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Resistive Read-out

e-h pairs are produced by the impinging particle in the sensor volume

AC-coupled signals

o e Electrons are multiplied (LGAD)
o A o ® Charge is induced in the n+ layer (resistive layer)
= . =.. * Nearby electrodes see a fast signal
ZI 2 ="« ° Chargesinthe n+ flow to ground
o v mer e AC-coupled electrodes
c
=
. __ 7 pitch . - .
§ In normal pixel detectors o,, = k Ner with k~0.5 -1
-

Resistive read-out sensors have

= 0, < pitch
= Time resolution typical of thin LGADs
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Resistive Read-out

Charge sharing over ~ Excellent position resolution
silicon surface with large pads
Sl
Internal gain (LGAD) > Excellent Timing
Pros
= Low channel density : = Low power consumption
= Thin sensors = Low material budget

+ 100 % intrinsic fill factor!
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DUTs — RSD devices

The DUTs come from the second
production by FBK of Resistive Silicon
Detectors (RSD2)

Two devices tested:
e 450x450 um?from W7
e 1.3x1.3 um?from W13

Same AC-electrodes layout — crosses
to help the signal containment

Different n+ layer resistivity
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Wafer # Type Carbon | n™ dose | p gain dose
1 Si-Si 55 pm N A 0.96
2 Si-Si 55 pm N A 0.96
3 Si-Si 55 pm N A 0.98
4 Si-Si 55 pm N A 1
5) Si-Si 55 pm N A 1
6 Epi 45 nm N B 1
7 Si-Si 55 pm N B 0.98
8 Epi 45 pm N B 0.96
9 Epi 45 pm N B 0.96
10 Epi 45 pm | Y (1) B 0.96
11 Epi 45 pm N C 0.96
12 Epi 45 nm | Y (0.8) C 0.96
13 Si-Si 55 pm N C 0.98
14 Epi 45 pm N C 0.98
15 Si-Si 55 pm N C 0.94
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AIDA Test Beam

The test beam was performed in the CERN H6
Mimosa telescope beamline (120 GeV pions/protons)

cold box

O

MIMOSA telescope
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o Trigger is a 3x3 mm? UFSD1 LGAD

o DUTs on the Chubut2 read-out board

Waveforms acquisition
v o RSD runs:

o 2 DUTs, 1.3 mm and 450 pum pitch biased at 240 V
and 200V, respectively

DUT sensor

o No time reference

| x4 channels per board
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AIDA Test Beam

Mimosa telescope

Y | Y

cold box

170 Ge\/"pi_ons' :

DUT sensor

| x4 channels per board

21/02/2024 TREDI 2024




INFN

TORINO

Chubut2 Acquisition Board

The Chubut2 is a low-noise discrete readout board
specifically developed for LGAD testing

It features a
e Carrier boards that hosts the DUT
* Main board with amplification and power delivery circuitry

The design employed for this test beam has 4 identical
channels, each with about 3540 Q transimpedance on 50 Q
input and output

Good S/N with a budget friendly way of switching between
sensors (one main board, multiple carrier boards)

Luca Menzio — INFN Toino

Open source project?

lhttps://github.com/SengerM/Chubut 2?tab=readme-ov-file
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Wavetorms and Tracks Analysis

EUDAQ2 rawfile

WAVEFORMS TRACKS
Employing the Beta-analysis script Reconstructed with corryvreckan

. —

SPS RSD Analysis
script

Luca Menzio — INFN Toino
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https://github.com/icosivi/BetaAnalysis/tree/master/Rsd/analysis_simple_TRACKER_CERN_ETL
https://gitlab.cern.ch/corryvreckan/corryvreckan
https://github.com/LucaMenzio/TB_Analysis
https://github.com/LucaMenzio/TB_Analysis
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Having a look at the sensors

