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Development of a laser for chirp cooling of positronium to near the recoil
limit using a chirped pulse-train generator
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We present the development and characterization of a pulsed 243-nm laser designed for cooling positronium
(Ps) to near the recoil limit. The laser, based on the recent chirped pulse-train generator (CPTG) demonstrated
by Yamada et al. [K. Yamada et al., Phys. Rev. Appl. 16, 014009 (2021)], outputs a train of pulses with
spectral widths of 10 GHz. The center frequency of each pulse is shifted upward (up-chirped) in time by
4.9 × 102 GHz µs−1. These parameters are determined by the mechanism of chirp cooling, a suitable scheme
for cooling numerous Ps atoms to the recoil temperature of laser cooling. To achieve the desired performance,
we drove an optical phase modulator in the CPTG with a high modulation depth based on the operating principle
of the cooling laser. Time-resolved spectroscopic measurements confirmed that the developed laser satisfies
the chirp rate and instantaneous spectral width requirements for efficient chirp cooling. We believe that the
experimental demonstration of Ps laser cooling with a pulse energy of hundreds of microjoules has become
possible using realistic methods for the generation and velocity measurement of Ps.

DOI: 10.1103/PhysRevA.109.043520

I. INTRODUCTION

Positronium (Ps), which is the bound state of an electron
and a positron, is a unique system for precise investigation
of fundamental physics [1,2]. Its purely leptonic composition
allows precise calculations of eigenenergies and lifetimes.
Comparisons between the calculated energy intervals and
their precise measurements can be stringent tests of quantum
electrodynamics and probes for new physics, such as the
asymmetry between matter and antimatter. For most intervals
between the energy levels of Ps, the measurement preci-
sion is currently inferior to that of calculations [2–6]. One
difficulty in these spectroscopic measurements arises from
the light mass of Ps. As Ps is the lightest atom, its veloc-
ity distribution is very broad at typical temperatures, which
dominantly contributes to measurement errors in both the op-
tical and microwave regions [4,6]. Consequently, the cooling
of Ps will be a breakthrough achievement in increasing the
measurement precision and even in achieving Bose-Einstein
condensation (BEC) combined with a dense cloud of Ps [7–9].
The conventional cooling technique uses thermalization pro-
cesses between energetic Ps atoms and cryogenic materials
[10,11]. The lowest temperature of the Ps atom clouds emit-
ted into vacuum is currently limited to approximately 100 K
[10,12,13].

Laser cooling is a promising technique for cooling Ps
to temperatures significantly lower than the current limit
[14–16]. One advantage is the large recoil velocity achieved
by absorbing the momentum of a photon because of its light
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mass. This is particularly important for Ps, which is an unsta-
ble atom with a decay lifetime of 142 ns in the long-lived 1 3S1

state [17,18]. Rapid cooling of initially hot Ps is considered
possible using the 1S-2P transition in a time duration compa-
rable to its lifetime. However, the light mass makes it difficult
to prepare an appropriate laser. A laser at a wavelength of
243 nm with both a broadband spectrum and long duration
is required. Recently, some of the authors of this paper pro-
posed an operating principle for a laser that can potentially
enable chirp cooling of Ps [9,19]. Although our experiment
demonstrated the validity of the proposed principle [19], the
developed laser system requires significant advancements to
achieve efficient cooling, based on the principle of chirp cool-
ing. As we show in this paper, the chirp rate and instantaneous
spectral width of the laser are crucial for cooling the majority
of a thermal Ps atom gas to the fundamental limit of laser
cooling. Those parameters of the proof-of-principle system
should be enhanced by an order of magnitude.

In this paper, we demonstrate significant enhancements of
the chirp rate and instantaneous spectral width of the chirped
pulse-train generator (CPTG) for laser cooling of Ps to near
the recoil limit. We show that, based on the working principle
of the CPTG, the desired enhancements can be achieved if
the driving power of the optical phase modulator utilized in
the CPTG can be increased by an order of magnitude. The
pulsed driving of the modulator represents a breakthrough
to achieve the required driving power without damaging any
components in the modulator. The improved phase modu-
lation technique supports the possibility of optimizing the
CPTG for Ps laser cooling. We also qualitatively discuss the
specifications required for a laser to perform efficient chirp
cooling of Ps; moreover, we developed such a laser based
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on the significantly enhanced CPTG with those specifications.
The developed laser was directly characterized in the time and
spectral domains via methods superior to those employed in
the previous work, and it was confirmed that the laser met the
requirements for cooling Ps to the limit posed by recoil from
emitted photons during the process of laser cooling. The cool-
ing method utilizing the developed laser provides an approach
to realize Ps atom gas cooling to sub-Kelvin temperatures.

II. CONCEPT OF THE DESIGN

A. Proposal of Ps chirp cooling

We first review how laser cooling of Ps works within a
duration comparable to the lifetime of Ps, according to pre-
vious studies [9,14–16]. Those studies stated that a cooling
laser with a broadband spectrum could be useful for cooling
many Ps atoms, but we note that this configuration with a laser
intensity comparable to the saturation intensity of the transi-
tion limits the reachable temperature of laser-cooled atoms to
several degrees Kelvin. In this paper, we propose an efficient
chirp cooling method for Ps to achieve a velocity distribution
as narrow as practically limited by the recoil effect. Previous
studies considered laser cooling using a pulsed laser with a
wavelength of 243 nm, which has a long time duration on the
order of 100 ns, and a broadband spectrum on the order of 10
or 100 GHz. The wavelength is resonant with the transition
between the 1S and 2P states. The 1S − 2P transition is the
most suitable for laser cooling because of its short sponta-
neous emission lifetime of approximately 3.2 ns and its long
lifetime for decay to gamma rays [20]. The required time
duration can be estimated from the typical initial velocity of
Ps, the effective rate at which spontaneous emission occurs,
and the recoil velocity. For example, the most probable veloc-
ity of the cloud of Ps in the Maxwell-Boltzmann distribution
at the temperature T in degrees Kelvin is 3.8 × 103

√
T m/s.

