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Positronium Laser Cooling via the 13S-23P Transition with a Broadband Laser Pulse
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We report on laser cooling of a large fraction of positronium (Ps) in free flight by strongly saturating the
138-23P transition with a broadband, long-pulsed 243 nm alexandrite laser. The ground state Ps cloud is
produced in a magnetic and electric field-free environment. We observe two different laser-induced effects.
The first effect is an increase in the number of atoms in the ground state after the time Ps has spent in the
long-lived 23P states. The second effect is one-dimensional Doppler cooling of Ps, reducing the cloud’s
temperature from 380(20) to 170(20) K. We demonstrate a 58(9)% increase in the fraction of Ps atoms with

vip < 3.7 x 10* ms~!.
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Positronium (Ps), discovered in 1951, is the lightest
known atomic system, consisting only of an electron (e™)
and a positron (e™) [1]. Ps has been extensively studied for
its exotic properties as a purely leptonic matter-antimatter
system. So far, experiments researching Ps have relied
on formation processes that result in clouds with a large
velocity distribution, in the order of several 10* ms™! [2—4].
This, for instance, has been limiting the precision of
spectroscopy studies due to the large Doppler broadening
of the transition lines [5,6]. The idea of using laser cooling to
narrow the Ps velocity distribution dates back to 1988 [7],
following the first demonstration of laser cooling on neutral
atoms by just a few years [8]. Despite significant efforts [9],
Ps laser cooling has not been experimentally achieved yet.
A whole range of new fundamental experiments would
become feasible with a sufficient amount of cold Ps [10,11].
These include 1°S-2°S precision spectroscopy at the
100 kHz level, which will enable testing bound state
QED at the a’m,- order [12], measuring the m,+ /m,- mass
ratio with unprecedented accuracy [13], and testing the
equivalence principle (EP) with a purely leptonic system by
looking at the transition redshift around the Sun’s orbit [14].
Testing the EP with atomic systems consisting of antimatter
is the primary goal of AEZIS, building on the availability of
cold Ps for efficient Rydberg antihydrogen (H*) production
through the charge exchange reaction Ps* + p — H* + e~
between cold antiprotons (p) and Rydberg-excited
Ps (Ps*) [15,16]. This reaction’s efficiency can be signifi-
cantly increased by reducing the temperature of the
Ps* cloud [17]. Moreover, forming a Ps Bose-Einstein
condensate (BEC) [10,18] would allow studying stimulated
annihilation, producing coherent light in the y radiation
range [19,20]. This objective (plus precision spectroscopy)
is being pursued by the UTokyo group [21], which s actively
developing Ps laser cooling with a chirped laser pulse [22].

Here, we report on the first experimental demonstration
of Ps laser cooling by strongly saturating the 1°S-23P
transition [Fig. 1(a)] for 70 ns, employing an alexandrite-
based laser system developed specifically to meet
these requirements: high intensity, large bandwidth, and
long pulse duration. The velocity distributions with and
without laser cooling were obtained by Doppler-sensitive
two-photon resonant ionization along the 1°S-33P transi-
tion [3] [Fig. 1(a)].

Ps is produced by implanting e* bunches with 3.3 keV
energy into a nanochanneled silicon converter [4,23]. This
e* /Ps converter has a Ps yield of about 30%, correspond-
ing to a few 10° Ps per bunch. It is mounted at a 45° angle
with respect to the e™ beam axis, as shown in Fig. 1(b).
Typically, both e beam and emitted Ps cloud are about
5 mm in diameter. All experiments are conducted in a
magnetic and electric field-free environment. An electro-
static buncher [24] with fast potential switch off [25] and a
pu-metal shield are used to minimize residual fields. A low
residual magnetic field, measured to be below 1 mT in the
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FIG. 1. Experimental layout for Ps laser cooling. (a) Diagram of

relevant Ps energy levels and transitions, highlighting transition
wavelengths and annihilation or fluorescence lifetimes. (b) Front
and top view of the vacuum setup, featuring the cooling (4,43) and
the two probing lasers (1,95 and 1;pg4), the POWO, detector, and
the dichroic mirror used to selectively retroreflect the cooling
beam.