The sensors overlap in space and have good signals
Trigger
" 1.3x1.3 mm? 450 x 450 pm?
o All events positions L—— H
'E 2 A" events posnlons $ 800:_ Entries 7083 § 100 Entries 926
O - = Entries 273174 = L Mean 35.43 b= B Mean 48
(o - ull _- Mean x _7.785 S C StdDev  19.85 : B StdDev  21.04
E 15 - Meany —0.1012 = 1000 ool I
Std Devx 0.8918 - i
= ] Std Devy 0.8787 600k ~25 mV MPV I ~38 mV MPV
I - i
o 05 500:— 60l
N - i
c 15 400 r
Q 0 C -
2 B 40
300[- |
(0] -0.5 10 L
8] - i
2 200 o
-l -1 - C 20—
5 100F-
-1.5 C I ﬂ
0- Loaa o daas Tl | N T G|||J||||||||||| cas e I T P PRV PR
) 0 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
-10 —9.5 -9 -85 -8 -5 -7 6.5 -6 Sum of the 4 electrodes amplitudes (mV) Sum of the 4 electrodes amplitudes (mV)
1.3 mm sensor 450 um sensor
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Having a look at the sensors

The sensors overlap in space and have good signals
o - — i — 1.3x1.3 mm? 450 x 450 pm?
'E so0f- . : - » 800 Entries 7083 § 100~ Entries 926
(@] o sof- -g L Mean 35.43 *2 r Mean 48
= 3 S C StdDev  19.85 : r StdDev  21.04
Z zoa:— 200~ " 700-_ |
L o oo C 80— | ].
Z 4’;‘5 41:)04 4"!“)@ 4’:}“( <0:|“1 :‘ "“‘)01 0002 0003 0004 0008 4?%:! 600__ N25 mV M PV : N38 mV M PV
I Noise 3 Pad Noise 2 Pad E =
o 5 ] I T oo 60
'E aoa;— :: E -
c b o 400 -
(] - C L
> =t , r 40
|W:— 100) 300__ -
© b N C
U <§005 0004 D003 0002 0.0 [ o001 0002 0.003 0.004 0.005 : i
> 200 -
- o 20—
100F
All channels of both sensors have low noise ~0.8 mV g ﬂ
0- IIIIIIIIIIII n-ul L"'I"'I"l Oll IJIIIIIIIIII 1 r|||..rl-||nn"—|"—‘|"‘-
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Sum of the 4 electrodes amplitudes (mV) Sum of the 4 electrodes amplitudes (mV)
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W13 1.3 mm — Position Reconstruction

Reconstructed Positions W‘mg"&'?ﬂ"
. . . §
Q Firstly, the position was reconstructed with the 5 08—
E analytical formula based on the charge (amplitude) :
= imbalance i
L L
zZ =
o ) L
™~ p%tch A3 + A4 — (Al + Az) 02__
c Treci = Teentre T Kz 9 1 L
%" ijo AJ' -
© pitch Ay + Az — (AQ + A4) 0—
o Yrec,i — Yeentre + ky 1 B
> 2 S A N
f =077 -
-0.2—
The distortion of the reconstructed positions map is [
typical of this reconstruction method

21/02/2024 TREDI 2024 15
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W13 1.3 mm — Position Resolution

Resolution along X Resolution along Y

Resolution along X Resolution aleng Y

500

Entries 6348 500 Entries 6348

Mean -0.002509 Mean 0.004051

About 95 um on each axis — 13 % of the pitch.
Better than standard binary pixels (29 %)

Std Dev 0.1395 Std Dev 0.1359

# Entries
# Entries

400
400

As already studied and demonstrated using

the data collected with the TCT setup, 300
the resolution can be improved applying a
correction (distortion mostly due to the
reconstruction method):

- use of a “migration matrix”

- use of a template to assign the hit position 100 100

- use of machine-learning technique ”J &“
OIILIhLJ..L I|||||||||| Jln.llll_ll 0

-1 -08-06-04-02 0 02 04 06 08 1 -1 -0.8 -06-04-02 0 02 04 06 08 1
X_trk-x_rsd [mm] y_trk-y_rsd [mm]

