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• Experimental physicist
• Accelerator and Particle Physics
• Currently working on high power targetry for neutrino facilities like 

NuMI and LBNF

You can contact me through
• During the lecture
• Email to yonehara@fnal.gov
• USMCC Slack chat

mailto:yonehara@fnal.gov


• My goal is to convey our past studies and accumulated knowledges related to muon 

colliders to the new generation 

• Target audience: Lecture materials are being prepared for graduate students, engineers, 

and researchers who do not have a background in accelerator physics, however, the 

lecture are open to all interested participants! 

• I plan to prepare extra slide and citation as advanced topic

• Tentative agenda (1-2 hours per session):  

1. Overview of the muon collider

2. Beam dynamics and emittance evolution 

3. Review of ionization cooling channels and technology

4. Interactions in matter

5. Review of cooling demonstrator channel

6. (Summary)

Scope of the lecture series
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• "Particle Accelerator Physics", Helmut Wiedemann,

https://link.springer.com/book/10.1007/978-3-319-18317-6

• "Accelerator Physics", SY Lee,

https://library.oapen.org/handle/20.500.12657/50490

• ”Methods of beam optics", F. Willeke, G. Ripken,

https://cds.cern.ch/record/194174/files/cer-000105773.pdf

Recommended textbook 
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https://urldefense.proofpoint.com/v2/url?u=https-3A__link.springer.com_book_10.1007_978-2D3-2D319-2D18317-2D6&d=DwMF-g&c=gRgGjJ3BkIsb5y6s49QqsA&r=Ex9gD-h0ioFBwFK7q37saRUOn8kexSZ6_T0Utd4Fooc&m=f6ENayQuC8uGPhoYKI7MlOGw85918fcI5LwGvu8Oq0eSpEFtil5RNjvVNn3iNsUS&s=zynVlzAqNn-4LJ21itJnBIi3GBPYPCAX1m3HxPNOK4E&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__library.oapen.org_handle_20.500.12657_50490&d=DwMF-g&c=gRgGjJ3BkIsb5y6s49QqsA&r=Ex9gD-h0ioFBwFK7q37saRUOn8kexSZ6_T0Utd4Fooc&m=f6ENayQuC8uGPhoYKI7MlOGw85918fcI5LwGvu8Oq0eSpEFtil5RNjvVNn3iNsUS&s=a8QepaNBHk6u1DCo3JA6kwN-Lq0_u9LQMs4T8vOAivU&e=
https://cds.cern.ch/record/194174/files/cer-000105773.pdf


• Medical Accelerators (~ 50 %)

• Cancer treatment (radiotherapy and proton 

therapy)

• Medical isotope production

• Medical imaging (PET/SPECT)

• Saving lives and improving healthcare

• Industry Accelerators (~ 40 %)

• Semiconductor chip manufacturing

• Material processing and sterilization

• Non-destructive inspection

• Powering modern technology and 

manufacturing

Why Accelerator?
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Proton Beam Gantry 

for cancer therapy

e beam processing for semiconductor

More than 30,000 accelerator facilities in the world



• Scientific Research (~ 10 %)

• Particle physics

• Materials science

• Chemistry and biology

• Expanding human knowledge

• Security and other applications (< 1 %)

• Cargo and baggage inspection

• Nuclear material detection

• Infrastructure monitoring

• Enhancing public safety and security

Why Accelerator?
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Fermilab Main Injector

Truck cargo screening system



• A machine that produces intense, high-energy 

particle beams using electromagnetic fields

• Precisely controlled direction

• Precisely controlled energy

• Precisely controlled timing

• High particle intensity

• Difficult to accelerate neutral particles

• Accelerators allow us to create particle beams 

on demand, rather than waiting for particles 

from nature

• Can we use the strong force, weak force, or 

gravity for high energy particle sources?

