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Context of the internship

IPHC
Hadrontherapy (DRHIM) PICSEL
Hadrontherapy Physics with Integrated Cmos Sensors and ELectron
machines

Radiobiology - Improvement and control of
treatment plans in hadrontherapy - Cyrcé Platform Development and optimization of monolithic active
pixel sensors - vertexing - tracking

Problematic : Characterization of the proton beam at Cyrcé cyclotron using MIMOSIS-1 sensor




PELEy - ISNDECIDY
Hadrontherapy and DRHIM
/0 Radiotherapy \

Spread Out

Bragg Peak e X-ray: common source, deposited dose is spread out
S (SOBP)
~ e Protons: stop at their target (200 MeV proton in water
<—I — Bragg peak= 25 cm deep )
Erg s e Effects of radiation protons need further
D dE g \ investigation to ensure control of the dose deposit /
dm @

Planning Treatment Volume : PTV OAR : Organ at Risk
Dose distribution

Proton Beam

Mo

Shallow DEPTH Deep

Figure from ref. [1]



Experiment &

Hadrontherapy and DRHIM

7 ¢

Dose : amount of energy deposited by\
unit mass

LET : energy transferred locally by the
particle to the material per unit length

Discussion &
Conclusion

Fluence : Number of particle per unit

surface /

_dE Linear Energy
- % Transfer = dE/dx
Dose LET e
D=® x
P
25 MeV protons in water :
LET =2.38 £0.02 keV / um
N
Fluence: & = —




Experiment &

Context Methods

CBM and PICSEL

MIMOSIS-1

Monolithic Active Pixel Sensors (MAPS) in Complementary
Metal-Oxide-Semiconductor (CMQOS) technology

Designed and tested by the laboratory’s microelectronics platform:
C4PI (Centre de Compétence de Capteurs CMOS a Pixels
Intégrés)

Carried by PICSEL

Physics parameter Requirements
Spatial resolution ~5um
Time resolution ~5us
Material budget 0.05% X,
Power consumption < 100 — 200 mW/cm?
Operation temperature -40°Cto30°C
Temp gradient on sensor 5K
Radiation (non-ion) ~7x108 n,/cm?
Radiation (ionizing) ~5 MRad
Data flow (peak hit rate) @ 7 x 105 / (mm?2s) > 2 Gbit/s

Discussion &
Conclusion
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CBM and PICSEL

% 200
e Compressed Baryonic Matter at future =3 :
Facility for Antiproton and lon Z, 3
Research in Darmstadt Germany 2 |"
g 100k l = Hadrons
e Highdensity region of QCD phase £ o
diagram = ) ‘

— e

0 .
Nuclei

7
Net Baryon Density
Figure from ref. [2]

Requirements:

(1) Vertexdetector First to encounter the beam
= Spatial resolution — high intensity
= Radiation resistant

MUCH

Figure from ref.[3]
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Motivation of the internship

Discussion &

Conclusion

Characterization of the proton beam at
Cyrcé cyclotron using MIMOSIS-1 sensor
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N
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Dose:

Precy beam characterization :
Homogeneity of the beam

~

Hadrontherapy and radiobiology }

_[

MIMOSIS-1 sensor
characterization

U

Localized and controlled irradiation
Bandwidth saturation effect

!

CBM experiment }
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Description of the MIMOSIS-1 sensor

30,23 um
L —

1 pixel H26,86 MM
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Description of cyclotron of Cyrcé platform and its beamlines

Precy beamline CMS beamline
(radiobiology) (test detector)

Figure from ref. [5]
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Precy beamline

e 25 MeV protons

) e Precise control of the current
Conformation system:

e  Rotating wheel (energy degrader)
e  Adaptable collimator

Collimator
(5, 10, 15 mm)
Faraday cup 1

[ [1 | Gyclotron
2 / \

Exit window

Collimator Scattering foil Al
(14.9, 19.9, 24.4 mm) (100, 193, 416 pm) D

y Injection line H H

Transport line Source

Figure from ref. [6]
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Precy beamline : Transverse beam profile

/ \ TIuminiumfo& L
/- e

H_/

Collimator
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Description of the experiment MIMOSIS-1

/ \
/

\

. 15mm
collimator

19 24 30 31 Outside the
channel 1 channel 0 channel 2 channel 3 beam

Telescope: several planes of sensor
to follow the trajectory of particles.
DUT: Device Under Test

29 26

<

collimator

Outside the
beam

29 19 /
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Methods

Experiment &

Description of the experiment

Discussion &
Conclusion

Collimator scan
— Fluence characterization
Diameter: 2, 3,5, 8, 10,12, 15, 16.5 and 24 mm