Ps production area, is important toward Ps laser cooling, as
in intermediate magnetic field ranges the saturation of the
135-23P transition leads to fast annihilation due to singlet-
triplet state mixing in the excited state manifold [26]. This
effect, called “magnetic quenching,” prevents efficient
cooling [27] and strongly encourages to work either in the
Paschen-Back regime [28] or, as we do, in a magnetic field-
free environment.

The Ps 13S-23P transition is driven by the third harmonic
of a O-switched alexandrite laser [29], as proposed in [10],
whose main features are briefly summarized hereafter. The
optical length of the cavity is 1 m. The pulse length of 70 ns,
much longer than the spontaneous emission lifetime of the
135-23P transition (3.19 ns), allows several cooling cycles
per pulse [10]. The central wavelength is set by an intra-
cavity volume Bragg grating (VBG) [30]. Rotating the
VBG finely tunes the fundamental wavelength with an
absolute accuracy of 10 pm. Two lithium triborate (LBO)
crystals and two f-barium borate (BBO) crystals are used to
generate up to 2.3 mJ at the third harmonic. At 243 nm,
the measured root-mean-square (rms) spectral bandwidth
is 0,43 = 101(3) GHz. The laser [29] was specifically
designed to deliver an irradiance of 100 kW cm™2 when
focusing 0.7 mJ on an area of 10 mm?. As a result, the power
on the 20 MHz rms resonance transition linewidth amounts
to 100kWem™2 x20MHz/101 GHz=20 Wcem™2, much
higher than the saturation intensity of the 13$-23 P transition
of 0.45 W cm™2 [27]. The laser fluence fills in the spectral
gaps in the laser bandwidth [31] and the population in the
excited state is saturated within a 360(15) GHz large spectral
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bandwidth. It should be noted that in these conditions less
than 1% of the atoms are photoionized [27]. The transverse
Doppler profile was probed by fine-tuning the wavelength of
a 1.5-ns-long 205 nm pulse with an rms spectral bandwidth
of 6505 = 179(9) GHz or 25(1) pm, populating the 33P
states. A 4-ns-long 1064 nm pulse synchronized with the
205 nm pulse induced photoionization of the excited
states [32].

The Pockels cell of the alexandrite laser cavity is connected
to a high-voltage (HV) electronic switch, which opens and
closes the cavity with nanosecond precision to generate a
Q-switched pulse featuring a controllable sharp falling edge.
Consequently, the laser emission can be suppressed imminent
to the arrival of the 205 nm pulse probing the velocity profile,
avoiding a temporal overlap of the cooling and probing laser
pulses. The 205 nm pulse interacts with Ps about 12 ns
after the 243 nm pulse has subsided. This ensures that
the transiently excited Ps have spontaneously decayed to
the ground state before probing the velocity distribution of the
cloud. Nanosecond synchronization between laser pulses,
HYV switch, and e was realized by ARTIQ and Sinara control
electronics [33] coordinated by a LabVIEW-based distributed
control system [34]. The 243 nm laser beam is copropagating
with the 205 nm pulse [Fig. 1(b)] and retroreflected by a
dichroic mirror transmitting the 205 nm light. All laser beams
are linearly polarized.

The time distribution of the y radiation resulting from
Ps annihilations, the so-called single-shot positron annihi-
lation lifetime spectroscopy (SSPALS) [35] spectrum, was
acquired in different laser configurations. As illustrated in
Fig. 2, the configurations “no lasers,” “205 nm + 1064 nm”,
“243 nm only,” and “243 nm + 205 nm + 1064 nm” were
used. A 25x25x25mm PbWQ, scintillator placed
40 mm above the e /Ps converter, coupled to a Hamamatsu
R11265-100 photomultiplier tube and a Teledyne LeCroy
HDO4104A oscilloscope, was used to acquire SSPALS
spectra [32].

