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Simplest atom in QED: positronium

e−
e+

Constitution of positronium (Ps)

• Only light leptons
• Weak and QCD effects are small

Precise prediction by 𝑚e (w/ CPT), 𝛼, and QED
Textbook system for testing QED and beyond the Standard Model
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Why cold Ps?

600 K hot Ps
M. S. Fee et al. PRL 70 1397 (1993)

Setup of 13𝑆1–2
3𝑆1 spectroscopy
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Laser detuning (MHz)

Observed

Γnat. ≃ 1.3 MHz limited

Almost by 142 ns lifetime

2nd-order Dopper

Transit-time broadening

30 MHz (T / 600 K)

40 MHz (T / 600 K)0.5

Much broader than Γnat.

by high temperature

M. S. Fee et al.

PRL 70 1397 (1993)

Observed resonance vs some widths

Precision and accuracy in spectroscopy
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Why cold Ps?

Bose–Einstein
condensation

Nobel Prize in 2001
temperature (K)
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The production of molecular positronium
D. B. Cassidy1 & A. P. Mills Jr1

It has been known for many years that an electron and its anti-
particle, the positron, may together form a metastable hydrogen-
like atom, known as positronium or Ps (ref. 1). In 1946, Wheeler
speculated2 that two Ps atoms may combine to form the di-
positronium molecule (Ps2), with a binding energy3 of 0.4 eV.
More recently, this molecule has been studied theoretically4; how-
ever, because Ps has a short lifetime and it is difficult to obtain low-
energy positrons in large numbers, Ps2 has not previously been
observed unambiguously5. Here we show that when intense posi-
tron bursts are implanted into a thin film of porous silica, Ps2 is
created on the internal pore surfaces. We found that molecule
formation occurs much more efficiently than the competing process
of spin exchange quenching, which appears to be suppressed in the
confined pore geometry. This result experimentally confirms the
existence of the Ps2 molecule and paves the way for further multi-
positronium work. Using similar techniques, but with a more
intense positron source, we expect to increase the Ps density to
the point where many thousands of atoms interact and can undergo
a phase transition to form a Bose–Einstein condensate6. As a purely
leptonic, macroscopic quantum matter–antimatter system this
would be of interest in its own right, but it would also represent a
milestone on the path to produce an annihilation gamma-ray laser7.

The use of positron traps and accumulators8 has recently made it
possible to perform experiments with systems containing more than
one positron5. In particular, interactions between Ps atoms have been
studied by implanting intense positron pulses into a thin film of
porous silica. This material was chosen because Ps atoms are formed
quite efficiently in it (and similar substances) after positron irra-
diation9. Ps can be formed in a long-lived triplet state known as
ortho-positronium (o-Ps decays with a 142 ns vacuum lifetime into
three gamma-ray photons) or a short-lived singlet state known as
para-positronium (p-Ps decays with a 125 ps vacuum lifetime into
two photons)1. Ps is formed in the bulk material where it generally
has a short lifetime (,1 ns), but atoms that diffuse into internal voids
may become trapped therein and live for an appreciable fraction of the
vacuum lifetime10. Under these circumstances the Ps decay rate is
usually determined primarily by pick-off annihilation11 following
interactions with the pore walls. If the Ps density is high enough,
o-Ps atoms may interact with each other, which can lead to one of
two distinct processes: spin exchange quenching (SEQ, equation (1))12

or the formation of Ps2 (equation (2)):

o-Ps 1 o-Ps « p-Ps 1 p-Ps 1 2Eh (1)

X 1 o-Ps 1 o-Ps « X 1 Ps2 1 Eb (2)

Here Eh is the energy difference between the o-Ps and p-Ps ground
states (that is, the hyperfine energy, which is ,1 meV)1 and X repre-
sents a third body. For SEQ to occur the energy 2Eh must be trans-
ferred either to the outgoing p-Ps atoms or to the surrounding
medium. For Ps2 formation to occur a third body is always required
to conserve momentum. Both of these processes may result in the

rapid annihilation of Ps and hence be detected via changes in Ps
lifetime spectra. It is not, however, possible to distinguish between
them using timing information alone.

The experimental arrangement was based on a Surko-type positron
trap and accumulator8 that has been described in detail elsewhere13.
Positron pulses of about ten million particles with a sub-nanosecond
time width were implanted into a 45% porous (porosity P 5 0.45)
silica film (made from tetraethoxysilane) that was 230 nm thick and
had a 50-nm-thick non-porous capping layer14. The porous region
contains interconnected pores with a diameter dpore < 4 nm, and o-Ps
that diffused into them had a lifetime of ,60 ns (ref. 10). With an
incident beam areal density of 3 3 1010 cm22 and a positronium frac-
tion of ,10%, we estimate that the mean number of Ps atoms per pore
was ,1025 (assuming a uniform distribution throughout the entire
thickness of the porous region). However, the positronium atoms
have a long diffusion length (,1mm) and visit ,104 pores on average
during their lifetime, so that the overall probability of two atoms
interacting is around 10%.

