

E p 0.5 50

% 10-1 1 Eﬂ waveform AQC (T = 19 ns)°
. : =
0.5 o 200
O 0.0 150
[a¥ 100

0.5 50

waveform ADQC (T = Zp ns)0
05 250
10-2 200
10 10! 10% 10% 10? 0.0 150
Charge Q (ph.e.) . A Y JERY AL - g

[ Tsiahana PhD’s 2020] 3 . 3 waveform AQC (T = 21 ns)°
. . o 300
250
Random “atmospheric” Tests in Berlin (2019) *
. 150
events in Berlin NECTARCAM Va eqUIped s 50

dynamic charge (p.e.)

. New: Movie f

Detection
of a muon

Picture
(5ns exposure)

T-100s
20 Ea 15 N
20 10 é a

X position (m) X position (m)

04

https://www.youtube.com/watch?v=BhKM5NgvBJo



FEW RESULTS FROM HESS

The galactic plane @ TeV by H.E.S.S.

« Discovery of a PeVatron (cosmic
e — accelerator up to PeV energy)

H PWN, TeV Halo, PWN/TeV Halo
O starturst

Ot oL, GRS, FSRQ, L * Limits for dark matter models,

AGN (unknown type), FRI, Blazar

a .

% Globular Cluster, Star Forming

. | Region, Massive Star Cluster, BIN, * teSt Of phySICS |aWS
uQuasar, Cat. Var., BL Lac (class

unclear), WR

© Shell, SNRIMolec. Cloud,

Compisi SR, Suporot » Discovery of variable sources

©DARK UNID, Other
©XRB, Gamma BIN, Binary, PSR

Export Black Export White

ki

» Multi-observatory/ multimessenger
astronomy
» Discovery/following of variable sources

>50% of TeV sources o A [
have been observed Az T |

Declination (J2000)
s
g

veciination (J2000)
S
]

(}PKS 0736401 #)PKS 0736401 PKS 0736401

2

by HESS for the first , 7
time R: ¥ |

07'45700"  07°40™00"  07"35700" 07°45™00"  07°40700"  07°35M00" 07°45"00°  07'40700°  07'35700°
Right Ascension (2000) Right Ascension (J2000) Right Ascension (J2000)

... hundreds of papers

8




CONCLUSION: PHYSICISTS CAN DO MIRACLE ﬁ

t H.E.S.S. RX J1713.7-3946

RX J1713.7: supernovae remnan

: : ) Improvement from
in Scorpius constellation

B 2004 to 2016:

S - - NO MAJOR

& HARDWARE CHANGE
4

PSF

O | « Calibration

H.E.S.S. RX J1713.7-3946 » Better knowledge of
the Instrument

* New reconstruction

methods

nergy

May be the remnant '
of the SN observed

in china in the Ivth
century r

e/
e
|

6231
,..54:,2

GREAT WORK OF

YOUNG PHYSICISTS
Il

Year
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