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Does antigravity exist?

2022/07/05

Image credit: Rolf Landua / CERN

In theory: controversial.

In direct experiments: −65 < !!
!
< 110 by antihydrogen experiment. 

The ALPHA Collaboration and A. E. Charman, Nat Commun 4, 1785 (2013).

Experimentally, it is still unknown.
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Positronium
Simple and easy to produce 
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e+

e-Positronium (Ps)
l An exotic hydrogen-like atom consisting 

of an electron and a positron
l Unstable: 142 ns lifetime (S=1)

ü Neutral
Essential for gravity measurement

ü Easy to produce
Radioactive source or rather small 
accelerator

ü Simple
Purely leptonic to be free from 
theoretically difficult QCD
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ਤ 3.3: 22Na ์ࣹੑಉҐମͷ่յ༷ࣜ [33]ɻओʹ
์ग़͞ΕΔཅిࢠͷӡಈΤωϧΪʔߴ࠷

 546 keV Ͱ͋Δɻ22Na ͷ่յͱͱʹ
1274.537 keVͷΨϯϚઢ͕์ग़͞ΕΔɻ

ਤ 3.4: ύοέʔδɻϞσϧݯઢࣹ์ͨ͠༺
Eckert & Ziegler, POSN-22Ͱ͋Δɻ22Na ಉ
Ґମް͞ 11.7 µmͷ TiϑΥΠϧʹڬ·Ε
͍ͯΔɻ

ਤ 3.5: ઢݯϗϧμʔɻࣸਅதԝʹ͋Δ݀෦ʹ
22Na ઢݯΛೖΕΔɻਅۭνϟϯόʔͷϑ
λʹऔΓ͚Δɻ

ਤ 3.6: ϥΠτΨΠυɻޫͷऩूޮΛߴΊΔͨ
Ίʹࣹ͚͖͋ͯͭר͕ࡐΔɻਅۭνϟϯ

όʔʹணࡎΛ༻͍ͯݻఆ͍ͯ͠Δɻࣸਅ

্෦ΑΓɼઢݯϗϧμʔ͖ͷϑϥϯδͰϑ

λΛ͢Δɻ

ͣʹϓϥενοΫγϯνϨʔλΛ௨ա͢Δɻ

3.2.2 Psੜɾྫྷ٫γεςϜ

ཅిࢠిʹࢠΛ͠څڙϙδτϩχϜΛܗ͢ΔͨΊͷిݯڅڙࢠͱͯ͠ɼγϦΧΤΞϩήϧΛ༻͍

ͨɻγϦΧΤΞϩήϧɼγϦΧඍཻࢠʹΑͬͯ࡞͕֨ࠎΒΕͨଟ࣭ମͰ͋Δɻۭ͕ܘेφϊϝʔ

τϧ͔Β 100φϊϝʔτϧఔͱͳΔີͷγϦΧΤΞϩήϧΛ༻͍Δ͜ͱͰɼୈ 2ষͰఏҊͨ͠ྫྷ٫

Na-22 positron
source

M. Charlton et al., 
NIM A 985, 164657 
(2021).
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Free fall, interferometry, spectroscopy
to measure gravity effect
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Free fall, interferometry

Spectroscopy

T. J. Phillips, Hyperfine Interactions 109, 257 (1997).
D. B. Cassidy and S. D. Hogan, Int. J. Mod. Phys. Conf. Ser. 30, 1460259 (2014).T.J. Phillips / Antimatter gravity studies with interferometry 361

Fig. 2. Three-grating interferometer for measuring gantimatter. The three diffraction orders shown will
contain most of the transmitted beam in roughly equal amounts. The orders which are drawn to the
third grating cause an interference pattern with a frequency that matches the grating’s line spacing. The
diffraction orders which are not followed to the third grating do not contribute to this pattern, but rather

cause a flat background.

