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System Tests
• System test programs for all subsystems:


• Mechanical, thermal, electrical and readout tests


• Validate / amend the original design, exercise the production chain (QA/QC), 
prepare the setup for the assembly and integration


• Multi-chip modules with RD53 frontend not available yet


• Study integration and system aspects on other prototypes


• Modules based on the FE-I4 chip (used in the ATLAS IBL detector)
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Outer barrel Outer endcap

Inner system

Outer barrel: main focus of this talk


Outer endcap: first prototypes under test

                          

Inner system: prototype design ongoing

Q. Buat, 15th Trento Workshop, ATLAS ITk pixel prototypes

This	talk	focuses	on	outer	
barrel	(OB):	demonstrator		
program	to	validate	key		
features	of	detector	design

Module assembly for outer barrel prototypes

• Multiple-step process up to fully assembled module


• Performed as distributed effort over several institutes 
in France, Germany, Japan, Switzerland and CERN


• Continuous quality control (QC) and qualification of 
the modules


• ~80 built and qualified to date


• Exercise for the full production


• More details on modules in Jörn Lange’s talk
7

Q. Buat, 15th Trento Workshop, ATLAS ITk pixel prototypes

As	RD53A	chips	weren’t	available	yet,	used	
sensors	with	FE-I4	fronted	chip	(=	ATLAS	IBL)

In	parallel	to	ITk	Pixel	sensors,	crucial	to	study	integraAon	and	system	aspects

Outer Barrel Demonstrator: Introduc<on

FE-I4	demonstrator:	originally	targeJng		
2017-2020	Jmeline	with	an	ambiJous	

program	comprising	many	important	tests

Further	details	in	Tobias’	talk

https://indico.cern.ch/event/983068/contributions/4229350/attachments/2190437/3702015/20210216TrentoItkPix.pdf
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Outer Barrel Demonstrator: Box & Longeron

Study	integraAon	and	system	aspects:	FE-I4	services,	PSU,	DCS,	cables…

704.04.2018 Update on Demonstrator Programme - Susanne Kuehn

Commissioning in SR1

… still in the SR1 radiation lab
GUI for operation, DCS, CO2, 
readout, stage PC…
(more on setup this afternoon)

• 1.6 m long Integration of modules went well 
• Connection of stave flexes and CSB required some bricolage/tape 
• Readouts: Pybar in use, FELIX and RCE in installation
• CO2 connected and operational (we are learning…, big help from ATLAS cooling team and 

the two experts from the engineering office)
• Details of demonstrator on: 

https://twiki.cern.ch/twiki/bin/view/Atlas/ITkPixelOBDemonstrator
• Twiki for daily testing work on: 

https://twiki.cern.ch/twiki/bin/view/Atlas/ITkPixelOBDemonstratorTaskList

704.04.2018 Update on Demonstrator Programme - Susanne Kuehn

Commissioning in SR1

… still in the SR1 radiation lab
GUI for operation, DCS, CO2, 
readout, stage PC…
(more on setup this afternoon)

• 1.6 m long Integration of modules went well 
• Connection of stave flexes and CSB required some bricolage/tape 
• Readouts: Pybar in use, FELIX and RCE in installation
• CO2 connected and operational (we are learning…, big help from ATLAS cooling team and 

the two experts from the engineering office)
• Details of demonstrator on: 

https://twiki.cern.ch/twiki/bin/view/Atlas/ITkPixelOBDemonstrator
• Twiki for daily testing work on: 

https://twiki.cern.ch/twiki/bin/view/Atlas/ITkPixelOBDemonstratorTaskList

Infrastructure	/	services		
• Environment-controlled	and	monitored	box

inside

longer
on

motor	stage	for	source	scans

mobile	arm	holding	sources

GUIs	for	detector	control	(DCS)	and	readout	systems,	CO2	cooling,	motor	stage,	etc…	
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Infrastructure	/	services		
• DCS	and	Interlock	systems,	
connected	to	demonstrator	via	two	
ARTY	FPGA	controllers	

(*)	Pixes	Serial	Powering	
ProtecJon	(PSPP)	chip

(*)

