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Why do we do, what we do

Telescope usage:
e Study of several sensor prototypes

— Test beam campaigns at several facilities
like DESY, PSI, MAMI

e Modular and compact design
Requirements:

e High rate capabilities

e Good timing and spatial resolution

o Ulta-low material budget

e Long life — radiation hardness
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High-Voltage Monolithic Active Pixel Sensor

Commercially available processes:

e HV-CMOS processes up to 120V

e AMS 180 nm & TSI 180 nm
Characteristics:

e Low-ohmic substrate (10-200 2 cm)

e Deep n-well diode is reversely biased

(1. Peric, P. Fischer et al., NIM A 582 (2007) 876)

Monolithic design: — ~10-30 pm depletion allows fast
e Active pixel matrix & readout in one charge collection via drift
entity e Chips can be thinned to 50 ym

e In-pixel eletronics
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Telescope Concept

e 4 to 8 Layers + 2 scintillating tiles for time

reference Mother PCB:
e Reference layers and DUT can be of different sensor e Interface for insert-able PCBs
type — b different sensor types implemented so far of different sensor prototypes
Tie PoBS e Connection via SCSI-III with
FPGA board FPGA
\ PC SCSI/HSMC adapter cards:

e Interface between Mother

PCB/ time reference data to
SCSI/HSMC FPGA
adapter cards

Mother PCBs

[A.Herkert]
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Readout: From Sensor to Disc

Reference 500 MHz FPGA Readout PC
time clock |
Reference time
Sensor Rx | | Unpacker
8b/10b GrayBin - )
Multilink Hit Data
Readout [ |
Sensor Rx | | Unpacker PCI
8b/10b GrayBin Interface: Readout Data Storage
polling Thread HDD
or
Sensor Rx || Unpacker DMA
8b/10b GrayBin 4101
Mgltlplexer B Frame packer/
R U Ker Hit sorter e iy Frames
Sensor X | ] Pnpack Monitoring
8b/10b GrayBin Thread
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Telescope Performance

e MAMI Beam used as stress test (DMA used)
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— Up to 10 MHz particle rates (80 MHz hits) 2
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2]

[2] S. Dittmeier, Fast data acquisition for silicon tracking detectors at high rates, PhD thesis, Heidelberg University, 2018
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Telescope Performance

@

e MAMI Beam used as stress test (DMA used) Eip
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— Up to 10 MHz particle rates (80 MHz hits) =

e Writing time limited by HDD to &~ 100 Mbit/s % :
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[3]

[3] L. Huth, A High Rate Testbeam Data Acquisition System and Characterization of High Voltage Monolithic Active Pixel Sensors, PhD thesis,
Heidelberg University, 2018
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Telescope Performance
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e MAMI Beam used as stress test (DMA used)
— Up to 10 MHz particle rates (80 MHz hits)

e Writing time limited by HDD to &~ 100 Mbit/s

e Monitoring processes up to 500 kHits/s
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[3] L. Huth, A High Rate Testbeam Data Acquisition System and Characterization of High Voltage Monolithic Active Pixel Sensors, PhD thesis,
Heidelberg University, 2018
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Telescope Performance

e MAMI Beam used as stress test (DMA used) :f? i " onine
— Up to 10 MHz particle rates (80 MHz hits) % 09 F
e Writing time limited by HDD to ~ 100Mbit/s  >°F
e Monitoring processes up to 500 kHits/s @ o7 ;
e Full online reconstruction tested with 0 ; DDDDD
22.5kTrack/s (limited particle rate) 0.5 E thredhold step§
— Tested for individual runs for different o4E T
threshold steps 0.3 * e \

v e v e e b e b e e
= Online & offline efficiency are identical 200 210 220 230 240

3]

[3] L. Huth, A High Rate Testbeam Data Acquisition System and Characterization of High Voltage Monolithic Active Pixel Sensors, PhD thesis,
Heidelberg University, 2018
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Test Beam Highlights



