
ポジトロニウムのレーザー冷却実験
周健治，⽥島 陽平，⼩林 拓豊，⿂住 亮介，蔡 恩美*，吉岡 孝⾼，

⽯⽥ 明A，橋⽴ 佳央理A，難波 俊雄B，浅井 祥仁A，五神 真A，
⼭⽥ 恭平A，⼤島 永康C，オローク ブライアンC，満汐 孝治C，
伊藤 賢志C，鈴⽊ 良⼀C，兵頭 俊夫D，望⽉ 出海D，和⽥ 健D

東⼤⼯，東⼤理A，東⼤素粒⼦センターB，産総研C，
KEKD，（現所属）⾼麗⼤学理科⼤学物理学科*

⽇本物理学会第76回年次⼤会（2021年）
オンライン開催



反粒⼦を含むシンプルな
エキゾチック原⼦―ポジトロニウム―
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e+

e-ポジトロニウム
l 電⼦とその反粒⼦である陽電⼦からなる

エキゾチック⽔素様原⼦

基礎物理学研究に有⽤な2つの特徴
1. シンプルな純レプトン原⼦ 2. いまだ謎に包まれた反粒⼦を含む

From Alan Stonebraker

S. G. Karshenboim, Phys. Rep. 422, 1 (2005). 
[a] M.S. Fee et al., Phys. Rev. Lett. 70 (1993) 1397. 
[b] K. Danzmann et al., Phys. Rev. A 39 (1989) 6072.

36 Savely G. Karshenboim / Physics Reports 422 (2005) 1–63

Positronium 1s - 2s interval [MHz] 

a

b

Theory

1 233 607 200 1 233 607 220 1 233 607 240

Fig. 24. Determination of the 13S1–23S1 interval in positronium. The references here are: a is for [172] and b is for [173].

Table 14
Theory of the 13S1–23S1 interval in positronium

Term !E (MHz)

!2mc2 1 233 690 735.1
!4mc2 −82 005.6
!5mc2 −1 501.4
!6mc2 −7.1, [174]
!7mc2 1.2(6), [175,200]

Total 1 233 607 222.2(6)

The corrections !E are presented in the energy units, while their numerical values are given in the frequency units for E/h.

corrections, and they are the same as those responsible for the uncertainty of muonium hyperfine interval (!(Z!)2m/M

and (Z!)3m/M) [61,168,114] (see the previous section for detail). The fourth-order recoil terms of theory of heavy
atoms become the third-order corrections in positronium.
Studies of the spectrum and decay rates of positronium provide us with a number of strong tests of bound state

QED, some of which are among the most accurate. Some theoretical predictions from Table 12 can be compared with
accurate experimental data, a review of which can be found in [166]. The most accurately measured spectroscopic data
are related to the ground state HFS (see Fig. 23) and to the 1S–2S interval (see Fig. 24 and Table 14). There are some
minor discrepancies between experimental and theoretical data.
The experimental situation with the orthopositronium decay (see Fig. 25) had been not acceptable for a while but

it has been recently improved [182]. The problem was a significant inconsistency of various experiments and long-
standing strong discrepancy between theory and the most accurate experimental data. The data presented in Fig. 25
include most recent vacuum results from Tokyo [183] andAnnArbor [182] which are in a good agreement with theory
(see Table 15). The original gas result fromAnnArbor (data point c in Fig. 25) is corrected (data point d) according to
the preliminary analysis in [166] but that is not a final result. Further examination is in progress and it seems that the
final uncertainty will be bigger [179].
For the parapositronium decay theory and experiment are in perfect agreement (see Figs. 26 and 27). Most of

positronium decay experiments were reviewed in Refs. [166,167].
These two papers also review experiments on the fine structure in positronium performed at 23S1–2P intervals which

were less accurate than experiments at 1S HFS and 1S–2S intervals. Data on the fine structure are not as accurate as
the results related to the 1S hyperfine splitting and the 1S–2S interval but the progress is possible [166] (Fig. 28).
To conclude the section, let us discuss briefly the theory of the positronium decay rates and energy levels and

in particular the uncertainty of their calculations. We collected all theoretical predictions in Table 12. The results
were published and presented in different compilations. What we would like to emphasize here is our estimation of
uncertainty.