When the transition is strongly induced to saturation, the
effective rate of the cooling cycle is 1

2 × 1
3.2 ns . The recoil ve-

locity for the 243-nm photon is 1.5 × 103 m/s. Therefore, the
duration required to cool Ps to the cooling limit was calculated
to be 16

√
T ns. Cooling of Ps from several hundred degrees

Kelvin can be accomplished in a time duration on the order
of 100 ns, which is comparable to the lifetime of spin-triplet
Ps. This rapid cooling is possible because of the high recoil
velocity, which originates from the light mass of Ps. A pulsed
laser with this long duration, rather than a continuous-wave
oscillation, is preferable to achieve sufficient intensity at the
UV wavelength of 243 nm to maximize the effective rate of
spontaneous emissions with a typical laser beam size to cover
the size of a gaseous cloud of Ps. The broadband spectrum
is required to cool numerous Ps atoms. The Doppler width at
the thermal equilibrium is 27

√
T GHz at the full width at half

maximum (FWHM) at T K. Therefore, a spectral width on the
order of 10 or 100 GHz is necessary for cooling Ps gas at an
initial temperature of hundreds of degrees Kelvin.

The broadband spectrum of the cooling laser is useful
for cooling many Ps atoms, but assuming a typical smooth
spectrum shape, it also limits the narrowness of the resulting
cooled Ps velocity distribution. In previous studies discussing
the laser cooling process of Ps with the best realistically

obtainable lasers at that time [15,16], the spectra of lasers
were assumed to be broadband, smooth, and fixed. Figure 1(a)
illustrates a simulated Doppler profile after cooling with such
a laser spectrum from an initial temperature of 300 K. The
laser was assumed to have linear polarization and be irra-
diated by the counterpropagating configuration for 200 ns.
The simulation was done using the code that we developed
for chirp cooling simulation, which was based on the Bloch
equation formalism and will be explained in detail later. In this
case, the frequency detuning should be as large as the broad
spectral width of the laser to suppress the photon absorption
process, which leads to the acceleration of Ps. This hinders
achieving a narrow velocity distribution of laser-cooled Ps.
The width of the resulting Doppler profile is approximately
50 GHz or 4 K in temperature, which is comparable to the
laser spectral width of 75 GHz in the simulation. Given that
twice the Doppler shift with the recoil velocity is around
12 GHz, as demonstrated in the following paragraphs, the
simulated Doppler profile is approximately four times wider
than the recoil limit. Reducing the spectral width would help
to reach the recoil limit, but it would also reduce the number
of Ps atoms that can be cooled. The simulation assumed a
detuning of 75 GHz, consistent with [16], along with the
spectral width. The averaged intensity during cooling was
0.45 kW cm−2, saturating the transition. The frequency mode
interval was set to 40 MHz, ensuring an effectively contin-
uous laser spectrum considering the natural linewidth of the
employed transition.

Here, we propose a chirp cooling scheme, in which the
frequency of the laser shifts in time (chirps), that would both
cool many Ps atoms and achieve the minimum reachable
temperature. Chirp cooling is a powerful technique capable of
cooling a broad range of initial velocities of prepared atoms by
adjusting the laser frequency to resonate with the atoms being
decelerated. This technique has found different applications,
such as stopping hot or fast atomic beams [21,22]. The first
theoretical work on laser cooling of Ps [14] suggested that
chirp cooling could be valuable for this purpose. However,
it posited that achieving the necessary chirp rate for cooling
Ps was challenging at that time, providing no detailed dis-
cussions on chirp cooling. Instead, it estimated that using a
broadband laser with a steep cutoff at the blue side could cool
Ps to around or below the recoil limit temperature. Yet, no
reports have been made thus far on developing such a laser or
conducting a cooling experiment. In the following sections,
we elucidate how efficient Ps chirp cooling operates as an
alternative method to approach the recoil limit. The physics
for determining the appropriate chirp rate and instantaneous
spectral width is also presented. The appropriate instanta-
neous spectral width is required to balance the amount and
temperature of cooled Ps. The importance of this parameter
has not been discussed in previous literature [14].

The chirp cooling method proves advantageous in achiev-
ing a narrow instantaneous spectral width for the laser. The
spectrum of such a laser and a simulated Doppler profile post-
cooling are illustrated in Fig. 1(b). In contrast to the previously
discussed scenario, the laser detuning at the conclusion of the
cooling process can be minimized. With the confirmed param-
eters of the laser in both time and frequency domains, reported
in this paper, the simulation anticipates that the width of the
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FIG. 1. Comparison of laser cooling schemes using a laser with a smooth and fixed spectrum and a chirped laser, showing the laser spectra
(dashed and dotted curves) and simulated Doppler profile (solid curves) after cooling. For the laser spectra, the horizontal axis shows the
laser detuning from fR = 1 233 596 GHz, which corresponds to the average of energy differences between 1 3S1 and 2 3PJ states weighted by
each multiplicity of the excited state. The Doppler shift � fD shown in the horizontal axis was related with Ps velocity vPs by � fD = fRvPs/c.
(a) Case in which the laser spectrum is smooth and fixed. The broadband spectrum is required to be resonant for Ps atoms with a wide range
of velocity. The detuning should be as large as its broad spectral width to avoid laser heating. (b) Case in which a chirped pulse train is used.
The narrow instantaneous spectral width in chirp cooling allows smaller detuning at the end of the cooling.

resulting Doppler profile would be approximately 10 GHz,
nearing the recoil limit. The average intensity during the
cooling period was set to 1 kW cm−2 to saturate the transition.