MuPix8 vs. ATLASPix1 vs ATLASPix3

Matrix Pixel size  Active area  Substrate Comparator ToA+ToT LVDS

[pixel] [um?] [mm?] [©Qcm] [bits] links
MuPix8 128x200 81x80 10.37x16.0 20, 80, 2 in digital 1046 3+
200 partner cell Imux
ATLASPix1  25x400 130x40 3.25x16.0 20, 80, NMOS?/ 1046 1
200 CMOS?
ATLASPix3 132x372  150x50 19.8x18.6 200 NMOS 1047 1

e MuPix8 & ATLASPix1
produced in AMS ah18

e ATLASPIx3 produced by TSI

1Simple 2IsoSimple

T - A gy Thive
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ATLASPix_Simple Irradiation Study

luncooled nitrogon flow

nitrogen filled box

e Irradiated samples are tested in same
telescope, but DUT layer is extended
by "cooling box”

gas cooling box

— —20°C nitrogen gas as cooling
medium

= Sensor temperature =~ 0°C to 5°C

[1] A. Herkert, Characterization of a Monolithic Pixel Sensor Prototype in

HV-CMOS Technology for the High-Luminosity LHC, PhD thesis,

Heidelberg University, 2020
[1]
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ATLASPix_Simple Irradiation Study

g 200 Qcm
. . £ 8788 g °
e |rradiated samples are tested in same e ST
. : o
telescope, but DUT layer is extended osf-
by "cooling box" Fl o serengent
— —20°C nitrogen gas as cooling F 4 setsngen
medium L Sbsvovesvovverovey SOV OO VOOE OO
Threshold / mV 1
= Sensor temperature ~ 0°C to 5°C [1]
e No threshold tuning, but noisiest pixel H 5guy, 80-Qcm
masked E o "
e Goal of efficiency over 97 % reached I
el ¢ 0ngem?
Fo| b tetangem?
[1] A. Herkert, Characterization of a Monolithic Pixel Sensor Prototype in [ 4 1e15nem?
HV-CMOS Technology for the High-Luminosity LHC, PhD thesis, 041§ et njont
Heidelberg University, 2020 [ ; :
Threshold / mV [1]
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ATLASPix_Simple Irradiation Study

e Irradiated samples are tested in same

. Resistivity / | Fluence / | #masked | =60V | =70V | —=80/85V
telescope, but DUT layer is extended Qem neg/em? | pixels | Efficiency | %
by "cooling box” 1- 10" 26 96.3 | 975 | 983
<0 5-104 17 995 (2) | - -
— —20°C nitrogen gas as cooling 1-10% 38 99.3 - 995
d. 2-10 81 98.5 98.4 98.6
medium 5. 10" 14 99.2 - -
~ o o 1-10" 18 98.8 - -
= Sensor temperature =~ 0°C to 5°C 200 5. 1018 o s N (PP
. « . 5. 14 99.7 99.¢
e No threshold tuning, but noisiest pixel P10 <9 ] 996 ] 99T | 999
masked average noise rate <40 Hz/pixel
- 1
e Goal of efficiency over 97 % reached [1]

[1] A. Herkert, Characterization of a Monolithic Pixel Sensor Prototype in HV-CMOS Technology for the High-Luminosity LHC, PhD thesis,
Heidelberg University, 2020
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Commissioning Test Beam at DESY

e Fast integration of ATLASPix3 in
DAQ software as well as testing within
~2 weeks before the test beam

e Commissioning of 4 layer ATLASPix3
telescope on DESY test beam
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Commissioning Test Beam at DESY

e Fast integration of ATLASPIx3 in
DAQ software as well as testing within
~2 weeks before the test beam

e Commissioning of 4 layer ATLASPix3
telescope on DESY test beam

e No distinct optimization of settings
performed yet

Col
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Commissioning Test Beam at DESY

e Fast integration of ATLASPix3 in g ] 2
DAQ software as well as testing within é MR A , 1 2
~2 weeks before the test beam ©0.95 v g

oL . 0.9 | =

e Commissioning of 4 layer ATLASPix3 Eoa £

0.85F s
telescope on DESY test beam E 1 2
0.8} T 8

e No distinct optimization of settings 0175§ “A v
performed yet 0.7/ cneeney S, A:

e Efficiency over 99 % out of the box 0.65]-| A Noie -

b b b b b b b by
80 100 120 140 160 180 200 220 240
threshold / mV

e W/o threshold tuning or pixel masking
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The Future of the Telescope



