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Outline
for this talk

Calorimeter prototypes for future e+e- colliders  

Production procedures 

Electronics directions 



Prototyping Experience for an 
e+e- Detector
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Particle Flow Paradigm
Tackle the jet energy challenge.

Reconstruct each particle individually and use optimal detector 
Requires fine 3D segmentation of and sophisticated software 
Today all linear collider detector concepts follow particle flow 
concept

EJET = EECAL + EHCAL EJET = ETRACK + Eγ + En 

n
π+

γ
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Technologies for Highly Granular Calorimeters
Because we can.

Large area silicon arrays 
•  silicon calorimetry grows out of the domain of small plug devices 

New segmented gas amplification structures (RPC, GEM, µMs) 
Silicon photomultipliers on scintillator tiles or strips

small, B-insensitive, cheap, robust

1mm2 SiPM

3x3cm2 tile

2004
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SiPM-on-Tile Evolution
A long way

separately using a wavelength-shifting (WLS) fiber
that is coupled to a photodetector. Further details
about MiniCal design, construction and quality
control can be found in [12].

The MiniCal is mounted inside an electrically
shielded light-tight box that can be positioned
horizontally to take beam data or vertically to
perform calibrations with cosmic muons. The box
is placed on a moving table allowing to aim the
beam at a particular transverse position in the
cassette.

2.1. Scintillator tile-fiber system

To optimize the light yield of the tile-fiber
system various studies of scintillators, tile shapes,
fiber configurations and couplings have been
carried out during the past two years [8]. Thus,
the group obtained tremendous expertise for the
assembly of a large number of tiles with very high
efficiency and low light yield spread.

For SiPM readout a plastic scintillator (BASF
130) produced by the Vladimir company (Russia)
has been chosen. The tile edges are chemically
treated to produce small reflecting bubbles on the
surface. This technique producing efficient diffuse
reflectors is thus suited for large quantity applica-
tions. A 1mm thick green WLS fiber is inserted in
a circular groove on the tile. The WLS fiber is a
double clad type (Y11, 300 ppm) from Kuraray.
The total length needed for one tile is about 13 cm.
The fiber ends are cut with a special zirconium-
dioxide blade that provides surface quality com-

parable to polishing. One end of the WLS fiber is
connected via a !100mm air gap to the SiPM
mounted on the tile. The open end of the WLS
fiber, and the tiles upper and lower surfaces are
covered with reflector foil (VN2000, superradiant
produced by the 3M company). The light
yield with such optimized tile-fiber systems is
!200 photons per minimum ionizing particle
(MIP), which is sufficient for SiPM readout. The
light yield non-uniformity over a tile, excluding the
tile edges, is about 4%. At the tile edges the light
yield loss is at most 20%. The optical cross talk
through the chemically treated edges of neighbor-
ing tiles is smaller than 2.5% [12].
The tile-fiber system for readout with multi-

anode vacuum phototubes is slightly different.
In this case BICRON BC408 scintillator
material is used, which yields a factor 1.5 times
more light than the BASF 130 scintillator. The
same type of WLS fiber is housed in a 7.5 cm
quarter-circle groove. An additional ! 50 cm of
WLS fiber is needed to connect the vacuum
phototube which is mounted on a window
on the MiniCal light tight box. The tiles are
entirely wrapped with reflector foil since the edges
in this case are not chemically treated. This system
also produces a light yield of ! 200 photons
per MIP.
The construction procedure has been tested on a

sample of over 130 pieces for the latter configura-
tion and a light yield spread of 7% is achieved. For
each tile the homogeneity is better than 4% for
more than 90% of the area.

ARTICLE IN PRESS

Fig. 1. (a) An open cassette housing 9 tiles with a WLS fiber placed in a circular groove read out by a SiPM. (b) Zoom on the SiPM
connection on tile. The SiPM mounted on a plastic support is inserted in the tile in front of the open end of a WLS fiber. The signal is
read out from the two rear pins via a coaxial cable.

