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Muon (free)

Muon is an elementary particle. It was descovered in 1936 by the
American physicists Carl D. Anderson and Seth Neddermeyer.

mass: mµ = 207me = 106MeV/c2 ,

spin: s =
1

2
,

lifetime: τµ = 2× 10−6 s .

There is a negatively charged muon (µ−) and its positevily charged
antiparticle (µ+). The charge of a muon is equal to the charge of
an electron.

The muons are unstable and decay as

µ− → e− + ν̄e + νµ , µ+ → e+ + νe + ν̄µ .

Muon (negatively charged) can be considered as a heavy electron.

1



Muon beams

• Muon station for sciEnce, technoLOgy and inDustrY
(MELODY) at the China Spallation Neutron Source (CSNS)
“Progress report on Muon Source Project at CSNS” . Journal
of Physics: Conference Series 2462, 012034 (2023).

• The MICE Collaboration
“Transverse emittance reduction in muon beams by ionization
cooling”. Nature Physics 20, 1558 (2024).

• Petersburg Nuclear Physics Institute, Gatchina
Synchrocyclotron SC 1000
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Decay channels of bound muon (2s, 2p states)

• Radiative transitions

µi → µf + γ (+ γ′)

• Transitions with production of an electron-positron pair
(EPP)

µi → µf + e− + e+

• Auger transitions

µi + e−(bound) → µf + e−(continuum)

• Muon-induced electromagnetic excitation of an atomic nucleus
• Muon capture by an atomic nucleus

µi + p+ → νµ + n (+ γ) .
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Radiative bound-bound transitions in electron or muon ions

One- and two-photon transitions
Electron

ei → ef + γ(k , ϵ) ,

ei → ef + γ(k , ϵ) + γ(k ′, ϵ′) ,

Muon

µi → µf + γ(k , ϵ) ,

µi → µf + γ(k , ϵ) + γ(k ′, ϵ′) ,

r k, λ
❍❍✟✟
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r
r

k2, λ2

k1, λ1n

❍❍✟✟

❍❍✟✟

(b)
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One-photon transitions

The photon wave function

A
(k,λ)
0 (r) = 0 , A(k,λ)(r) =

√
2π

ω
ϵ(k,λ)e ikr .

The amplitude of one-photon emission

A
∗(k,λ)
fi = −e

∫
dr ψ+

f (r)αA∗(k,λ)(r)ψi (r) ,

where k = (ω, k) – 4-vector of the photon momentum,
λ – 4-vector of polarization.

α =

(
0 σ

σ 0

)
,

where σ are the Pauli matrices.

dW
(λ)
i→f = 2π

∣∣∣A∗(k,λ)
fi

∣∣∣2δ(εi − ω1 − εf )
d3k
(2π)3

,

dW
(λ)
i→f = 2π

∣∣∣A∗(k,λ)
fi

∣∣∣2ω2 d
2Ωk

(2π)3
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Two-photon transitions

The amplitude of two-photon emission

U
(k1,λ1;k2,λ2)
i→f =

∑
n

A
∗(k2,λ2)
fn A

∗(k1,λ1)
ni

εi − ω1 − εn
.

The two-photon differential transition probability reads as

dW
(λ1,λ2)
i→f = 2π

∣∣∣U(k1,λ1;k2,λ2)
i→f + U

(k2,λ2;k1,λ1)
i→f

∣∣∣2δ(εi − ω1 − ω2 − εf )

× d3k1
(2π)3

d3k2
(2π)3

.

After integration over one of the photon energies we obtain the
following differential transition probability

dW
(λ1,λ2)
fi

d2Ω1d2Ω2dω1
=

ω2
1ω

2
2

(2π)5

∣∣∣U(k1,λ1;k2,λ2)
fi + U

(k2,λ2;k1,λ1)
fi

∣∣∣2 ,
where Ω1,2 is the solid angle of the corresponding photon
momentum. The energy conservation law: ω1 + ω2 = εi − εf .
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Energy levels of electron and muon H-like ions
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The energies and the electron orbital radii