The long tail in the SSPALS spectrum measured without
lasers (black dotted curve), extending from 150 to 400 ns in
Fig. 2, reflects the 142 ns lifetime of 1S Ps in vacuum.
Firing the 243 nm laser only, a large fraction of Ps is excited
to the 23P level, where the annihilation lifetime is much
longer than in the ground state. Consequently, the annihi-
lation rate at later times increases (green dash-dotted line in
Fig. 2) due to an increase in the number of annihilating
atoms in the ground state. By sending the 205 nm +
1064 nm pulses only, a fraction of the atoms is selectively
photoionized. This leads to an immediate small increase in
the y emission as a fraction of the isotropically emitted
photodissociated e* hits the conversion target and annihi-
lates (small bump at 90 ns in Fig. 2), followed by a
reduction of the number of ground state Ps annihilating
with 142 ns lifetime (red dashed curve). The interaction of
the Ps cloud with all three lasers induces a combined effect
(blue solid curve in Fig. 2).
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FIG. 2. SSPALS spectra of Ps in vacuum without lasers (black
dotted curve), with the 205 nm + 1064 nm lasers (red dashed
curve), with the 243 nm laser only (green dash-dotted curve), and
with all three lasers 243 nm + 205 nm + 1064 nm (blue solid
curve). The 243 nm laser is firing during the time window from
—20 to 50 ns (green band), while the 205 nm + 1064 nm (red
vertical line) are injected 75 ns after e® implantation time
(t = 0 ns). Each curve is an average of 90 individual spectra.
The statistical error is smaller than the linewidths. For analysis,
the spectra were integrated between 150 and 400 ns (light gray
area).

In order to study the effects caused by the different laser
configurations, S parameters are constructed as

Jon — forr
S = 1
forr M

where foy and forp denote the integrated SSPALS spectra
in the time window between 150 and 400 ns (gray band in
Fig. 2). “ON” refers to laser(s) interacting with the Ps
cloud, and “OFF” to no laser interaction. In the following,
we will refer to S5, 1064 When only the probing lasers are
present, and S,,4; when only the cooling laser is present. We
further define S, as the difference between S»43,505. 1064
(when all three lasers are present) and S,43:

Scool = 8243420541064 — S243- (2)

Scool Teflects the number of photoionized Ps atoms by the
probing laser after the interaction with the cooling laser,
normalized by the number of Ps atoms annihilating in the
absence of any laser. The S-parameter values are calculated
by averaging over many sets of spectra acquired consecu-
tively in all the above-mentioned laser configurations. A
detrending procedure is applied [36] to correct for slow
changes in the amount of Ps produced over time, caused
by moderator aging during the long measurement period.
A trend function is built by applying Gaussian radial
basis regression [37] to the fopp dataset. Subsequently,
S parameters are calculated by evaluating the trend function
at exactly the time at which the SSPALS spectra with
laser(s) are acquired.
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FIG. 3. Ps velocity distribution measured by SSPALS.

(a) Transverse Doppler profile measured by two-photon resonant
ionization. A Gaussian fit yields an rms width of 44(1) pm, which
translates to a Ps rms velocity of 5.3 4+ 0.2 x 10* ms™" after
deconvoluting the 6,95 laser bandwidth. (b) Velocity-resolved
increase in the number of ground state Ps atoms, induced by the
243 nm transitory excitation to the 23P level. At resonance, the
expected Lamb dip is observed. A 2-Gaussian fit yields an rms
width of the enveloping Gaussian of 44(3) pm, which corre-
sponds to a Ps rms velocity of 4.9 + 0.4 x 10* ms™'.

First, the Ps velocity distribution without laser cooling
was measured by scanning the 1,y5 detuning with the 205
and 1064 nm laser beams grazing the surface of the e™ /Ps
converter. In this experiment, the laser pulses were fired
50 ns after the e" implantation time. The transverse
Doppler profile [Fig. 3(a)] is fitted with a Gaussian
function, yielding an rms width of 44(1) pm. This width
corresponds to a Ps rms velocity of 5.3 0.2 x 10* ms~!
after deconvoluting the 6,95 probing laser bandwidth.
This rms velocity is associated with a transverse temper-
ature of 370(30) K. The resulting line is centered at
2595 = 205.044(3) nm, which is compatible with the theo-
retical value [32].