All positrons implanted into the sample eventually annihilate with
an electron. Immediately following implantation, many positrons
annihilate with electrons directly, without forming positronium,
producing a large pulse of gamma rays. Gamma rays resulting from
the annihilation of p-Ps atoms are often indistinguishable from the
direct annihilation15. Because the triplet Ps decays much more slowly,
its presence is indicated by gamma rays that arrive some time after the
incident positron pulse. The annihilation radiation was detected by a
PbF2 Cherenkov radiator optically coupled to a fast photomultiplier
tube (PMT). Lifetime spectra were obtained by directly measuring
the PMT anode voltage V(t) with a fast oscilloscope16.

Density-dependent changes in the Ps decay rate were investigated
by recording lifetime spectra at five different beam areal densities n2D.
When the beam density is increased, the Ps lifetime is reduced owing
to interactions between Ps atoms (a process we refer to as ‘quench-
ing’). The spectra were analysed to determine the delayed Ps fraction
fd, defined as:

fd~

ð 150 ns

20 ns

V (t)dt

"ð 150 ns

{20 ns

V (t)dt ð3Þ

This parameter characterizes the amount of long-lived Ps present.
For each group of five densities the mean value of fd was calculated,
and the deviation from that mean for each density, Dfd(n2D), was
then used as a measure of the quenching. This procedure is equivalent
to calculating the mean value of fd at each density, but also takes into
account the effects of small drifts that occur over the course of a run
(typically ,12 h long). Figure 1 shows Dfd(n2D) for three represent-
ative temperatures; as in previous work, the expected linear density
dependence of the quenching is observed5.

The quenching signal would look the same whether it were due to Ps2

formation or SEQ, because both of these mechanisms essentially con-
vert long-lived triplet Ps into the short lived singlet state. We may,
however, distinguish between the two mechanisms by considering the
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Dense Ps created
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Because of the ongoing progress in physics for the produc-
tion and manipulation of positronium atoms, one can expect
the realization of BEC of Ps atoms in the near future. The
latter is a very challenging project and could lead to various
fundamental applications. In particular, it is of great interest to
investigate the process of collective annihilation decay of Ps
atoms from the BEC state, as a coherent ensemble of lasing
atoms, towards the generation of intense coherent γ rays in
the MeV domain of energies. The creation of a γ -ray laser
has been the subject of extreme interest since the realization
of the first lasers. The annihilation of electron-positron pairs
has been considered as one of the basic processes for the
intense γ -ray sources. The induced annihilation of a pair was
already considered by Dirac [32]. For the observed γ -ray
lines from the astrophysical objects, the radiation through the
spontaneous [33] and stimulated annihilation [34,35] of an
electron-positron plasma was considered. Then the ideas of Ps
BEC and subsequent annihilation in the context of a γ -ray laser
were considered in Refs. [19,36–38]. In these papers, the lasing
gain coefficient has been obtained from the rate equations. The
latter is applicable to lasing systems with drivers (initial seed)
and resonators and cannot be extrapolated to the exponential
gain regime [39]. Meanwhile, because there are no drivers
or mirrors operable at γ -ray frequencies, one should realize
single pass lasers operating in the so-called self-amplified
spontaneous-emission regime. A mechanism of a γ -ray laser
at the collective annihilation of Ps atoms in a BEC state
in the self-amplified spontaneous-emission regime has been
proposed in Ref. [40]. It has been shown that at the coupling
of two macroscopic coherent ensembles of bosons—the BEC
of Ps atoms and photons—there is an instability at which,
starting from the vacuum state of the photonic field, the
expectation value of the photon’s mode occupation grows
exponentially for a narrow interval of frequencies around
the 511 keV line. In the present paper, a more detailed
and thorough study of the γ -ray generation at the collective
annihilation of Ps atoms in a BEC state in the self-amplified
spontaneous-emission regime is presented. Here we utilize
the more general Hamiltonian including the stimulated o-Ps
to p-Ps transition. For the elongated shape of the BEC, it
shows a laserlike action, i.e., directional radiation when the
spontaneously emitted entangled and the oppositely directed
photon pairs are amplified, leading to an exponential buildup
of a macroscopic population into the end-fire modes. We also
investigate the influence of an external potential and interaction
between the Ps atoms on the γ -ray self-amplification process.

