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Table 1: Specification of accelerator and light source

Ion accelerator Light source
item value item value

Boost factor γ 250 Electron energy 400 [MeV]
Number of ions per bunch 109 Electron current 100 [mA]

Bunch period 100 [nsec] Undulater period 5 [cm]
Energy spread ∆E/E 0.5× 10−3 Number of dipole pairs 1000

of 2.5 MeV and intensity of 8×1014 gammas/second and 1017 gammas/second,
respectively, for the undulator and FEL modes.

3.4 Practical limitations

There are several practical issues which may limit the performacne of such
gamma-ray sources. They include

• collision loss by residual gas molecules
• loss by intra-beam scatterings
• two-photon ionization loss
• Stark effect due to magnet fields (bending magnet)

among others. All of them may affect the stability of ions in an accelerator ring.
Although there seems no serious problems, each of them should investigated
carefully and experimentally.

In conclusion, gamma-ray sources using partially stripped ions are a promising
alternative to the existing sources based on LCS, and are expected to pro-
vide a platform for opening up new fields of science. Initial studies for such
possibilities are now underway in Japan as well as at CERN [7].
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イントロダクション：研究の目標

高エネルギーイオンの励起過程を用いたγ線の生成

既存のレーザーコンプトン散乱(LCS)γ線源に比べて 
高強度なγ線になる可能性がある
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γ-ray Facilityの現状
レーザーコンプトン散乱(LCS)を用いたγ線の生成
高エネルギー電子との散乱
・電磁波の高エネルギー化　　× ・高強度化4γ2 ∝

1
γ

γ:Lorentz Factor

・Higs
Photon Energy : 1~100MeV
Photon Flux      : 109 photons/sec

・ELI-NP
Photon Energy : 0.2~20MeV
Photon Flux      : 109~10 photons/sec 
・2018現在 コミッショニングフェーズ

DL. Balabanski J. Phys.: Conf. Ser. 966(2018) 012018 

Electron Laser

γ-ray
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量子イオンビーム(QIB)
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Lorentz factor 
γ

例) H-like Ti

1s1/2

2p1/2
5kV

Ti21+

A係数 
1.49×1014 /s

γ = 250Energy : 2.5MeV（　　　　）
Flux : 1016photons/s

σLCS =
8π
3

r2
e

re ∼ 10−15mλ ∼ 10−7m

σQIB =
1

2π
λ2

Flux : 109photons/s（LCSガンマ線源）

高い反応断面積が高強度化のカギ
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高強度ガンマ線の応用

p
n

γ
p

n

p
n

γ
p

n

高強度中性子源

UCN��
:100ne

V

Neutron Energy[eV]

Ne
ut

ro
n 

yi
el

d[
Hz

/(
ke

V)
]

宇宙核物理

4
2He +

4
2 He $8

4 Be + � � 91.78keV
8
4Be +

4
2 He !12

6 C+ � + 7.367MeV

星生成過程初期段階のTriple-alpha反応の反応断面積の実験的決定
逆反応の観測をすることにより値を決めることができる

8MeV , 1017 photons/sec

0���2���2��)��1���565�����1���56��2�
�7���,��������� �����
��.�������(	��(
�����( 

nEDMなどへの応用

5MeV ,1017 photons/secで 
O(105)Hz/100neV2.23
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QIBの原理実証実験

・低エネルギーBaを用いた実験

Ba+準位図
2S1/2

2D3/2

2P1/2 ∼ 30 %
Pumping 
493nm

Repumping 
650nm

・Baイオン源

・493nmレーザー(10mW)

Ba+:10keV

・650nmレーザー
987nmから倍波をとって生成

イオン電流：1μA　エミッタンス：1mm mrad

493

650
Detector

開発方針

信号観測レート：8.8×105Hz
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レーザーシステム

・493nmのレーザーは987nmのECLDの倍波をとる
・将来的に周波数安定化システムを入れるためにPBSでパスを作っておく

ECLD 
987 nm

Isolater APP

λ/2 
plate

Fiber Port

WG 
PPLNECLD 

650 nm
Isolater

Ba+

周波数安定化システム

ビーム成形用 
プリズム

波
長
計

987→493への 
波長変換PBS
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実際のレーザーシステム

・周波数安定化システムはまだ先
・493nmのレーザーパワーがもう少し欲しい(10mW)

Freq 
Stab

Freq 
Stab

13mW

1.3mW

987

650

493

Fiber

450mm

600mm
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of the cavity enhanced 243 nm radiation source should be 
at the ∼100 W level. For a beam diameter of 500µm, this 
would lead to a scattering rate of ∼500 Hz when maximally 
coupling the 2S and 2P states [15]. Power enhancement 
within an optical cavity can reach factors of ∼100 with 
commercially available mirrors so that Watt-level 243 nm 
sources could be sufficient for an initial demonstration of 
cooling.