A narrow laser spectrum with frequency chirp can be useful
for Ps chirp cooling as the frequency detuning at the end of the
cooling process can be small, but if it is excessively narrow,
the cooling efficiency will degrade. One cause for this is that
the recoil in random directions caused by photons from spon-
taneous emissions broadens the velocity distribution of laser-
cooled Ps. This occurs even after a single cycle of the cooling
process, as the laser cooling schemes of Ps proposed so far
require spontaneous emissions. The random Doppler shifts
resulting from a single cooling cycle spread uniformly over

2�r = 2
h̄k2

p

2πmPs
; kp is the wave number of an emitted photon,

mPs is the mass of Ps, and h̄ is the reduced Planck constant.
Preferably, the laser spectrum should be comparably broad
relative to 2�r to achieve resonance with most Ps atoms under
cooling. The other reason causing poor cooling efficiency in
the case of an excessively narrow spectrum is the energy
splitting of the 2 3PJ (J = 0, 1, 2) states of Ps, as depicted in
Fig. 2, which also shows the Doppler width induced by the
recoil. If the laser spectrum also covers this splitting, it can
excite all possible transitions for laser cooling. One benefit of
this approach is that the transition strength can be increased
for efficient laser cooling, and another is that we can avoid
Ps atoms becoming polarized by an optical pumping process.
An optimal value exists for the instantaneous spectral width
to balance the quantity and temperature of cooled Ps atoms.

From this qualitative consideration of the Ps cooling
scheme using the chirped pulse train, an appropriate chirp
rate and instantaneous spectral width exist. In this paper, we
semiquantitatively determine these values using fundamental
parameters. The appropriate chirp rate can be determined
from the shift of the resonance frequency �r caused by
the absorption of a single laser photon and the effective
duration required (6.4 ns) to complete a single cooling
cycle. With kp = 2π/243 nm, �r is approximately 6.2 GHz.

If the laser chirps 6.2 GHz every 6.4 ns, the chirp rate
will be approximately 1 × 103 GHz µs−1. We assume the
appropriate chirp rate is less than this value and on the order
of 100 GHz µs−1, as not all Ps atoms can be decelerated in a
single cooling cycle due to the randomly distributed Doppler
shifts resulting from spontaneous emissions. A spectral
range swept by this order of chirp rate during the lifetime of
spin-triplet Ps can be up to 100 GHz, which is comparable to
the initial Doppler width of typical Ps atom gas. With respect
to the instantaneous spectral width, the appropriate value
is assumed to be approximately 10 GHz, considering both
the randomly distributed Doppler shifts 2�r � 12.4 GHz in
cooling cycles and the splitting of the 2P states, which is
9.9 GHz at maximum. The ideal width should be determined
such that it provides a balance between the cooled fraction and
final temperature of cooled Ps, as discussed above. In the time
domain, a pulse width close to the Fourier-transform limit
is anticipated from the principle of operation of this laser.
An instantaneous spectral width of 10 GHz in the frequency
spectrum suggests a short pulse lasting between 10 and 100
ps depending on the actual spectral shape. Because the chirp

FIG. 2. Level diagram including the 1 3S1 and 2 3PJ states of Ps,
the Doppler width resulted by the recoil, and a laser spectrum for
inducing all transitions between 1 3S1 and all sublevels in the excited
states.
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cooling continues for hundreds of nanoseconds, our cooling
scheme can be realized with a train of such short pulses with
their central frequencies shifting sequentially. The CPTG can
potentially emit this chirped pulse train [19]. We designed a
significant enhancement of the previously developed CPTG
for achieving the assumed appropriate chirp rate and spectral
width of a single pulse according to the working principle
reported in [19]. The realization of deep frequency modulation
with a time-dependent depth is a key technological
advancement. In the next subsection, we discuss how this
became possible, including a brief review of the CPTG.

Further accurate determination of optimized laser param-
eters could be achieved through numerical simulations, as
conducted in [16]. However, the chirp cooling scheme we
propose using the train of pulses precludes the adoption of
existing formalisms based on rate equations. For the sake
of rapid cooling of Ps, the intensity of each pulse from the
CPTG has to be appropriately high to enhance the excitation
probability, and the pulse interval should be comparable to
the 3.2-ns spontaneous emission lifetime. In this case, mutual
coherence between pulses and its effect on cooling dynamics
cannot be neglected. As also previously discussed [16], inter-
actions between Ps and photons in such a laser necessitate the
incorporation of the coherence term in Bloch equation for-
malism. The applicability of the rate equation formalism is
established in simulations of cooling under the irradiation
of incoherent and broadband lasers [16], which is not the
case for the CPTG. Irradiation with multiple high-intensity
short pulses at intervals shorter than the decoherence time
can induce coherence-related phenomena beyond the predic-
tions of rate equation formalism, such as Ramsey interference.
Depending on the parameter setting of our cooling laser, the
influence of such coherence on cooling cannot be neglected,
and the effect is difficult to predict intuitively. Therefore, we
developed a simulation code based on Bloch equation formal-
ism for the accurate modeling of the Ps-photon interaction.
The time evolution of the density matrix was traced according
to the Lindblad master equation [23]. The considered quantum
state space had basis states that were labeled by the internal
state of Ps including the spin-triplet 1S and 2P states and
the translational momentum. The Ps-photon interaction was
considered up to the electric dipole interaction. The laser field
was described as a coherent state with a very large aver-
age photon number, and changes in the photon number due
to Ps-photon interactions were neglected. The spontaneous
emission and decay by self-annihilation were included in the
dissipative part of the Lindbladian. To address the extensive
momentum state space required for simulating laser cooling of
a typical Ps atom cloud, whose initial Doppler profile is orders
of magnitude wider than the natural linewidth of the employed
transition, the simulation was conducted on a supercomputer.
Doppler profiles in Fig. 1 were simulated in this manner. A
detailed publication outlining the implementation, results, and
interpretations of the numerical simulation based on Bloch
equation formalism shall be available elsewhere.