The paper is organized as follows. In Sec. II, the main
Hamiltonian is constructed. In Sec. III, two-photon decay
of a Ps atom is analyzed. In Sec. IV, we consider the
intrinsic instability of recoilless collective two-photon decay
and present the setup for a γ -ray laser. In Sec. V, we
consider the influence of confinement and interaction between
the positronium atoms on the considered process. Finally,
conclusions are given in Sec. VI.

II. BASIC HAMILTONIAN

We begin our study with construction of the Hamiltonian
which governs the quantum dynamics of the considered
process. Here and below, except where it is stated otherwise,

FIG. 1. (Color online) The energy levels of interest. The upper
two levels represent hyperfine splitting of the ground state of Ps. The
applied electromagnetic field drives the o-Ps =⇒ p-Ps transition.
The annihilation decay of the p-Ps into two entangled photons of the
same helicity is shown.

we employ natural units (c = ! = 1). Since o-Ps has a
relatively long lifetime, in a laboratory-based experiment it
will be more suitable to obtain a Bose-Einstein condensate for
o-Ps. As was proposed in Ref. [7], the use of spin-polarized
positrons will eventually lead to a gas of spin-polarized Ps,
which does not undergo the mutual spin-conversion reaction.
Thus, in the ensemble of Ps atoms, rapid annihilation of the
singlet states and collisions among the various triplet substates
will cause the Ps atoms to become completely polarized
into a pure m = 1 triplet state. Then, to trigger two-photon
annihilation, one should induce the triplet-to-singlet transition.
The latter can be realized via the ground-state hyperfine
transition either by the resonant sub-THz radiation (0.2 THz)
or strong off-resonant electromagnetic field. Thus, in Fig. 1, the
energy levels of interest are schematically shown. The upper
two levels represent hyperfine splitting of the ground state of
a Ps atom. The applied electromagnetic wave field drives the
o-Ps =⇒ p-Ps transition. Then annihilation decay of the p-Ps
into the two entangled photons of the same helicity are shown.

To obtain dynamic equations, we will utilize the second
quantized formalism. For this purpose, let us introduce the cre-
ation and annihilation operators for p-Ps and o-Ps. The opera-
tor describing the creation of p-Ps in the internal ground state
with the total center-of-mass momentum p can be written as

"̂+
p = 1√

2V

∫
d#p′ϕ

(
p′ − p

2

)
[̂a+

p′,s+
b̂+

p−p′,s−

− â+
p′,s−

b̂+
p−p′,s+

], (1)

where ϕ(p) is the Fourier transform of the ground-state wave
function,

ϕ(p) =
8
√

πa3
0

(
1 + p2a2

0

)2 , (2)

a0 = 2/(mα0) is the Bohr radius for Ps, m is the electron
mass, and α0 is the fine-structure constant. For the
phase-space integration, we have introduced the notation
d#q = Vd3q/(2π )3 (V is the quantization volume). In
Eq. (1), â+

p,s and b̂+
p,s are the creation operators for electrons

and positrons, respectively. The quantum number s describes

023820-2

Gamma-ray laser

First BEC with antimatters and gamma-ray laser
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Proposal of Ps laser cooling
E. P. Liang and C. D. Dermer, Opt. Commun. 65, 419 (1988)

ortho–Ps level diagram

Cooling efficiency estimation
Volume 65, number 6 OPTICS COMMUNICATIONS 

Table 1 
Parameters for some potential cooling transitions of Ps. 

15March 1988 

oPs ).(A) A(s ') Tm,~(mK) Ate(s) At2(s) l~,,(W/cm 2) Rph,~(s - j )  
Transitions 

ls-2p 2431 3.17X108 21.2 1.73XI0 -7 1.73X10 -7 1.4 0.6 
ls-3p 2051 2.11XI07 30.1 2.19X10 -6 0.15 3.6X 10 3 
2s-3p 13125 1.13X107 0.80 2.62X 10 -5 3.1X10 -4 1.2XI0 -2 
2p-3s 13125 3.19X 106 0.80 9.29X 10 -5 8.8X 10 -s  3.6×10 -3 
2p-3d 13125 3.26X 107 0.80 9.09X 10 -6 6.24X 10 -8 9.0X 10 -4 3.7X10 -2 
3d-4f 37502 6.95X l06 0.09 1.22X10 4 1.54X10 -7 8.2X10 -6 0 

