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Time To Track

Pile up 2012

® High luminosity Large Hadron Collider (HL-LHC), Future

Circular Collider (FCC) challenge current technology
* Higher luminosity — high pile up
* High fluences — high radiation hardness needed

" Adding timing!

* Hadron collider: vertex reconstruction, pile-up

discrimination

* Lepton collider: particle identification through time of flight

* Already used for HL-LHC, US electron ion collider

yl_x Xy

Transverse view




Time To Track - 4D Tracking

But why stopping at one timing layer?

® Adding time stamps for each layer

— information in 3 spatial coordinates + 1 in time

Transforms tracking fundamentally

20 -10 -40 -70 -70 -40 -10 20
Time 120 90 60 30 30 60 90 120 Time
" Reduces track finding combinatorics (ps) 150120 90 6o 60 90 120 150 (PS)
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Temporal Resolution

®  Determined by signal slew
rate + electronic noise

" Reducable by increasing ®  Originate from readout electronics
Signal-to-Noise Ratio (SNR) ® Reducable through ASICs and
— RSD lever correction algorithms
\ A
2 2, 2 2 2 |
= ~ [ ] | ] [ ] [ ] [ ]
OTime =~ \O-SpatlalFluctuatlon}_l_ O-Jltter + ODistortion T o imeWalk
\ J
| |
® Statistical fluctuations in charge ® Inhomogeneities in
deposition process electric + weighting
® Relevant for Time of Arrival field
— 3D lever

¥ Better for thinner sensors
— 3D + RSD lever
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Silicon Candidates for 4D Tracking

3D Silicon Sensors Resistive Silicon Detector (RSD)
® 3D pillars etched into p-doped bulk ® Based on Low Gain Avalanche Diode (LGAD) concept:
®  Short drift path Silicon sensor with gain implant — high electric field —
— less prone to trapping — very radiation hard charge multiplication — thin sensors with high SNR
— good timing properties " Continuous n-type resistive layer — lateral signal
® Pixelated — good spatial resolution possible propagation — charge sharing across multiple electrodes
® Non-homogeneous fields ® Very good timing and spatial resolution
®  Complicated production ® 100 % fill factor
® High noise ® Less radiation hard
®  Produced by CNM " Produced by FBK

® AL minum B AL minum
Oxide Oxide

m p stop mnt

m p+ EE ctrode mp*t

» pBulk mpbuk

® n+ Ek ctrode mpt*

HV
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Characterizing 3D Silicon Sensors

Temperature Dependent Behavior
® Measuring leakage current in dependence of
bias voltage and temperature
® Expected current behavior:
E
I(T) ~T? - e 2ksT Hv

® Extract E from slope

= Al minum
Oxide

= p stop

m p+ EE ctrode

= pBulk

m n+ EEk ctrode

® For bulk-dominated leakage current _124

E ~ 1.21 eV expected
® Radiation damage increases bulk-generated —137
contribution — high-field effects not dominant
anymore 4
~154( 2 2%

® Hex-5x5-1(2.1el4cm™2):E = 0.67 eV
—164| ® Hex-5x5-3(5.3el4cm™2): E = 0.88 eV
® Hex-5x5-2 (1.5el5cm2):E=12eV

In(/)

0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
(1/T) 7 (1/K)
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Characterizing RSD
Acceptor Removal

B AL minium
B Trench
mn+

mp+
mpbuk
.p++

® Way to evaluate radiation tolerance of RSD gain layer

® Radiation-induced removal of acceptor states
— modifies effective doping of gain layer
— changes depletion behavior

-HV

® Gain layer depletion voltages changes with

19 4 :; :; :: :; o Whign L(5x5) (5.3¢14 cm—2?)
VGL (¢) o< e_CA¢ o Whign L(5x5) (5.3¢14 cm™2, annealed)
VGL(O) o Whign L(5x5) (3.1e14 cm™2)
with acceptor removal coefficient c, 107 RTEREL e Whign L(5x5) (3.1e14 cm~2, annealed)

® One method to extract V.
* Derivative of leakage current over bias voltage
* \Voltage at maximum = V¢,

" Fitting exponential decay to V¢®)/, o

— cp = (1.20 £ 0.02) - 107 1°> cm?
= consistent with literature for conventional LGADs

