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Outline 

• Present experience with CO2 cooling systems for HEP detectors  

• An approach towards standardization 

• Future programmes at LHC / HL-LHC 

• Open issues in view of future programmes 

• Conclusions 

• Outlook 
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CO2 cooling for HEP detectors 

Several advantages brought in by CO2 refrigeration (compared to standard 

freon like fluids) recently led the LHC experiments to select this fluid for the 

thermal management of cold-operated semiconductor detectors: 

DETECTOR 

• High heat transfer capability 

• T stability due to high P 

• Smaller pipes 

• Reduced insulation 

• Reduced material budget 

INFRASTRUCTURE 

• Smaller pumps 

• Lower installation costs 

• More economical operation 

• Lower energy consumption 

• Reduced carbon footprint 

(environmentally friend) 

Selected thermodynamic cycle: “2PACL”. 

Special case of “2-phase pumped cycles”, increasingly 

used in industry for high power electronics application.  

 

Main advantages of these cycles: 

• Absence of compressor; 

• Absence of active components in the detector loop; 

• High thermal stability in operation;  

• Simple regulation required. 
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The “2PACL” cycle  

Developed at NIKHEF for the AMS02 

Silicon Tracker and for the LHCb Velo. 

Cycle passively controlled through the 

pressure in the CO2 “accumulator” vessel 
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CO2 cooling systems for HEP detectors 
2PACL concept 

AMS 2 

LHCb Velo 

CORA/SR1 (+Nikhef, Lyon, Aachen, DESY…): ~2 kW @ -20 ˚C 

MARCO: 1 kW @ -40 ˚C 

CMS Pix-Ph1 “TIF proto”: 15 kW @ -25 ˚C 

ATLAS IBL: 2 x 3 kW @ -35 ˚C 

CMS Pix-Ph1 “P5”: 2 x 15 kW @ -25 ˚C 
(in construction) 

TRACI V1 (2/2) 

TRACI V2 (3/3) 

TRACI V3 (1/4) 
PLC-based logic 

Touch-screen 

New pump(s) 

Improved piping design 

Portable laboratory units:  

~100 W @ -30 ˚C 
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Standardization effort 

1- Standard steps for a global approach to thermal management: 
• Definition of thermal loads.  

• Definition of on-detector thermal contact. 

• Simulation & mock-ups for evaporative cooling design. 

• Definition of the complete operational envelope. 

• Definition of the environmental conditions. 

• Definition of optimal cooling distribution granularity. 

• Dimensioning and design of transfer lines. 

• Design of cooling plant. 
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Standardization effort 

2- Standard design “rules” and procedures:  
• 2PACL design specialized for small / medium / large size unit. 

 

 

 

 

 

 

 

 

 

• Best correlations for heat transfer and pressure drop simulations. 

• Database for hardware components. 

• Best practices for construction. 

• Procedures for functional and risk analysis. 

• Best operation concepts (filling, start-up, cooling down, etc). 
 

Plenty of information is already stored on repositories accessible through the portal 

“CO2cool4PHYS” (https://espace.cern.ch/CO2cool4PHYS/SitePages/Home.aspx)  

Reorganization and maintenance of the available material is however needed.   

https://espace.cern.ch/CO2cool4PHYS/SitePages/Home.aspx
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Standardization effort 

3- Standard approach to HW&SW control building blocks and GUI:    

• Standardized architecture 

• Compatible with Schneider and Siemens PLC.  

• Fully based on CERN standards. 

• Process logic organized through hierarchical 

supervision of Process Control Objects (PCO).  

• Standard uniform maintenance and operation 

procedures on all plants. 

• Browsable synoptic panels in cascade allow 

for control and monitoring of all instrumentation.  

• Each instrument is represented by an 

independent widget: a click provides all the 

available information (current value, error, 

mode, historical trend, etc). 



