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Part 1 (Yesterday: The Electronics, signal processing)

A Medipix Collaborations
A Definition of hybrid pixel detectors

A Information that can be extracted from the beam
A The detection of a particle in a detection channel (pixel)
A The number of particles deposited during a given exposure time
A The energy
A The time of the interaction
A Type of particles
A Angle of incidence

A Signal processing: building blocks
A Sensor
A Front-end amplifier: CSA vs TIA
A Shaper
A Noise

A Practical examples: Medipix3 and Timepix4



Part 2 (Today: Hybrid Pixel Detectors for X-ray detection)

A Classification of detector systems:
A X-ray conversion to electrical signal
A Signal processing
A Geometry

A The ideal detector system

A Limiting factors in real systems

A Review of ASICs

A Challenges and directions

A Summary and conclusions

A (Additional) Examples of digitization



Classification of detector systems:
X-ray conversion to electrical signal
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X-ray imaging technologies classification: conversion of Xays

Indirect conversion

X-rays

Light reflector
Scintillator

Visible
light

%/ ~100-1000 e/photon * ,

Readout Photodiodes

Visible light as an intermediate step

100-1000 e generated in the diode

Fill factor ~65% (0.5mm pixels) to ~80% (1mm pixels)
Degraded energy and spatial resolution

Cheaper

Direct Conversion

X-rays

' Semiconductor C

In an LYSO crystal the light
yield is ~28k photons/MeV i.e.
| a 60keV Xray photon

- generates ~1680 scintillating

| | photons (s=sqrt(1680)~41)

| ~4k-25k e'/h*
' Iphoton

| ~ InCdTe a 60keV photon leads
| to ~13.6ke-/h+ pairs. The Fano
Factor is ~0.11 i.es ~38 e/h+

| pairs.

o L Gl ) )
Readout electronics pixels

A 4000-25000 e induced (Medical radiography range)
(reproducible)
A 100% Fill factor

Focus of this talk.But indirect conversion is being revisited for some
applications thanks to SiPMs 5




Classification of detector systems:
sighal processing



Signhabrocessingn thereadoutelectronics

AEnergy integration
A The signal deposited in the sensor is integrated (together with the noise)
A The weight of each photon in the image is proportional to its energy
A The system does not suffer from pile up
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Signhabrocessingn thereadoutelectronics

ASingle Quantum Processing

A Signal from each individual photon is treated on an everlty-event basis

A Signal attributed to a particle only when it exceeds a threshold (suppression of random
electronics noise)

A Possible measurements: Count, Energy (AmplituddoT), Time of Arrival

A With one threshold level: The weight of each photon in the image is one (photon counting)

A With multiple thresholds: Spectral imaging (energy resolved information), energy
weighting possible
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The importance of-Kay Photon Classification

9-14 keV 14-23 keV’ 23-50 keV

i

Photons in different energy bins give complementary information
Courtesy: S. Procz et al. FMF @



Classification of detector direct-conversion
Photon Counting systems:
geometry



X-ray imaging direct conversion detectors for CT

jx-rays

Semiconductor

|

jx-rays
X-rays |
>

Semiconductor ? D

|

Readout ASIC

ARV VAAVAVIAVIE VAR v/

Hybrid pixel detector (very
fine interconnection
<350mm)

(Face-on)

Interposer

£ ma—

L L LT — —
V V4 Vo

Readout ASIC

\/
Readout ASIC

Connection of the
semiconductor sensor -
material pixels to the ASIC
through interposer
(Face-on)

Semiconductor

Edgeon
configuration on
micro strips
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X-ray imaging direct conversion detectors for CT:. Hybrid Pixel
Detectors

MCNC-RDI x1.00k

A..SIC S At - ST .
=, SO0 e -‘ . W-Wl’-—:mv@;._.-- -

Picture: VTT

A The sensor and the readout electronics are connected using
fine pitch flip chip technology

A Flip chip process consist of (1.) sensor and readout ASIC
wafer bumping, (2.) dicing of wafers and (3.) flip chip bonding
of good known dies.

A Tinlead or leadfree solders are commonly used

A For highZ materials CdTeCZT) Indium (In) or IndiurTin (In
Sn) solder bumps are used

12



X-ray imaging direct conversion detectors for CT: connection
through interposer
AMS OSRAM solution for Photon Counting: AS5920M

A system In package photon counting solution

CdTe/CZT Sensor

Capacitors
Thermal Via
Bottom Substrate

AS5920M AS5920M

i " Parallel chip and package development
CZT Side Bottom view /O Side Integration into a single product

Top view
Features

* 4 side buttable
* Compatible to both CdTe and CZT

*  Low warpage (< 40 uym)
*  Low power (< 0.9 mW/pixel)
* Low noise ( < 320 electrons)

Flex Concept
7 amiii OSRAM

72x24 pixel module4 side buttable System-In-Package (BSIP) integrates three ICs and passive components

5 thresholds/channel

0.64 mW/pixel in non-paralyzablemode, 0.58 mW/pixel in paralyzable mode

15 bit counter, minimum integration time ~1007s.

Paralyzablemode: Maximum output count rate 15Mcps/pixel (120Mcps/mm?2 for 25keV photons)

Non-paralyzablemode: Maximum output count rate 40Mcps/pixel (320Mcps/mm? for 25keV photons)

To Joo T T To Do

https://lams -osram.com/products/sensor -solutions/x-ray-sensors/ams-as5920m-photon-counting-module
Courtesy: R. Steadman, Proc. 6th Workshop of Medical Applications of SpectroscopieR@y Detectors, Geneva, 2022
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30mm
depth

Juswbag

30 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 59, NO. 1, FEBRUARY 2012

A High-Rate Energy-Resolving Photon-Counting
ASIC for Spectral Computed Tomography

Mikael Gustavsson, Member, IEEE, Farooq Ul Amin, Anders Bjérklid, Andreas Ehliar, Cheng Xu, and
Christer Svensson, Fellow, IEEE

1 —> 50 Front-side electrode

A 0.4x0.5mm detector element size

A 1 detector module has 50 Si strips (edg®n-
geometry)

A 1 strip is divided into 16 segments

A 800 channels per module (8 thresholds/channel)
i A 1500 modules in a full system

A Segmentation in the direction of the X -rays

increases the maximum flux the system can deal
with

A Longer segments (~4.8mm) together with
complicated wiring increase the input capacitance
of the readout channel (~3pF)

