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Collider Choices
• Hadron collisions: 

compound particles
• LHC collides 13.6 TeV

protons

• Protons are mix of quarks, 
anti-quarks and gluons

• Very complex to extract 
physics

• But can reach high 
energies

• Lepton collisions: 
elementary particles
• LEP reached 0.205 TeV with 

electron-positron collisions

• Clean events, easy to extract 
physics

• Lepton collisions  
precision measurements

• Hard to reach high energies

e+e-
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Energy Limit

Electron-positron rings (multi-pass 

colliders) are limited by synchrotron 

radiation

Electron-positron linear colliders avoid synchrotron radiation, but are single pass

Typically cost proportional to energy and power proportional to luminosity,

Novel approach: the muon collider

Large mass suppresses synchrotron radiation => circular collider, multi-pass

Fundamental particle yields clean collisions => less beam energy than protons

But lifetime at rest only 2.2 μs (increases with energy)

Hence present energy frontier is probed by proton rings

N

S

N

S

accelerating cavities magnets

The muon collider is part of the European Accelerator R&D Roadmap

e-: 0.511 MeV

m: 106 MeV

p+: 938 MeV
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Proton-driven Muon Collider Concept

Produce a low 

emittance muon beam… … collide 

!
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Target and capture solenoid – 1/4

Field on target 20 T, 150 mm

Beam power on target: 1…2 MW

Large stored energy o(2) GJ, mass o(300) tons, cost o(100) M
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Superconducting (LTS) outsert

Rad-hard resistive insert



Target and capture – 2/4
• Reduce the mass (CAPEX) of the system, and 

increase operating temperature to improve 
cryogenic CoP (OPEX)

US-MAP 2010 design

LTS (14 T) + NC (6 T)

US-MAP 2011 design

LTS (14 T) + NC (6 T)

MuCol 2022 design

HTS (20 T, 20 K)

H.G. Kirk, PAC 2011
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Target and capture – 3/4

US-MAP

Proposal

EM = 2.9 GJ

Top = 4.2 K

Mcoils = 200 tons

Mshield = 300 tons

P = 12 MW

EM = 1 GJ

Top = 10…20 K

Mcoils = 110 tons

Mshield = 196 tons

P = 1MW

10

Field profile matches the 

requirements from beam 

optics



Target and capture – 4/4

Operating current: 58 kA
Operating field: 20 T
Operating temperature: 20 K

SOLDERED HTS STACK

COPPER FORMER

COOLING CHANNEL

STAINLESS STEEL WRAP

STAINLESS STEEL JACKET

39.5

23.5

8M. Takayasu et al., IEEE TAS, 21 (2011) 2340
Z. S. Hartwig et al., SUST, 33 (2020) 11LT01

HTS conductor designMIT “VIPER” conductor

11Looks much like an HTS magnet for fusion !!! 



Coil Rc

(m)
Zc

(m)
dR

(m)
dZ

(m)
Layers

(-)
Pancakes

(-)
Iconductor

(A)
Turns

(-)
Icoil

(MA-turn)
Lpancake

(m)

1 0.849 -0.185 0.498 0.83 12 20 58905 240 14.14 64.0

2 0.87 0.665 0.54 0.83 13 20 60710 260 15.78 71.1
3 0.87 1.515 0.54 0.83 13 20 60392 260 15.70 71.1

4 0.808 2.365 0.415 0.83 10 20 51654 200 10.33 50.8

5 0.766 3.215 0.332 0.83 8 20 47469 160 7.60 38.5

6 0.704 4.065 0.208 0.83 5 20 46504 100 4.65 22.1

7 0.745 4.708 0.291 0.415 7 10 46293 70 3.24 32.8

8 0.704 5.423 0.208 0.415 5 10 53168 50 2.66 22.1

9 0.662 6.065 0.125 0.83 3 20 43280 60 2.60 12.5

10 0.662 6.915 0.125 0.83 3 20 42146 60 2.53 12.5

11 0.642 7.765 0.083 0.83 2 20 49452 40 1.98 8.1

12 0.642 8.615 0.083 0.83 2 20 44183 40 1.77 8.1

13 0.642 9.465 0.083 0.83 2 20 39567 40 1.58 8.1

14 0.642 10.315 0.083 0.83 2 20 32713 40 1.31 8.1

15 0.642 10.958 0.083 0.415 2 10 46717 20 0.93 8.1

16 0.642 11.673 0.083 0.415 2 10 45905 20 0.92 8.1

17 0.621 12.315 0.042 0.83 1 20 52310 20 1.05 3.9

18 0.621 13.165 0.042 0.83 1 20 56056 20 1.12 3.9

19 0.621 14.015 0.042 0.83 1 20 51602 20 1.03 3.9

20 0.621 14.865 0.042 0.83 1 20 51376 20 1.03 3.9

21 0.621 15.715 0.042 0.83 1 20 50471 20 1.01 3.9

22 0.621 16.565 0.042 0.83 1 20 52861 20 1.06 3.9

23 0.621 17.415 0.042 0.83 1 20 57438 20 1.15 3.9

Coil geometry
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Focus on coil C02 (highest current, highest field, higest energy)



