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Exo6c Atoms

Is it possible to create atoms from 
subatomic particles other than 
electrons, protons and neutrons?

q We know an atom as : 
Posi;vely charged NUCLEUS (made up of protons and neutrons)
Nega;vely charged ELECTRONS (orbi;ng around nucleus)

An exotic atom is an atom in which one or 
more sub-atomic particles have been 
replaced by other particles of the same 
charge.

A heavy nega;ve par;cle (e.g
muon) revolving around the 

nucleus.

A heavier nuclear par;cle 
such as a muon or an an;proton.

Both Nucleons and electrons are 
replaced by heavier par;cles

Pionium
Ø hydrogen-like atom consis;ng 

of p+ and p- mesons.
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Polyelectrons 
Positronium Ps

Well-known 2 and 3 body  states

Positronium Ps± Di-Positronium Ps"
q Bound state of 𝑒! 𝑎𝑛𝑑 𝑒"
q Predicted in 1932 (Anderson)

and 1934 Mohorovičič.
q confirmed by Mar;n Deutsch

in 1951

S = 0 ; m = 0         p-Ps
S = 1 ; m = -1, 0, 1 o-Ps

q 3-body Bound state consist of 
𝑒! 𝑎𝑛𝑑 𝑒"

q Observed in 1981 by A. P. Mills 

q Ps" → 𝑒"𝛾 in 1983 by Y. K. Ho 

q Ps! → 𝑒"𝛾 in 1986 by M.C.Chu 
Corrected by S. I. Kryuchkov, in
1994.

q 4-body Bound state  of 𝑒!′𝑠 𝑎𝑛𝑑 𝑒" ′𝑠

q Predicted in 1946 by  Wheeler 

q Observed in 2007 by David Cassidy and
Allen Mills at the University of California.

Tree-level decays have not yet been 

correctly evaluated. 
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Γ 𝑒"𝑒! =
147 3 𝜋#𝛼$

2 Ψ 0,0,0 % ≈ 2.32×10"& sec"'

Γ 𝛾𝛾 =
521 𝜋# 𝛼$

1024 Ψ 0,0,0 % ≈ 9×10"'% sec"'

Puzzle
• Same order in 𝛼
• Two particles final state

Very large ratio, Why??

For Γ 𝛾𝛾 :
𝐷𝑖𝑎𝑔𝑟𝑎𝑚𝑠 𝑠𝑜𝑙𝑣𝑒𝑑 = 8
𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑎𝑔𝑟𝑎𝑚𝑠 = 40

Love’s Explanation
The zero-photon decay involves three vertices, whereas 
the two-photon decay channels require four vertices. 
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Spinor-Matrix Method 
𝑀𝑎𝑡𝑟𝑖𝑥 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠 ∼ 𝐶𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒 𝑆𝑝𝑖𝑛𝑜𝑟M×N × 𝑀𝑎𝑡𝑟𝑖𝑥N×N × 𝑆𝑝𝑖𝑛𝑜𝑟N×M

Advantages
q Amplitude level calcula;on.
q Gives amplitude for specific spins.
q Full knowledge on the amplitude values.
q Time efficient and very simple.
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Para-Positronium Positronium Ion Ps#

Tested Spinor Matrix method 
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Radia6on-less Decay of  Ps"
Possible Diagrams Ground State 

Spa;al part of wave func;on of 𝑒"(𝑒!) = Symmetric
Spin part of wave func;on of 𝑒"(𝑒!) = an;-symmetric

Only 4 spin Configurations
=0
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Ps" Decay Rate

𝐹𝑟𝑒𝑒 𝑎𝑛𝑑 𝐵𝑜𝑢𝑛𝑑 𝑆𝑡𝑎𝑡𝑒 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑠
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Comparison of Decay Rates
𝐹𝑟𝑜𝑙𝑜𝑣, 𝐾𝑟𝑦𝑢𝑐ℎ𝑘𝑜𝑣 𝑅𝑒𝑠𝑢𝑙𝑡

Γ 𝑒Q𝑒R ≈ 2.322×10RS𝑠RM
𝑂𝑢𝑟 𝑅𝑒𝑠𝑢𝑙𝑡

Γ 𝑒Q𝑒R ≈ 4.27×10RMT𝑠RM
𝑃𝑒𝑟𝑒𝑧, 𝐿𝑜𝑣𝑒 𝑅𝑒𝑠𝑢𝑙𝑡

Γ 𝛾𝛾 ≈ 9×10RMU𝑠RMΓ 𝛾𝛾 ≈ 3.54×10RMM𝑠RM

Γ 𝑒Q𝑒R

Γ 𝛾𝛾
≈ 250

Γ 𝑒Q𝑒R

Γ 𝛾𝛾
≈ 12

𝑅𝑒𝑎𝑠𝑜𝑛𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑙𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 ~250

q Overes;mated the rate by a factor of 5.44. 

q Summa;on over all the final state spins is 
taken, which includes contribu;ons from 
triplet configura;ons of ini;al state 
electrons (and positrons). 

q underes;mated the rate by a factor of 3.93. 

q Sum over all ini;al spin configura;ons 

q sums all amplitudes without implemen;ng 
an;-symmetriza;on. 
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Summary
𝑫𝒊𝒑𝒐𝒔𝒊𝒕𝒐𝒏𝒊𝒖𝒎 Ps𝟐

Γ 𝑒Q𝑒R ≈ 2.322×10RS𝑠RM
Γ 𝛾𝛾 ≈ 9×10RMU𝑠RM

Γ 𝑒Q𝑒R

Γ 𝛾𝛾
≈ 250

Γ 𝑒Q𝑒R ≈ 4.27×10RMT𝑠RM
Γ 𝛾𝛾 ≈ 3.54×10RMM𝑠RM

Γ 𝑒Q𝑒R

Γ 𝛾𝛾
≈ 12

q 4-body Bound state  of 𝑒!′𝑠 𝑎𝑛𝑑 𝑒" ‘s
q Can decay into 𝑛𝛾 , 𝑛 = 0,1,2,3… .

WNPPC 2023 Banff, AlbertaFriday, February 17, 2023 11





Amplitudes-I
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Amplitudes-II



Amplitude-III
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Spinor Products
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Free and Bound State Amplitudes(Ps)
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qThe force of a*rac+on between 𝑒R and 𝑒Q is only Coulomb force. 
qSolving Schrödinger equa+on will give us Ψ(r). 
qThe bound state is linear superposi+on of free states with definite r or k. 
qIt is convenient to express superposi+on in momentum space

qThe bound state is

q The amplitude will be



Comparison 
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