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Introduction

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.
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Introduction

A BRIEF OVERVIEW OF THE RHIC

CRYOGENIC SYSTEM®
J. H. Sondericker

Discussions assessing the cost, reliability and general design wisdom of various
configurations of helium refrigeration systems used to cool superconducting
magnets for modern accelerators are common wherever and whenever cryogenic
engineers meet. Opinions range from those who favor totally distributed
hardware to a large central facility. Upon review of research laboratory helium
refrigeration systems one finds that there is a fuzzy but natural limit to the length
of series cooled magnet strings. The refrigeration plant must not only meet
system specifications for cooling capacity but also meet reliability and cost
requirements. But realistically, each design is limited by the magnitude of worst
case helium return pressure which then sets magnet operating temperature.

The list of facilities shown on the following page shows that the upper limit
of a length of series cooled magnets seems to be about 4 km. The FNAL system
has by far the shortest cooling length (125m) string while the SSC had proposed
10 distributed sub cooled refrigerators each servicing two 4 km parallel half
sectors. So a single central refrigerator, with some kind of subcooler and
reasonable diameter cold piping, can meet general specifications for a
superconducting accelerator of about 8 km in circumference. Larger machines
must go to distributed systems to stay within normal design limits. Distributing
on a lesser scale is not only costly but cycle efficiency is reduced and
maintenance becomes a problem.

Link to Springer
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https://link.springer.com/chapter/10.1007/978-1-4612-2230-9_21

Main parameters

Machine Years of operation Location Circumference c.0.m. Energy
Tevatron nnisynchrotron 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 30GeV'Q,820GeVn
RHIC Heavy-ion synchrotron 2000 - present Upton, NY, USA (BNL) 3.8 km 250 GeV
LHC nr synchrotron 2008 - present Meyrin, GE, CH (CERN) 26.7 km 13.6 TeV
SSC N synchrotron 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 1l (33 GeV/nucleon U%%%)
FCC-hh nr synchrotron Under study Meyrin, GE, CH (CERN) 90.7 km 85 TeV
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Main Dipole cross-sections
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Source: CERN Courier [link]
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https://cerncourier.com/a/superconductivity-and-the-lhc-the-early-days-2/
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CENTRAL HELIUM LIQUEFIER

3ATM. LHe TRANSFER LINE

o Io Do o Do Do

nnisynchrotron with c.o.m. energy ~2 TeV | ©
Highest energy collider until LHC was built %
Operational from 1983 to 2011 g
Discovered the top quark }bg_
Circumference 6.280 km, 777+ dipoles E
Single ring, single bore =
Superconducting (cryo) magnet system featured a warm yoke e v = Sty
Dipole magnets: two-layer cosd, NbTi, 6-7 m long (8 um filament size) ey Coac R

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

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

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

Separate cryogenic distribution line =

o o Io Do I» Do

DO Detector
Do
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https://en.wikipedia.org/wiki/Tevatron

Tevatron - continuous re-cooling
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He GAS TO g - - = EXPANSION HELIUM
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HELIUM MULTILAYER INSULATION
, | |1 coiL cLamp )
Cooling length = 125 m WIRE LAMINATION
4.42 K 4.47 K e //P~—F~INSULATION AND
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B single-phase He
. Two-phase (saturated) He Fig. 2.9 The Tevatron warm iron dipole [4]
B Cooldown line

<C;ERN§§? P. Borges de Sousa | A review of accelerators past 06/11/2025



HERA T Hadron-Electron Ring Accelerator DESY @)

Hamburg, Germany

o To To o Do

o o

Only lepton-proton collider to date

Approved in 1984, operated from 1992 to 2007
Q/Q 11 collider

Two separate storage rings on top of each other

Cryogenic system cools 422 main dipoles, 224 main quadrupoles, corrector
magnets and SRF cavities

Dipole magnets: two-layer cosd, NbTi, 9 m long (14-16 pum filament size)

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

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

[un] AS3@ :921n0Ss

CERN
\\
N7

P. Borges de Sousa | A review of accelerators past 06/11/2025 8


https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=829&two_columns=1
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Compressors (lowp, 1Y4
Compressors (highp, 4Y18
He purification system
Coldboxes

