BbiICTpOAEUCTBYIOLLLUE KOOPAUHATHbDIE
AETEeKTOPbI BbICOKOTo pa3peLleHus: OT rasoBbiX
MUKPOCTPYKTYPHbIX AO MOAYNPOBOAHUKOBbBIX

AN .LLexTMmaH

Ta3osble aAeTektopbl, 0T MWPC Kk MPGD

[ Q30BbIN DAEKTPOHHbIM YMHOXUTEAL (GEM)

MicroMEGAS
[TOAYMPOBOAHMKOBbBIE MUMKPOCTPMMNOBLIE AETEKTOPbI
[MOPUMAHbBIE MUKCEAbHBIE AETEKTOPDI

AeTeKTOpr HO OCHOBE MOHOAMTHbBIX AKTUBHbIX MUKCEAEMN

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



[Q30Bble AETEKTOPDI [TOAYMPOBOAHMKOBBIE AETEKTOPSI

CTOMMOCTb 1-10 $/cm? 10-100 $/cm?
KOAMYECTBO <103 X0 103 - 102 X0
MATEPMAAQ

// 100 — 1000 MKM 1 = 100 MKM

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026




MHOTrOMPOBOAOYHbIE MPOMOPLIMOHAAbHbIE

Pbl
8 r., Axopax LUapnak (Georges

Charpak)
HobeAeBckasg npemma 1992 .
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cTpomncteo MWPC

AVHUM SKBUMNOTEHUMOAAOB U
CUMAOBbIE AMHMKN DAEKTPUYECKOTO
noas 8 MWPC
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MHOTonNpPOBOAOYHbIE MPOMNOPLMOHAAbHbIE

S
EEW

- g
g

o

B 30BMCUMOCTM OT MECTA OBOPA30BAHMS MEPBUHHOM MOHM3ALLMM MOXXHO BbIAEAUTD
TPU 30HbI MO BREMEHU ODPA3OBAHMA CUTHOAQ: DbICTPAS 30HA A, MPOMEXYTOYHAS
30HA B 1 mexgaeHHas 30Ha C.

CUrHaA ot
HOKAOHHOTO
TpeKa

|
100 nsec
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MHOTonNpPOBOAOYHbIE MPOMNOPLMOHAAbHbIE

IO0F ]

OBbeMHbIM 30PSA MOHOB,
HAOKQAMAMBAIOLLLIMXCS B

1 APeMdooBOM 3A30pE,
SKPAHMPYET SAEKTPMYECKOE
NOAE, YTO MPUBOAMT K

4 NAAEHUIO KOO OULIMEHTA
YCUAEHUI U

3O EKTMBHOCTU

1 permcrTpaumm.

S5

€ (%)

90+

B3

-10 A threshold

80 ] RN ] | I T S N

10° 10° 10°

Rate/sec. mm

P EKTUBHOCTb PETUCTOALMM B
ABUCMMOCTM OT MOTOKA YACTMLL
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MUKPOMOAOCKOBAOS FA30BAS KAMeEPA (Mmicro-strip gas
chamber (MSGC)
1989, Anton Oed

POBOAOYKM B MWPC HEBO3MOXXHO HATAHYTb C LLIOTOM MEHBLLIE 1T MM.
POBAEMA MPOCTPAHCTBEHHOIO PA3PELLUEHUS 1 ObICTPOAENCTBMA OCTAETCH

epa3peLIMMOMN.
HO 3AEKTPOAbI MOXXHO M3rOTOBMTb METOAOM AUTOTPATOMM HA U3OAMPYIOLLLEM
MOAAOXKE. ..

¥d

3 mm
-

% \
* -
!
] _ [ | [ |
¥c | ?p |V|: | ﬁ Y YVa
| | | | | |
I I I \ |
g I | | \ |
| 100pm | | 100 pm | | | 10pm
ﬁ ] [ =
i
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MIMKPOMOAOCKOBAS rA30BAA KOMEPA

WEC HEGC Gain-Fate Summ

CWD Diamond-coated glass

Relative gain

i MSGCY, ]
i GLASS 10° fa‘fm,

i

\K IMSGC ]
. GLASS 10'* 0 am ]

I I I 1
10° 104 10° 10° 107
Rafe (mm'2 s'lj

THQCUTEABHOE 3HAYEHUNE KODJOPMLIMEHTA
3QBOr0 YCUAEHMSA B 30BUCMMOCTU OT MOTOKA
ML, (dooToHbl 8 K3B) aad MSGC ¢
AMYHOM MOAAOXKOM

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO

MNOHHbBIM TOK YOCTUYHO TeYeT
Yyepes MOAYM3OAUPYIOLLLYIO
MOAAOXKY, MO3TOMY €€
MATEPUAA AOAKEH UMETD
AOCTOTYHO BbICOKYIO
SAEKTPOHHYIO MPOBOAMMOCTb

25.08.2026



MMKPOMNOAOCKOBAS rA30BAA KOMEPA

_

PQ3pylLeHME DAEKTPOAHOM CTPYKTYPbI
13130 MCKPOBbIX PA3PIAOB

AN.LLexTmaH AMCKYCCHMOHHbIM KAYD

[To1 HOAMYMKM B HOAETAIOLLLEM
NOTOKE CUABHO
B3OMMOAEMNCTBYIOLLIMX YOCTULL
(OAPOHOB) BO3HMKOET HEHYAEBAOS
BEPOATHOCTb NEPEXOAC
NPOMNOPLIMOHAABHOIO PEXMMA
YCUAEHMSI B UCKPOBOM MPOOOM.
2AekTpoabl MSGC,
M3rOTOBAEHHbIE MO
TOHKOMAEHOYHOM TEXHOAOTUM,
PA3PYLLAKTCH OT EAMHUYHOTO
Npobos.