Paolo.Petagna@cern.ch 2nd ECFA High Luminosity LHC Experiments Workshop | 21-23 October, Aix-les-Bains | France 9 

Future CO2 cooling plants @ LHC/HL-LHC 

CMS Pix-Ph1: 
• 2 x 15 kW independent 

plants for 2 detectors 

• Temporary swapping back-

up possibility 

• T = -25 ˚C 

 

ATLAS IBL: 
• 1+1 plants with swapping 

possibility 

• Each unit 3.3 kW @ -35 ˚C 

 

2014 

LHCb Velo + UT: 
• 2 x 7 kW independent 

plants for 2 detectors 

• Temporary swapping back-

up possibility 

• T < -30 ˚C 

• Plants installation in 

EYETS 2016/17 

 

LS2 (2018) 

ATLAS ITK : 
• 5+1 plants with swapping 

possibility 

• Each unit 30 kW @ -35 ˚C 

• Very large CO2 volumes! 

 

CMS TRACKER & HGCal:  
• (3+1) + (4+1) plants with 

swapping possibility  

• Each unit 45 kW @ < -30 ˚C 

• Very large CO2 volumes! 

• Additional unit for partial 

detector tests on surface 
 

 

 

LS3 (2023) 
(preliminary ideas) 

Consolidation of technology +  

Lessons from ATLAS & CMS operation + 

Dedicated studies on: 

• Long vertical evaporators 

• Balancing of mchannel loops 

• Refined evaporating line models 

Consolidation of studies on: 

• Long vertical evaporators 

• Balancing of large number of loops 

• Refined evaporating line models 

• Plant swapping philosophy and control 

Applied R&D on: 

• Dynamic modeling and simulation 

• Accumulation / storage concepts 

• Transfer lines 

• 30-45 kW units 

• Smooth plant swapping (spare!) 

• Leak measurement techniques 

Technical efforts on: 

• Space and infrastructure definition 

• Hardware components 

• Outsourcing and QA 

CO2 plant capacity: tens of kg 

CO2 plant capacity : hundreds 

of kg (to be defined) 
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Evaporators & thermo-fluid simulations 
2-Phase flows undergo dramatic modifications influencing pressure drops and Heat 

Transfer Coefficient: CO2 models for horizontal pipes down to ~1mm size have been 

implemented in a 1-D calculator. They must be refined and compiled into a user-friendly 

code, ideally to be coupled with a standard FEA software 

COBRA: CO2 BRAnch Calculator 

B. Verlaat, J. Noite 

Design Considerations of Long Length Evaporative CO2 Cooling Lines 

10th IIR Gustav Lorentzen Conference on Natural Refrigerants, Delft, The Netherlands, 2012 

Following the most advanced trends, the 

adopted models are based on “FLOW 

PATTERN MAPS” to calculate the transitions 

between regimes 

http://www.wlv.com/products/databook/db3/data/db3ch12.pdf 

Source:Wolverine Engineering Data book III 

“Annular” flow:  

ideal heat transfer 
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Evaporators & thermo-fluid simulations 

The simulation model developed is suited for horizontal evaporators with 

equivalent diameter down to 1 mm:  Efforts are required reliably to extend it 

to vertical evaporators and m-channel devices. 

 

    

Vertical pipe 

Horizontal pipe m-channel device (see following talk by J. Buytaert) 
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The application of dynamic simulation techniques would allows for modelling  the time 

varying behaviour of a cooling plant under any condition.  

 

This process simulation technique provides important benefits through the whole project life: 

• Design phase: Check global process behavior/transients 

• Commissioning phase: Virtual commissioning of control systems 

• Operation phase: Operator training and control optimization 
 

Already in use @ CERN EN/ICE  

• Object oriented approach using a simulation commercial software 

• Development of dedicated modelling libraries: cryogenics, water cooling, etc.  

• Commercial source code is open and modifiable by users 

• Models can be easily connected to existing PLC to simulate the full system 
 

 

 

 
 

 

 

12 

Dynamic system simulation 

Required: 

• Direct measurements of components 

on pilot plants 

• Mathematical models of components 

non present in the libraries  
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Operation: unit swapping and recovery 

For the Phase2 upgrades a redundancy scheme is proposed involving the 

installation of one spare cooling plant and a swapping scheme smoothly 

allowing to substitute each one of the n plant in use (faulty or requiring 

maintenance) with the spare unit. 