Future Improvements

MuPix10 features (expected arrival in March): Development of quad modules:
e Active area of 20.48x20 mm? with e 2x2 sensor with ~ 4x4cm? active
quadratic pixel pitch of 80 ym area in total
e 11b ToA + 5b ToT information — ATLASPix3 and/or MuPix10
® 3+1(mux) LVDS links Further sensor developments (spring 2020):

e TelePix with 25x150 pm? pixel size
e R&D for 25x25 um? pixel size

Revision of the setup:

20mm

e Compactify and improve flexibility and
modularity

e Consideration of modern connector

3mm

[vosT]| Standards
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Take-Away Message

e Current telescope fairly compact and features good modularity
— Serves 5 different sensor types (+ MuPix10 soon)

— Plan to revise the telescope and modern connector standards have to be
considered

= Increase flexibility to serve different developments and sensor prototypes
e ATLASPIx3 shows promising results with an efficiency over 99 %

— Further studies required for time resolution etc and other features of ATLASPix3
have to be tested

"The measurements leading to these results have been performed at the Test Beam
Facility at DESY Hamburg (Germany), a member of the Helmholtz Association
(HGF)". (NIMA, Volume 922, 1 April 2019, Pages 265-286)
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Backup



Charged-lepton flavor violation:
o u — ete"e™ BR< 107! (Phase-l)
— 108 muons/s stopped

= thin pixel tracker with high rate
capability & good timing and vertex
resolution .
Recurl pixel layers

Scintillator tiles Inner pixel layers

I
—
———3 uBeam Target ¢
e —

Scintillating fibres

Outer pixel layers
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Readout Structure: MuPix8

State Machine

[%2]

- VCO
83 readout &
2 state PLL
° machine

Pixel Periphery, __ e
line driver
sensor CSA
% E comparator 1&2
l readout
test-pulse
injection
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MuPix8: Pixel & Digital Partner Cell

VPLoadPix Cp oLp
ix

Ampout

VDDA VNFBPix Rfy VDDA

BLResPix
VNBiasPix

[ 1t

Sensor Diode

Cinj
VNCascPix

VNPix
GNDA

Enable Injection VDDA
VSSA

Sketch of pixel cell of MuPix8

VNFollPix VNOutPix
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From Receiver DD
VPRamp
MaskBit
Ramp Enable
Thiow | Comp2
Comp2 Out
11
1"
VPComp
BLResDig Tune 2
BLDig ThHigh Compl
— Comp1 Out
VPComp
Tunel

Sketch of digital partner cell of
MuPix8
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Readout Structure: ATLASPix1

Pixel Cell st Periphery State Machine
VMinusPix 2
sensor CSA }_ inusH Cell q‘i}: Voo
line 5> readout &
driver E= state PLL
receiver ° machine

[
comparator Data Link
8b/10b | |serializer|—— >

DAC encoder

L

test-pulse
injection threshold
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ATLASPix1: Pixel & Digital Partner Cell

VPLoadPix

AmpOUt g piy VGatePix
VDDA
GNDA

VNCompPix

Ci
b to periphery

VNFBPix VDDA

VNBiasPix

Cinj
sensor
diode
VMinusPix

Pixel RAM
cell

mask bit
VNDacPix
VDDRam

’»VNFOHPIX
GNDDAC

Sketch of pixel cell of ATLASPix1

GNDA
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vpmasnec_cl

Receiver
From Pixel

HIS le— vnHB
[ fe—vers

— Edge

VNBiasRec—]

g

GND

| Detector

VNPEdge

T

Sketch of digital partner cell of

ATLASPix1
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ATLASPix1: NMOS-based & CMOS Comparator

VDDA

ol G
11

S T —
# h B

VMinusPix

ThPix

RAM cell

from CSA VNDACPix from CSA

driver VDDRam

VNDACPI:
\é?\‘DD%Z"Ig GNDDAC VMinusPix
}7 VNCompPix4{ ’» VNCompPix% driver
GNDA
Sketch of NMOS-based comparator of GNDA
ATLASPix1 Sketch of CMOS comparator of
ATLASPix1
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Readout Structure: ATLASPix3