® Measurements conducted by N. Mller
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Transient Current Technique (TCT)

® Measure position-dependent sensor response
— access to:

* Charge transport + collection properties

* Electric field distributions

* Temporal + spatial resolutions | :

* Radiation induced effects _ Amplifier ‘\/‘
x-y-z Mova ble Sta ge

S hyvons

Oscilb scope /
DAQ

® Movable pulsed infrared laser 1-3

" Photoelectric effect — laser photons create electron- MiPs
hole pairs — induce signal

® Focused within Silicon bulk
" Intensity adjusted to MIP-like charge deposition
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RSD in TCT - Spatial Resolution Tie Fighter

Tie Fighter
electrode layout

500 pm

Signal Sharing
high resolution
TCT sca

y /pm

metallization —250

X/ um

Binary Resolution,
Homogenous Signal
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x;'um
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15 5 um — 1% pitch!!!

Spatial Resolution [ pm
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Vbias / V
t repeat for several bias points

E Data

Student-t Fit:
—_— o =42+01 pum
NDOF =0.9+0.1

width = spatial
resolution

1754
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5 1004

Counts
Z
)
©)
T

754

504

25

20 30

compare reconstructed x4, to _
laser position Xmeqs fit Student-t

Reconstruct hit with y2-Minimizer
XZ (x) = - Sfit,left(x))2 +(Smeas,right -

(Smeas,left

Sfit,right (x))z
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RSD at Test Beam

19N RCa\/ PiAane
120 GeV Pions ‘ ‘ ‘ ‘ ‘ '

MIMOSA26 Tref DUTs CROC
Setup

® 3 days in DRD3 test beam in October 2025
® 120 GeV Protons / Pions @ SPS

® 5 working MIMOSA planes for tracking information (EUDET telescope) + CROC: pixelated sensor + CROC-ASIC — used for
ROI selection

® 3 RSDs as Devices Under Test (DUTs) at the same time
Aim
® Comparison of AC- and DC-coupled RSDs under same conditions and on same type of readout board

® Verification / development of alignment and reconstruction methods
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RSD at Test Beam
Devices Under Test (DUTs)

1 x AC-Coupled RSDs (RSD2)

Pitch: 450 um
Signal containment strategy: cross-shaped electrodes

Spatial resolution (TCT studies): 3-4 % of pitch (through
charge sharing)

Temporal resolution (TCT studies): O(40 ps)
2nd plane
On FNAL board

2 x DC-coupled RSDs (DC-RSD1)

/ (Readout) Electrodes
— Pixel

* Pictures not to scale

Pitch: 500 pm
Signal containment strategy: trenches + circular electrodes

Spatial resolution (TCT studies): 3-4 % of pitch (through
charge sharing)

Temporal resolution (TCT studies): O(40 ps)
1st and 3" plane
On FNAL board

=R

Trench

S

|
|
.
.
sg
2
g
i

Y R
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Amplitude Pad 7 Amplitude Pad 8 Amplitude Pad 9

Piad & amplitude 4 Frad 7 amplilude

[Pad 8 amplilude

8 10°E Erirics B8180 & WE Enirics 88150 S1f Entres 88130
£ F Mean  £589 £ F Mean 7210 £t F ean  47A7
a es ea m w - Sid Dev 6.052 w B Sid Dev 7673 w [ 21 Dev 6.113
5 w0
How-To: Analyze RSDs | '
|
g
1:]5-
1. Equalize amplitudes of all channels . e,
=10 0 00 20 30 40 50 60 TO 8D -0 0 10 20 3 40 50 60 TO &0 -10 0 0 20 30 40 50 60 YO &0
Amplitude / my Amplitude / m\y Amplitude / m\

Find hit pixel
3. Reconstruct hit

4. Align sensor with respect to the telescope x4
frame B - i
— translation + rotation around £ 04 . !
g 5 i
5. Find correct position along g .. 100

6. Extract rotations around other two axes

o
L L L B Y B B

04 Y. .7
i MIMOSA26
B Y R PR coordinate
Xyyeighted Centroid / MM System
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RSD at Test Beam

Lost in Charge Sharing - Finding the Hit Pixel

Hit Pixel = Pixel with highest A,

Readout of all waveforms of all electrodes

Extract max. Amplitude A
For each pixel: A, = Yi, A;
Hit pixel = max(4:,:)

RS

KIT



RSD at Test Beam

Lost in Charge Sharing - Finding the Hit Pixel

Hit Pixel = Pixel with highest A,

® Readout of all waveforms of all electrodes

®  Extract max. Amplitude A
" For each pixel: 4., = Y1, A;
Hit pixel = max(A,;)

RS
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45

DUT

RSD at Test Beam - s| powsmias

I
o

Spatial ReSOIUtionS e RSD2 W3

Spatial resolution through fitting a Student-t
distribution on the residuals xgrsp — XgupeT

L
Ln
|

3-6% of the
pitch!!!!

