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Current status of laser cooling experiment for positronium
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ポジトロニウム：精密基礎物理学検証に適した系

l 反粒⼦を含むエキゾチック⽔素様原⼦
l 対消滅過程により有限寿命でガンマ線に崩壊
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Ps の 1S, 2P 状態エネルギー準位図

l ⽔素原⼦に類似の電⼦状
態をもつ

l 遷移周波数はおよそ半分
l レプトンのみで構成され

単純な構造であるため、
量⼦電磁⼒学に基づいた
遷移周波数の計算が⾼精
度で可能

l 計算と実験の⽐較により、
基礎物理学の検証が可能
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Ps のレーザー冷却に最適な光源を開発

Ps のレーザー冷却が鍵
Ps の軽質量性による⾼温での激しい運動が問題
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pulse is passed several times through the volume contain-
ing the excited-state atoms. As shown in Fig. 2, the pho-
toionization region is to the left of the cw beam, approxi-
mately 6 mm wide and 10 mm deep (into the figure). The
geometry of the photoionization region will be discussed
in more detail in Sec. III A. We calculate that the 30-mJ,
7-ns pulses result in —50% ionization probability for
excited-state Ps.
The excitation and collection geometry has also been

modified from the previous 1S-2S measurement. In that
experiment, as in the one we report here, an axial mag-
netic field was used to simplify the positron optics. In the
previous experiment, the laser excitation region was
placed directly in front of the positronium source. Col-
lection of the photoionized signal positrons from the exci-
tation region was accomplished by EXB deflection of the
signal positrons to the side of the target, where they were
accelerated axially to a time-resolved channel-electron-
multiplier-array (CEMA) detector. Subsequent EXB
plates were required to energy resolve the reemitted posi-
trons to prevent them from both contaminating the signal
and saturating the CEMA.
However, with the small number of excited-state Ps

produced with cw excitation, the reemitted positrons
represent an overwhelming background; there are rough-
ly 10 reemitted positrons for each photoionized signal
positron. Despite exhaustive e6'orts to isolate signal posi-
trons from reemitted positrons using pulsed grids, energy
resolution, and CEMA time resolution, the cw excitation
signal was several orders of magnitude below the noise.

The new excitation and collection geometry we finally
adopted, shown in Fig. 2, includes several features. First,
to eliminate the problem with the reemitted positrons,
the Ps-laser interaction volume is now split into two
separate regions. The upper region contains the incom-
ing positron beam and the Al(111) crystal. Electrically
neutral Ps atoms cross magnetic-field lines, through the
cw excitation beam, and into the lower region where pho-
toionization of the excited-state Ps and collection of the
liberated positrons occurs. The advantage of this ar-
rangement is that signal positrons are collected only from
the region below the target, while the reemitted positrons
are trapped along magnetic-field lines and are blocked
from reaching the detector by the target.
The initially circular, 10-mm-diam incident positron

beam is skimmed to produce a Hat bottom edge with a
10—90%%uo width of 1.5 mm. This edge is lined up with the
flat bottom of the 1-cm Al(111) target, maximizing the
Aux of incident positrons at the bottom of the target,
while allowing less than 10 of the incident positrons to
hit the CEMA. As shown in Fig. 2, the TEMOO mode of
the 486-nn build-up cavity is directed along the bottom
edge of the target, 1.5 mm from the target surface. Any
atom passing through the center of the 486-nm beam will
subsequently pass through the photoionization region
below and to the left (in the figure) of the target. After
the excited-state atom has been photoionized, the liberat-
ed positrons are accelerated to the CEMA by an -2-
V/cm axial electric field into a 1-m-long equipotential
drift tube to the CEMA, where they are counted. The
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FIG. 2. Positronium source and laser interaction region. The circular, pulsed positron beam enters from the left, guided by a 150-
G axial magnetic field. The bottom 4 of the positron beam is blocked by the input skimmer and the flat edge of the beam is aligned
with the lower edge of the Al(111) target. Over 10% of the 2X10 incident positrons are thermally ejected from the Al target as
ground-state (1 S& ) positronium atoms. Some of these atoms pass through a 2.5-kW cw laser beam formed inside a Fabry-Perot reso-
nator with a finesse of 10', and are excited via Doppler-free two-photon absorption to the 2 S& state. Excited-state atoms cross
magnetic-field lines to a region below and to the left of the positronium source, where they are photoionized by a pulsed laser at 532
nm. The two spots on the retroreflecting mirror are due to multiple passes of the 532-nm beam. Approximately one e photoioniza-
tion fragment per laser pulse is accelerated by an -2-V/cm electric field along the magnetic-field lines, below the Al target, below a
second skimmer, and through a drift tube to a channel electron multiplier array (CEMA} detector. Roughly 400 ns after the photo-
ionization laser fires, the signal positron reaches the detector in a 50-ns time window. The two skimmers work in combination to
reduce the number of background positrons reaching the CEMA.