V. Andreev et al. / Nuclear Instruments and Methods in Physics Research A 540 (2005) 368–380370
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Experience with a small (108ch) prototype (MINICAL)

Tile with SiPM

cassette

3x3 tiles

SiPM

Moscow Hamburg
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A long way

2006: Physics Prototype
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The Next Step: Scalability
Technological prototypes.

• 1000’s of channels per m2  
• 1000’s of m2 
• must embed electronics and 

go digital as early as 
possible; power pulsing 

• Integrate SiPMs in read-out 
board, too

32 segments (16 in φ, 2 in z)

MPPCs on HBU 

(un)wrapped tiles

Mathias Reinecke  |  HGCAL technology meeting  |  March 1st, 2017  |  Page 2 

Outline 

> AHCAL PCB concept. 

> PCB production experiences. 

> First considerations for HGCAL 
PCBs.  

SP2E in BGA on HBU5 
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SP2E in BGA on HBU5 
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(OMEGA, F)

MPPCS13360-5PE 
(Hamamatsu, JP) polystyrene tiles 

(Uniplast, RU)  
with ESR film
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Automated Production and Quality Assurance
Establishing the concept.

In addition test infrastructures: 
• Multi-channel SiPM tests 
• Automated ASIC tests 
• PCB tests using LEDs 
• Coscmic tests after tile assembly

AHCAL: latest mass assembly activities

23.05.2017 AHCAL Overview, TIPP17 (yong.liu@uni-mainz.de) 10

• Surface-mount tile design
– Baseline design for the tech. prototype
– 6 new SMD-HBUs assembled in 2016

• New SiPMs with updated tile design
– 2017: ~170 new boards will be fully 

assembled and tested

• New generation of SiPMs
– Reduced DCR and low inter-pixel crosstalk 
– Noise free in AHCAL
– Improved uniformity (SiPM- and pixel-wise)

Camera system 
with flash light

Pick-and-place 
head

Tray for tiles 
to be placed

1.3%

Low crosstalk SiPM

Tile position

SMD-SiPM

LED

25.09.2017 | Johannes Gutenberg-Universität Mainz

New Pick and Place Machine at Uni Mainz

8

Custom made reels (56 mm)
• 420 tiles stored in a reel
• Feeder for the pick and place machine.
• Test for placing the tiles stored in the reels in 

progress.

injection-moulded tiles reflector wrapping machine tile-board assembly

read-out boards LED tests
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Mechanical Structure and System Integration 
Prototyped.

Stack services dimensioned for full collider detector 
• Data concentration 
• Power distribution 
• Cooling 
Dynamic stability studies: simulate seismic shocks 
and optimise
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AHCAL technological prototype

H.L.Tran - Linear Collider activities at DESY : Focus on calorimeter development  - 20/10/2016

Strong contribution from 
different international  
& German institutes

Katja Krüger  |  AHCAL short report    |  25 August  2014  |  Page 6 / 9

New HBUs: production 

• Uni HH and Uni HD finished production of (in total) 8 HBUs with KETEK 
SiPMs and 8 HBUs sensL SiPMs

• last 6 HBUs finished on last Friday

Huong Lan Tran  |  Status and plans of AHCAL  |  15/05//2014  |  Page 7 

Towards a Full Prototype  
Scintillator Tiles 

"  UniHH tiles 

!  Npixels = 2300 

!  Machined instead of moulded, individually 
wrapped 

!  "Cathedral" drill in front of the SiPM → easier 
machining & improve uniformity (adapt MPI 
Munich design) 

"  New ITEP tiles  

!  Npixels = 12k  

!  Injection moulded fiberless tiles 

!  Being tested 

!  First test of 35 tiles (1/4 HBU) gave good 
results 

!"#$"%!&'()&%!"!!#$%#&!'()*!+,-+!.,/0!/12!1,3!+45,-!!!"!!)6!7/89:!'()*!!"!!;/<,%*+,-

!"#$%&'"($)*+,-.",$/0$12&$33

=/41!>,?@ A%B %8C--!+/5D 2E
FA
G2H I!CJ!