}\
. 5mm
collimator

\

-
/

19 24 30 31 Outside the
channel 1 channel 0 channel 2 channel 3 beam
29 26
DUT \
) 15mm 15mm 15mm
collimator  G—
24 23 30 31 Outside the
hannel 0 hannel 1 channel 2 channel 3 beam
29 19

/
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Description of the experiment

/ DUT \
15mm

. 15mm 15mm
collimator

19 24 30 31 Outside the
channel 1 channel 0 channel 2 channel 3 beam

> =)
\

Outside the
beam

29 19 /

Distance scan
— Dispersion characterization
Distance: 14, 60, 110 and 162 mm

15
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Description of the experiment

¥ Lot of cables

XY table

Outside the
eal

16
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Clusterisation

Map of pixels (Binary output) for 1 frame I:> 5us

I

\
. .
I o
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Clusterisation

Map of pixels (Binary output)

:.E— multiplicity 1

multiplicity 4

multiplicity 2 Cluster
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Clusterisation

Map of pixels (Binary output)

— TAF : Telescope Framework
Analysis (Ref. [7])

— created and managed by
IPHC to characterize CMQOS
pixel and strip sensors

@ Hit

Cluster

19



Experiment &

Methods

Hit Maps

Motivation: Localized and controlled irradiation

Hit Map Collimator 8 mm

6000
4000

2000

Y (um)
o

—2000

—4000

—6000

—7500 —5000 —2500 0 2500 5000
X (um)

7500

120

- 100

- 80

- 60

Number of hits

Discussion &
Conclusion

Cumulated data over
5000 000 frames

20
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Hit Maps for different collimators diameter

Motivation: Localized and controlled irradiation

Hit Map Collimator 2 mm Hit Map Collimator 3 mm Hit Map Collimator 8 mm Hit Map Collimator 10 mm

6000 2 6000 140 6000 120 6000 120 140
4000 120 120 4 100 a00x s 120
S A 100
2000 ] | L L £
2000 i 2000 | 8o L £
- tE 80 B
0 $3 5 i
T | 60 £ 2
b oo E 60 €
2000 : 200 2 D> 2 2
40 ® 40
—4000 -4000 =400 =4000
. 20 20 20 20
-6000 -6000 -5000 -6000
0 0 0 0 ]
2500 5000 7500 ~7500 -5000 -2500 0 2500 5000 7500 5 ~7500 5000 -25 0 2500 5000 7500 5000 2500 O 2500 5000
X fpm) X (urn} X (um) X )
Hit Map Collimator 12 mm Hit Map Collimator 15 mm Hit Map Collimator 16 mm Hit Map Collimater 18 mm Hit Map Collimator 24 mm
70
Q0! 10 6000
80 @ e 40
4000 = 4000
) I 50 50
2000 60 i L 44 i 2000 0 _
5 E e 0% E s
° g 3 o g g3 0 3
w2 > L0 E 0E = 0%
e H | H ) H 0.3 5
-2000 = 2000 0% -2000 = = 2000 =
20
-4000 2 —~4000 -4000 4000 ~4000 2
10 10 0
5000 —6000 -6000 —6000
E 600 % 3 00 & 6000 =
2500 5000 7500 7500 5000 ~2500 o 2500 5000 7500 50002500 Q@ 2500 5000 7500 10000 10000- 750050002500 O 2500 5000 750 10000 5000 0 5000 10000

X (um) X tum) X (umi X (um) % {um)
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Comparison of 2 measurements of intensity

Motivation: Localized and controlled irradiation Collimator
(5, 10, 15 mm)
Faraday cup 1

/
:M
?&‘

4 -\

Exit window

Collifhator Scattering foil Al
(14.9, 19.9| 24.4 mm) (100, 193, 416 um)
| expected | Faraday cup

_/

geometrical factor: a

Collimator diameter [mm] 2 3 5 8 10 12 15 16,5 18 24

| measured in Faraday cup [fA] 250 253 252 253 251 253 254 250 250 251

a (geometrical factor) 0,0116 0,0258 0,0705 0,1778 0,2814 0,3977 0,2249 0,2709 0,3222 0,5693
| expected [fA] 2,90 6,53 17,77 44,98 70,63 100,62 57,12 67,73 80,55 142,89
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Experiment &

Methods

Hit Maps and intensity comparison

Motivation: Localized and controlled irradiation

Hit Map Colimator 2 mm Hit Map Collimator 3 mm Hit Map Colli Hit Map Collimator 8 mm Hit Map Collimator 10 mm
00 7500 2 2500 5000 7500 I

7500 5000 -2500 0
X am)

Hit Map Collimator 12 mm Hit Map Collimator 15 mm Hit Map Collimator 16 mm Hit Map Collimator 24 mm t

0 0
] 6000 5000 ™ 6000
” w0 A o
00 30: 4000 2000 0
s | 0 o
—1000 L R i 0 -2000 - e
10 10
sa00 6000 6000 -6000 -s601
g 5000 = 600 00 & 6000 5
X tam)