Notes: Atj is cooling time starting from room temperature. At2 is cooling time starting from Tin,, of the previous cooling stage (e.g. for 
2p-3d, use 21,2 mK as starting temperature). For 3-D cooling, Tram is 3/2 larger, l~a, is estimated with only natural broadening. To blanket 
the entire red Doppler wing as in the scheme of ref. [ 1 ], 1,,, would be increased by Ao9 JA.  Roh,s is the photoionization rate at I~a, from 
upper state of the transition, hu of 3d-4fis below the ionization threshold from 4f. 

dN 
d v  

10-6 , ~ , 
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\ 

8 10  

Fig. 3. One-dimensional numerical simulation of laser cooling of 
oPs. The t = 0 curve represents the initial room temperatures oPs 
thermal velocity profile, and curves a and b represent the oPs 
velocity profiles at t = r .  The laser light is at saturation intensity 
redward of the I s-2p transition frequency ~o0 in curve a, but is 
cutoffat o%-R/h in curve b. 

is cutoff  blueward of  Ogo-R/h to eliminate stimu- 
lated scattering o f  Ps with I vl < (2R/m)1/2, the cen- 
tral peak is further narrowed to an equivalent 
temperature o f  ~ 0.05 K and now contains ~ 36% of  

the remaining oPs (curve b). Hence the numerical 
result corroborates the crude estimate of  the 0.02 K 
limiting temperature of  table 1 since saturation is 
known to increase the limiting temperature by a fac- 
tor o f  2 [ 17]. At times >> ~ the central peak de- 
creases without further narrowing as loss to 
annihilation overtakes the cooling o f  the remaining 
"warm"  Ps. While a sharp frequency cutoff  at 
Ogo-R/h may be difficult to achieve in practice this 
is quite encouraging since a stationary broad-band 
laser is much easier to build than a rapidly sweeping 
one. Generalization o f  the above results to 3-d and 
multi-level tandem cooling will be reported in future 
papers. 

What densities o f  supercooled Ps would be needed 
to form a BE-condensate [ 6,7]? To answear this rig- 
orously we should perform a quantum mechanical 
calculation invoking the Bose statistics o f  the Ps at- 
oms and compute  the rate at which they are scat- 
tered into the p = 0  condensed state. Since that is 
beyond the scope of  this letter we limit ourselves to 
equilibrium thermodynamical  considerations, as- 
suming that there is indeed enough time for the BE- 
condensation to occur before annihilation. For an 
ideal Bose gas the critical transition temperature T,. 
as a function of  Ps density goes as [ 18 ] 

3.31 h 2 
kBTc- g 2 / 3 ~  F12/3 ' ( 2 )  

where the spin-degeneracy factor g =  1 for pPs and 
q=  3 for the oPs ground states. These are plotted in 
fig. 4. Unlike the case o f  He or H, we see that the 
critical temperature is very modest even at very low 

421 

Laser cooling on Ps should work
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Difficulty in Ps laser cooling
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Novel laser for Ps cooling
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• K. Yamada et al., Phys. Rev. Appl. 16, 014009 (2021).
• K. Shu et al., Phys. Rev. A 109, 043520 (2024).
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How the laser works

EOM

Pulse round trip time ~ 12 ns

Transmittance ~ 2%

• Long round-trip time
• Small transmittance of the coupler

→ Long duration

Frequency Frequency

Frequency: fm
Amplitude: Vm

~ Vmfm

Realized
    large voltage

EOM

Frequency shifted by each round trip
→ Broadband
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Measured emission from the cooling laser
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Optimul spectral width of each pulse
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1D chirp cooling experiment
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arXiv:2310.08761 under review
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Setup photo

Beamline and chamber Top view in the chamber
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Initial distribution and control measurement
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Observed effect of laser cooling
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Observed clear evidence of chirp cooling
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Comparison with optical Bloch equation simulation
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Improvements?
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Evaluation of the cooling performance
• Temperature of the cooled: ≃1 K
• Cooled ratio: ≃10% of the total
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3𝑆1 spectroscopy with 1 K Ps

• Transit-time broadening: 1.6MHz
• 2nd-order Doppler shift: 0.05MHz
Narrow as Γnat. ≃ 1.3MHz is expected

Straightforward ratio improvement (×2)
Current: 40 nm pore at 300K→ 600K Ps
Better: Cold 5 nm pore→ 150 K Ps
S. Mariazzi et al., PRL 104, 243401 (2010)
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Optimization of cooling condition
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Faster cooling
• Cooling rate is limited by the spontaneous emission rate.
• Use decelerating stimulated emission for de-excitation.
• c.f. J. P. Bartolotta et al., Laser Cooling by Sawtooth-Wave Adiabatic Passage, PRA 98, 023404 (2018).

