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Abstract

Thorium-229 is a unique case in nuclear physics: it presents a metastable first excited state 229mTh, just a few
electronvolts above the nuclear ground state. This so-called isomer is accessible by VUV lasers, which allows transferring
the amazing precision of atomic laser spectroscopy to nuclear physics. Being able to manipulate the 229Th nuclear states
at will opens up a multitude of prospects, from studies of the fundamental interactions in physics to applications as a
compact and robust nuclear clock. However, direct optical excitation of the isomer or its radiative decay back to the
ground state has not yet been observed, and a series of key nuclear structure parameters such as the exact energies and
half-lives of the low-lying nuclear levels of 229Th are yet unknown. Here we present the first active optical pumping into
229mTh. Our scheme employs narrow-band 29 keV synchrotron radiation to resonantly excite the second excited state,
which then predominantly decays into the isomer. We determine the resonance energy with 0.07 eV accuracy, measure a
half-life of 82.2 ps, an excitation linewidth of 1.70 neV, and extract the branching ratio of the second excited state into
the ground and isomeric state respectively. These measurements allow us to re-evaluate gamma spectroscopy data that
have been collected over 40 years.

1 Introduction

The first excited nuclear state of 229Th is known to be
an isomeric state 229mTh (metastable excited state). It
has been fascinating the scientific community for decades
because its energy is expected on the order of only a few
eV1–3, making it a unique laser-accessible state; in fact

it is the lowest nuclear excited state found in Nature so
far. Although the optical excitation from the ground state
to 229mTh is yet to be established experimentally, aspira-
tions for exploiting it as a new platform for a variety of in-
vestigations are expanding. One important application is
an ultra-precise clock. Such a “nuclear clock” may reach
a fractional uncertainty of ⇠ 10�19; combined with an
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要 旨 原子核としては異常に低いエネルギー（eV オーダー）の励起準位を持ち，レーザーによる核状態操作が可能で超

精密原子核時計等への応用が期待されているアイソトープ 229Th に近年注目が集まっている。我々は，この研究を展

開するのに欠かせない低エネルギー準位のエネルギーㅈ寿命の決定のために，高輝度放射光 X 線と高性能検出器ㅈ

標的システムを組み合わせた核共鳴散乱実験を行っている。高度化した核共鳴測定システムの開発，それを用いた

短寿命準位（201Hg の26 keV 準位）の高精度核共鳴実験の結果，および 229Th の核共鳴実験の現状について紹介す

る。

1. はじめに

原子核は陽子と中性子（総称して核子）が強い力で束縛

された系であり，個々の核子はそれぞれがお互いに作る核

力ポテンシャルの中で形成される軌道を運動している。ま

た個々の核子の運動だけでなく，原子核全体の回転や振動

という集団運動に起因するスペクトルが観測されるという

大きな特徴がある。原子物理における軌道電子とは違い，

原子核を励起する，つまり核子をより高いエネルギー軌道

に上げたり回転ㅈ振動モードを励起するには通常 keV か

ら MeV 程度のエネルギーが必要である。このため，量子

エレクトロニクス分野で見られるようなレーザー光を利用

した高度な量子操作は，原子核に対しては一般的に不可能

である。一方で，原子核の量子状態は原子のそれに比べて

極めて壊れにくい，外界から隔離された良い量子力学系で

あるという魅力がある。レーザー光を用いた原子核に対す

る量子エレクトロニクスの実現は新たな科学分野の開拓に

つながると期待されている。

このような理由で近年大きく興味を持たれている原子核

が 229Th（自然存在比 0㎪，半減期7880年）である。229Th

はその第一励起状態が原子核としては異常に低く，レー

ザー光でアクセス可能な eV 領域にあることが分かってき

た。このことは1970年代から指摘されていたが1)，このあ

まりにも低い励起状態を特定することは困難を極め，それ

がはっきりしてきたのは2000年代に入ってからである。

2007年に複数の g 線測定エネルギーを足し引きすること

で，間接的にこの状態の励起エネルギーが7.8±0.5 eV で

あるという報告2)がなされ，最近ではその励起エネルギー

は確かに6.3～18.3 eV の間に存在することが実験的に確

かめられた3)（Fig. 1）。しかしこのエネルギーを直接的に

(C) 2018 The Japanese Society for Synchrotron Radiation Research
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Th

Extraordinary low-excitation energy among all known nuclei.
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Frequency standard     “Nuclear Clock” 
• Current definition of second (based on Cs atomic clock) :  Uncertainty ~10-16

• 229Th nuclear clock can improve the uncertainty to 10-19 even in a solid-state. 