• Cosmic ray

• Radioactive source

What is an Accelerator?
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European XFEL @ Hamburg

Observed ultra high energy cosmic ray



Accelerator System
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Linear accelerator (LINAC)

• One path

• Many RF cavities

• A few focusing magnets

• Relatively expensive

Circular accelerator 

• Many turns

• A few RF cavities

• Many magnets to constrain beam

• Relatively cheap



• It provides magnetic fields in the 

beam line via current flows

• The field expression can be 

derived from the Laplace equation

∆ ∙ 𝑉 = 0

• Beam dynamics is governed by 

the Lorentz force

• Normal conducting copper 

magnet is widely used

• Superconducting magnet is also 

applicable (especially for high 

energy accelerator system) 

Magnet
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Normal conducting quadrupole magnet

LHC superconducting dipole magnet

Red: Conductor



RF cavity

6/17/2026 Mini Lecture Course: Muon Collider 10

• It provides radiofrequency electric fields 

in the metallic cavity

• The field distribution in the cavity is 

derived by solving the Maxwell equations

∇ × Ԧ𝐸 = 𝑖𝜔𝐵, ∇ × 𝐵 = −𝑖𝜇𝜀𝜔 Ԧ𝐸,

∇ ∙ 𝐵 = 0, ∇ ∙ Ԧ𝐸 = 0

• Beam dynamics is governed by the 

Lorentz force

• Normal conducting copper cavity is 

widely used

• Superconducting cavity is also applicable 

Normal conducting RFQ cavity

Superconducting RF single cell cavity



Accelerator System 
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Cancer therapy accelerator
Ion implantation accelerator

Precisely tunable beam energy/intensity/spot size

Very high intensity beam

Beam parameters are specified for their purposes

https://www.nature.com/articles/s41567-025-02994-7
https://www.matsusada.com/column/ion-implantation.html


Accelerator System

6/17/2026 Mini Lecture Course: Muon Collider 12

CERN Accelerator Complex

High energy high intensity

High brightness X-ray

Free Electron Laser

https://www.nature.com/articles/s42254-024-00758-5
https://www6.slac.stanford.edu/research/slac-science-explained/xfels


• 6-dimensional (6D) phase space distribution

• Beam species

• Beam intensity

• Time structure

Characterizing a “Beam”
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Accelerator physics studies and controls the evolution of a 

beam’s 6D phase-space distribution using electric and 

magnetic fields

Particle beam = Distribution in 6D phase space

= 3 spatial coordinates + 3 momentum coordinates

𝒇 𝒙, 𝒚, 𝒛, 𝒑𝒙, 𝒑𝒚, 𝒑𝒛

A particle beam is an ensemble of charged 

particles that are confined and transported 

through electromagnetic fields



Collider
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• Identify muon collider beam parameter



• Counter beams collide at an interaction point (IP)

• Center of mass (COM) energy is equal to the invariant mass, which is 

larger than the fixed target experiment

What is Collider?
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Invariant mass: 𝑴𝟐 = 𝑬𝟐 − 𝒑𝟐

Collider case: 𝒑𝟏 = −𝒑𝟐

→ 𝑴 = 𝑬𝟏 + 𝑬𝟐

→ 𝒔 = 𝑴 = 𝟐𝑬

Fixed target case: 𝒔 = 𝒑𝟏 + 𝒑𝟐
𝟐

= 𝒎𝒑
𝟐 +𝒎𝒑

𝟐 + 𝟐𝒎𝒑𝑬𝒃𝒆𝒂𝒎

→ 𝒔 ~ 𝟐𝒎𝒃𝒆𝒂𝒎𝑬𝒃𝒆𝒂𝒎

(for relativistic limit)



Luminosity
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𝓛 =
𝑵𝝁+ ∙ 𝑵𝝁−∙ 𝒇 ∙ 𝒏𝒃

𝟒𝝅 ∙ 𝝈𝒙∙ 𝝈𝒚

𝑵: Num of 𝜇 per bunch 
𝒇: Bunch revolution in a collider ring
𝒏𝒃: Repetition rate 
𝝈: RMS Beam spot size at collision 