… U1 Ui Un 

Un+1 

DETECTOR 

MANIFOLDS 

… 

This very appealing scheme has several 

implications not only at the level of integration, 

but also of plant hardware design, process 

optimization (stop / swap / recover) and 

control implementation. 

Dedicated studies will be required 
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Accumulation and CO2 storage 

The accumulator is the key element of the 2PACL cycle. It is basically a 

temperature-controlled high pressure vessel containing CO2 in gas and 

liquid phase: the pressure in the accumulator determines the evaporation 

pressure on the detector lines 

In the present plants the accumulator also acts as CO2 

storage tank. 

The ~70 kg CMS Pix-Ph1 plant accumulator has about the 

maximum size that can be built with standard certified 

techniques and safely stored underground. 

The large volumes of CO2 required for the thermal 

management of the Phase2 detectors requires a thorough 

reconsideration of the concept: 

• Multiple accumulators per plant (control complexity)? 

• Separate large storage tank and a small accumulator? 

• Cold storage or warm storage? 

• Where to store the large CO2 volumes? In surface? How 

to transfer? 

• … 
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Transfer lines 

Efficient transfer lines combining the inlet and outlet lines with a vacuum insulation in a triple 

coaxial geometry have been first adopted for the ATLAS IBL and the CMS Pix-Ph1 projects.  

While long rigid lines have been industrially produced and can be operated with “passive 

vacuum”, very practical flexible lines have been custom designed and produced for critical 

IBL regions: however these require today active vacuum pumping. Can they be designed for 

“passive vacuum” too? 

Can the cross section of the transfer lines be further reduced? 

Very long transfer lines in complex geometries with well insulated walls can also present local 

“siphons”, where cold fluid can be trapped for long time. Experience must be built-up. 

Cross section of a triple coaxial 

vacuum insulated transfer line 

Rigid transfer line Custom flexible transfer lines 
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High power pump (30 to 45 kW) 
The experience gathered with the Lewa pumping units adopted for ATLAS IBL and CMS 

Pix-Ph1 must be combined in the new pump needed to cope with Phase2 detector requests    

ATLAS IBL:  

Triple head “local” 

3.3 kW  

CMS Pix-Ph1:  

Single head “remote” 

15 kW  

Technical feasibility has been 

declared by the producer (Lewa). 

 

However this will be an unknown 

product, likely to require some 

technical R&D, in particular for its 

implementation in the new cooling 

units. 
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HW components, outsourcing, QA 

• 2013-2014 plant construction phase: state-of-the-art components compatible 

with CO2 pressures (not all fully satisfactory). As the market is in constant 

evolution, a constant expert survey of available components is required. 

• Maximum existing size available on the market for some components has 

been used for the 15 kW CMS Pix-Ph1 plant: will this be enough for future? 

• In some cases extremely long delivery times occurred, due to on demand 

production: this might happen even more with largest plant and care must be 

taken not to be phased-out by the market. 

• The construction of ~15 large plants is likely to require industrial 

outsourcing of the final production: suited QA procedures must be put in 

place (different level of what we can do in our internal workshops). 

• Early partnership with industry must be established (non-standard 

refrigeration plants and big investments: not many firms will be available!) 
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Better scheme for future CO2 cooling plants 

PROPOSAL 
ATLAS/CMS Common prototype: 

• 30-45 kW @ -35 or -40 ˚C 

- two stage chiller 

- multiple remote head pump 

• Large CO2 volumes 

management 

 

 

(2016…) 

(2015) 

industrial 

outsourcing 

TRACI V3  

CMS Pix-Ph1: 

• 2 x 15 kW independent plants 

for 2 detectors 

• Temporary swapping back-up 

possibility 

• T = -25 ˚C 

 

ATLAS IBL: 

• 1+1 plants with swapping 

possibility 

• Each unit 3.3 kW @ -35 ˚C 

 

2014 

LHCb Velo + UT: 
• 2 x 7 kW independent 

plants for 2 detectors 

• Temporary swapping back-

up possibility 

• T < -30 ˚C 

• Plants installation and 

commissioning in EYETS 

2016/17 

 

LS2 (2018) 

ATLAS ITK : 
• 5+1 plants with swapping 

possibility 

• Each unit 30 kW @ -35 ˚C 

• Very large CO2 volumes! 