spacial coherence (incident wave direction) of the source [14]. In other words, this
is a white-light, extended-source interferometer. The interference pattern produced by
the first two gratings has a spacial frequency which is equal to the line spacing of the
gratings, so the phase of the interference pattern can be analyzed with a third identical
grating. The interference pattern is localized in bx (the direction perpendicular to the
grating planes), so while the distance between the first and second gratings is arbitrary,
the distance from the second to the third grating must match the distance between the
first and second gratings. A diagram of the interferometer is shown in fig. 2.
Not all of the diffraction orders from the first two gratings will contribute to the

interference pattern. However, by using gratings with roughly 50% transmission (i.e.,
the slit width is half of the grating period), the even diffraction orders are suppressed,
and most of the transmitted beam appears in the 0th and ±1st orders in roughly equal
amounts. The orders that will interfere are shown in fig. 2. Ideally, approximately 4/9
of the beam transmitted through the second grating will contribute to the interference
pattern.
The phase of the interference pattern can be measured by moving the third grating

in the by direction. The transmission would be recorded as a function of the phase
position of the grating: the transmission is highest when the interference peaks fall
on the slits.

5. Measuring g

The phase shift caused by gravity can be determined from the phase difference
of the two paths in the interferometer. This difference can be computed using the
formulae for the wavelength ∏ as a function of the momentum p:

∏ = h/p,

S. G. Karshenboim,
Astron. Lett. 35, 663 (2009).

Different distance from the Sun:
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Cold positronium is necessary
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mPs ~ 2me: The lightest atom => large velocity

M.S. Fee et al., 
Phys. Rev. Lett. 70 1397 (1993).Ps at around 600 K

For precision spectroscopy:

The high temperature is the largest source of the uncertainty and bias
For interferometer, coherence will be increased

5

vs

1.23 PHz ± 3.2 MHz
-> 2.6 x 10-9

Can be 1/10 by 
cooling down to 10 K



A new method is 
required for cooling
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FIG. 2. Time evolution of 〈Γ2〉 with the various aerogel temperatures. 〈Γ2〉 is normalized to Γ3 on the left vertical axis. The
right vertical axis shows TPs which is converted from 〈Γ2〉 by the RTE model. The markers are obtained by Eq. (2) whose N are
calculated by the experimental energy spectra. Horizontal bars show timing ranges to produce the spectra for corresponding
markers. Vertical error bars show statistical uncertainties. Fitting curves are superimposed by solid lines calculated by Eq. (1)
and the RTE model. The separate measurements at 295K and 25K are treated independently in the calculation of χ2/ndf,
whereas the markers show averaged values at the same aerogel temperature. (Left) M(E) = constant for each aerogel
temperature (u: unified atomic mass unit). (Right) Using Eq. (5) for fitting all the data globally.

Figure 2 shows the time evolution of 〈Γ2〉 and TPs at
each of the measured aerogel temperatures. The data
clearly show that the pick-off annihilation rate gradually
decreases, and the rate of decrease is larger as the tem-
perature of the aerogel is reduced. Cooling of Ps down
to around 100K is achieved in 600 ns at an aerogel tem-
perature of 25K. The classical elastic collision model
was used to fit the measured time evolution of 〈Γ2〉 to
determine the silica effective mass M . The time evolu-
tion of average kinetic energy of o-Ps, E(t), is calculated
by Eq. (1), and then the pick-off annihilation rate Γ2(t)

by the RTE model as Γ2(t) = ΓRTE
2 (L, δ, 2E(t)

3kB
). In the

measured TPs region, Γ2 can be approximately expressed
in a simple formula as 2.0×10−3µs−1 TPs

1K in 5% accuracy,
although this approximation is not used in the analysis.
E(t) is treated as a continuous value since the quanti-
zation of the kinetic energy for confined Ps is typically
around 6 × 10−5 eV according to the pore size and the
RTE model. In Fig. 2 (left), M is set to a constant
value for each aerogel temperature in order to easily see
the tendency of the Ps kinetic energy dependence on M ,
and δ is fixed to 0.1866 which is obtained by the global-
fitting method described later. The chi-square method is
used for the fitting. Best-fit curves are superimposed in
Fig. 2 (left), and obtained M are shown in Fig. 3(bot-
tom) by solid circle markers. It is found that M increases
for colder Ps.