25.08.2026



HoBOE MOKOAEHME MUKPOCTPYKTYPHbIX FA30BbIX AETEKTOPOB (MPGD)

1996, FA30BbIN DAEKTPOHHbIM YMHOXMTEAL (Gas Electron Multiplier,
GEM), Pabmo Cayam

1996, MicroMEGAS, dHnc Ackmomarapumc, Akopax Llapnak

Q30BbIM DAEKTPOHHbIM YMHOXMTEAb, CTPYKTYPA

AEKTPUYECKOTO MOAS U M30DPAXKEHME HO DAEKTOOHHOM
MKPOCKOMEe

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO 25.08.2026




[ Q30BbIM SAEKTPOHHbIM YMHOXUTEAD

DRIFT I——

ED DRIFT
GEM 1 STSTSOTOTORNEET
ET1 TRANSFER 1
GEM 2 s aaigon dipaiinaniios el
ET2 TRANSFER 2
GEM 2 —-—aSooCSoSoRSa8C
Ey INDUCTION
READOUT

X-COORDINATE

QY 9BASETCA PACNPEAEAEHHOU YCUAMBAIOLLLEM CTPYKTYPOM. [1OA HUM MOXKHO
PACHIOAQrATh PEMCTOUPYIOLLLYIO CTRYKTYPY AOOOM KOHJomrypaumm. 'Y MOXHO
PAZMOAAIATbh KOCKAAOM, HTODbI YBEAMYMBATL KOS AOMULMEHT YCUAEHMA. TAKXKE KACKAA
M3/HECKOABKMX [ DY MO3BOAIET CYLLLECTBEHHO CHMU3MTb BEPOITHOCTb MEPEXOAC
MPONOPLMOHAABHOTO PEXMMA YCUAEHMSI B MCKPOBOM NPODBOM, MOCKOABKY
DDOPULMEHT YCUAEHMA KAXKAOTO OTAEABHOTO DY B KOCKAAE HEBLICOK.

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



[ Q30BbIM SAEKTPOHHbIM YMHOXUTEAD

A‘Ofl 10.4
o
= 104 T ; . ". :‘ 10’5 §'
c riple GEM ' [
© H ' «©
O ] : ®
] 1 ©
2 ; : g 3
B ! _Double GEM 4
= : : : g
w ' : =
10° ¥ : 4 1062

10 107

360 380 400 420 440 460 480 500 520
AVG(V)

OPFEKTUBHbIM KODIADDULIMEHT YCUAEHUS (KOO DULIMEHT

YEUAEHUS, KOTOPbIN (BUAMT) CHMUTBIBAIOLLLASA CTPYKTYPA) U
POATHOCTb MCKPOBOTO PA3PIAQ B 3ABUCUMOCTU OT
npKeHmd HA DY B OAMHAPHOM, ABOMHOM U TPOMHOM Y

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026




[ Q30BbIM SAEKTPOHHbIM YMHOXUTEAD

" Wﬁm " s

> 00 | 4
- 1 | ,\* |
e * ~ a * |
© 002 \ \
© f
< \ H'
2 00m- «! '
a 1 'v
0,04 -

0,0 200 400 600 800 1000 1200
time inns

PYMEP CUTHOAOB, OOPA30BAHHbLIX HO AHOAE MPU PETMCTPALMM ABYX
3KMX TPEKOB SAEKTPOHOB. CUIHOA OBPA3YETCH NPU ABUXKEHMM
KTPOHOB B MHAYKLIMOHHOM 3030p€.
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[ Q30BbIM SAEKTPOHHbIM YMHOXMUTEAD

1.20
Ar-CO, 70-30
16 21000 | E_=E = 3.25 kV/cm —|—360V
: —e—355V
i [ E = 5.5kV/cm T TSI —a 350 v
18000 - = 350 V/cm s exxi P
_ 1o f—+ = Sh= it Eoner & —e-3s0v
= i S0 u" —#*—330V
S 090 ——SINGLE GEM € T T 11'1‘ 4
S AV, =-467V 8 Attt it ISV AC A Y
12000 !
g 0.80 Vouay™ - 2000V % R R . ./ ‘
o Ar-CO, (70-30) . (- ® o0 Higomme R
0.70 AL AR A L ER -
6000 4 gk‘~‘$~A’ =
0.60 - J I I R RSt M
Pulse Height i Current o J vy weyewyivewwY | ]
0.50 | e et 1 I
10° 10° 10 10° 10° 10’ — T — i —— . .
a2 10° 10’ 10* 10° 10°
RATE (s mm™)

Rate (Hz mm?)

MMOCTb KOSPMDUUMEHTA YCUAEHMI (OTHOCUTEABHOTO
YCUAEHUS) OT MOTOKA YACTULL (JOOTOHBI 8 K3B) AAS
OANHAPHOIO 1 TPOMHOrOo Y.
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MEGAS

Micromegas "

S0 -100pum
s

- - — —— MeTaAAMYECKAS CETKA

90-100um

~ CYUTBLIBAKOLLLOH
CTPYKTYpQ
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Micromegas fabrication aspects
Grids: Commercial available low cost choices

&tnlinlﬁréﬁt}. f}ectroformed grid Pilars (hf2§—200 um, t=50-300 wm)
Thickness=3 um, pitch =50 um , 25, 12.5um Photoresistive, kapton, glass....

