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When laser radiation is skilfully applied, atoms and molecules can be cooled' 3,
allowing the precise measurements and control of quantum systems. This is essential
for the fundamental studies of physics as well as practical applications such as
precision spectroscopy*”’, ultracold gases with quantum statistical properties®° and
quantum computing. Inlaser cooling, atoms are slowed to otherwise unattainable
velocities through repeated cycles of laser photon absorption and spontaneous
emissionin random directions. Simple systems can serve as rigorous testing grounds
for fundamental physics—one such case is the purely leptonic positronium*2,

an exotic atom comprising an electron and its antiparticle, the positron. Laser cooling
of positronium, however, has hitherto remained unrealized. Here we demonstrate the
one-dimensional laser cooling of positronium. Aninnovative laser system emitting a
train of broadband pulses with successively increasing central frequencies was used
to overcome major challenges posed by the short positronium lifetime and the effects
of Doppler broadening and recoil. One-dimensional chirp cooling was used to cool a
portion of the dilute positronium gas to a velocity distribution of approximately 1Kin
100 ns. Amajor advancement in the field of low-temperature fundamental physics of
antimatter, this study on a purely leptonic system complements work on antihydrogen®,

8-10

ahadron-containing exotic atom. The successful application of laser cooling to
positronium affords unique opportunities to rigorously test bound-state quantum
electrodynamics and to potentially realize Bose-Einstein condensation* % in this
matter-antimatter system.

The cooling of positronium (Ps) has profound implications for fun-
damental physics. As the simplest atomic system, consisting of a
bound state of two leptons, Ps can serve as a rigorous testing ground
for quantum electrodynamics', one of the most precisely verified
theories of modern physics. An example is the measurement of the
1S-2S transition frequency?® %, in which a reduction in the present
fractional uncertainty of 2.6 x 10~ isrequired for a stringent compari-
sonwith quantum electrodynamics calculations accurate to4.7 x 107°
(refs.23-25). Reducing systematic errors using cold Ps gas and an opti-
calfrequency combis essential. Moreover, cold Ps atoms can provide a
unique experimental platform to search for charge-parity-time rever-
sal (CPT) symmetry breaking in the lepton sector, and investigating
the effects of gravity on antimatter®***, Owing to its light mass (twice
that of an electron), Bose-Einstein condensation (BEC) is expected
to occur at relatively high temperatures, ranging from a few kelvin to
several tens of kelvin'*8, compared with ordinary atoms. Discussions
regarding the generation of coherent y-rays using Ps BECs have been
noted***. Furthermore, cold Ps can be used for efficient antihydrogen
generation®. The cooling of Ps is a requisite for such investigations.

Despite these high expectations, there has been no demonstration
oflaser cooling of Ps. The concept of laser cooling of Ps using the 15-2P
transition with a natural linewidth of 50 MHz was first explored some
30 yearsago®, withsome preliminary implementationstudies®* there-
after. Laser cooling with awide spectral width and long laser duration
in a high magnetic field has recently beeninvestigated theoretically*°.

Laser coolingis anestablished technique applied to atoms and mol-
ecules, based on photonrecoil and the Doppler effect. The fundamen-
tal mechanism is the reduction in the translational momentum of a
moving particle resulting from the absorption of ared-detuned laser
photon that propagates counter to the motion and the subsequent
emission of aphotoninarandomdirection. Coolingis achieved through
repeated cycles of this absorption-emission process. Examples of cur-
rent laser cooling techniques include Doppler cooling, chirp cooling
and magneto-optical traps.

Two key characteristics of Ps make its laser cooling challenging—its
brieflifetime and the large recoil-induced frequency shift. The triplet
1S state of Ps has alifetime of 142 ns due to pair annihilationinto y-rays,
thereby requiring rapid cooling. Furthermore, as Ps is nearly three
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Fig.1|Experimental setup. a, Interactions between the laser pulses and Ps.
Relevantenergy levels are shown up to the total angular momentum. The cooling
pulses simultaneously address allthe 2Psublevels, followed by relaxation to
the1Slevel by spontaneous emission. Inthe Doppler profile measurements,
we simultaneously excite all the 2P sublevels with the probe pulse. Following
excitation, anionization laser pulse at 532 nm produces photoionized electrons
and positrons from the excited Ps atoms in the 2Pstate. The frequencies shown

orders of magnitude lighter than a hydrogen atom, the velocity change
associated with the absorption and emission of photons is concomi-
tantly large. Therecoil velocity v, due to a243-nm-wavelength photon,
whichinduces the1S-2Ptransition, is approximatelyv,=1.5x10°ms™
(equivalent to 55 mK). Thelarge recoil velocity enables rapid decelera-
tion. However, the corresponding change inresonance frequency due
tothe Doppler effect is 6.2 GHz, which is considerably larger than the
natural linewidth of 50 MHz. Therefore, laser cooling halts after one
cooling cycleif we use anarrow-bandwidth cooling laser, as commonly
used in the Doppler cooling of ordinary atoms. Moreover, the recoil
limit temperature is higher than the Doppler limit temperature, in
contrast to ordinary atoms and molecules. The Doppler broadening
of the 1S-2Ptransition at 300 K extends to approximately 460 GHz
at the full-width at half-maximum (FWHM). In principle, the cooling
of Psis possible by using a laser pulse with a linewidth of the order of
100 GHz and along duration, but the resulting temperature is limited
to afew tens of kelvin*°.

Here, to overcome these challenges, we have extended the chirp
cooling technique*** commonly used to decelerate atomic beams.
In chirp cooling, the frequency of the laser light changes over time
to follow the change in the shifted resonance frequency due to
deceleration, maintaining the cooling cycle. If the laser used has a
very fast frequency chirp, which adapts to the large recoil-induced
shift, substantial Doppler broadening and short lifetime, Ps can be
cooled down to the recoil-limited velocity distribution, equivalent
to sub-kelvinlevels*.
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inthe figure correspond to the difference in eigenenergies?. The table shows
thedecay rate for eachstate./,,, and [, are the decay rates for the annihilation
and spontaneous emission, respectively. Insetin dashed lines, the spectrum of
the constituent pulses of the cooling laser changes with time. b, Top view of the
experimental setup in the vacuum chamber. The inset shows a bird’s eye view of
thesetup.c, Timing chartillustrating the sequence of positroninjection, laser
cooling of Ps and detection of photoionized positrons.

We used a previously demonstrated laser*** that has the potential
to realize such cooling. From this tailored laser, which is based on an
injection-locked pulsed laserincorporating anelectro-optic modulator
in the laser cavity, short optical pulses of approximately 0.1 ns dura-
tion were successively outputevery 4.2 ns (Fig. laand Methods). Each
pulse was spectrally continuous with abandwidth of 8.9 GHzat FWHM,
simultaneously covering all 1S-2P transition frequencies, triply split
over 9.87 GHz. Thus, the pulse served for both cooling and repumping.
Therepumping prevents the reductionin cooling efficiency due to spin
polarization of the 1S state during cooling (Methods). The central fre-
quency ofthe pulseincreases with each pulse, and the chirpis linear with
arate of4.9 x 10? GHz ps . The duration of the pulse train was adjustable
up to approximately 1 ps. This chirped train of optical pulsesis denoted
hereasthe coolinglaser. By effecting progressive deceleration from fast
to slow Ps with chirp cooling in a counter-propagating configuration,
we expect to obtain a velocity distribution close to the recoil-limited
one. This laser cooling method is anticipated to produce slow Ps atoms
in both electrostatic- and magnetostatic-field-free environments,
marking an essential advancement in precision spectroscopy.