B. Design of the laser

A laser with appropriate properties for the chirp cooling of
Ps can be achieved by enhancing the spectral features of the

CPTG, the details of which are described in [19]. A schematic
of the laser system is shown in Fig. 3. The injection-seeded
pulsed laser with an optical phase modulator introduced inside
the laser cavity is called the chirped pulse-train generator
because it emits a train of optical pulses with a short duration,
whose carrier frequencies are shifted by each pulse. Accord-
ing to the modeled dynamics of the laser oscillation [19], the
spectral width of each pulse is β�mF ln 2/(2π ) at FWHM,
and its center angular frequency shifts over time at a rate of
�mβ/Ttrip. Here, β is the modulation depth, �m is the modu-
lation angular frequency of an electro-optic modulator (EOM)
inside the laser cavity, F denotes the laser cavity finesse, and
Ttrip is the round-trip time of the laser cavity. The spectral
width after the third harmonic generation (THG) to the desired
wavelength of 243 nm experiences broadening, depending on
the spectral shape within a single pulse. The chirp rate also
triples after the THG. In the time domain, a long cavity length
(3.8 m) and a relatively high reflectivity of the output coupler
(98%) can be employed to accommodate the long photon
lifetime of the optical pulses circulating inside the laser cavity.
The duration of the pulse train exceeded 600 ns at FWHM,
proving to be sufficiently long for chirp cooling. The modu-
lation angular frequency �m and depth β were determined to
obtain an optimized spectrum for Ps chirp cooling. �m was set
as an integer multiple of the longitudinal mode interval of the
laser cavity such that the sidebands were also resonant with
the cavity modes. The interval was approximately 78.8 MHz
for the current laser system. The other parameters related to
�m include the driving power and frequency of the second
EOM, which was placed outside the laser cavity to modulate
the output of the CPTG. This EOM was used to make the
laser spectrum sufficiently dense for Ps, which has a natu-
ral spectral width of approximately �nat = 2π × 50 MHz in
the 1S − 2P transition. The CPTG output, whose spectrum
is discrete with an interval of �m/(2π ), should be deeply
phase modulated to fill the interval such that the frequency
interval after the second EOM is less than or comparable to
�nat/(2π ). A comparison between the natural spectral width
and the interval of the discrete spectrum of the laser is pre-
sented in Fig. 4. We adopted �m = 2π × 236 MHz = 2π ×
78.8 MHz × 3 to balance the rapid chirp rate and difficulty
of the second modulation. Because a frequency shift occurs
for each Ttrip interval and it exceeds the duration of a cooling
cycle when the transition is saturated, the required chirp rate
with the current condition is �r/Ttrip = 0.49 GHz/ns, which
is an order of magnitude higher than that achieved in [19].
The modulation depth corresponding to this chirp rate is β =
8.8 rad. Using this β value, the spectral width of a single pulse
that constitutes the output of the CPTG in the fundamental
wave is 22 GHz, which is broader than the target value. Both
requirements should be satisfied by dynamically controlling
β at a certain low value while operating the EOM before the
laser excitation, and at the required level for a rapid chirp
thereafter.

III. PULSED DRIVING OF THE EOM FOR ENHANCING
THE SPECTRAL BROADENING

We adopted a free-space resonantly enhanced EOM for the
modulator inside the laser cavity to achieve the required chirp
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FIG. 3. Schematic of the laser system. The Ti:sapphire pulsed laser is injection seeded by the external cavity diode laser (ECDL), which
is a 729-nm continuous-wave (CW) laser, so that the required 243-nm laser can be obtained after the Ti:sapphire multipass amplifier and
third harmonic generation (THG) by the lithium triborate (LBO) and beta barium borate (BBO) nonlinear crystals. By driving the electro-optic
modulator (EOM) inside the laser cavity, the CPTG outputs a train of pulses. Each pulse has a broad spectral width and carrier-frequency chirp.
The output of the CPTG is then diffracted by an acousto-optic modulator (AOM) before being sent to the subsequent stages. The desired part
of the CPTG output can be processed by controlling the timing of the pulsed drive of the AOM and the excitation of the multipass amplifier.
This pulse chopping can control the duration of the pulse train, which was also used for time-resolved spectroscopy of the laser in this paper.
The output is also modulated by the second EOM to make the spectrum dense for the 1S − 2P transition of Ps.

rate and single-pulse spectral width. The free-space type was
selected because of its low insertion loss, which is necessary
for the high finesse of the laser cavity. The EOM used in this
paper consists of a KTiOPO4 (KTP) EO crystal with dimen-
sions of 3 × 3 × L6 mm and was manufactured to have a low
insertion loss at the working wavelength of 729 nm by using a
high-quality crystal and antireflective coating. The finesse of
the laser cavity with the EOM was measured as approximately
97. The enhancement in the modulation through resonance
can be useful for achieving the required deep modulation
because we drive the EOM at a single frequency of 236 MHz.
The designed Q factor of the resonant circuit was 98, which

indicated that the power of the driving rf signal required to re-

alize β = 8.8 rad was 25 W. Heat management for this high rf
power was unnecessary because we drove the EOM for 16 µs
at a repetition rate of 10 Hz, which corresponded to a duty
ratio of 1.6 × 10−4. The modulation bandwidth for the driving
rf was 2.4 MHz, which was limited by the Q factor. This band-
width was wide enough to increase the rf power during the
buildup time of the CPTG of several hundred nanoseconds.
The modulation depth can then be adjusted to achieve the
required chirp rate and spectral width of a single pulse.