300

Luca Menzio — INFN Toino
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W13 1.3 mm — Machine Learning studies
predicted vs actual predicted vs actual
We tried to implement a Deep E E
. 5 82.9 um 5 120l 79.6 um
o Neural Network (presented in the =2 =
o last TREDI) -t ny
& : :
Z Although the statistics is very poor sl sol-
S for Machine Learning, the results ' _
N are very promising and present a 6o S0
%J 15% improvement compared to the i [
- 40—
- non-corrected results ®
g i i
| 20— 20—
O_H—Hlllll I|IIII|IIII|IIII|IIIII I-I—I-I-IIII-I— O_IIIII—I-III I|IIII|IIII|IIII|IIII IIII|I.I—|-|—
-05 04 -03-02-01 0 01 02 03 04 05 -05 04 03 02 01 0 01 02 03 04 05
X [mm] Y [mm]
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https://indico.cern.ch/event/1223972/contributions/5261996/attachments/2602198/4670278/Siviero_RSD_TREDI_2023_v3.pdf
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W7 450 um — Analytical Method

The results of the 450 um-pitch sensor benefit from Reconstructed Positions
o H _ _ H H _ Reconstructed Positions
% the better signal-to-noise ratio e 02F o S0
. - - - s | Mean x -7.712
; _ pitch Az + Ay — (A1 + Ay) ” 015 LI e -_:5 I [Meany 001659
Lreci — Leentre + ka: 4 - — - E=- u =gl _L_- = 0.1118
L 2 Z A : - [ | IJ = - - _._._Sthevx °
= =0 A 0.1 - = m® . = B S WS StdDevy  0.1086
N L +kpitChA1+A3—(A2+A4) = '--'-::_--I.'- " ma. - in
o UYree,i Yeentre Y 9 24_ A 0.05 :— - = = - _: L lh-F-. n - - J-“ 25
'E ‘770 J — : 1 =™ " n o -- - - .- - -
C 0 :— = | v = B a 1- 0 " m
@ - i R R -J-_'-."j_- 2
2 _ = " == = - me = e - -
005 -..f_E_J -y i
© F T.x P e, S T Nl 15
S ok T L BT Bl TR -
_| -V F o ™ -- " mmem I h- HJ -
- " Ha e, = L= -I-' :ﬁ_"-: n_l.- 1
-0.15 :_ -i . - l-: --: = S I | = | | : =
E -. - mm - = mm= = :-- “ = 05
-0.2— - -
: 1 1 | L 111 | L 111 | L1 11 | L1 11 | L1 11 | | I - | | I - | L 11 1 | 1 0
-79 78 78 -775 77 765 76 755 75
X [mm]
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OResolution along X OResolution along Y
The results of the 450 um-pitch sensor benefit from ] e A g N
) ) ] Q140 ' L 160 tean oo
'g the better signal-to-noise ratio T | som so| 2 p
®) #® T * 4401
= pitch A+ Ay — (A1 + Ay) aof : I
Z Lreci — Leentre + ka: 1 i 120
E 2 Zj:o Aj 100~ C
i 'pitch Al + A3 — AQ + A4 - L
IO Yrec,i = Yeentre + ky 9 24 (A ) sol- 100:
.g 7j=0+%7 i 80:—
0 : . . s0f- _
S Reconstruction with the charge imbalance formula A o
3 leads to a resolution of about 25 um on each axis s0f- o
> . L L
| - 5% of the pitch ) i
r 20
- _
—%.5 -04 -03-02-01 0 01 02 03 04 05 —00.5 -04 -03-02 -01 0 0.1 02 03 04 p.5
x_trk —x_rsd [mm] y_trk—y_rsd [mm]
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W7 450 um — Template Method