V. A. Knyazeva, K. N. Lyashchenko, M. Zhang, D. Yu, O.Yu. Andreev, Phys. Rev. A 106, 012809

(2022)
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Two-photon transition probability
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The differential transition probabilities (in s−1keV−1) for electron and

muon ions for Z = 92 are presented as a function of the energy sharing

parameter x = ω1

ε2s−ε1s
. Differential transition probabilities are given on a

logarithmic scale as log10

(
dW (e,µ)

dω1

)
. ω1 + ω2 = ε2s − ε1s , x1 + x2 = 1, 10



Two-photon transition probability for muon
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The differential transition probabilities for muon ions presented as a

function of the energy sharing parameter x = ω1

εi−εf
. The differential

transition probabilities are given on a logarithmic scale as log10
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dω1

)
.
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Two-photon transition probabilities for electron
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Two-photon transition probabilities for muon
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Ration one/two - photon transition probability
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Bound-bound transitions in muonic ions

The bound-bound transitions in the muonic ion, initialy being in a
state i = 2s (or i = 2p) to the final state f = 1s, with the emission
of “some particles” can be described as

µi → µf +∆ε
(µ)
i→f

(
. . . some particles . . .

)
.

The energy release during the transition can be estimated by the
(nonrelativistic) Bohr formula for the energy levels of H-like ions

E (Bohr)
µn

= −mµc
2 (αZ )

2

2n2
,

∆ε
(µ)
i→f ≈ E (Bohr)

µi
− E (Bohr)

µf
,

where mµ is the mass of the muon (mµ ≈ 207me , where me is the
electron mass), c is the speed of light, α ≈ 1

137 is the fine-structure
constant.
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Bound-bound EPP transitions in muonic ions

Accordingly, the estimate of the energy release during the 2s → 1s

transition is

∆ε
(µ)
2s→1s ≈ E (Bohr)

µ2s
− E (Bohr)

µ1s

= mµc
2(αZ )2

3

8
> 2mec

2 .

This shows that if the atomic number Z is larger or equal to 22

(the more precise calculation predicts Z ≥ 24), then the energy
release becomes greater than 2mec

2. This energy is enough to
produce an electron-positron pair (EPP): an electron with energy
ε > mec

2 and its antiparticle – a positron with energy ε′ > mec
2.

This process was first discussed by Wheeler [J.A. Wheeler, “Some

consequences of the electromagnetic interaction between µ−-mesons and

nuclei” , Rev. Mod. Phys. 21, 133 (1949).].
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Bound-bound EPP transitions in muonic ions

The nonradiative transition, in which an electron-positron pair is
produced, can be described as

µi → µf + e−(ε,p, µ) + e+(ε′,p′, µ′) .

The produced electron is described by its energy
(ε =

√
m2

ec
4 + c2p2), momentum (p) and polarization (µ) (the

spin projection on the p direction). The positron is described by the
energy (ε′ =

√
m2

ec
4 + c2p′2), momentum (p′) and polarization

(µ′) (the spin projection on the direction p′). The energy
conservation law reads

∆ε
(µ)
2s→1s = ε

(µ)
2s − ε

(µ)
1s = ε+ ε′ > 2mec

2 .
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The amplitude

❅
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❅ r
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e−

r

µ2s

µ1s

A = e2
∫

dr1dr2ψ
(−)+
ε,pµ (r1)ψ

(µ)+
f (r2)(1−α(1)α(2))

× e i
ωr12
c

r12
ψ
(−)
−ε′,−p′µ′(r1)ψ

(µ)
i (r2) ,

ψ
(±)
ε,pµ(r) =

(2πℏ)3/2c√
p|ε|

∑
jlm

[Ω+
jlm(p̂)vµ(p̂)]e

iϕ
(±)
εjl i lψεjlm(r) .
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Differential EPP transition probability

The transition probability can be written as

dw (e+e−) =
2π

ℏ
δ(ε2s − ε1s − ε− ε′)|A|2

× d3p
(2πℏ)3

d3p′

(2πℏ)3
.

The integration over the positron momentum angles and the
azimuthal angle of the electron momentum gives a factor 8π2.
Averaging over the projection of the total angular momentum of
the initial state of muon (j (µ)i ), the differential transition probability
can be written as

d2w (e+e−)

dε sin θdθ
=

pp′εε′

4π3(2j
(µ)
i + 1)ℏ7c4

|A|2 ,

where θ is the angle between the electron and positron momenta.
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Transition probabilities

Transition probabilities (in s−1) for one-muon ions. The digits in square brackets indicate powers of 10.