ASIC: MGustavssonet al. "A highrate Resolving Photon Counting ASIC for Spectral Computed Tomography" , IEEE Thud. Sci, Vol. 59, No. 1, Feb 2012.
Module description and characterization: C. Xu et al. "Energy resolution of a segmented silicon strip detector for photoounting spectral CT" NIMA 715 (2013) 117



The ideal detector system



The ideal Xay detector

ADirect detection
Alncreased and reproducible signal, improved spatial resolution

ASingle quantum processing
APhotons are detected and classified in a plurality of energy bins

AThat leads to possibility to energy weighting (optimal SNR), noise rejection,
perfect linear behaviour

AZero dead time {)

ALimitation of single quantum processing

AFor a given applicatiort <<1/r (t is the dead time,r is the count rate and 1f is
the mean time between consecutive photons)

16



Limiting factors in real systems
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1 Absorptloﬁ efﬂmency 4, Flubrescence 5. Compton 6 Charge 7.
2. Fluctuations in the number scattering trapping Polarization

of generated carriers
3. Charge diffusion
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Absorption efficiency (Kys)

100(p —) pri@ QCl) )

100

90 -

80 - xis the thickness

70 -
mis the linear attenuation coefficient
(units: distance?) (inverse of the mean
free path)

60 -

50 -

40 -

Absorption efficiency (%)

30 - r is the density of the material

20 300pm Si

—— 1mm Si nmr is the mass attenuation coefficient

—500um Ge |_|

10f —nmcaas| (UNits typically cm?/gr)

2mm CdTe -

0 | | | | 1 1 | [ T I T
10 20 30 40 50 60 70 80 90 100 110 120
Photon energy (keV)

A Absorption efficiency is the probability that the Xray photon will be removed from the beam in an
absorber of a given thickness.

A Silicon _ﬂ_Z:14) Ideal for charged particle detection in many applications (properties, homogeneity,
availability, cost)

A Higher Z required above 20keV (unless edge on geometry is used)
A Ge (Z=32), GaAs (Z=31,333dTe(Z=48,52),CdZnTe 2
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Charge diffusion and repulsion

2e+12

A Diffusion occurs when there are local differences of carrier concentrations

Eik In the semiconductor

Bt ¢ s o e i i ¢ s 0

A Gaussian cross section of the distribution with standard deviation:
100 ¢

So. primary electron range
D: Diffusion coefficient
t: time
NoJ.: total charge
d: distance
E: Electric field
300 L—! | LIl , m mobility
-56 0 55 . Q KB: Boltzmann constant
xlam) o — T: temperature (K)
t X9 YeadVYaHB ORY Ut ¢

200t

250 |

2 [um]
3

e e = e - e | b

A To reduce diffusion effects: Increase electric field, reduce the sensor thickness
Image: Charge density distribution (hole component) (Charges/cA), Si sensor, deposition at 50um, 4ns and 14ns
after conversion (Thesis L. Tlustos)

A FOWx ¢ RWIJq e a oWm9 i NWa YT 13d RUN Wn Y Ihih&/dd.apoy10.ins7¥ 2 Z5apRi D WHE Y & Gea q I | UJG]YU YNI ¢ G6
“Sensors 2024, 24, 7123. https://doi.org/10.3390/s24227123



https://doi.org/10.1117/12.2512531

Charge diffusion

Si, 55mm square x 300 mm, 10 keV

1

Simulation: L. Tlustos

energy [keV]

14

ASimulated Data
ASi 300mm, 55nm pixel
A 00e r.m.s. noise

A10keV monochromatic photon beam

ADistortion in the energy spectrum
Increases as the pixel pitch decreases
with the detector thickness

ANote: Charge diffusion can be exploited
to achieve sub-pixel spatial resolutions

24
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Fluorescence

Mean free path of fluorescence photonrm] Fluorescence yield [%]

Energy fluorescence photonskeV]

‘— ~.

Material Z Ki[keV] Ly[keV] LslkeV]| K ([keV] K JkeV]{{d Jum] d Jum]|| = E|é

Si 14 | 1.84 0.10 0.10 1.74 1.74 11.86 11.86 4.1

Ge 32| 111 1.26 1.23 9.89 9.86 50.85 50.40 54.8

GaAs Ga, 48.20% | 31| 10.36 1.14 1.11 9.25 9.22 40.62 40.28 50.5
As,51.80% | 33| 11.87 1.36 1.32 10.54 10.50 15.62 15.47 56.6

CdTe Cd, 46.84% | 48 | 26.71 3.73 3.53 23.17 22.98 113.20 110.75 || 83.6
Te, 53.16% | 52 | 31.81 4.61 4.34 27.47 27.20 59.32 57.85 87.3

The fluorescence yield increases with the atomic number

The mean free path of the fluorescence photons is in the same order of magnitude as the pixel pitch for high
materials

Implications: degradation of the energy measurement, blur the image

26



Impact of Charge Diffusion/repulsion and Fluorescence
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Compton Scattering

Compton scattering is the process by which an ay interacts with
a (loosely bound or free) electron, resulting in a scattered photon
of lower energy and a recoiling electron.

Q Energy of the scattered gamma ray as a

Recoil Electron Q' e - _
= “— function of the angle

. Q’ .
MAVWVVNSES or P gl AP

A
% Energy of the recoil electron
'O ’Q; "Q’ /
Q' &*

Scattered Photon

A A variable amount of energy transferred to the detector (partial charge deposition)
A The scattered photon may be absorbed in another pixel (blurring the image)

>

dN/dE ! Compton Edge (Rya)

0  Fp photopeak Assuming one Compton

hn
/ interaction in the detector
‘ E

29
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Pixel pitch/Sensor thickness:ﬂ.ZS‘/’/
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Collection electrode

Plot of the weighting potential in the volume

@ nego

The induced charge Q=q D j,) where D j;is
the weighting potential difference from the
end to the beginning of the carrier path

The weighting potential becomes steeper
closer to the pixel electrode

The carrier travelling to the electrode will
contribute more to the signal formation

For very small pixels, the signal will be
induced when the carrier is close to the
collecting electrode

These conclusions are often called thesmall
pixel effect.




