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Introduction
muon catalyzed fusion (µCF)



13.8 Billion y× 6×1023 s 〜 1041 s

rate

Thermal fusion in plasma

1 fusion event in 1029 mol since Big Bang
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Tunneling effect

Coulomb barrier Nuclear fusion reaction in Muonic molecule

d t

µ–

500 fm

Muonic molecule dtµ

(p-p distance in H2
+) ≈ 0.1 nm 
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~ 2.2 µs

1 Muon injected into D2/T2 mixture forms 

muonic atom (tµ, dµ) and muonic molecular ion dtµ

2 Coulomb barrier shrinks in the small dtµ molecule

(internuclear distance ~ 1/200 of DT molecule)

3 Muons released after d-t fusion find another d-t pair 

(Muon works as a catalyst of the d-t fusion)

muon catalyzed fusion

Energy source Out put (3.5 GeV/muon) vs. input (5.0 GeV/muon)

Neutron source Compact 14.1 MeV monoenergetic neutron (point source)

dtm ® m + 4 He+n+17.6 MeV

d t

µ–

500 fm

dtm ® m + 4 He+n+17.6 MeV

dtm ® m + 4 He+n+17.6 MeV

1012 s–1

108 s–1



dtµ、ddµ Precise three body calculation：
< meV (10 K)

Feshbach resonance between tµ atom and D2 molecule

ET=kT

    

   

ERes = eK
tm -e11

dtm

Compound molecular formation [(dtµ)dee]

E(dtµ) + ET = EJv([(dtµ)d ee]*)

Vesman mechanism  (1967)

If the muon molecule has a shallow bound
state, dtµ is resonantly generated by
transferring the binding and kinetic energy to
the vibrational and rotational excitation energy
of the D2 molecule.

For ddµ, dtµ, swallow binding states exist！！

E(eV)

Shallow binding state

High precision three-body calculation

kT should be theoretically determined

prediction

1987-2000

200 times/µ– (at present)

300 times/µ– (input) = (output)        

Energy balance

Scientific break-even

5 GeV

3.5 GeV

-2711.2415 eV

0.6602 eV

-2711.9017 eV

meV accuracy

7 digits significant numbers

J = 1

0.1-26 meV



Muon deuterium molecular ion

J = 0

J > 0

28 vibrational levels

And too many rotational levels

J = 0

J > 0

5 ro-vibrational levels

      

   

m.a.u.: mm =  = e =1      

   

a.u.: me =  = e =1
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Zero-point energy

5 bound states
(v,J)=(0,0,),(0,1),(1,0),

(1,1),(2,0)

Basics of muon-atomic physics

BUT, the adiabatic picture is unsuitable for precise calculations.

Low energy muon atomic processes in µCF 

Internal energy dµ(1s)2.7 keV

En (dµ) = – 2663/n2 eV

The difference becomes pronounced in low-energy atomic processes in µCF.



Muonic atom nucleus collision (YK, MK, 1990-2000)

High-precision few-body calculation theory (non-adiabatic)
7-digits precision in binding energy of  dtµ molecule (M. Kamimura, PRA 1987)

The GEM has been successfully 
applied to
・muonic molecules, 
・antiprotonic atoms, 
・positronic atoms, 
・Antihydrogen atoms
・3-, 4- nucleon systems
・hyper nuclei
・five-quark systems
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E. Hiyama (Gauss lobe)

1) Three Jacobian coordinates (Exact 
scattering boundary condition)

2) Total wavefunction is describe as a sum of 
channel wavefunctions  (interparticle 
correlation)

3) The channel wavefunctions are expanded 
in terms of Gaussian basis functions
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bX–

R3
r3

c = 3

a

R2

r2

c = 2

bX–

a

R1
r1

c = 1

bX–

Kino
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Recent study on muon catalyzed fusion (µCF) theory 

Based on precise few-body theory

T. Yamashita, Y. Kino, K. Okutsu, S. Okada, M. Sato, Sci. Rep., 12, 6393 (2022). 
M. Kamimura, Y. Kino, T. Yamashita, Phys. Rev. C, 107, 034607 (2023).
T. Yamashita, K. Yasuda, Y. Kino, Phys. Rev. A 111, 012811 (2025)
Y. Toyama et al., Sci. Adv. 12, eaed3321 (2026).