The first row lists the initial (excited) states (i). The total energies of the 1s-muon states (ε(µ)
1s ),

including the rest mass of muon, are given explicitly for each Z value. The rows labeled ∆ε
(µ)
i→1s show

the energy differences ∆ε
(µ)
i→1s = ε

(µ)
i − ε

(µ)
1s (in mec

2), where ε
(µ)
i represent the total energies of the

initial (i) muon states. The rows Wi represent the total radiative transition probability for transitions

from state i to all lower states. The rows w
(e+e−)
i→1s provide the transition probabilities for the

nonradiative electron-positron pair production transitions (from excited state i to the 1s muon state),

while w
(e+e−)C
i→1s gives these transition probabilities considering only the Coulomb interaction. The rows

w
(γ,e+e−)
i→n→1s present the transition probabilities for radiative cascade transitions i → n → 1s involving

electron-positron pair production, where i refers to the states listed in the first row.

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

20



Transition probabilities

Transition probabilities (in s−1) for one-muon ions. The digits in square brackets indicate powers of 10.

The first row lists the initial (excited) states (i). The total energies of the 1s-muon states (ε(µ)
1s ),

including the rest mass of muon, are given explicitly for each Z value. The rows labeled ∆ε
(µ)
i→1s show

the energy differences ∆ε
(µ)
i→1s = ε

(µ)
i − ε

(µ)
1s (in mec

2), where ε
(µ)
i represent the total energies of the

initial (i) muon states. The rows Wi represent the total radiative transition probability for transitions

from state i to all lower states. The rows w
(e+e−)
i→1s provide the transition probabilities for the

nonradiative electron-positron pair production transitions (from excited state i to the 1s muon state),

while w
(e+e−)C
i→1s gives these transition probabilities considering only the Coulomb interaction. The rows

w
(γ,e+e−)
i→n→1s present the transition probabilities for radiative cascade transitions i → n → 1s involving

electron-positron pair production, where i refers to the states listed in the first row.

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

Wi 1.75[17] 1.74[17] 2.46[14] 4.96[16] 2.34[16] 5.04[16] 2.29[16] 6.91[14]

w
(e+e−)
i→1s 1.20[14] 1.23[14] 1.62[11] 4.08[13] 1.53[11] 4.28[13] 1.52[11] 7.07[10]
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Transition probabilities

Transition probabilities (in s−1) for one-muon ions. The digits in square brackets indicate powers of 10.

The first row lists the initial (excited) states (i). The total energies of the 1s-muon states (ε(µ)
1s ),

including the rest mass of muon, are given explicitly for each Z value. The rows labeled ∆ε
(µ)
i→1s show

the energy differences ∆ε
(µ)
i→1s = ε

(µ)
i − ε

(µ)
1s (in mec

2), where ε
(µ)
i represent the total energies of the

initial (i) muon states. The rows Wi represent the total radiative transition probability for transitions

from state i to all lower states. The rows w
(e+e−)
i→1s provide the transition probabilities for the

nonradiative electron-positron pair production transitions (from excited state i to the 1s muon state),

while w
(e+e−)C
i→1s gives these transition probabilities considering only the Coulomb interaction. The rows

w
(γ,e+e−)
i→n→1s present the transition probabilities for radiative cascade transitions i → n → 1s involving

electron-positron pair production, where i refers to the states listed in the first row.

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

Wi 1.75[17] 1.74[17] 2.46[14] 4.96[16] 2.34[16] 5.04[16] 2.29[16] 6.91[14]

w
(e+e−)
i→1s 1.20[14] 1.23[14] 1.62[11] 4.08[13] 1.53[11] 4.28[13] 1.52[11] 7.07[10]

w
(e+e−)C
i→1s 2.47[13] 2.55[13] 1.61[11] 7.27[12] 2.96[10 7.74[12] 3.00[10] 7.04[10]
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Transition probabilities

Transition probabilities (in s−1) for one-muon ions. The digits in square brackets indicate powers of 10.