Cloth grid (Fe, ....)
Thickness=20 pm

pitch =50 pm (500LPI)

Available in large rolls (1 m wide)

\ .4 s
1.3V VX3e 2808um \ 127 21 SEI
Y = "

’ 7
B k | J
E ’ e

° )
. )
3M Micromegas
i "’
? Sty
A )

v JHE ¥ g = -

1
. Glass etching

AMN.LLUEXTMOH AMCKYCCHMOHHBIN KAYO 25.08.2026
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NA48/KABES

* CP violation experiment in operation at
CERN from summer 2003 to end of 2005.
Flux 3x10%/cm?/s (107/cm?/s at hottest region)

* Principle : TPC + micromegas

* Fast, light and high rate BEAM detector

KABES in K12 (K*+K') beam line

Time resolution: 0.6 ns

-

Space
resolution from
drift time
measurement:

70 pm st
o R

(To)xases- (Todnca Spectrometer (ns)
Tagging with reconstructed K* ® p*p*p -

AMN.LUexTmaH AMCKYCCHMOHHbIM KAYO 25.08.2026
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YctaHoBkU NAD, roe npumeHatoTea [ Y-

e [letekTop KEAP

e YcraHoska JEVNTPOH

e TecToBbIN Ny4ok BIll1-4

e JlasepHbi nongpumetp BIll-4

e TopueBble gnckn KMIO-3 (paspaboTka)

AMN.LLextmaH ANCKYCCUOHHBIM KAYD 25.08.2026



PeayanaTb| N3MepeHna NpoCcTpaHCTBEHHOro paspelleHna JeTEKTOpPOoB
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The COMPASS Spectrometer

B > 2

Micromegas: 5,~90um SMZ/_/

_‘;_‘_“ e 4 ; . s i RN R “

b .
= e~ /‘

I
[

GEM: 6, ~70jifh""




COMPASS GEM

HONEYCOMB
3 mm DRIFT
GEM 1

GEM 2

GEM 3
2D R-O BOARD

HONEYCOMB

2 mm TRANSFER
2 mm TRANSFER
2 mm INDUCTION

CTpyKTypa AETEKTOPA
/

[TooCTaBKA mexay DY

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO

(DY Ha pamke 25x25 cm?
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CMS Compact Muon Solenoid

HCAL

Muon
chambers

Tracker

4T solenoid | Total weight: 12,500 t

\ : : Overall diameter: 15 m
Finst operation during 2008 Overall length 21.6 m

pp Gyllisions at 10. TeV. CM energy in 2009 Magnetic field 4 T

25.08.2026




The CMS GEM Project

Inst=l! triple-GEM detectors (double stations) in 1.6<|n|<2.1-2.4 endcap region:

v" Restore redundancy in muon system for
robust tracking and triggering

v" Improve LI and HLT muon momentum
resolution to reduce or maintain global muon
trigger rate

v" Ensure ~ 100% trigger efficiency in high PU
environment

n o1 0z o3 04 04 06 07 (k] 09 i0 11
B B43  TREE AT &r.7"  E2E" 7 E" s2.p" 4047 443 4047 50 n o

x AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026




1st GE1/1 Detector (2010)
Shielding // 52 ~ BN

B ,
Openings for % >
VFAT electronics 5
- g
Readout (PCB w/ ‘
256 strips) &
Frame \\

GEM
Foils

Drift _
plane ™
Al frame
with gas distrib.
grooves

HV
divider
Spacers

mm Al base plate

* Largest GEM built at that time;

active area 990 x (220-455)mm?

= Gap sizes:3/2/2/2 mm

* Single-mask foils with spacer frames

* 35 HYV sectors per GEM foil, ~100cm? each

* 1024 channels; 4 n partitions, 2 columns; 0.8-1.6mm strip pitch
* |ID readout

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



~

p.. | Aging test @ CERN GIF

A CMS GEI/I detector was installed in the
CERN GIF; detector performance and
environmental & gas parameters monitored:
O Ensure long-term operation inside CMS

[ Understand effects of radiation on the materials
1 Understand ageing origin (if any) and propose

solutions
~ LHCb
=
%3 1 @“ﬁ?ﬁ?ﬂw% o T "';,,%
~J
—g oA
=
= o5
o EM
cMS high-1 c:ed charge N
ax. integra Gairf of 2x10*
K 50 M""Z/sz x-l'GYS, GEM settings:
s 10-davsi=-—>-20 Clem?
- R 1) A SRR ﬁn#egm#ed Drift: 3 kV/cm, Others: 3.5 kV/cm Induction: 5 kV/cm
N oy e [t IR ONNORS. . | SO Jny.. Iawaey, S| - Gain: 8 * 10% — 10% Gas mix: Ar/CO,/CF, (45:15:40)
Lol 2.5 5 7.6 1Q 12.%5 15 17.6 20 22.% a6

Integrated charge {C//cm?)
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3AKAIOMEHUE (FO30Bble MUKPOCTPRYKTYPHbIE AETEKTOPBI)

[Q30BblE MUKPOCTPYKTYPHbIE AETEKTOPbI MO3BOAAOT U3MEPATb
KOOPAMHATBI OOTOHOB MITKOTO PEHTTEHOBCKOIO AMAMNA30HA U
TPEKOB 3APMDKEHHbBIX YOACTULL C TOYHOCTBIO 50-100 MKM 1 BDEMEHHbBIM
paspelueHmem 1-10 HC

BoicTpoaencTeme MPGD aocturaet 100 HacTm/MMm2C

PAAMQUIMOHHbIE MOBPEXAEHUS (CTAPEHUE) HE OOHAPYXXEHBI AO
BEAMYMH NOTOKA 3apPsA0 20 KA/CMm?