K4L,5-

MNHNM!;7))'O (PQ!L!)(R (P'!79K- !S!OT S)O!0EGM 'U((

%;H# V(PQ?'W!L!)(R )!79K- S!)T '(!0EGM Q6X

!!F498C1!F%?*((!;C5YZ41Y5+C5[,1,\!K,/D!,04--4C1]!./%*,0%12!
!!2"3451)6!41-+,/2!CJ!0C[52,2]!40K8CZ,!/99[8/9Y!C1!240,1-4C1-!VS!)(!^0W
!!17%89:%;5<)&]!
! 7/9:41,2!9C[K541<!+C!0/+9:!_4;7
! _4;7!M/K+C1!-[KKC8+!<5[,2!+C!K5/-+49!+45,
! `9/+:,28/5a!28455!41!J8C1+!CJ!+:,!_4;7!+C!40K8CZ,![14JC804+Y!V/2/K+/+4C1!CJ!
7;b!7[149:!2,-4<1W

c8/KK41<]
!!+45,-!/8,!4124Z42[/55Y!38/KK,2!34+:!U7!E4D[4+4!8,J5,9+C8!JC45
!!JC45!9[+!34+:!5/-,8!9[++,8
! :C5,!JC8!_4;7!0C14+C841<!Z4/!&NA!C1!+:,!$Fd
! 9[+!JC8!+3C!24JJ,8,1+!:C5,!KC-4+4C1-!VQOT!CJ!$Fd!&NA!KC-4+4C1-!0/+9:,2W!

!!2)34"153"==>%?&"@@)6!/8C[12!+:,!+45,e
!!J4L,2!34+:!-+49D,8!34+:!fB!9C2,!JC8![14g[,!42,1+4J49/+4C1

_4;7]

H45,!V,L9,K+!J48-+!'XX!+45,-W]

MC

Calorimetry for the ILC Felix Sefkow     DESY, May 9, 2014 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014

MC

Felix Sefkow   

Industrialisation: Numbers!

• The AHCAL 
!

• 60 sub-modules 
!

• 3000 layers 
!

• 10,000 slabs 
!

• 60,000 HBUs 
!

• 200’000 ASICs 
!

• 8,000,000 tiles and SiPMs

34

• One year 
!

• 46 weeks 
!

• 230 days 
!

• 2000 hours 
!
!

• 100,000 minutes 
!
!

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:

> multi-layer DAQ: first version running, next steps:
! integration of LDA
! switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)
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Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

7

HBUs

• HBUs with different designs, different tiles and 
SiPMs 
!

• Old HBUs: 
• Old ITEP tiles with WLS fibre 

      CPTA SiPMs 800 px 
• Uni. Hamburg tiles 

      Ketek SiPMs 2300 px 
!

• New HBUs: 
• New ITEP tiles w/o WLS fibre 

      Ketek SiPMs 12544 px 
• Uni.Hamburg & Heidelberg tiles (same as 

above, but not tested in beam before) 
• with Ketek SiPMs 2300 px 
• with SensL SiPMs 1300 px 

!
• Surface mounted HBU (SM_HBU) 

• Megatiles 
• MPPC SiPMs 

12k px SiPMs

HLTran - AHCAL technical prototype overview - CALICE meeting 16/09/2014

Uni. Hamburg 
Tile & SiPM tests

Uni. Wuppertal 
Calibration system 

ASIC tests
DESY 

Electronics & mechanics design 
Commissioning 

Testbeam software 
Testbeam coordination

10

Prague 
DAQ

Uni. Heidelberg 
Tile & SiPM tests 

ASICs

Lebedev I 
Tile production

MPI Munich 
Mechanics (cassettes), 

SiPM tests
Omega (IN2P3) 

ASICs

Uni. Sussex 
Monitoring

All institutes 
Analysis of data

R&D contribution from 
additional partners 

Shinshu Uni, Tokyo Uni (Japan) 
JINR, Dubna, MEPHI (Moscow) 
UT Arlington, Northern Illinois Uni (USA)

Uni. Mainz 
DAQ, assembly 

Cosmic test stand

CERN 
Tungsten structure, 
test beam, logistics 



11
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Electrons and Hadrons
Mixed Beams