Pixel pitch/Sensor thickness:ﬂ.ZS‘/’/
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Example:
Electron contribution to the induced charge
for an interaction at 1mm depth:

50% (Full planar electrode (pixel pitch>>
sensor thickness))

~87% (2mmCdTewith 500um pixels)

~97% (2mmCdTewith 110um pixels)
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Signal induction In the pixel electrodes

%x10°° 1mm thick CdTe
1.8 : :
16 — 50mpixel ||
' } . 100mpixel
< 14 / S0mm plxel' 200mpixel
1mm CdTe S 12 mm CdTe | — stompe),
60keV photon e 1 , 500mpixel
T 600V sensor bias 3 s I
Energy deposition at S o6
2=240mm E 04 500mm pixel
(No charge trapping, charge - 7 :’mm e
sharing included in “ )\ T
simulation) % 10 20 30 40 50 60 70
(. & & & time (ns)
A Signal shape depends on detector 100 — ————— :
geometry - X |
A Signal induction in small pixels is faster (a & \ ggﬁfg;’g;;3';;2‘;;;%112;“5 e
fast front end will integrate most of the £ integral
D —— 50mpixel ||
charge) e oo
A Signal induction in large pixels is slower (a g 200mpixel |
fast front end will NOT be able to integrate  ~ e
most of the charge: BALLISTIC DEFICIT) SQ0mpixel
20 30 40 50 60 70
time (ns)
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Conseguences small pixel effect

A The angle of incidence of the incoming charged particle can be measured in the Timepix3 chip based
on the difference of time in which the signal is induced in the different pixels

60 deg
p+ in n Si sensor, Timepix3
500mm thick
Viias = 130V
- Colour (and diameter) indicate charge
S Measured z resolution ~50m
e- (delta ray) Energy (keV)
® . e’® o [l
900 "e2¢ o e ® . ‘OQOQQ..O‘. 440
° .. o =
b 'O ’
S 20
1000~
800 N
600\&\‘ — ,
gm0 ">
az 200 . e w0 O
T a0 0 20
Y o (M) 35

Measurement B. Bergmann, S. Pospisil, IEAP, CTU, Prague



Combining Compton Scattering and the small pixel

effect
Single layer gamma camera using CdTeand Timepix3
EUII N Wl Wt YieqRYULWb, W WN Wt

Time bin 1.56 ns

2 Ey
E;(E1 + E3)

cosf =1—mgc

Timepix3 CdTe detector

11.5cm

Some parameters:

2mm thick CdTe
Vg,2sCdTe=450V

~86ns to travel the 2mm
Mobility (m.) ~1 16 cm?/Vs

11.5cm

)
e  Cs137

MiniPIX TPX3

CdTe sensor Drift IR .
E ) Time = 0 ns

Bias=450V
Depth resolution:
28.5 pm (RMS) m

Bias=200V
Depth resolution:
315 um (RMS)

D. Turecek et al 2020 JINST 15 C01014






Charge Trapping

Trapping LengthD): mean distance travelled by the carrier before trapping or

recombination:

’O [4 _'_ !O
To minimize charge trapping: eh* creation
Collect carriers more quickly energy

A Reducing sensor thickness

g ot me- (cm?/Vs)
A Increasing field strength

+ 2
A Using material with higher mobility ULUE iVS)
Benefit from the small pixel effect mte(cm=/V)
A Sensor geometry with small pixelsw.r.t. sensor thickness) mth*(cm?/V)

A Collecting electrons (minimize the contribution of holes in the
iInduced signal (lowerm})

4.43

1000
20
2.2x107?
1x10°
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Pulse pile up



Pulse pileup

1 Photon arrival time p =15us th=5keV
5 ! | |

> 10 [ _
>
()
c
Lu 5 —
0 | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time %107
Classical photon counting with shaper (1st order SG)
15 | ! | | |
> 10 [ _|
ISy
[0
c
T S S | |
0 | \ | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
%107

time
m=15ns (Mean time between consecutive photons)
Gaussian shaper $§=100ns),t ~300ns (@ Threshold=2.5keV) (Dead time)

t/m=0.02
A Pile-up is the overlap in the processing chain, of the signals due to two consecutive photons



Pulse pileup

Itm e u=3us th S5keV

[T
gfimnojmuﬂrwwwH"fﬁwﬂwwﬂwW

Gaussian shaper $§=100ns),t ~300ns (@ Threshold=2.5keV)
t/me0.1




Pulse pileup

Photon arrival time p =1.5us th=5keV

15 | | |
> 10 [~ _
>
()

0 | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time x 1074
20 Classical photon counting with shaper (1st order SG)
T T T T T
> 20 [~ _|
o
2
W 40 ]H‘ _
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
nF1.5ns time X107
Gaussian shaper $§=100ns),t ~300ns (@ Threshold=2.5keV)
t/me0.2

The impact of pulse pile up is on an incorrect number of recorded photons and also a distortion in the measured

energy spectrum
42



Pulse pileup

Photon arrival time p =0.3us th=5keV
|

T

H

N ee—

3 4 5 6
time 1075
Classical photon counting with shaper (1st order SG)
| | |
20
0 1 2 3 4 5 6
m=0.3ns time x107°

Gaussian shaper $§=100ns),t ~300ns (@ Threshold=2.5keV)
t/me1
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Dead time models

N
| | B O
|"'T"1 o p &t f
Dead =1 |—'=l""_7 i
Lﬁ,ae I 1 1 Paralyzable T 6
o |
A A A Ay A e
Events in detector Time —> 4l
.
|
T
Dead ’-(_ —)-l i E
Live L_| ] [ | | 11 1 Nonparalyzable T
% 05 T 15 >
Incoming Flux [cps/pixel] %107
Paralyzable model (events that occur during the dead time of a previous event, extend the dead time duration):
a2 ]
& ie :EQ ' 1. true incoming rate
I

I 2. Probability that the mean time between 2 consecutive photons is larger than the dead time)(
| [

— ol - ——

Non-paralyzable model (events that occur during the dead time of a previous event are ignored):
, €

Yoo it

m: recorded rate,n: true rate,t: pulse width

These models represent an idealized system behaviour. Real counting systems will often displapehaviorthat is intermediate between these extremes.
Assumptions: 1. events arrive following Poisson statistics with average true interaction rate 2, Signals are rectanglelike shaped of durationt.