MEPEHHAS CTOMMOCTb ITOM TEXHOAOTMM MO3BOASET CO3ACBATH
AETEKTOPHbIE CUCTEMbI MAOLLLOABIO A0 ~100 m2 (CMS, ATLAS)

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



[TOAYMPOOBOAHMKOBLIE AETEKTOPbI

MAaTepmaAsbl.
O KpemMHumm — LLUMpUHA 3anpeLL.eHHOM 30HbI 1,12 3B
[ePMAHUM — LUMPUHA 3anpeLL.eHHOM 30Hbl 0,67 3B

0 ApCEHMA TAAAMS - LUMPUHA 3anpeLLeHHOM 30HbI 1,35 3B

Si Ge GaAs
EG[eV] 1.12 0.67 |25
n:(300 K) [cm—-3] 1.45 x 100 2.4 x 10'3 1.79 x 109
n(77 K) [cm=3] 2.30 x 10720 3.17 x 107 7.74 x 10732
P-N NEPEXOA OXAQXKAEHME MMIAQHTOLMA Cr
obeAHEHHOS 30HA A0 77K pabota npm 300K

pabota npum 300K
AMN.LLextMaH AMCKYCCUOHHBIN KAYO 25.08.2026




[TOAYNPOOBOAHMKOBbIE AETEKTOPI

[ToenmyLLLecTsq:
[TPOCTPAHCTBEHHOE pA3pELLEHME AO ~1 MKM
bbICTDOAENCTBME M BPEMEHHOE pa3peLleHme (coop 3apsaa ~1-10 HC)

OTCYTCTBYET ra30BA% MHAOPACTPYKTYPA

ICOKOe HanpaxkeHme ~100 B, aHe 1 kB - 5 kB
HehAocTaTtku:

CrommocTb — 10-100 $/cm?

POAMAQLMOHHAS CTOMKOCTb ¢

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



BOJHUKOBbBIE IIPUOOPHI:
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BOJHUKOBbBIE IIPUOOPHI:
0/1, INOJ] — TeHePALUA TOKA
an perucTpanyuy HOHU3UPYIOIIUX YACTHII

ot

xspatial charge
region

3JIEKTPOH4IBIPOYHAA MAapPa CO31aeT TOK
npu apeide B 00eAHEHHOU 30HE

(DC-coupled)

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO

YeTpoiicTBO MUKPOMOJI0CKOBOIO IETEKTOPA
C p-n mepexoaaMH W MeTaJJInYeCKHMH
MOJIOCKAMHU B KOHTAKTE C P-UMILUIAHTAMHU
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Belle Il BepwnHHbIN aeTekTop VXD

4 CAOS KPDEMHMEBBIX MUKPOMOAOCKOBbLIX AETEKTOPOB (SVD)

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO 25.08.2026




Belle Il BepwunHHbIN aeTekTop VXD

Trapezoidal

Large rectangular

gular

Small rectan

768
512
50-75

768
512
75

768
768

side

Readout strips P

side

Readout strips N

50
16

122.90 x

Readout pitch P-side (um)

240
122.76 x (38.42 — 57.59)

240
122.90 x 57.72

0

Readout pitch N-side (um)

.55

38

%)

mm

(

Sensor active area
Sensor thickness (um)

300
Micron

320

Hamamatsu

320

Hamamatsu

Manufacturer

sided silicon strip sensor types used in the SVD. All sensors have

ails of the double

Table 1. Geometrical det

g strip between two readout strips.
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Belle Il BepwnHHbIN aeTekTop VXD

Figure 96. Photo taken during the VXD installation in the Belle II detector: installation of the VXD in
the Belle II detector. The slide guide installed in the Belle II detector using the slide guide installed in the
forward partiefBele Uyickyccronmbin kny6 25.08.2026




Belle Il BepwnHHbIN aeTekTop VXD

— 40 — 40
E C - E L -
£ Belle Il - SVD e £ Belle Il - SVD .
2 B/ L3.x.x WP side sensors 2 35— L456 % x WP side sensors
‘3‘- e Data: few runs of exp 14, — data 'é E Data: few runs of exp 14, data
o ap— candidate di-muon events - ag— candidate di-muon events
sk MC: di-muon events + BKG E] E MC: di-muon events + BKG
25 25
20 20
15 15
= | = —_—
10— - - 10— [
:||||||||||||||||||||||||||| :nu|||||||||||||||||||||||||
%0 R
incident angle (deq) incident angle (deg)
E 1] E &0
£ Belle Il - SVD e £ Belle Il - SVD e
§ sl L3.x.x vw/N side sensors § sol- L456.x.x vIN side sensors
S Data: few runs of exp 14, — data S Data: few runs of exp 14, data
ﬁ_ C candidate di-muon events § C candidate di-muon events
S o MC: di-muon evenis + BKG T MC: di-muon events + BKG
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| E— — 20— - —
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1] 40 40
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Figure 139. Cluster position resolution as a function of the track incident angle for data and MC simulation.
In the upper row u/P side results for layer 3 (left) and layer 456 barrel sensors (right). In the lower row v/N
side results foxdlayer Adeftrand-layer456 barrel sensors (right). 25.08.2026




[TOAYNPOBOAHUKOBbLIE MMKPDOMOAOCKOBbLIE
AETEKTOPLI B AP

KOOpAMHATHBbIE AETEKTOPbI PEHTFEHOBCKOIrO U3AYYEHMUS C
BpeMeHHbIM paspelueHuem (AAsa KM CKUP, ctaHuums 1-3, cekuums
«Maasman):

GINTOS — AETEKTOP MHTETPUPYIOLLLETO TMNQA, CEHCOpP
GaAs:Cr, 1024 kaHaAa, wiar 50 mkm