The experimental configuration inside the vacuum chamberis shown
in Fig. 1b. Here we depict the pulsed generation of Ps gas in vacuum,
three spatially superimposed laser beams and the acquisition of excita-
tion signals for the 1S-2Ptransitions. The experiment was conducted at
the Slow Positron Facility of the Institute of Materials Structure Science,
the High Energy Accelerator Research Organization, Japan. Bunches
of 10* positrons (16 ns duration, 50 Hz repetition rate)* were guided
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Fig.2|Demonstration oflaser cooling.a, Doppler profile of Ps. S is the1S-2P
excitation signal without cooling. The horizontal axis is the relative optical
frequency of the probe pulseinducing the 1S-2Ptransition, whichis evaluated
withrespecttothe frequency difference between the 1S, and 2°P, levels of
1,233,599 GHz. The error bars originate from statistical uncertainty in the
number ofionized positrons. Thedotted curveis afitbased on the Maxwell-
Boltzmanndistribution. The shaded areaindicates the range of optical
frequencies for which we performed laser cooling and detected changesinthe
Doppler profile. b, Fractional changein the Doppler profile of Ps as aresult of
laser cooling. We evaluated the fractional change by comparing the 15-2P

through a magnetic field, focused by a magnetic lens and injected at
roomtemperatureinto asample of silicaaerogel, which was used as the
Psformation medium®*. Here y-ray detection using scintillators facili-
tated the measurement of the arrival time of the positron bunch (Meth-
ods). Approximately 3 x 10> Ps atoms per positron bunch were released
fromthesilicaaerogel into the vacuum on the positron-injectionside.
Throughout this study, we evaluated the velocity distribution at 125 ns
after production. At this point, we estimated that the Ps gashad aspatial
spread of nearly 10 mm in the longitudinal and transverse directions,
resulting ina density of approximately 10° cm. The three collimated
laser beams encompassed the entirety of the Ps spatial spread.

The laser beams consisted of the cooling laser at 243 nm, a nano-
second laser pulse at 243 nm and a nanosecond laser pulse at 532 nm.
We evaluated the velocity distribution of Ps by Doppler spectroscopy
using the 1S-2Ptransition. Here we refer to the nanosecond laser pulse
at 243 nm for Doppler spectroscopy as the probe pulse. The Ps atoms
excited to the 2P state by the probe pulse were photoionized by the
532 nm pulse before relaxation to the 1S state. Photoionized positrons
produced were collected by amicrochannel plate (MCP) that was driven
inapulsed manner following the end of all the laser pulses, and the out-
putcurrent was converted to a voltage signal. This positron detection
method offers high efficiency, enabling measurements to be conducted
within a few days of the experimental beam time. Furthermore, the
environment was electrostatic-field free until the interaction between
Ps and laser pulses was complete. Figure 1c shows the timing chart
from positron injection for Ps generation to the acquisition of the volt-
age signal from the MCP. The maximum magnitude of the residual
static magnetic flux density was 0.15 mT over the entire experimental
setup, indicating that its influence on Ps lifetime was negligible. In
the following, the uncertainty of the signal level is dominated by the
statistical Poisson uncertainty associated with the detected number
of photoionized positrons.

Before proceeding with the laser cooling experiment, we examined
the Ps gas temperature at 125 ns after the production of Ps from the
Doppler profile (Fig. 2a). The measurement time for each frequency
was approximately 20 min (equivalent to1.2 x 10* measurement cycles;
Methods). The profile has a spread around the theoretically known
frequency difference between the 13S,and 2°P, levels (1,233,599 GHz),
reflecting the velocity distribution of Ps atoms in the 1S state. The gas
temperature was estimated by assuming the Maxwell-Boltzmann dis-
tribution. Fitting the data with a model (Methods) that accounts for
the 110 GHz spectral width of the multimode probe pulse and Lamb dip

Relative frequency (GHz)

excitation signals with (S,,) and without (S¢) cooling laser irradiation. The filled
circlesrepresent the results when the optical frequencies of the cooling laser
were set to adetuning suitable for cooling (swept from -59 to -9 GHz). The open
circlesrepresentthe results of acontrol experiment with alarger detuning of
the coolinglaser (swept from-209 to-159 GHz). The dotted curveisatheoretical
fitting to the databased on a phenomenological model (Methods). The spectral
width of the probe pulse used for fitwas16 GHz. The dashed line is a constant
function fitted to the dataina control experiment. Inboth cooling and control
experiments, spectrally narrowed probe pulses were used.

associated with the counter-propagating laser beam revealed the gas
temperature as 6.1(5) x 10> K (the source of the uncertainty is statistical).
Inaerogels with mean free paths of tens of nanometres*, thermalization
is relatively slow. If the Ps species generated by low-energy positrons
areemitted into vacuumbefore fully thermalizing, this could account
for the temperature difference between the aerogel and the Ps gas.

To demonstrate laser cooling, we irradiated the Ps gas with the cool-
ing laser for 100 ns to maximize the number of atoms around zero
velocity (Methods), commencing at the peak time of the positron pulse
injection. The range of the Doppler shift of Ps affected by the cooling
laser was approximately +60 GHz with respect to the central frequency.
Althoughiitis possible to target the entire Doppler profile by extend-
ing the duration of the cooling laser, this is expected to yield fewer
zero-velocity components (Methods). We measured the Doppler profile
withanimproved frequency resolutionin the range mentioned above
(Fig.2a,shaded area) tobestinvestigate the changesin the components
interacting with the cooling laser. We obtained an optical frequency
resolutionranging from 8 to16 GHz by narrowing the 110 GHz linewidth
ofthe original probe pulse using a Fabry-Pérot etalon (Methods).Inthe
following, the measurement time for each frequency was 4 h, whichis
equivalent to 7.2 x 10* measurement cycles (Methods).

Figure 2b shows the fractional changes in the Doppler distribution.
The excitation signal of the 1S-2P transition after irradiation with the
coolinglaseris definedas S,,and the fractional change as (S, = So¢)/Sof
Thefilled circles show the results obtained when we tuned the optical
frequency of the cooling laser to the conditions expected to produce
ahigh coolingefficiency. The optical frequency (detuning) of the cool-
ing laser was adjusted to chirp from approximately 1,233,540 GHz
(=59 GHz) t0 1,233,590 GHz (-9 GHz) during the 100 ns period.

The datashowadecreaseinthe number of Psinthe optical frequency
range swept by the cooling laser, accompanied by an approximately
threefold increase in the number of Ps near zero velocity within anar-
row velocity range, demonstrating the laser cooling of Ps—this result
isthe anticipated breakthrough achieved using our laser cooling tech-
nique. Such anincrease in the slow component is essential for reduc-
ing systematic and statistical errors in the precision spectroscopy of
short-lifetime systems.