G.F. Knoll, Radiation Detection and Measurement Inc., 2000, Chapter 3. 44



Review of ASICs



422 IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES, VOL. 5, NO. 4, JULY 2021

Photon Counting Detectors for X-Ray
Imaging With Emphasis on CT

R. Ballabriga ™, J. Alozy, F. N. Bandi, M. Campbell =, Member, IEEE, N. Egidos, J. M. Fernandez-Tenllado,
E. H. M. Heijne, Life Fellow, IEEE, 1. Kremastiotis , X. Llopart, B. J. Madsen,
D. Pennicard, V. Sriskaran ., and L. Tlustos

A Tables are included for completeness
A Tables report published material
A Reported measurement values not taken as absolute values for

comparison but should be used to identify trends and performance
envelopes
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HYBRID PIXEL DETECTORPHOTON COUNTING CHPS

Name Matrix Channel Energy Peaking Buttable Tech. Specific information Ref.
size thresholds time (ns)  sides node
(mm?)
Prototype chip2x16 bit counters, 1.05V supply voltage. : [70]
FRIC (AGH) (1) 64x 64 50x 50 2 10 1 40 nm modes of operation: 1. High Speed and 2. High Gain
Fine Pitch mode (58m); (1) Single PixeMode(SPM), [71],[52]
Medipix3(2),(3) 256x256 55x55 2 120 3 130 nm (2) Charge SharinGorrection ModgCSM); ASIC is
compatible with Through Silicon Vias technology (TSVs
. K . Data push mode; evehy-event energy and time [72]
Timepix3(4) 256x 256 55X 55 10 bits 30 3 130 nm measurement; Charge Sharing Correction possiblehigf
Pixirad Pixie Il (5) 512x476  52x60 2 300 2 180 nm Hexagonal pixels, equivalent pixel pitch of 586 [73]
Onrpixel successive approximation Analog to Digital [74]
Samsung P@6) 128x 128  60x 60 3 NS 0 130 nm Converter (ADC)
.. i Large area ASIC (31.7x25nf)p Charge Sharing [75]
Pixirad Pixie Il (7) 512x402 62x62 2 125 2 160nm Correction algorithm
Eiger (8) 256x 256  75x 75 1 30 3 250 nm Radiation hard electronics design [68],[76]
PXD23K (AGH)(9) 128x 184  75x75 2 48 3 130 nm [77]
IBEX (Dectris Radiation hard electronics design; (10) Instant Retrigger [64]
(10)’(51) ) 256x256  75x75 2 NS 3 110 nm  technology, (11paralyzable operation
UFXC32K (12) 128x256  75x75 2 40 3 130 nm (78]
Designed mainly for synchrotrapplications; 2x14 bit [79]
LNPIX (13) 128x 176 75Xx75 2 100 3 130 nm counters/pixel up to 70k frames per second (2 bit/pixel)
X-Counter PC(14) 256x256  100x100 2 NS 3 NS Charge Sharing Correction algorithm [80], [81]
PXD18K (AGH)(15) 96x 192 100x100 2 30 3 180 nm (82]
FPDR90 (AGH)16) 40x 32 100x100 2 28 3 90 nm Prototype ASIC [83]
AGH_Fermilab(17) 18x 24 100% 100 2 48 0 40 nm Prototype ASIC, Charge Sharing Correction algorithm [84]
PXF40 (18) 18x24  100x100 1 8 0 40nm  Prototype ASIC (9]
Tsinghua PC (19) 32%32 100x100 2 100 3 180 nm (861
Spectroscopic mode (1dth pixels); (20) Single Pixel [71],[52]
Medipix3(20),(21) 128x128  110x110 8 120 3 130 nm mode, (21) Charge Sharing Correction Algorithm;
Compatible with TSVs
XPAD3(22) 80x120  130x130 2 150 3 250 nm (871, 88]
HEPSBPIX (23) 104x 72 150 150 1 20 3 130 nm ASIC mainly designed for synchrotron applications [89], [90]
Pilatus 2(24) 60X 97 172x 172 1 110 3 250 nm Radiation hard electronics design [91][92]
" Radiation hard design; (25) Instant retrigger technology, [65]
Pilatus 3(25),(26) 60x 97 172x172 1 110 3 250 nm (26) paralyzable model
Telesystem¢27) 40%x40  200x200 4 300500 3 250 nm 93]
. On pixel energy binning with 16 programmable digital [94]
Dosepix(28) 16x 16 220x220 16 300 3 130 Nm 1 esholds
Actina (CEA Siemens ASIC used in prelinical prototype systems. Supports [95][36][69]
29) ( ) 64x 64 225x225 2 20 3 NS pile-up trigger method
. . Digitization of pulse amplitude offhip with 14 bit ADC; [56]
Hexitec(30) 80x 80 250x 250 14 bits 2000 3 350 nm ASIC compatible with TSVs
" Chip can be tiled on 4 sides seamlessly. ASIC pixel layc [37]
MC1 (Siemens) (31) 32x32 250x 250 4 NS 4 NS is designed to match the geometry of the antiscatter gric
j Triggered readout, Multi Correlated Double Samplin 96
D2R1 (32) 16x16  300x300 13 bits NS 2 180 nm (ISt readout Mult uble Sampling - [96]
ERICA (33) 8x 20 330x 330 6 100 3 250 nm Digital Charge Sharing Correction Algorithm [97]
Simultaneous charge integration and photon counting [98][99]
CIX 0.2(34) 8x8 500x250 1 NS 1 350 nm measurement
ili 29
g}"')'ps ChromAIXL  16x16  300x300 4 20 2 180 nm el
Ajat-0.35 (PC)(36) 32x64  350x350 1 1000 3 350 nm 200}201]
Ajat-0.35 (ADC)37)  32x64  350x350 64 1000 3 350 nm  OmpixelADC [1001101]
DxRay Interon (38) 16x16  500x500 4 10 NS NS (102][103]
Ajat-0.5(39) 44x22 500x500 2 10002000 3 350 nm [104]
ili 30
Z{(‘)';'ps ChromAIX2  55x32  500x500 5 10 3 180 nm ts01
CEAMultiX (41) 4x8 756x 800 8 bits NS 2 130 nm On-pixel SAR ADC. Charge sharing, charge induction a1 [105][106]

pile-up correction

The indexes (in italics and inside curly brackets) in the table identify the chips in the following plots (they shoultbnbidesl with the references).
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Name Max input Max input 10% count Dead time Electronics noise Energy resolution Power/pi;

count rate count rate rate deviation  (ns) (er.m.s.) (FWHM) (M)