Here, we present a laser system that is a major step 
toward laser cooling hydrogen with the two-photon 1S–2S 
transition. The system is composed of an extended cavity 
laser diode (ECDL) at 972 nm followed by a tapered ampli-
fier (TA), a ytterbium-doped double-clad fiber amplifier, 
and two consecutive resonant doubling stages. The ytter-
bium (Yb) fiber amplifier is a notable feature of this source 
since gain is much more readily obtained in Yb systems 
near 1030 nm due to the low absorption cross section at this 
wavelength. Gain near the emission cross-sectional peak at 
976 nm is also possible but requires population inversions 
near 50% because the absorption cross section in that spec-
tral region has approximately the same magnitude. Despite 
this difficulty, there have been demonstrations of 100 W 
Yb-doped fiber lasers near the emission cross-sectional 
peak at 976 nm [17, 18]. These lasers, however, operated 
at or above 976 nm. Below 976 nm, the emission cross sec-
tion drops rapidly and the inversion required to obtain gain 
is >50%. For our Yb-doped fiber, the emission cross section 
at 972 nm is approximately one-half the peak value. To the 
best of our knowledge, there have been only a few Yb fiber-
based laser systems which operate at wavelengths shorter 
than 976 nm and these produced relatively low power (∼
10 mW) [19, 20]. The Yb fiber amplifier we demonstrate 
here outputs 6.3 W of power at 972 nm which upon fre-
quency quadrupling yields 530 mW of power at 243 nm. 
We believe this approach is power scalable and that we 
can continue to increase our UV radiation with additional 
power at 972 nm.

2  Seed laser and Yb fiber amplifier

The master oscillator is an ECDL with an extended 10-cm-
long cavity. This relatively long cavity length was chosen to 
increase the coherence of the oscillator [9]. The ECDL pro-
duces 30 mW of power at 972 nm and the design is shown 
in Fig. 1. The output of the oscillator is amplified to 3 W 
with a commercial tapered amplifier (DILAS). The manu-
facturer specified M2 of the TA is only <1.7, and we have 
measured ≈2.4 W within a TEM00 mode at the full power 
of 3 W. The output from the TA is then further amplified 
within a double-clad Yb-doped fiber (CorActive) with 
a 20µm diameter core and 128µm cladding. The core of 
this fiber has a numerical aperture of 0.075 which is large 

enough to support the propagation of a few higher-order 
modes. However, we have observed the majority of the TA 
output power not contained within the TEM00 mode exists 
in transverse modes of significantly higher order. These 
modes cannot propagate through the fiber; thus, the fiber 
acts as a spatial filter.

The population inversion necessary to obtain gain 
at 972 nm requires that a high pump intensity at 915 nm 
be maintained along the entire length of the fiber, which 
results in low pump absorption. In our case, we use a short 
section of fiber (≈10 cm) that absorbs only 0.6 dB of the 
incident pump power. Due to the high population inver-
sion within the fiber amplifier, there is also significant 
gain within the 1015 and 976 nm spectral regions. This is 
problematic as significant amplified spontaneous emission 
(ASE) would degrade the amplifier performance by reduc-
ing the population inversion. As shown in [21], the gain 
at a given wavelength within a homogeneously broadened 
amplifier can be written as a function of the gain or absorp-
tion at two other wavelengths and their respective absorp-
tion and emission cross sections. Using the cross-sectional 
data for our fiber [22], we find an expression for the gain 
(G!) at 976 nm given by

Here A915 is the absorption of the pump at 915 nm, and β is 
the ratio of the cladding area to the core area. In our ampli-
fier, β ≈ 41 and A915 ≈ 0.6 dB. With a gain of G972 ≈ 4 dB 
(given by our experimental results), the gain at 976 nm is 
G976 ≈ 37 dB. Similarly, the gain at 1015 nm where there 
is also a peak in the emission cross section of our fiber is 
given by

(1)G976 = 2.41 · G972 + 1.08 · βA915.

Fig. 1  Schematic of the ECDL master oscillator and amplification 
stages. SD: Seed diode, DG: diffraction grating, FI: Faraday isolator, 
F1 and F5: bandpass filters, F2: longpass filter, F3 and F4: shortpass 
filters. The ECDL contains an electro-optic modulator (EOM) for fast 
frequency control although it was not used for the studies here
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[5–9]. The most recent result was reported by the Hänsch 
group in 2011, in which they determined the transition to 
a fractional frequency uncertainty of 4.2 × 10−15 [10]. By 
that time, the UV laser source had evolved to an all solid 
state system that produced 13 mW of 243 nm cw radiation. 
This radiation was then cavity enhanced to 368 mW within 
the hydrogen spectrometer. In addition to the impres-
sive intracavity power, this radiation source possessed an 
extremely narrow linewidth of ≈1 Hz which is commensu-
rate with the hydrogen 1S–2S transition width itself. More 
recently, in 2013, Beyer et al. [11] reported on a 243 nm 
laser which was capable of producing 75 mW before cavity 
enhancement.

