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Martin Aleksa

Based on Material from the ECFA Detector R&D Roadmap Input Sessions (https://indico.cern.ch/category/13180/)
I am grateful for interesting discussions and input provided by E. Auffray-Hillemanns, D. Barney, J. Bremer, M. Chalifour, 
R. Ferrari, S. Moccia, R. Pöschl, F. Sefkow, F. Simon
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Introduction
• Calorimeters are large systems, based on various types of active sensors. Integration challenges very often are 

closely linked to the calorimeter type chosen and its implementation inside a specific experiment.
– R&D needs for calorimetry will be discussed in the symposium of TF6 (May 7)
– In this talk I will try to cover mechanical challenges, integration challenges, infrastructure challenges 

• R&D and Engineering:
– In the following I will concentrate on integration challenges that different types of calorimeters are facing. 
– Many of these challenges can be solved by a dedicated engineering effort, not all will need R&D effort 
– The development and integration of calorimeters involves strong engineering contributions and needs close 

collaboration between physicists and engineers (electronics and mechanical): Calorimeter projects are usually driven 
by labs with strong engineering resources, rather than small university groups 

– à Calorimeters need – more than other detectors – a strong collaboration of engineers and physicists, relying on large 
labs and their infrastructure, must make sure that this is supported by our funding agencies

• Outline:
– Brief summary of calorimeters under study for future collider experiments

• from ECFA Roadmap Input Sessions, https://indico.cern.ch/category/13180/
– Input from different detector communities on their view of engineering challenges for their calorimeter types
– Thoughts on Engineering Challenges and R&D Needs
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Input Session – Calorimeters
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Input Sessions – Calorimeter Summary
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• Scintillator/Crystal/Fibre based
– CMS HGCal: scintillator/steel
– LHCb Upgrade II ECAL: Shashlik or fibre 

SpaCal,
– ALICE 3 ECAL: scintillator crystal, 

scintillator glass
– Linear collider experiments HCAL and 

ECAL: scintillator + SiPMs
– EIC ECAL: PbWO4, scintillator/glass + 

SiPMs, 
– Muon Collider Experiment HCAL
– LHeC HCAL
– FCC-hh HCAL: scintillator/steel
– FCC-ee ECAL & HCAL
– FCC-ee: dual read-out calorimeter 

• Si Based
– CMS HGCal: Si/W
– Linear Collider Experiments ECAL: Si/W
– Muon Collider Experiment ECAL: Si/W
– FCC-ee ECAL: Si/W
– FCC-hh DECAL: Si/W

• Noble-Liquid Based
– FCC-hh ECAL
– FCC-ee ECAL
– LHeC ECAL

• Gas Detector Based (RPC) – see gas 
detector session
– Linear collider experiments HCAL

• During the input session future accelerator projects were introduced, the below calorimeter 
types were mentioned as possible candidates (non-exhaustive):



Engineering Challenges and Ongoing R&D
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Challenges for Si/W and Scintillator/Fe Calos (HGCal, CALICE)
• Active components of this type of calorimeters (Si sensors and also the SiPMs to read out scintillators) need 

to be operated at low temperatures for those applications in a significant radiation environment 
– e.g. -35 degrees for CMS

• Thermal enclosures, heat shields, thermal screen: 
– Strength, radiation resistance, thermal capacity
– Thermal shield in pieces as the shape to cover is large and complex. 
– Avoid condensation on the surface (large temperature gradient of 55oC through thin thermal screen)
– Need to be thin to maximize the room taken by sensitive components (not to cut into fiducial volume) à standard 

insulation thicknesses take too much space, so heating foils on the outside surface are needed to compensate for 
the lack of extra insulation and guarantee temperatures above due point à additional power for heaters, additional 
power for the cooling as well

– à R&D on building light thermal screens based on vacuum insulation technology (a bit like a cryostat) to make 
them almost passive elements

• Feedthroughs:
– PCBs embedded in metallic structures (e.g. CMS pre-shower, HGCal, …) 
– Huge space constraints!