He warmers

He distribution valve box
Liquid He storage dewars
LN,-cooled purifiers

LN, dewar

He gas storage tanks
Transfer line with 5 process tubes
Quench gas collection line
Warm high pressure He line
Superconducting magnets
Two reference SC dipoles

16 superconducting cavities
Precoolers and He feedboxes
Middleboxes

Endbox with JT valve
Detector supply boxes
Detectors

bar)
bar

/4

16

00,000 QQ 000—

Refrigerator Building ! , s
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¥ v 2/ 5 | Quench line
6308 sl
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! i
21 4 ~ SC magnets
» N (1 octant =680 m)
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1
Ringtunnel
1
and
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A - Experimenteal
+ Halls
<——] Endbox w/ JT valve
21 21
23 S 20
21 4
| 22 @2
. . i Transfer line (4 tubes)
e 7 ]
Precooler + He feedbox
Refrigeration 4.3 K 6775 W total mass flow 0.871 kg/s
Refrigeration 40/80 K 20000 W Primary power 2845 kw

Current lead flow

20.5 x 10 kg/s

Specif. power consumption

281 W (300 K)/W (4.3 K)

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

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

HERA T continuous re-cooling

two phase
He - return

one phase
He - supply

beam tube

7
iron yoke EER superconducting windings

E—:j zone of heat exchange between

[TT] atuminum alloy collar one phase and two phase He

Half cell

t l= 23.506 m —l

Dipole Dipole Quadrupole

Cryostat Cryostat "7 Cryostat
l =9.764 m 1 =9764 m 1 23,97 m

correction
dipole

quadrupole

Fig. 2. Cryogenic structure of one HERA half cell.

M single-phase He
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Fig. 1 HERA dipole
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two layer coil- (8)
laminated aluminium (9)
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laminated yoke (10)
shield cooling tube ({11)
vacuum container (12)
glass fiber band (13)
glass fiber rod (14)
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cross section
adjustment

-

beam tube with correc-
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forward and return bus

correction coil bus
one phase helium
two phase helium
aluminium filler

CERN i?
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HERA - continuous re-cooling

Table 1. Heat Loads of Components and System Summary
1.1 bar (sat) Component q (4.4 ®) me (4.4 K) q (40/80 K)
431K [w] [ g/s] [w]
w~ 90% w~ 10%»
dipole 3.7 - 21.4
quadrupole 15.0 0.024 38.0
octant (calcul.) 813.6 4.15 2562
4.35 K octant (design) 1220 4,15 2818
2.5 bar 8 octants 9760 33.2 22545
) H 4 detectors 2000 4ob 6000
1 octant = 623 m, 53 dipoles (26 half-cells) ring tramster line 1100 N 11300
- Single-phase He T design values 12860 37.6 39845
B Two-phase (saturated) He — specif. values 13550 41,0 40000
135 bar -
@ 480 mm Coldtbox
Valvebox
©
45K Return — £o-! oo i
10.04mp | ‘
. /LUKSuppl \ A0 bar E;G WJ®
A All octants are cooled in parallel oK sueet)| Oowar / Suaooter | ™
per / i
A Y'Y 100 mK along an octant T Jpperinaaten -
A Circulatingad  31g/s VL";“J:"‘%:M o oty ccs b e e o ocars _
o 10.48m 91 J"ﬂ—}” Superconducting magnets
A Y magnet 46 K Bypass @
(01 m @) [ I | pr——y —— V] - —
L el | Dipcle®1 || Dipole #2 ’& Quadre | Dipole #52| | Dipole #53 I Xo.ﬁé
sux:ootor,zz;
Fig. 6. The HERA cryogenic transfer line. Octant ~ 623m ®i :
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RHIC T Relativistic Heavy lon Collider

o To To Po Io Do Do Do Do Ix

the need for venting

Two rings (blue and yellow)

COS MAGNET—

—

SO
_‘u_tEEL‘EJ,‘—/: ] - |

Circumference 3.8 km, 288+ dipoles

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

J=T VA

Only operational hadron collider with LHC, only in the US

Centralized Helium cryoplant providing 25 kW @ 4 K

LVE

COS MAGNET cp‘rosnu_\
BATH FILL LINE \T-
----- p—
————————————— B ———=
= wir====
———————————— b e -——J1

|
|

Heavy-ion and polarized r} synchrotron with c.0.m. energy ~500 GeV (1))
Operational from 2000 to present (planned end of operation 2025)