We quantitatively evaluated the change in the Doppler profile result-
ing from laser cooling using aphenomenological model (Methods) to
fitthe measured data, takinginto account the frequency resolution. The
resultant fit is shown as the dotted curve in Fig. 2b. The best-fit value
and the upper limit of the FWHM of the decelerated component were
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Fig.3|Numerical simulation. a, Velocity distribution of Ps. We set the duration
ofthe cooling pulse trainto100 ns, asin the experiment. The one-dimensional
velocity distributions of 1ISPsexpected at 0,42, 89 and 127 ns after the beginning
of the cooling pulse train are shown. The probability density at each velocity
was plotted relative to thatat O ns. Therecoil velocity v, and velocity width

23and 30 GHz, respectively, which were evaluated by adopting the best
resolution of 8 GHz. The corresponding temperatures were 0.8 and
1.4 K, indicating the cooling of velocities equivalent to approximately
1K.Inthefrequency range swept by the coolinglaser, reductionsin the
population ofthe 1S state were assessed to be 61% and 49%, respectively.
Although the unknown number of delayed Ps released from the silica
aerogel (Methods) precludes further quantitative discussion, most
of the Ps resonating with the cooling laser were efficiently deceler-
ated, as supported by the subsequent simulation (approximately 70%
reduction in the swept frequency region, resulting in approximately
10% of the entire Ps population constituting the cooled component,
assuming no delayed Ps release). These results, combined with the
threefold enhancement of components near zero velocity, attest tothe
superior performance of our laser cooling technique. Considering that
the unfixed frequency resolution varies between 8 and 16 GHz due to
experiment-specific reasons (Methods), the aforementioned cooling
performance, determined assuming the best frequency resolution, is
probably an underestimate, as suggested by the numerical simulations
presented below.

A control experiment was also performed in which the cooling laser
was largely detuned. We tuned the optical frequency (detuning) to
change fromapproximately 1,233,390 GHz (-209 GHz) t01,233,440 GHz
(=159 GHz) in100 ns. In this case, Ps in the probed velocity range did not
resonate with the coolinglaser and no fractional change was expected.
TheopencirclesinFig.2b represent the fractional changes observed.
The dashedlineisaconstant function fitted to the experimental results,
indicating that there was no statistically significant change. Thus,
the cooling laser does not impart a velocity change to the Ps that are
off-resonant with it.

In Doppler spectroscopy, velocity distribution assessment is influ-
enced by frequency resolution and 2P level splitting. To examine the
presumed velocity distributionindicated in the experimental results,
we conducted numerical simulations. We developed a framework to
calculate the time evolution of the density matrix based on the Lindblad
master equation (Methods). For the time-frequency characteristics
and intensity of the cooling laser pulse train, we used parameters that
were consistent with our experiments. Moreover, we did not include
interatomic interactions and delayed Ps release from the aerogel.

Figure 3a shows how the velocity distribution of Ps in the 1S state
changed over time with the cooling laser over a duration of 100 ns.
The chirp rate of 4.9 x 10> GHz ps ™ corresponds to a velocity change
of 120 m s in 1 ns for Ps that resonate with the cooling laser. The
single-pulse linewidth of 8.9 GHz (FWHM) corresponds to a velocity
range of Avgg. = 2,200 ms™ (FWHM) that is covered.

Theresultat42 ns (corresponding to aresonance velocity change of
approximately 5,000 m s™) shows that Ps atoms with higher velocities
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AUging (inresonance with the FWHM frequency width of asingle pulse inthe
coolinglaser) are also shown. b, Reconstructed fractional change in Doppler
profileat125 ns. The curve shows the simulated results. The thickness originates
fromthe frequencyresolution and uncertainty in theuncooled fraction. The
filled circles are obtained from Fig. 2b.

aresequentially decelerated without velocity intermittency and accu-
mulate on the slower side. This corroborates the high deceleration
efficiency of our cooling pulse train. At 89 ns (corresponding to a
resonance velocity change of approximately 11,000 ms™), the decel-
erated Ps atoms were concentrated near zero velocity. The FWHM of
the velocity distribution was approximately 3v,, and the corresponding
temperature was 0.48 K.

At 127 ns, that is, 27 ns after the end of the cooling sequence, most
of the excited Ps atoms had relaxed to the 1S state. Considering the
frequency resolution and the possible delayed Psrelease inferred from
the fitting above, the simulated distribution quantitatively reproduced
(Fig. 3b) the fractional change in the Doppler profile (Fig. 2b). In the
velocity region where there was no interaction with the cooling laser,
forexample, near avelocity 0of 18,000 m s, the number of Ps decayed
by afactor of approximately 1/2.4 at 127 ns due to self-annihilation.
However, the number of Ps near zero velocity increased by a factor of
three or more compared with that at O ns.

Note that discrete peak structures were observed in the final veloc-
ity distribution. In addition to a distribution that shows an FWHM of
approximately v, (equivalent to 55 mK) spread around the zero velocity,
peaks that are shifted by v, from the zero-velocity component appeared.
Although further studyis needed, these structuresindicate a sub-recoil
cooling capability, similar to the dark states in Doppler cooling*’*%,
State-selective coolinginthe final stage will be beneficial for the realiza-
tion of a sub-100-mK Ps gas, eliminating the shifted peaks and transi-
tions that induce residual acceleration.

We have successfully demonstrated the one-dimensional chirp cool-
ing of Ps approaching the recoil limit. This innovative chirped cool-
ing method can efficiently cool Ps to a hitherto unexplored narrow
velocity range near zero, thereby providing scientific opportunities
for this low-temperature, fundamental matter-antimatter bound
system. Increased positron number and longer beam time will enable
the verification of the sub-Doppler, narrow components indicated by
simulations. Several strategies can be used to cool the entire Doppler
distribution, such as extended cooling time with the presented chirp
rate. The reduction in the number of cooled atoms indicated by our
simulations (Methods) will be offset by increasing the slow positron
beamintensity. The next natural extensionis three-dimensional cool-
ing (see Methods for the Doppler profile in the direction away from
the surface of the aerogel; the current configuration did not provide
cooling in this dimension), which reduces the second-order Doppler
shift of the 15-2S transition frequency by more than three orders of
magnitude. Despite the two-component velocity distribution, the
light mass of Ps aids the spatial separation of the cooled component
with time allowing for selective excitation. However, thereisaconcern
that three-dimensional cooling can result in higher temperatures or



lower decelerated populations than those reported here because the
number of cooling cycles is limited by the annihilation lifetime. One
solutionistousethe conventional cooling method of thermal contact
with low-temperature materials®®*° as a precooling method. Enhancing
the cooling rate by adopting stimulated emission, as used inatomic and
molecular cooling®®*, could also be beneficial. We believe that this more
efficient three-dimensional cooling will enable the deceleration of most
Doppler-broadened Ps atoms before annihilation, and isimportant for
the realization of BEC in this particle-antiparticle system. The actual
required density should be fully investigated because of the lower
elastic scattering rates*between Ps at lower temperatures, which can
markedly influence the thermalization for inherently short-lifetime
systems. When achieved, comparisons with the BECs of excitons in
semiconductors®, another exotic atom system with a finite lifetime,
will have importantimplications in quantum statistical physics.

A recent publication®* submitted on the same date reports the
one-dimensional cooling of Ps using the same transition as the pre-
sent study. This experiment used the irradiation of a broadband,
high-intensity cooling laser with alinewidth of approximately 100 GHz
(r.m.s.) for a duration of 70 ns. This induced transitions in a broader
velocity range of Ps than that in the present study, resulting in cooling
from380(20) t0170(20) K. Inour research, we achieved the cooling of Ps
over avelocity range equivalent to approximately 50 GHz by irradiating
with a chirped train of pulses, each having a linewidth of 8.9 GHz, for
100 ns. Consequently, the Doppler broadening of the cooled compo-
nents near zero velocity corresponds to approximately 1K.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07912-0.