Positions were also reconstructed using the “template

Reconstructed Positions

method”.
g 0,2__ - - . -
S E.i--.- -- -l---- -‘:-- -_------
The hit position is extracted starting from the e T - =" mle,=
o - e - 25
amplitudes read out by the four electrodes, using the 01 3 =BT - Celr Ty s En e :'l Y
template computed with the test beam data @DESY oo :__- ._i:_.:' - "-_.::"-r-.;:-.-‘ - 2
(see Nicold’s talk) £ Ut PEES =
- - - “m_m == . N s 15
) _005;-_5 1:'_-:l.l T-J -'- i -—m i :--L—:
The template was computed using the same sensor S L NN - =
type, but different sensor die, n+ resistivity, and 01 ':" Tm e ~ - .=_':—"' ':': =" 1
. i . —-:E- el g = T -
electronics ~0.15F—= =", - - - . "= H
B e
The template works well! b L L | e L L 0
. . . ) . . -7.95 -7.9 ~7.85 -7.8 -1.75 -1.7 -7.65 -7.6 -7.55
No position distortion pattern is visible X [mm]
21/02/2024 TREDI 2024 20
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W7 450 um — Template Method

Secondly, positions were reconstructed thanks to a
o template methOd' OResolution along X OResolution along Y
C - OResolution along X - OResolution along ¥
. 6 . . g 160 -_ " Entries 923 q:) 160 -_ Entries 923
= About 20 um on each axis with the template s | v - pen 00010
pd : 0 : = M0 = 140 |
e reconstruction (19.5 um) — 4% of the pitch g W ' d
Z 1201~ 1201~
CI_) 100;— 100;—
% The reconstruction with the template computed in a 80p- or
S different experimental setup is viable sof- sof-
(© [ [
O 40 40K
> I .
- L B
J \L J L
e Qe
x_trk —x_rsd [mm] y_trk—y_rsd [mm]
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Comparison with other test beams

Comparing with the best results achieved in other test beams

1.3 mm pitch

140

120 @ FNAL-DESY3-ML
__ 100
£
=5
< 30 @ Chubut2-SPS-ML
(]
s
=]
S 60
wv
[}
o

40

20

0
10 20 30 40 50 60 70

MPV of 4 electrodes Amplitude Sum (mV)

Suffering from low signals and low statistics.
It would benefit from a dedicated
template/Machine Learning training dataset

Good results with low signals

21/02/2024

® FAST2-DESY5

FNAL-Laser

80

Resolution (pm)

90

TREDI 2024

450 pm pitch
@ FNAL-DESY3-ML
@® FNAL-DESY4
FAST2-DESY5
|

.\ @® FNAL-Laser ®
Chybut2-SPS-Template

40 60 80 100 120 140 160 180 200

MPV of 4 electrodes Amplitude Sum (mV)

Performance is very good thanks to the
template model created on another test
beam facility and on another electronics!

Very good results with low signals
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Efficiency

We defined a hit on a sensor as the combination of
three conditions

1.3x 1.3 mm? 450 x 450 pm?

* time: the RSD hit timestamp must be compatible with
the tracks in the tracker

* amplitude: sum of the four signals amplitudes must be
above a certain threshold (~3x sigma noise)

* track: there is a reconstructed track pointing inside the °
sensor area

* But some tracks are reconstructed in the wrong positions!

Luca Menzio — INFN Toino

The silicon physically
ends here

21/02/2024 TREDI 2024 23
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Efficiency

1.3x 1.3 mm? 450 x 450 pm?

@) i
- L
* — i
@) L.
l— S Dovx 068621 r
Z SidDevy 06412 .__
L 0.5-
= '
I 0-—"
o :
E -0.5;_1
()] :'
> X
1=
(1] S L
8] n [
3 _ L
| — -1.5l | [ "y | 1," |
— L L L 1 | T e I AN L L L 1 1 & | 0
ey s by oy by by b by | : -9 w85 B 5 i =65
100 105 110 115 120 125 130 135 140 145 20 mV cut
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Efficiency

Because of the tracks small mis-reconstruction, one has to use the signals on one of the two sensors to
infer the efficiency of the other

— only the efficiency of the smaller sensor can be computed

#tracks(hitysoum N hity 3mm)

E =
/ fasoum #tracks(trackssoum A hityzmm)

Luca Menzio — INFN Toino
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Efficiency

Because of the tracks small mis-reconstruction, one has to use the signals on one of the two sensors to
infer the efficiency of the other