Dipole magnets: single-layer cosd, NbTi, 9.7 m long (6 um filament size)

Cryogenic distribution line contained inside magnet cryostats
Closed loop magnet cooling circuit is allowed to rise in pressure in case of quench without

INTERCONNECT
TUBE  \

RECOOLER SHELL

MAGNET PROCESS LIN

J

Figure 2. Recooler installed in RHIC magnct cryostat

MAKE-UP FLOW
CONTROL VALVE

M| RECOOLER HEAT EXCHANGER
TWP. & Pl..kCESfS[XTAMT

; =

SUPPORT POST

by

RECOOLER
SUPPLY HEADER

HELIUM
REFRIGERATOR

Brookhaven National Lab
Upton, NY, USA

RECOOLER LIQUID
LEVEL CONTROL
VALVE

\RETURN

HEADER

CIRCULATING
COMPRESSOR
TYP 1 PLACE/RING
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https://en.wikipedia.org/wiki/Relativistic_Heavy_Ion_Collider

RHIC - discrete re-cooling

AThe closed | oop ensures that the cryopl ant
expansion upon warmup in case of quench
A Cryogenic system designed for twice the nominal heat load
1 sextant = 630 m, 6 re-coolers
425K J 3
1.02 bar 1 1 ELECTRICAL BUS SLOT
INSULATOR
SURVEY
NOTCH
LOADING
FLAT
46 K
4.5 bar p\ STAINLESS
: . E%LARING
MAGNET—7
MID PLANE

105 m

A 4

A

. Closed single-phase He loop
B Two-phase (saturated) He
B Return header (1) dictates Y )

STAINLESS
STEEL

SHEAR PIN

HELIUM PASSAGE

FIELD SATURATION
CONTROL HOLES

CONTAINMENT VESSEL LAMINATED YOKE

D)

7

06/11/2025 13

P. Borges de Sousa | A review of accelerators past



LHC 1T Large Hadron Collider

o Bo To Do To Do Do Io Do I» Do

NN and heavy-ion synchrotron with c.0.m. energy ~13.6 TeV

Operational from 2008(2010) to present (undergoing upgrade to HL-LHC)
Discovered the Higgs boson!

Circumference 26.7 km, 1232+ dipoles

Superconducting (cryo) magnet system features a cold yoke

Single ring, twin aperture magnets in single cryostat

Dipole magnets: two-layer cosd, NbTi, 14.3 m long (6-7 pum filament size)
Two T levels in magnet cryostats: 1.9 K and 50 K (+ BS)

8 cryogenically independent sectors with combined 20 kW @ 1.8 K (144 kW @ 4.5 K,,)
Separate cryogenic distribution line (QRL)

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

Insulation scheme allows He I
penetration and direct contact
with each of the magnet windings

Cable

Adhesive polyimide

Polyimide tapes

@ Compressor station

B 4.5 K refrigerator
== |nterconnection box
<= 1.8 K pumping unit L

CERN
Meyrin, GE, Switzerland

/
_—="sauvemy”

Bourdigny-Dessus

Bourdigny \ e
—IIK 5
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Satigny, Z

v x4 N \ S
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A\ \ Grilly [
\ \ o AN
f \ \z- b X
f N “a, o
\ S ) N0
A} /—ﬂ