1S-2S遷移周波数の測定実験セットアップ図
M.S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993).

約 600 K
激しい運動

l Psは質量が⼩さい最軽量の原⼦
l 温度あたりの速度が⼤きく、激

しい運動が遷移周波数の精密測
定実験における不確かさや誤差
の最⼤の要因

l 冷却が鍵となるが、低温にした
物質との熱交換による冷却では
100 K 程度が限界
S. Mariazzi et al, PRL 104, 243401 (2010).                          
K. Shu et al., PRA 104, L050801 (2021).

レーザー冷却で3桁低い温度へ
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Ps の1S-2P遷移を⽤いた
レーザー冷却（ドップラー冷却）の原理

l Ps は有限寿命をもつため⾼
速な冷却⽅法が必須

l 軽量性から反跳による減速が
⼤きくレーザー冷却が有望

l 1S-2P遷移を⽤いると
300 K から 300 mK （反跳冷
却限界）まで約 280 ns で冷
やせると期待

l Ps の有限寿命・軽量性から
広帯域かつサブマイクロ秒持
続する 243 nm 紫外パルス
レーザーが必要

l Ps レーザー冷却に最適な以下の性能を実現する機構を考案し、光源を開発

1. 冷却に必要なサブマイクロ秒間持続するパルス発振
2. 2P状態の分裂幅と⾃然放出による脱励起で運動量が分布することにより⽣じ

るドップラー幅を覆う 10 GHz 程度の線幅
3. 冷却による減速に伴い時々刻々と変化する共鳴周波数に追随する
500 GHz µs-1 のレートでの光周波数時間変化 THEORETICAL ANALYSIS AND EXPERIMENTAL... PHYS. REV. APPLIED 16, 014009 (2021)
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FIG. 1. Schematic of the prototypical cooling laser system. ECDL, external-cavity diode laser; λ/2, half-wave plate; λ/4, quarter-
wave plate; EOM, electro-optic phase modulator; rf, driving radio frequency; Ti:S, Ti:sapphire crystal; PBS, polarizing beam splitter;
LBO, lithium triborate crystal; BBO, β-barium borate crystal.

optical power for the subsequent generation of the third
harmonics at 243 nm. A Ti:sapphire crystal is pumped by a
frequency-doubled Nd:YAG pulsed laser (Powerlite 7300,
Continuum, Inc.) with a maximum pulse energy of 280 mJ.
The two pumping lasers are externally triggered by a dig-
ital delay generator (DG645, Stanford Research Systems)
with a timing jitter of less than 100 ps. After eight rounds
of amplification, the pulse energy at 729 nm exceeds
15 mJ.

The amplified pulses are loosely focused by a plano-
convex lens (f = 1000 mm), and the third harmonics of
the amplified pulse are produced by the second-harmonic
generation using a type-I LBO crystal, followed by the
sum-frequency generation using a type-I BBO crystal. The
lengths of the nonlinear crystals are 10 mm for LBO and
2 mm for BBO. For polarization matching of the BBO
crystal, we use a crystalline quartz plate that appropriately
rotates the polarization of fundamental light and its second

harmonics. A typical pulse energy of the third harmonics
is around 600 µJ (maximum, 1 mJ; intentionally reduced
to 600 µJ to avoid possible optical damage), which is mea-
sured after a UV-fused silica Pellin-Broca prism used as a
harmonic separator.

To characterize the pulsed laser in the time domain,
we use an oscilloscope (bandwidth, 200 MHz) and a
photodetector (bandwidth, 2 GHz) to record the wave-
form of the output pulses at 729 nm. We use another
photodetector (bandwidth, 350 MHz) to observe the third-
harmonic pulses at 243 nm. In addition, we construct
an etalon-based spectrometer [22] to measure the spec-
trum of the third harmonics at 243 nm on a shot-to-
shot basis. We use a Fabry-Perot etalon (Sigmakoki, Co.,
Ltd.) with a free spectrum range of 500 GHz and spec-
tral resolution of 3.7 GHz (FWHM) at 243 nm. Fur-
ther details about the measurements are presented in
Appendix.
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only at the envelope of the long pulse. This is because the
measurement bandwidth is sufficiently wide to resolve the
contour but not for the short pulses inside the long pulse.

2. To simulate the multipass amplification, we apply
a step-function-like window function to the long pulse of
the CPTG. We calculate only the spectrum of the amplified
part of the long pulse and ignore the nonamplified part.

3. To calculate the third harmonics, we cube the elec-
tric field at each temporal point.

4. We apply an appropriate window function to the
electric field and perform the Fourier transformation to
calculate the corresponding spectrum.

5. We convolve the simulated spectrum with the spec-
tral resolution of the spectrometer.

IV. EXPERIMENTAL RESULTS

We conduct experiments to demonstrate the three above-
mentioned properties of the CPTG (see Sec. III B) by
measuring the time profile of the CPTG and the temporal
and spectral characteristics of the third harmonics of the
multipass amplified CPTG. The potential use of the third-
harmonic pulses as a prototypical cooling laser for cooling
Ps at 243 nm is discussed in Sec. V.