1. Chu, S. Nobel lecture: the manipulation of neutral particles. Rev. Mod. Phys. 70, 685-706
(1998).

2. Cohen-Tannoudiji, C. N. Nobel lecture: manipulating atoms with photons. Rev. Mod. Phys.
70, 707-719 (1998).

3. Phillips, W. D. Nobel lecture: laser cooling and trapping of neutral atoms. Rev. Mod. Phys.
70, 721-741 (1998).

4. Bloch, I. Ultracold quantum gases in optical lattices. Nat. Phys. 1, 23-30 (2005).

5. Takamoto, M., Hong, F. L., Higashi, R. & Katori, H. An optical lattice clock. Nature 435,
321-324 (2005).

6. Andreey, V. et al. Improved limit on the electric dipole moment of the electron. Nature
562, 355-360 (2018).

7. Safronova, M. S. et al. Search for new physics with atoms and molecules. Rev. Mod. Phys.
90, 025008 (2018).

8. Cornell, E. A. & Wieman, C. E. Nobel lecture: Bose-Einstein condensation in a dilute gas,
the first 70 years and some recent experiments. Rev. Mod. Phys. 74, 875-893 (2002).

9.  Ketterle, W. Nobel lecture: when atoms behave as waves: Bose-Einstein condensation
and the atom laser. Rev. Mod. Phys. 74, 1131-1151 (2002).

10. Regal, C. A., Greiner, M. & Jin, D. S. Observation of resonance condensation of fermionic
atom pairs. Phys. Rev. Lett. 92, 040403 (2004).

1. Deutsch, M. Evidence for the formation of positronium in gases. Phys. Rev. 82, 455-456
(1951).

12.  Cassidy, D. B. Experimental progress in positronium laser physics. Eur. Phys. J. D72, 53 (2018).

13. Baker, C. J. et al. Laser cooling of antihydrogen atoms. Nature 592, 35-42 (2021).

14. Platzman, P. M. & Mills, A. P. Jr Possibilities for Bose condensation of positronium. Phys.
Rev. B 49, 454-458 (1994).

15.  Morandi, O., Hervieux, P. A. & Manfredi, G. Bose-Einstein-condensation dynamics with a
quantum-kinetic approach. Phys. Rev. A 88, 023618 (2013).

16.  Morandi, O., Hervieux, P. A. & Manfredi, G. Bose-Einstein condensation of positronium
in silica pores. Phys. Rev. A 89, 033609 (2014).

17. Shu, K. et al. Study on cooling of positronium for Bose-Einstein condensation. J. Phys. B
49,104001(2016).

18.  Mills, A. P. Positronium Bose-Einstein condensation in liquid “He bubbles. Phys. Rev. A
100, 063615 (2019).

19. Adkins, G. S., Cassidy, D. B. & Pérez-Rios, J. Precision spectroscopy of positronium: testing
bound-state QED theory and the search for physics beyond the Standard Model. Phys.
Rep. 975, 1-61(2022).

20. Chu, S., Mills, A. P. & Hall, J. L. Measurement of the positronium 13S,-2°S, interval by
Doppler-free two-photon spectroscopy. Phys. Rev. Lett. 52, 1689-1692 (1984).

21. Fee, M. S. et al. Measurement of the positronium 1°S,-2°S, interval by continuous-wave
two-photon excitation. Phys. Rev. Lett. 70, 1397-1400 (1993).

22. Fee, M. S. et al. Measurement of the positronium 1°S,-2°S, interval by continuous-wave
two-photon excitation. Phys. Rev. A 48, 192-219 (1993).

23. Czarnecki, A., Melnikov, K. & Yelkhovsky, A. Positronium S-state spectrum: analytic results
at O(ma®). Phys. Rev. A 59, 4316-4330 (1999).

24. Melnikov, K. & Yelkhovsky, A. O(ma’ln’a) corrections to positronium energy levels. Phys.
Lett. B 458, 143-151(1999).

25.  Pachucki, K. & Karshenboim, S. G. Higher-order recoil corrections to energy levels of
two-body systems. Phys. Rev. A 60, 2792-2798 (1999).

26. Phillips, T. J. Antimatter gravity studies with interferometry. Hyperfine Interact. 109, 357-365
(1997).

27.  Mills, A. P. & Leventhal, M. Can we measure the gravitational free fall of cold Rydberg
state positronium? Nucl. Instrum. Methods Phys. Res. B 192, 102-106 (2002).

28. Oberthaler, M. K. Anti-matter wave interferometry with positronium. Nucl. Instrum. Methods
Phys. Res. B192, 129-134 (2002).

29. Karshenboim, S. G. A constraint on antigravity of antimatter from precision spectroscopy
of simple atoms. Astron. Lett. 35, 663-669 (2009).

30. Crivelli, P, Cooke, D. A. & Friedreich, S. Experimental considerations for testing antimatter
antigravity using positronium 1S-2S spectroscopy. Int. J. Mod. Phys. Conf. 30, 1460257
(2014).

31. Cassidy, D. B. & Hogan, S. D. Atom control and gravity measurements using Rydberg
positronium. Int. J. Mod. Phys. Conf. 30, 1460259 (2014).

32. Mariazzi, S., Caravita, R., Doser, M., Nebbia, G. & Brusa, R. S. Toward inertial sensing with a
238 positronium beam. Eur. Phys. J. D 74,79 (2020).

33. Anderson, E. K. et al. Observation of the effect of gravity on the motion of antimatter.
Nature 621, 716-722 (2023).

34. Vanyashin, V. Coherent decay of positronium Bose condensate. Lett. Math. Phys. 31,143-149
(1994).

35. Auvetissian, H. K., Avetissian, A. K. & Mkrtchian, G. F. Gamma-ray laser based on the
collective decay of positronium atoms in a Bose-Einstein condensate. Phys. Rev. A 92,
023820 (2015).

36. Amsler, C. et al. Pulsed production of antihydrogen. Commun. Phys. 4,19 (2021).

37. Liang, E. P. & Dermer, C. D. Laser cooling of positronium. Opt. Commun. 65, 419-424
(1988).

38. lijima, H. et al. Laser cooling system of ortho-positronium. Nucl. Instrum. Methods Phys.
Res. A 455, 104-108 (2000).

39. lijima, H. et al. Monte Carlo study of ortho-positronium laser cooling. J. Phys. Soc. Jon 70,
3255-3260 (2001).

40. Zimmer, C., Yzombard, P., Camper, A. & Comparat, D. Positronium laser cooling in a
magpnetic field. Phys. Rev. A 104, 023106 (2021).

41. Prodan, J. V. & Phillips, W. D. Chirping the light—fantastic? Recent NBS atom cooling
experiments. Prog. Quantum Electron. 8, 231-235 (1984).

42. Ertmer, W., Blatt, R., Hall, J. L. & Zhu, M. Laser manipulation of atomic beam velocities:
demonstration of stopped atoms and velocity reversal. Phys. Rev. Lett. 54, 996-999
(1985).

43. Yamada, K. et al. Theoretical analysis and experimental demonstration of a chirped
pulse-train generator and its potential for efficient cooling of positronium. Phys. Rev.
Appl. 16, 014009 (2021).

44. Shu, K. et al. Development of a laser for chirp cooling of positronium to near the recoil
limit using a chirped pulse-train generator. Phys. Rev. A 109, 043520 (2024).

45. Wada, K. et al. Increase in the beam intensity of the linac-based slow positron beam and
its application at the Slow Positron Facility, KEK. Eur. Phys. J. D 66, 37 (2012).

46. Nagashima, Y. et al. Thermalization of free positronium atoms by collisions with
silica-powder grains, aerogel grains, and gas molecules. Phys. Rev. A 52, 258-265
(1995).