We tested whether the required modulation depth, which
is too large for free-space EOMs with continuous driving,
could be achieved in a pulsed operation. The EOM was
driven by a pulsed 236-MHz rf signal, and the modulation
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FIG. 4. Comparison between the natural spectral width of the
1S − 2P transition of Ps and the interval of the discrete spectrum of
the laser. The absorption spectrum of Ps that is broadened by the nat-
ural spectral width of approximately 50 MHz is shown as a centered
solid curve. Because the developed CPTG has a discrete spectrum
with an interval of 236 MHz (dashed curves), there are many Ps
atoms whose resonant frequencies are shifted by the Doppler effect
and are off-resonant with any spectral component of the laser. There-
fore, we generated sidebands with a modulation frequency around the
natural spectral width to make the spectrum dense for the transition
of Ps. We adopted 78.8 MHz as the modulation frequency for the
second EOM, which is one-third of the interval of the unmodulated
spectrum. The spectra of the modulated laser are shown by the dotted
curves.

depth was measured by analyzing the spectral broadening
imposed on the single-longitudinal-mode (SLM) continuous-
wave laser. The modulated laser beam was injected into a
scanning Fabry-Pérot interferometer (1.5-GHz free spectral
range (FSR), >200 finesse), whose cavity length was swept
such that its longitudinal modes were swept at a rate of
4 MHz s−1. Because the EOM was driven at a repetition
rate of 10 Hz, the optical frequency transmitted through the
interferometer was shifted by 0.4 MHz per driving pulse.
The transmittance through the interferometer was measured
for 40 µs using photodetectors (350-MHz bandwidth), whose
outputs were recorded at 1.25 GSa/s with the EOM driven at
10 µs after the beginning of the measurement. The duration
of driving the EOM was 20 µs. The optical spectrum was
measured by sweeping the interferometer for 1800 s, and the
modulation depth was estimated from the distribution of the
sideband power. Figure 5 shows the ratio of each sideband
power to the incident power on the EOM, as a function of the
amplitude of the driving rf signal. We were able to identify
up to the ninth-order sideband, and the relationships between
the sidebands were consistent with the theoretical model de-
scribed by the Bessel functions Jn(β ), where n is the sideband
order. In the panel of the kth sideband, the theoretical function
is |Jk (FconvVpp)|2. Fconv is the linear conversion factor from the
rf amplitude Vpp to β, and is the same for all sideband orders.
Fconv that satisfactorily explains the measured ratios of each
sideband power to the incident power was 0.080 rad/Vpp. The
EOM worked properly up to the maximum driving amplitude,
giving β = 9.3 rad. This is more than the depth required to
achieve the optimal chirp rate.

To dynamically control the modulation depth to realize
both the optimal spectral width of a single pulse and chirp
rate, we adopted an arbitrary function generator (AFG) as
the source of the driving rf signal. The AFG outputs a sinu-
soidal wave at 59 MHz, the amplitude of which is modulated
by a square-wave envelope. The amplitude was increased at
the timing of the laser excitation of the CPTG. The output
frequency was then quadrupled by two serialized doublers,
followed by a bandpass filter to allow frequency compo-
nents around 236 MHz. The 236-MHz pulse was amplified
using a low-noise amplifier and a 50-W power amplifier. The
typical peak-to-peak amplitudes of the resulting rf signals
needed to obtain the required laser spectrum were 30 and
141 V. The latter amplitude was greater than 110 V, which
corresponded to β = 8.8 rad and provided the required chirp
rate. This was due to the slow rise time of the amplitude
modulation of approximately 400 ns, which was attributed to
the response of the multipliers and filters. With this larger
amplitude, we expected that the required β for the chirp
rate could be obtained immediately after the buildup of the
CPTG.

It is noteworthy that a modulation that is too deep in
the buildup period of the CPTG prevents the chirped pulse
train from oscillating. This was observed by driving the EOM
with a constant amplitude. By increasing β, we observed that
pulses oscillated with a larger frequency shift from the seed
laser, but in ranges greater than β � 6 rad range those pulses
became weak and disappeared, and other pulses appeared
dominantly at the seed frequency. The frequency shift of the
newly appearing pulses increased again when β was further
increased. The smaller frequency shift from the seed laser
indicates that the newly appearing pulses experienced fewer
circulations in the cavity. This can be explained by pulses
whose frequency is shifted excessively from that of the seed
laser, becoming off-resonant with the cavity. In this case,
the newly injected seed laser after the excitation becomes
dominant in consuming the gain of the laser medium via
the stimulated emissions. The off-resonance of the largely
shifted light originates from the unequally spaced longitu-
dinal modes of the laser cavity, which are caused by the
dispersive elements. The longitudinal mode interval becomes
detuned from the modulation frequency. Sidebands generated
in this region cannot interfere constructively with the electric
fields that experience different numbers of circulations. The
EO crystal dominantly contributes to the dispersion by as
much as 1 × 104 fs2 in the current setup. This dispersion can
limit the spectral width of a single pulse; however, using the
theoretical model, the maximum spectral width available by
limiting β � 6 rad can be estimated as 15 GHz, even in the
fundamental wave. This width is broader than 10 GHz, which
is the required value for the chirp cooling of Ps. The described
off-resonance problem can be neglected if a significant in-
crease in β occurs after excitation of the CPTG. The power
of a sufficiently built-up pulse train in the laser cavity can be
very high when compared with that of the seed laser injected
after the excitation. Therefore, the gain of the laser medium
is consumed by the original pulse train. This holds true for
our laser system, where we apply the amplitude modulated rf
pulse. Thus, the maximum depth of modulation can be applied
to achieve the required chirp rate.
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FIG. 5. Ratio of each sideband power to the incident power on the EOM as a function of the amplitude of the driving rf. Peak-to-peak
amplitudes are shown on the horizontal axis. The legend indicates the order of the resolved sideband. Sidebands up to the ninth order can be
identified and their optical powers can be described well by the theoretical model of phase modulation, which is represented as solid curves.
The conversion factor Fconv from the rf amplitude to the modulation depth β was universal across all sideband orders and determined to be
0.080 rad/Vpp to ensure that the measurements agreed well with the theoretical predictions. β is indicated at the top of the horizontal axis. The
maximum β confirmed in this test was 9.3 rad.

