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INTRODUCTION 

Several tens of MeV protons are generated from a 
laser-produced compact plasma in the laser-driven proton 
acceleration scheme. Laser-driven protons can be used for 
various applications. These applications require high flux 
and energetic protons as well as a high conversion 
efficiency from laser to protons. Experiments were 
performed to improve these parameters by using various 
target structures and laser conditions, e.g. an ultra-thin foil, 
micro-structured foil, long-pulse laser. 

 In the target normal sheath acceleration (TNSA) 
mechanism, an intense laser pulse interacts with a foil 
surface and generates relativistic electrons.  A part of the 
electrons escapes from the foil to a vacuum and generate 
a strong sheath electric field at the rear surface of the foil. 
This sheath field accelerates protons from the rear surface 
of the foil to its normal direction. The relativistic electrons 
diverge generally in the lateral direction. This divergence 
weakens the strength of the sheath electric field.   

Previous studies using two- and three-dimensional 
particle-in-cell simulations found that applying a strong 
axial magnetic field to the TNSA increases the maximum 
proton energy and coupling efficiency from the laser to 
protons [1, 2, 3]. The applied magnetic field provides two 
effects: (1) the magnetic field reduces the lateral 
divergence of the relativistic electrons and (2) the right-
hand circular-polarized component of the incident laser 
continuously accelerates electrons gyrating in the 
magnetic field. Therefore, the applied magnetic field 
enhances the directionality and the strength of the sheath 
field, resulting in the generation of a high-flux and high-
energy proton beams. 

A strong magnetic field that can confine the 
relativistic electrons is required to realize this scheme 
experimentally. A laser-driven capacitor-coil can produce 
a 1-kT magnetic field [4, 5, 6]. The pulse duration of this 
magnetic field is about 1 ns, sufficiently long relative to 
the time scale of proton acceleration. It was confirmed in 
previous experiments that the magnetic field generated by 

a laser-driven magnetic field can confine relativistic 
electrons within a small spot. 

We attempted to demonstrate enhancement of the 
TNSA performance using a laser-driven capacitor-coil. 
However, the experimental results clarified that the 
maximum energy and the number of protons decreased by 
using a laser-driven capacitor-coil. In this report, we 
identify the sources of the proton beam degradation which 
were not considered by the previous numerical predictions. 

EXPERIMENTAL SETUP 

The experiment was conducted at the GEKKO-XII 
(GXII) and LFEX facilities. Three GXII beams were used 
to generate a strong magnetic field. Each GXII beam, 
which has 800 +/- 50 J of energy at 1054-nm wavelength, 
was focused to 50-μm diameter on one of the capacitor-
plates of the target. When a single GXII beam was used, 
the laser-driven capacitor-coil generated 610 +/- 30 T of 
magnetic field at the coil center at 1.5 +/- 0.15 ns after the 
GXII peak. The coil has 500-μm diameter and 50-μm wire 
diameter. 

The LFEX beam, which has 350 +/- 50 J of energy 
and 1054-nm wavelength, was irradiated on a plastic (CH) 
foil to accelerate a proton beam via the TNSA. The CH 
foil was placed on 50-μm-thick tantalum, which protected 
the CH foil from radiation and plasma generated at the 
capacitor-plate. The energy spectrum of the laser-
accelerated protons was measured with the Thomson 
parabola energy spectrometer. The energy spectra of the 
accelerated electrons were also measured at 21 degrees 
from the normal axis of the rear surface of the CH foil. 

The aluminum shield was placed 5 mm behind the 
foil to protect the rear surface of the CH foil from 
illumination by the uncompressed light of the LFEX 
reflected at the RCF stack surface. The LFEX system 
emits an uncompressed light pulse ahead of a compressed 
main pulse. This uncompressed light is specularly 
reflected on the grating surface. The direction of the 
uncompressed light is tilted a little from that of the 
compressed light. Thus, the uncompressed light does not 



hit the CH foil, but illuminates the RCF stack behind the 
CH foil 45 ns before the compressed pulse illumination. 
The reflected uncompressed light can heat the rear surface 
of the CH foil, reducing the TNSA performance. 