Chavannes-des-Bos

[ur]] eipadijipn :921n0S

HL

P4

A — upgraded exLEP cryo plant

B — new LHC cryogenic plant

LL

p3  LHC Cryogenics 7

LL

LL — Low Load sector
HL — High Load sector

P2 P8

P18
P1
HL

HL

Courtesy L. Delprat

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

LHC - He Il continuous re-cooling

10000
SOLID /’
Thermal |shields
A Cold mass in a static bath of pressurized He Il at 1.9 K — i\ PY
. . . 1000 /
A Heat extraction via exchange with saturated He Il at 1.8 K e | Eob croans v
) . L || \
(16 mbar) in a bayonet that runs continuously along the = magnets 2 “-—\\: |
o 1
magnets =, 100 ) N = i *
) ) ) o N ?/ \ L_ov\e section E’f\ | / | Resistive section of
A He Il penetrates the space between the windings, radial / AN HTS|cyrpent leads ~ | \ | |ctirentleads
and longitudinal gradients ~ negligible (order of mK) L /
tubes )/
Type "A" Service Module Type "B" Service Module 1 —
Header F (75 K, 19 bar)
- 1
__Header B (4 K, 16 mbar)
‘Header D (20 K, 1.3 bar)
Header IC | I I (4.6 K, 3 bar)
@ Warm Instrumentation
o
o
[
___5 =T . MAGNETS 8 __g N
—— = Sl = —|= Beam tube 1
—_— =l— — Beam tube 2
y\z :./:I\ Beam screen ‘:/: l:l\/\
- L © -
© @ @ o © o o
. Cryo-magnet
. Line N, Bus-Bars = o) ® (50 K, 20 bar) ry g
HeaderA E 6 4 . 4 4 o S‘uppon Po‘sts 4 B
Figure 11.5: Cryogenic flow-scheme and instrumentation of a LHC lattice cell | @ 650 mm
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SSC 1 Superconducting Super

Ni c knaDesedrondi, di scussed
Under construction from 1991 to 1993
pp synchrotron with planned c.o.m. energy of 40 TeV

Circumference 87.1 km, 76000 +

di pol es
2 independent magnet rings

o Io Do o Do Do

filament size)
Three T levels in magnet cryostats: 4.4 K, 20 K, and 80 K

Project cancelled due to funding issues/cost overruns,
not by technical feasibility issues

A 10 cryogenic sectors, each 8.6 km long, cryoplant at
the midpoint

A Cryogenic distribution line entirely integrated into magnet

cryostats
cryoplant

4.3 km string 4.3 km string

C 0
8.6 km sector

Dipole magnets: two-layer cosd, NbTi, 15.81 17.5 m long (6 pm

Collider

TIP-00761

Figure 4.1.1.1-4. Schematic layout of SSC.

S5C Parameters

Energy 20 TeV
Particles/bunch (V) 0.75 x 1010
Circumference £7,120 m

No. of bunches (B) 17,424

NB 1.3 x 1014
frot 3.4 kHz
Jfeollisions 60 MHz

Sp 50m

en (0) 1 ®* mm-mrad

i o 1/2m

o* (um)

Luminosity (£) 1x1033em25-1
Linit 1.6 x 1025 cm2
Avyo (total) 0.003

Avy g (total) 0.004

Sync. rad. power at NB = 1.3x10'4  8.75 kW/ring

Department of Energy
Waxahachie, TX, USA

Source: Wikipedia [link]
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https://en.wikipedia.org/wiki/Superconducting_Super_Collider

SSC - discrete re-cooling

Operating T, coils

Operating T, refrigerator

4.35 K max.

4.1 K nominal, 4.0 K min.

Cryogenic string = 4.3 km

v
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o 428 K ! !
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o .
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Annular space for He flow

SSC 1 discrete re-cooling
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SSC - cross-flow

A iCross-flow coolingd met hod devel oped for

A Full single-phase He stream (100 g/s) is directed to flow around coil
package (chicane-style) to intercept synchrotron radiation heat load

Table 4.2.1.1-14

QOutar shall
P AT AT AT AT AT AT LTI AT LT AT AT AT ST AT ST T

Iron

| ||||IIIHiIEIII Illligﬂllllmllllﬁélll

SSC di g

L P Sl 0 P P P

Dipole Heat Leak Budget
Circuit 45K 20K 830K
Static (W)
Infrared 0053 2335 191
Supports 0.160 2400 158
Interconnects 0.15 032 2.1
Subtotal 0363 5055 370
Beam related (W)
Synch radiation 2.169
Splices 0.140
Beam gas 0.136
Beam microwave 0.195
Subtotal 2.640
Total 3.003 5.055 37.0

Fig. 2. Cross Flow Utilizes Existing Flow Passages
in the Cold Mass.