                              → Realize more accurate (& portable) clock


➡ Measurement of the temporal variation of the Fine Structure Constant 
• Current limit (based on Yb atomic clock stability) : 

• 229Th nucleus is the most sensitive candidate. Several orders! improvement is expected.


➡ Dark matter search 
• Topological defect dark matter 


➡ Heavy rare metal search 
• Relativistic geodesy

�5

A. Derevianko and M. Pospelov, Nat. Phys. 10, 933 (2014).

N. Hntemann et al., Phys. Rev. Lett. 113, 210802 (2014).

V.V. Flambaum, Phys. Rev. Lett. 97, 092502 (2006). 
J.C. Berengut et al., Phys. Rev. Lett. 102, 210801 (2009).

Examples of applications

dα/dt
α

= (−2.0 ± 2.0) × 10−17 / year

G.A. Kazakov, et al., N. J. Phys. 14, 083019 (2012).

10-22/year can be possible. 
It can constrain parameters in BSMs 
which relate “cosmic acceleration”
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History & situation of the 229Th isomer (229mTh)
�6

year result

1976 Kroger & Reich  Nucl. Phys. A 259(1976) 29.

         U-233 α-decay γ-spectroscopy < 100 eV

1994- Helmer and Reich, Many searches… 3.5 ± 1.0 eV

2007 Beck et al.  Phys. Rev. Lett. 98(2007) 142501; LLNL-PROC-415170 (2009).

          γ-spectroscopy by microcalorimeter (indirect measurement) 7.8 ± 0.5 eV

2015 Jeet et al.  Phys. Rev. Lett. 114(2015) 253001.

          Direct VUV excitation & emission. → Null result

Reject : 7.3-8.8 eV

(τ : 1-5600 s)

2016 Wense et al.  Nature 533(2016) 47.

          Observation of IC electron from the isomer state (from 233U α-decay) 6.3-18.3 eV

2017 Seiferle et al.  Phys. Rev. Lett. 118(2017) 042501.

          Lifetime measurement of IC electrons (from 233U α-decay)

τIC = 7 ± 1 us

τγ ~ 104 s

2018 Thielking et al. Nature 556(2018) 321.

          Laser spectroscopy of the isomer state (from 233U α-decay)

HFS, M1, E2 of 
229mTh2+

× Precise energy is not known.

          Gamma-ray spectroscopy             7.8±0.5 eV

              Direct excitation                             7.3 - 8.8 eV excluded

              Electron emission measurement    6.3 - 18.3 eV 

× Laser excitation & VUV photon emission have never been observed. 
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Introduction of our project
�7

All the previous experiments used 233U α-decay as a 229Th isomer source. 
But, α-decay is a violent process (huge background, > 80 keV recoil energy, …),

and uncontrollable.


More cleaner and controllable isomer production method is preferred.

➡ Optical active pumping to the isomer state
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Principle of the pumping

5/2+�

5/2+�

3/2+�

5/2[633]�

3/2[631]�

	�Synchrotron	Radia7on	 ���

��

29.2	keV�

0.0078	keV�

②Detect emitted X-ray photons via 
deexcitation to the isomer state

③Detect emitted VUV photons via 
deexcitation to the ground state.

①Excite 229Th to the second 
excitation level by irradiating X-ray.

�8

Ground state

isomer state

NRS (Nuclear resonant scattering)
By detecting X-ray photon emission in ②, we can confirm the isomer production. 
Then, we simply wait for the VUV photon emission in ③ to measure its wavelength.

Unknown

Well-known
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Key points for Th-229 NRS

Difficulties    Poor SNR 
Short lifetime      T1/2 = 100 - 200 ps

Low S/N ratio     10-6 - 10-7

Low Signal rate   < 1cps

Constant B.G.     Radioactivity


Requirements to apparatus 
Short tail in the time response

Fast time resolution

Low dark counts

High rate tolerance

Simultaneous energy & timing meas.