The first row lists the initial (excited) states (i). The total energies of the 1s-muon states (ε(µ)
1s ),

including the rest mass of muon, are given explicitly for each Z value. The rows labeled ∆ε
(µ)
i→1s show

the energy differences ∆ε
(µ)
i→1s = ε

(µ)
i − ε

(µ)
1s (in mec

2), where ε
(µ)
i represent the total energies of the

initial (i) muon states. The rows Wi represent the total radiative transition probability for transitions

from state i to all lower states. The rows w
(e+e−)
i→1s provide the transition probabilities for the

nonradiative electron-positron pair production transitions (from excited state i to the 1s muon state),

while w
(e+e−)C
i→1s gives these transition probabilities considering only the Coulomb interaction. The rows

w
(γ,e+e−)
i→n→1s present the transition probabilities for radiative cascade transitions i → n → 1s involving

electron-positron pair production, where i refers to the states listed in the first row.

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

Wi 1.75[17] 1.74[17] 2.46[14] 4.96[16] 2.34[16] 5.04[16] 2.29[16] 6.91[14]

w
(e+e−)
i→1s 1.20[14] 1.23[14] 1.62[11] 4.08[13] 1.53[11] 4.28[13] 1.52[11] 7.07[10]

w
(γ,e+e−)
i→2p1/2→1s 2.20[5] 7.60[10] 2.78[5] 1.33[13] 3.84[9] 2.32[7] 1.23[11]

w
(γ,e+e−)
i→2p3/2→1s 9.59[10] 7.79[9] 2.67[12] 3.85[9] 1.60[13] 3.35[11]
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Transition probabilities

Transition probabilities (in s−1) for one-muon ions. The digits in square brackets indicate powers of 10.

The first row lists the initial (excited) states (i). The total energies of the 1s-muon states (ε(µ)
1s ),

including the rest mass of muon, are given explicitly for each Z value. The rows labeled ∆ε
(µ)
i→1s show

the energy differences ∆ε
(µ)
i→1s = ε

(µ)
i − ε

(µ)
1s (in mec

2), where ε
(µ)
i represent the total energies of the

initial (i) muon states. The rows Wi represent the total radiative transition probability for transitions

from state i to all lower states. The rows w
(e+e−)
i→1s provide the transition probabilities for the

nonradiative electron-positron pair production transitions (from excited state i to the 1s muon state),

while w
(e+e−)C
i→1s gives these transition probabilities considering only the Coulomb interaction. The rows

w
(γ,e+e−)
i→n→1s present the transition probabilities for radiative cascade transitions i → n → 1s involving

electron-positron pair production, where i refers to the states listed in the first row.

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

Wi 1.75[17] 1.74[17] 2.46[14] 4.96[16] 2.34[16] 5.04[16] 2.29[16] 6.91[14]

w
(e+e−)
i→1s 1.20[14] 1.23[14] 1.62[11] 4.08[13] 1.53[11] 4.28[13] 1.52[11] 7.07[10]

w
(e+e−)C
i→1s 2.47[13] 2.55[13] 1.61[11] 7.27[12] 2.96[10 7.74[12] 3.00[10] 7.04[10]

w
(γ,e+e−)
i→2p1/2→1s 2.20[5] 7.60[10] 2.78[5] 1.33[13] 3.84[9] 2.32[7] 1.23[11]

w
(γ,e+e−)
i→2p3/2→1s 9.59[10] 7.79[9] 2.67[12] 3.85[9] 1.60[13] 3.35[11]

w
(γ,e+e−)
i→2s→1s 5.75[12] 9.50[9] 5.57[12] 9.66[9] 4.74[5]

O.Yu. Andreev, D. Yu, K.N. Lyashchenko, D.M. Vasileva, Chinese Physics Letters 42, 090301 (2025)
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Transition probabilities