• Electron data 10 - 100 GeV 
• Hadron data 10 - 160 GeV

electrons
pions
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Electrons and Hadrons
Mixed Beams

• Electron data 10 - 100 GeV 
• Hadron data 10 - 160 GeV

pions

muons
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Temperature compensation
Online - Used routinely throughout 2018 

SiPM parameters (almost all) 
depend on over-voltage  
ΔV = Vbias - Vbreakdown(T) 
Vbreaddown depends on 
temperature, very uniformly 
Adjust Vbias(T) to stabilise ΔV 
Use gain (from single photo-
electron peak spacing to monitor 
stability 

Y.Sudo
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Temperature compensation
Online - Used routinely throughout 2018 

SiPM parameters (almost all) 
depend on over-voltage  
ΔV = Vbias - Vbreakdown(T) 
Vbreaddown depends on 
temperature, very uniformly 
Adjust Vbias(T) to stabilise ΔV 
Use gain (from single photo-
electron peak spacing to monitor 
stability 

no	HV	adjust	
(same	setting		
as	the	last	
configuration)

reference	HV	setting

Y.Sudo



Construction Techniques for 
the CMS Upgrade



HGCAL	-	CMS	WEEK

HGCAL Overview

26	Sep	2019

Key	Parameters	(updated	from	the	TDR):	
• HGCAL	covers	1.5	<	η	<	3.0	
• Full	system	maintained	at	-30oC	
• ~640	m2	of	silicon	sensors		
• ~370	m2	of	scintillators		
• 6.1M	Si	channels,	0.5	or	1.1	cm2	cell	size		(6M)	
240k	scint-tile	channels	(η−φ)			
• Data	readout	from	all	layers	
• Trigger	readout	from	alternate	layers	in	CE-E	and	all	in	CE-H	

• ~31000	Si	modules	(incl.	spares)		

Electromagnetic	calorimeter	(CE-E):	Si,	Cu/CuW/Pb	absorbers,		
28	layers,	25.5	X0	&	~1.7λ	
Hadronic	calorimeter	(CE-H):	Si	&	scintillator,	steel	absorbers,		
22	layers,	~9.5λ	(including	CE-E)

Active	Elements:	
• Si	sensors	(full	and	partial	hexagons)	in	CE-E	and	high-radiation	
region	of	CE-H.		

• SiPM-on-Scintillating	tiles	in	low-radiation	region	of	CE-H

r	=	0.28	m

r	=
	2
.6
2	
m

2	m

η	=	3

η	=	1
.5

mass	∼	200	T		
each	endcap

15
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Tileboard 
Prototyping

Prototype TB-1 produced last week 
64 SiPMs, HGCROC ASIC, DCDC converters, LEDs 
Complex layout, HGCROC in 0.6mm pitch BGA package 
Thermal vias for SiPM cooling 
Test environment in preparation 

Mathias Reinecke  |  TB1 design review  |  June 25th, 2019  |  Page 5 

HGCAL Scintillator – cross section update 

> TDR information still 
valid. But: protection layer 
on tiles added, cassette 
bolt proposed. 

cassette bolt TB1 
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HGCAL Scintillator – cross section update 

> TDR information still 
valid. But: protection layer 
on tiles added, cassette 
bolt proposed. 

cassette bolt TB1 
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Tile Module Assembly Flow Diagram
Production and QC

• Quality assurance and quality control after each step

(Industry)

THE PHASE-2 UPG
RADE O

F THE ENDCAP CALO
RIM

ETER
TECHNICAL DESIG

N REPO
RT

C
ER

N
-LH

C
C

-2017-023
 ISBN: 978-92-9083-459-5

 ISBN: 978-92-9083-459-5

CMS
 

CERN-LHCC-2017-023 
CMS-TDR-����

��$SU 201�Organisation européenne pour la recherche nucléaire

CERN  European Organization for Nuclear Research

The Phase-2 Upgrade of the 
CMS Endcap Calorimeter

Technical Design Report

(cut, polish, mill) 
wrap
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Foil Cutting Alternative
To replace laser cutter

Computer-controlled creasing wheel and knife 
easy to program: reads drawings in dxf format 
Reproducibility (spec) 0.02 mm