�9

time [ns]
-0.5 0 0.5 1 1.5 2 2.5 3

#h
its

 / 
25
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210

310

410

510

610

710

810

910
Time spectrumSimulated time spectra

Prompt peak 
due to electronic scattering

NRS signal 
(T1/2=100~200 ps)

Constant B.G. 
due to its radioactivity
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X-ray detector system

Si-APD: Hamamatsu Photonics S12053-05 
• Small diameter |         0.5mmφ

• Thin depletion layer | ~10 um


 Dedicated fast peripheral circuits 
• High rate measurement | 106 cps / ch

• Simultaneous energy & timing measurement

�10

customized 9-ch array

time [ns]
-0.5 0 0.5 1 1.5 2 2.5 3

#h
its

 / 
25

ps

210

310

410

510

610

710

810

910
Time spectrum

Prompt peak

NRS signal

Constant B.G.

229Th time spectrum (9ch sum)
total rate 310 kHz
integration time 1800 sec.

量子宇宙基礎物理学研究室 博士前期課程2年 大久保翔

トリウム229核共鳴散乱観測のための高時間分解能X線検出器の開発

𝟗𝟎
𝟐𝟐𝟗𝐓𝐡のisomer準位探索

229Th核共鳴散乱(NRS)の観測

SPring-8 X-ray information ( BL09XU )
Photon flux < 4×1013 photons/s
Linewidth 150 meV ~ 4 eV

X-ray pulse cycle 42.4 MHz
X-ray pulse width ~ 40 ps (FWHM)

性能評価

・非常に低い励起準位を持つ229Thは、原子核へのレーザーによるアプローチの可能性を持つ
・NRSを用いた方法でisomer準位からの光子の直接観測を提案している
・229ThのNRS観測のための、高時間分解能で裾が狭いpromptピークを持つ検出器を開発した
・229ThのNRS観測に向けて、9ch-APD arrayでのデータ解析を進めている

しかし、229ThのNRSは観測が難しい
・半減期が短い( T1/2= 0.1~0.2 ns )
・S/Nが悪い -励起確率が低い(σprompt ~kb vs. σNRS ~mb)

- 229Thと娘核からの放射線定常B.G.が存在

まとめ
展望

[1] R. G. Helmer and C. W. Reich, Phys. Rev. C 49, 1845 (1994). [2] B. R. Beck et al., LLNL-PROC-415170 (2009). 
[3] L. von der Wense et al., nature, 533, 47 (2016).

△ isomer準位からの脱励起光子の
直接観測は未達成

△励起エネルギーの決定精度が不十分(上右図)

① 29 keV放射光X線を用い
第2励起準位へ励起

②核共鳴散乱(NRS)信号の観測
③ isomer準位からの脱励起
真空紫外光(VUV)を測定

29 keV

5/2+

5/2+
3/2+ (isomer)

229mTh229gTh

①
②

③

29-keV X-ray ⇝
VUV

核共鳴散乱を用いたisomer準位脱励起光子の新しい測定方法

NRS decay signal 放射線 B.G.

原子での散乱
(prompt peak)

一般のNRS (T1/2~1 ns) 229ThのNRS
timetime

X-ray

Target

Detector

検出器への要求
・短寿命信号の観測
→高い時間分解能 (FWHM <0.2 ns)
→裾が狭いpromptピーク (ピークの~0.5 ns後で10-7の感度)
・低S/Nへの対策
→検出器自身のノイズが少ない

入射X線への要求
・励起確率を上げるため狭い面積に集光

ターゲットへの要求
・入射X線の利用効率を上げるため小面積化

Si-APD(Avalanche Photo Diode)を使用浜松ホトニクス S12053-05
・空乏層が薄い→高時間分解能
・小径(0.5 mmφ)で多素子化が可能

p+

n+

空乏層

増幅層

electron
hole

X-ray

V

9ch-APD array(浜松ホトニクスと共同開発)

3.3 mm

Setup

X-ray

Target

237Np

233Pa

233U

229Th

α

α
β-

225Ra

αT1/2~8000 year

・放射性同位元素(T1/2~8000年、自然存在比~0)
・全原子核中最低の励起準位

( isomer state 229mTh ~10 eV )
→レーザーによる“原子核”の操作の可能性

NRS観測装置に高い性能が要求される

APDをアレイ化、専用コリメータを作成

小面積ターゲット(Thorium ~0.6 ug)
電着法を用いてBe板上に0.5 mmφのスポットを作成

Target

APD arraycollimator

A
PD

 &
am

p

Target

~0.5 mm
HNO3-229Th

~1kV

Beryllium

black : left histogram
red : estimated NRS signal

( T1/2 = 0.15 ns )

ビームテスト@SPring-8 BL09XU (2017. Oct.)

