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MuCF cycle

Cycle rate                       ~ few 100 μs-1

compared to muon lifetime =  0.45 μs-1

           Muon α-sticking loss ~ 0.5%

100-200 dt fusions/muon

Depends on T,P, density, solid/gas,   
                   d/t mixture, etc
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Latest most precise calculation:
M.Kamimura et al, 
Phys. Rev. C 107, 034607 (2023)
ωs

0 = 0.857%
ωs   = 0.557% Ymax ~ 180 cyclesR~0.35 for high densities

Additional stripping by  μHe+ acceleration:
Y.Mori , Prog. Theor. Exp. Phys. 2021, 093G01 (2021)

https://indico.cern.ch/event/356972/contributions/1766751/attachments/710273/975034/Ishida-muCF-Huddersfield_20150113.pdf
https://inspirehep.net/literature/1991897
https://academic.oup.com/ptep/article/2021/9/093G01/6357055
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Theoretical aspects

Multi body, mixtures, different reactions,
Transitions from  different excited states,
resonance cross-sections….
Complete picture is quite complicated

Muon catalyzed fusion, L.I. Ponomarev
Contemp.Phys. 31 (1990) 219-247

https://inspirehep.net/literature/298090
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-2003

https://indico.cern.ch/event/356972/contributions/1766751/attachments/710273/975034/Ishida-muCF-Huddersfield_20150113.pdf


1957

NobelP Luis Alvarez discovered muon 
catalyzed fusion in the 1956, which was 
studied with renewed interest in the ’70s 
and ’80s.



Muon-catalyzed fusion, W.H. Breunlich, P. Kammel, J.S. Cohen, M. Leon
Ann.Rev.Nucl.Part.Sci. 39 (1989) 311-356
Muon catalyzed fusion, L.I. Ponomarev, Contemp.Phys. 31 (1990) 219-247
Muon catalyzed fusion, P.Froelich, Adv. Phys. 41, no. 5 (1992)

Dedicated journal
1987 - 1992

Very hot-topic in 70’s-90’s
After work by Gershtein & Ponamarev in 1977 
                        predicts x100 catalyzed dt fusions/muon  
A lot of theoretical efforts: 3 body problem, molecular, ...

MuCF  review papers:

https://inspirehep.net/literature/293169
https://inspirehep.net/literature/298090
https://doi.org/10.1080/00018739200101533
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Muons at ISIS

Adrian Hillier, Muon4Future 2025

STFC Rutherford Appleton Laboratory, UK

~ 106  muon/sec

RIKEN-RAL Muon Group

First muons at 1987

ISIS-2 upgrade plans from ~2040: The UK‘s next-generation neutron and muon source

https://agenda.infn.it/event/42349/contributions/262706/attachments/135879/203829/Muon4future%20final.pptx
https://www.isis.stfc.ac.uk/Pages/RIKENRAL-Muon-Group.aspx
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RIKEN-RAL collaboration
30 years RIKEN at ISIS 
Muon beamline  was sponsored and funded by Japan at 1990s
In 2018, ownership of the RIKEN-RAL facility passed to ISIS

μCF facility in RAL was in operation 1996-2006
everything was decommissioned at ~2015-2018

μCF – was one 
of key topic on 
this facility

RIKEN-RAL facility

https://www.isis.stfc.ac.uk/Pages/30-years-RIKEN-ISIS.aspx
https://www.isis.stfc.ac.uk/Pages/2005-riken-ral-tm7914.pdf
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MuFusE Collaboration

Diamond anvil muon catalyzed fusion (MuFusE Collaboration) 
PSI BVR25, A. Knaian, K. Lynch et al.

https://www.acceleron.energy/
https://spectrum.ieee.org/colder-muon-fusion-energy
24M$ funded by investors at 2024

Acceleron Fusion, Inc. (Cambridge, USA)

https://indico.psi.ch/event/16879/contributions/55227/attachments/29734/57744/2024%20Progress%20Report%20to%20PSI%20Beam%20Committee%20-%20MuFusE.pdf
https://spectrum.ieee.org/colder-muon-fusion-energy
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Acceleron Fusion, Inc. (Cambridge, USA)
Fermilab Workshop on Low Energy Muon Physics and Muonium, Jul 2022

Temperature and Density Increase Fusion Rate

V.R. Bom et. al , JETP, Vol 100, No. 4, 2005

Increasing Density Reduces Sticking

H. Rafelski, Muon Reactivation in
Muon-Catalyzed D-T Fusion

K. Nagamine, 2008

Diamond Anvil Measurement
Want to exploit high P and T

Progress report to the Paul Scherrer Institute beam allocation committee, Feb 2023

https://www.acceleron.energy/

Experiments at piE1, PSI

https://spectrum.ieee.org/colder-muon-fusion-energy
24M$ funded by investors

Next beam time Oct.2025 

PSI BVR25, A. Knaian, K. Lynch et al., Feb 2025

Muon from sticking Reactivation, %

Basic Experimental Layout

https://indico.fnal.gov/event/55117/contributions/244752/attachments/157307/205707/FNAL%20Presentation%2007-14-2022.pdf
https://indico.psi.ch/event/15417/contributions/48643/attachments/27150/50936/PSI%20BVR55%20DMuDT%20Progress%20Report.pptx.pdf
https://spectrum.ieee.org/colder-muon-fusion-energy
https://indico.psi.ch/event/16879/contributions/55227/attachments/29734/57744/2024%20Progress%20Report%20to%20PSI%20Beam%20Committee%20-%20MuFusE.pdf


Results

PRELIMINARY data on DT cycling rate to 2.2 LHD (2024)

19

*Work is ongoing to 
characterize and correct for 
systematic errors and to 
properly size the error bars.