• Dry gas: 
– Difficult to ensure good flow around the very compact insides of a calorimeter. 
– Engineering solution for HGCal: thin pipes into each cassette to carry dry gas to the heart of the system. 
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Further literature: 
HGCal TDR: https://cds.cern.ch/record/2293646?ln=en
ILD IDR: https://arxiv.org/abs/2003.01116

https://cds.cern.ch/record/2293646?ln=en
https://arxiv.org/abs/2003.01116


Example: CMS HGCal Thermal Screen
• 120+ thermal screen panels per endcap
• 55oC temperature difference across panels
• High radiation dose: up to 200Mrad
• 10kW of power delivered to heating foils to keep outer 

surface at 20oC
• Internally pressurized to prevent moisture ingress
• 2500+ cables passing through the thermal screen at the 

feedthroughs
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Challenges for Si/W and Scintillator/Fe Calos (HGCal, CALICE)
• Cooling: (see talks this morning by B. Verlaat, M. Vos and P. Petagna) 

– HGCal: CO2 cooling: Cooling plant requires a lot of space (à development of more compact systems 
would be better), and the lowest temperature to be reached is about -40. 

– Like for trackers: high-granularity Si-based calorimeters for future hadron colliders will need to go colder 
(if silicon remains viable)

• Electro-mechanical integration
– Minimize un-instrumented regions
– Getting power and clock in 
– Getting heat out 

• pulsing or active cooling
– Getting data out 
– Manufacturability and achievable tolerances enter as much as the potential for miniaturisation of the 

electronics or cost considerations for sensors.
– Compactness is a particular challenge for the ECAL even more in the barrel where everything has to fit 

into the solenoid.
– Grounding and shielding scheme: avoiding ground loops leading to noise that removes the possibility of 

calibrating on single mips
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Further literature: 
HGCal TDR: https://cds.cern.ch/record/2293646?ln=en
ILD IDR: https://arxiv.org/abs/2003.01116
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Example: CALICE – Miniaturisation of Components
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Current detector interface card - AHCAL

Current detector interface card - SDHCAL

Current detector interface card and 
thin detection unit – SiW Ecal

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

l Current developments within CALICE meet these requirements
l Can be applied/adapted wherever compactness is mandatory
l Components will/did already go through scrutiny phase in beam 

tests

Cooling: 

l Total average power consumption 
20 kW for a calorimeter system 
with108 cells*
l Only possible through power pulsing

l The art is to store the power 
very locally

l Issue for upcoming R&D
l Main challenge is to avoid that 

hubs and concentrator cards will 
become local hotspots (expect 
consumption < 5 W)

* Compare with 2x140 kW for CMS HGCAL 
6x106 cells



Example: CALICE – Integration Issues
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l Successful application of PFA requires calorimeters to be inside the magnetic coil
=> Tight lateral and longitudinal space constraints 

HCAL
ECAL

40-70mm 
for services, 
readout,
cooling and 
power

~200mm for up to 30 layers
with 10-20 kcells each



Challenges for Scintillator-Based Calorimeters
• Temperature stability and monitoring

– As light yield of scintillating crystals can vary with temperature and also the gain of 
photodetector is temperature dependent (case of APDs or SiPMs) it is important to have a well 
controlled stabilised temperature and to be sure that the heat dissipated by electronics is 
removed. E.g. in CMS ECAL stability at ±0.05°C working at 18°C.

• Cooling of Photodetectors
– Cooling advantageous for noise behaviour of photodetectors in particular silicon 

photodetectors in presence of high radiation (noise also increases with irradiation)
• For Instance in CMS ECAL for HL-LHC the operating temperature will be reduced from 18°C to 9°C to 

mitigate the increase of dark current in the APDs.
• In case of barrel timing layer of CMS where SiPM will be used, the temperature will be around -35°C. 