Notwithstanding these accomplishments, we believe that 
continuing to increase the laser power at 243 nm would be 
very beneficial. For instance, the 1S–2S transition could be 
excited with laser beams of large transverse dimensions, 
which could decrease transit-time broadening and increase 
the proportion of atoms in the atomic beam that are excited. 
With the recent trapping of anti-hydrogen in its ground 
state, a larger beam would also prove beneficial in mitigat-
ing the difficulties created by the low number of trapped 
anti-hydrogen atoms available [12, 13]. However, we are 
mainly motivated to develop a power-scalable 243 nm laser 
in order to explore proposals to laser cool atomic hydrogen 
using the 1S–2S transition [14–16].

Spectroscopy of hydrogen and the recently trapped anti-
hydrogen would benefit tremendously from robust laser 
cooling. Two-photon laser cooling could be more rapid and 
flexible than the more traditional approach using Lyman-
alpha radiation at 121.6 nm—mostly due to the greater 
ease of producing radiation at 243 nm. To obtain reason-
able scattering rates with such schemes requires that the 2S 
state be coupled to a state with short lifetime—for instance 
either the 2P [15] or 3P [16] states—and the average power 

Abstract We demonstrate a continuous-wave ytterbium-
doped fiber amplifier which produces 6.3 W at a wave-
length of 972.5 nm. We frequency-quadruple this source 
in two resonant doubling stages to generate 530 mW at 
243.1 nm. Radiation at this wavelength is required to excite 
the 1S–2S transition in atomic hydrogen and could there-
fore find application in experimental studies of hydrogen 
and anti-hydrogen.

1 Introduction

The hydrogen 1S–2S two-photon transition was first 
observed by Hänsch et al. [1]. Over the following four dec-
ades, the continued improvement in the spectroscopy of this 
transition has led to increasingly precise determinations of 
the Rydberg constant and proton charge radius—ultimately 
providing a stringent test of quantum electrodynamics [2]. 
The importance of the 1S–2S transition stems in part from 
the simplicity of hydrogen, which makes it amenable to 
theoretical study, and also from its narrow natural linewidth 
of only 1.3 Hz.

When reviewing the well-known measurements of the 
1S–2S transition, one can also observe a continual refine-
ment of the spectroscopy lasers used—first, by a transi-
tion from pulsed to continuous-wave (cw) lasers [3, 4] and 
then by an increase in power, coherence and robustness 

This article is part of the topical collection “Enlightening the 
World with the Laser” - Honoring T. W. Hänsch guest edited by 
Tilman Esslinger, Nathalie Picqué, and Thomas Udem.
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Ybドープファイバーを用いたアンプ
先行研究では100倍程度の増幅を実現 
10倍程度の増幅を目指し開発中 
（４回生卒業研究）

SHG前の987nmをアンプして493nmのパワーを増幅
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Baイオン源の準備状況

8 

前面供給表面電離型

Ba

Ba 蒸気
Re Re表面付近でBaを電離させて、ビームとして引き出す

・数百nA程度

イオン源 

エミッタンスモニター 
レーザーとの相互作用領域 
15度振ったビームライン 

立ち上げ実験（イオン電流のみ）

今後、既存のビームラインにつなげて、 
エミッタンスメーターと 
レーザー励起による蛍光で、ビーム性能を評価
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Signal観測レート
イオン Ba+

運動エネルギー 10keV
エネルギー広がり 10-4
エミッタンス 1mm mrad

励起点ビームサイズ（水平、垂直） 0.1~1mm、1~20mm
曲率半径 0.4m

寿命 10.5ns
A係数 9.53×10-7s-1

イオンビーム

イオン準位

波長 493nm
パワー 10mW
サイズ 1mm

レーザー

Signal = (１イオン辺りのシグナル)×(イオンフラックス)×(量子効率×立体角)

=0.0037×0.6×1012×4×10-5

=8.8×104Hz

今後実験により測定

イオン電流100nA
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まとめ
・我々のグループでは、重イオンとレーザーを用いた高強度ガンマ線源 
　のための基礎研究を行なっている
・提案中のものは従来のLCSγ線源と比べて、物理過程の断面積が 
　大きく、高強度化が期待できる
・現在は低エネルギーBaを用いた原理実証実験の準備をしている
・現在の準備状況

基本的なパスが完成したが、レーザーパワーが足りていないので 
ファイバーアンプの導入を検討中 (1.3mW → 10mW)