Norm. Average Resolution / um
J Ll
wn o
|

Resistivity of RSD2 ~ DC-RSD W3
Resistivity of DC-RSD W15 lower

J
o
1

15

" Width of Student-t = spatial resolution DUT
m DCRSD W15

® Difference in pitch — rescale to 500 pm pitch ,J| = DCRsDws3
= normalized resolution | RSD2W3 .?.'7_<'
® Higher resistivity — better end point resolutions

S ;5
" Worse resolution of RSD2 might be due to FNAL %
board being less suited for AC-coupled version Ez_
Z r./'-
®  Degrees of Freedom (NDOF) of Student-t = uniformity of 1.
performance
® High NDOF £ Gaussian distribution 0

2ID 3ID 4ID SID 6ID ?ID
Total Amplitude / mV
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Summary

3D Silicon Sensors

Extensive electrical analysis before and after irradiation

High-field effects that eventually get dominated by bulk-
generated leakage current after irradiation

— sensors remain functionable, but require careful
operation

= Al minum
Oxide

m p stop

m p+ EE ctrode
p Bulk

m n+ EE ctrode

Resistive Silicon Sensors

Electrical characterization of first DC-RSD production with
extraction of acceptor removal coefficient consistent
with literature for LGADs (together with N. Mdiller)

Spatial resolution of novel hybrid strip-pixel AC-RSD
using the TCT — 5 ym = 1% of the pitch!

Test beam to compare AC- and DC-coupled RSDs

— complete reconstruction chain including calibration and
alignment

— spatial resolutions of 6% and 3% of the pitch for the
best reconstruction technique

............ L B AL minum

E-Field
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Test Setups




Probe Station
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Probe Station - Electrical Characterization of a Diode

Reverse Bas

\,/BD

yv4

77

;

Fo rward Bias

V

>
bas

Cbuk
A

bas

KIT



Transient Current Technique

Amplifier
x-y-z Mova ble Sta ge ~\/\-
0 0-6-0——
Oscilb scope /

DAQ

¢ .z',«"‘ . ‘ .
Step pery o___r\
Zem" Stag \

-HV




Irradiation at KAZ

I adlatlon Box
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Columnar 3D Silicon Sensors
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Pixel Layouts
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Irradiation Campaign

Measured Proton Fluence / cm™? [rradiated Arrays
2.1 x 10 Hex-1-3, Hex-5x5-1, Ort-5x5-1, Hex-10x10-2
5.3 x 10 Hex-1-4, Hex-5x5-3, Ort-5x5-2, Hex-10x10-3
1.5 x 10%° Hex-1-2, Hex-5x5-2, Hex-10x10-1
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Leakage Current vs. Bias Voltage Hex-5x5-2

I/ uA

- R1C1 m— R1C2 = R1C3 === R1C4

— R2C1 — R2C2 — R2C3 === R2C4

— R3C1 - R3C2 === R3C3 === R3C4

- R4C1 R4C2 === R4C3 === R4C4
100

- R1C1
— R2C1
— R3C1

— R1C2
— R2C2
- R3C2

R4C2

—— R1C3
—— R2C3
-== R3C3
—== R4C3

—== R1C4
——- R2C4
—-—- R3C4
—== R4C4

I/uA

1.50

1.25

1.00

0.75 -

0.50 -

0.25 -

0.00

i
---'-
T ma

20

KIT




Leakage Current vs. Fluence Hex-5x5

70
Fluence /| cm™ (Sensor Array)
ol ® ® 0.0 (Hex-5x5-2)
B 2.1e+14 (Hex-5x5-1)
® A 5.3e+14 (Hex-5x5-3)
50 4 # 1.5e+15 (Hex-5x5-2)
< o)
3 40 -
—_ 2.5
> 2.0
o (]
~ 307 3 15 -
E 1.0 - u
20 A =
0.5
R A )
@ 0.0 4
10 - DI.E DI.4 DI.E D.IE 1.ID 1.I2 1.I4
Fluence | cm™2 lel>
U i | Ii | ‘ 1 1 1 1 1 8
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Temperature Dependent Leakage Current