SCICODE — AeTekTOp NPAMOro cHeta dOOTOHOB C
SHEPreETUHECKMM M BRDEMEHHbBIM PA3PELLIEHMEM, CEHCOP Si,
1024 kaHaAQ, ar 50 MKm

KoopAMHATHbIE AETEKTOPbI AASl U3YHEHUSA ObICTPONPOTEKAIOLLLUX
npoueccos (LKM CKU®P, cTtaHuua 1-3, cekumun cAMHaOMu4eckme
npoLwecchbin):

DIMEX-Si — OAHOKOOPAMHATHbBIM AETEKTOP, Si ceHcop, 2048
KQHAAOB, LLIAT 50 MKM

DIMEX-Si2D — ABYyXKOOPAMHATHbIM AETEKTOP, Si ceHcopsbl, 5120
KAHAAOB, LLAr 100 MKA

BHyTpeHHUU Tpekep KMA-4:

12 ABYCTOPOHHMX Si ceHcopoB 22x100 mm, iar 50 mkm no phi,
250 mKm 1o Z, ~10000 kaHaAOB (0BCyXAeHUE)
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[TOAYNPOOBOAHUKOBLIE
MUKPOMOAOCKOBbIE AETEKTOPbI B
NAP
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SciCODE = moayab permctpaumm

% et *

GINTOS

MoAyAb
pPermcTpaLmm

ASICs DMXG64C

] " "

ASICs SCICODE64C =
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[TOAYMPOBOAHMKOBbLIE MUKPDOMOAOCKOBbLIE
AETEKTOPLI B NAP
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GINTOS — n30bpaxeHmne HeNPO3PAYHOTO KPAs Mpom3soaHAs, FWHM = 20.5£0.1 Mkm
CHM Ha B3! II1-3, CpeAHas aHeprmg B cnektpe ~17 k3B
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MHTErpadbHbIX paclpeaereaniic DuepreTnacokoe paspelieHue ~5 k3B MI'L npm 10% NPOCHETAX; 2024
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AETEKTOPbI MPAMOTo CHYEeTa OOTOHOB

- [TMKCEAbHbIM (MATPUYHbIN) AETEKTOP
MMOBbIN AETEKTOP i

AHaA permctpalum C— .

Sio, Indium
n Readout Chip

PAUMN-YUM CBAPKA
N

Read Out

1]

X-rays o} X-rays
Yy POPMYGH  Komn. | Cuerwmk 1 = §| Mythen, SCICODE, Pilatus,
P = - &| Eiger, Medipix
~ . . g
— Komn. n Cyetimk n = *
34y POPM.YA.
e ALLT vAM/u BLLT :> AMOAUTYAQ MAK TOT, TimePi
~_ BPEM.METKA, HOMEP KAHAAQ \/IrI\n/\f/\,l?ger
AMN.LLextmaH Av\c. YCCUOHHbIN KAYO 25.08.2026
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e Adi.Gain  Threshold V
. X ¥ o
Figer —ier 1

OB | J_

- 1 rAOBAABHbIM NOPOT EE -— |
+
- 6-6ut LLAT/ pixel | |:|1

- 75 X 75 mMxm?2

- 256 x 256 nukceaen

Ld LLlym 100-200" " RMS

- KoHdpourypuposaHue: 4/8/12 6UT cHeTinKa

- YacTtota 3anmcu kaapos: 23/11/8 'y, Elg er N\OAY/\b C

RIS ) o= vopEoS Bpems DAEKTPDOHMKOM CHMTBIBAHMS
- EIGER: 200-600HC (3QBUCUT OT PEXMMA YCUAEHMS) 663 CeHCOpG

OANH CEHCOP 4X8 CM? /
TOALLUMHA CEHCOPA 320 MKM .
CMNEUMAANINPOBAHHAA CUCTEMA CHUTBIBAHNA {

HEPE3 10rb/C ETHERNET
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eTeEKTOP OOAbLLOU MAOLLLAAM MOXET OblTb HOOPAH M3 MHOTUX
MOAYAEM

®» HAAroAQpsa «NAPAAAEABHOMY) AM3AMHY MPOOM3BOANTEABHOCTb
27mm CUCTEMBbI HE 3ABUCUT OT KOA -

102
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2500

2000

1500

1000
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24 x23 cm
3072 x 3072
pixels

0 500 1000 1500 2000 2500 3000
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['OpuHBII MaTPUYHBIN AETEKTOP
AJIEKTPOHUKA MHTETPUPOBAHBI HA

OIHOM KpHUCTAJIIC

Si sensor, d=320 um Readout Chip

NWELL DIODE NMOS TRANSISTORS IN PWELL

ELECTROSTATIC POT ENTIA%

DISTANCE.,
-
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ha MOII

{a) V=0
(b) V<O
ey V=0
(d) V==0
(e} V=20

Metal DOxide

)0OBOTHUKOBbBIE NIPUOOPHI:

p-MOII
Semiconductor
bepopphopLeeD
cebhpedopbped
bobagdadbsbads,

Flat band
condilion

pB bepb B
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omaogosabpgh
aﬂﬂeeaﬂﬂﬁ a’d
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Deep depletion
(nonequilibrium)

AMQQ
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weooooedbpbagda,

Inversion

|_.
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coctosinum deep depletion MOII siueiika Mo:xkeT padoTaTh KaK AETEKTOP

& Springer-Verlag Berlin Heidelberg 1999, 2007
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OAOLMSA LLMAOPOBOM BM3YAAM3ALLMM

Digital imaging began with the invention of the
Charge-Coupled Device (CCD) in 1969

Start of the the digital imaging revolution

Boyle and Smith’s invention improved commercial
and consumer products for decades and is one of the
most important technological innovations of the past
half-century

Since its inception, digital imaging has progressed
through improvements in CCDs and with the
emergence of Complementary Metal-Oxide Silicon
(CMOS) Image Sensor technology

Since 10 years CMOS has become the leading
imaging technology driving the second golden age ...

