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The Tevatron at Fermilab in 1983 opened the doors for large-scale production and use of cryogenically-cooled superconducting magnets in 

accelerator structures.

As the requirements for higher energy and larger circumference machines evolve, so do the challenges associated with large-scale, long-

length, high-power cryogenic cooling systems.

This talk is an attempt to explore what has been done in the past, from the Tevatron to the LHC, exploring what is achievable for future 

accelerators such as FCC.

Accelerator cryogenic systems reviewed: Tevatron, HERA, RHIC, LHC, SSC, SIS300, and FCC

NB: Numbers shown here might not be consistent throughout all available literature due to it spanning several decades and stages of 

development for each machine.



Introduction 

06/11/2025P. Borges de Sousa | A review of accelerators past 3

Link to Springer

https://link.springer.com/chapter/10.1007/978-1-4612-2230-9_21
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Machine Type Years of operation Location Circumference c.o.m. Energy

Tevatron ὴӶὴsynchrotron 1983 - 2011 Batavia, IL, USA (FNAL) 6.28 km 1.8 TeV

HERA e-/e+ - p collider 1992 - 2007 Hamburg, DE (DESY) 6.3 km 30 GeV Ὡ , 820 GeV ὴ

RHIC Heavy-ion synchrotron 2000 - present Upton, NY, USA (BNL) 3.8 km 250 GeV

LHC ὴὴsynchrotron 2008 - present Meyrin, GE, CH (CERN) 26.7 km 13.6 TeV

SSC ὴὴsynchrotron Never completed Waxahachie, TX, USA (DoE) 87.1 km 40 TeV

SIS300 Heavy-ion synchrotron Under study Darmstadt, DE (GSI) 1.08 km 90 GeV ὴ (33 GeV/nucleon U92+)

FCC-hh ὴὴsynchrotron Under study Meyrin, GE, CH (CERN) 90.7 km 85 TeV

Main parameters



Main Dipole cross-sections
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LHC (not to scale)
LHC

SSC

RHIC

HERA

Tevatron

Source: CERN Courier [link]

https://cerncourier.com/a/superconductivity-and-the-lhc-the-early-days-2/


Tevatron

Å ὴӶὴsynchrotron with c.o.m. energy ~2 TeV

Å Highest energy collider until LHC was built 

Å Operational from 1983 to 2011

Å Discovered the top quark

Å Circumference 6.280 km, 777+ dipoles

Å Single ring, single bore

Å Superconducting (cryo) magnet system featured a warm yoke

Å Dipole magnets: two-layer cosɗ, NbTi, 6-7 m long (8 µm filament size)

Å Two T levels in magnet cryostats: 4.5 K and 80 K

Å 5000 L/h centralized liquefier feeding 24x 1 kW @ 4 K refrigerators

Å Each refrigerator at the midpoint of its sector, 24x2 = 48 cooling strings

Å Separate cryogenic distribution line
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Fermi National Accelerator Lab
Batavia, IL, USA
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https://en.wikipedia.org/wiki/Tevatron


Tevatron - continuous re-cooling

06/11/2025P. Borges de Sousa | A review of accelerators past 7

Single-phase He

Two-phase (saturated) He

Cooldown line

4.5 K

1.8 bar

...

...

Cooling length = 125 m

4.6 K

1.8 bar

4.47 K

1.25 bar

4.42 K

1.2 bar

Warm yoke

LN2-cooled shield 2-phase He return

Single-phase He flow
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HERA ïHadron-Electron Ring Accelerator DESY
Hamburg, Germany

S
o

u
rc

e
: D

E
S

Y
 [lin

k
]

Å Only lepton-proton collider to date

Å Approved in 1984, operated from 1992 to 2007

Å Ὡ / Ὡ ïὴcollider

Å Two separate storage rings on top of each other

Å Cryogenic system cools 422 main dipoles, 224 main quadrupoles, corrector 

magnets and SRF cavities

Å Dipole magnets: two-layer cosɗ, NbTi, 9 m long (14-16 µm filament size)

Å Three identical coldboxes (centralized), with 3x 6.5 kW @ 4.3 K and 3x 20 kW 

@ 60 K

Å All octants in the ring tunnel (623 m long strings of 53 dipoles+ 26 quadrupoles) 

are cooled in parallel

https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=829&two_columns=1


HERA 
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S. Claudet, Basics of Accelerator Science and Technology at CERN 2017 [Indico]