State Machine

Pixel Cell baseline Periphery
VMinusPix B )
sensor CSA }— Cell %5 l«— trigger
line 5> readout
driver E= state VCO
receiver ° machine &
PLL
[ )
comparator 8b/10b - Data Link
test-pulse DAC or 64b/66b| | serializer ——»
injection threshold encoder
BTTBS, 30.01.2020 10/10
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ATLASPIx3: Pixel & Digital Partner Cell

GNDA

GNDA

PVNFOIIP\X

VMinusPix
Pixel RAM
VNDacPix
VDDRam
GNDDAC

Pixel Cell VPLoadPix Periphery Cell
AmpOut VGatePix
VDDA Cb always_en VDDA
GNDA Voo receiver
VNBiasPix VNFBPix VNCompPix
Vegiashec—q] rq
Cinj w
T sensor VNP threshold I
diode  VNPix2 mask bit tuning
VCasc
VDDA
enable VSSA
injection

Waistec—|
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David Maximilian Immig
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ATLASPix3 Specification

e 1. large scale sensor produced by TSI
— 200 cm substrate
— 100 pm & 650 pm thinned wafers
e Untriggered readout mode available
e Powering via shunt regulators possible
e Threshold and baseline levels generated on-chip

Matrix [pixel] 132x372
Pixel size [um?] 150x50
Active area [mm?] 19.8x18.6
ToA+ToT [bits] 10+7
Tuning+Masking [bits] 3+1
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A step to Mu3e: DC-DC Powering Feasibility

e Low voltages supplied via DC-DC
converter developed for module
powering of the Mu3e experiment

e Study experimental conditions: all
filter capacitances removed

e Supply voltage for digital and analog
part shorted

e Efficiency still over 99 %, however
erratic noise increase (under
investigation)

= Powering with DC-DC converter of
entire telescope planned
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A step to Mu3e: DC-DC Powering Feasibility

e Low voltages supplied via DC-DC
converter developed for module

. . > 1 310° N
powering of the Mu3e experiment g Yefdeny| 1 T
. . o F ose | H10° 2
e Study experimental conditions: all g0l voVvov An 1 3
filter capacitances removed T v F10 3
1 ¢
e Supply voltage for digital and analog 008 =1
. 3] 0
part shorted - v z1078
e Efficiency still over 99 %, however 097? * o2
erratic noise increase (under b 1
. . . r J1n3
investigation) i A . a0
_ _ 40 50 60 70 80 90 100 110
= Powering with DC-DC converter of threshold / mV

entire telescope planned
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A step to Mu3e: DC-DC Powering Feasibility

T 11 > ) E 51 >
. . X 2 = Ea E 2
e Low voltages supplied via DC-DC S0 I S0 | S
converter developed for module 8 ® 8 ! Eitm | o
. . 160 |- =099 160 £= ¥ =099
powering of the Mu3e experiment E
. . 140 |- < 0.985 140 - TelRn e 0085
e Study experimental conditions: all ; =
. . 120 = 0.98 120 F " - =~ 0.98
filter capacitances removed i o
.. 100 = 0.975 100 = 40975
e Supply voltage for digital and analog et .
part shorted 80 097 Bof - R oo
e Efficiency still over 99 %, however sof 0% 60 PRk oo
erratic noise increase (under 40 098 40 09
investigation) 20F 0.055 20f 0.955
T IR A W w
P H H h DC DC f 10 20 30 40 095 10 20 30 40 095
= Powering wit -DC converter o col / pixel col / pixel
entire telescope planned Th = 45mV Th = 85mV
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Test Beam Commissioning: ATLASPix_IsoSimple Efficiency Study ()

e CMOS comparator: deep p-well to isolate
PMQOS transistors

— increased pixel capacitance

Efficiency
T T T \P

o
©
&

o

0.

e Advantage: 1 supply voltage less for
comparator & faster switching — less delay 08s

e Efficiency above 99 %

0.8

T T
Threshold / mV
[1]

[1] A. Herkert, Characterization of a Monolithic Pixel Sensor Prototype in HV-CMOS Technology for the High-Luminosity LHC, PhD thesis,
Heidelberg University, 2020
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