Outer Barrel Demonstrator: Interlock & DCS

Study	integraAon	and	system	aspects:	FE-I4	services,	PSU,	DCS,	cables…

Two-phase	CO2	cooling	system	

Benedikt Vormwald 2benedikt.vormwald@cern.ch

System Overview

detector
● FEi4 frontend
● 7(A)+7(C) flat quad modules in the 

center
● 13(A)+16(C) inclined dual modules 

towards the ends of the longeron
● 4-6 serial powering chains

● 2 x (7 quads, 8 duals, 5/8 duals)
● or: 2 x (7 quads, 13/16 duals)

● PSPP chips for DCS and SP 

control

services/infrastructure
● 2-phase CO2 cooling
● DAQ

● PyBar (commissioned for quads)
● GBTx → RCE (working horse)
● GBTx → FELIX (development)

● DCS/Interlock:
● ARTY FPGA controller
● IBL IMC

Cooling	pipes

8

Cooling plant

04.04.2018 Update on Demonstrator 
Programme - Susanne Kuehn

• CO2 plant commissioned, hands-on session and twiki with 
instructions on 
https://twiki.cern.ch/twiki/bin/view/Atlas/ITkSR1CO2PlantPixeloperation

• Updated plant can do 1.4 kW at -29°C with flow of 14 g/s

• In case of DSS signal (to high humidity) for Warm Stop:    
1°C/2 min up to 17°C and  LV off

• Patch panels in front of the system test box and inside, 
incl. pressure sensors and burst disk  

Cooling	panel
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Cooling plant

04.04.2018 Update on Demonstrator 
Programme - Susanne Kuehn

• CO2 plant commissioned, hands-on session and twiki with 
instructions on 
https://twiki.cern.ch/twiki/bin/view/Atlas/ITkSR1CO2PlantPixeloperation

• Updated plant can do 1.4 kW at -29°C with flow of 14 g/s

• In case of DSS signal (to high humidity) for Warm Stop:    
1°C/2 min up to 17°C and  LV off

• Patch panels in front of the system test box and inside, 
incl. pressure sensors and burst disk  

CO2	box
⇐
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1

Update on Demonstrator Programme

4.4.2019 Susanne Kuehn, CERN

Diego Alvarez Feito, CERN

Matthias Hamer, Univ. Bonn

SébastienMichal, Univ. Geneva

with many people from 04.04.2018

Update on Demonstrator 

Programme -Susanne Kuehn

C_IM_1-16C_BM_1-7A_BM_7-1A_IM_13-1

Quad	modules	(flat)
Dual	modules	(inclined)

A-side	(commissioned	in	2019) C-side	(commissioned	in	2020)

7(A)+7(C) flat quad (4 FEs / module) modules in the center

13(A)+16(C) inclined duals (2 FEs /module) toward high |z|

Outer Barrel Demonstrator: Modules

43	sensors	=	114	FE-I4	frontends,	6	serial	powering	(SP)	chains	over	1.6m	support

SP SP SP SP SP SP
z=0
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System Tests 

System	tests,	objecBves:	

				➙	Scru<nize many aspects of ITk “pixel system”: powering, cabling…  

				➙	Validate / amend / op<mize the original design & produc<on flows 

Extensive	program	for	FE-I4	demonstrator:	

				➙	Mechanical, thermal, powering and readout tests performed 

				➙	Exercised full produc<on flow (with few components), including integra<on 

Some	highlights	shown	today:	

				➙	For 1st <me operated 6 serial-powering (SP) chains on same local support 

				➙	Read out simultaneously and studied all modules via source scans 

				➙	Studied grounding and shielding under different failure scenarios 
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Noise Level, Before/Aber Integra<on

Preliminary Preliminary

7

Module	quality	tested	at	each	step	of	producAon	flow	(assembly	➝	integraAon)

PoTed	(  )	➙ wire bonds encapsula<on on dressed (i.e. with flexes) modules

On	Cell	(			)	➙ loaded on support structure needed for installa<on on longeron

Bent	(			)	➙ flex cables of func<onal modules are bent, and modules re-tested

 ▶

▲

▲

▶

Thresholds	at	different	prod.	steps	tuned	to	slightly	different	values;	still,	noise	≈compatible