Nobel Prize in Physics 2009
Willard S. Boyle and George E. Smith "for the invention of an imaging semiconductor circuit - the CCD sensor.”
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Ol matpuubl (CMOS image sensor, CIS)

CMOS Image Sensor Integrated Circuit Architecture

.......

......

.........

.......

-------

Digital Logic (Interface, Timing, Processing, Output) Figure:1

Source: Olympus (optical microscopy)

camera phones, vehicles, machine vision, human recognition $20 Sales ($E) ——Units (8) it

and security systems
= drive CMOS image sensors development and sales
cellular camera phones account for 62% of the sales

90% of the total image sensor sales in 2017
it was 74% in 2012, 54% in 2007

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO

(Re)-invented in the early ‘90

All-in-one: Electronic Camera On Chip
Standard CMOS technology
= |lower production cost significantly
= simpler integration of complex functionalities

Very small pixels (today ~1um, 40M pixel)

Single low-supply and much lower power consumption

Increased speed (column- or pixel- parallel processing)

CMOS Image Sensor Sales March Higher into Next Decade

314 2012-2017 CAGRs
$16 T Sales=11.9% Units = 17.9%
$14
$12
$10
S8 $7.1
S6

$13.7
$12.5

$10.5

2017-2022F CAGRs
Sales = 8.8% Units =11.7%

$4.0

Wordwide Market ($B)

07 08 09 10 11 12 13 14 15 16 17 18F 19F 20F 21F 22F
Source: IC Insights

25.08.2026
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KMOI maTtpuubl (CMOS image sensor, CIS)

Microlens

Front-illuminated structure back-illuminated structure
Amplifier g == 5 Red Color
Transistor v = —— — .
= = - = Filter On-chip lens
Column > g Reset ]
Bus Tranm < /_Tra i Golor fite®
. \ - 3 - Ph
: - = oto-
- Select%?; = diode Substrate
g ] | n
i P 2 C I T B
Silicon Well = ]
Substrate Substratel Photo- B8 BEE BEE  Mefawiing
diode O .
Source: Olympus
10000.000 ; Incident light
1000.000 : Microlenses [ On chip lens
_ Color filters [ Color filter
€ 100.000
2 Si Surface
£ - Back side
©  10.000 |
§ : * c Metal interconnects
S 1000 : | absorption depth Si substrate
B : ' visible light):
g 0.100 ‘ ( g ) A
; ! = [ tal rlnc E
0.010 : : 10nm Sl"l’m Photosensitive layer § A OO0 ﬁ A AL TAAAS
0.001 i

200 300 400 500 600 760 800 900 1000 1100
Wavelength (nm)
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Crpykrypa CIS nmMkceAs

The photodiode usually occupies 20-30% of the pixel surface ... the rest if occupied by the in-pixel electronics

3T Pixel 4T Pixel

Column bus RD SFD

Ml
°_| Follower AP _": _l
@
Select line J_ —|—

L |: M2
=
Photodiode i . Select

Pinned

i | photodiode |
B Column

Select Transistor = Bus

Pixel M3 ! —I_

J 'dd AN ’dd

Reset Transistor

n

“integration time” = “exposure time”, time between two consecutive reset pulses

Today, more complex structures (5T, 6T, ...) are also commonly used

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO 25.08.2026




Ol matpuubl (CMOS image sensor, CIS)

Typical CMOS Image sensors ? ¥ * i
supports column- or pixel- o - - - .
parallel readout S PS PA P Pixel
’ @ * ° Array
-® o -® -0
Row 4 o o
Address N AT Y R ey
Decoder - ! . &
® ° 2 ®
v * 2 ?
-9 . = @
. . . .
; Sto
Global Shgtter | Rolling Sthtter | aztc?r:ss addrjss Sample & Hold Output

Column ADC
Address

Generator
Column Scanner
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Permctpaums 3aps>KEHHbIX YOCTML, CEHCOPAMM C
bIMM NMUKCEAIMM (active pixel sensors, APS)

In a standard CMQOS image sensor (in the early days) the photodiode is implanted in low-resistivity silicon

Depletion region is shallow,
charge collection efficiency is

low

Moreover the detector

element covers only a small

fraction of the pixel area

... hot suitable for the
measurement of single
charged particles

ionizing particle

Routing layers (metal layers, SiO,), passi\,{étion
' a few um

NMOS TRANSISTOR DIODE ~ NMOS TRANSISTOR NMOS TRANSISTOR

~1pm

few hundred pm

Substrate P** ~80 e-h /um

AMN.LLUEXTMOH AMCKYCCHMOHHBIN KAYO 25.08.2026



Permctpauma 3apaKeHHbIX YHOCTUL, CEHCOPAMMU C
HbIMM MUKCEAIMM (active pixel sensors, APS)

Use of an epitaxial layer with doping few order of magnitude smaller than one of the p++ substrate

Potential barriers exist at its

boundaries
kT N
v, = — In sub
q Nepi

kT NPWELL
= —pn—2E
q Nepi

which keep minority carriers
confined in the epi-layer ....

ionizing particle

Routing layers (metal layers, Si0,), passiv,étion

Substrate P**

v

~80 e-h /um

... till they reach the depleted region underneath the NWELL collection electrode