 

CMS TRACKER & HGCal:  
• (3+1) + (4+1) plants with 

swapping possibility  

• Each unit 45 kW @ < -30 ˚C 

• Very large CO2 volumes! 

• Additional unit for partial 

detector tests on surface 

 

LS3 (2023) 
(preliminary ideas) 

2015-16:  

plant construction 
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Conclusions 

• Relevant experience and an important standardization approach to CO2 cooling 

for HEP detectors has been built up in the last 5 years 

• LS1 achievements: ATLAS IBL plant (3 kW @ -35 ˚C) commissioned; 

 CMS Pix-Ph1 “TIF” plant (15 kW @ -25 ˚C) commissioned;  

 CMS Pix-Ph1 “P5” plants installed;  

 TRACI V3 built in 4 prototypes 

• LS2 objectives (2 x 7 kW @ T< -30 ˚C for LHCb Velo + UT) require: 

 consolidation of the technologies developed; 

 implementation of lessons from ATLAS and CMS operation; 

 specific developments mainly on evaporator modelling; 

• LS3 objectives (multi-unit/multi-loop 30-45 kW @ T< -30 ˚C for ATLAS ITk,   

CMS TK + HGCal) much more demanding and requiring: 

 technical studies; 

 applied R&D; 

 industrialization efforts. 
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Outlook 

• The path ahead for CO2 thermal management of future silicon detectors is 

reasonably clear and, though challenging, many goals are common 

among different detectors/experiments. 

• The LS2 upgrade of  LHCb will already consolidate the techniques 

developed until now and improve our understanding and should be 

followed with interest by the whole “cooling-engaged” community. The 

objective of an early installation in 2016/17 EYETS perfectly fits this vision. 

• In the meantime an early common “ATLAS-CMS” effort to tackle the LS3 

challenges also on cooling is necessary: this should pass through the 

realization of a common large-scale prototype on which all required 

technical studies can be performed and a multi-institute team gathering 

all the required competences can be stably formed. Preliminary studies in 

this direction should be launched as from 2015. 

• Steps towards industrialization should be made, starting from the small 

laboratory units of the TRACI class and preparing for possible future 

outsourcing of large plants. 
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Back-up slides 
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PH-DT experience on CO2 cooling 

Experiment Project name PLC/DAQ Brand Project status Cooling power Loops number 

 
ATLAS 

SR1 Siemens  Completed 2kW Na 

IBL Schneider Under development 2x3.3kW 14 

CMS 

TIF Schneider Completed 15kW 8 

Pixel phase 1 Schneider Under development 2x15kW 32 

General purpose 
ATLAS & CMS 

CORA Siemens  Completed 2kW 2 

ATLAS & Belle MARCO Siemens  Completed 1kW Na 

ATLAS & CMS & 
LHCb 

ILC-PPC funded 
by AIDA project 

TRACI 
Siemens  

NI LabVIEW DAQ 
Completed 100W Na 
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Dynamic system simulation - 2 

Cryogenics 
Helium cryogenics for LHC and experiments 

Objective: Cryo operator Training / Control optimization 
 

Gas systems 
Gas mixing systems for LHC particle detectors 

Objective: Validate an alarm handling prototype to help 

operators 

Water cooling plants 
LHC water cooling towers 

Objective: New control system virtual commissioning 
 

Ventilation systems 
Ventilation systems for caverns and experimental areas 

Objective: Develop and validate new regulation schemes to 

save energy 

Some example of use @ CERN (EN/ICE) 