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 24 , ε
(µ)
1s = 203.8292

∆ε
(µ)
i→1s 2.1362 2.1421 2.1717 2.5833 2.5852 2.5851 2.5858 2.5939

Wi 3.97[16] 3.94[16] 4.95[12] 1.17[16] 4.54[15] 1.17[16] 4.49[15] 2.78[14]

w
(e+e−)
i→1s 2.14[11] 2.42[11] 6.23[7] 1.19[12] 6.73[8] 1.22[12] 6.77[8] 5.71[8]

w
(e+e−)C
1s 7.65[10] 8.55[10] 6.22[7] 3.35[11] 2.21[8] 3.45[11] 2.23[8] 5.71[8]

w
(γ,e+e−)
i→2p1/2→1s 1.67[1] 1.22[7] 3.71[1] 2.04[10] 2.61[6] 6.79[3] 4.70[8]

w
(γ,e+e−)
i→2p3/2→1s 1.63[7] 5.90[6] 4.57[9] 2.93[6] 2.75[10] 1.17[9]

w
(γ,e+e−)
i→2s→1s 2.10[10] 2.10[7] 2.05[10] 2.11[7] 2.27[2]

Z = 36 , ε
(µ)
1s = 200.7596

∆ε
(µ)
i→1s 4.1839 4.2119 4.3563 5.2018 5.2093 5.2099 5.2124 5.2536

Wi 1.75[17] 1.74[17] 2.46[14] 4.96[16] 2.34[16] 5.04[16] 2.29[16] 6.91[14]

w
(e+e−)
i→1s 1.20[14] 1.23[14] 1.62[11] 4.08[13] 1.53[11] 4.28[13] 1.52[11] 7.07[10]

w
(e+e−)C
i→1s 2.47[13] 2.55[13] 1.61[11] 7.27[12] 2.96[10 7.74[12] 3.00[10] 7.04[10]

w
(γ,e+e−)
i→2p1/2→1s 2.20[5] 7.60[10] 2.78[5] 1.33[13] 3.84[9] 2.32[7] 1.23[11]

w
(γ,e+e−)
i→2p3/2→1s 9.59[10] 7.79[9] 2.67[12] 3.85[9] 1.60[13] 3.35[11]

w
(γ,e+e−)
i→2s→1s 5.75[12] 9.50[9] 5.57[12] 9.66[9] 4.74[5]
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Transition probabilities for 2s-muon state

2p1/2 2p3/2 2s1/2 3p1/2 3d3/2 3p3/2 3d5/2 3s1/2

Z = 54 , ε
(µ)
1s = 195.2742

∆ε
(µ)
i→1s 7.3448 7.4593 8.0501 9.6624 9.6805 9.6941 9.6964 9.8765

Wi 6.47[17] 6.54[17] 7.08[15] 1.69[17] 1.21[17] 1.79[17] 1.15[17] 1.44[15]

w
(e+e−)
i→1s 9.60[14] 1.01[15] 3.04[12] 2.41[14] 3.75[12] 2.71[14] 3.66[12] 1.15[12]

w
(e+e−)C
i→1s 1.42[14] 1.52[14] 3.01[12] 3.05[13] 4.72[11] 3.55[13] 4.84[11] 1.13[12]

w
(γ,e+e−)
i→2p1/2→1s 3.22[7] 4.64[12] 3.15[7] 1.48[14] 9.54[10] 1.34[9] 4.54[9]

w
(γ,e+e−)
i→2p3/2→1s 6.13[12] 1.91[11] 2.90[13] 9.42[10] 1.75[14] 3.19[11]

w
(γ,e+e−)
i→2s→1s 1.81[13] 4.06[10] 1.76[13] 4.26[10] 9.72[6]

Z = 92 , ε
(µ)
1s = 183.183

∆ε
(µ)
i→1s 12.160 12.607 15.314 18.579 18.392 18.692 18.521 19.561

Wi 2.13[18] 2.32[18] 2.09[17] 4.88[17] 9.50[17] 5.71[17] 8.85[17] 6.21[16]

w
(e+e−)
i→1s 4.72[15] 5.51[15] 1.05[14] 7.28[14] 1.02[14] 9.96[14] 9.84[13] 4.10[13]

w
(e+e−)C
i→1s 6.04[14] 7.22[14] 1.02[14] 8.43[13] 1.02[14] 9.66[12] 1.20[14] 3.95[13]

w
(γ,e+e−)
i→2p1/2→1s 2.78[9] 1.92[14] 3.70[9] 1.71[15] 3.08[12] 1.10[11] 2.56[13]

w
(γ,e+e−)
i→2p3/2→1s 2.91[14] 6.09[12] 3.24[14] 3.03[12] 2.00[15] 2.71[13]

w
(γ,e+e−)
i→2s→1s 1.15[14] 2.16[11] 1.20[14] 2.72[11] 6.74[8]
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Transition probabilities involving electron-positron pair
production for 2s → 1s