RESULTS 

We measured the energy spectra of the proton beam, 
changing the delay between the magnetic field generation 
and proton acceleration. For the initial delay setting, the 
GXII and LFEX pulse peaks reached the targets 
simultaneously. A positive value for the delay means that 
the LFEX pulse peak arrives at the CH foil after the GXII 
pulse peak. 

Figure 1 shows the energy spectra of (a) laser-
accelerated protons and (b) electrons measured at -260 ps 
and +180 ps delays, without the application of the laser-
driven capacitor-coil. The proton spectra were measured 
at the normal direction of the CH foil rear surface. All of 
the proton spectra have a detection limit at 6 MeV because 
the Thomson parabola energy spectrometer cannot detect 
protons with energies less than 6 MeV.  The energy 
spectra without the laser-driven magnetic field showed the 
highest maximum energy and the largest number of 
accelerated protons. On the other hand, when a magnetic 
field was applied to the CH foil, the maximum energy and 
the number of protons decreased as the delay increased, as 
shown by the red and blue lines in Fig.1. The degradation 
of the maximum energy and the number of protons 
indicate that the sheath electric field at the rear surface was 
weakened for unexpected reasons. 

The energy spectra of the relativistic electrons were 
also observed at 21 degrees from the normal direction of 
the CH foil rear surface. In the low energy region below 1 
MeV, the energy of the electron number peak shifted to 
higher energies compared to that without the magnetic 
field application as shown in Fig. 1 (b). This shift indicates 
the possibility of the existence of plasma around the CH 
foil. Plasma surrounding the CH foil can reduce the sheath 
electric field by Debye shielding, causing this shift. 

When the laser-driven capacitor-coil was not 
irradiated by GXII beams, the LFEX laser interacts with a 
plasma at a sharp boundary between the CH foil surface 
and the vacuum because of a high laser pulse contrast of 
10-11. When GXII beams irradiate the capacitor-plate of the 
laser-driven capacitor-coil, a hot plasma stream is incident 
on the CH foil from the laser-plasma interaction region on 
the capacitor-plate. LFEX interacts with this plasma 
stream around the CH foil, causing an energy shift of the 
relativistic electrons. The long-scale plasma may also 
decrease the number of low-energy components of the 
relativistic electrons. The low-energy component of less 
than 1 MeV is also strongly affected by electric and 
magnetic fields. Therefore, the relativistic electrons are 
decelerated and scattered by electromagnetic fields in a 
hot-plasma cloud, which decreases the number of laser-
produced electrons entering the detector. 

In summary, we found that the proposed scheme to 
enhance the proton acceleration by using a laser-driven 
capacitor-coil is quite sensitive to the hot electrons and X-
rays produced by the high-power laser. The number and 

maximum energy of protons decreased by increasing the 
delay between the magnetic-field-generation laser pulse 
and the proton-acceleration laser. An energy shift to high 
energies was observed in the electron energy spectra as the 
delay increased.  This result indicates the possibility of 
hot electron irradiation and X-ray preheating. In the future 
experiment, some experimental design should be tested 
for a successful enhancement of TNSA. 
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Fig.1.  Energy spectra of laser-produced (a) protons and (b) 
electrons for no magnetic field (red ) and two delays: -260 ps 
(blue ), and +180 ps (green +), where a delay is a temporal 
separation between the application of a magnetic field and the 
proton acceleration.   
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   Energetic electrons generated by intense lasers are 
used in a wide range of experimental plasma physics 
scenarios, such as an electron or ion generation, X-ray 
sources in plasma physics and fast ignition inertial 
confinement fusion.  
An improvement of electron generation efficiency brings 
a great progress in all of these researches. We describe 
here investigations of a new method of greatly improving 
the efficiency of laser-driven electron generation by 
modifying the harmonic structure and polarization of 
laser light before it strikes the conversion target. In this 
study, LFEX laser which has a wavelength of 1053 nm 
was converted to second harmonics with a wavelength of 
527 nm with a conversion efficiency of up to 23% for 
over 100 J input energy, and create a two waves mixture 
of them. A unique optical layout was utilized; a thin LBO 
(Li2B3O5) frequency converting crystal converts LFEX 
beam having 1053-nm wavelength to a second harmonics 
having 527-nm after focal optics just before a target.  