47.  Wallis, H. & Ertmer, W. Broadband laser cooling on narrow transitions. J. Opt. Soc. Am. B
6, 2211-2219 (1989).

48. Aspect, A., Arimondo, E., Kaiser, R., Vansteenkiste, N. & Cohen-Tannoudji, C. Laser cooling
below the one-photon recoil by velocity-selective coherent population trapping. Phys.
Rev. Lett. 61, 826-829 (1988).

49. Shu, K. et al. Observation of orthopositronium thermalization in silica aerogel at cryogenic
temperatures. Phys. Rev. A104, LO50801(2021).

50. Corder, C., Arnold, B. & Metcalf, H. Laser cooling without spontaneous emission. Phys.
Rev. Lett. 114, 043002 (2015).

51. Bartolotta, J. P, Norcia, M. A., Cline, J. R. K., Thompson, J. K. & Holland, M. J. Laser cooling
by sawtooth-wave adiabatic passage. Phys. Rev. A 98, 023404 (2018).

52. Adhikari, S. K. Positronium-positronium interaction: resonance, scattering length, and
Bose-Einstein condensation. Phys. Lett. A 294, 308-313 (2002).

53. Morita, Y., Yoshioka, K. & Kuwata-Gonokami, M. Observation of Bose-Einstein condensates
of excitons in a bulk semiconductor. Nat. Commun. 13, 5388 (2022).

54. Gldggler, L. T. et al. Positronium laser cooling via the 1°S-2°P transition with a broadband
laser pulse. Phys. Rev. Lett. 132, 083402 (2024).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 633 | 26 September 2024 | 797


https://doi.org/10.1038/s41586-024-07912-0
http://creativecommons.org/licenses/by/4.0/

Article

Methods

Psgeneration

When a positron pulse is injected into certain media, some positrons
formPsandre-emitasPsintovacuum. These Ps were used in this laser
cooling experiment. Positron pulses, with a width of 16 ns and deliv-
ered atarepetition rate of 50 Hz (ref. 45), contained approximately 10°
positrons per pulse. The positrons were transported with an energy of
5keV from the positron production unit to the experimental station
guided by a typical magnetic field of approximately 10 mT generated
by coils. By conducting current in the opposite direction only in the
last coil, immediately before the experimental station, we minimized
the magnetic field in the experimental region. Iron plates for magnetic
shielding and the magnetic lens located downstream contributed to
this minimization, further reducing the magnetic field in the experi-
mental region to approximately 0.15 mT. This suppresses the Zeeman
effect, resulting in a negligible annihilation rate of Ps in the 1°S, state
(ortho-Ps) due to spin mixing. The transported positrons were focused
onto the Ps formation medium using a magnetic lens. Approximately
1% of the incident positrons passed through the magnetic lens, and
the remainder collided with the lens and annihilated. The instability
inthe number of positrons remained at approximately 1% throughout
the experiment.

We used asilicaaerogel, athree-dimensional network of SiO, (silica)
nanograins, as the medium for the formation of Ps at room temperature.
Thesilicaaerogel had pores with adiameter of 45 nm and a porosity of
approximately 95%. The incident angle of the positron bunch on the
aerogel was 0° and approximately half the positrons injected into the
silica aerogel formed Ps*¢. Some of the long-lived ortho-Ps atoms dif-
fused and came out of the aerogel towards the experimental region.
Ortho-Ps atoms decay into y-rays with a vacuum lifetime of approxi-
mately 142 ns and these y-rays were detected using a LaBr,(Ce) scintilla-
torandaplasticscintillator. The time-resolved y-ray flux was measured
by observing the current output of the coupled photomultiplier
tubes. Noinfluence was detected on the Ps from possible electrostatic
charging of the silica aerogel.

Coolinglaser

A pulsed laser at 729 nm, which constitutes the backbone of the
cooling laser, is called a chirped pulse-train generator®. This is an
injection-locked pulsed laser equipped with anintracavity electro-optic
phase modulator. It generates a train of approximately 0.1 ns pulses,
eachwith progressively shifting central frequencies. These pulses are
then amplified and frequency tripled, producing the 243 nm cooling
laser light. The change in the central frequency over time (chirp) can be
adjusted by changing the cavity length of the pulsed laser, the driving
frequency and the modulation depth of the electro-optic modulator.
Theduration of the pulse train (the number of micropulses) canalso be
controlled up toapproximately 600 ns, corresponding to afrequency
sweep range of approximately 300 GHz using the chirp rate of the pre-
sent study. Details onthe operating principle of the chirped pulse-train
generator can be found in ref. 43, and specifics regarding the design
and performance evaluation of the cooling laser in this experiment
are described inref. 44.

Although the pulse duration has not yet been precisely measured,
based on our measurements with aninsufficient temporal resolution
and the operating principle of the laser, a 0.1 ns pulse duration is esti-
mated. Although an estimate (rather than a precise measurement),
it does not affect the discussions in this paper as it is on a timescale
considerably shorter than the natural lifetime of the 2P state.

Laser configuration

Psatomsemitted into vacuumwere irradiated by three different pulsed
lasers for chirp cooling in the one-dimensional direction as well as
measuring the velocity distribution. The laser beams were incident

inadirection orthogonal to the positron beam axis and reflected by
a bare aluminium mirror in a counter-propagating configuration.
The wavelengths of the light pulses used were 243 and 532 nm, with
approximately 93% reflectance offthe mirror at these wavelengths. The
laserirradiation area was approximately 18 mmin the direction of the
positron beam axis and approximately 8 mm in the vertical direction
perpendicular to the positron beam axis.

ThePs-cooling chirped pulse-train laser was switched on for approxi-
mately 100 ns after the positron pulse impacted the silica aerogel.
The fluence of a single pulse in an irradiating pulse train was typi-
cally 5 pJ cm™. During the irradiation period (approximately 100 ns),
the central frequency of the light pulse was varied from 1,233,540
101,233,590 GHz, with a spectral width for a single pulse of 8.9 GHz
(FWHM). The cooling laser was linearly polarized with a polarization
direction orthogonal to the positron beam direction.

Doppler spectroscopy

Thevelocity distribution of the ortho-Ps inthe 1S state was evaluated by
Doppler spectroscopy using the 1S-2Ptransition. The Doppler profile
of the 1S state was obtained by measuring the signal associated with
the number of positrons produced by ionizing the Ps in the 2P state
as a function of the probe pulse frequency that resonantly induces
the 1S-2Ptransition. The Doppler shift is indicative of the velocity of
Ps along the propagation direction of the laser beam, allowing the
evaluation of the ortho-Ps velocity distribution based on the measured
Doppler profile. This measurement was conducted approximately 25 ns
after the laser cooling ceased, after the complete de-excitation of the
2’P;state Ps through spontaneous emission. Doppler spectroscopy was
carriedoutatalO Hzrepetitionrate, and the laser cooling occurred at
a5 Hzrate. By comparing the Doppler profiles before and after laser
cooling, changes in the velocity distribution due to cooling can be
assessed.

The second harmonic of an optical parametric oscillator (OPO)
excited by the third harmonic of a Q-switched neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser was used as the probe laser
for Doppler spectroscopy. The pulse duration was approximately 3 ns.
The optical frequency of the probe laser was swept at approximately
1.2336 PHz and was measured using awavelength meter with anaccu-
racy of £3 pm (corresponding to a frequency accuracy of approxi-
mately 15 GHz). Because of the longitudinal multimode nature, the
spectral width of the second harmonic of the OPO was approximately
1.1 x 10> GHz. This spectral width was too wide to capture the changes
invelocity profile resulting from chirp cooling. Therefore, the second
harmonic of the OPO was transmitted through a solid etalon to nar-
row the spectrum and improve the velocity resolution. The measured
transmission spectral width of our custom-made solid etalon available
at 243 nm varied from 8 to 16 GHz at FWHM, depending on the angle
and position of incidence.