Z 25 30 45 40

J.A. Wheeler 2[8] 5[10] 8[11] 5[12]

Our work 5.54[8] 2.46[10] 1.25[11] 3.87[11]

J. A. Wheeler, “Some consequences of the electromagnetic
interaction between µ−-mesons and nuclei” ,
Reviews of Modern Physics 21, 133 (1949).
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EPP transition probability for 2s and 2p states
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EPP transition probability for 3s and 3p states
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EPP transition probability for d states
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The energy sharing parameter

It is convenient to express the energy of the emitted electron via
the energy sharing parameter

x(ε) =
ε− ε′

ε
(µ)
2s − ε

(µ)
1s − 2mec2

,

where ε is the energy of the emitted electron, the energy of the
emitted positron (ε′) is determined by

ε+ ε′ = ε
(µ)
2s − ε

(µ)
1s .

The values for the excess energy ∆ε
(µ)
2s→1s = ε

(µ)
2s − ε

(µ)
1s are

presented in the table.

The energy sharing parameter varies in the region −1 ≤ x ≤ 1 with
x = 1 corresponding to the electron with the highest possible
energy, x = −1 corresponding to the most energetic positron, and
x = 0 corresponding to the electron end positron with equal
energies. 31



The normalized differential EPP transition probability over the
energy
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The normalized differential EPP transition probability over the
energy
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The normalized differential EPP transition probability over the
energy

-1.0 -0.5 0.0 0.5 1.0
0

1

2

-1.0 -0.5 0.0 0.5 1.0
0

1

2

-1.0 -0.5 0.0 0.5 1.0
0

1

2

-1.0 -0.5 0.0 0.5 1.0
0

1

2

3d3/2, Coulomb+Breit

 Z=24     Z=26     Z=36     Z=54     Z=92     Z=118

3d3/2, Coulomb

no
rm

al
iz

ed
 d

iff
er

en
tia

l t
ra

ns
iti

on
 p

ro
ba

bi
lit

y

X

3d5/2, Coulomb+Breit

X

3d5/2, Coulomb

1

w (e+e−)

dw (e+e−)

dx for 3d → 1s

34



The angular distributon

Рис. 1: The normalized angular distributon of the electron-positron pair
for 2s → 1s.
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The angular distributon

Рис. 2: The normalized angular distributon of the electron-positron pair
for 3s → 1s.
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The angular distributon

Рис. 3: The normalized angular distributon of the electron-positron pair
for 2p1/2 → 1s.
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The angular distributon

Рис. 4: The normalized angular distributon of the electron-positron pair
for 2p3/2 → 1s.

38



The angular distributon

Рис. 5: The normalized angular distributon of the electron-positron pair
for 3p1/2 → 1s.
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The angular distributon

Рис. 6: The normalized angular distributon of the electron-positron pair
for 3p1/2 → 1s.
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The angular distributon

Рис. 7: The normalized angular distributon of the electron-positron pair
for 3d1/2 → 1s.

41



The angular distributon

Рис. 8: The normalized angular distributon of the electron-positron pair
for 3d5/2 → 1s.
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The doubly differential transition probability for Z = 30

Рис. 9: 2s → 1s 43



The doubly differential transition probability for Z = 30

Рис. 10: 2p1/2 → 1s 44



The doubly differential transition probability for Z = 30

Рис. 11: 2p3/2 → 1s 45



Summary

• We have explored a mechanism for matter creation through
the deexcitation of muonic ions, where the excess energy is
emitted as an electron-positron pair. For the first time, we
calculated the probabilities of these transitions (beyond the
non-relativistic limit) and investigated the emission spectrum.

• The Breit interaction plays a crucial role in decays of states
with orbital angular momentum l ≥ 1, increasing the
corresponding transition probabilities by a factor of 3 to 7.

• Numerical analysis shows that the dominant contributions to
pair production come from the decay of 2p states.

• In this process the energy conservation law is fulfilled:
ε(el) + ε(pos) = ε

(µ)
i − ε

(µ)
f .
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Thank you for your attention!
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