5 ppb QEDで性質を
⾼精度計算可能
実験との⽐較に
より理論検証・
新物理探索

粒⼦・反粒⼦間の⾮対称性を探索し、
宇宙から反物質が消えた謎を解く

http://alanstonebraker.com/


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

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

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

3kB
). In the

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

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

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

sumed to be proportional to the photon absorption cross
section as

Minelastic(E) = C1

[∫ E

0
k

(
hc

E′

)
dE′

]−1

, (3)

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

Melastic(E) = M0 +
C2

E
, (4)

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

the size of ≈
(
λdB
Ps

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

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

1

M(E)
=

1

Minelastic(E)
+

1

Melastic(E)
. (5)

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

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

Psを⽤いた分光測定において
速度が⼤きいことが不確かさの⼤きな要因
l Psは質量が電⼦2個分と最軽量の原⼦
l 単位運動量あたりの速度が⼤きい

多孔質シリカ中で測定した
Ps温度の時間発展

K. Shu et al., In preparation.

198 M. S. FEE et al. 48

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 (1993) 1397.

約 600 K

冷やすことも難しい
l 142 ns の時定数（スピン3重項）で

対消滅によりガンマ線へ崩壊
l 100 K 程度までの冷却しか得られていない
l 反粒⼦を含む初の BEC 実現を⽬指す上で

も冷却が不⼗分

レーザー冷却を初めてPsに適⽤する



ポジトロニウムの
ドップラー冷却には特殊な光源が必要
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Psの軽量・短寿命という性質から今までにないレーザー光源が必要

2つの要求
2. ⻑い持続時間

Doppler shift (GHz)

H
15 GHz

Ps
460 GHz 

Pr
ob
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ili

ty

1.周波数シフトを有する広帯域

300 K でのドップラーシフト分布

軽量で広い

l 光も広帯域にして多くのPsを冷却
l 冷却に追随するためにアップ

チャープ

2P

1S Ps

Ps

243 nm

t = 3.2 ns

Lyman-a 遷移

l 遷移が飽和すると 6.4 ns ごとに
1.5 km s-1 の反跳を受けて減速

l 300 K から冷やすには 300 ns   



要求を満たす
新しいレーザーを開発
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電気光学変調器と組み合わせたパルス励起
注⼊同期Ti:Sapphireレーザーを提案・開発

K. Shu et al., J. Phys. B: At. Mol. Opt. Phys. 49, 104001 (2016). 

電気光学変調器と組み合わせた
パルス励起注⼊同期Ti:Sapphireレーザーの模式図

時間

強
度

K. Yamada, Y. Tajima, et al., Submitted to Phy. Rev. A.

R 98%

EOMで変調
帯域が拡⼤しパルス列が出⼒

729 nm
( = 243 nm x 3)
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電気光学変調器と組み合わせた
パルス励起注⼊同期Ti:Sapphireレーザーの模式図

729 nm
( = 243 nm x 3)

時間

強
度

K. Yamada, Y. Tajima, et al., Submitted to Phy. Rev. A

R 98%

パルス励起

l パルスを増幅しながら周回
l 周回の度に変調をうける

ため、周波数がシフトする
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729 nm
( = 243 nm x 3)

時間

強
度

K. Yamada, Y. Tajima, et al., Submitted to Phy. Rev. A

R 98%

l パルス光源としては
⾼いQ値のレーザー共振器
とすることで⻑い持続時間
を実現

l レーザー出⼒を増幅・
⾮線形光学効果による波⻑
変換で 243 nm の光を得る



プロトタイプ機を製作し
ドップラー冷却に必要な特性を確認
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レーザー出⼒強度の時間変化

300 ns 以上の
持続時間

レーザー出⼒の時間積算スペクトル

装置
関数

FIG. 7. Demonstration of the rapid frequency chirp of the third harmonic laser pulse at 243 nm.

Top panel: waveform. The waveforms with different colors designate pulses with different timings

for multipass amplification. The waveforms are averaged over 100 shots. Bottom panel: time

dependence of the spectrum of the partially amplified pulse. The red curves represent the simulated

peak frequencies of the partially amplified pulse.

laser cooling using 1S–2P transition, we must evaluate the spectrum of the cooling laser in

the time scale of the spontaneous lifetime of 2P states with respect to the Doppler profile

of Ps. Therefore, the spectra are shown for not the entire pulse but only the representative

pulses. The optical frequency of the cooling laser is detuned to a lower frequency from the

resonance frequency of the 1S–2P transition of Ps to perform chirp cooling. We mainly use

the positively chirped components for the chirp cooling. As the bandwidth of the present

cooling laser is around 30 times smaller than the Doppler width of Ps at 300 K, we estimate

that it is possible to cool around 3% of the total population. For more efficient cooling of

the entire gas of Ps, it is essential to realize a laser with a broader spectrum at 243 nm.