The energy dependence of M can be explained by the
combination of inelastic and elastic scatterings. In order
to include the energy dependence of M(E) in the anal-
ysis, a global fitting of the data is performed. In this
method, the contribution of the inelastic scattering is as-

sumed to be proportional to the photon absorption cross
section as

Minelastic(E) = C1

[∫ E

0
k

(
hc

E′

)
dE′

]−1

, (3)

where C1 is a constant, h is the Planck constant and
k(λ) is the photon absorption index of silica glass at the
wavelength λ [29]. On the other hand, the contribution
of the elastic scattering is assumed to be

Melastic(E) = M0 +
C2

E
, (4)

where M0 and C2 are constants. The 1/E term can be
attributed to the quantum size effect of Ps. ortho-Ps
interacts with atoms of the silica aerogel naively within

the size of ≈
(
λdB
Ps

)2 ∝ 1/E. This quantum size effect
could be observable especially for Ps because λdB

Ps is as
large as 4 nm even at 300K due to the light mass. Using
Eq. (3) and Eq. (4), M(E) is modeled in the global-fitting
method as

1

M(E)
=

1

Minelastic(E)
+

1

Melastic(E)
. (5)

The free parameters of the fitting are C1, M0, and C2

in the M(E) function, and δ in the RTE model. The
initial kinetic energy of o-Ps E0 is assumed to be within
the range from 0.8 eV to 3.0 eV [14, 30]. All the measured
data are simultaneously fitted, and chi-square for the pre-
vious experiments which are shown in Fig. 3(bottom) by
several markers is also calculated and included in the
minimizing function. Variations of fitting results from

K. Shu et al., Phys. Rev. A 104,L050801 (2021).

A conventional method is via 
thermalization with a cold material

Ps in a cryogenic
nano porous silica

Cooling via the thermalization is too slow… 
6



Principle of Laser Cooling 
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P
sPs

1S

2P (t=3.2ns)
Ps Internal states

E

5.1 eV 
= 243 nm UV

Laser cooling: Particle is cooled by absorbing photons’ momentum

l We use 1S - 2P transition for Ps to absorb photon
l Laser wavelength is detuned slightly longer than resonance

l243nm

Laser wavelength

At resonant



v

Principle of Laser Cooling 

2022/07/05 8

PsPs

l

Doppler shift (∝ v)

1. Only counter-propagating photons 
are absorbed by Doppler effect

2. Decelerate by photon‘s momentum

E

1S

2P

Resonant

P
sPs

P
sPs

Ps Excited

PsPs

E

1S

2P

P
sPs

Ps de-excited
P
sPs

3. Spontaneously de-excite in 3.2 ns 
with isotropic direction photon                                     
Recoil cooling limit ~ 0.3 K

Repeat this cycle

Isotropic
direction

3.2 ns

PsPs
v



Laser cooling of positronium
requires broadband and chirped laser
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Doppler shift (GHz)

H
15 GHz

Ps
460 GHz 

Pr
ob

ab
ilit

y

Doppler profile at 300 K

mPs ~ 2me: 
The lightest atom
Þ Large velocity
Þ Large Doppler shift

We have developed a laser with long duration and broadband with chirp
9
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er ~ 100 ns duration
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③

Frequency shift
(chirp)

③



Development of laser system
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K. Yamada et al.,
Phys. Rev. Applied 16,
014009 (2021).

17aE22-3

開発した冷却光源の設計
K. Yamada, Y. Tajima, et. al., Physical Review Applied 16, 014009 (2021)

④

注入同期型

Chirped Pulse Train Generator

Frequency (GHz)Time (µs)
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Ti:S

Ti:Sapphire Crystal

概観

出力パルス光の時間波形

レーザースペクトルの時間変化

2 µs

200 GHz

EOM駆動時に
パルス的なゲインを与える
→長パルスの生成
→広帯域化
→周波数チャープの発現

9/17

Broadband, chirp and long duration optimized for Ps ~ 600 ns are confirmed
10



~ 50% of Ps at 300 K
could be cooled to 1 K in 300 ns
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At 300 K

~ 1 K by laser
bandwidth

Naïve expectation by the current laser‘s performance

Optimum 120 GHz
chirp in 300 ns



Experiment to demonstrate 
laser cooling
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Experiment at KEK-SPF We have established a method to 
evaluate Ps velocity distribution

Of emitted Ps without cooling



Summary
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l Ps is a unique system suitable for testing antimatter gravity
l Cooling of Ps is a breakthrough
l We cool Ps by laser cooling

Built an optimized laser with 
broadband, chirp and long duration Perform demonstration 

experiment at KEK-SPF
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