Similarly for the SiPM in the back of the HGCAL
– à Thermal enclosures, dry air / N2 system to avoid condensation

• Mechanics of fibre dual-readout calorimeters: 
– Challenging stability, reproducibility and uniformity

• Monitoring of light yield and transmission of scintillators à Calibration systems
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Challenges for Noble-Liquid Based Calorimeters
• Engineering Challenges:

– Large cryostats, low material budget à aluminum (ATLAS), Al honeycomb structures, carbon fibre (see 
presentations earlier today by C. Gargiulo and H. Ten Kate)

– Heavy calorimeters (100s of tons) need to be supported by cryostat
• Cryogenic feedthroughs: 

– The large granularity of future calorimeters will require an increased signal density at the feedthroughs (FT) of 
up to 20-50 signals/cm2 which is a factor ~5-10 more than in ATLAS (ATLAS used gold pin carriers sealed in glass).

• Novel technologies have to be developed in collaboration with industry (e.g. CERN cyo lab R&D).

• Large size cryogenic systems: purity of the noble liquid O(0.2ppm), less stringent requirement than 
for neutrino- or dark matter detectors 

• Large-size read-out electrodes O(1m x 3m), might be realised in several smaller pieces 
• PCBs or copper/kapton/glue with resistors made of resistive ink (ATLAS)). 
• Optimisation of capacitance to ground (noise) while keeping cross-talk at a reasonable level O(1%).

• Preamplification and optical transmission of signals: 
– Warm electronics: no active elements inside the cryostat (upgradeability!), very small signals, long transmission 

lines à Noise!
– Cold electronics: active elements inside the cryostat, potentially lower noise 

• Cryogenic feedthroughs for optical fibres – one fibre carries signal of many channels à advantage for cryogenic feedthroughs
• Cold electronics heat dissipation inside the noble-liquid bath à needs to be taken into account for the cooling of the noble liquid
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Example: Cryogenic High-Density Signal Feedthroughs
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Goal: 10 times more signal wires than ATLAS feedthroughs 
(density x5 area x2) à 20 to 50 wires/cm2

§ Future calorimeter: higher granularity à higher number of read-out channels 
à high-density signal feedthroughs

Development of high-density flanges:
§ 3D printed epoxy pieces / fiberglass pieces (G10) and epoxy glues à avoiding 

connectors

Cryogenic signal 
feedthrough

Curtesy: Presentation by M.B. Higueras at 4th FCC Physics and Experiments WS

https://indico.cern.ch/event/932973/contributions/4062114/attachments/2139633/3605145/FCC_week_MariaBarba.pdf


Example: Cryogenic High-Density Signal Feedthroughs
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Pumping system 
and leak detector

LN2 LN2GHe
DAQ

Cryostat flange

LN2 circuit

GHe vessel

Supports

Sample flange

Experimental setup (CERN 
cryo lab)
§ Leak and pressure tests 

at room (300 K) and low 
temperature (77 K)

§ Tests flanges with 4 
different 3D-printed or 
fiberglass materials 
(Accura25, Accura48, 
MY750 and G10) have been 
designed, fabricated in 
collaboration with the 
Polymer Laboratory at 
CERN, and thermally 
shocked in liquid nitrogen. 

Cryostat

Curtesy: Presentation by M.B. Higueras at 4th FCC Physics and Experiments WS

https://indico.cern.ch/event/932973/contributions/4062114/attachments/2139633/3605145/FCC_week_MariaBarba.pdf


Challenges for Integration and Mechanics 
• Integration: Fitting everything in without loosing fiducial volume!

– Calorimeters often inside the solenoid coil à every centimetre in radius 
counts à compactness!

– Very little space for cooling, services, electronics, low-profile connectors
• Absorbers (mainly covered in talks in TF6 symposium):

– Utmost precision of absorbers is the ingredient for a small constant term 
and high uniformity à direct impact on energy measurement
• Machining of absorber materials, R&D on better machinable alloys (W alloys) à see 

symposium of TF6 (Calorimetry)
• Flatness is a challenge (e.g. HGCal needs 0.5mm for 5.3m stainless steel disks)
• Constant thickness of absorbers difficult to achieve (e.g. ATLAS LAr achieved 0.31% 

(5µm) rms in lead-thichness à 0.2% contribution to constant term)
– Absorber structures cannot be built in house in a little workshop or lab, 

therefore, during the design phase, time needs to be spent exploring the 
current technology available in the outside industry à close collaboration 
with industry to reach a good compromise between quality, cost and 
manufacturing time.