Next, we discuss guidelines for improving the present CPTG to realize more efficient laser

cooling of Ps. Using our results, we can design an optical system with the desired temporal

and spectral structures. The duration of the pulsed laser is typically given by the photon

lifetime of the laser cavity, and the bandwidth and chirp rate of the CPTG are given by

13

レーザー出⼒の時間分解スペクトル

42 GHz/µs の周波数シフト

l 243 nmに変換後評価し、
冷却に必要な特性を確認

600 µJ / pulse

25 GHzの
スペクトル幅



ドップラー冷却の実証に
⼗分な性能が得られている
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冷却レーザーの初期離調を変えたときの、冷却 Ps のドップラーシフトの分布 
（チャープの幅は 14 GHz） 
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プロトタイプ機の性能で冷却した後の
ドップラーシフト分布

300 KのPsであれば
10% 程度を冷却可能

l プロトタイプ機の性能で
冷却効率をシミュレート

l 冷却の実証が⼗分可能な
効率が得られた

l 光源のアップグレードと
並⾏し、レーザー冷却の
実証実験を⾏った

シミュレーション



レーザー冷却実験は
KEK-SPFで実施
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←低速陽電⼦発⽣部

↑ビームライン全体図

低速陽電⼦
⽣成ユニット
（0.1 - 35 keV）

30 m

専⽤リニアック
（50 MeV, 600 W） SPF-A3

（全反射⾼速陽電⼦回折）
SPF-A4

（低速陽電⼦回折）
B1 fl.

Gnd. fl.
e-

e+
低速陽電⼦ビームライン

（接地電位）

SPF-A2

SPF-B2
Ps-⾶⾏時間

SPF-B1
Ps冷却

Ps⽣成材料

50 Hz 陽電⼦バンチ
バンチ時間幅10 ns

e!

l ⾼エネルギー加速器研究機構
物質構造科学研究所低速陽電
⼦実験施設のビームタイムを
取得し実験

l パルスレーザーと同期できる
バンチ陽電⼦が得られる
共同利⽤施設

Ps

Ps



Ps冷却⽤のセットアップを構築
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Ps冷却実験を実施しているKEK-SPF B1ビームラインの様⼦



Ps冷却⽤のセットアップを構築
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Ps冷却実験を実施しているKEK-SPF B1ビームラインの様⼦

陽電⼦

Ps⽣成・観測
チャンバー

レーザー



Ps⽣成・観測チャンバーの内部拡⼤
Psを冷却し、ガンマ線を検出する
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Ps⽣成・観測チャンバーの内部拡⼤
Psを冷却し、ガンマ線を検出する
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Ps⽣成・観測チャンバーの内部拡⼤
Psを冷却し、ガンマ線を検出する
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Ps⽣成・観測チャンバーの内部拡⼤
Psを冷却し、ガンマ線を検出する
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Lyman-a遷移のドップラー
プロファイルを測定し温度を評価
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With cooling combined

ドップラープロファイル測定に成功
冷却効果を解析中
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冷却レーザーを照射しなかった場合の
Ps⽣成から 250 ns 後のドップラープロファイル

l Ps⽣成から 250 ns 後測定

冷却レーザーを照射しない場合
l Lyman-a遷移周波数に
共鳴を観測

l 1.0 ± 0.2 ×10"K の
ドップラー幅

Ø 遷移中⼼・幅ともに妥当
ドップラープロファイルの
測定に成功

l 冷却レーザーを照射した場
合のデータも取得済み
プロファイル変化を解析中

光を対向して照射しているため
ラムディップを観測

Preliminary
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l Psは基礎物理学検証に有⽤な系であり、冷却が重要な課題である。
l レーザー冷却で桁違いに低い温度を実現すべく、実験を進めている

電気光学変調器と組み合わせた
パルス励起注⼊同期Ti:Sapphireレーザーの模式図

729 nm
( = 243 nm x 3)

Psの軽量・短寿命性に
最適化したレーザー光源
を独⾃に開発

KEK-SPFにて
実証実験を実施
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With cooling combined

冷却効果の評価⽅法を確⽴
現在結果を解析中

近⽇中にレーザー冷却実証実験の結果報告を⽬指している