229ThのNRSを観測できるレベルに迫ってきている

・時間分解能 FWHM ~0.13 ns
・裾の狭いprompt peak

(ピーク後0.6 nsで10-7の感度)

T. Masuda et al., Rev. Sci. Instrum. 88, 063105 (2017).

T. Masuda et al., Nucl. Instrum. Meth. A. 913, 72 (2019).

T. Masuda et. al., Submitted to JPS: Conf. Ser.

Constant fraction discriminator
Amplitude-to-time convertor
Trailing edge discriminator

MCS6A
5(6) Input 100ps Multi-stop TDC,

Multiscaler, Time-Of-Flight
User Manual

© Copyright FAST ComTec GmbH
Grünwalder Weg 28a, D-82041 Oberhaching

Germany

Version 1.14, October 5, 2015

Multihit TDC
MCS6 (FAST ComTec)
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Dense target & beam

“Dense” Th target 
• dry-up method

• 0.24 µg, 0.4mmφ


“Focused” X-ray beam 
• Focused with a refractive lens array

• 1.0×0.8 mm2 → 0.2×0.06 mm2 (FWHM)

�11

time [ns]
-0.5 0 0.5 1 1.5 2 2.5 3

#h
its

 / 
25

ps

210

310

410

510

610

710

810

910
Time spectrum

Prompt peak

NRS signal

Constant B.G.

͠ʹ͍ͨ͘Ίɺ͜ͷΑ͏ʹ X ઢΤωϧΪʔʹԠͨ͡ෳ਺ͷϨϯζૉࢠΛ༻͍Δ͜ͱͰ

ঃʑʹूޫ͍ͯ͠ΔɻλʔήοτҐஔͰͷϏʔϜεϙοτ͸໿ 0.07mm× 0.2mm ͷପ

ԁܗͰ͋ΔɻूޫޙͷޫࢠϑϥοΫε͸ Si(660) Ͱ 3× 1013 photons/s/mm2ɺSi(220)

Ͱ 314 photons/s/mm2 Ͱ͋Δɻલஔ૿෯ثҎޙ͸ 2 ʷ 3νϟϯωϧ APDΞϨΠͷ৔߹

( 5.2)ͱಉ༷Ͱ͋Δɻ

ਤ 38 229Th֩ڞ໐ࢄཚ୳ࡧͰͷηοτΞοϓ

ਤ 39 ۶ંϨϯζ

45

X線集光性の評価(SPring-8) 

集光光学系 PIN 
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SPring-8

The most intense X-ray synchrotron radiation facility in Japan.

�12
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NRS search
�13

8.4 eV

Signal region

X-ray beam energy

Number of events

in the signal region

Time [ns]

Beam time         2018/7/15 9:00- 7/23 9:00

Monochro.         Si440

Scan range        8.4 eV (0.1 eV step)

Scan points       113 points (1800s/point)

Scan time          67 hours (7/19 2:00 - 21 21:00)
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Results

The NRS peak has been observed.

�14

The world's first demonstration on

the active pumping to the isomer state
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�15※画面はハメコミ合成
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Obtained nuclear parameters
�16
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Fig. 1: Low-energy nuclear level structure of 229Th. Nu-
clear levels are grouped into two rotational bands, labelled
by their band heads; 5/2+[633] for the ground state and
3/2+[631] for the isomeric state. The 229mTh is populated
via X-ray pumping to the second excited state. The quan-
tities in magenta (E2nd, T1/2, and Bcr

� ) are measured in
this work.

increased robustness against perturbations by the outer
environments it may rival the most precise current opti-
cal atomic clocks based on electronic shell transitions4–6.
With this precision, it is possible to detect relativistic ef-
fects such as a tiny geopotential di↵erences (⇠1mm)7;
thus the nuclear clock may become a new tool for geodesy.
In addition, it provides a sensitive probe for investigating
the temporal and spatial constancy of fundamental phys-
ical forces such as quantum chromodynamics (QCD) pa-
rameters or the electromagnetic coupling8–11, which may
be a↵ected by the accelerating universe.