IV. MEASUREMENTS OF SPECTRAL AND TIMING
CHARACTERISTICS

We operated the CPTG under the pulsed drive of the EOM,
and measured the time-resolved spectrum of the pulse train
by using a streak camera. Because the spectral shift was
enhanced by an order of magnitude compared to the system
in [19], direct observation of the time evolution of the laser
spectrum became possible with the typical spectral resolution
of the streak camera. Figure 6 shows the experimental setup of

the measurement. The laser was transmitted via a multimode
optical fiber with a 200-µm core. The streak camera was
operated in the single-sweep mode, which was triggered by
a 10-Hz timing signal synchronized with the laser operation.
Both the laser and trigger signals were transmitted over a
distance of approximately 30 m. The laser light was dispersed
in a 50-cm spectrometer with a grating with a groove density
of 2400 mm−1 and blaze wavelength of 240 nm.

Figure 7 shows the typical time-resolved spectrum of the
third harmonics of the CPTG, which is at 243 nm. In this
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FIG. 6. Schematic setup for measuring the time-resolved spec-
trum using a streak camera.

measurement, the applied level of the rf peak-to-peak ampli-
tude before the excitation of the CPTG was 14 V. In Fig. 7(a),
we can observe two components with time durations of hun-
dreds of nanoseconds, whose frequencies are individually
higher and lower than the seed frequency. It is also clearly
observed that both components shift away from the seed fre-
quency. By fitting a linear chirp function to the time-resolved
spectra, the chirp rates were estimated to be 6.2 × 102 and
−5.2 × 102 GHz µs−1. The results demonstrate that a chirp
rate that is more rapid than required can be obtained using
the upgraded pulsed phase modulation. Figure 7(b) shows
the spectrum acquired by the short sweep time to achieve
a time resolution sufficient for resolving each pulse in the
train. Each chirped component formed a pulse train with a
repetition rate the same as the EOM modulation frequency
fm = 236 MHz = 1/4.23 ns, not the longitudinal mode inter-
val of the laser cavity. With a tripled modulation frequency
when compared with the mode interval, six pulses from both
components circulate simultaneously in the laser cavity. This
is one of the different features when compared with the CPTG
introduced in a previous study [19], wherein the modulation
frequency coincided with the mode interval of the cavity, and
two pulses circulated in the cavity. The time shift between two
trains with opposite chirps was also directly observed as 1

2 fm
,

as predicted by the theoretical model [19].
Because the up-chirp component is required for chirp cool-

ing of Ps, we optimized the conversion efficiency of the THG
for the up-chirp component by adjusting the phase-matching
angles of the lithium triborate (LBO) (10-mm length) and beta
barium borate (BBO) (4-mm length) crystals. Figure 8 shows
a typical time-resolved spectrum of the optimized up-chirp
component. The duration of the up-chirp component increased
to approximately 300 ns because the phase-matching bands of
both LBO and BBO crystals were centered in the frequency
range of the up-chirp component sweeps. This duration is
sufficiently long for chirp cooling of Ps from the typical initial
temperature. Under this phase-matching condition, the down-
chirp component weakened because its frequency was outside
the phase-matching bandwidth. The linear chirp rate for the
up-chirp component was estimated to be 6.3 × 102 GHz µs−1.
This result is consistent with the expected rate under the
pulsed modulation of the EOM and is sufficiently rapid for re-
alizing the optimized chirp cooling of Ps. The optimum chirp
rate of 4.9 × 102 GHz µs−1 can also be achieved by adjusting

the amplitude of the driving rf signal after the excitation of the
CPTG to a lower value or by finely adjusting the timing of its
amplitude modulation.

Regarding the spectral width of each pulse, which is an-
other important specification for the chirp cooling of Ps, we
adopted another measurement method because the spectral
resolution of the streak camera was not high enough to re-
solve the expected spectral width. We used a Fabry-Pérot
etalon as an optical narrow bandpass filter at 243 nm, whose
transmission frequency depends on the incident angle of light.
The optical power spectrum was obtained from the transmit-
tance through the etalon by scanning the incident angle. To
resolve the spectrum of a single pulse, it is necessary to isolate
the single optical pulse from the pulse train. The setup for the
measurement is shown in Fig. 9. The incident and transmitted
powers were measured using 350-MHz bandwidth Si biased
detectors. Because the bandwidth was not wide enough to
completely eliminate the falling tails of the preceding pulses,
the pulse-chopping technique described in Fig. 3 using the
acousto-optic modulator (AOM) and multipass amplifier was
adopted to reduce the number of pulses detected. The typical
time evolutions of the power measured at the input side are
shown in Fig. 10. For the measurements reported hereinafter,
the applied level of the rf peak-to-peak amplitude before the
excitation of the CPTG was 30 V. The timing of the operation
of the AOM and the excitation of the multipass amplifier
can control the duration of the pulse train. To measure the
spectral width of a single pulse, the shortest duration of the
pulse train was adopted, as shown in Fig. 10(b). The chopping
bandwidth was not wide enough to extract a single pulse in
the train, which can have a duration of 300 ns for cooling Ps,
as depicted in Fig. 10(a). However, the power of the first pulse
in Fig. 10(b) decreased significantly such that the pileup effect
on the pulse of interest was negligible.