MuFusE Collaboration
Experiments at piE1, PSI
Next beam time Oct.2025 



Effect of tμ(n=2) +d resonances on MCF rate
Takuma Yamashita, Muon4Future 2025

T.Yamashita et al., Scientific Reports 12, 6393 (2022)

tμ(n=2) +d can form resonances
Can be studied by looking on K X-rays spectra

https://agenda.infn.it/event/42349/contributions/262854/attachments/136024/204100/Muon4Future2025_yamashita_v2.pdf
https://www.nature.com/articles/s41598-022-09487-0


J PARC experiment
Takuma Yamashita, Muon4Future 2025

First observation of ddμ* resonance states 
with a high branching ratio directly to dtμ bound 
state molecule.

Formation of molecular resonances affects CF rate

studies by looking on K X-rays spectra
using Transiton-edge sensor (TES) for precise X-ray spectrometry

https://agenda.infn.it/event/42349/contributions/262854/attachments/136024/204100/Muon4Future2025_yamashita_v2.pdf


In-flight muon catalyzed fusion (IFMCF)
Atsuo Iiyoshi,
AIP Conf. Proc. 2179, 020010 (2019)tμ + d  fusion c→ ross section increase with T

Skipping thermal dtμ molecular formation 
+ muon regeneration by (αμ)+ stripping through 

                                      high-T  plasma  
 → higher μCF rate ~ 1000 fusion/μ ?

https://doi.org/10.1063/1.5135483


In-flight muon catalyzed fusion (IFMCF)
Atsuo Iiyoshi,
AIP Conf. Proc. 2179, 020010 (2019)

Fresh free 1016 muon/s

x1000 fusions

28 MW fusion output

8.5 MW electricity

What about muons cost?

Most of MCF related papers cites theoretical 
lowest cost 5 GeV/muon 

 → 8MW price for 1016 muon/s
assuming 100% efficiency of power conversion 

 → needs 300 fusion/muon 
M.Jandel, CERN-TH-4810/87, 1987
Needs >700 fusion/muon, but require low density

https://doi.org/10.1063/1.5135483
https://inspirehep.net/literature/248937
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µ as a tool for precision measurements

Muon intensity/precision frontier facilities
MEG: μ → eγ

Mu3e: μ → eee J- PARC g-2

Mu2e: μN → eN

FNAL g-2

COMET: μN → eN

DC rate
2.5 × 108 µ+/sec

HiMB O(1010)

Pulsed rate
5 × 1010 µ+/sec

Pulsed rate
1 × 1011 µ+/sec

DC rate
108 µ+/sec

DeeMe: μN → eN
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Future Muon facilities

Akira Sato, NuFact2023

PRISM / PRIME experiments at J-PARC
The Advanced Muon Facility at Fermilab

Sophie Middleton, NuFact2024

Muon Collider

Diktys Stratakis, Muons4Future 2025

CERN-led Muon Collider Collaboration

~1012  muon/sec

~ 1-10 MW proton driver  10→ 12 – 1013 muon/sec

The intensity is planned to be reached mostly 
by increasing power consumption  

https://indico.cern.ch/event/1216905/contributions/5448773/attachments/2700953/4688094/230822_PRISM.pdf
https://indico.fnal.gov/event/63406/contributions/296836/attachments/181825/249479/AMF_NuFact.pdf
https://agenda.infn.it/event/42349/contributions/262704/attachments/135767/203633/Stratakis_Muons4Future.pdf
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Mu2e/Mu2e-II
J. Miller, P5 , 2023

MAP Collider Parameters
* as developed by the US MAP

RAST, Vol 10, No. 01, pp. 189-214 (2019)

Accelerator design meeting, 2021, Shiltsev

https://indico.fnal.gov/event/58272/contributions/262208/attachments/165130/219309/jmiller-P5-mar-2023-vf.pdf
https://indico.cern.ch/event/1022802/contributions/4293870/attachments/2218112/3755618/MuonCollider_UChi_03292021_v1.pdf
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Muon cost

Modern Mu2e/COMET muon production facilities

17 MeV x 100 fusion/muon x 1011  muon/sec    → 30 W

Future Muon Collider

                               1013  muon/sec  → 3 kW

At price of ~ 10 MW proton driver (another x10 for wall plug cost) 

μCF needs to have 3-4 order magnitude more intensive muons source 
                         at 3-4 order cheaper price 

Would be huge breakthrough for particle physics
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Muon cost is issue
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Outlook

Future energy source
low-T fusion, No plasma confinement; 
150 fusions/muon has been achieved so far

didn’t change much from first resonance production discovery 
             is it possible to reach 300-1000 fusions/muon?
       Needs x104 more powerful and 1/104 cheaper muon source 

maybe something in between of usual thermo fusion and  μCF can give some profit

Mono-energetic neutron source
 Material analysis 
       Transmutation of long lived fission nuclear waste, 

Nuclear fuel breeding (nfast + 238U -> 239Pu used in power plants)
Ultra-slow muons ~10 keV 

as cooled source for a muon accelerator

Physics of μCF itself is very interesting
improving theoretical tools/descriptions of multi body process and etc should be  

      useful in others fields (astrophysics, plasma physics, thermonuclear synthesis)
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