= — only the efficiency of the smaller sensor can be computed (completely inside the bigger one)
5
- Efficiency vs Amplification Cut
Z #tTaCkS(hit450um N hlt13mm) § 100F—&————e— e oae
I Eff450um — : g E . 45mmp
o #tracks(track450um A hltl_gmm) < 95E
‘N § 90:—
S £ F
> 35;—
§ Values of efficiency typical of silicon are 80—
- maintained, > 99% 75

703—

653_ Threshold employed in this work

1 l i BT R B | |

10 15 20 25 30 35 40
Total Amplitude Cut (mV)

o
o
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Conclusions

The performance of two RSD2 sensors, 1.3mm pitch and 450 um pitch, were measured during
the second AIDAinnova 2023 test beam at SPS.

The devices were bonded to a novel low-noise and open-source electronics: the Chubut2 board
The best spatial resolutions achieved are:

1. 013mm~ 81 um employing a Machine Learning approach (6% of the pitch)

2. 0450 yum~19.5 pm with the template method (4.3% of the pitch)

Both designs achieve significantly better results than those of standard pixel detectors (15-30%)
with a low number of channels.

The detection efficiency of a 450 um pitch RSD2 was evaluated to be >99%

21/02/2024 TREDI 2024 vy




AIDAInnova WP6 Test Beam group

) CNM-Barcelona (AIDAinnova): Oscar David Ferrer Naval
) IFCA (AIDAinnova + ETL): lvan Vila Alvarez, Andres Molina

) Ribagorda, Jordi Duarte Campderros, Efren Navarrete Ramos,

) Marcos Fernandez Garcia, Ruben Lopez Ruiz
1 1JS (AIDAinnova): Gregor Kramberger, Jernej Debevc

) The UFSD group (University of Torino / INFN): Roberta Arcidiacono, Nicolo Cartiglia, Marco Ferrero,
Leonardo Lanteri, Luca Menzio, Roberto Mulargia, Federico Siviero, Valentina Sola

] INFN Genova: Claudia Gemme

) UZH (AIDAinnova): Anna Macchiolo, Matias Senger
1 Korea:D. Lee, W. Jun, T. Kim

J CERN: A. Rummler, V. Gkougkousis

Luca Menzio — INFN Toino

21/02/2024 TREDI 2024 28




CNeN

Luca Menzio — INFN Toino

ORINO

Acknoledgements

We kindly acknowledge the following funding agencies and collaborations

@)

This project has received funding from the European Union’s Horizon 2020 Research and

Innovation programme under Grant Agreement No 101004761

©)

@)

@)

21/02/2024

INFN - Gruppo V, UFSD and RSD projects

INFN — FBK agreement on sensor production (convenzione INFN-FBK)

Horizon 2020, grant UFSD66952

Dipartimenti di Eccellenza, Univ. of Torino (ex L. 232/2016, art. 1, cc. 314, 337)
Ministero della Ricerca, Italia, PRIN 2017, progetto 2017L2XKTJ — 4DinSiDe
Ministero della Ricerca, Italia, FARE, R165xr8frt_fare

TREDI 2024

29




Resistive Read-out

* In resistive read-out, instead of many p-n diodes, there is a single diode.

Luca Menzio — INFN Toino

* The n-doped implant is resistive and acts as a signal divider

* Very uniform electric and weighing fields, perfect geometry for timing
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Runs

Two test beam performed: June and August

Practically, only August has good runs (Mimosa problems, not much time for RSDs runs)

4 sensors:
- W13 1.3 mme-pitch
Data run, EVERY_THING LOOKS .
41 GOOD & = % 87470 - 2x W7 450 um-p|tch
Data run.,J'EVER;Y;THING LOOKS . .
42/GOCD ¥ o W AT, - W3 450 um (low bias due to high current)
Data run, EVERYTHING LOOKS
43 GOOD &= L3 27989 H H
Data run, EVERY_THINGLOOKS 2-3 blas pOIntS per Sensor
GOOD & L
44 CAENGEC02020.log 127551
Data run, EVERYTHING LOOKS . . .
50GO0D & % With trigger signals
h .
51 & o B wona [ But corrupted 6° Given the nature of the readout board, 4 electrodes
wole - w mimosa plane
" 39820 were read.