Figure 11 shows the measured spectrum of a single pulse
at around 150 ns in Fig. 10(a). We measured the instrumental
function by measuring the transmission spectrum of the etalon
using an SLM pulsed laser, which had a sufficiently narrow
spectral width. The measurement was performed by varying
the operating optical frequency. The SLM pulsed laser can
be obtained from the CPTG without driving the EOM inside
the laser cavity. The frequency after THG was estimated by
tripling the measured frequency of the seed laser for the
CPTG using a wavemeter with an accuracy of 60 MHz. By
subtracting the spectral resolution, the spectral width of a
single pulse constituting the cooling laser was estimated to be
8.9 GHz at FWHM, which is close to the designed value for
the efficient chirp cooling and the applied β = 2.4 rad before
the excitation of the CPTG. We also measured the spectral
width of each pulse at other times from 0 to 300 ns using
a 50-ns step, and the results were similar, ranging from 8.2
to 9.8 GHz at FWHM. This variation could originate from
several factors such as the mismatch between the longitudinal
mode interval of the CPTG cavity and the EOM modulation
frequency, the mismatch between the seed laser frequency and
the longitudinal mode, or the dispersion inside the cavity.

Another application of this technique for extracting a few
pulses from the pulse train at an arbitrary timing is the mea-
surement of the chirp rate using a high-resolution wavemeter.
This measurement, which is complementary to that obtained
by a streak camera, can be helpful, for example, in conducting
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FIG. 7. Time-resolved spectra of the Ps cooling laser. (a) Spectrum acquired by setting the sweep time to observe all pulses in the train
with a duration of hundreds of nanoseconds. Two components with frequencies higher and lower than those of the seed laser were observed.
Either component chirps upward (up-chirps) or downward (down-chirps) so that the frequency shifts from the seed frequency become larger.
The chirp rates were estimated to be 6 × 102 and −5 × 102 GHz µs−1 by fitting the linear functions to the spectral data. The fitted functions
are superimposed on the spectrum (dashed lines). (b) Time-resolved spectrum at the beginning of the pulse train, acquired by fast sweeping to
achieve better time resolution. The timing of the pulse trains of the two components are shifted by 1

2
2π

�m
, as predicted by the theoretical model

[19]. They were well synchronized with the timing of the pulsed drive of the EOM. Both (a) and (b) are averaged over 100 shots. The origin
of the horizontal axis corresponded to the optical frequency of the third harmonic of the seed laser denoted as fseed. The time resolutions were
(a) 23 ns at FWHM and (b) 0.7 ns at FWHM. The frequency resolution was 2.3 × 102 GHz at FWHM in both spectra.

laser cooling experiments at a positron beam facility where a
streak camera is not available. Figure 12 shows the frequency
of the extracted pulse after taking the THG as a function
of the extraction timing. The frequency was measured using
a UV-compatible wavemeter with an accuracy of ±15 GHz
and a resolution of 40 GHz at 243 nm. We observed that the
frequency of the pulse train starting from 292 GHz shifted
from the tripled seed frequency, and the pulses were linearly
chirped at an estimated rate of 4.7 × 102 GHz µs−1. An op-
timal chirp rate of 4.9 × 102 GHz µs−1 was almost achieved;
therefore, efficient chirp cooling was expected. The difference

FIG. 8. Time-resolved spectrum with the up-chirp component
optimized by adjusting the phase-matching angle. Because the phase-
matching bands of both LBO and BBO crystals were centered in
the frequency range of the up-chirp component, the THG efficiency
for the chirping pulse train was maintained at a high value for a
longer duration than that in Fig. 7(a). The estimated chirp rate was
6 × 102 GHz µs−1, which was obtained by fitting the superposed
linear model. The THG efficiency of the down-chirp component was
so low that it could not be observed. The time resolution was 23 ns at
FWHM, and the frequency resolution was 2.3 × 102 GHz at FWHM.

from the result obtained using the streak camera originates
from the difference in the modulation depth of the EOM and
in the multipass amplifier in terms of the gain and amplifica-
tion timing. The multipass amplifier was adjusted to ensure
that the power of the pulse train was as uniform as possible
over time.

With the achieved chirp rate and spectral width of each
pulse, we expect that the laser cooling of Ps is possible con-
sidering realistic experimental parameters such as the initial
temperature and velocity measurement capability. To estimate
the area that can be irradiated with sufficient intensity by the
laser to efficiently induce the 1S − 2P transition, we derived
the effective power per spectral component of the laser and
considered how the laser beam can be large at an intensity
comparable to the saturation level. The required intensity per
spectral component was assumed to be 0.45 W cm−2, which
is equivalent to the saturation intensity of the Ps 1S − 2P

FIG. 9. Schematic setup for measuring the spectrum of a single
pulse. The transmittance of each UV pulse was measured by scan-
ning the etalon angle. To decrease the pileup effect due to the limited
bandwidth of the detectors used in our setup, the output of the CPTG
was chopped to reduce the number of pulses to be detected.

043520-9



KENJI SHU et al. PHYSICAL REVIEW A 109, 043520 (2024)

FIG. 10. Time-resolved optical power of the chopped pulse train
at 243 nm. The turn-on timings of the AOM and excitation timing of
the multipass amplifier are indicated by solid arrows, and the turn-off
timings of the AOM are indicated by dashed arrows. The duration of
the pulse train can be controlled to (a) 300 ns for the cooling of Ps
and (b) approximately 12 ns to measure the spectral width of a single
pulse. Three pulses are observed in (b). The optical power of the first
pulse was decreased by pulse chopping to reduce the pileup effect on
the second pulse, whose transmission spectrum was evaluated using
an etalon.