Table 4.2.1.1-13
Comparison of Diffusion and Cross-Flow Cooling Methods
for a Typical Configuration of Apertures Inside the Magnet

Input T Synch. Rad Tmax Main Coil AT, Helium

14
Wi LA AT AT L AT ST ST LT ST LA S AL LA AL AT I s

Quter shell

TIP-00410

Figure 4.2.1.1-14. Schematic of magnet section showing inserts required for Lhe cross-flow
cooling method,

Method Case (K) (W) (K) (X)
Diffusion 26 4.4 2 4.526 0.008
Diffusion 25 4.4 10 5.018 0.028
Cross-Flow 3 44 10 4.466 0.030
C\ERN P. Borges de Sousa | A review of accelerators past
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SIS-300 @ FAIR

o Io Do Do P>

p S

Heavy ion synchrotron
Study/construction on hold
Circumference 1.08 km, 48+12 dipoles
Single ring

Superconducting rapid-cycling magnets ~ 1 T/s (Tevatron, HERA, RHIC, LHC < 0.1 T/s)
Y large AC losses

Design T margin of 1 K, Y"Ybetween dipole winding and single-phase He is ~ 0.1 K

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

Dipole magnets: two-layer cosd, NbTi, 7.7 m and 4 m long (2.5-4 um filament size)
2 separate cryogenic sectors

GSI 9
Darmstadt, Germany

— 135kPa, 44K :
--- 110 kPa, 4.32K Jh‘“k

Fig. 3. SIS300 ring cooling simplified flow diagram.

CERN
\\
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SIS300 - continuous re-cooling

47 T Qret.u ol. in:
" L | = recooler I | # dipole 250 /VVVV\

4.65 —— magnet l | | .l B after arc 7,
M a6 - e Vil b 12% Qo icw
S ,ssl i il ]f__rl 0] 7
“345" /- 1| ‘__:ISIJE / !
g8 L 1] T 121, § Qs 5
£ 445 | - 100 X ' . ‘
E 44 - | Figure 1: Flow scheme proposed for cryostating the string

05 11 ent SENHIUL S0 of SIS300 superconducting magnets.

43881 . i d® ‘_l 1l

0 50 100 150 200 250 300 350 400 450 500 550
Length, m
Table 10: SIS300 helium flows parameters
Pressure of supercritical helium at the | 3 bar
entrance into the string of magnets
: _ Temperature of supercritical helium at the | 4.6 K
_ Cooling length =550 m R entralzlce into the sﬁbcooler of the string of
< > magnets
43K Temperature of supercritical helium at the | 4.35 K

entrance into the string of magnets
Pressure of two-phase helium at the exit | 1.105
from the string of magnets bar

Temperature of two-phase helium at the | 4.3 K
exit from the string of magnets
3 bar Two-phase helium flow quality factor at [ <95%
the exit from the string of magnets

B single-phase He
. Two-phase (saturated) He
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FCC-hh 1 Future Circular Collider

N rsynchrotron with c.0.m. energy ~85 TeV

Circumference 90.7 km, 4460+ dipoles
Single ring, dual aperture magnets

o Io Do Do P>

Dipole magnets: Configuration tbd, Nb;Sn, 14.3 m long (50-70 pm
filament size)

Two T levels in magnet cryostats: 1.9 K and ~50 K (+BS)
12 Helium cryoplants providing a total 120 kW @ 1.9 K
Independent cryogenic distribution line

Pressurized He I, static
Saturated He I, flowing

Ve Lo [0

e 7 e

/ max

SC magnet Helium vessel

S o

/"O”“

Under study, planned omeragonframc2070osn from 205006s,

. Lo B

Circumference: 90.7 km
Sectors: 8

Sector length: 11.3 km
Cryo cooling length: 4.9 km per side
Cryoplants: 16 + 4

. 12 accelerator cryoplants

(PB, PD, PF, PH, PJ, PL))

4 high-luminosity insertion region cryoplants
(PA, PG) with inner-triplets

4 detector cryoplants (PA, PD, PG, PJ)

Heat loads (F14 scenario):
14Wm@ 19K
43.9 W/m @ 40-60 K
3.1 W/m @ 1.9 K for transient AC losses
QRL diameter: 1100 mm
He inventory: ~820 ton

0Q0 .