Second, we performed saturated absorption spectroscopy
on the 135-23 P transition [38] to determine the center of the
line and to characterize the effect of the cooling pulse on the
SSPALS spectrum. Figure 3(b) displays the S,,4; parameter
calculated from SSPALS spectra, recorded as a function of
the 4,43 detuning. The cooling laser pulse is synchronized
with the et implantation time (see Fig. 2). It is worth noting
that the resulting S values are now positive, in contrast to
what was observed in the two-photon resonant ionization
experiment. To the best of our knowledge, such an increase
in the number of ground state Ps atoms caused by a
transitory laser excitation to the 23 P level has never been
observed and can be classified as a laser-induced, spectrally
tunable preservation of Ps. This effect has the same
physical origin as the one observed in the lifetime enhance-
ment of Ps atoms excited to Rydberg states [31].
The observed line shape shows a Lamb dip, demonstrating
the saturation of the 135-23P transition by the laser [38].

A 2-Gaussian model is fitted to the data, following the
approach taken in Ref. [38]. The transition line is centered
at A5,; = 243.025(3) nm, which is in agreement with
previous measurements [38]. The enveloping Gaussian
features an rms width of 44(3) pm, which corresponds
to a Ps rms velocity of 4.9 + 0.4 x 10* ms™' [320(50) K]
after deconvoluting the 0,43 cooling laser bandwidth.

With this understanding of the individual laser interactions
with the Ps cloud, we then performed experiments combin-
ing the 243 nm cooling laser and the 205 nm + 1064 nm
probing lasers. The cooling laser remains synchronized with
the e™ implantation time and in the same spatial position
[Fig. 1(b), blue spot]. The probing laser pulse is delayed by
75 ns with respect to the positron implantation time [3,25]
(red vertical line in Fig. 2) and moved to a position at a
distance of 7 mm from the converter surface [Fig. 1(b), violet
spot] corresponding to the distance covered by the atoms
in the peak-velocity component of the axial velocity dis-
tribution during 70 ns. These parameters are chosen to reach
a Syosi1064 Of ~10% with the probing laser tuned at
resonance. To characterize the change in the Ps velocity
distribution induced by the cooling laser, the detuning of the
243 nm laser is set to —200 GHz (corresponding to
A3 = 243.061 nm) and a photoionization Doppler scan
is performed. The S, parameter measured as a function of
the detuning of the probing laser is shown in Fig. 4. The
curve is compared to the Syps, 1064 distribution measured in
the same configuration (75 ns delay and 7 mm away from the
e’ /Ps converter), but without prior interaction with the
cooling laser. Both of the one-dimensional transverse
Doppler profiles were obtained by applying a moving
average to the ~350 single S values with a square window
(350 GHz in width).

The one-dimensional transverse Doppler profile
obtained in the presence of the 243 nm cooling laser is
narrower than the one measured without it. The asymmetry
of the two profiles is caused by a slight increase in the pulse
energy of the 205 nm probing laser toward blue-detuned
wavelengths. A simple Gaussian fit on each of the two
distributions was used to quantify the change in the velocity
profile. With cooling, we find an rms width of 269(1) GHz,
in contrast to 330(2) GHz without cooling. After deconvo-
luting the standard deviation of the moving average
window (350 GHz//12) and the 6,5 laser bandwidth,
the Ps rms velocities corresponding to these widths are
5440.2 x 10* ms~!, associated with a temperature of
380(20) K, and 3.7 £0.2 x 10* ms™! associated with
170(20) K, respectively. The obtained rms velocity in
the absence of the cooling laser is in agreement with the
results reported in Fig. 3. The interaction with the 70-ns-
long 243 nm laser pulse reduces the Ps rms velocity by
1.7 4+ 0.3 x 10* ms~!, corresponding to a temperature
reduction of AT = 210(30) K. The systematic error asso-
ciated with the arbitrary choice of a Gaussian fitting model
is estimated to be £10 K.
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FIG. 4. One-dimensional transverse Doppler profiles of the Ps
cloud with (solid curve) and without (dotted curve) interaction
with the 243 nm cooling laser beam at a fixed frequency detuning
of —200 GHz. The semitransparent bands represent the statistical
measurement error (one standard deviation of the average).