“Peak” luminosity

𝝈𝒚

𝝈𝒙
𝑵𝝁−

𝑵𝝁+

Luminosity is the rate at which collisions happen per unit cross-section

ሶ𝑵 = ℒ ∙ 𝝈

Cross-section

4𝜋 is required if the beam distribution is gaussian 



Collider Luminosities
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ℒ =
𝑁𝜇+ ∙ 𝑁𝜇−∙ 𝑓 ∙ 𝑛𝑏

4𝜋 ∙ 𝜎𝑥∙ 𝜎𝑦

Facility Ops yr Beam COM Cir. (km) 𝝈 (𝜇m) 𝒏𝒃 (kHz) ℒ (𝒄𝒎−𝟐𝒔−𝟏)

Tevatron 1983-2011 𝑝 ∙ ҧ𝑝 1.96 TeV 6.3 ~30 47.7 4 ∙ 1032

LHC 2009- 𝑝 ∙ 𝑝 13-14 TeV 26.7 ~17 11.2 2.1 ∙ 1034

HL-LHC 2029- 𝑝 ∙ 𝑝 14 TeV 26.7 ~7 11.2 > 1035

EIC 2031- 𝑒− ∙ 𝑝 20-140 
GeV

3.8 𝑒: 10~20
𝑝: 5~10

> 10,000 ~1034

Suer KEKB 2016- 𝑒+ ∙ 𝑒− 10.58 
GeV

3.0 𝑥: 10
𝑦: 0.06

0.05 2.4 ∙ 1034

HERA 1992-2007 𝑒± ∙ 𝑝 318 GeV 6.3 omit 0.01 7 ∙ 1031

Muon C ? 𝝁+ ∙ 𝝁− 3, 10 TeV 10 (10 TeV) ~𝟏 0.005 > 𝟏𝟎𝟑𝟒

ILC ? 𝑒+ ∙ 𝑒− 1 TeV Linear 
length: 50

𝑥: 0.33
𝑦: 0.005

0.005 4.9 ∙ 1034

FCC-hh ? 𝑝 ∙ 𝑝 100 TeV 90.7 ~7 ? 3 ∙ 1035

At the present time



Overview of Muon Collider
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Proton beam-based muon collider

ℒ =
𝑁𝜇+ ∙ 𝑁𝜇−∙ 𝑓 ∙ 𝑛𝑏

4𝜋 ∙ 𝜎𝑥∙ 𝜎𝑦
> 1034

• Our story starts from luminosity…

cm-2 s-1

𝑁: Num of 𝜇 per bunch (~1012)
𝑓: Bunch revolution (~1000)
𝑛𝑏: Repetition rate (~5 Hz)
𝜎: RMS Beam spot size at collision (~10−4 cm)

Number of particles cross at an Interaction Point (IP) per second

Beam crossing area at IP



Overview of Muon Collider
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Proton beam based muon collider

• Required muons after cooling, 𝑁~1012, 𝜀𝑡,𝑛~20 mrad
• Primary proton beam intensity: ~𝟏𝟎𝟏𝟓 protons/spill
• Required Τ𝜇 𝑝𝑟𝑜𝑡𝑜𝑛 yield in Front-end: ~𝟎. 𝟏 Τ𝝁 𝒑𝒓𝒐𝒕𝒐𝒏
• Acceptable 𝜇 transmission in Cooling and Acceleration: 𝟎. 𝟎𝟏

Muon source → Collider parameter driver



Energy/temperature diagram with Standard Model  

20

Current achievable 

Energy/temperature 

with existing accelerator

1 TeV 30 meV

Room temperature

Muon Collider
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Examine Luminosity in Muon Collider 
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Ex) 𝜇𝜇 → 𝑊𝑊 → 𝐻𝐻𝐻, VBF at 14 TeV
𝜎 = 7.1 ∙ 10−3 femto barns = 7.1 ∙ 10−18 barns 
= 7.1 ∙ 10−42 cm-2

6 months full time beam operation 
→ 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛~1.56 ∙ 10