Figure 1 LFEX-Frequency converting system 
installed on GEKKO-XII system 
 
   Figure 1 shows a photo of frequency converting 
crystal system installed on LFEX. The crystal can be 
installed and removed easily by a shot to a shot. 
Frequency converting of focusing beam was technically 
difficult since which contains various angle to the 
frequency converting crystal, and usually only a fraction 
of the laser beam is converted to second harmonics 
where crystal angle is matched to the laser axis, however 
by selecting LBO crystal and designing a thin (1.5mm) 
thickness, we realized the conversion of entire part.  

Figure 2 Experimental setup to measure the frequency  
 

Figure 3 Left: The near field pattern of fundamental 
injecting LFEX to the LBO and that of second harmonics 
showing entire beam was successfully converted. Right 
the frequency conversion efficiency resulted in the 
experiment.   
 
conversion efficiency. As shown in Fig2, the frequency 
conversion efficiency and damage limit of the system 
was evaluated. It resulted in frequency doubling at an 
efficiency of up to 23 % and produced a laser beam with 
a mixture of 1053-nm and 527-nm wavelength. The 
damage threshold was 140J/beam at LBO crystal for 
1.5ps pulse duration. A theoretical calculation predicted 
that up to 50% conversion is possible with 0.5-mm thick 
(three times thinner than this time) LBO crystal thickness, 
and which can increase the damage threshold. As shown 
in Fig3 left, the input beam pattern was successfully 
entirely converted to second harmonics.  
   Besides the laser engineering, a new electron 
acceleration behavior physics was also found out by 
using the laser. A combination of two beams improved a 
number of electron detected was more than twice in less 
than 1 MeV energy region.  

Figure 4 Electron energy spectrum for 1  only and
1+2  mixing condition.  



This result was agreed with proton energy spectrum and 
hard X-ray spectrum which confirmed the number of 
electron (current) was surely improved. The phenomena 
were explained theoretically; the second harmonics beam 
created high density plasma at laser –plasma interaction 
surface the fundamental beam can also interacted with 
the high density plasma. In addition, by mixing two color 
beams “8” motion circular polarization was created. 
These two unique conditions were considered to realized 
such excellent results.  
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INTRODUCTION

磁化プラズマ中において、磁気リコネクションは、磁場
構造の変化とともに磁気エネルギーからプラズマの熱エネ
ルギーや運動エネルギーへの変換を伴う、非常に重要な物
理過程である [1]。磁気リコネクションを理解するには、流
体スケールにおける磁場の移流と、運動論的効果が重要と
なる微小な磁場拡散領域を同時に理解する必要がある。こ
れまでに運動論的数値シミュレーションや流体シミュレー
ションを用いた研究や、衛星によるその場計測、太陽フレ
ア観測等で磁気リコネクションが検証されているが、大き
な空間スケールの違いを統一して理解することは難しい。
レーザープラズマはその性質上、高温・高密度であり、他
の放電プラズマを用いた室内実験と比較して高いベータ値
を実現でき、様々なプラズマ計測を用いることで、これま
でにないパラメータ領域で磁気リコネクションを検証でき
る。また、数ミリメートルの流体スケールの計測と 1 mm
以下の磁場拡散領域の計測が同時に可能である利点があ
る。しかし、レーザープラズマは空間的に微小で時間的に
非定常なプラズマであるため、電磁場計測やプラズマの局
所計測が難しい。
激光 XII号レーザーを固体に照射したときに自己生成