Conductor design
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HTS tape thickness (mm) 62

HTS tapes (-) 80

HTS stack width (mm) 6

HTS stack thickness (mm) 5

HTS stack width (mm) 6

HTS tapes (-) 80

Number of HTS stacks (-) 4

Copper diameter (mm) 23

Hole diameter (mm) 8

Wetted perimeter (mm) 25

Wrap thickness (mm) 0.25

Jacket outer dimension (mm) 39.5

ASC (mm2) 4.2

ASubstrate (mm2) 77

ACu (mm2) 361

AHelium (mm2) 50

A Wrap (mm2) 18

AJacket (mm2) 1127

ACable Space (mm2) 511

AConductor (mm2) 1560

𝐽𝐶 =
𝐶0
𝐵
ℎ 𝑡 𝑓𝑝 𝑏

ℎ 𝑡 = 1 − 𝑡𝜈 1 − 𝑡𝑚

𝑡 =
𝑇

𝑇𝑖𝑟𝑟0
𝑏 =

𝐵

𝐵𝑖𝑟𝑟 𝑇

𝐵𝑖𝑟𝑟 𝑇 = 𝐵𝑖𝑟𝑟0 1 −
𝑇

𝑇𝑖𝑟𝑟0

𝜈

𝑓𝑝 𝑏 = 𝑏𝑝 1 − 𝑏 𝑞

𝑇𝑖𝑟𝑟 𝐵 = 𝑇𝑖𝑟𝑟0 1 −
𝐵

𝐵𝑖𝑟𝑟0

1
𝜈

930 A/mm2

Iop = 61 kA

Bop = 20 T

Top = 20 K

Tcs = 29.7 K
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Heat load from recirculation
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ሶ𝑚Δℎ = ሶ𝑞 ሶ𝑚 ≈
ሶ𝑞

𝑐𝑝Δ𝑇
𝑑𝑝

𝑑𝑥
≈
2𝑓

𝐷ℎ

ሶ𝑚2

𝜌
Δ𝑝 ≈

ሶ𝑚2

𝜌

ሶ𝑞𝑝𝑢𝑚𝑝 ≈
ሶ𝑚

𝜌
Δ𝑝 ሶ𝑞𝑝𝑢𝑚𝑝 ≈

ሶ𝑚3

𝜌 2

𝑝

𝜌
= 𝑅𝑇

ሶ𝑞𝑝𝑢𝑚𝑝 ≈
ሶ𝑞

Δ𝑇

3
𝑇

𝑝

2

Pressure drop

Heat removed

State equation



Parametric study
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A = 5 mm2

Dh = 8 mm

L = 150 m

ሶ𝑞 = 150 W

DT = 3K

hPump = 80%

ሶ𝑞𝑝𝑢𝑚𝑝 ≈
ሶ𝑞

Δ𝑇

3
𝑇

𝑝

2



Optimal cooling conditions

• Compared to typical conditions at 4.5 K, operation at 20 K 
implies
• High pressure, o(20) bar

• Large temperature increase, o(3) K

17

DT = 1 K 
DT = 1 K 

DT = 3 K 

DT = 3 K 

DT = 5 K 
DT = 5 K 150 W

20 K inlet

150 W

20 bar outlet
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Proton 

beam

Cooling

19

D. Calzolari and A. Lechner, CERN
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Nominal cooling condition

• A flow dm/dt of approximately 8 
g/s is required to remove a 
nuclear heat load of 150 W with 
a temperature increase DT of 3 
K

• With this flow the pumping loss 
is about 20 W (considering an 
adiabatic efficiency hpump of 80 
%)

• This is about 13 % of the 
nuclear heat load, and is an 
acceptable overhead

• It would be possible to remove 
higher heat loads under the 
same temperature increase, but 
the pumping loss grows rapidly, 
approximately like (dm/dt)3

20

8
.6

6
 g

/s

3 K

17.8 W



Margin and stability – 1/3
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• Values of stability margin are 
(as expected) very high ! It is 
very unlikely that the cable 
will quench because of 
transient heat inputs

• The stability margin is well 
above the enthalpy reserve of 
the cable, also including 
helium. The reason is that the 
transient is slow, and there is 
time to conduct and convect
heat away even for very large 
INZ lengths

• This effect is even more 
marked at low field (high 
temperature margin)

INZ = 0.1 m

INZ = 1 m

Operating current 61 kA

Operating temperature 20 K 

Cable+He 

enthalpy

Cable 

enthalpy



Margin and stability – 2/3
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• The temperature margin 
DT is about 10 K at 
nominal conditions of 
current, field and 
temperature
• Iop = 61 kA

• Bop = 20 T

• Top = 20 K

• In the low field regions of 
the coil (e.g. 4 T) the 
temperature margin is 
above 40 K

• The large stability in the 
low field region may make 
protection difficult ?