H 2 2
(Mcps/pixel) (Mcps/mm)  (Mcps/mm)
50 (High 0.71 keV @ 8 keV, Si (High Gain) 12 (High Ga
FRIC (AGH) (1) 85 1520 688 Speed Mode) 90 1.13 keV @ 8 keV, Si (High Speed) 18 (High Sp
Medipix3(SPM)(2) 25 825 81.7 400 80 1.37keV @ 10keV, 300um Si 7.5
Medipix3(CSM)(3) 0.5 165 17.2 2020 174 2.03keV @ 10keV, 300um Si 9.3
Timepix3(4) 1.3 A 1 043 0.43 7610° 62 4.07keV @ 59.5keV, 300um Si 15.2
Pixirad Pixie 11 (5) 0.5 160 17.93 2000 50 1.73keV @ 60keV, CdTe 12.5
Samsung P@6) NS NS NS NS 68 NS 4.6
Pixirad Pixie Ill (7) 1 260 28.88 1000 50 (SPM) 2keV @ 20keV, CdTe 34
’ 100 (CSM) '
Eiger (8) 4.2 750 82.88 238.1 121/160/185 NS 8.8
PXD23K (AGH)(9) 8.55 1520 168.66 117 90 NS 25
IBEX (Dectris) i
(Instant refrigger) (10) 30 5300 197.33 100 90 850eV FWHM @8keV (300umSi) 8
IBEX (Dectris) .
(paralyzable) (11) 10 1800 186.67 100 90 850eV FWHM @8 keV (300um Si) 8
UFXC32K (12) 11.8 2100 220 85.03 123 NS 26
LNPIX (13) NS NS NS NS 60 NS 37
X-Counter PC(14) 1.2 120 13.32 833.33 NS 10keV @60keV, CdTe NS
PXD18K (AGH)(15) 5.8 580 64.38 172.41 168 NS 23
FPDR90 (AGH)16) 8.55 855 94.87 117 91 NS 42
) 84 (SPM)

AGH_Fermilab(17) NS NS NS NS 168 (CSM) NS 34
PXF40 (18) 115 11600 1276.5 8.7 185 NS 105
Tsinghua PC (19) 5 500 52.5 200 <100 NS 40
Medipix3(SPM)(20) 4.55 375 21.8 220 80 1.43keV @ 10keV, Si 30
Medipix3(CSM)(21)  0.34 28 4.31 2940 174 4.4keV @60keV, 2mm CdTe 37.2
XPAD3(22) 2 118 12.43 500 127 2.3keV @59.5keV CdTe 40
HEPSBPIX (23) 5 220 24.67 200 115 NS 36.6
Pilatus 2(24) 6 203 22,51 166.67 123 1keV @ 8keV 20.2
Pilatus 3 (instant
retrigger) (25) 15 507 30.02 125 123 1keV @ 8keV 20.2
fz"g“s 3 (paralyzable) g 270 28.39 125 123 1keV @ 8keV 20.2
Telesystemg27) 0.8 20 2.22 1250 NS 4.88keV @ 122keV 94.4
Dosepix(28) 1.64 34 3.76 610 150 3.12keV @ 35keV 14.6
'(“Zcé')”a (CEA Siemens) 4 790 87.7 25 NS NS NS
Hexitec(30) 0.001 0.02 1.8 10° 110° NS 0.8keV @ 60keV 220
MC1 (Siemens) (31) NS NS 44.4 40 NS 5keV FWHM @ 60keV <125
D2R1 (32) 20A10° 0.44410° 0.00 2510° 30 5846V FWHM @ 60keV 315
ERICA (33) 1 9.2 1.02 1000 90 NS 150
CIX 0.2(34) 12 96 10.08 83.33 330 NS 3200
z;')'ps ChromAIX1 — 5g 422 4433 26.32 400 47keV @60keV 3000
Ajat-0.35 (PC)(36) 2.2 18 1.89 454.55 NS 4keV @122keV, CdTe 390.6
Ajat-0.35 (ADC)(37) 4.88 A 4 A 10 0.00 20516 NS 4keV @122keV, CdTe 390.6
DxRayInteron (38) 13.25 53 5.57 75.47 NS 7keV @60keV, CdTe NS
Ajat-0.5(39) NS NS NS NS NS 4.7keV @122keV, CdTe 413.2
m')'ps ChromAIX2 45 168 17.64 23.81 260 4.8keV FWHM @60keV NS
CEAMultiX (41) 23 36 3.77 43.48 NS 8.5keV @122keV, CdTe 10000
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Name Channels  Sensor Energy Peaking time Tech. Specific information Ref.
pixel (un?)  thresholds (ns) node
Si strip readout chip, edgmn orientation, designed with [107]
Mythen 11(42) 128 50x 300 1 NS 250 nm radiation hard techniques
- — i - - 10871
Microdose NS 50x 500 5 NS NS Si strip readout chip, edgen orientation [108][109]
Mammaography(43)
Module can be tiled seamlessly on 4 sides. Sensor conne [110]
Redlen module 330 (44) 864 330x 330 6 NS NS to readout chip through interposer. The moaualstains 2
chips (i.e. 1728 pixels)
IDEAS(45) 64 2000x 400 6 50 NS Optimizedfor Cd(Zn)Te linear sensor array [111][112]
. Optimized for readout of 26egment Sgtrips oriented [33][61][34]
KTH_Lin_SPD(46) 160 500x 400 8 10-20-40-60 180 nm edgeon
Module can be tiled seamlessly on 4 sides. Sensor conne [110]
Redlen module 500 (47) 864 500x 500 6 NS NS to readout chighrough interposer. The module contains 2
chips (i.e. 1728 pixels)
Hamamatsy(48) 64 800x 500 5 NS NS Optimized for Cd(Zn)Te linear sensor array [113]
BNL (49) 64 2200x 700 5 40-80-160-320 250 nm Optimized for CdZnTe sensors, 9th order shaper [114]
Connected to-D CdZnTeby means of interposer board, [103][17]
GE-DxRay(50) 128 1000x 1000 2 30 250 nm Clinical images taken with the GE lightSpeed VCT scanne
Name Max count Max count 10% count Dead Electronics Energy resolution Power/
rate rate rate deviation time(ns) noise (FWHM) channe(m
i 2 2 v
(Mcps/pixel) (Mcps/mm)  (Mcps/mm) (er.m.s.)
Mythen 11(42) 5.88 392 41.18 170 151+ 55.6€/pF NS 368.75
Microdose 200
Mammography43) 529 212 2222 189 (without detector) NS NS
Redlenmodule 330 (44) >50 > 500 120 12 ~7 keV FWHM @60keV, CZT <2
. 7 keV @ 60keV, CdTe
IDEAS (45) 4 5 0.53 250 105+40€/pF (101 E Cin total) 4200
. 214 @5pF Cin
KTH_Lin_SPD(46) 272 1360 142.8 3.68 (40 ns pk time) 1.09keV @ 15keV 80000
Redlenmodule 500 (47) >50 > 200 40 12 NS ~8keV FWHM @60keV, CZT <2
Hamamatsy48) 5.5 14 1.44 181.82 NS 12keV @ 120keV, CdTe NS
. 5.5keV @ 40ns pk time/
BNL (49) 4 6 0.58 250 170 @ F Cin - 5510y @ 3201 pk time (4.6pF 4700
(40ns pk time) Cin)
GE-DxRay(50) 11.6 12 1.22 86.21 NS 5.8keV @ 122keV, CdznTe (5pF