SC magnets 

(1 octant = 680 m)

Precooler + He feedbox

Endbox w/ JT valve

1, 2, 3, 1a Compressors (low p, 1Ÿ4 bar)

4, 4a Compressors (high p, 4Ÿ18 bar)

5, 5a He purification system

6 Coldboxes

7 He warmers

8 He distribution valve box

9 Liquid He storage dewars

10 LN2-cooled purifiers

11 LN2 dewar

12 He gas storage tanks

13 Transfer line with 5 process tubes

14 Quench gas collection line

15 Warm high pressure He line

16 Superconducting magnets

17 Two reference SC dipoles

18 16 superconducting cavities

19 Precoolers and He feedboxes

20, 22, 23 Middleboxes

21 Endbox with JT valve

24 Detector supply boxes

25, 26 Detectors

Transfer line (4 tubes)

Quench line

https://indico.cern.ch/event/575505/timetable/#24-cryogenics


HERA ïcontinuous re-cooling
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Single-phase He

Two-phase (saturated) He



HERA - continuous re-cooling
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Å All octants are cooled in parallel

Å ЎὝ 100 mK along an octant

Å Circulating ά 31 g/s

Å Ὕ magnet 4.6 K

Ø 480 mm

Single-phase He

Two-phase (saturated) He

4.35 K

2.5 bar

1.1 bar (sat)

4.31 K

ὼ~ 10%

1 octant = 623 m, 53 dipoles (26 half-cells)

...

...
ὼ~ 90%



RHIC ïRelativistic Heavy Ion Collider
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Brookhaven National Lab
Upton, NY, USA
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Å Heavy-ion and polarized ὴsynchrotron with c.o.m. energy ~500 GeV (ὴ)

Å Operational from 2000 to present (planned end of operation 2025)

Å Only operational hadron collider with LHC, only in the US

Å Circumference 3.8 km, 288+ dipoles

Å Two rings (blue and yellow)

Å Dipole magnets: single-layer cosɗ, NbTi, 9.7 m long (6 µm filament size)

Å Two T levels in magnet cryostats: 4.5 K and 55 K

Å Centralized Helium cryoplant providing 25 kW @ 4 K

Å Cryogenic distribution line contained inside magnet cryostats

Å Closed loop magnet cooling circuit is allowed to rise in pressure in case of quench without 

the need for venting

https://en.wikipedia.org/wiki/Relativistic_Heavy_Ion_Collider


RHIC - discrete re-cooling
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Closed single-phase He loop

Two-phase (saturated) He

Return header (ὴdictates Ὕ )

ÅThe closed loop ensures that the cryoplant wonôt see unbalanced flow by receiving excessive amounts of He gas during He 
expansion upon warmup in case of quench

ÅCryogenic system designed for twice the nominal heat load

... ...

1 sextant = 630 m, 6 re-coolers

105 m

4.25 K

1.02 bar

4.28 K

4.5 bar

4.6 K

4.5 bar



LHC ïLarge Hadron Collider
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CERN
Meyrin, GE, Switzerland
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Å ὴὴand heavy-ion synchrotron with c.o.m. energy ~13.6 TeV

Å Operational from 2008(2010) to present (undergoing upgrade to HL-LHC)

Å Discovered the Higgs boson!

Å Circumference 26.7 km, 1232+ dipoles

Å Superconducting (cryo) magnet system features a cold yoke

Å Single ring, twin aperture magnets in single cryostat

Å Dipole magnets: two-layer cosɗ, NbTi, 14.3 m long (6-7 µm filament size)

Å Two T levels in magnet cryostats: 1.9 K and 50 K (+ BS)

Å 8 cryogenically independent sectors with combined 20 kW @ 1.8 K (144 kW @ 4.5 Keq)

Å Separate cryogenic distribution line (QRL)

Å The only large-scale particle accelerator operated at 1.8-1.9 K using He II!