However, the Doppler broadening of Ps without cooling hasan FWHM
of approximately 27./T GHz at atemperature of TK. This corresponds
to afrequency width of 470 GHz at room temperature, which is con-
siderably wider than the narrow resolution. To measure the Doppler
profile under uncooled conditions and evaluate the temperature,
it was unnecessary to spectrally narrow the second harmonic of the
OPO. Agreater fraction of Ps with a distributed velocity was resonant,
resulting in a larger signal. Therefore, we did not use the solid etalon
when measuring the Doppler profile under uncooled conditions.

Thetypicalincident fluences of thelaser pulse thatinduced the 1S-2P
transition were 0.27 and 2 pJ cm 2 with and without spectral narrowing,
respectively. This resulted in comparable light spectral densities for
these two cases. The polarization of the laser pulse that induced the
1S-2Ptransition was linear and parallel to the positron beam.

For theionization laser to photoionize Ps in the 2°P,state, we used the
second harmonic (532 nm) of a Q-switched Nd:YAG laser with a pulse
duration of 5 ns. Thisionizinglaser pulse was delivered with the timing



oftheintensity peak adjusted to approximately 1.4 nslater than that of
the ultraviolet nanosecond pulse, whichinduced the 1S-2Ptransition.
The irradiation fluence of the 532 nm pulse was typically 15 mJ cm™
We set theionization laser to belinearly polarized parallel to the posi-
tron beam, similar to the laser that induced the 1S-2Ptransition. The
repetition rate of theionizing laser was 10 Hz, same as that of the laser
inducing the 1S-2Ptransition.

lonized positrons, produced with velocity selectivity from the Ps
gas by the two-colour pulsed lasers, were drawn into an MCP. The
MCP was placed immediately below the interaction region where
Ps and the laser beams interacted. We applied a voltage of -2,000 V
to the input surface of the MCP to collect the ionized positrons. The
MCP was sensitive to the scattered photons of the deep-ultraviolet
laser pulses at a wavelength of 243 nm, which resulted in alarge back-
ground signal. Therefore, a pulsed negative voltage was applied to the
MCP input surface after the completion of cooling laser irradiation,
witharise time of approximately 20 ns. Consequently, the MCP gain
remained low at the time when the cooling and probe lasers were
incident. Thisreduces the background signal originating from these
photons, enabling the highly sensitive detection of ionized positrons.
The voltage at the output plane of the MCP was set to O V. The ampli-
fied electrons were collected at a metal electrode, to which a con-
stant voltage of 1,000 V was applied. The current output from this
electrode was converted to a voltage with a 50 Qresistor, and its time
evolution wasrecorded. Positron signals were observed in the range
of approximately 30-80 ns after the pulse voltage was applied, cor-
responding to the drift time that is dependent on the Ps location at
photoionization. Although the background signal originating from
the deep-ultraviolet photons was substantially reduced, a residual
signal remained. To subtract this contribution, the ionizing laser was
switched on and offevery 30 s and we evaluated the signal of ionized
positrons based on the difference in the integrated signals of the MCP
with and without the ionizing laser.

When the number of Ps in the whole velocity distribution was
approximately 3 x 10°immediately after production, the average num-
ber of detected positrons in the frequency-resolved measurements
was typically 0.5. Consequently, the uncertainty in the excitation
signal in the Doppler spectroscopy measurements was character-
ized by the randomnessin the number of ionized positrons, whichis
governed by Poisson statistics. To achieve an adequate signal-to-noise
ratio, it was necessary to set an appropriate measurement time. For
the Doppler spectroscopy used to assess the temperature of Ps gas
withafrequencyresolution of110 GHz, the integration time for each
probe frequency was approximately 20 min. During this integration
time, the number of measurement cycles was approximately 1.2 x 10*,
In the laser cooling experiment, for which the resolution was set to
bean order of magnitude greater and thus the signal was weaker, the
integration time was approximately 4 h for each probe frequency.
During this time, the number of measurement cycles was approxi-
mately 7.2 x 10%,

Analysis of the measured Doppler profile of uncooled Ps

We estimated the temperature of the Ps emitted from the silica aero-
gel using the measured Doppler profile. For this purpose, we defined
amodel function, which was fitted to the data. The model function
describes the number of positrons S(wy) generated by the photoioni-
zation process from the 2P state as a function of the central angular
frequency wy of the probe pulse thatinduces the 1S-2Ptransition. S(wg)
iswritten as

c
St = Dw; i

1(v; wR)

where D(v; T) is the probability density of Ps with velocity v and tem-
perature T (the Maxwell-Boltzmann distribution function is used); /s

is the saturation intensity at the 1S-2P transition angular frequency
w.g; I(U; W) is the light intensity at the angular frequency resonant to
aPsatomwith velocity v; and Cis aconstant and free parameter in the
fitting. The second term in the integral represents the photoioniza-
tion probability of Ps at velocity v. The functional form for S(wg) was
determined using the following relation®:

_ 1
N

2(1+7)
which describes the occupation probability of the excited state in
atwo-level system when irradiated with light of the transition fre-
quency at intensity /; (see the denominator in the fraction). We
used a two-level approximation because we set the spectral width
of the probe pulse to be sufficiently wide compared with the split-
ting in the 1S-2P transition frequency. S(wg), determined using P,,
describes the nonlinear responsesto the probe laser pulse, such as the
Lamb dip and saturation broadening effects in the present Doppler-
broadened case.

Inour experiment, we directed eachlaser beamat the Psina counter-
propagating configuration. Therefore,

Fé:

. U . U .
1(v; wR) =h| Weg + 0% g + | Weg — 0% W |

where / (w; wg) is the intensity spectrum, described as a function of w,
of the probe pulse with its central angular frequency wg, and cis the
speed of light. We adopted the measured spectral width of /, (w; wg),
with theintensity being afree parameter in the fitting. Here we did not
include the spatial distributions of light intensity and Ps density. The
light intensity of the probe pulse that reproduced the measurement
was consistent with the actual light intensity calculated using the flu-
ence, pulse duration and spectral width. This result demonstrates the
validity of the proposed model.

The Doppler profile in the direction normal to the surface of the
silica aerogel (Extended Data Fig. 1) was measured by the single-path
irradiation of the probe pulse and ionization pulse. These optical pulses
(diameter, approximately 10 mm) propagated towards the aerogel
125 ns after the peak timing of the positron bunch. The angles of inci-
dence on the aerogel were 0° for the probe beam and 22° for the posi-
tronbunch. The peak of the Doppler profile was observed at arelative
frequency of approximately 360 GHz, with an FWHM of approximately
390 GHz.Incontrast to the velocity components parallel to the aerogel
surface, which arerandomly distributed, the distribution of the veloc-
ity components perpendicular to the surface cannot be effectively
described by a simple distribution function that represents gases or
beams. The velocity of Ps moving away from the surface depends not
onlyonits velocity in the generating material butalso onits work func-
tion. Consequently, the velocity distribution can generally differ from
the component parallel to the surface. For these reasons, we did not
perform an evaluation by fitting the experimental data. Irrespective
of the parallel or perpendicular direction to the surface, the emission
velocity of Ps changes dynamically with the reduction in momentum
due to scattering with the molecules comprising the aerogel, with the
velocity distribution also being influenced by the decay due to the Ps
lifetime.