Cin total)
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The maximum countrate corresponds to the input flux at which the output countrate saturates (which
corresponds, for the particular case of theparalyzable model, to the inverse of the dead time)

For ASICs implementing normparalyzabletype of behaviour, the maximum countrate corresponds to the input
count-rate for which the measured countrate reaches ~95% of the asymptotic maximum.

The trend shows that reducing the pixel size helps dealing with higher fluxes 50
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Simulation 80keV photons, 2mmCdTe -800V, 100e r.m.s. noise (no threshold dispersion, no charge trapping)

In order to do spectroscopy at fine pitches a charge reconstruction and hit allocation architecture is required.

Acknowledgements for simulations on sensor physics: D. Pennicard (DESY), L. Tlustos (CERN)
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Signal induction in the pixel electrodes (Remind

| 9

¥

1mm CdTe

60keV photon

600V sensor bias
Energy deposition at
z=240mm

(No charge trapping,
charge sharing included

S

in simulation)

- I

=

A
A

Signal shape depends on
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Signal induction in small pixels
Is faster (a fast front end will
integrate most of the charge)
Signal induction in large pixels
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Induced current (nA
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0.6 i
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| |
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Maximum count ratesMcpSmm?) vs pixel sizarfn)
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The red curves indicate the maximum count rate that we would achieve if we designed the electronics system to
integrate 90%, 95% or 97.5% of the charge
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Maximum count ratesMcpSmm?) vs pixel sizarfn)
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Maximum count ratesMcpSmm?) vs pixel sizarfn)
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depth

Juswbag

30 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 59, NO. 1, FEBRUARY 2012

A High-Rate Energy-Resolving Photon-Counting
ASIC for Spectral Computed Tomography

Mikael Gustavsson, Member, IEEE, Farooq Ul Amin, Anders Bjérklid, Andreas Ehliar, Cheng Xu, and
Christer Svensson, Fellow, IEEE

1 —> 50 Front-side electrode

A 0.4x0.5mm detector element size

A 1 detector module has 50 Si strips (edg®n-
geometry)

A 1 strip is divided into 16 segments

A 800 channels per module (8 thresholds/channel)
i A 1500 modules in a full system

A Segmentation in the direction of the X -rays

increases the maximum flux the system can deal
with

A Longer segments (~4.8mm) together with
complicated wiring increase the input capacitance
of the readout channel (~3pF)

ASIC: MGustavssonet al. "A highrate Resolving Photon Counting ASIC for Spectral Computed Tomography" , IEEE Thud. Sci, Vol. 59, No. 1, Feb 2012.
Module description and characterization: C. Xu et al. "Energy resolution of a segmented silicon strip detector for photoounting spectral CT" NIMA 715 (2013) 117



Power consumption
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Channel density (pixels/cR)
A Power consumption versus channel density

A Edgeon configuration: An effective sensor channel is read out by 16 electronics channels
A Interconnection scheme adds input capacitance

A Requirement to achieve low minimum thresholds to account for primary Compton interactions to improve
the detection efficiency
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Challenges and directions: ASICs for imaging



Maximum count ratedMcpsmm?) vs pixel sizenfn)
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TSVs for large seamless detection areas

A Through Silicon Via (TSV) is a vertical electrical connection that allows to create 3D
Integrated circuits (Denser / more compact / shorter interconnects (i.e. faster))

64Gb DDR4 DRAM 3D, Samsung
(2015)
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TSVs

A Through Silicon Via (TSV) is a vertical electrical connection that
allows to create 3D integrated circuits (Denser / more compact /
shorter interconnects (i.e. faster))

SENSOR

TSVs allow the design of more compact systems without wire bonds towards
large and seamless detection systems. 61



Through Silicon Vias on the Medipix4 ASIC
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Challenges and directions: ASICs for tracking



Plot: Bubble size: pixel pitch

100000 :
Velopix

55mMn
256x256

Timepix1 : :
10000 o 55mm SanepiX
256x256 e

Timepix3
0 55Mm
1000 256x256

)
=
E Timepix4
) O 55mMm
S 100 448x512 .
TDCpix LA-Picopix
300mMm S0mm
40x45 256x384
10
250nm 130nm 65nm 28nm
2000 2005 2010 2015 2020 2025 2030
Year
Frame based Data driven DLL clock On-pixel clustering
ToAor ToT architecture distribution o
Simultaneous ToA network coonrr(:(]:ItFi)otrI\r;]e walk
and ToT 4-side abuttable
measurement design
Adaptive gain 64
mode



The data deluge Timepix4
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Thoughts on how to handle the large amounts of data are required.

A processor in the chip could be programmed/trained to identify cluster shapes and extract the important
information for the user



Chip Count Rate in Data Driven Architectures
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The ASIC ability to deal with larger fluxes in data driven architectures is increasing,

thanks to architectural improvements and advances in microelectronics
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Segmenting in an edge on geometry also helps
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Feature @ |Medipix3RX (2011 Medipix4 (2022

Technology

130 nm + 8 metals

130 nm + 9 metals

Pixel pitch (um)

Fine pitch mode: 55nm
Spectroscopic Mode: 110mm

Fine pitch mode: 75nm
Spectroscopic Mode: 150nm

Number of pixels

Fine pitch mode: 256x256
Spectroscopic Mode: 128x128

Fine pitch mode: 320x320
Spectroscopic Mode: 160x160

Matrix arrangement

3-side buttable (test vehicle for
TSVs)

4-side buttable

Sensitive area (cm?)