– R&D on absorber materials for better machinability (e.g. LHCb Upgrade II, 
3D printing of W under study)

– Specs for the raw material: e.g. CMS needs very low permeability steel to 
avoid magnetic-induced forces of hundreds of tonnes
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Example: ATLAS LAr Calorimeter
• ..
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https://indico.cern.ch/event/186337/contributions/1457895/attachments/258183/360740/VCI-ATLAS-EM-Calorimeter.pdf



Challenges for Integration and Mechanics 
• Mechanical Challenge:

– Calorimeters are heavy objects (100s of tons). 
– High-precision large-scale structures capable of supporting such masses: 

• Little space
• Small budget in radiation lengths or interaction lengths
• Support structures and services routing ideally should create no cracks in phi, no gaps in theta (eta) 

– à Carpenter-like (roof-top) scales and cabinet-maker type tolerances
– Gluing connections:

• Very common in trackers, getting more important for calorimeters, need to avoid delamination despite 
heavy thermal cycling

• Design, glue materials, radiation hardness, gluing technology, QA/QC.
• Upgradeability:

– Lifetime of future accelerator experiments might span several decades (see LHC experiments)
– Adaptation to changing environment of experiment (e.g. instantaneous luminosity increase, 

pile-up increase)
– Modular construction and accessibility
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Example: R&D on Low-Mass Cryostats
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Goal: decrease thickness and material budget of the next generation of cryostats for HEP à using 
Carbon Fibre Reinforced Plastic or Al honeycomb structures (see talk by C. Gargiulo )

Baseline geometry, FCC-hh LAr barrel ECAL :
Cryostat calorimeter (double vessel) 

minimum 
material

Baseline geometry, FCC-ee : 
Cryostat magnet

Solenoid 
outside

Solenoid 
inside

minimum 
material / 
buckling 
resistance

Curtesy: Presentation by M.B. Higueras and M.S. Molina at 4th FCC Physics and Experiments WS

https://indico.cern.ch/event/932973/contributions/4062114/attachments/2139633/3605145/FCC_week_MariaBarba.pdf


Example: CALICE ECAL & HCAL – FEA Studies
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• HCAL structures for particle flow: 
– Carpenter-like (roof-top) scales and cabinet-maker type tolerances.
– à Challenge for FEA calculations
– Large but fine-spaced mesh needed to model the impact of macroscopic 

excitations on individual joints à less standard than one may think, and 
the DESY central mechanical engineering team had several interactions 
with the ANSYS developers - and access to powerful computing resources

– Mixed team of engineers and physicists on analysing the earthquake 
stability

• Validation of static stability done
• Dynamic simulation of earthquake scenarios being done
• Worst case w.r.t. smaller or coarser structure

ILD ECAL endcap 
static study

ILD HCAL barrel 
static study



Example: CALICE ECAL Endcaps – Mechanical Stability
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https://agenda.linearcollider.org/event/9076/contributions/47680/attachments/36528/57052/ECAL_EC-Cooling-2021-03-24.pdf

Shearing tests of composite structure



R&D Needs
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Thoughts on R&D Needs
• Very difficult to distinguish between engineering needs and R&D needs!
• Many of the mentioned challenges can be solved by dedicated engineering 

effort, some will need additional R&D
• In most cases HEP will be able to profit from progress in industry
– Exceptions are often linked to one or a combination of the following challenges:

• radiation hardness, cryogenic temperatures, extremely tight space requirements, low dead material 
requirement and the combination of high precision and large-heavy structures

– Many engineering challenges can be met by having sufficient funding for outsourcing 
to industry experts

• There are generic R&D opportunities, however, some of the R&D needs are 
closely linked to the specific design