°
7500 -5000 -2500 D 2500 5000 7500 7500 -5000 -2500 0 2500 5000 7500 10000-7500-5000-2500 G 2500 5000 7500 10000 10000-7500-5000-2500 02500 5000 7500 10000
X tam) Xty Xtumi Xum)

1frame =5 pus

- /

Collimator diameter [mm] 2 3 5 8 10 12 15 16,5 18 24
| measured in Faraday cup [fA] 250 253 252 253 251 253 254 250 250 251
a (geometrical factor) 0,0116 0,0258 0,0705 0,1778 0,2814 0,3977 0,2249 0,2709 0,3222 0,5693
| expected [fA] 2,90 6,53 17,77 44,98 70,63 100,62 57,12 67,73 80,55 142,89
Number of hits 441897 923633 2095225 5181738 9208285 7374390 3187467 3585974 3575492 1988380
Number of read frames 4659001 4637003 3597003 3472001 4125003 2199896 3839003 4339001 4358002 2411679
| measured from Hit Map [fA] 3,04 6,37 18,64 47,76 71,43 107,27 59,78 72,00 85,06 151,97
Error between measured and expected 4,66% -2,35% 4,92% 6,17% 1,14% 6,61% 4,65% 6,31% 5,60% 6,35%
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Profiles in fluence (Y)

Experiment &

Methods

Motivation: Characterization of the beam

le7

Profile Collimator 10

mm

Discussion &
Conclusion

537 um 1.2 1 / \
— eg 1.0 4 (I) —
S o] S
s
c 0.6
| e I xt
§ 0.4 N=——
= q
0.2 —— Experimental K /
—— Theoretical
v | 0.0 : : : . : : :
-6000 —4000 -2000 O 2000 4000 6000
Y (um)
Collimator diameter [mm] 2 2 5 8 10 12
Theoretical fluency [cm—2] 1,34E+07 1,34E+07 1,02E+07 9,71E+06 1,16E+07 6,12E+06
Experimental mean of fluency [cm~2] 1,39E+07 1,30E+07 1,06E+07 1,02E+07 1,14E+07 6,39E+06
d (theoretical - experimental mean) [cm~2] -4,92E+05 3,61E+05 -4,45E+05 -5,38E+05 2,02E+05 -2,71E+05
Standard deviation [cm~—2] 3,02E+05 3,29E+05 2,80E+05 2,62E+05 2,89E+05 6,04E+10]
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Dispersion as function of distance

Motivation: Characterization of the beam

Hit Map Distance 14 mm Hit Map Distance 60 mm - Hit Map Distance 110 mm - Hit Map Distance 162 mm
6000 30 6000
25
2 2
4000 25 4000 3 -
2000 8 2000 20 9 20 0,
20 = z b= b=
3 5 F 5 F 5 F s
s ¢ g 2 0 155 32 15y 3 15
2 2 2 2
> § > g > E > g
~2000 102 ~2000 102 102 102
—4000 —4000
5 5 5
~6000 -6000
0 . 0
~7500 -5000 —2500 0 2500 5000 7500 -7500 -5000 2500 0 2500 5000 7500 -7500 —5000 -2500 0 2500 5000 7500 -7500 —5000 -2500 0 2500 5000 7500
X (um) X (um) X (um) X (am)

(a) 14 mm (b) 60 mm (c) 110 mm (d) 162 mm
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Dispersion as function of distance

Motivation: Characterization of the beam

Discussion &
Conclusion

/ le6
2.00

~

| Profile Collimator _14 mm 1e6 Profile Collimator _60 mm 1e6 Profile Collimator _110 mm 1e6 Profile Collimator _162 mm
! = = = : : ! =
LTS 1 1 1 1 1 1 1 1
o 1 | ~ 150 1 1 ~ 1,50 1 1 o 14 1 ok 1.2mm
€ 150 B 1 1 E 1 1 £ 12 | B
£12s £ : : g : : £ : :
g100 u2-pl g 100 €100 : 3 gw N !
£ = £ c08
] ¥ 0.75 075 8
§ 0.75 § 1 % i | § 0.6 h
& 0.50 o= 0.1 mm  0.50 : o= 0.4 mm| : T 050 : [o= 0.7 mm : T 04 :
0.25 —— Experimental 0.25 1 —— Experimental 1 0.25 1 —— Experimental 1 0.2 1
{ —— Fit (erf) I 1 —— Fit (erf) 1 1 —— Fit (erf) 1 1
0.00 ! ! 0.00 ! ! 0.00 ! ! 0.0 ! !
—10000 -7500 —-5000 -2500 0 2500 5000 7500 10000 —10000 -7500 -5000 -2500 0 2500 5000 7500 10000 -10000 —7500 -5000 —-2500 0 2500 5000 7500 10000 -10000 -7500 —-5000 -2500 0 2500 5000 7500 10000
X (um) X (um) X (um) X (um)
K (a) 14 mm (b) 60 mm (¢c) 110 mm (d) 162 mm /
Distance (mm) 14 60 110 164
/ 2 o (mm) 0,10 0,37 0,75 1,20
x — z
1 r ( % —O_H) / Reconstructed diameter p2-pl (mm) 10,07 10,10 10,20 10,10
er f (ZIZ) = — (& d$ Uncertainty on diameter (mm) 0,11 0,17 0,22 0,28
oV 2m Jo
Mean fluence (cm—2) 1,64E+06 1,54E+06 1,49E+06 1,35E+06
Standard deviation (cm~2) 1,16E+05 1,10E+05 1,06E+05 1,14E+05
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Dispersion as function of distance