80

70 A

Hex-5x5-2 R4C1 (1.5e15 cm™2)
—_— -17°C

-15°C

-10°C

-5°C

0°C

5°C

10°C

15°C

20°C

20°C, pre-irradiation

Vbias/V
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Activation Energy vs. Bis Voltage
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Capacity vs. Frequency Hex-10x10

— Hex-10x10-1 R1C1 (0.0 cm—32) 25 0 — Hex-10x10-3 R1C1 (5.3eld cm™2)
500 adll
22.5 1
400 -
" L 20.0-
f_‘: 300 _E’:
O O 17.5 -
200 150 -
100 12.5 - J
04 10.0 -
101 104 10° 10° 10° 10° 104 107 10° 10° 10°
F/ Hz F/Hz
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Capacity vs. Bias Voltage Hex-5x5-2

R1C1
R2C1
R3C1
R4C1

— R1C2
— R2C2
——— R3C2

R4C2

R1C3
R2C3
R3C3
R4C3

R1C4
R2C4
R3C4
R4C4

6.5

6.0 1

— R1C1 — R1CZ e R1C 3 === R1C4
— R2C1 — R2C2 — R2C3 mmem R2C4
— R35C1 m— R3CZ === R3C3 === R3C4
— R4C1 R4C2 === R4(C3 —=—= R4C4
2.95
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Capacity vs. Fluence Hex-5x5

551 @ Fluence / cm~2 (frequency)
® 0 (250 kHz)
£ 0 ] B 2.1le+14 (10 kHz)
' A 5.3e+14 (10 kHz)
o # 1.5e+15 (10 kHz)
4.5 1 i
L
o
—~ 3.0 m
S w 3440
o 4.0+ i~ B
N S 3.2 -
S o
g O S 30
351 o 2.8 - . 5
i 2.6 T T T T T T T
02 04 06 08 10 12 14
3.0 4 Fiuence [ cm™ lel5s
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

-2 lel5
Fluence / cm € &‘(lT



Electrical Characterization
Resistive Silicon Detectors




Investigated DC-RSD Layouts

M(4x4)

L(5x5)

* Pictures not to scale
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Leakage Current vs. Bias Voltage

104 E
AT Wiew L(BE) = Wiiga L(545)
1079 |—— Wiy S(5%5) = Whien S(5x5)
1
i ERETE - 10° 3
: ID(}_: :E 10 E E h____%
=] <
107! 109 m= Whien L(5%5) (0.0 cm™?)
10-2 ; m—— Whigh L(5%5) (5.3¢14 ecm~2)
y e Whien L(5%5) (5.3¢14 cm—2, annealed) 5
1“—1 _ - - 10~
1 1 1 1 1 1 1 T T T T T T =
0 a0 100 150 200 250 300 0 100 200 300 400 500
Vb]abafv 1‘2-\5;-1_:: P’IV
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Capacitance vs. Bias Voltage

- [~ 4 4 N
05 — Wiow L(5x5) = Whign L(5x5) e Whigh L(5%5) (0.0 cm—2)
m—— Wiow S(5%5) = Whign 5(5x5) e Whigh L(5x5) (5.3¢14 cm—2)
0.4 —— Wigw M(4x4) -3 37 m——— Whigh L(5x5) (5.3¢14 em ™2, annealed)
= 0.3 - = 5
$ e
0.2 - 5
B 17
0.1
0.0 - -0 0
! ! | ! ! | I I I I | | ! I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
1”r}.1ia.fifh"‘fr I’rbia:-; / A
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Amplifier

x-y-z Mova ble Sta ge

Oscilb scope /
DAQ

Calibrating the TCT

AT



Laser Focusing

Laser scan direction

4() 1 °
1001 o
35 N
L
_ [ ]
. 30 80 o
= o g v
~ < — o
) ™~ %
=N = 60
2 T ‘
40 A .
10- " <
51 A &
20 %
0- S um
3520 3525 3530 35.35 35.40 5.0 5.5 6.0 6.5 7.0
Position / mm Height / mm