1.98

o.76

Sensitive area / Total active area
(%)

Without TSV: 88.7%
With TSVs: 94.6%

Without TSV: 93.5%
With TSVs: 99.4%

Acquisition mode

Energy Resolution (measurement,
preliminary)

Single Pixel Mode (SPM) / ChargSingle Pixel Mode (SPM) / Charge Summin

Summing Mode (CSM)

SPM: 1.4 keV FWHM (Cu Ka)
CSM: 2.0 keV FWHM (Cu Ka)

Mode (CSM)

SPM: 2.0 keV FWHM (Cu Ka)
CSM: 2.6 keV FWHM (Cu Ka)

Dynamic Range (keV,CdTe) 110 150

Count Rate (10% dead time loss) 4.3 19

(Mphotons /mm 2s)

Spectroscopic Mode with CSM

Number of thresholds in SM -CSM 4 SPMa+ 4 CSM 1SPMa+ 7 CSM
Pixel counters in SRW, Fine Pitch 2x[1, 2, 6, 12] or 1x [24] 2x[1, 2, 6, 12]
Mode (bit depth)

Pixel counters in SRW, 8x[1, 2, 6, 12] or 4x [24] 8x[1, 2, 6, 12]
Spectroscopic Mode (bit depth)

Pixel counters in CRW, Fine Pitch 1x[1, 2, 6, 12] 2x [1, 12]
Mode (bit depth)

Pixel counters in CRW, 4x [1, 2, 6, 12] 8x [1, 12]

Spectroscopic Mode (bit depth)

SPM:Single Pixel ModeCSM: Charge Summing Mode
SRW:Sequential Read Write CRW: Continuous Read Write

Area increases
x1.86

DR increases x1.36
CR increases x4.3

3+ CSM thresholds
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Year

ositive (h+
Front-end P ()

negative (e)

Minimum detectable charge

Readout

Event Data
Tracking TOT energy resolution
(Event arrival time TOA bin size

(]

3 andor energy) TOA dynamic range

o

=

c Max Rate

2

© Max Pix Rate

8

© Readout
Imaging Counter depth
Event countin
( 9 Frame rate

Max Count Rate

Maximum Readout bandwidth

2006

s
oy

Gain (16mV/kh)
(Volcano >0.8MeV/pixel)

Gain (16mV/ke)

~750 e

Full Framebased
(Sequential R/W)

TOT or TOA

<3keV (FWHM Si)
10ns (@100MHz)
118.1ps (@100MHz)
<1x10° hits/cm?/s

(with 300ps readout dead time)

33 Hz/pixel

Full Framebased
(Sequential R/W)

14-bits

100fps @1x100Mbps

3.2kfps @32x100Mbps

~35x 1@ hits/cm?/s

3.2Gbps
(32 x 100MHz)

MMAQHMMQ_M@LWQM

celarticle/pii/S0168900207017020

il

20701702

TSMC 130

2018

55

256 x 256

1.98 cn?

3 (85.6% active area)
3 (85.6% active area)

High Gain (25mV/kH)
Logarithmic Gain (19mV/kH)

High Gain (25mV/ke)

~600 e

Full Framebased
(Sequential orContinuous R/W)

TOT and TOA; TOT or TOA
~0.75keV (FWHM Si)

10ns (@100MHz)

2.62ms (@100MHz)

<1x10° hits/cm?/s

33 Hz/pixel

Full Framebased
(Sequential orContinuous R/W)

10-bit or 14-bit

4.9 kfps @10bit 32x100Mbps
3.5 kfps @14bit 32x100Mbps

~35x 1@ hits/cm?/s

3.2Gbps
(32 x 100MHz)

450mW/cm? (nominal)
165mW/cm? (low power mode)

cle/pii/S1350448719305165

IBM 130

2013

55

256 x 256

1.98 cm?

3 (86.7% active area)
3 (91.6% active area)

High Gain (45m\kh*)
(Volcano >0.3MeV/pixel)

High Gain (45m\ke’)

~500 e

Data-driven
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TOT & TOA
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409.6ps (14b@40MHz)

43x1( hits/cm?/s

1.3 KHz/pixel

Zero-suppressed (with pixeladdr)
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Counting (10-bit) oriTOT (14bit)
1.62 kfps @48-bit 8x640Mbps

~82 x 10 hits/cm?/s

NP IONES] H
(8x SLVS@640 Mbps)

625mW/cm?(nominal)
108mW/cm? (low power)

88/1748-0221/9/05/C05013

TSMC 65

2019

55

448 x 512

6.94 cnm?

2 (93.7% active area)
4 (99.3% active area)

High Gain (35mV/kH)
Low Gain (20mV/kH)
Logarithmic Gain

High Gain (35m\ke’)
Low Gain (20m\ke’)
~500 e

Data-driven
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~1KeV (FWHM Si)
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Full Framebased
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~800x 1 hits/cm?/s

NNZOKYN] AGH LW
(16x @10.24Gbps)

700mW/cm? (nominal)
200mW/cm? (low power)

h Al ien rg/articl
{188[174&()221[17[!)1&;QlQ44

| . Tmepx | Tmepx2 | Timepx@ | Timepx4 [ Picopx |

TSMC 28
2026

50
384 x 256

2.45 cn?
2 (78.5% active area)
2 (78.5% active area)

High Gain (35m\ke’)
Low Gain (20m\ke’)

~500 e

Data-driven
(72-bit packet per pixel hit)

[ TOT & TOA Bitmap

~1KeV (FWHM Si)

~35ps (Onpixel TDC @40MHz)

107s (32b@40MHz)

1.56x1( hits/cm?/s
(@ 24bit mode)

39 KHZpixel (24-bit Mode)

Zero-suppressed (with pixeladdr)
(Sequential R/W)

12-bits
52 kfps @102.8Gbps

~800x 1@ hits/cm?/s

NNMZIOY] AGH LW
(4x @25.6Gbps)

1W/cm?2 (nominal)

On-pixel clustering
On-chip time calibration
On-chip packet sorting

X. Llopart



https://www.sciencedirect.com/science/article/pii/S0168900207017020
https://www.sciencedirect.com/science/article/pii/S1350448719305165
https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05013
https://iopscience.iop.org/article/10.1088/1748-0221/17/01/C01044

Digitization technigues
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Digitization methods

AOn-pixel
AFlash ADC (e.gChromAlIXchips)
ASAR ADC (e.g. CEMuItix)
ARamp-compare ADC (e.g. AjaD.35)
ATime-OverThreshold (e.g. Timepix3)