される磁場 (Biermann battery effect)中で発生する磁気
リコネクションを検証した。プラズマの自発光をイメージ
ングすることで、レーザー生成プラズマの密度構造を計測
し、プラズマ生成、膨張、相互作用を可視化した。同時に、
Nd:YAGレーザーをプラズマ中に集光照射してトムソン
散乱光を分光計測することで、レーザー集光径程度の局所
領域におけるプラズマパラメータを計測した。今年度は、
昨年度 [2]に加え、二つの分光器を設置することで二方向
からトムソン散乱光を計測し、磁力線に対して平行および
垂直と二方向のパラメータを計測した。また、磁気リコネ
クションにより駆動されるジェットの排出方向に B-dotプ
ローブを配置し、磁化されたジェットによる磁場変化の検
出も同時に行った。

EXPERIMENT

実験は激光XII号レーザーのチャンバー IIで実験を行っ
た。出力エネルギー 600 J、パルス幅 1.3 ns の激光レー
ザーを厚さ 200 μm のターゲット表面に集光照射し、ア
ブレーションプラズマを生成すると同時に、その周りに
Biermann Battery effect (∂B/∂t ∝ ∇T ×∇ne) により磁

FIG. 1. (a), (b)のように、二枚のアルミニウム薄膜ターゲット
を上下に 6 mm 距離を離して設置し、それぞれ激光レーザー 1
ビームずつで照射する。自己生成磁場は中間面で相互作用する。
レーザートムソン散乱計測は、δ軸と反対方向に入射し、(c)–(e)
のように、イオン項を 2方向から、電子項を 1方向から計測した。

場が自己生成される。ターゲットとレーザートムソン散乱
計測の配置は図 1(a)–1(e)に示した。自己生成磁場は上下
から互いに対向する方向に膨張するプラズマと共に移流さ
れ、中間面 (z = 0)で相互作用する。トムソン散乱計測は
z = 0面内で計測した。計測方向は図 1(c)–1(e) に示すよ
うに、k = ks − ki 方向のパラメータが得られる。

また、磁気リコネクションにより駆動が期待されるジェッ
ト (y 軸方向) 排出方向に B-dotプローブを設置し、磁場
変化を計測した。リコネクションによって排出される磁化
プラズマは ±y において磁場が反転するはずであるため、
y = −25 mm, 13 mm と 2点で計測した。



2

FIG. 2. レーザー生成プラズマからの熱制動放射 (波長 λ = 450
nm) の計測結果。上下のターゲットから対向するプラズマが生
成されていることがわかる。

FIG. 3. レーザートムソン散乱の電子項計測から得られた (a) 電
子温度と (b) 電子密度。横軸はプローブレーザーに沿った空間
を示す。

RESULTS

図 2に、y軸に沿って計測したプラズマの自発光 (λ = 450
nm における熱制動放射)の一例を示す。昨年度までの結
果と同様、上下からプラズマが膨張し、中心付近で相互作
用する様子がわかる。

図 3(a)と 3(b)は、それぞれ、レーザートムソン散乱の
電子項計測から得られた電子温度と電子密度を示す。ター
ゲットの片側のみを照射した場合 (t = 14 ns)と比較し、
上下のプラズマが衝突する場合は、どの時刻においても温
度、密度ともに上昇していることがわかる。衝突初期の時
間と考えられる t = 14 nsと比較し、21–23 nsでは、密度

が大きく変わらない一方で、温度が急激に低下しているこ

FIG. 4. y = −25 mm および 13 mmにおいて、B-dotプロー
ブにより計測した磁場変化 (Bz).