Motivation: Characterization of the beam

Distance (mm) 14 60 110 164
o (mm) 0,10 0,37 0,75 1,20
pl (mm) -5,05 -5,10 -5,10 -5,10
p2 (mm) 5,02 5,00 5,10 5,00
Reconstructed diameter (mm) 10,07 10,10 10,20 10,10
Uncertainty on diameter (mm) 0,11 0,17 0,22 0,28

Dispertion correlation with increasing distance

Discussion &

Conclusion

—— Fit:0.007xD -0.041

1/ x%= 0.02 mm

25 50 75

100 125 150

Distance D from the collimator (mm)

O,—E;)?
X2 =2 ( E, )
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Comparison between dose and fluence

Motivation: Characterization of the beam

dE Linear Energy
- dm Transfer = dE/dx
Dose LET
D=® x —— 25 MeV protons in water :
P LET =2.38+0.02 keV /um

28
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Comparison between dose and fluence

Motivation: Characterization of the beam

q q . . . dE Linear Energy
e Self-developing radiochromic films for radiotherapy dosimetry = dm Transfer = dE/dx
e Doseis received — color of the film changes proportionally to the gradient of dose Dose:
e  Scanthe film — dose distribution D =®x —— 25MeVprotons in water :
P LET=2.38+0.02keV/pm

Profile Collimator 10 mm

—— Fluence W|th MlMOSIS‘l
1.0 Mmm —— Dose = with Gafchromic

0.8 A

0.4 1

~

A

0.2 A

0.0 T T J. T .L— T T
—15000 —-10000 -5000 0 5000 10000 15000
29




D o

Problematic : Characterization of the proton beam at Cyrcé cyclotron using MIMOSIS-1 sensor.

What have been done ?

What is left to be done ?

Hit Maps — localised and
controlled irradiation

More sensor characterisation (bandwidth saturation
effect, efficiency as function of threshold...)

Profiles in fluence
—homogeneous beam in fluence

Difference theoretical and experimental fluence

U

Secondary electrons (tracking)
Instability of the beam
Frame management

Dispersion quantification

oonoe

Further analysis

Dose and fluence comparison

LET x ¢ = dose
dose/ ¢ =LET

Experiment & Discussion &
Methods Conclusion

30
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BACK-UP

Bethe-Bloch Fietn

Eyin = (’Y B 1)-mp'roton 0= —m + 1
roton
P v = 1.03.
‘ : ; : : : . 8 = 1 | o B = 8 = 0.17.
= | : vV1-§ By =0.1751.
“L100 |- ) -
; L Bethe-Bloch Radiative ]
% :_/ Anderson- , ] = ’
2 ; Erin = 25 MeéV,
B[S /
1) = _ / —2
FUE e x / Radi E Mproton = 938.272 MeV.cm™ %,
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§' FNuclear ionization reach 1% ,_' _____________ 4
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1 1 1 L& 1 |
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Values from ref. [10]

32



’ BACK-UP ’

Difference LET and stopping power

e Stopping power: energy loss by the particle (in the matter),
e LET:energy transferred locally by the particle to the material per unit length.

dE kinetic energies of the & electrons having
LET — g (A E an energy higher than a threshold

For protons:

dE
> E.(es) ~ 0= LET ~ <_>
dx
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NIEL factor

Non-ionizing doses calculated by means of the
NIEL (Non-lonizing Energy Loss) factor,

Normalizes the radiation damage caused by 1
MeV neutrons.

Goal: Inter-facility comparison and collaboration.

Derived by evaluating the leakage current in the
bulk of a silicon sensor.

For 25 MeV protons in Silicon: the NIEL factor is
2.558.