7 s

𝑓𝜇𝜇→𝐻𝐻𝐻~7.1 ∙ 10
−42 × 1.56 ∙ 107 ×

1034~0.1 event/year

1 𝑏𝑎𝑟𝑛 = 10−24 𝑐𝑚−2

Three Higgs productions
• Self coupling
• Possibly coupling with SUSY 

particles (BSM), or find internal 
structure of Higgs

• Analogous to a glue-ball 
(pomeron)



Size is matter! (Bigger machine is more expensive)
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𝒇𝒓 = 𝜸𝒎
𝒗𝟐

𝒓
= 𝒆𝒗𝒃 →

𝒑

𝒓
= 𝒆𝒃 𝒓 𝒗𝒇𝒓

Equation of motion in radial direction

Convenient relation

𝒆 can be 0.3 if 𝒑 is in GeV/c and 𝒓 is in m

𝒃 is in Tesla

Example

• The circumference of LHC is 26.7 km → 𝑟 = 4,250 m

• Design proton momentum is 7 TeV/c → 𝑝 = 7,000 GeV/c

• Expected Dipole field strength → 𝑏 =
𝑝

𝑒𝑟
=

7000

0.3 4250
= 5.5 Tesla

LHC dipole field strength is 

8.33 Tesla!

Why do we get lower value?

Filling factor of dipole 

magnet is 66 % 



We are not ready to construct muon collider…

• Conceptual challenge (Blue/Red: cover/no-cover in this lecture series)

• Muon source involving fast 6-dimensional (6D) cooling 

• High power target (HPT)/Interaction with Matter

• Deliverable physics

• Technological challenge

• High field magnet

• High gradient RF 

• Beam instrumentation

• Fast ramping magnet/High gradient muon accelerator

• Beam Induced Background (BIB)

Why not build MC?
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Pions/muons kinematics 
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• Intense proton beam strikes pion production target
𝑝 + 𝐴 → 𝜋± + 𝐴′

𝜋+ → 𝜇+ + 𝜈𝜇
𝜋− → 𝜇− + ҧ𝜈𝜇

• Pions are eventually decayed

• Pion lifetime 
𝝉 = 𝟐𝟔𝜸 ns → 𝜏 ∙ 𝑐 = 7.8 m (𝛾 = 1)

• However, muons are eventually decayed as well!

𝜇+ → 𝑒+ + 𝜈𝑒 + ҧ𝜈𝜇
𝜇− → 𝑒− + ҧ𝜈𝑒 +𝜈𝜇

• Muon lifetime
𝝉 = 𝟐. 𝟐𝜸 𝛍s → 𝜏 ∙ 𝑐 = 659.5 m (𝛾 = 1)

Mean path length 𝐿 = 𝛽𝛾𝑐𝜏



• Initial muon phase space is too large to achieve the goal luminosity

• Phase space cooling is required

• Initial muon phase space is similar as basketball 

• Required muon phase space after cooling is sub-millimeter

• Muons have a finite lifetime

• Need fast cooling scheme

• Ionization cooling 

Challenge in producing low emittance muon 
beam
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Shrink 6D hyper space volume by ~106 within ~𝜸𝝉

Initial volume ~𝟏𝟎𝟒 cm3

𝝁 beam density ~𝟏𝟎𝟖 cm3

Final volume ~ 𝟏𝟎 mm3

𝝁 beam density ~𝟏𝟎𝟏𝟑−𝟏𝟒 cm3



Intuitive picture of beam cooling
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• The phase space density in the energy-conserved system is 

conserved along trajectories, which is called Liouville’s theorem

• Usually, accelerator colleagues apply the theorem to investigate 

the beam optics

• Tracking a bunch of particles through any combination of magnetic field, 

RF cavities, or other conservative (Hamiltonian) forces, the 6D phase 

space volume (emittance) must be invariant. 

• Beam cooling breaks the conservation by applying a non-

Hamiltonian dissipative process!  