3

FIG. 2. Illustration of coherent laser cooling with Optimal Transport on a distribution with an initial momentum rms of
' 5 ~k. Colors reflect the electronic internal level. Blue (respectively red) corresponds to the ground (resp. excited) state.
a) Initial distribution. Distributions correspond to b) M = 1, c) M = 2 and d) M = 3 in equation 4. e) Distribution after
relaxation via spontaneous emission.

III. OPTIMAL TRANSPORT METHOD

In order to approach the factor 2 in momentum spread
compression predicted by theory for a two–level system,
we introduce a second method in which only the outer-
most parts of the momentum distribution are translated
towards its center at each step in order to keep a Gaus-
sian shape for the momentum distribution (see Fig. 2).
This method is inspired by the linear rearrangement so-
lution to the Monge-Kantorovich problem consisting in
finding the optimal transport function dividing the rms
of a Maxwell-Boltzmann distribution by a factor 2 with
a linear cost function. We therefore refer to it as the
Optimal Transport method. The general idea is to use
pairs of counter propagating pulses which do not interact
with classes of momentum where both internal states are
populated. In a pair of counter propagating pulses, the
two pulses are almost identical. Two consecutive pairs
of pulses are however di↵erent. The first pair of pulses
transfers the atoms with momentum larger than 1 ~k or
smaller than -2 ~k from the ground to the excited state
with a reduction of absolute momentum by 1 ~k. The
next pair of pulses transfer the atoms with momentum
larger than 2 ~k or smaller than -3 ~k from the excited to
the ground states removing again 1 ~k from the absolute
momentum of all particles etc. In this case, the evolution
of the momentum spread with the number of pulses can
be expressed for M � 1 as:

p̃
2
rms(M) =

M�1X

n=�M+1

n
2 (⇢0(2n) + ⇢0(2n+ 1))

+
X

n�M

n
2(⇢0(n+M) + ⇢1(n�M))

+
X

n�M

n
2(⇢0(n�M + 1) + ⇢1(n+M � 1))

(4)
For ⇢1(n) = 0, p̃rms(M) is monotonically decreasing (see
Fig. 3) and

lim
M!1

p̃rms(M) =

vuut p̃
2
rms,0

4
�

1X

�1,nodd

2n� 1

4
⇢0(2n+ 1)

For a number of pulses M (see Fig. 2) large in front of
the initial momentum rms, the momentum compression
factor is very close to 2. For an initial distribution such
that 8n 2 Z, ⇢0(2n + 1) = 0, the theoretical minimum
p̃rms,0

2 is reached. The use of Optimal Transport allows
to reach higher momentum spread compression factors at
the cost of a more complicated population manipulation.
The optimal number of pulses in Optimal Transport is
a compromise between the level of momentum spread
compression and the total length of the train that should
still be short in front of the relaxation time constant of
the system.

In Fig. 2.e, the momentum distribution is slightly
asymmetric. This is due to the discretization of the mo-
mentum space on integers of ~k. If instead the momen-
tum space is discretized on the half–integer multiples of
~k, Optimal Transport can be composed of pairs of ex-
actly identical pulses addressing classes of momentum
larger than 1.5 ~k, 2.5 ~k and so on. In this case, the
final distribution is perfectly symmetric.

IV. MULTIPLE TRAINS OF SHORT PULSES

So far, we discussed the evolution of the momentum
distribution as function of the number of pulses (one sub-
panel in Fig. 1 and 2) in a single train (all panels in Fig. 1
and 2). We will now discuss the possibility to use several
trains of pulses to further reduce the momentum spread
of the distribution. After a train with optimal number
of pulses has interacted with the ensemble of particles,
the system starts to relax to the ground state. Once
all atoms are back to the ground state, it is possible to
send a second train of pulses and further reduce the mo-
mentum spread. The relaxation to ground state through
spontaneous emission can be modeled as an exponential
decay with a certain probability to gain or lose at most
1 ~k. Starting from the ⇢0(n) and ⇢1(n), exponential
decay after time ⌧ is simulated by replacing ⇢0(n) and

Cooling process. J. Malamant et al., arXiv:2402.17052.

Velocity distribution can be 1
2(=𝑁levels)

in 3.2 ns!
25000m/s at RT vs 1500m/s deceleration in ≃ 3 ns
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Summary and prospect

Summary
• First demonstration of 1D chirp cooling of positronium
• Narrow velocity distribuion corresponding 1 K was obtained

Prospects
• Optimized configuration & 3D cooling
• Precision spectroscopy

Another and simultaneous demonstration with different scheme
c.f. L. T. Glöggler et al. (AE ̄gIS Collaboration), Phys. Rev. Lett. 132, 083402 (2024)
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