@ 150 V reverse bias
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Camera-Laser Offset Calibration

-14.455 ym -0.055 ym
]
Laser scan direction "l e
= I = 1 °,
: A 5 B
T 20 cvmpngnr, T | : \ﬁ""
c I c |
2 i 2 '
Vp) * | (Vp} |
*® l ol
0 - 1 I 1 | - I 1 I I I I
-16 —15 —-14 —13 —-0.50 -0.25 0.00 0.25 0.50
Shift in x / mm Shiftiny / mm
84.00 [---' Reference posm
30
83.9
25
83.90 1 =]
B ——— pe————— 20
::83.85 E
15 =
83.80 4 10
83.7
@ 150 V reverse bias 37?50 3?:55 37?60 3?:65 37?70
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Spatial Resolution of Tie
Fighter RSD Layout
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Bonding Scheme

Higher wire bonds

Tie Fighter
Electrode Layout

P
<

Fermilab readout board

Ground

Lower wire bonds
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MIMOSA26 DUTs CROC

RSD Test Beam October 2025




RSDs Bonded on FNAL Board




Setup

MiniCACTUS
(integrated
monolithic sensor)

MIMOSA26 Tref DUTs CROC
\ )
?
Oscilloscope
TLU < Splitter < AND
Operation
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AC- vs DC-RSD Cross Section

B Meta | B AL minium
7 Oxide B Trench

| Raks | Naks

mp+ mp+
mpbuk mpbuk
mptt mpt+t

-HV -HV
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0 10°E Elecirode 0 Ampliiudes . - Elecirode T Amplitudes o 10%E Elecirode 2 Amplitudes
2 L Entries 86190 2 E Entries 86190 2 3 Entries B6190
u u u = I Mean 6.928 £ [ Mean 1258 £ f Mean 7.607
Amplitude Calibration I i N e
10‘1’5- 10°
10PE 1“2;‘
10;— 10;—
EquaIIZIng ampIItUdes Of aII Channels 1§|_|||||||||||||||||||||||||||||||||||||||||||||| 1T|l|||||||||||||||||||||||||||||||||||||||||||| E
~10 0 10 20 30 40 50 60 70 &0 —10 0 10 20 30 40 50 60 70 80 —10 0 10 20 30 40 50 60 70 &0
Amplitude / mV Amplitude / mV Amplitude / mvy
= FNAL channel amplification can vary — normalization 8 ek TRRiE] g | el 8 Elechiods 5 Ampitudes
. . = L Mean 10.78 b= 1035— Mean 20.28 b= [ Mean 11.35
= Histogram amplitudes per channel Wi Std Dev s Wy Sthev  1358) U g Sev 1318
= Fit Landau distribution - i3 ol
= Scan over all fitted functions, find the largest MPV and  * 1of :
normalize with respect to that ? : B
- - pmax 1§|_| sl bl beaas Lenaa s 1:.. | FFETI NTEEI PR IRE TR R TRE TR RTTRA RN T TR RN 1-
CalibrationFactor = —— 100640 50 4050 60" 70 80" —10 0 10 20 30 40 50 60 70 80 —10 0 10 20 30 40 50 60 70 &0
pi Amplitude / mVv Amplitude / mV Amplitude / mv
w 10% Electrode 6 Amplitudes w 10 Electrode 7 Amplitudes w 10°E Electrode B Amplitudes
O E Entries 861590 ] E Entries 86190 ] E Entries 861590
£ f Mean 4591 = Mean 7.218 = f Mean 4767
i} 1 03: Std Dev 5.052 i ; 03: Std Dev 7.873 w Std Dev 6.113

—10 0 10 20 30 40 50 &0 70 80 —1-00 10 20 30 40 50 60 70 80 —10 0 10 20 30 40 50 &0 70 80
Amplitude / mVv Amplitude / mVv Amplitude / mv
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Lost in Charge Sharing - Template Approach

Position reconstruction by using a template

1. Identify Hit Pixel (max(4,))
2. Generate 4 look-up tables inside a pixel at the best
signal-to-noise datapoint == template
® Describes how signal is split between the 4 electrodes
inxandy
" Usesratio 4;/A:

3. Reconstructed position = closest match to 4 templates
determined by y2-minimizer

First done by Nicold Cartiglia

B

S
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Lost in Charge Sharing - Template Approach

Position reconstruction by using a template £

1. ldentify Hit Pixel (max(4:,;))

2. Generate 4 look-up tables inside a pixel at the best
signal-to-noise datapoint == template

® Describes how signal is split between the 4 electrodes

Y euper™ pixeicenter

inxandy
" Usesratio A;/Ao¢ 8
3. Reconstructed position = closest match to 4 templates HE
determined by y2-minimizer S
o
B

First done by Nicolo Cartiglia

0.25
02
0.15
0.1
0.05
0
-0.05
-01
-0.15

-02
0.25
02

0.15
0.05

-0.05
-01
-0.15
-02

_0'25.25—0.2—0_15—0_1—0.05 0 005 01015 02 0.25-02-015-01-005 0 005 01 015 02 025

XeupeT X pixeicenter | MIT

XeupETX PixeiCenter / MM
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Reconstructed Positions - Unbalance vs. Template

/ mm

y Weighted Centroid

Weighted Centroid Reconstruction

0.6

0.4

0.2

o
1 I | I I I | 1 I | [ I | I I I | [ I

_ oo b b b ey
OPO.G -0.4 -0.2 0 0.2 0.4 0.6

X\yeighted Centroid/ MM

—
L

constructed Hits

yTempIate fmm

Template Reconstruction

0.6

0.4

0.2

_06 I | 11 | | 1| | | || | | || | | (- |

|
—
B
o

|
N
# Reconstructed Hits

-0.4 -0.2 0 0.2 0.4

0.6

XTempIate / mm
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. R RS .
Offset and Rotation ae T T P e .
Transforming MIMOSA into RSD coordinate e § k i
system by finding rotational angle 8 + two Tt o :
translations Ax and Ay g - 1af- o
1. Finding x,y centers of the electrodes in the MIMOSA T ';4'5'4’.5-';4'."2'."lf’_';?'f{{"_:':{.‘iiiel.;ﬁ_a gt e
frame
" Read x,y for chosen pixel electrodes in 2D histogram (if - _ . oo
amplitude > threshold) 2 o g T = oo
® Fit a Gaussian with ROOT.TF2 function xygaus oep 4 me gl E 08t s
— centers in x,y and ay, oy, oo ; “F Y e
A . -
2. Transform from MIMOSA to RSD frame o _ i e - - 10
" |nput: ideal positions (RSD frame), real centers of step 1. “Fiyiomeissn iiain, E i PTRPREEANRNER :
(MIMOSA frame) Xeuper E Xeyper
" Rotation and translation: /'-------------_--Z;
" pr_ (2x) + (cgs 6@ —sin 9) <P X,"’,,‘"' SRySSI;)e;oordmate
y sinf@ cosf !
" Weighted least squares with weights w; = ﬁ ',"
® Scipy minimization with BFGS and weighted least ',"'
squares — 6, Ax, Ay j' _____________ qﬂ
y

&7 MIMOSAZ26 ﬂ(IT

coordinate system

Reconstructed Hits

Reconstructed Hits



Z-Sweep

Finding right positions in z

® Positions in z only measured roughly
® Need to find the correct z value
® Build 3D track through 1st and 2"d plane

" For each plane:
— Move along z and respective calculate x,y
— Determine spatial resolution for every point
— z with best resolution is the actual position

Resolution x Template / um

25

24

23

22

21

20

E 26_ |
3

[\ | —— Optimal z: 439.70 + 2.78 / ° ——— Optimal z: 441.67 + 23.23
- T 25
B s F
[ = C
B g B
X S 2Ar
B - B
= i=l C
L 3 |
- 3 231
B i 3 B
[ o B
i 22_—
- 21
| B [ ]