Displacement damage in Silicon
for neutrons, protons, pions and electrons

1Ot L S Y
g Ry " =
S F ]
10° & oy 3
E ~_protons E
102 B S : F ]
= neutrons: Griffin + Konobeyev + Huhtinen N E
F———- protons: Summers + Huhtinen " 3
17 _ __ p . : b ]
10" pions: Huhtinen N -
5 -~ electrons: Summers ~ E

(=]
=)
T

D(E)/95 MeVmb
=

102 neutrons b _

E / electrons E
107 .
10 E

101910 10® 107 10 10> 10* 103 102 10! 10° 10! 10> 103 10*

E[MeV]

A. Vasilescu & G. Lindstroem

Figure from ref. [11]
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CBM and PICSEL

STS: Silicon Tracking System

RICH : Ring Imaging Cherenkov
detector

TRD : Transition Radiation
Detectors

MUCH : MUon tracking CHamber
TOF : Time-Of-Flight detector

ECAL : Electromagnetic
Calorimeter

PSD : Projectile Spectator
Detector

i =t beam
I~
| 'E‘ ‘_ direction

MUCH

’ BACK-UP ’

Micro Vertex Detector

S _J

Figure from ref. [3]

Requirements:

Charm meson can't reach
detector (cT(D°) = 123 um)
= Spatial resolution

~

Rare probe — high intensity
= Radiation resistant

)
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Experiment & Discussion &
Methods Conclusion

Description of the MIMOSIS-1 sensor

DC matrices: AC matrices:

power supply of 1.8 V additional 10 V voltage

. (high voltage)
particle creates a

potential difference that | increases the depletion
can be measured layer — faster collection

i of the charges
— better spatial

resolution — better resistance to
radiations

)/“’”ng'lgpgg RITRRROBNR e gy @ PRy
© s HIIIIIIIllllllllllllIIINIIIIIIlllllllllllllmlllll S, e
Oviling & it O q o0 min . OOy
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Description of the sensor

N-region ﬂ P-region

N-region | P-region N-region 1 Riregion
B | + "'+‘" - = [ [+ + * - - + +
- = |4 *F — + + + - - P
= & L - +
- "'_l_"' + + + - - + &
= - - + + -
H_/ g \ £
Depletion layer Very small Wider depletion
depletion layer layer
[ .
= ! | | I
‘ No Bias ‘ ‘ Forward Biasing Voltage ‘ | Reverse Biasing Voltage ‘
N region : excess of electrons (on the valence band) Electrons flow from the n-type side to Increases the depletion
P region : lack of electrons, or holes the p-type side, region
PN junction: electrons and holes recombine -> no Reduce the depletion region increase Restrict the flow of current
free charges (depletion zone) -> barrier for charge the flow of current

carriers

PN junction create a depletion zone (and therefore an electric field) to limit recombination when a charged
particle passes through.

Electron-hole pairs are collected easily by the detector's electrodes when the material is ionized.
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’ BACK-UP ’

Description of the sensor

N-well collection
electrode

Split 1

= e m Pwelr | nwei | PWELL | NWELL
e —— DEEP PWELL L . DEEPPWELL vl
i e NG A

Standard

Additional n-layer
Gap in the n-layer

NWELL COLLECTION

NMOS PMOS ELECTRODE -
O T = pemmeeen: B -'%---'“ﬂ----
Y /
DOSE N-TYPE IMPLANT ‘
) DEPLETION
BOUNDARY

DEPLETEDZONE /

Split 3

P= EPITAXIAL LAYER

Candidate 2

Additional n-layer
Additional p-implant

Extra deep pwell implant

Candidate 1

————— e _ _ _ s ) _ _

Figure from ref. [4]
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BACK-UP

MIMOSIS timeline

MIMOSIS-1 ) (  MIMOSIS-2
( MIMOSIS-O \ o 1-st prototype of complete sensor * SEE hardening cd

« full digital part (buffer structure) e clusterization on-chip
¢ small-size prototype .
(32 x 504 pixels) ¢ SEE hardened e improvements based on MSIS-1 results
2018 2020 2021 2022 2023 2024
i e thinning & bondin
design & simulations | production & 8
3 * DAQ preparation
y e |lab calibration
» testbeam tests
MIMOSIS-2 || (guy23,..)
[COMPLEX PROTOTYPE TESTING] [ submission J

Figure from ref. [10]
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BACK-UP

MIMOSIS requirements

Physics parameter

Requirements

Spatial resolution ~5um
Time resolution ~5us
Material budget 0.05% X,

Power consumption

< 100 - 200 mW/cm?

Operation temperature -40°Cto30°C

Temp gradient on sensor 5K
Radiation* (non-ion) ~7x 108 n,/em?
Radiation* (ionizing) ~5 MRad

Data flow (peak hit rate)

@ 7 x 105 / (mm?s) > 2 Gbit/s

* without safety factor
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/

Goals of the experiment

Efficiency as a function of the threshold
— different matrices

— different back-bias

-

Bandwidth saturation (number of events the sensor is able
to process) as a function of the beam intensity.