とが分かる。これは、t = 14–21 nsの時間においてプラズ
マが急激に加熱されていることを示唆している。
また、ここでは載せなかったが、二方向からイオン項を

計測し、2次元速度、温度計測も試みたが、プラズマ膨張
に対して垂直方向の分光器は波長分解能が足りず、速度・
温度変化を捉えるには至らなかった。しかし、二方向を計
測することで、磁気リコネクションに特有のジェットの速
度場や温度、速度の磁力線方向依存性を議論できる可能性
があるため、来年度以降は、分光器を改善し、計測を行い
たいと考えている。
B-dot プローブにより計測した磁場変化の z 成分を図

4に示す。激光レーザー照射時の電磁ノイズが強いため、
t < 0.2 μsでの磁場変化を求めるのが難しい。そこで、得
られた電圧信号に対し、t = 7.3 μs と十分磁場変化が小
さい時刻から、−t方向に積分することで、磁場変化を見
積った。t ∼ 0.5 μs付近での磁場変化を比較すると、片側
のみを照射した場合 (single)と比較し、両側のターゲット
を照射した場合 (double) の磁場変化が増加していること
がわかる。また、y = 13 mm と −25 mmにおける計測で
は、それぞれ ΔBz が反転して計測されていることから、
プラズマに磁化した自己生成磁場を計測できていると考え
られる。
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INTRODUCTION 

Titanium carbide (TiC) is a typical transition-metal 
carbide, attracting wide interest because of its super high 
hardness, high melting point, thermal stability, high 
oxidation resistance as well as metallic conductivity. The 
structure of single crystal TiC is NaCl type (B1) at 
standard pressure and temperature, and the bulk material 
is manufactured usually as a nickel-cobalt matrix ceramics, 
known to be a refractory superhard “cermet” with a 
hardness of 9-9.5 Mohs. Such cermets are used instead of 
a typical cemented carbide, tungsten carbide, in cutting 
tools, and are in the manufacture of resistors, capacitors, 
and other electronic components experiencing harsh high 
temperatures too.  

The high-pressure and high-temperature equation-of-
state (i.e., Hugoniot) of TiC has been so far measured up 
to 300 GPa with shock compression technique. 
Although a large number of studies demonstrate that NaCl 
type structure generally transforms into CsCl type (B2) 
under high pressures, the evidence of such transformation 
has not yet been seen in TiC because of fewer data above 
200 GPa. For the same reason, the behavior of the 
Hugoniot near the shock melting has not been elucidated. 
Here we report the TiC Hugoniot up to 630 GPa measured 
in the laser-shock compression experiments on the 
GEKKO XII laser facility.

 

EXPERIMENT 

The Hugoniot measurements for TiC were performed 
on the GEKKO XII laser facility at the Institute of Laser 
Engineering, Osaka University [1, 2]. The experimental 
setup and target assembly are shown in Fig. 1(a). The 
wavelength of the shock-driving laser was 527 nm or 351 
nm, which is the second or third harmonics of the 
fundamental wavelength (1053 nm) of the neodymium-
doped glass laser, respectively. The experiments used 3 to 
6 laser beams of an approximately 2.5 ns square pulse 
duration with an on-target energy of up to 680 J. The 
focal-spot diameter was typically 1000 μm or 600 μm with 
a flat-top intensity distribution, resulting in a planar shock 
front of more than 300 μm in the diameter.  

Typical targets consist of a 30-μm thick 
polypropylene (CH2) ablator, 40-μm aluminum (Al) 
baseplate, 50-μm z-cut α-quartz (SiO2) EOS reference (i.e., 
baseplate quartz in Fig. 1), and 10-μm TiC sample. The 
samples were polished on both sides. The TiC was 
sintered with Ni binder (matrix) material of 15 wt%. The 
grains were randomly oriented and the average size of the 
grains was 5 μm. The initial mass density ρ0 was 5.06 
g/cm. As shown in Fig. 1(a), the TiC samples were fixed 
onto the left half of the baseplate quartz. Two quartz 
witnesses (i.e., the rear and side quartzes) are glued onto 
the rear of the TiC and the right half of the baseplate quartz, 
respectively.  