Operating current 61 kA

Operating temperature 20 K 

2
0
 T 1
6
 T 1
2
 T 8
 T 4

 T

Cable+He 

enthalpy

Cable 

enthalpy



Margin and stability – 3/3
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• Operating at higher 
temperature than 20 K 
(e.g. 25 K) may still be 
an option, the energy 
margin is substantial

• Operating at lower 
temperature than 20 K 
(e.g. 15 K) does not 
bring a substantial 
benefit in energy 
margin
• Recall that the heat 

capacity drops 
dramatically at low 
temperature

Operating current 61 kA

Operating field 20 T

Cable+He 

enthalpy

Cable 

enthalpy



Detection and protection – 1/3
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Coil Module 2 (high field and current)

• Single coil stored energy: 165 MJ

• Coulped stored energy: 299.7 MJ

• Dump voltage: 5 kV

Detect at 

100 mV

2
.2

 s

0.15 m/s

Two sided

INZ in the center of the double pancake

10 cm length quenched

Exponential dump following trigger

tr
ig

g
e
r

130 K



Detection and protection – 2/3
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Detection with “reasonable” voltage values 

appears to work !



Detection and protection – 3/3
• Study the detection and dump for quenches 

in the low field region or at low current/field

• The low field region at nomnal current seems to 
be most dangerous

• Low current/low field (e.g. during ramp) implies 
long detection times, but this appears 
compatible with modest hot-spot limits

26

Iop

(kA)

Bop

(T)

tDetection

(s)

Tmax

(K)

61 20 2.2 130

61 4 2.8 172

30 9.84 14.8 140



HTS cable mechanics

27

stensile //c

t //ab

bonded not bonded stensile //c

t //ab

B

IF

May this be the 

reason why 

soldered and 

twisted high field 

and high current 

cables are also 

subject to 

degradation ?
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Opportunities and perspective
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• We are looking for a solution to the design of the 
target and capture channel of the Muon Collider, 
which needs a peak field of 20 T on axis, based 
on an HTS force-flow cooled cable operating at 
20 K
• Lower footprint, mass, stored energy and cost than a 

LTS/NC hybrid

• Better energy efficiency than a 4.5 K system

• Though there is much work to do, the design 
selected seems not too far from being feasible !

• This is also interesting because of implications for

• Compact fusion machines

• Hybrid UHF magnets for science





Proton-driven Muon Collider Concept

Produce a low 

emittance muon beam… … collide 
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… accelerate 

muons…
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The need for high field

E[GeV]= 0.3B[T] r[m]
Beam energy

Dipole field

Bending radius

This is the reason for the steady call for higher fields in accelerator magnets

Upper limit of LTS (Nb3Sn)

HTS is the only path beyond 16 T 32



The need for energy
• CERN uses today 1.3 TWh

per year of operation, with 
peak power consumption of 
200 MW (running 
accelerators and 
experiments), dropping to 80 
MW in winter (technical stop 
period)

• Electric power is drawn 
directly from the French 400 
kV distribution, and presently 
supplied under agreed 
conditions and cost

• Supply cost, chain and 
risk are obvious concerns 
for the present and future of 
the laboratory
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Energy efficient cryogenics
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The 60…80 K range 

would be a dream…

LHC

(FCC)

ESS

Need efficient cryo-plant 

and heat removal scheme 

in the range of 10…20 K 
(see work at ESS)

This could be the best range of operating 

temperature of a future HEP collider

RHIC
Tevatron

HERA
LHC

HTS may be the only path towards a future collider

Nb-Ti

8T 5T

Nb3Sn

16T 12…14T

HTS

40…60T 20…40T a few T

1.9 4.2 77

Credits to P. De Sousa and R. Van Weelderen, CERN

W/Q = (Th-Tc)/Tc



Future helium 

supply is 

limited and 

entails a 

substantial 

economical and 

availability risk

Courtesy of F. Ferrand, CERN 35



The need for economics
• A large component in the magnet cost is the 

amount of superconductor (coil cross section)

• High-field superconductors are (significantly) 

more expensive than good-old Nb-Ti

• Need to work in two directions:

• Reduce the coil cross section (increase J !)

• Reduce unit conductor cost

HTS may offer both 36

j

w𝐴𝑐𝑜𝑖𝑙 = 2𝜑 𝑤2 + 2𝑅𝑖𝑛𝑤 ~ 1
𝐽1.5

𝐵 = 2𝜇0
𝜋 𝐽𝑤 𝑠𝑖𝑛 𝜑



Conductor cost

Grateful thanks to 

fusion !

Impressive cost reduction in HTS !

Based on CERN orders and requests for quotations 2010-2022

Normalised costs are not aligned to currency, nor corrected for inflation
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