Dressed	(  )	➙ bare module assembled with “pigtail” flex cables
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Integrated Modules: Quality Evolu<on

A-side	Duals	(13)	

Stage	1 Stage	2 Stage	1 Stage	2 Stage	1 Stage	2 Stage	1 Stage	2

All	good 8 7 7 6 7 5 13 11

Ok 4 3 - - - - 3 -

Not	all	FEs 1 2 - 1 - 2 - 3

No	communication - 1 - - - - - 2

A-side	Quads	(7)	 C-side	Quads	(7)	 C-side	Duals	(16)	

OK		➙	can be used for tests, but not of production-quality (e.g. no HV)

All	good		➙	“production-quality”: holds HV, less than 1-2% disconnected bumps, … 

new	issues	with	
1	module		
after		

integration	

new	issues	with	
1	module		
after		

integration	

new	issues	with	
2	modules		

after		
integration	

new	issues	with	
2	modules		

after		
integration	

Single	FEs Single	FEs
ScruBnized	&	understood:	

mostly	communicaBon	issues,	
mostly	related	to	cabling	

Stage	1	➙ module loaded on support structure for installa<on on longeron

Stage	2	➙ module fully integrated in longeron, and tested in system tests 
Acer	

module	QC

8
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For first <me, simultaneous opera<on with 6 SP lines. Good performance overall

Only very few problema<c / noisy front ends aber tuning algorithm

A-side	duals	(flat) C-side	quads	(flat)

Noise reduc<on at lower T(CO2), as expected

Preliminary

Preliminary

A-side	quads	(inclined) C-side	duals	(inclined)A-side	duals	(flat) C-side	quads	(flat)
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Source Scans, Example: A-Side Duals

A_IM_13-1

No	communicaAon		
unable	to	readout	FE

Bypassed		
	module	bypassed	in	SP	chain

Working	but	excluded		
working	standalone,	but	excluded	from	readout

Two	Sr	sources	installed,	scanning	entire	longeron	for	several	hours
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Source Scans, Example: C-Side Quads

C_BM_1-7

No	communicaAon		
unable	to	readout	FE

Bypassed		
	module	bypassed	in	SP	chain

Working	but	excluded		
working	standalone,	but	excluded	from	readout

Two	Sr	sources	installed,	scanning	entire	longeron	for	several	hours
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Grounding & Shielding Tests

Benedikt Vormwald 3benedikt.vormwald@cern.ch

Measurement Setup

1 SP
chain

1
.8

Ω

WIENER
prototype
current
source

7 quad
modules

differential scope
probe

scope probe
for trigger
(1MΩ)

custom made
switch board

Iout

Iin
2A

Test	goal:	check	different	failure	scenarios,	measure	current	ground	line	may	need	to	carry

12

G&S	principle	for	OB	demonstrator: local supports and piping connected; services and modules disconnected  
from local supports, but connected to each other and using common LV and HV ground reference 

Mimic	foreseen	detector’s	ground		
connecJon	to	reference	potenJal
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Grounding & Shielding Tests

Benedikt Vormwald 7benedikt.vormwald@cern.ch

Cutting Iout

current spike: U=400mV over R=1.8Ω → I=222mA
length of current peak: t=20μs
oscillation frequency afterwards: T=66μs → f=15kHz

input bandwidth=20MHz 
to suppress noise

Removed all other ground connections: unplugged HV, standard LV, and data cables

13
Benedikt Vormwald 6benedikt.vormwald@cern.ch

Cutting Iin

no activity on ground line

input bandwidth=20MHz 
to suppress noise

Benedikt Vormwald 7benedikt.vormwald@cern.ch

Cutting Iout

current spike: U=400mV over R=1.8Ω → I=222mA
length of current peak: t=20μs
oscillation frequency afterwards: T=66μs → f=15kHz

input bandwidth=20MHz 
to suppress noise

Benedikt Vormwald 6benedikt.vormwald@cern.ch

Cutting Iin

no activity on ground line

input bandwidth=20MHz 
to suppress noise

Switching	on/off	current	
source	and	cuang	input	line

Cuang	return	line:	observe	
current	on	ground	line	(≈222	mA)