Analysis of fractional change in Doppler profile using a
phenomenological model

We analysed the fractional change in the velocity distributioninduced
by the cooling laser by fitting the following phenomenological model
to the data: the fractional change for S,,(f) and S «(f) is defined as

Son(f) =8 ()
Sore(f)
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We first used the following raw functions that did not include the
frequency resolution in the experiment:
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where the argument fis the relative frequency, f, is the 13S,-2°P, transi-
tion frequency of Ps, m,is the mass of Ps, kg is the Boltzmann constant
and T, is the temperature of Ps released from the silica aerogel. On
the basis of the experimental results, we assumed that the Doppler
profile of the uncooled Ps was a Maxwell-Boltzmann distribution at
temperature 7, = 600 K. The following free parameters used in the fit
describe the change in Doppler profile associated with cooling: f,,oeq 1S
the Doppler shift corresponding to the optical frequency at the begin-
ning of the cooling laser; Afis the Doppler width of the decelerated
component; S.....q1S the signal level after cooling in the spectral region
swept by the chirped cooling laser; A characterizes the magnitude of
the decelerated component signal. These raw functions are plotted
in Extended Data Fig. 2.

We generated model functions S,,.(f) and S «(f), which correspond
to the experimental results obtained, by convolving S&0" (f)and ST (f)
with the frequency resolution due to the linewidth of the probe pulse.
The change in Doppler profile associated with cooling was quantita-
tively evaluated by fitting the modelled fractional change to the meas-
ured fractional changes. In Extended Data Fig. 2, Sga*(f)is plotted using
the parameters obtained from the fit.

The fitting parameters varied with the spectral width of the probe
pulse, which determined the frequency resolution of the measured
Doppler profile. When the spectral width, which varied in the experi-
ment, was set to 8 GHz (narrowest), the widest Doppler spread of
the cooling component was evaluated. In the main text, we have
shown the corresponding best-fit value (23 GHz) and upper statis-
tical limit (30 GHz) as conservative estimates (the upper statistical
limit of the width of the cooled component was evaluated at the 95%
confidence level). The population reductions in the cooled spectral
region were estimated to be 61% and 49%, respectively. For a spectral
width of 16 GHz for the probe pulse, the best-fit value and the upper
limit of the width of the cooled component were 18 and 27 GHz,
and the corresponding population reductions were 78% and 61%,
respectively.

We believe that the estimated population reductions were smaller
than those expected from population reduction by laser cooling
alone, due to the influence of delayed Ps release from the silica aero-
gel. Such delayed release from porous materials has been reported
previously. Our empirical observations suggest the presence
of Ps emitted from the silica aerogel several tens of nanoseconds
after the injection of the positron bunch, when we observed the
components of zero lateral velocity. However, we cannot quantita-
tively discuss the delayed fraction due to the absence of available
systematic data.

Evaluation of the frequency resolutionin the laser cooling
experiment

The frequency resolution of the fractional change in the Doppler
profile as a result of laser cooling was determined using the spectral
width of the probe pulse and intensity-dependent saturation broad-
ening. We evaluated the spectral width of the probe pulse using the

optical resolution of the Fabry—Pérot solid etalon used for spectral
narrowing. The FWHM optical frequency resolution as a function
of the angle of incidence is shown in Extended Data Fig. 3. The res-
olution was evaluated by measuring the transmission spectrum of
single-longitudinal-mode laser pulses at 243 nm. The spectral width
of the pulses is expected to be less than 10 MHz, which is consider-
ably narrower than the designed frequency resolution of the solid
etalon, thereby enabling the evaluation of the actual resolution. We
measured the transmittance as a function of the angle of incidence
of the etalon. All the incident angle sweeps designated in the legend
were performed in the direction of increasing angle. These three sets
of measurements were performed in the experimental period but not
consecutively.

The results indicate that although the transmission spectral width
tends to increase with the angle of incidence, it varies widely for each
measurement. The degree of variation exceeds the measurement uncer-
tainty, suggesting that the conditions of the etalon changed with each
sweep. The possible characteristics of the solid etalon that can cause
such variations include non-uniform thickness and inhomogeneous
strain on the etalon. Variations can then occur because the position
ofthelaserirradiation onthe solid etalon cannot be completely fixed.
Todetectachangeinthe Doppler profile resulting from laser cooling,
theangles ofincidence of the probe pulse onthe etalon were setinthe
range tested above, resulting in the same degree of variation in the
linewidth of the probe. Therefore, we estimated the spectral width of
the probe pulse to be 8-16 GHz, based on the measured range of values
shown in Extended Data Fig. 3.

Next, we examined the influence of saturation broadening, which
also affects the frequency resolution. Using the effective intensity
calculated from the fluence, pulse duration and spectral width of the
spectrally narrowed probe pulse, the degradation of the frequency
resolution owing to saturation broadening was at most 1 GHz. Thus,
saturation broadening can be neglected.

We considered the 8-16 GHz range of the frequency resolution as
asystematic uncertainty in the evaluation of the fractional change.
Hence, a conservative effective temperature was evaluated.

Allowed 1°S-23Ptransitions and their intensities

Here we describe the allowed transitions and their intensities among
the1>S-23Ptransitions used for laser cooling and Doppler spectroscopy.
The transition matrix element is

~n=2,1=1,5=1,,M,|d|n=1,0=0,5=1,J,,Mp)E,

where d is the electric dipole moment; E is the electric field of light;
n, L and S are the principal quantum number, orbital angular momen-
tum and total spin angular momentum, respectively;/and M are the
total angular momentum and its projection along the quantization
axis, respectively. Subscripts e and g indicate the excited and ground
states, respectively.

The electric dipole moments, when we define the quantization
axis of the atomic orbitals as the z axis, are shown in Extended Data
Fig. 4a,b. The direction of projection of the electric dipole moment
is shown at the top of each diagram. The allowed transitions induced
by the electric field of light with the corresponding polarization
vectors are represented by arrows. The numbers associated with
the arrows indicate the square of the absolute value of each com-
ponent of the electric dipole moment normalized to the following
constant:

2
, (12842
|do| —[ 243 2eay | ,

where eis the elementary charge and a, is the Bohr radius. For some
transitions, the numbers are omitted because the absolute values of the



electric dipole moments coincide with those of the other transitions
that differ only in the sign of M. The transition rates are proportional
tothevalues shownin Extended DataFig. 4afor linearly polarized light
parallel to the z axis, and in Extended Data Fig. 4b for orthogonally
polarized light. In our experiment, the polarizations of the cooling
laser pulse and probe laser pulse in Doppler spectroscopy were linear
and orthogonal to each other. Extended Data Fig. 4a,b can be used to
evaluate the transition intensity of each pulse.

Extended DataFig.4c shows the spontaneous emission rates fromthe
excited states to each ground state normalized by the total decay rate
I, =3.13 x10%s ' from each excited state. By symmetry, the spontaneous
emission ratesfromthe states with negative M, values, which are omitted
fromthetablein Extended DataFig. 4c, are equal to the corresponding
rates between the states with the signs for M, and M, reversed.