New muon catalyzed fusion cycle

Conventional µCF cycle
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En (dµ) = – 2663/n2 eV
En (tµ) = – 2711/n2 eV

dµn + t → d + tµn + 48/n2 eV 

> 1011 s–1108 s–1

1012 s–1

-2.7

KeV

-0.7

n=14-0.014

(2s)  ≈ 10–10 s

Muon mean lifetime 2.2 µsµ atom formation rate ≈ 1012 s–1

>1012 s–1

>1012 s–1

1010 s–1

Muon transfer reaction 



New muon catalyzed fusion cycle

Conventional µCF cycle New µCF cycle
dtµ* : muonic molecule 

resonance state
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> 1011 s–1108 s–1

Formation rate ≈ 1012 s–1

1010 s–1

1010 s–1
1010 s–1



Progress of muon catalyzed fusion study based on precise few-body calculations

dtµ
d t
µ

d+t+µ
3-body problem

dtµ*
d t

µ

d+t+µ+e
4-body problem

2020〜

1990〜

(⇦precise 4-body scattering calculation, T. Yamashita, YK, et al., NJP2021, PRA 2022)
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ҧ𝑝, 𝑒+, 𝑒+ , 𝑒−

d-t distance (pm)
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tµ(1s) + d

tµ(n=2) + d

dtµ*
3dσg

4fσu

dtµ

Muonic molecule (isolated system)

Muonic molecule and orbital electron

𝑡𝜇(1𝑠) + D2 → (𝑑𝑡µ)𝑒 − 𝑑𝑒

𝑡𝜇(2𝑠) + T2 → (𝑡𝑡𝜇∗)𝑒 − 𝑡𝑒

𝑑𝜇(2𝑠) + D2 → (𝑑𝑑𝜇∗)𝑒 − 𝑑𝑒

Vesman formation
~1010 s–1

ഥH 𝑁𝐿 + Ps 𝑛𝑙 → ഥH+ + 𝑒−

Vesman formation

𝑡𝜇(2𝑠) + D2 → (𝑑𝑡𝜇∗)𝑒 − 𝑑𝑒

Adiabatic potential curves (rough approximation)

~108 s–1

e

Bound states

Feshbach type 
resonance states

2s states
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Cycle rate

Temperature (K) Temperature (K) Temperature (K)
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𝜆𝑐 = 𝜆𝜇 𝜑(𝑌f
−1 −𝑊)

−1

𝑊 = ∑
𝐹
𝑃𝑑𝜇(1𝑠,𝐹)

0.58𝑐𝑑𝜆𝑑𝑑𝜇(𝐹)𝜔𝑑

𝑐𝑑𝜆𝑑𝑑𝜇(𝐹) + 𝑐𝑡𝜆𝑑𝑡
+∑

𝐹
𝑃𝑡𝜇(1𝑠,𝐹)

𝑐𝑑𝜆𝑑𝑡𝜇(𝐹)𝜔𝑠 + 𝑐𝑡𝜆𝑡𝑡𝜇𝜔𝑡

𝑐𝑑𝜆𝑑𝑡𝜇(𝐹) + 𝑐𝑡𝜆𝑡𝑡𝜇
Total sticking probability

VM

EVM-SPM-FIF

VM

VM

VM

VM

VM

0.1 ≤ Υ𝑑 ≤ 0.9

𝑐t = 0.1 𝑐t = 0.2 𝑐t = 0.4

𝑐t = 0.5 𝑐t = 0.7 𝑐t = 0.8

New model vs. experimental value shadow：ambiguities in atomic physics 

Models including dtµ* (SPM) and in-flight µCF (FIF) successfully explain past experimental results

𝑌f =
𝜆𝜇
𝜑𝜆𝑐

+𝑊

−1

#(fusion)

10–2 10–2

dµ+t→+n+17.6 MeV

In-flight µCF



14X-ray spectra from v=0-8, J=0-3

Yamashita, Yasuda, Kino, Phys. Rev. A 111, 012811 (2025).





TES : 4,000 events

SDD : 12,000 events

Theoretical calc.

TES

SDD

16Verification of  the new model→ High precision X-ray spectroscopy

= obserbation of the X-ray from the dtµ resonance state

superconducting transition-
edge sensor (TES) 

dµ(2p→1s)

ddµ*→dµ(1s)+d+

keV

5.2 eV@6 keV

Radial distributionX-ray spectrum

High precision X-ray spectroscopy
Internuclear distance

Adiabatic picture

Franck–Condon principle

Enon-adi. ≈ 0.1 keV

2.0 1.7 1.8 1.9



Taking nonradiative transitions  into account,
ddµ* → dµ + d (particle decay)

nearly 50% of muons go through ddµ* 
(the main pathway)

Y. Toyama et al., Sci. Adv. 12, 
eaed3321 (2026).



M. Kamimura, Y. Kino and T. Yamashita

Full few-body  study of  nuclear reactions  in muon-catalyzed  fusion

Phys. Rev.C 107, (2023) 03467
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Muon collider