Fundamental-level	tests	of	not-obvious	interplay	between	our	SP	and	grounding	systems	

Measured current gives hint on needed dimensions of connec<on to reference poten<al
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Next Genera<on Demonstrator With RD53A

14

Work	on	next	generaAon	demonstrator	-with	RD53A	chips-	already	ongoing

Feb	2021 Apr	2021 Aug	2021 Fall	2021

old demonstrator  
to new location

decommissioning 
old demonstrator 

commissioning 
new demonstrator 

upgrade to full 
service chain

Benedikt Vormwald 2benedikt.vormwald@cern.ch

System Overview

Configuration
• L3 mechanics for inclined and flat section
• longeron with 2 SP chains (6+12 quad modules)

two half populated half-rings with 2 SP chains

(baseline: 11+5 quad modules, max: 11+11 quad modules) 
• no welding of CO2 cooling pipe: will use fittings for reworkability (separate 

mockup for welding verification)
• staged approach: due to expected different timeline of longeron and inclined 

section: combination in common structure only in a second stage

Modules
• requested 34 RD53A modules; reduced to 27
• 150um FE, 150um sensor, BM25 power connector
• 2 fully populated SP chains, 2 partilly populated inclined SP chain
• planning to fill up empty spots in the demonstrator with survivors from other 

module tests
• maximal capacity: 40 modules
• OB module loading concept: loaded cells can be easily installed and removed
• OB demonstrator preparing to be ready to plug also ITkPixVx modules

at least one half ring with 2 SP 
chains and 11 quad modules

longeron, 2 SP chains, 
12 quad modules OB	loading	concept:

easily inserted/removed modules;
also preparing for ItkPixVx modules

RD53A:	150	μm	FE,	150	μm	sensor	

All	subsystems	will	be	updated:
Getting much closer to actual detector 
design in all aspects: frontend chip,  
on-detector services, power supplies,  
cables, etc…
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Summary & Conclusions

15

✓ ATLAS	ITk	Pixel	OB	demonstrator:	coordinated	effort	of	many	insJtutes	

✓ Steady	progress	in	spite	of	challenging	working	condiJons	due	to	COVID-19	

✓ Extensive	tests	of	full	producJon	/	integraJon	/	commissioning	chains	

✓ Successfully	operated	six	SP	chains	on	single	local	support	

✓ Tests	with	current	demonstrator	will	conJnue	Jll	≈April	

✓ Work	on	next	demonstrator	with	RD53A	chip	already	ramped	up:	new	
round	of	system	tests	foreseen	in	the	Fall		
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Spares

16
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Noise Level, Before/Aber Integra<on

Thresholds	at	different	prod.	steps	tuned	to	slightly	different	values;	still,	noise	≈compatible

17

Module	quality	tested	at	each	step	of	producAon	flow	(assembly	➝	integraAon)

On	Cell	(			)	➙ loaded on support structure needed for installa<on on longeron

Bent	(			)	➙ flex cables of func<onal modules are bent, and modules re-tested

 ▶

▲

▲

▶

Preliminary Preliminary

Dressed	(  )	➙ bare module assembled with “pigtail” flex cables

PoTed	(  )	➙ wire bonds encapsula<on on dressed (i.e. with flexes) modules
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ITK Grounding & Shielding

18

G&S	principle	for	FEi4	OB	demonstrator: local supports and piping connected; services and modules disconnected  
from local supports, but connected to each other and using common LV and HV ground reference 

ConnecBon	to	reference	potenBal		
via	3m	of	32	gauge	cable
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Infrastructure	/	services		
• Two-phase	CO2	cooling	system	

Benedikt Vormwald 2benedikt.vormwald@cern.ch

System Overview

detector
● FEi4 frontend
● 7(A)+7(C) flat quad modules in the 

center
● 13(A)+16(C) inclined dual modules 

towards the ends of the longeron
● 4-6 serial powering chains

● 2 x (7 quads, 8 duals, 5/8 duals)
● or: 2 x (7 quads, 13/16 duals)