CERN

Meyrin, GE, Switzerland

Experiment Cryoplant
Technical Point
Accelerator Cryoplant
Detector Cryoplant

Insertion Region Cryoplant

Boil-off Reliquefier
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Summary table

Circumference Central dipole Continuous cooling He Cold mass Installed capacity Heat loads on Cooling

Machine inventory

[km] field [T] length [m] ]

operating T [K] at cold mass level arc dipole [W/m]* scheme

10 + continuous

Tevatron 6.3 4.4 125 6.3 45<T<46 24X 1kW @ 4K ~0.97 (+1.6) .
20 re-coolers
HERA 6.3 4.6 623 (623 m octant) 16 4.4 20 kKW @ 4.3 K ~0.6 1t + continuous
20 re-coolers
RHIC 3.8 35 105 (630 m sextant) 35.5 43<T<4.6 25 KW @ 4 K ~0.26 10 + discrete 24
re-coolers
LHC 26.7 8.3 107 (3.3 km sector) 135 1.9 20 kW @ 1.9 K ~0.2 Stit; pl—riisﬁ' -
. 104 + discrete 20
SsC 87.1 6.6 180 (4.3 km string) 288 < 4.35K 31.5 kW @ 4.15 K ~0.2
re-coolers
SIS300 1.1 6 (1 T/s) 550 m (550 m sector) . 435<T<45 . ~0.94 (+38)  tU*continuous
20 re-coolers
FCC-hh 90.7 14 276 (4.9 km sector) 820 1.9A ~160 kW @ 1.9 K ~1.4 (+3.1) ST [prEes. =

sat. He Il

A Baseline 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
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Final thoughts

A 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 Il at 1.9 K)

A CEBAF, ESS, SNS, Eu-XFEL use He Il for SRF cavity cooling

A 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

A 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

A FCC-hh will rely on fully impregnated Nb,Snc oi | s ¥halhkenging local heat extraction

Future Circular Collider ' .,
Circumference: 80 -100 km o +

Energy: 100 TeV (pp)
>350 GeV (e*e)

1
Large Hadron Collider . .
Circumference: 27 km " n
Energy: 14 TeV (pp) L] :
209 GeV (e*e) . .
l‘ N
»

Tevatron (closed) .
Circumference: 6,2 km * *
Energy: 2TeV - . *

L ]

L J
e
.
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Curiosity: the Nuclotron

Heavy ion synchrotron with c.0.m energy ~ 7 GeV

Circumference 252 m

Built in 1987-1992

Features a cold yoke, twin aperture

96 dipole magnets, each 1.5 m long

Uses hollow conductor i the coil windings see a vacuum environment (no He vessel)
Conductor: NbTi, 16 strands spirally wound on 4 mm copper-nickel tube

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

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

o To To Po Io Do Do Do Do Ix

Each magnet cooled in parallel (cooling length is full conductor length 7 high dp)

An interesting development occurred in the same period at the Joint Institute for Nuclear Research in
Dubna, Russia. A 252 m circumference synchrotron accelerating heavy 1ons up to 6 GeV/A, the
Nuclotron was built using pulsed superconducting magnets. The coils were wound with an internally
cooled conductor, so that the magnets rest in the vacuum vessel of the cryostats, without the need for a
helium vessel [22]. Magnet cooling circuits are tapped in parallel, between a header supplying liquid
helium and a return pipe, and see two-phase flow of strongly varying vapor quality, a configuration
prone to generate flow instabilities and possible vapor lock. The system however works

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

JINR 9
Dubna, Russia

534
320

AL ER SRR

Figure 4: Cross-section view of the NICA Collider dipole
magnet: 1 — iron yoke; 2 — SC winding; 3 — tubes for
cooling the iron yoke; 4 — beam pipe; 5 — bus bars.
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https://cds.cern.ch/record/2152404/

Thank you for your attention!
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Additional information

in large distributed cryogenic systems
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S. Claudet, Introduction to Cryogenics for Accelerators (CAS) [link]

Transport of refrigeration

|l Pressurised He |l m Saturated LHe || m He | ‘
SSC (HEB) W
SS8C (main Ring) W
B UNK
| m LHC
+—— = HERA
W Tevatron

B W LEP2 W TESLA
Tore Supra ‘
| I
0 1 2 3 4

Distance [km]

[T]

Main dipole field

16

14

12

10

Accelerator circumference [km]

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