AOther
ADigitization off-pixel (e.g.Hexitec)
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Digitization techniques: flash ADC



ChromAIX: A high-rate energy-resolving photon-counting ASIC for
Spectral Computed Tomography

Roger Steadman, Christoph Herrmann, Oliver Miilhens
Philips Research Europe, Weisshausstrasse 2, 52066 Aachen, Germany

A ChromAIX1 (published 2010)

A 8x16 pixels (30@m pitch), 0.18vm CMOS
A 4 energy thresholds, 20ns peaking time

A Flash (parallel) ADC, applications for large bandwidth, high power

consumption
e N o S e G e e v o e e e T A T )
A4 v \ 4 A 4 !
LEAKAGE Pixel Bias &
COMPENSATION

: Control Register

6 bit DAC + logig _:'_ | ;,i »| Counter >

: l POLE-ZERO
I CANCELLATION | +| Counter
S— — VCAL —

+ 1
Readout

I_PULSER

DIRECT TEST INJE CTION CHARGE SENSITIVE AMPLIFIER l
CONVERTER PULSER & CHOPPER (CSA) SHATER ISCRIMINATORS
\ J\ J
Al |
DIGITAL PORTION
ANALOGUE FRONT-END &READOUT
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Nuclear Instruments and Methods in Physics Research A 862 (2017) 18-24

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in ==
Physics Research A -
journal homepage: www.elsevier.com/locate/nima

ChromAIX2: A large area, high count-rate energy-resolving photon @Cms_\{ark
counting ASIC for a Spectral CT Prototype

Roger Steadman **, Christoph Herrmann *, Amir Livne "

* Philips Research Europe, High Tech Campus, 5656 AE Eindhoven, Netheriands
" philips Healthcare, 31004 Haifa, Israel

A ChromAIX2 (published 2017) ChromAIX2 specifications.
A 22X32 piXGlS (50®m pitCh), 0.18mm Pixel Size 500 um pitch, flip-chip to sensor
CMOS (large area coverage) e coumrate 7 3ag cre/pixel Paralyzable
A 5 energy thresholds, ~10ns peaking ' mpensation e 60/600 nA 3 dB 2t 10 ki
time, ~23.5ns dead time @25keV e  60kev
Threshold A S lo ki, vero dead.time

A 260e- rms noise

URGIIOHG YREIJIOY N OWIOL UL N IOq 61 13t 6YaT 1 106 131 In VY1 1K
electric, Comptonand KIJT NIJKOE Y1 IORY Uql ¢t qtoc NI Uqt HhHO0s Rq b Ot Y

example allowing the use of the 5th threshold as a measure of pile G a HOuy
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ChromAIX1 ASIC on
evaluation PCB

(2 sidebuttable design)
300mm pixel pitch

ChromAIX2 ASIC on
evaluation PCB

(3 sidebuttable design)
500mm pixel pitch

13.5Mcps/pixel (150Mcps/mnr)

14
13+
12+
i 1 < .
10+
§ o
i
ol
@
c 6
b
5 s
4_
- | 38Mcps/pixel
2} " 1
o/ (422Meps/mma)  Paayeame model
L ) . ! 1 o 13.5 Meps
0 10 20 30 40 50 60 70 80

Output Count Rate OCR [Mcps/pixel]

Incident rate [Mcps]

Measured count rate vs input count rate
(Mcps/pixel)

8.:82keV FWHl\/CdTe
- ~14.7% FWHM

Marmalized counts

3 mm
thick CdTe

.
a0 100 120 140 160

i
qﬂO 20

€0
Energy [kev]

Spectrum measured with a?*1Am

source

15.45Mcps/pixel (61.8Mcps/mn?)

"5 45 Mcps —— Measured count r‘ate
—+—Variance of measured data
14— === E[¥] Paralyzable madel with + =238 ns |
Var(¥] Variance model |
12;
=
10/ 2
n
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£
B E
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]
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Input Count Rate ICR [Mcps/pixel]

Measured count rate vs input count rate
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12 T

11F
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1 L 1 L 1 L 1 L 1 L 1
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This example illustrates how the pixel size is related to (1) the ability to process high fluxes and (2) the spectral figlelit
Low energy tail due to ballistic deficit.
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Digitization techniques: Timeover-Threshold (Tol)



TimeoverThresholdTol) digitization

\Y
16 -
Preamplifier 4
outputp 14 | Nonlinear Linear - ——-7>p»
.. 12 -
........ _ 10 A E
..... 3 g
~~~~~~ 5 91&!
0.’ | £
',' \' 6 -
c
>t 4 f)=ax+b———
Discriminator : ToT = 16 clock cycles 5 | x-1
output ToT = 29 clock cycles 0
0 20 40 60 80
Clock J- Energy [keV]

Dependence of the Time over Threshold ¢T) on the
particle energy. The dependency is modelled by a
surrogate function f that depend on 4 parameters.

J. Jakubek, Nuclear Instruments and Methods in Physics Research A 633 (2011) 88286 72



TimeoverThreshold digitization: Timepix3 chig

Developed in the framework of the Medipix3 collaboration

256x256 pixel matrix, 55x56m? pixels
CMOS 0.13m technology

T o To I

Simultaneous measurement of Time and Energy per event with a data driven
readout

A No frames but continuous data stream. Every event consists of

i row col tot toa[ns]
A 16 bItS address . 103 110 21.88 39914:.31
A 18 bits Time (1.56ns resolution) 115 154 33.85 1604.69
A 10 bits Energy 75 151 24.06 3168.75 | (/219139 keV
85 126 25.94 6129.69
109 108 5.25 25540.62
A Maximum hit rate 0f0.4 1 hits/s/mm 2 108 108 oas 2303500 | —— (108, 109), 412 keV
108 109 10.56 25532.81

101 130 9.19 55710.94

A Impact of charge diffusion/fluorescence ce = 102 130  14.38 55707.81

92 149 8.31 65276.56

be compensated by offline processing, subpi: 95 147 26.62 102270.31
. . 89 130 15.75 121687.50
resolution pOSSIble 89 131  16.75 121687.50

T. Poikela et al. "Timepix3: a 65K channel hybrid pixel readout chip with simultanedclsA ToTand sparse readout” JINST 9 C05013, 2014. 88



ToTdigitization: Timepix3 chip

T. Poikela et al. "Timepix3: a 65K channel hybrid pixel readout chip with simultanedclsA ToTand sparse readout” JINST 9 C05013, 2014.
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