-
-

-

Check the performances of the sensors under non uniform
high rate radiation which is expected in the CBM experiment.

-

-

Determine the profile in fluence of the beam }

’ BACK-UP ’

better qualify the sensors

choose the best parameters
for the final version of the
MIMQOSIS

better understand the deposited
dose for radiobiology applications

41



Experiment & Discussion &
Methods Conclusion

Description of the experiment

PCB (Printed Circuit Board)
power supply

¥ Lot of cables

Leakage Current
High Voltage

XY table Back Bias

2 cards: one for data
distribution and another for
data concentration

collimator

check synchronisation

24 23 30 31 Outside the
beam

29 19
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Experiment & Discussion &
Methods Conclusion

Description of the experiment

Data output

Slow control (program) et steering signal
(control) of sensor

Power supply + Back Bias (BB)

High Voltage (HV)

External Clock

43



’ BACK-UP ’

Description of the other experiments

Change of threshold

/Threshold: minimum number of electrons detected to \

interpret it as a signal

high threshold — some events can be missed.

\_

low threshold — noise can be interpreted as signal.

Goal: analyse the efficiency as a function of this threshold.

/

/Reference planes: threshold is 120 electrons (e-)\
DUT: measurements at 90 e-, 120 e-, 150 e-, 200
e-, 240 e-

Scan:
for each split (1, 3 and 4).
for back biasonthe DUT at-1V and -3V

\ for matrix B and matrix C. /
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VCASN values for threshold

|
Chip 23 split 1 Plan references  Chip 24 (Vcasn2 = 110) Chip 29 (Vcasn2 = 110) Chip 30 (Vcasn2 = 110)  Chip 31 (Vcasn2 = 120)
-1V (Vclip = 55) -3V (Vclip = 75) 120e 115/120/1137 105 90/115/120/90 100/113/108/95 120/130/135/130
B C B C -1V Back Bias
70e 163[ 165) 220 230] 10V High Voltage
80e 153 155 210 220
90e 143] 145 200 210
120e 128 131 179 187
150e 113] 114} 152 160|
200e 104] 104] 145 146
240e 102, 100 141 142
Chip 19 split 3
-1V (Vclip = 55) -3V (Vclip = 75)
B c B o]
60e 140 197 203
70e 130] 190) 194
80e 120 183 185
90e 124] 110| 176 176
120e 113 100] 157] 153
150e 101 94/ 136) 136
200e 87 88| 132 130
240e 85 86| 128 126
Chip 26 split 4
1V (Vclip = 55) -3V (Vclip = 75)
B C B C
90e 131 113 172 161
120e 116| 98| 150) 141
150e 104 93 132 126
200e 91 88| 120) 118
240e 88 86 117] 115

Chip 34 Back Bias -1V

A 98 (187¢)
8 123 (192e)
c 127 (1858)
D 107 (183e)
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Description of the other experiments

Intensity scan

Goal: observe bandwidth saturation effect.

/DUT: measurements from 18 to 2876 fA, (0.1 to\
20 MHz/cm?2).

Scan:
for split 1 and 3
for back bias on the DUT at-3V
for matrix B and matrix C.

\_ /
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Description of the other experiments

Irradiation resistivity

Goal: reproduce non-uniformity of MVD irradiations — localized irradiations at high rate
(fluence of 10** and 10™ neq/ cm?)

ﬂ_ong irradiation time (1h20) — profile of the beam can vary \
| o~ Beam (Rf = 2.5 mm)

1,
g

I Area to irradiate —’> s

(Ri =2 mm)

collimator

collimator sensor (4mm)
beam (5mm)

DUT

channel 1

Figure from ref.[12]
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Irradiation configuration

/Configuration ®

collimator
beam (5mm)

N

collimator

sensor (4mm)

DUT

channel 1

167,41

I\ sensor is turned by 90°
(x <y compared to other configurations)

138
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Irradiation configuration

Beam (Rf = 2.5 mm)

deposited dose

collimator
(Ri = 2mm)

Gafchromic
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Profiles in fluence (X)

70 um
less statistics: more uncertainty on plateau
less effect from beam geometry