Extended Data Fig. 4a—c shows that in the cooling process, during
whichthe transitions are repeated many times, itisimportant touse a
cooling laser with aspectral width comparable with the splittingin the
transition. Otherwise, if we repeat the cooling cycle by transitioning to
the 2°P, and 2°P, states, for example, the 1°S, state becomes polarized
and eventually makes transitions to these excited states dark. Moreover,
the1’S,-2°P, transition dominated the 1S-2Ptransitions. Therefore, we
present our experimental results as functions of frequency relative to
the1*S,-2°P, frequency difference. Note that the resonance frequency
observed at the one-photon transition is approximately 3 GHz higher
than this frequency difference owing to the conservation laws of energy
and momentum.

Numerical simulation
We evaluated the time evolution of the momentum distribution of Ps
under the influence of a cooling laser based on the Lindblad master
equation:
2—’; = %[H,p] +L(p),

wheret, h, Hand L(p) are the time, Dirac’s constant, Hamiltonian and
Liouvillian, respectively. We considered the density matrix p in the
space spanned by the simultaneous eigenstates of the momentum of
Ps and atomic configurationsinthe L-S coupling scheme. Theinterac-
tion between Ps and the photon field was incorporated as an electric
dipoleinteraction. Thisframework can describe the transitions between
atomicorbitals through absorption, stimulated emission and sponta-
neous emission processes, as well as momentum changes because of
photonrecoil. Weincorporated the relaxation of Ps due to annihilation
processesinto the master equation as alongitudinal relaxation process.

Using the simulated velocity distribution shown in Fig. 3a, we can
simulate the fractional change (Fig. 2b). The simulated Doppler profiles
with and without the cooling laser irradiation were convolved by the
spectral resolution to obtain S3™(f)and SSI(f), respectively. The spec-
tral width of the probe pulse determines the spectral resolution. The
argument fis the relative frequency, which is the first-order Doppler
shift calculated from the velocity of Ps. To express a part of the probed
Ps atoms, which interacted with the cooling laser, we introduce an
uncooled Ps fraction r. The fractional change can then be calculated
as(1- r)%}jim The parameter r was determined by fitting this
function to the measured data. Figure 3b compares the measured and
simulated fractional changes. The filled circles are identical to those
shown in Fig. 2b. The thickness of the curve was determined on the
basis of the frequency resolution in the range of 8-16 GHz. The meas-
ured datawere well reproduced, withthe best estimated rranging from
0.18t0 0.40 and the spectral resolution shown above. The statistical
uncertainty of the estimated ris typically 0.06 at the 1o confidence
level. The resultant fraction ris reasonable under the experimental
condition, and its consistency with the measured data supports the
successful demonstration of the laser cooling of Ps.

Extended Data Fig. 5 presents the corresponding Doppler profiles
mentioned above. Similar to the experiment, the simulation evaluated
the Doppler profiles 125 ns after Ps formation, following 100 ns of cool-
inglaserirradiation. Components resonating with the frequency-swept
cooling laser were decelerated and concentrated in the frequency
domain corresponding to zero velocity. Compared with the case
without cooling, the slow components showed a threefold increase.
No change was observed in the detuned components, which did not
resonate with the cooling laser.

Toillustrate the parameter design of the cooling laser in this study,
we present typical examples of cooling time dependence and chirp rate
dependencebased on the simulations constructed here. Extended Data
Fig. 6a displays the momentum distribution after cooling, evaluated as
afunction of cooling time while keeping the chirp rate constant. The
optical frequency detuning of the coolinglaser at the end of cooling was
setto -9 GHz. Asthe cooling durationis extended, the sweep frequency
range of the cooling laser increases, thereby enhancing the contrast
innumber between the cooled and uncooled components. However,
due to thelifetime effects of Ps, the number of cooled atoms is found to
decrease compared with shorter cooling times. The maximum number
of cooled atomsisachieved atacooling time of approximately 100 ns,
whichis the duration used in this study.

Extended Data Fig. 6b shows the momentum distribution after cool-
ingwhenthe chirprateisvaried, with the cooling time fixed at 100 ns.
When the chirp rate exceeds the rate characterized by the recoil fre-
quency associated with photon absorption and the natural emission
rate, the proportion of atoms that cannot maintain the chirp cooling
cycleincreases, resulting in decreased efficiency. Note that this calcula-
tionassumes that the entire volume of the Ps gas is constantly exposed
to the coolinglaser.
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Extended DataFig.1|Doppler profilenormal to the aerogel surface. The
profilewas measured at125 ns after Ps production, using asingle-pass probe
beamdirected towards the aerogel. The negative detuning indicates the direction
away from the surface and the horizontal axisisintentionally reversed.
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Extended DataFig.2|Raw Doppler profile functions used to analyse the
fractional changein velocity distribution associated with laser cooling.
The Doppler distribution of uncooled Ps follows the Maxwell-Boltzmann
distribution, and the possible changesin the Doppler profile by cooling are
characterised by parameters A, S.oeq, Af, and foed (defined in the text). Fitting
ofthe experimental datawas performed by considering the frequency resolution
inDoppler spectroscopy.
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Extended DataFig.3|Optical frequency resolution of the solid etalon used
inthespectral narrowing of the probe pulse for the 1S-2P transition. We
evaluated the FWHM resolution as afunction of the incident angle of single-
longitudinal-mode pulses. Differencesin the markers represent the three
scanning experiments.
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Extended DataFig. 4| Allowed 13S-2°P transitions and their intensities.

a, b, Magnitudes of the electric dipole moments. The subscripts x, y, and z of
thevariabledatthe top of each figure refer to the direction of projection of the
dipole moment. Numbers attached to the arrows represent the squared ratio of
the projected dipole moment with respectto the constantd, defined inthe text.
Mrefers to the projection of the total angular momentum/onto the quantisation
axis.c, Summary of spontaneous emission rates. Numbersin the table cells
represent theratio of the spontaneous emission rate from the excited state
with quantum numbers/.and M, to the ground state with M,.[, denotes the
total spontaneous emission rate from each excited state.
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Extended DataFig. 5|Simulated Doppler profile resulting from the laser
coolinginthe present experiment. The curve shows the simulated result
125 ns after the production of Ps. The uncertainty in the spectral width of the
probe pulse and the resultant uncertainty in assessing the non-cooled fraction
contribute to the thickness of the curve. The dotted curve s the calculated
Doppler profileat 600 K without laser cooling. Both curves are normalised
withrespecttothe Doppler profile at O ns without laser cooling.
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Extended DataFig. 6 | Simulation results showing the velocity distribution
ofthel Sstate25 nsaftertheend ofthe coolinglaserirradiation, relative
totheset parameters of the cooling laser. The probability density is plotted
relative to the maximum value of the velocity distribution at atemperature of
600 K attime zero. Irradiation by the cooling laser commenced at time zero.

a, Dependence onthe duration of the coolinglaser. The chirp rate of the
up-chirping coolinglaser was the same asin the experiments of the present
work, at4.9 x 102GHz/us, and cooling was terminated at -9 GHz relative to the
1S-2P transition frequency at rest. The durations were 40 ns,100 ns, 200 ns and
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400 ns. Due to computational resource constraints, calculation of the largely
detuned components was truncated. b, Dependence on the chirp rate of the
cooling laser. We set the chirp ratesat 1.7 x 102GHz/ps, 5.0 x 10°GHz/ps,

8.4 x10°GHz/psand 11.7 x10°GHz/ps. Cooling was terminated at -9 GHz relative
to the stationary Ps1S-2P transition frequency. The duration of the cooling
laser was fixed at 100 ns. While alarger chirp rate allows for interaction witha
broader velocity range, the efficiency of cooling decreases because the
frequency of the cooling laser changes by more than the recoil frequency
during the relaxation time due to natural emission from the 2 P state.
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