FIG. 11. Spectrum of a single pulse at approximately 150 ns in
the pulse train and instrumental functions. The instrumental function
was evaluated using the SLM operation of the CPTG with a narrow
spectral width. The measured spectrum under the SLM operation is
indicated by filled squares. The FWHM of the function was estimated
to be 10 GHz by curve fitting with a Voigt function, as indicated
by the dashed curve. The measured spectrum of a single pulse is
indicated by the filled circles. The spectral width of a single pulse
was estimated to be 8.9 GHz at the FWHM by subtracting the
effect of the instrumental function. The subtraction was performed
by the curve fitting of another Voigt function, assuming that the laser
spectrum had a Gaussian line shape and was convolved with the
instrumental function. The fitted function is indicated by the solid
curve. The spectral peaks are intentionally shifted to the origin of the
horizontal axis.

FIG. 12. Optical frequency of each pulse constituting a UV pulse
train. fSLM denotes the frequency of the SLM operation, which is the
same as the third harmonic of the seeded frequency of the CPTG. The
filled diamonds show the center frequencies of the extracted pulses.
A linear chirp was observed at a rate of 4.7 × 102 GHz µs−1, which
was estimated by fitting a linear function (dashed line) to the data.

transition for light at the resonance frequency. This assump-
tion was made considering that the frequency mode interval of
the developed laser is comparable to the natural linewidth of
the transition, as depicted in Fig. 4. With this interval, every
Ps atom whose Doppler-shifted resonance frequency is within
the envelope of the laser spectrum is effectively excited by
nearly resonant light. Considering the duration of the pulse
train τ and linear chirp rate Rc, the integrated spectral width
is τRc. The pulse energy per component of the laser spectrum
with an interval of fL is U fL

τRc
, where U is the energy of the

pulse train. Owing to the chirp, the effective duration of a
single spectral component becomes shorter than the duration
of the pulse train. With the spectral width of a single pulse δ,
the effective duration can be estimated to be δ/Rc. Therefore,
the effective peak power per spectral component is U fL

τδ
. The

parameters of the laser developed in this paper are U = 700 J,
τ = 300 ns, fL = 78.8 MHz, and δ = 8.9 GHz. The calcu-
lated effective power was 21 W and the corresponding area
of laser irradiation at the saturation intensity was 46 cm2.
This area is sufficiently wide to cover a flight distance of
approximately 2 cm for 300 ns with the most probable ve-
locity at 300 K. Another aspect to consider is the extent to
which the velocity distribution of Ps can be narrowed by chirp
cooling. The frequency range that the laser sweeps due to
the chirp is 4.7 × 102 GHz µs−1 × 300 ns = 1.4 × 102 GHz.
With two counterpropagating laser beams, Ps, whose Doppler
shift for 243 nm is within the doubled frequency range as
wide as 2.8 × 102 GHz, can possibly be cooled to the recoil
limit temperature. This range is more than half the FWHM
(4.6 × 102 GHz) of the Doppler broadening profile at 300 K,
and narrowing by chirp cooling can easily be detected by the
well-established Doppler spectroscopy of Ps [24].
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V. CONCLUSION

We developed a pulsed laser at 243 nm for the chirp cool-
ing of Ps to near the recoil limit. Typically, the laser outputs a
train of pulses whose carrier frequency was chirped at a rate
of 4.7 × 102 GHz µs−1 and the spectral width was 8.9 GHz,
both of which were directly confirmed by time-resolved spec-
troscopy measurements. Based on the fundamental properties
of the chirp-cooling scheme for Ps, these parameters are ap-
propriate for cooling as many Ps atoms as possible to the
recoil limit temperature for laser cooling, which is 0.3 K for
Ps. The key aspect of the laser development was enhancing
the spectral broadening of the chirped pulse-train generator,
which we developed for Ps cooling, by an order of mag-
nitude. This enhancement was obtained by applying pulsed
deep driving to the EOM. Further, the developed laser has a
suitable pulse energy for laser cooling of Ps prepared at typical
temperatures. The narrowing of the velocity distribution can
be observed by the already established Doppler spectroscopy.
The chirp cooling using the developed laser will pave the way
for precision spectroscopy and achieving the BEC of Ps. The
latter is among the ultimate applications of cold Ps. At the
recoil limit temperature of approximately 0.3 K, the critical
density of the BEC transition for the ideal noninteracting Ps
gas is approximately 3 × 1015 cm−3 [7]. This density is close
to that previously realized [25]. However, the chirp cooling
to the recoil limit does not have a mechanism itself for the
Ps gas to realize thermal equilibrium. This requires nontrivial
studies about the formation process of the condensate. For
example, if elastic interactions between Ps atoms are essential

to realize thermal equilibrium of the Ps gas decelerated by
the chirp cooling, the Ps gas should be created with a density
higher than the critical value calculated for the ideal nonin-
teracting gas. This is because the interaction rate should be
large enough to realize thermal equilibrium within the short
lifetime of Ps. Conversely, excessively high atomic densities
can hinder the attainment of BEC conditions due to heating
effects associated with photon reabsorption [26]. Although
further studies are required to rigorously determine criteria for
the BEC transition, the recoil limit temperature is so low that
this chirp cooling could be a leap in Ps cooling, supporting
attempts to achieve Ps BEC.

Note added. Recently, one-dimensional laser cooling of
positronium was demonstrated [27,28]. The developed laser
in this paper was utilized in [27].
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