To date, no experiment has unambiguously succeeded
in observing decay photons from the isomeric state, nor in
measuring its energy (Eis) accurately enough for direct ex-
citation by a narrow band laser. Recent experiments, how-
ever, have gradually constrained the possible Eis value.
A �-ray spectroscopy measurement using a high-precision
calorimeter reported Eis = 7.8 ± 0.5 eV1,2; it was ob-
tained as a di↵erence of �-ray energies from excited states
of 229Th (including the second excited state). More re-
cently, an electronic decay channel of the isomeric state
was observed by detecting electrons produced through an
internal conversion process; the result indicated Eis in the
range of 6.3 eV < Eis < 18.3 eV3.

All investigations mentioned above utilize ↵-decay of
233U to produce 229mTh. Several experiments attempted
a direct optical excitation with broad band ⇠ 7.8 eV syn-
chrotron radiation12–14; all showed null results, suggesting
that Eis or its half-life might lie outside the commonly ex-

pected range.

In this article, we report direct optical X-ray excita-
tion of 229Th to the second excited state (29-keV level,
see Fig. 1). Beyond resonantly exciting the 29-keV level
for the first time, we determine its key nuclear parame-
ters such as the energy E2nd, half-life T1/2, and excitation
linewidth �cr

� . In particular, we have determined E2nd

with an absolute accuracy of 0.07 eV; the value is impor-
tant because it gives direct access to the isomer energy Eis

when combined with previous or upcoming �-ray measure-
ments.

A large fraction (⇠ 58%, see Appendix B.2) of the 29-
keV level population quickly (⇠ 100 ps) decays into the
isomeric state. Thus the scheme realises an active method
of populating the isomeric state and enables us to measure
the isomer’s various properties in a well-controlled way.

The paper is organized as follows. Following this sec-
tion, the experimental method is described in Sec.2. The
analysis and results are presented in Sec.3. Finally, the
summary and discussions are given in Sec.4. There are two
appendices: a detailed description of the detector system
is presented in Appendix A, the data taking procedure and
derivation of physics quantities is described in Appendix
B.

2 Experiment

2.1 Measurement principle

Prior to this work, the energy of the 29-keV level was
known to within a few eV only15. Using a narrow band
X-ray source, the excitation energy must be scanned to
search for the nuclear resonance. Once the 29-keV level is
excited, it decays on the timescale of the half-life, either to
the isomeric or ground state, respectively, predominantly
via an internal conversion process. Subsequently, various
characteristic X-rays are emitted, among which the L-shell
lines are detected as the signal. An enhancement of this
signal indicates the nuclear resonance when the incident
X-ray energy is varied.

Conceptually, this scheme is identical to nuclear reso-
nant scattering (NRS)16. The present experiment, how-
ever, requires several specific developments to account
for the short half-life (⇠ 100 ps, shortest half-life ever
measured in NRS) and the extremely small signal-to-
background ratio (⇠ 10�6) due to the narrow excitation
linewidth of the 29-keV level. A state-of-the-art detec-
tor system, specifically developed for this experiment, to-
gether with an enhanced luminosity realised by a small-
spot-size beam and target, were the key to success, as will
be elaborated below.

2
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T1/2  = 82.2 ± 4.0 ps (Fastest NRS meas.)
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Γcrγ

160

200

240

280

C
ou

nt
s 

/ 1
80

0 
s

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Energy - 29189 [eV]

100

140

180

220

260

C
ou

nt
s 

/ 3
60

0 
s

a) Si(440)

b) Si(660)

0.4 0.6 0.8 1 1.2 1.4
Time [ns]

0

10

20

30

40

50

C
ou

nt
s 

/ 2
5 

ps

0.5− 0 0.5 1
Time [ns]

1

210

410

610

810

C
ou

nt
s 

/ 2
5 

ps

On resonance

Off resonance



“Cosmic acceleration” Symposium, Takahiko Masuda (Okayama Univ.)