Courtesy L. Delprat

Insulation scheme allows He II 

penetration and direct contact 

with each of the magnet windings

https://en.wikipedia.org/wiki/Large_Hadron_Collider


LHC - He II continuous re-cooling
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Line B

Ø 650 mm

Å Cold mass in a static bath of pressurized He II at 1.9 K

Å Heat extraction via exchange with saturated He II at 1.8 K 

(16 mbar) in a bayonet that runs continuously along the 

magnets 

Å He II penetrates the space between the windings, radial 

and longitudinal gradients ~ negligible (order of mK)



SSC ïSuperconducting Super Collider
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Department of Energy
Waxahachie, TX, USA

Source: Wikipedia [link]

cryoplant

4.3 km string 4.3 km string

8.6 km sector

Å Nicknamed ñDesertronò, discussed from 1982

Å Under construction from 1991 to 1993

Å pp synchrotron with planned c.o.m. energy of 40 TeV

Å Circumference 87.1 km, 7ô000+ dipoles

Å 2 independent magnet rings

Å Dipole magnets: two-layer cosɗ, NbTi, 15.8 ï17.5 m long (6 µm 

filament size)

Å Three T levels in magnet cryostats: 4.4 K, 20 K, and 80 K

Å Project cancelled due to funding issues/cost overruns,

not by technical feasibility issues

Å 10 cryogenic sectors, each 8.6 km long, cryoplant at 

the midpoint

Å Cryogenic distribution line entirely integrated into magnet 

cryostats

https://en.wikipedia.org/wiki/Superconducting_Super_Collider


SSC - discrete re-cooling
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Closed single-phase He loop

Two-phase (saturated) He

Return header (ὴdictates Ὕ )

Operating T, coils 4.35 K max.

Operating T, refrigerator 4.1 K nominal, 4.0 K min.

R
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4.15 K

3.5 bar

4.28 K

2.8 bar

Cryogenic string = 4.3 km

arc cell = 180 m

4.1 K, 0.9 bar

... ...

10 D, 2 Q

24 cells

...



SSC ïdiscrete re-cooling
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Annular space for He flow

Å 68 litres of single-phase He per dipole Ÿ 4.5 l/m



SSC - cross-flow 
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ÅñCross-flow coolingò method developed for SSC dipole magnets

ÅFull single-phase He stream (100 g/s) is directed to flow around coil 

package (chicane-style) to intercept synchrotron radiation heat load



SIS-300 @ FAIR
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GSI
Darmstadt, Germany

Å Heavy ion synchrotron

Å Study/construction on hold

Å Circumference 1.08 km, 48+12 dipoles

Å Single ring

Å Superconducting rapid-cycling magnets ~ 1 T/s (Tevatron, HERA, RHIC, LHC < 0.1 T/s) 

Ÿ large AC losses

Å Design T margin of 1 K, ЎὝbetween dipole winding and single-phase He is ~ 0.1 K

Å 1 mm thick insulation/spacer between layers for He passage (described for 2 layer  IHEP 

design), annular space between beam tube and inner coil surface for heat extraction

Å Dipole magnets: two-layer cosɗ, NbTi, 7.7 m and 4 m long (2.5-4 µm filament size) 

Å 2 separate cryogenic sectors



SIS300 - continuous re-cooling
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Single-phase He

Two-phase (saturated) He

4.35 K

3 bar

...

...

Cooling length = 550 m

4.6 K max

4.3 K

1.1 bar



FCC-hh ïFuture Circular Collider

06/11/2025P. Borges de Sousa | A review of accelerators past 22

CERN
Meyrin, GE, Switzerland

Å ὴὴsynchrotron with c.o.m. energy ~85 TeV

Å Under study, planned construction from 2050ôs, operation from 2070ôs

Å Circumference 90.7 km, 4460+ dipoles

Å Single ring, dual aperture magnets

Å Dipole magnets: Configuration tbd, Nb3Sn, 14.3 m long (50-70 µm 

filament size)

Å Two T levels in magnet cryostats: 1.9 K and ~50 K (+BS)

Å 12 Helium cryoplants providing a total 120 kW @ 1.9 K

Å Independent cryogenic distribution line
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Machine
Circumference 

[km]

Central dipole 

field [T]

Continuous cooling 

length [m] 

He 

inventory 

[t]

Cold mass 

operating T [K]

Installed capacity 

at cold mass level

Heat loads on 

arc dipole [W/m]*

Cooling 

scheme

Tevatron 6.3 4.4 125 6.3 4.5 < T < 4.6 24 x 1 kW @ 4 K ~0.97 (+1.6)
1ű+ continuous 