Profile Collimator 8 mm

537 um
more statistics: less uncertainty on plateau
more effect from beam geometry

le7 1, le7 Profile Collimator 8 mm
collimator diameter 1.2 4 — Experimental ‘ —— Experimental
—— Theoretical ——— Theoretical
1.0 4
, | B 107 pgsesoien)) || o
—[= l }70um 537um E 0.81 S 0.8 A
] g s
e o
S S 0.6
£ 067 <
g v
2 204
% 0.4 g 0.4
o
0.2 A 0.2 J
= 0.0 — y J T L T T 0.0 — - - - L : -
X —15000 -10000 —5000 0 5000 10000 15000 —-15000 —10000 ~—5000 0 5000 10000 15000
X (um) X (um)
537 um
Run Number 23334 23335 23336 23337 23338 23339 23340 23341 23342 23343
Collimator diameter [mm] 2 3 5 8 10 12 15 16,5 18 24
Theoretical fluency [cm~—2] 1,34E+07 1,34E+07 1,02E+07 9,71E+06 1,16E+07 6,12E+06 3,94E+06 4,38E+06 4,39E+06 2,40E+06
Experimental mean of fluency [cm~2] 1,38E+07 1,29E+07 1,05E+07 1,02E+07 1,13E+07 6,41E+06 4,06E+06 4,57E+06 4,56E+06 2,54E+06
& (theoretical - experimental mean) [cm~2] -3,46E+05 4,62E+05 -3,66E+05 -4,48E+05 2,82E+05 -2,89E+05 -1,20E+05 -1,95E+05 -1,72E+05 -1,45E+05
Standard deviation [cm~2] 2,26E+05 2,17E+05 2,58E+05 2,60E+05 2,73E+05 1,88E+05 1,54E+05 1,69E+05 1,67E+05 1,30E+05
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X profiles for different collimators

Profile Collimater 2 mm - Profile Collimater 3 mm 17 Profile Collimater 5 mm e Profile Collimater 8 mm 17 Prafile Collimator 10 men
ol Exponmantal Aot | [ — [ ( [Smr—— w51 e rental
LY netal ¥ o “uinoecs oo i, Thecraset Mo e ATy e
| e e i iR eineoe 8 121 b ) i R dorrery M
331 sawmne] o | 1 Teim e | o AT | o Feamore)| 419 Tesmrm e
g , ¥ ‘ § | ¥
2ied =™ S84 Saad 2\
i [ Bas] B B 5
#aad B4 Eael g | I
i & Ges Gy -
H N H H 5os
s2s] §ee ' s '
i i i i i
R l 23| 324
{ |
! ) X ! . . ) A
T s toms teme IS0 10N —S0 B 08 1ot 1swo TSm0 M w0 b Sws  woor Vswe S0 i —sma b 500 rye

106 5 Profile Collimator 15 mm o5 Profile Collmator 16 mm 106 Profile Colimator 18 mm 108 Profile Collimator 24 mm
. L] \ s : | \ i
ot o I & ‘ ' 'l"l‘ 'w“*. o 291 i A
§ { £ £ " ‘ 5 ' |
] B g, ] g
£ i1 24 i
& & a | Gged
H 3 57
82 H H
[ 1 1 i ¥
‘ g = =w e g ST
, . - = af | - -
e w . et
o J 2 S0

X tjmy Xt}

Figure F.2: X profile for different collimator diameters for bandlenght of 537 pm.
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X profiles for different collimators

Profile Collimater 2 mm

Profile Collimater 3 mm 10 Protile Collimater 5 mm 17 Protile Collimater 8 mm e Prafile Collimator 10 mm
e [ i e Exgen el
hacres v o all | Thecresc hacew:
D . =3 ol Fe Tms0iom Do+ 0
' g f !
1 ‘ ] ' §? | B {
a
:
5 5 e §

Profile Colmater 12 mm

Expen mrtal

| hecresce
T |

P
-y F—

— 5
))))))

Profile Collimator 24 mm

x

Figure F.1:

4
EERS <
) 1o TSm0 —1o80 —sm0 n S 1000 1900 TSm0 -0 - 1amo TSm0 -0 s n S 1000 1m0 MY
Kt i
) a y 3 il Colimal 1ok
i I LR |
‘ o ‘ = SO
. ‘ ‘ | N ocreses =]
Eef %] } ] ) RS
i ' g T 5. 1 §os |
£ B | ‘ £ | &
i ‘ i & g,
5 B 5 %
| \ ‘ s’ ')
‘ ‘ i,
N .
‘ \ J ‘

NV
. J ! ‘ | ‘
X profile for different collimator diameters for bandlenght of 71 pm.
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Y profiles for different collimators

Fluence in proton / cm2

Fluence in proton / cm2

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

Profile Collimator 2 mm

le7
—— Experimental
~—— Theoretical
(6 =-4.9e+05 cm~2
—6000 —4000 -2000 O 2000 4000 6000
¥ (um)
1e7 Profile Collimator 8 mm
(6 =-5.4e+05 cm~?]
—— Experimental
—— Theoretical
-6000 -4000 -2000 0 2000 4000 6000

¥ (um)

Figure F.3: Y profile for different collimator diameters for bandlenght of 537 pm.
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Profile Collimator 3 mm