AN.LLUexTMOH AMCKYCCHOH

ionizing particle

Routing layers (metal layers, SiO,), passi\{étion

DIODE

NMOS TRANSISTOR

NMOS TRANSISTOR |

PMOS TRANSISTOR

Substrate P+

L R

....... i NWELL
! T ' 1 =)
) depleted | L ! 1 '
S — Y 4 (——
Epitaxial LayerP - . .1:
....... e
e ® Sensitive volume

Back-thinning to reduce material budget

; a few um
NMOS TRANSISTOR ~ DIODE  NMOS TRANSISTOR / NMOS TRANSISTOR
O ~1lpm

PWELL | NwELL PWELL [ | NWELL PWELL 1 NwELL

i k ! 1 r A

1 depleted ! L : Vy, [

L ! '. __________ ! N I

Epitaxi R . up to 20-25um
pitaxial Layer P- o ..__.— @
‘. v Sensitive volume

few hundred pum

a few um
I ~1lpum

up to 20pum

Total 50 pm
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[ToMEHEHNE MOHOAUTHBIX CEHCOPOB C AKTMBHbLIMM
AIMU (MAPS) AAS PETUCTPALIMM 3APIKEHHbIX

NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH
ELSEVIER Nuclear Instruments and Methods in Physics Research A 458 (2001) 677-680 $
www.elsevier.nl/locate/nima

]
A monolithic active pixel sensor for charged particle tracking E
and imaging using standard VLSI CMOS technology o
I
R. Turchetta®*, J.D. Berst®, B. Casadei®, G. Claus?®, C. Colledani®, W. Dulinski?, é
Y. Hu?, D. Husson®, J.P. Le Normand®, J.L. Riester®, G. Deptuch™!, U. Goerlach®, G NWELL DIODE NMOS TRANSISTORS IN PWELL
S. Higueret”, M. Winter® @ DISTANCE,
*LEPSI, IN2P3/ULP, 23 rue du Loess, BP20, F-67037 Strasbourg, France
“[ReS, IN2P3/ULP, 23 rue du Loess, BP20, F-67037 Strashourg, France
In a standard CMOS image sensor the photo diode is Integration of a sensor in 0.6um CMOS process
integrated in low-resistivity silicon: * Twin (P and N) tubs
= Standard CMOS substrate * Implanted in lightly doped (P") epitaxial silicon layer
= Depletion region is shallow, charge collection * Grown on top of the highly doped (P**) substrate
efficiency is low
Moreover the detector element covers only a small The charge collection diode is made of the junction

fraction of the pixel area between the NWELL and the P-type epitaxial layer

AMN.LLextMmaH AMCKYCCUMOHHBIN KAYO 25.08.2026



Pa3zBuTHEe CeHCOpPOB Ha OCHOBE akTUBHBIX nukcenen (CMOS APS) —

p-type crystalline epitaxial layer hosts n-well charge collector

Signal is generated in a high-resistivity (> 1 kQcm) epi-layer
~20um thick (larger values possible)

Early versions with thin and low resistivity epi-layer
R&D mostly with AMS 0.6um and 0.351m technology

Only one transistor type in the active area (NMOS)
= 2T or 3T in-pixel circuit

= Rolling shutter architecture for matrix analogue readout

epi-layer not fully depleted
= Charge collected (mostly) by diffusion and drift

= Typical charge collection time < 100ns

Sensitive to radiation induced displacement damage in the epi
layer = ok for applications with up to ~ 1012 1MeV N.,/cm?

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO

AMP

Rolling Shutter Architecture |

qw&&umuﬁ’$
—HEEFEREBEERERR

B [

LHCHCHCHCH LI CH G shutter

(H CH O O OH CH O O

S R RS

AR A A A A A

SUZE (Zero Suppression and Encoding)
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Process: AMS 0.35um twin-well CMOS

Rolling Shutter Architecture b

ITepBoe npumenenune geTeKTopoB ¢ akTUBHBIMM KMOII nukcenssmu
pHBIN JieTekTop B akcriepuMenTe STAR (RHIC, BNL)

AMP

Matrix
- pixel size: 20.7 pum x 20.7 um

- 928 rows x 960 columns ~ 1M pixel

- in-pixel circuit: 2T structure

- Correlated Double Sampling

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO

(NMOS only in pixel arra;)cmizIng _ DZD_ O Oh O O O O
[ oreny, - EREEREERRR

(H O CHEH G CH O ULTIMATE :
ololooloddo (MIMOSA 28) ~ é
L O O 0 0 04 O] O i R
=== e ; j
NV VNV V VYV ”

courtesy of PICSEL group (IPHC) ‘ SUZE (zero Suppression and Encoding) |

courtesy of PICSEL group (IPHC)
20 um high-resistivity p-epi layer (~ 800 € cm) Periphery

end-of-column discriminators and zero suppression
ping-pong memory for frame readout (1500 word)
2 LVDS output @160 MHz
185.6 us integration time

~160 mW/cm? power dissipation
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Texmponiecc INMAPS

|

“Monolithic Active Pixel Sensors (MAPS) in a Quadruple Well Technology
for Nearly 100% Fill Factor and Full CMOS Pixel”

NMOS Diode NMOS PMOS
R. Turchetta et al., Sensors 2008, 8, 5336-5351; DOI: 10.3390/58095336 by
Deep P-Well

Standard CMOS with additional deep P-well implant Quadruple well technology
100% efficiency and CMOS electronics in the pixel

PIMMS —for TOF mass spectroscopy CHERWELL — Calorimetry/Tracking

- )\} - ’ { ................................................
] e o s — =esa
A \a :

MR ——-

50pm pixel 48 wm x 96 um pixel

70um pixel 27 pmx 29 pm pixel
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Pa3zButne texnonorun KMOII aktuBHBIX nkcenen (1999-2015)

Owing to the industrial development of CMOS imaging sensors and the intensive R&D by HEP community ...