O. Bach, DESY
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Tile Wrapping Tool
Ongoing work: DESY

Machine built, first tests done 
Commercial pneumatic actuators, rest built in-house 
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Wrapping Machine Status
As of Today

Central part ready, feeders in 
production 
expected for mid October 
Size-dependent parts 
existing for square CALICE tiles, 
used for assembly tests 
ready for the 4 sizes of 
Tileboard-1 
Figures: 
Cost: 8k + 160 hrs w/s time 
Speed: 3-4 tiles / min
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Status Commissioning HBU6_HD

> New child in HBU family: HBU6_HD with KLauS ASICs (cooperation Uni 
Heidelberg, DESY) 

> Two HBU6_HDs with KLauS5 ASICs, 4 new POWER4 boards completed.  

> First commissioning at DESY Sept. 2019: Zhenxiong, Mathias. 

see Wei Shen’s talk

KLAUS ASIC: 
optimised input stage 
for SiPMs with smaller  
gain, larger dynamic  
range 
continued read-out 
timing
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CALICE SiW ECAL- Rationalisation/Miniaturisation of components

Constraints for the Slab Interface Board ( SL-Board) 

▪ The Sl-board will be installed between ECAL and HCAL,  
separated by only 67 mm 
▪ L-shape because of the cooling system 
▪ Maximum  Height  : 6 to 12 mm depending on the location 
▪ Control & Readout electronics at the extremity of the Slab 
▪ Signal Integrity over a Slab : up to 15 interconnected ASUs 
▪ Very low Power consumption (~ 150 mA/ Slab) : needs to run in power 

pulsing mode

KAPTON	HVASU	
/WAFER

ASU	
/WAFER

ASU	
/WAFER

SL-BRD

KAPTON	HVASU	
/WAFER

ASU	
/WAFER

ASU	
/WAFER

SL-BRD

Control	PC

CORE-Daughter

CORE	Module/Mother/Daughter	:	Control	and	Readout	
SL-BRD	:	Interface	board	to	Slab

Gbit	UDP/USB/Optical	Fibre

Data	:	40	/80	Mbits/
s

CO
RE-M

O
THER

HV	
Kapton

KAPTON	HVASU	
/WAFER

ASU	
/WAFER

ASU	
/WAFER

SL-BRD

Control	&	Readout	Kapton
~	2	x	15	slabs

CORE-Daughter
External	clock

Other	utility		I/Os

External	clock	and	Utility	I/Os	:	possibility	to	be	synchronised	with	other	systems!

Readout scheme of CALICE SiW ECAL technological prototype

Alveolar strucutre for ILD SiW ECAL

… similar to DUNE Structure

Scheme of layer extremity

Maalmi/Jeglot/Breton
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CALICE SiW ECAL- Rationalisation/Miniaturisation of components

SL-Board for up to 10000 cells and connection to concentrator unit via flat kapton cable

        Elegant space economic solution 
       Seamless operation in DESY beam test 2019

2019: 
One flat cable 
leaving the 
detector

< 2019: 
“Jungle” of bulky 
cables

Service for 
up to 15 layers
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Rationalisation/Miniaturisation of components

Pictures: A. Irles

Wire bonded SKIROC2a ASIC

Thin PCB for compact detector solutions

• Height 1.2mm (for a 9 layer board!!!) 
• Challenges in terms of planarity 
• were overcome in 
• close collaboration with Korean Company 
• First beam test 2019 at DESY 
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Rationalisation/Miniaturisation of components - Conclusions

● “Dead space free” granular calorimeters put tight demands on compactness 

● Current developments within CALICE for SiECAL meet these requirements 

● Can be applied/adapted wherever compactness is mandatory 

● Components will/did already go through scrutiny phase in beam tests 
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Summary
no Outlook

SiPMs are a mature technology meanwhile 

SiPM-tile integration concepts suitable for large systems developed for e+e- colliders 

Now being applied to CMS: production techniques for 240’000 channels 

Electronics for compact ECAL designs and continuous readout under development 

Established network of institutes and task sharing 
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