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われわれの実験の位置づけ
•未発⾒素粒⼦探し
•できるだけ仮定を置かないで不定性の無い探索
をしたい (例えば、暗⿊物質の全てが未発⾒素
粒⼦でできているとか…)
•実験室において、⾃分たちで作って探す
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• もともとは、「強いCP問題」解決のために導⼊
• q 真空の作るCPの破れがPQ 対称性の⾃発的破れにより⾃動的
にキャンセル→ New NG boson, axion

• より⼀般的に, Axion Like Particles (ALP)は弦理論や
SUSY/SUGRAから出てくる (QCD axionと異なり、質量と
結合定数の関係が不定)
• ALPは⼆つの光⼦と結合 (プリマコフ過程)

(電磁場のもとでALPは光⼦に変換)
• パラメータ領域によっては、CDMの良い候補
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探し⽅ I:
Light Shining through a Wall (LSW)

• 強⼒光源からの光を2度変換して壁越しに⾒る

• 変換効率は電磁場の強さと⻑さの2乗

• 今、世界で⼀番でかいやつ: ALPS 実験 (DESY)
• HERA dipole (5T、8.8m)、~1W レーザー×共振器~1000倍
• 将来的にALPSIIへ
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光源と変換⽤の場の選択が重要



われわれの使う光源
•エネルギーの⾼いX線を利⽤=⽐較的重いALPが
探せる
•放射光施設 SPring-8 BL19LXU ビームライン
• 27m⻑のアンジュレーター
• ~10keV 付近のX線で世界最強強度 ~1014photons/s
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光⼦⇔ALP変換に使う電磁場 I

•⾃作パルス磁⽯を並べる
• 磁場⻑20cm、~10mW、40µHの銅線コイルを液体窒
素冷却
• 3mFのコンデンサに最⼤4.5kVまで充電し、パルス
励磁時は~1msにわたって最⼤14Tの磁場
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パルス磁⽯でのALP探し@BL19LXU

• 2015年11⽉
• 4つのコイルを直列に並
べて使⽤
• 2個: X-ray → ALP変換
• 2個: ALP → X-ray再変換

• 9.5 keVのX線を使⽤
• Net 2 days operation

(total 28,000 excitations)
•磁場8.5T/-6T
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探索結果

• ALPシグナルは⾒つからなかったが、
gagg <2.51×10-4 GeV-1 (95%C.L.) の制限
(for ma<~0.1eV)

• PRL 118(2017)071803 9
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•結晶中の周期電場 (1010V/m~1011V/m) を利⽤
(102~103 Tに相当).
•⼊射⾓をうまく調整することで、重いALPを探
索することが可能
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coherently convert injected X rays or ALPs with an energy of ∼ 10 keV. The
conversion probability can be represented as follows,

Pa→γ =

(
1

2
gaγγETLeffcosθB

)2

, (5)

Leff = 2Latt

(
1− exp

(
− L

2Latt

))
, (6)

where ET is an effective electric field, Leff is an effective conversion length, θB
is the Bragg angle, L is an X-ray path length within the crystal, and Latt is an
X-ray attenuation length. The effective conversion length is shorter than L since
the crystal absorbs X rays. The Bragg-case conversion, in which lattice planes
are parallel to the crystal surfaces, has been utilized by solar axion searches [18–
21]. It is recently shown in Ref. [41] that Leff for the Laue-case conversion, in
which lattice planes are perpendicular to the crystal surfaces, is longer than
that of the Bragg-case one. The effective conversion lengths of silicon crystals
are ∼ 10−3 m, and the sensitivity to gaγγ (∝ ETLeff) is the same order as that
of X-ray LSW experiments using external magnetic fields [35, 36].

The resonant ALPs’ mass of the Laue-case conversion can be represented as
follows [40, 41],

∣∣∣m2
a −m2

γ − 2qT
(
kγsinθ

γ
T − qT

2

)∣∣∣<∼
4kγ
L

, (7)

where mγ = O(10) eV is the plasma frequency of the crystal, qT = O(10) keV is
the reciprocal lattice spacing, and θγT is an X-ray injection angle. Although the
expression is almost the same as Eq. (4), an additional factor emerges on the left
side. The factor within the parenthesis is equivalent to the deviation from the
Bragg condition, kγsinθB = qT

2 . This factor can be simplified as kγ∆θcosθB in
the case of ∆θ ≃ 0, where ∆θ = θγT − θB is the deviation of the X-ray injection
angle from the Bragg angle (the detuning angle). The resonant ALPs’ mass can
be scanned by rotating conversion crystals and varying ∆θ since it is roughly
proportional to

√
∆θ. The scanning procedure can easily search massive ALPs

(up to 1 ∼ 10 keV) in comparison with the previous LSW experiments.
This paper reports the first LSW experiment using the Laue-case conversion

within a single crystal. The experiment utilizes BL19LXU beam line of SPring-
8. Injected X rays are converted and reconverted by a novel system composed of
thin silicon blades and an opaque wall. The resonant ALPs’ mass is continuously
scanned by rotating the conversion system.

2. Experimental setup and measurement

The experiment has been performed during a 96-hour beam time of BL19LXU
in Oct. 2017. SPring-8 is a third-generation synchrotron radiation facility pro-
ducing nearly continuous X-ray beams. BL19LXU beam line is the strongest
beam line among the facility [42]. The undulator of BL19LXU radiates horizontally-
polarized X rays.