Mimosa-26
2.7 cm?

elescope)

... several experiments have selected CMOS APS (STAR, ALICE, CBM, NICA MPD, sPHENIX, Mu3e)
... and now intensive R&D ongoing for HL-LHC (ATLAS) and LC

' 2014 - First CPS Detector

STAR HFT CBM MVD ALICE ITS Upgrade (and MFT) sPHENIX
0.16 m2 — 356 M pixels 0.08 m%— 146 M pixel 10 m2 - 12 G pixel 0.2 m2— 251 M pixel
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eaHcop ALPIDE

|

CMOS Pixel Sensor using TJ 0.18um CMOS Imaging Process collection slestrode
NWELL NMOS PMOS
DIODE TRANSISTOR / TRANSISTOR
- i o
l J L PWELL /l NWELL
; \\\“‘\‘ Ny~ 10t
LN A “DEEP PWELL 2 x 2 pixel
i e volume Artistic view of a
N~ 103

SEM picture of
ALPIDE cross section

Epitaxial Layer P- - b

Cin=5fF Ay
pixel capacitance =5 fF (@ V,;, =-3 V) g o

\ Q;, (MIP) = 1300 e = V = 40mV

» High-resistivity (> 1kC2 cm) p-type epitaxial layer (251um) on p-type substrate

» Small n-well diode (2 um diameter), ~100 times smaller than pixel => low capacitance (~fF)

» Reverse bias voltage (-6V < Vgg < OV) to substrate (contact from the top) to increase depletion zone
around NWELL collection diode

» Deep PWELL shields NWELL of PMOS transistors =» full CMOS circuitry within active area
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512 rows

zero suppression

1024 pixel columns
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signal processing
circuitry integrated
in pixel matrix

Asynchronous
matrix readout
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Bias, Data Buffering, Interface

periphery

ALPIDE

30mm

50um thick

d

pixel matrix

4 pixels

15mm

Matrix Layout
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- Jepoous Aoug

g

*
L3¢

kcenbHbIN aeTekTop dkcnepumenTa ALICE (ALPIDE)

130,000 pixels / cm? 27x29x25 pm3
charge collection time <30ns (Vp, = -3V)
Max particle rate: 100 MHz/cm?
fake-hit rate: < 1 Hz/ cm?

power : =300 nW /pixel (<40mW/cm?2)

Pixel Layout

— e o oy

™ Collection
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L. Musa (CERN) — VCl, Vienna, Feb 2019
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[Iukcenpnbin aerekrop s3xcnepumenTa ALICE (ALPIDE)

Outer Barrel Stave (1.5mlong) =

‘x/ ‘». ‘ . % .") |
Wil )

Aluminum (14.2%)
Glue (5.5%)
—— Water (9.7%)
Kapton (24.5%)
| —— Carbon (26.5%)
- Silicon (13.8%)

| —— Other (5.8%)
| Mean X/X0 = 0.358%

|
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i 'EV!M'E L

0 0.2 0. 0.6 0.8
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¢ (rad)
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owerlJazz

|

A process modification for CMOS Active Pixel Sensors (side activity of ALICE R&D)

A possible solution to achieve full depletion of the sensitive layer combined with a low capacitance

electrode s to implement a planar junction separate from the collection electrode

DEPLETED ZONE

P= EPTAXIAL LAYER

Standard Process (+DEEP PWELL)

NMOS PMOS

very low reverse CE bias

depleted zone

nwell collection
electrode

[IoTHOCTBIO OOETHEHHBIE MOHOJUTHBIC AKTUBHBIC TTUKCEIH C
TPOAOM MaJOTo pazMepa — MOJIU(pHUKALMS TEXITPOIIEcca

higher reverse CE bias

depletzd zone

p- epitaxial layer

depletion boundary

Modified Process with low-dose n-type implant (+DEEP PWELL)

The process modification requires a single additional process mask with no changes on the sensor and circuit layout

For details on process modification and experimental results: W. Snoeys et al. NIM, A 871C (2017) pp. 90-96

The ALICE test vehicle chip (investigator) and prototype ALPIDE chips exist with both flavors

AN.LUexTmaH AMCKYCCHMOHHbIM KAYO
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[TpoeKTbl B pA3pABOTKE M B Mpouecce 0DCYy>XAEHUS.

AeTekTopbl AAd dkCcnepumeHTos ¢ CH Ha CKNPe:

SciCODE, DIMEX-Si, DIMEX-Si2D (Si MMKPOCTPMMNOBLIE
CeHcopbl + HOBble ASIC)

[MOPUAHBIM MUKCEAbHbBIM AETEKTOP (MUKCEAbHBIE CEHCOPSI
13 Si m GAAS + nmkceabHbin ASIC)

BH fpeHHMﬂ Tpekep KMA-4 (ABYyCTOPOHHME Si MUKPOCTPUMOBLIE
eHcopbl + HoBbIM ASIC)

AETEKTOPbI AAT MOHUTOPA OOTOHHOTO nyd4ka Ha UKU (Si m GaAs
MUKPOCTPUMOBLIE CEHCOPLI + HOBbIM ASIC)

TopLueBble AMCKM AAT KMA-4 (ra30Bble MUKPOCTPYKTYPHbIE
AETEKTOPbI OOABLLIOTO pasmepa + HoBbiM ASIC)

KOMMAKTHAS BPEMI-MPOEKUMOHHAL KaMepa AAq CHA
(TopLEeBble AETEKTOPLI HO OCHOBE FA30BOM MUKPOCTRYKTYPHOM
TEXHOAOTMM + +HOBBIM AUKCEAbHBIM ASIC) 25.08.2026
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