/ 17

Realization of the active pumping of the Thorium-229 isomeric state

Isomer factory
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Fig. 1: Low-energy nuclear level structure of 229Th. Nu-
clear levels are grouped into two rotational bands, labelled
by their band heads; 5/2+[633] for the ground state and
3/2+[631] for the isomeric state. The 229mTh is populated
via X-ray pumping to the second excited state. The quan-
tities in magenta (E2nd, T1/2, and Bcr

� ) are measured in
this work.

increased robustness against perturbations by the outer
environments it may rival the most precise current opti-
cal atomic clocks based on electronic shell transitions4–6.
With this precision, it is possible to detect relativistic ef-
fects such as a tiny geopotential di↵erences (⇠1mm)7;
thus the nuclear clock may become a new tool for geodesy.
In addition, it provides a sensitive probe for investigating
the temporal and spatial constancy of fundamental phys-
ical forces such as quantum chromodynamics (QCD) pa-
rameters or the electromagnetic coupling8–11, which may
be a↵ected by the accelerating universe.

To date, no experiment has unambiguously succeeded
in observing decay photons from the isomeric state, nor in
measuring its energy (Eis) accurately enough for direct ex-
citation by a narrow band laser. Recent experiments, how-
ever, have gradually constrained the possible Eis value.
A �-ray spectroscopy measurement using a high-precision
calorimeter reported Eis = 7.8 ± 0.5 eV1,2; it was ob-
tained as a di↵erence of �-ray energies from excited states
of 229Th (including the second excited state). More re-
cently, an electronic decay channel of the isomeric state
was observed by detecting electrons produced through an
internal conversion process; the result indicated Eis in the
range of 6.3 eV < Eis < 18.3 eV3.

All investigations mentioned above utilize ↵-decay of
233U to produce 229mTh. Several experiments attempted
a direct optical excitation with broad band ⇠ 7.8 eV syn-
chrotron radiation12–14; all showed null results, suggesting
that Eis or its half-life might lie outside the commonly ex-

pected range.

In this article, we report direct optical X-ray excita-
tion of 229Th to the second excited state (29-keV level,
see Fig. 1). Beyond resonantly exciting the 29-keV level
for the first time, we determine its key nuclear parame-
ters such as the energy E2nd, half-life T1/2, and excitation
linewidth �cr

� . In particular, we have determined E2nd

with an absolute accuracy of 0.07 eV; the value is impor-
tant because it gives direct access to the isomer energy Eis

when combined with previous or upcoming �-ray measure-
ments.

A large fraction (⇠ 58%, see Appendix B.2) of the 29-
keV level population quickly (⇠ 100 ps) decays into the
isomeric state. Thus the scheme realises an active method
of populating the isomeric state and enables us to measure
the isomer’s various properties in a well-controlled way.

The paper is organized as follows. Following this sec-
tion, the experimental method is described in Sec.2. The
analysis and results are presented in Sec.3. Finally, the
summary and discussions are given in Sec.4. There are two
appendices: a detailed description of the detector system
is presented in Appendix A, the data taking procedure and
derivation of physics quantities is described in Appendix
B.

2 Experiment

2.1 Measurement principle

Prior to this work, the energy of the 29-keV level was
known to within a few eV only15. Using a narrow band
X-ray source, the excitation energy must be scanned to
search for the nuclear resonance. Once the 29-keV level is
excited, it decays on the timescale of the half-life, either to
the isomeric or ground state, respectively, predominantly
via an internal conversion process. Subsequently, various
characteristic X-rays are emitted, among which the L-shell
lines are detected as the signal. An enhancement of this
signal indicates the nuclear resonance when the incident
X-ray energy is varied.

Conceptually, this scheme is identical to nuclear reso-
nant scattering (NRS)16. The present experiment, how-
ever, requires several specific developments to account
for the short half-life (⇠ 100 ps, shortest half-life ever
measured in NRS) and the extremely small signal-to-
background ratio (⇠ 10�6) due to the narrow excitation
linewidth of the 29-keV level. A state-of-the-art detec-
tor system, specifically developed for this experiment, to-
gether with an enhanced luminosity realised by a small-
spot-size beam and target, were the key to success, as will
be elaborated below.
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Γcrγ

Isomer production rate ~ 2.5×104 cps
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Summary & Prospects

• Isomer state of Th-229 : the extremely-low energy ~ 8 eV 
              will building a new bridge between atomic & nuclear physics

• The world’s first artificial pumping to the isomer state has been realized.

• The next step : VUV emission detection & spectroscopy
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