B [ ]
[~ ~ L]
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 20-IIIIIIIIIIIIIIIIII:IIIIIIIIIIIIIIII

300 350 400 450 500 550 600 300 350 400 450 500 550 600
z Extraction Point / mm z Extraction Point / mm
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Tilt Correction
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Tilt Correction £ £
2 04k L 04
N 7 —400
0.2:— 0.2:—
Rotation around x and y o o-
_0.2k -0.2f-
" Tilt / rotation corrected based on correlation plots 100
-0.4f -0.4f
® Exclude problematic regions (middle, edges)
" Fit line on correlation plot Xgsp = PoXmimosa + P1 O8E i s g e B ER T R
Xeyper / MM Yeuper | MM
" For perfect alignment: p, =1 and p; =0 Correlation x Template Correlation y Template
0.5 05
: 1 E —— ‘ E ™F : :
|| — _ E - —— Caorrelation Profile x E - —+— Correlation Profile y
Tilt angle ¢ = arccos Po Tz 04F | — 1005+ 0011 H g 04F | —— 1063+-0.013
§ osf. |— TitAngle:5.74°+6.33° § osf |~ TittAngle: 19.75° £ 1.897
x  F | Excluded from Fit U F | Excluded from Fit
0.2F fl 0.2F '
of o f
c-f— o
o o
—u_zf— —0_23—
“0af ~0af-
—0_43— H_H -0.4
O%E 04 s 0 oz 04 06 e 04 02 00z o4 06
Xgyper / MM Yeuoer / mm
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Spatial Resolutions

i
] ] o £ C — 06, 20.18um
Spatial resolution through fitting a Student-t 5 - — NDOF,: 3.17
distribution on the residuals xgsp — XMimosa 3000 — Mean,: 1.78 um
N std dev,: 31.8 um
2500(—
" Student-t very useful to compare how heavy distribution -
tails contribute 2000
® Width of Student-t= spatial resolution - Width A Resolu
: : - { = 1\6es on
" Degrees of Freedom (NDOF) of Student-t = uniformity of 1500[— -
performance - NDOF
" High NDOF £ Gaussian distribution 1000
500
: 1 | 1 1 I | L 1 | | 1 | 1 | | | 1 | | I L 1 L 1
—00,3 0.2 —0.1 0 0.1 0.2 0.3

XEUDET * XTamplate / UM
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Fitted Template Function
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Entries

Resolution Weighted Centroid Approach (Unbalance)

1600

1400

1200

1000

800

600

400

— . 0.052um
—— NDOF,: 14.001
- ean,: 0.001Tum
std dev,: 0.059um

10% of the pitch

1 | 1 i

-0.1

0

0.1 0.2 0.3
XeUpEeT - XWeighted Centroid / UM

Entries

1600

1400

1200

1000

800

600

400

200

—— 0,: 0.047 um
—— NDOF,: 7.070
—— Mean,: -0.007 um
std dev,: 0.058 um

9% of the pitch

| | | | | | | | | | | | | | 1 I 1 L1

w

-0.2 -0.1 0 0.1 0.2

y y

EUDET i Weighted Centroid
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Entries

Resolution Template Approach

B — Oy 20.18 um
N —— NDOF,: 3.17
3000 — Mean,: 1.78 um
N std dev,: 31.8 um
2500/—
— 4% of the pitch
2000{—
1500
1000
500[—
N | | | 1 | -+ | 1 1 | I 1 | | 1
—00.3 -0.2 -0.1 0.1 0.2 0.3

XeupeT ~ XTemplate / UM

Entries

2500__ — Oy! 26.12 um
N —— NDOF,: 4.95
B _— Meany: 1.36 um
2000 std devy: 36.1 um
N 5% of the pitch
1500—
1000—
500—
B 1 1 ] ] J 1 [ 1 | ] ] 1 1
—00.3 -0.2 -0.1 01 02
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   𝜎  Time ≈    𝜎  SpatialFluctuation 2 +  𝜎  Jitter 2 +  𝜎  Distortion 2 +  𝜎  TDC 2 +  𝜎  TimeWalk 2
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     V  GL ( 𝜙 )   V  GL ( 0 ) ∝    e  −  c A 𝜙


   c A


   V  GL


   V  GL


     V  GL ( 𝜙 )   V  GL ( 0 )


   c A =  (  1 . 20 ± 0 . 02 ) ∙   10  − 15     cm 2
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    d I  d V ∙  V I


   S  fit  ( x ) = a x + b
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   𝜒 2  ( x )   = (  S  meas , left −  S  fit , left ( x ) ) 2 +   (  S  meas , right −  S  fit , right ( x ) ) 2
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   x  RSD =  p 0  x  MIMOSA +  p 1
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   p 1 = 0
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