• Energy is varied along the cooling channel

Conservation: Liouville's theorem

6/17/2026 Mini Lecture Course: Muon Collider 27



• Heat flows from warm object to cold object

Beam cooling

6/17/2026 Mini Lecture Course: Muon Collider 28

𝑇𝑏 > 𝑇𝑎𝑏𝑠

Heat flows when

Equilibrium condition
𝑇𝑏 ~ 𝑇𝑎𝑏𝑠

𝑇𝑏 𝑇𝑎𝑏𝑠

Heat flows

𝑑𝑄

𝑑𝑡
= ሶ𝑄 = ℎ ∙ 𝐴 ∙ 𝑇𝑏 − 𝑇𝑎𝑏𝑠

Since ℎ ∙ 𝐴 is constant, if ∆T is large, 
ሶ𝑄 should be proportionally large

Heat transfer rate

If ∆T is near zero (temperature 
reaches equilibrium), ሶ𝑄 is small

𝑄′



• Beam temperature flows into absorber temperature

Beam cooling
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∆𝑝⊥
2

𝑚
= 𝑘𝑇𝑏

Beam Absorber 

3𝑘𝑇𝑎𝑏𝑠
2

𝑇𝑏 > 𝑇𝑎𝑏𝑠

Heat flows whenq (momentum)-transfer 
via coulomb interaction

Equilibrium condition
𝑇𝑏 ~ 𝑇𝑎𝑏𝑠

How to effectively generate high transverse momentum in a beam?

• Transverse momentum is maximized at cooling region

∆𝑝: Momentum in CM frame



• Beam temperature flows into absorber temperature

Beam cooling
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a: maximum beta function
c: minimum beta function 

Put absorber at point “c” in which 
heat transfer via ionization happens

Transverse phase space is rotated 
along beam path

This concept shows only transverse phase space is cooled by ionization

→ Emittance exchange required for longitudinal phase space cooling



Energy transfer process (Coulomb interaction)
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𝑣1
𝑣3

𝑣4

Energy transfer in an elastic scattering:

1

2
𝑚𝑏𝑣1

2 =
1

2
𝑚𝑏𝑣3

2 +
1

2
𝑚𝑡𝑣4

2 → 𝐸1 − 𝐸3 = ∆𝐸 = 𝐸4

𝑣2 = 0

This is a transferred energy

Inelastic case: 𝐸1 − 𝐸3 = ∆𝐸 = 𝐸4 + 𝑄

The phase space is cooled by: Τ∆𝐸 𝐸

𝑄 can be used as excitation of 
target particle or ionization 

𝜇



• Scattering angle of incident muons is relatively small if muons are 

scattered by electrons

• While the angle becomes relatively large when muons are scattered by 

nuclei because their mass is larger than that of muons

• This process is heating muon phase space (multiple scattering)

• Head-on collision between muons and electrons are causing energy 

straggling, which is also heating muon phase space (energy straggling)

Energy transfer process 
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𝑣1
𝑣3

𝑣4
𝑣2 = 0

𝜇



Summary
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• Accelerators everywhere in our life

• Cooling breaks Liouville’s theorem

• Muon cooling through Coulomb interactions

• Collider beam parameters

• Overview of muon collider

• Cooling concept

• Beam temperature in the beam coordinate system

Summary of Lecture 1
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1. Calculate the invariant mass of a 10 TeV COM muon collider and 5 TeV 

muon beam at the fixed target (apply relativistic approximation to 

eliminate a mass term)

2. Calculate the peak luminosity of following beam parameters

3. Estimate required dipole magnetic field for a 10 TeV COM collider, 

where the circumference is 10 km and filling factor of the dipole magnet 

is 60 %, and using Τ𝑝 𝑟 = 𝑒𝐵

4. Estimate the luminosity after 1000 revolutions (assume no emittance 

growth during revolutions)

Homework (I)
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• Num of 𝜇 per bunch: 2∙ 1012

• Bunch revolution: 1000
• Repetition rate: 5 Hz
• RMS Beam spot size at collision: 1 ∙ 10−4 cm