● PSPP chips for DCS and SP 

control

services/infrastructure
● 2-phase CO2 cooling
● DAQ

● PyBar (commissioned for quads)
● GBTx → RCE (working horse)
● GBTx → FELIX (development)

● DCS/Interlock:
● ARTY FPGA controller
● IBL IMC

Cooling	pipes

8

Cooling plant

04.04.2018 Update on Demonstrator 
Programme - Susanne Kuehn

• CO2 plant commissioned, hands-on session and twiki with 
instructions on 
https://twiki.cern.ch/twiki/bin/view/Atlas/ITkSR1CO2PlantPixeloperation

• Updated plant can do 1.4 kW at -29°C with flow of 14 g/s

• In case of DSS signal (to high humidity) for Warm Stop:    
1°C/2 min up to 17°C and  LV off

• Patch panels in front of the system test box and inside, 
incl. pressure sensors and burst disk  

8

Cooling plant

04.04.2018 Update on Demonstrator 
Programme - Susanne Kuehn

• CO2 plant commissioned, hands-on session and twiki with 
instructions on 
https://twiki.cern.ch/twiki/bin/view/Atlas/ITkSR1CO2PlantPixeloperation

• Updated plant can do 1.4 kW at -29°C with flow of 14 g/s

• In case of DSS signal (to high humidity) for Warm Stop:    
1°C/2 min up to 17°C and  LV off

• Patch panels in front of the system test box and inside, 
incl. pressure sensors and burst disk  

CO2	local	box

External	patch	panel

Internal		
patch	panel

Outer Barrel Demonstrator: Cooling System

Study	integraAon	and	system	aspects:	FEi4	services,	PSU,	DCS,	cables…
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Infrastructure	/	services		
• Interlock	and	DCS	systems,	
connected	to	demonstrator	via	two	
ARTY	FPGA	controllers	

Same	interlock	matrix	(IMC)	as	ATLAS	IBL:	
it	monitors	sensors	and	protects		
from	possible	system	failures

(*)	Pixes	Serial	Powering	
ProtecJon	(PSPP)	chip

(*)

Outer Barrel Demonstrator: Interlock & DCS

Study	integraAon	and	system	aspects:	FEi4	services,	PSU,	DCS,	cables…
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Lesson Learned

Demonstrator Crosstalk issues

BM4BM7

BM4 OUT1_pBM4 OUT1_nBM4 CMD_nBM4 CMD_pBM4 CLK_nBM4 CLK_p

BM7 OUT4_pBM7 OUT4_nBM7 OUT3_pBM7 OUT3_nBM7 OUT2_pBM7 OUT2_n

Edge
green

blue

Demonstrator Crosstalk issues

BM7 data under BM4 Cmd
Over ~900mm.

Observed	cross-talk	(e.g.	4th-7th	quads)	led	to	review	of	design	of	data	flex	cables

In demonstrator’s setup, long PCB needed to rout out signal, but limited room

Separated by only 200 μm

For ITk: reduced length (x10) and increased spacing will prevent similar issues

7th quad data (blue) under 
4th quad cmd (green)
for about ~900 mm 

4th	quad	module7th	quad	module
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by
pa

ss
ed

by
pa

ss
ed

1

10

210

310

0 10 20 30 40 50 60 70 800

50

100

150

200

250

300

RCE run 2525: C_IM_06_1 (Mod_3060100)

1

10

210

310

0 10 20 30 40 50 60 70 800

50

100

150

200

250

300

RCE run 17: A_BM_03_1 (Mod_30100)

T(
CO

2)
=-
25
℃
	

T(
CO

2)
=+
17
℃
	

X

X

No c
om

m. 

No c
om

m. 

Two	Sr	sources	installed,	scanning	entire	longeron	for	several	hours
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No	communicaAon		
unable	to	readout	FE

Bypassed		
	module	bypassed	in	SP	chain

Working	but	excluded		
working	standalone,	but	excluded	from	readout