A. Short pulses in the long-pulse contour
We observe the power waveform of the CPTG at 729

nm. The bandwidth of the detector is sufficiently wide for
the observation of the width of the contour of the short-
pulse train, but not for that of the short pulses inside the
contour. Therefore, we can obtain the interval of the short
pulses, but we do not resolve their exact shape. Figure 6
shows the power waveform of the CPTG at 729 nm and its
magnified view. The oscilloscope is triggered by the turn-
on TTL pulse for the Q switch of the pump laser, and the
time shown in Fig. 6 is the time elapsed since the trigger.
We observe a long pulse with deep amplitude modulation.
The duration of the contour is around 1 µs, which is deter-
mined by the photon lifetime of the laser cavity and the
gain reduction due to the stimulated emission in the gain
medium. The lower panel of Fig. 6 shows a magnified
view of the long pulse around 2500 ns. We can see equally
spaced short pulses inside the contour. The interval of the
short pulses is 6 ns, which is a half of the round-trip time
of the cavity. This interval is consistent with the numeri-
cal simulation. Thus, we confirm the characteristics of the
CPTG in the time domain, i.e., a train of short pulses inside
a microsecond-long contour.

B. Broadband spectrum
We observe the spectrum of the third harmonics of the

amplified CPTG using an etalon-based spectrometer. The
details of the spectrometer and its calibration procedure are
presented in Appendix.

FIG. 6. Power waveform of the CPTG at 729 nm. Top panel:
entire pulse. Bottom panel: magnified view around 2500 ns. Due
to technical and experimental limitations, the Q-switch timing of
the pump laser is adopted as the time origin, and thus the time
presented here differs from that of the numerical simulation.

Figure 7 shows the spectrum of the entire pulse at
243 nm with different modulation frequencies around the
FSR of the optical cavity. Two characteristic peaks are
observed, as shown in our simulation (Fig. 4). The peak
structure in the spectrum remains after the third-harmonic
generation process because the positive and negative fre-
quency components of the CPTG do not overlap in the time
domain. As we have a low-frequency resolution of around
20 GHz compared to the 78-MHz interval of the sidebands,

FIG. 7. Spectrum of the entire pulse of the third harmonics of
the amplified CPTG with different modulation frequencies. The
zero frequency is set to the peak position of the spectrum taken
without the EO modulation.
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レーザー構成の模式図 基本波（729 nm）でのパワー時間発展

レーザー共振器の写真

l 数百ピコ秒の持続時間をもつ広帯域パルス光が列を
なし、数百ナノ秒間持続して発振する

l パルス光の周波数が⾼速に変化する
l 現在までに、Ps 冷却に最適な性能を実現するための
改善と性能の実測を完了（論⽂出版準備中）

KEK 低速陽電⼦実験施設におけるレーザー冷却実証実験

今後の展望
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l Ps 冷却レーザーは 10 Hz 繰り返しのパルス発
振をするため、Ps を⽣成するための陽電⼦も
ナノ秒パルスで必要

l 1-10 ns パルス時間幅、105陽電⼦/パルスが
得られる KEK 低速陽電⼦実験施設B1ビームラ
インにてレーザー冷却の実証実験を遂⾏中

レーザー実証実験のスキーム

l レーザー冷却の有無で Ps 速度分布を⽐較する
l 速度分布測定には共鳴多光⼦イオン化法による速度分
解 Ps 検出法を応⽤する

l 速度分解 Ps 検出のために別途ナノ秒パルス紫外可変
レーザーと 532 nm ナノ秒パルスレーザーを⽤意

プラスチックシンチレータで捉えた
ガンマ線の信号

l 紫外レーザーの波
⻑を掃引しながら、
レーザー照射に同
期したガンマ線強
度の増分を測定

l 波⻑からガンマ線
へ変換される Ps 
速度を推定し、速
度分布を測定

l 応答の速いプラス
チックシンチレー
タを採⽤すること
で、信号対雑⾳⽐
が改善

l これまでに実施した実験結果の解析を進
め、レーザー冷却の効果を捉えているか
検証をする

l 現状においては、冷却による速度分布の
変化が現れる速度領域の幅と⽐較して、
速度分解 Ps 検出法の分解能が悪く、冷
却効果が⼩さく観測されてしまうと考え
られる。速度分解能を向上するために、
線幅をレーザー冷却後の速度分布測定に
最適化した波⻑可変パルス紫外レーザー
を⽤いた速度分解 Ps 検出を⾏う。分解
能向上に伴う信号量減少に対処すべく、
共鳴多光⼦イオン化で⽣成した荷電粒⼦
を直接⾼効率で検出する⼿法を確⽴する。

l これまでに、レーザー冷却による速度分
布の変化を観測する実験を数度実施
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