5. Estimate the characteristic decay length of 300 MeV/c pion, where the 

mean lifetime of pion is 26 ns

6. Estimate the maximum and minimum momentum of muons which is 

produced from 300 MeV/c pion decay

7. Estimate the transverse and longitudinal beam temperatures if ∆𝑝⊥ =
3MeV/c and ∆𝑝𝐿 = 10MeV/c

Homework (II)
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Extra slide
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Derive Luminosity formula
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Beam distribution as double gaussian function 𝝆 𝒙, 𝒚 =
𝟏

𝟐𝝅𝝈𝒙𝝈𝒚
𝒆𝒙𝒑 −

𝒙𝟐

𝟐𝝈𝒙
𝟐
−

𝒚𝟐

𝟐𝝈𝒚
𝟐

Evaluating the gaussian overlap integral

න𝝆𝟏 𝒙, 𝒚 ∙ 𝝆𝟐 𝒙, 𝒚 𝒅𝒙𝒅𝒚 =
𝟏

𝟐𝝅 𝟐𝝈𝒙
𝟐𝝈𝒚

𝟐
න𝒆− ൗ𝒙𝟐 𝝈𝒙

𝟐
𝒅𝒙 ∙ න𝒆− ൗ𝒚𝟐 𝝈𝒚

𝟐
𝒅𝒚 =

𝟏

𝟒𝝅𝝈𝒙𝝈𝒚

Geometric reduction factor (including longitudinal phase space)

Crossing angle 𝜙𝑐:

(Piwinski factor)

𝑭𝒄𝒓𝒐𝒔𝒔𝒊𝒏𝒈 =
𝟏

𝟏 +
𝝓𝒄𝝈𝒛
𝟐𝝈𝒙

𝟐

Hourglass effect: 

Hourglass effect 

𝑭 = 𝝅
𝜷∗

𝟐𝝈𝒛
𝒆𝒙𝒑

𝜷∗𝟐

𝟒𝝈𝒛𝟐
𝒆𝒓𝒇𝒄

𝜷∗

𝟐𝝈𝒛

𝑭~
𝜷∗

𝝈𝒛
when 𝜎𝑧 ≫ 𝛽∗ strong hourglass effect



Muon momentum range from decay pion
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First, find muon momentum and kinetic energy at pion frame, then translate the kinematics via 

Lorentz boost

Muon energy and momentum at pion rest frame (neglect neutrino mass)

𝒑𝝁
∗~

𝒎𝝅
𝟐 −𝒎𝝁

𝟐

𝟐𝒎𝝅

= 29.8 MeV/c

𝑬𝝁
∗~

𝒎𝝅
𝟐 +𝒎𝝁

𝟐

𝟐𝒎𝝅

= 109.8 MeV

Monochromatic

Lorentz boost

𝒑𝝁
∥ = 𝜸𝝅 𝒑𝝁

∗ 𝐜𝐨𝐬 𝜽∗ + 𝜷𝝅𝑬𝝁
∗

𝒑𝝁
∥ = 𝒑𝝁

∗ 𝐬𝐢𝐧𝜽∗

Momentum range: −1 ≤ cos 𝜃∗ ≤ 1

𝒑𝝁
𝒎𝒊𝒏𝒊𝒎𝒖𝒏 = 𝜸𝝅 𝜷𝝅𝑬𝝁

∗ −𝒑𝝁
∗

𝒑𝝁
𝒎𝒂𝒙𝒊𝒎𝒖𝒎 = 𝜸𝝅 𝜷𝝅𝑬𝝁

∗ + 𝒑𝝁
∗



• In the LEMMA scheme, muons are produced via electron-positron 

annihilation just above the energy threshold:

• 𝑒+ + 𝑒− → 𝜇+ + 𝜇−

• The size of muon flux after the process is extremely small (possibly a sub 

micro-meter scale). 

• However, the cross section of the process is ~1 𝜇𝑏𝑎𝑟𝑠 = 10−30 𝑐𝑚−2 at 

45 GeV, the expected muon yield is approximately six orders of 

magnitude smaller than proton-based scheme

• Currently, we hold this scheme as a backup scenario
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