Given the high optical intensity of the 243 nm laser, the
average time for all addressed Ps atoms to undergo a single
cooling cycle is 6.38 ns [10]. Consequently, a maximum of
11 cooling cycles can be reached within the 70-ns-long laser-
Ps interaction. Since the recoil velocity for a single 1°5-2°P
transition of Ps is v,e.q; = 1.5 x 10° ms™! [27], the velocity
reduction can reach 119, = 1.65 x 10* ms™!, corre-
sponding to a temperature reduction of about 200 K, in
agreement with our measurements.

To evaluate the maximum fraction of fast Ps that can be
pushed toward null velocity via recoil effect, the cooling
laser detuning was scanned from —0.65 to 0.25 THz while
the 205 nm laser remained at resonance. The result of
this scan is shown in Fig. 5. The horizontal dashed line is
the signal measured when only the probing laser interacts
with the Ps cloud (S505 1064), yielding —S = 8.0(2)% as the

A243 (nm)
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FIG. 5. Number of Ps atoms with v;p < 3.7 x 10* ms™!, as a

function of the cooling laser frequency detuning, normalized to
the number of Ps atoms in the absence of all lasers. The dashed
horizontal line represents the reference population of Ps in this
velocity range with the cooling laser off. The highest observed
relative increase is 58(9)% at a cooling laser frequency detuning
of —350 GHz. The semitransparent bands represent the statistical
uncertainties (one standard deviation of the average).

reference for the population near resonance. The blue curve
is the S.,, parameter as defined in Eq. (2). The curve was
obtained by applying a moving average with a window size
of 200 GHz. For a given A,4; detuning, the difference
between S, and S»gs. 1064 corresponds to the fraction of
Ps atoms cooled within the bandwidth of the 205 nm laser,
i.e., having velocities smaller than 3.7 x 10* ms~'. The —S
value at —200 GHz detuning in Fig. 5 is compatible with
that of Fig. 4 at resonance (9.2 + 1.8% and 10.4 £ 0.5%,
respectively). We find a maximum relative increase of
58(9)% at a detuning of —350 GHz.

In conclusion, we have experimentally demonstrated
laser cooling of a large fraction of a thermal Ps cloud in a
magnetic and electric field-free environment and reduced
the velocity rms by 119,y = 1.65 x 10* ms™! in 70 ns,
which is the limit of the efficiency allowed by standard
Doppler cooling. A temperature decrease from 380(20) to
170(20) K was observed. Our Letter also gives an in-depth
understanding of the different laser-Ps interactions and their
manifestation in the SSPALS spectra. In particular, we
observed an increase in the number of ground state atoms
after Ps has been transiently excited to the 2P states.
Consequently, this cooling method has the unique feature
of delaying annihilation, which allows us to preserve a
larger number of Ps atoms while cooling the ensemble.
Furthermore, the estimate of the cooling laser intensity
suggests that cooling is driven in the strongly saturated
regime. Starting from a colder source at 150 K [39]
and adding a second cooling stage with a narrower
spectral bandwidth set closer to resonance will allow us
to reach the recoil velocity in 22 cooling cycles (~140 ns).
Alternatively, coherent laser cooling [40,41] may be
adapted to the positronium case. Ps laser cooling opens
the door to an entirely new range of important fundamental
studies, including precision spectroscopy, Bose-Einstein
condensation of antimatter, and tests of the equivalence
principle with a purely leptonic matter-antimatter system.
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