Muon loss @CF

slow muon

(n,l)

− sticking
d

Fusion rate : 1.15 X 1012 s-1

Sticking probability

Precise nuclear interaction 
exact boundary condition

Full few body calculation

100 MeV

1 keV

1 keV
←Δwz→

(%)#(fusion) 200→220
Δw=0.05 %

Intra-molecular nuclear fusion

14.1 MeV

3.5 MeV

5Heµ unified atom limit

1 keV



Future applications

compact neutron source 
energy production
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Cycle rate
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𝜆𝑐 = 𝜆𝜇 𝜑(𝑌f
−1 −𝑊)

−1

𝑊 = ∑
𝐹
𝑃𝑑𝜇(1𝑠,𝐹)

0.58𝑐𝑑𝜆𝑑𝑑𝜇(𝐹)𝜔𝑑

𝑐𝑑𝜆𝑑𝑑𝜇(𝐹) + 𝑐𝑡𝜆𝑑𝑡
+∑

𝐹
𝑃𝑡𝜇(1𝑠,𝐹)

𝑐𝑑𝜆𝑑𝑡𝜇(𝐹)𝜔𝑠 + 𝑐𝑡𝜆𝑡𝑡𝜇𝜔𝑡

𝑐𝑑𝜆𝑑𝑡𝜇(𝐹) + 𝑐𝑡𝜆𝑡𝑡𝜇
Total sticking probability

VM

EVM-SPM-FIF

VM

VM

VM

VM

VM

0.1 ≤ Υ𝑑 ≤ 0.9

𝑐t = 0.1 𝑐t = 0.2 𝑐t = 0.4

𝑐t = 0.5 𝑐t = 0.7 𝑐t = 0.8

New model vs. experimental value shadow：ambiguities in atomic physics 

Models including dtµ* (SPM) and in-flight µCF (FIF) successfully explain past experimental results

𝑌f =
𝜆𝜇
𝜑𝜆𝑐

+𝑊

−1

#(fusion)

10–2
10–2

dµ+t→+n+17.6 MeV

In-flight µCF

← Gas phase →← Gas phase →

← Gas phase →← Gas phase →← Gas phase →

← Gas phase →



Vibrational mode of D3
+

＊

d

dd

d

dd

d

dd

0

-0.660

0.120

dtµ

J=v=1

[(dtµ)dee]* [(dtµ)ddee]+*

＋

D3
+

＊

・ Radiation Chemical Effects

（long lifetime） Radiation Induced Species (RIS) : 
D3

+, Dn
+ Clusters with D3

+, Trapped electron, D2
–

α, µ, n, 3H -decay, external radiation 
＊

Dn
+ Clusters

→ high density near µ (<1 µm) 

D3
+

→ high formation rate
for dtµ and dtµ* 

X 
If CRIS = 1, dtµ → 2dtµ

c increases
0.01                   0.1                     1  eV

D2

D2 → D2
+ + e, D2

+ + D2 → D3
+ + D (exothermic)Radiation→

d
tµ

 m
o
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 = 1000, CRIS = D3
+/D2 = 0.1%



Future challenges

Conventional µCF cycle

22

New µCF cycle

tµ(2s)→dtµ* or tµ(2s)→tµ(2p)→tµ(1s) 

Cascade and collision processes of tµ and dµ atoms

Branching ratio of dtµ* and thermalization of hot tµ 

dtµ* gives hot tµ(1s) or dµ(1s)

0.01            0.1             1    eV

High dtµ formation rate >109 s–1

keV

Epi-thermal collision

Cascade process of dtµ*

[dtµ*-d]ee dtµ*-e and [d*-d]ee
4-body problem

Few-body collision

tµ + D2(Jv)

tµ(n) + D2 → tµ(n’) + D2
+ etc.

Cross sections (meV-eV)→ particle transportation calculation

[dtµJv*-d]ee→ [dtµJ’v’*-d]e + e,
etc.



Summary 23

・We have revived the muon catalyzed fusion (µCF) with precise few-
body calculations and new µCF cycle.

・A new µCF cycle involving the metastable state (resonance state) 
dtµ*(ddµ*) of the muon molecule is verified both theoretically and 
experimentally.

・ We found that D3
+ produced in solid hydrogen by the radiochemical 

effect of alpha particles increases the muonic molecule production 
rate, the rate-limiting process of µCF.

・ The µCf will open new research field for theoretical and experimental 
physics and chemistry.

Muon collider (slow muon source)
Nuclear transmutation for LLFP (Long Lived Fission Products)
Power station

D3
+
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