レーザー

イオン源
数百nA程度の出力のイオン源の立ち上げ中 
今後、エミッタンス測定により、ビーム性能を評価

信号観測レート：8.8×104Hz
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イオン源の検討

simulation Ion Source(ECR) Ion Source(thermal)

ビーム電流 1μA 1μA 10nA

規格化エミッタンス 1 mm mrad 1.0 mm mrad 5.5 mm μrad

エミッタンス(10keV) 2.5 mm mrad 14.1 mm μrad

エネルギー幅 10-4 1.5×10-3 1,1×10-5

輝度[A/(mm mrad)2] 1.0×10-4 4.6

Thermal Ion Sourceの方がエミッタンスがよく、最終的なビーム強度は 
Thermal Ion Sourceの方が良い 
ECRの方で46mAが出れば、Thermal Ion Sourceに匹敵するが、難しい（らしい）



ICEPPシンポジウム  16

•Super-KEK-B ring
• g=250                                                   

(requires super-conducting magnets)
• ρ=210m B=8.5T

• Ni=109 ions/bunch
• Energy spread (dE/E)=0.5 x 10-3

• H-like ion
• Z=22 Ti H-Like
• Eeg=5 keV

• Light source(FEL)
• E=10eV
• I/Is=5x10-4

• <PL >=12kW
• Gamma rays
• Eg= 2.5 MeV
• Flux  1017 Hz

��!)#��������	��%γ���
($�"���&(� ��������
�
’Intense gamma radiation by accelerated quantum ions’
�'�18th Lomonosov

QIBの見積もり

1s1/2

2p1/2
4,966eV

Ti21+

E.G.Bessonov and K.-J.KIM, PRL 76 431 (1996.) 
“Radiative Cooling of Ion Beams in Storage Rings by Broad-Band Lasers”

A係数 
1.49×1014 /s

ΔNs = 2(1 + βz)
σ̄

1 + D
I

ℏωL

σL

c
∼ 1

１イオンが励起光と１回交差した時の放射個数

1 bunchが30MHzだとすると 
3×1016 photon/sのγ線が得られる

D:Saturation Parameter,  
σ: Laser線幅込みの実効的な断面積

σL/c:相互作用長（時間） 
I/hω: Laser Flux
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これまでの研究

PSI(Partially-Stripped Ion)��!��
����(����&���

Gamma Factory(CERN)
SPS���	Xe39+(Z=54)���" ��

�	

��

(1) E.G. Bessonov and K.J. Kim, Phys. Rev. Lett 76(1996) 431

(2) E.G. Bessonov, Nucl. Instr. Meth. B309 (2013) 92

(3) M.W. Krasny, arXiv:1511.07794v1 [hep-ex] 24 Nov 2015
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High Flux γ線の応用例

2018/8/11 73th JPS Annual meeting 7

4He(2α,γ)12C	
����#��γ��$����!���
�	����������%������
~8MeV, 1017/sec

~2.2MeV, 1017/sec�

0���2���2��)��1���565�����1���56��2�
�7���,��������� �����
��.�������(	��(
�����( 

� +D ! p+ n

�Ultra cold neutron���

�	�����

�Nuclear Astrophysics
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2.23

4
2He +

4
2 He $8

4 Be + � � 91.78keV
8
4Be +

4
2 He !12

6 C+ � + 7.367MeV

105�/sec "
Paul Scherrer Institute(PSI)�
3�104�/sec
(G. Bison et al., Phys.Rev.C95, 045503 (2017).)

UCN��:100neV

Neutron Energy[eV]
N

eu
tr

on
 y

ie
ld

[H
z/

(k
eV

)]
10-7



ICEPPシンポジウム  19

PSIを蓄積する上で…

2018/8/11 73th JPS Annual meeting 13
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イオンビームの蓄積(CERNでの先行研究)

SPSでのXeイオンの蓄積・ビーム寿命の測定（2017） 
1714ms程度の寿命 
今年はH-like Pbイオンを用いて実験？
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Baイオン源
Baイオン源立ち上げ実験

2018/3/22 73th	JPS	Annual	meeting 10
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¶X{@>�IXO'5(���¸�w�oZ
�©x_�+-Gf
1mA/cm2@1100K

3�2¤ª��K��
#%es�$�s�
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+-G�´ 10nA��

3mm

フィラメント熱放出型
J. P. Blewett and E. J. Jones, Phys. Rev. 50, 464(1936).

4重極質量分析機を用いた、組成測定

イオン電流：数nA
イオン組成：K+、Cs+

共鳴波長(493.54nm)

過去に使用実績のあるBaイオン源に変更

K+39[amu]

K+41[amu]

Cs+133[amu]
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Yb準位図