3

dhkl
λγ λγ

θBθB

λa>λγ
θBθB

~Δθ
~Δθ

結晶面

Atom(electron) Atom(E-field)

X ray ALP

X線回折 光子・ALP変換

光子間隔

⼊射⾓依存項

qT=2p/dhkl: 逆格⼦間隔

qT
g=qB+Dq

光⼦⇔ALP変換に使う電磁場 II



ラウエ回折を利⽤した⼿法について
計算
• T. Yamaji et al., Phys. Rev. D 96(2017)115001
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シリコン結晶 600µm厚, 17keV X線だと
• ET=4.1x1010V/m
• Leff=488µm
• ma〜10keV程度までは変換可能
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具体的には、
•シリコン単結晶(2,2,0)から切り出した2枚の刃
を利⽤
• Dqで全体を回して、共鳴するALPをスキャン
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25m
m

刃2枚

50mm

シリコン単結晶と
そこから切り出した2枚の刃
(600µm thickness)

ゴニオメーターにセットして、
1pulse=0.17µrad精度で制御

Rotation

• 2017年10⽉に2⽇間測定
• Dq=4.6mradまでスキャン (0<ma<1keVの範囲)
• 有意な共鳴シグナルは⾒られなかった

BL19LXU



得られた制限

•かなり重いALPまで制限
• Phys. Lett. B 782(2018)523.
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limits shown below,

gaγγ < 4.2× 10−3 GeV−1 (for ma < 10 eV), (12)

gaγγ < 5.0× 10−3 GeV−1 (for 46 eV < ma < 1020 eV). (13)

The sensitivity around the plasma frequency of silicon, mγ = 31 eV, is reduced
due to the effect of the Laue-case diffraction [41]. X rays propagate through the
crystal as two standing waves, the Bloch waves α/β, under the Bragg condi-
tion. The plasma frequencies of the Bloch waves are shifted from mγ , and their
contribution to the conversion of ALPs with a mass of ∼ mγ interferes destruc-
tively. Figure 5 also shows upper limits imposed by previous LSW experiments.
The obtained upper limits provide the most stringent laboratorial constraints
on ALPs heavier than ma = 300 eV. The sensitivity to ALPs heavier than reso-
nant ALPs’ mass has large uncertainties since the sensitivity fluctuates rapidly
as a function of experimental parameters. The obtained limits are also the first
rigid constraints in the range of 40 eV < ma < 1 keV.

3. Conclusion

We have performed a novel LSW search using the Laue-case conversion in a
silicon crystal. The resonant ALPs’ mass is continuously scanned by rotating the
conversion system and varying the detuning angle. The obtained upper limits
are the most stringent conditions on ALPs with a mass of 300 eV < ma < 1 keV
as a pure-laboratorial search. The experimental results can be also considered
as the first rigid constraints on ALPs heavier than ∼40 eV, where previous
experiments using external magnetic fields cannot resonantly convert ALPs.
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ALP

磁場

探し⽅II:
強場下での光の偏光変化を⾒る

•光に強磁場を印加すると、仮想ALPの媒介によ
り偏光が変化

•シグナル量∝g2B2Lなので、
さっきのLSW(∝g4B2L2)よりも
感度を上げやすい
•ただし、微⼩な偏光変化を低ノイズで⾒る必要
がある
•世界的には、イタリアのPVLASグループが先⾏
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OVAL実験
(Observing VAcuum with Laser)

•磁⽯と⾼フィネス共振器の組み合わせ
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磁⽯

検出器

磁
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2枚の⾼反射ミラー
=Fabry-Pérot共振器

強⼒な磁場で
複屈折を起こす

n||
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特徴: 9Tのパルス磁⽯(~ms)を0.05Hzの⾼繰り返しで励磁し、
磁場に依存した成分を取り出す



東⼤・本郷キャンパスにて

• Nd:YAGレーザー (1064nm)
• 2.4mの光学定盤で実験1.4m, 
フィネス30万以上の共振器
• 共振のFWHM 3pm: レーザー周
波数をfeedback制御

17

����
��

�������

��
���-)!

���',#-

�"(��-

�	��&(-
�	��&(-

%((��-

$+-�

����
��

� ,*���

2.4m

スーパーミラー
R>99.999%



 [eV]am
3−10 2−10 1−10 1

]-1
 [G

eV
ag

8−10

7−10

6−10

5−10

4−10

3−10

2−10

OVAL
PVLAS
ALPS

現在、感度向上中
• 2017年の測定: PVLASより1桁(シグナルにして2桁)悪い
感度
•その後、主にレーザーのノイズ削減(ほぼ1桁)
•今後、磁⽯強化により、~1年でPVLASを超える予定
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2017年11⽉の結果



まとめとか
•実験室でALPを作って、それを検出する実験
• 放射光で⽣成→磁⽯で変換
• 放射光で⽣成→結晶の電場で変換
• レーザーに磁場をかけて仮想ALPを⽣成

•いずれもまだALPは⾒つけられていない

•光源と変換⽤の電磁場の組み合わせが重要
• 今までの実験で探せていないパラメータ領域を探る

•現在検討中
• 光源:ミリ波ジャイロトロンを利⽤した実験
• 電磁場: 集光したPWレーザーの強場
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