2űre-coolers

HERA 6.3 4.6 623 (623 m octant) 16 4.4 20 kW @ 4.3 K ~ 0.6
1ű+ continuous 

2űre-coolers

RHIC 3.8 3.5 105 (630 m sextant) 35.5 4.3 < T < 4.6 25 kW @ 4 K ~ 0.26
1ű+ discrete 2ű

re-coolers

LHC 26.7 8.3 107 (3.3 km sector) 135 1.9 20 kW @ 1.9 K ~ 0.2
Static press. + 

sat. He II

SSC 87.1 6.6 180 (4.3 km string) 288 < 4.35 K 31.5 kW @ 4.15 K ~ 0.2
1ű+ discrete 2ű

re-coolers

SIS300 1.1 6 (1 T/s) 550 m (550 m sector) - 4.35 < T < 4.5 - ~ 0.94 (+3.8)
1ű+ continuous 

2űre-coolers

FCC-hh 90.7 14 276 (4.9 km sector) 820 1.9À ~160 kW @ 1.9 K ~1.4 (+3.1)
Static press. + 

sat. He II

Summary table

ÀBaseline strategy at 1.9 K, studies for operation at higher temperatures ongoing

* Best estimate based on various sources/magnet/cryostat lengths, values in brackets are the additional losses due to magnetization when available



Final thoughts
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Å Every (large)-scale accelerator built to date using superconducting magnets has relied on cooling using helium at or 

around 4.5 K except for the LHC (which uses both single-phase and saturated He II at 1.9 K)

Å CEBAF, ESS, SNS, Eu-XFEL use He II for SRF cavity cooling

Å In all cases discussed in this talk, the coolant in contact with the coil windings was subcooled liquid helium (i.e., single-

phase pressurized fluid) to avoid instabilities inherent to vapor formation and two-phase flow

Å For the cases discussed today, the coils were made of non-impregnated NbTi and in direct contact with the single-

phase He stream and there was an annular space for He circulation on the inner surface of the coil

Å FCC-hh will rely on fully impregnated Nb3Sn coils Ÿ more challenging local heat extraction



Curiosity: the Nuclotron
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JINR
Dubna, Russia

Å Heavy ion synchrotron with c.o.m energy ~ 7 GeV

Å Circumference 252 m

Å Built in 1987-1992

Å Features a cold yoke, twin aperture

Å 96 dipole magnets, each 1.5 m long

Å Uses hollow conductor ïthe coil windings see a vacuum environment (no He vessel)

Å Conductor: NbTi, 16 strands spirally wound on 4 mm copper-nickel tube

Å Single-layer iron-dominated magnet producing dipole field ~ 2 T

Å Cooled by two-phase helium flow (instabilities!) inside the channels

Å Each magnet cooled in parallel (cooling length is full conductor length ïhigh dp)

Ph. Lebrun, Cryogenic for high-energy particle accelerators: highlights from the first fifty years [link] 

https://cds.cern.ch/record/2152404/


Thank you for your attention!

06/11/2025P. Borges de Sousa | A review of accelerators past 26



Tevatron:

Å C. H. Rode, Tevatron Cryogenic System [link]

Å M. G. Geynisman, Cryogenic System for the Tevatron, [link]

Å R. Yamada, Tevatron, [link]

Å Fermi National Accelerator Laboratory, Design Report Tevatron 1 Project, [link]

Å W. B. Fowler, The Tevatron Cryogenic System: Five Years of Operation, Lessons for Future Superconducting High Energy Accelerators, [link]

Å D. Holmes, The Legacy of the Tevatron in the Area of Accelerator Science, [link]

Å W. B. Fowler, Helium: Current Status and Future Outlook, [link]

HERA:

Å H. R. Barton Jr., The Refrigeration System for the Superconducting Proton Ring of the Electron Positron Collider HERA [link]

Å H. R. Barton Jr., Performance of the Superconducting Magnets for the HERA Accelerator, [link]

Å R. Brinkmann, HERA, [link]
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Å M. A. Iarocci, RHIC Cryogenics, [link]

Å M. Anerella, The RHIC Magnet System, [link]

Å Accelerator Division, RHIC Configuration Manual, [link]

Å H. Hahn, The RHIC Design Overview, [link]
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S. Claudet, Introduction to Cryogenics for Accelerators (CAS) [link] Adapted from Ph. Lebrun, Cryogenic for high-energy particle accelerators: 

highlights from the first fifty years [link] 

https://cas.web.cern.ch/sites/default/files/lectures/chavannes-de-bogis-2017/casintrocryo2017sc.pdf
https://cds.cern.ch/record/2152404/
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