• Biggest calorimeter project under construction: CMS HGCal à learning a lot 
from this experience
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Thoughts on R&D Needs
• As discussed, some topics mentioned in this talk will profit from current calorimeter projects 

and/or profit from fast progress in industry
• Some topics, however, are more specific to HEP, and will probably not progress enough without 

strong participation by the HEP community. They will need to be further developed by the HEP 
community in strong collaboration with industry
– Low-mass cryostats (Carbon fibre, Al honeycomb structures)

• Mechanical strength (support of several 100s of tons), precision
• Junctions between stainless steel / Aluminum / carbon fibre / epoxy

– High-precision large-scale support structures capable of supporting large calorimeter masses (carbon 
fibre structures) 

– Cryogenic high-density signal feedthroughs
– Light thermal screens based on vacuum insulation technology (a bit like a cryostat) to make 

them almost passive elements
– Radiation hard materials for calorimeters 

• Hadron colliders with extreme radiation environment (1 MeV neutron eq. fluence up to 1016/cm2, TID 1MGy)
• Electrodes, spacers, mechanical structures, isolators,… 

– Radiation hard reliable gluing connections 
• 1 MeV neutron eq. fluence up to 1016/cm2, TID 1MGy

– Cooling systems for temperatures below -40oC
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Conclusions
• Broad overview of engineering challenges of different types of 

calorimeters 
• Needs of generic R&D identified, in some cases R&D needs closely 

linked to the specific design and the chosen implementation in an 
experiment

• HEP will profit from fast progress in industry, however, some areas are 
more specific to HEP, and will probably not progress enough without 
strong participation by the HEP community

• Calorimeters need – more than other detectors – a strong 
collaboration of engineers and physicists, often relying on large labs 
with necessary infrastructure: 
– We must make sure that these labs and infrastructures are maintained and 

supported by our funding agencies
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Thank You for Your Attention!
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Backup
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LHCb Upgrade II and ALICE 3
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EIC – ECAL and HCAL
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LHeC
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Linear Collider Experiments
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FCC-ee
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Example: FCC-ee Design for Noble-Liquid Barrel ECAL
• Low-material cryostat (inner radius = 210cm), assuming 5cm thick Al cryostat 

(R&D ongoing on thin Al and composite cryostats)
• 1536 absorbers in 2π, inclined by ~50.4o, |z| ≤ 2 m along the beam axis

– Sandwich of 2 mm Pb absorber – active gap – 1.2 mm readout PCB – active gap – … 
– à ~1.24 mm active gap x 2 at the inner radius per absorber 
– With LAr as active material 19 - 22 X0 reached after 40 cm (22 X0 for 2mm Pb, less if 

between steel sheets) 
– Also investigated: Absorbers with increasing thickness in depth (in steps)

• à ~42 absorbers crossed in depth by a straight projective trajectory 
• Granularity: 

– 11 or 12 longitudinal compartments in r, rhomboid like shape
• first compartment without Pb absorbers à pre-sampler to correct for energy losses in 

upstream material
• Second compartment with fine granularity in θ and Φ à “strips”, only two double-gaps 

and 2 absorbers per cell à optimized for π0 rejection.
– Δθ ~ 2.5 mrad in the strips (5.4 mm), 10 mrad in other compartments à

optimization ongoing to maximize particle ID and 
– ΔΦ: Strips: adding 2 absorbers (and their 2 double-gaps) into one read-out cell 

leads to ΔΦ ~ 8.2 mrad (17.7mm), other compartments probably adding 4 
absorbers and their double gaps à optimization needed

• Optimization with FCC-SW Full Sim: granularity, sampling frequency, sampling 
fraction, active material (LAr, LKrypton, ...), absorber material (Pb/W)

– E.g. using W instead of Pb → radial depth decreases by ~15 cm
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Absorber

Readout 
electrode



FCC-hh
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Muon Collider
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Example: CALICE ECAL Endcaps

ECFA R&D Roadmap Symposium TF8 – M. Aleksa (CERN)March 31, 2021 36



Example: ILD ECAL Cooling
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Leakless cooling system for low-power calorimeter read-out electronics