The analysis is restricted to one pixel of the matrix
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Cuts

time at peak
time at peak
3500 - Entries 25480
— Mean 109
- StdDev  39.66
3000(—
2500
2000
1500 —
1000—
500 —
0 : 11 1 | 11 1 | |1 1 | 11 1 11 1 | 11 j’ | | —!_L' 11 1 11 1 1 1 |
0 20 40 60 80 100 120 140 160 180 200

1) Tracks within time window

21/02/2024

trigger

trigger

== '-.'l — == ,
_ - 'ﬂ-l ]'_1_. -'.*l'r-‘: " B Entries 273174
.l'

w Mean x —7.78
—0.09979

Std Devx  0.8923
Std Devy  0.8801

15

10

7.5

2) Tracks inside the pixel
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First sensor - W13 1.3mm

Quite small MPV for the amplitude (as expected) 30 mV Very low noise <1 mV

Amplitude 0 Pad Amplitude 1 Pad =]

Moise 0 Pad Moise 1 Pad
58
s00f— TEAT Eniries T507
o -0.0001426 450| Mean 00001722
o 000753 Sid Dew__0.0005267
- 00|
Anif—
o 350)
. 30|
= 250)
a0f— 200
o 150)
100 -— 100|
o 50)
o 0% T TOBT D00z D002 D004 Doos
Moise 3 Pad Moise 2 Pad
200 = ==
[ Eniries, Entries
- Mean 00001806 450 Mean  0.0002037
- Sid Dav__0.0008187 Sid Dev__0.0005078
anf— 440]
r 350)
aoof— 300)
o 250)
200f— 20|
o 150)
o~ 100|
o 50)
fus B e X R TO0T D00z 0003 0004 0005

S/N for the single pad is good
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Taking a look at the data

1. W13 1.3 mm has smaller signals
o Although not ideal, it can be used for the reconstruction (rotated by 2.5 degrees)

2. The data from the first 450 um W7 is good (rotated by 1.7 degrees)
. High-enough signals and

*  Another data acquisition was performed in DESY with a similar sensor

3. The second 450 um W7 has really small signals, even if the bias is almost the
same as the first sensor

4. The fourth sensor (450 um W3) had issues and its signals are very low
cannot be used for reconstruction

21/02/2024 TREDI 2024
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W13 1.3 mm — Position Reconstruction

Reconstruction with charge imbalance

Correlations X Correlations Y

p%tCh A3 + A4 — (A]_ + Ag)

Treci = Leentre 1 k. 1
2 ijo Aj
'pitch Al + A3 - (AQ + A4)
Yreci — Yeentre + k'y 9 4
Z §=0 Aj

4041.1|||||||11||||||||||l||| 0

-04 02 0 02 04 06 08
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Amplitude 5 Pad

Noise 1 Pad

Noise 0 Pad

Amplitude 4 Pad

0.0008267

Noise 1 Pad

Entries

Mean
Std Dev

450

7507
000793

400
350
300
250
200
150
100

50

-0.0001426

Noise 0 Pad

Entries
Mean
Std Dev.

7507
-0.0002037

_Noise 2 Pad

Entries
Mean

0.0008078

Std Dev

Noise 2 Pad

Noise 3 Pad
i 7507
-0.0001806

Entries
Mean

0.0008187

Std Dev.

Noise 3 Pad
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S = S =

Amplitude 7 Pad

Amplitude 6 Pad

—755

-6
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17

775

T8

—7.85

79

—7.85 18 175 17 —765 76 755
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W7 450 um

Secondly, positions were reconstructed thanks to the information gathered at another test beam in DESY with a
similar sensor. SPS positions are extracted by comparing the pads amplitudes with the ones registered in the
DESY data (template)
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Comparison with TCT = 1.3 mm

TCT data was corrected, but the results are still comparable

RSD 2 Position Resolution - 1.3 mm
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TORINO

Comparison with TCT =450 um

TCT data was corrected, but the results are still comparable

RSD 2 Position Resolution - 450 pm
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RSD2 Gain
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