1e7
14 —— Experimental
—— Theoretical
12
&
§10
<
§
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<
2 06
g
g
204
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0.0
—6000 -4000 -2000 O 2000 4000 6000
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£08
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€06
o
g
g
S04
= (6 =2.0e+05 cm
02 —— Experimental
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Profile Collimator 5 mm
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g 04
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Profiles in fluence: X and Y comparison

Run Number 23334 23335 23336 23337 23338 23339 23340 23341 23342 23343
Collimator diameter [mm] 2 3 5 8 10 12 15 16,5 18 24
Theoretical fluency [cm~2] 1,34E+07 1,34E+07 1,02E+07 9,71E+06 1,16E+07 6,12E+06 3,94E+06 4,38E+06 4,39E+06 2,40E+06
Experimental mean of fluency [cm~2] 1,38E+07 1,29E+07 1,05E+07 1,02E+07 1,13E+07 6,41E+06 4,06E+06 4,57E+06 4,56E+06 2,54E+06
& (theoretical - experimental mean) [cm~2] -3,46E+05 4,62E+05 -3,66E+05 -4,48E+05 2,82E+05 -2,89E+05 -1,20E+05 -1,95E+05 -1,72E+05 -1,45E+05
Standard deviation [cm~2] 2,26E+05 2,17E+05 2,58E+05 2,60E+05 2,73E+05 1,88E+05 1,54E+05 1,69E+05 1,67E+05 1,30E+05
Run Number 23334 23335 23336 23337 23338 23339
Collimator diameter [mm] 2 3 5 8 10 12
Theoretical fluency [cm~2] 1,34E+07 1,34E+07 1,02E+07 9,71E+06 1,16E+07 6,12E+06
Experimental mean of fluency [cm—2] 1,39E+07 1,30E+07 1,06E+07 1,02E+07 1,14E+07 6,39E+06
d (theoretical - experimental mean) [cm~2] -4,92E+05 3,61E+05 -4,45E+05 -5,38E+05 2,02E+05 -2,71E+05
Standard deviation [cm~2] 3,02E+05 3,29E+05 2,80E+05 2,62E+05 2,89E+05 6,04E+10

Error between X and Y | 1205% | o078% | o074% | o08% | o070% | -028% |
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Profiles in fluence: distance scan intensity

Distance (mm) 14 60 110 162
Run Number 23210 23159 23157 23155
Collimator diameter [mm] 10 10 10 10
| measured in Faraday cup [fA] 63 60 60 60
a (geometrical factor) 0,2879 0,2879 0,2879 0,2879
| theoric [fA] 18,14 17,27 17,27 17,27
Number of hits 1311678 1242447 1240637 1149329
Number of read frames 2229622 2188187 2185496 2175707
| measured from Hit Map [fA] 18,83 18,17 18,17 16,90
Error between measured and theoric 3,79% 5,18% 5,16% -2,14%
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Gafchromic calibration

Collimator scan

Calibration
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F.2 Dose and fluence comparison

Profile Collimator 2 mm

Profile Collimator 3 mm

Profile Collimator 5 mm

Profile Collimator 8 mm

Profile Collimator 10 mm

B Fluence Fluence Fluence Fluence Fluence
il Dose 10 ey Dose 10 gy Dose - M oo 10 Pt oo
o8 | o L2 | | 08 03 }
{ |
506 506 } 506 | So6 ‘ 506
2 | 2 2 2 2
04 04 04 ‘ . 04
02 || 02 l 02 ‘ 02 02 |
| | | |
al el S vy I E_ v I U ) S B ) I (N
~-15000 -10000 -5000 o 5000 10000 15000 -15000 -10000 -5000 0 5000 10000 15000 ~15000 -10000 -5000 o 5000 10000 15000 ~=15000 -10000 -5000 0 5000 10000 15000 ~-15000 -10000 -5000 0 5000 10000 15000
Xtum) X um) X m) Xtum) X um)
Profile Collimator 12 mm Profile Collimator 15 mm Profile Collimator 16 mm Profile Collimator 18 mm Profile Collimator 24 mm
12
. Fluence 12 | Fiuence | Fluence Fluence 12 |
6 Mm Dose Dose i Dose - Dose
10 10
0% | 08 08 |
08 ‘ 08
506 5 5 s 5
< \ <08 | 208 208 <08
|
04 e ‘ 04 04 o
92 \ 02 | 02 | Lo 02 Fluence
| | Dose
0.0 0.0 — 0.0 0 0
15000 -10000 -5000 0 5000 10000 15000 15000 -10000 -5000 0 5000 10000 15000 15000 -10000 -5000 0 5000 10000 15000 15000 -10000 -5000 0 5000 10000 15000 15000 10000 -5000 O 5000 10000 15000

X (um)

X (um)

X (um)

X um)

X (um)

Figure F.4: Comparison of x profile of the beam in fluence and in dose for all collimators. The
dose and fluence have been normalized.
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