 

Fig. 1. (a) Target assembly. (b) Typical VISAR image. The time t1 and t2 correspond to the baseplate-SiO2/TiC 
interface and the TiC/witness- SiO2 interface, respectively. From the shock transit time t2 - t1 and the initial sample 
thickness, the mean shock velocity of TiC was obtained. 



We measured the shock velocities of TiC and quartz 
and performed the impedance matching analysis (IMA) 
[3] to determine a TiC Hugoniot point using the measured 
velocities and the known Hugoniot curves of quartz as 
reference material [4, 5]. The velocity measurements were 
made using two line-imaging velocity interferometers 
(VISARs) [6]. The VISAR probe, an injection-seeded Q-
switched YAG laser, operated at 532 nm was irradiated 
onto the target from the rear side. The two line-VISARs 
allow us to resolve 2π-phase shift ambiguities in the 
interferometry image. The velocity sensitivities of the 
line-VISARs were 5.518 and 3.439 km/s/fringe under 
vacuum, respectively. Figure 1(b) shows a typical raw 
image of the VISAR measurement. The time resolution of 
the whole system that combined the streak cameras and 
the VISAR interferometer was around 50 ps. The time-
resolved shock velocity of quartz was obtained from the 
interference fringe pattern of the line-VISARs, because 
quartz was transparent to the VISAR probe light (532 nm) 
at ambient pressure but shocked quartz became reflective 
at pressures of interest in this work; i.e., above 100 GPa 
[7]. The measurement uncertainty of the time-resolved 
velocity was 1.5-3.0%. The time-integrated (mean) shock 
velocity of TiC was measured, because the TiC samples 
were not transparent. The mean velocity was obtained 
from the measurements of initial sample thickness and 
shock transit time. The right half of the target shown in 
Fig. 1(a) provided the arrival time (t1) of shock wave to the 
SiO2/TiC interface and the time-resolved quartz shock 
velocity. The left half of the target provided the arrival 
time (t2) to the TiC/(rear-)SiO2 interface. The shock transit 
time of TiC was obtained from the t1 and t2. 

 

RESULTS AND DISCUSSION 

A total of six laser shots were conducted and the 
shock Hugoniot data for TiC were obtained in the pressure 
range between 380 GPa and 650 GPa. The shock velocity 
(Us) – particle velocity (up) relationship is shown in Fig. 2 
along with the previous low-pressure data by using a gas 
gun [8]. The laser experiment data agree with the 
extrapolation of the linear approximation of the gas-gun 
data within the uncertainty. The approximation line is Us 
= 7.622 + 0.8956 up (dashed). The laser data also agree 
with a shifted “universal Hugoniot of fluid metal” 

(UHFM) line [9]. This is reasonable because the states of 
the shocked TiC could be high pressure and temperature 
liquid metal.  

Figure 3 shows the Hugoniot relationship between 
pressure (P) and density (ρ). The symbols used in this 
figure are the same as in Fig. 2. Our experiments suggest 
that the TiC Hugoniot above ~350 GPa in the liquid range 
becomes systematically softer than that in the solid range.  
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Fig. 2. Shock velocity vs. particle velocity. 

 

Fig. 3. Pressure vs. density. 
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INTRODUCTION 

Mineralogy of our Earth has been well known 
through seismology, experimental physics and chemistry 
etc. Mg2SiO4 polymorphs ( -phase as forsterite, -phase 
as wadsleyite, and -phase as ringwoodite) are the major 
constituents of the Earth, forming the mineralogy of the 
upper mantle down to 660 km depth. Therefore, they 
have been also considered as the potential candidates for 
constituting the mineralogy of the large rocky planets’ 
mantle, so called super-Earths, even if the temperature 
and pressure of the super-Earths’ mantles are considered 
to much larger than those in our Earth’s core. Hence, it is 
essential to study the Mg2SiO4 polymorphs at such 
extreme pressure and temperature conditions to 
understand their chemical and physical properties at the 
relevant conditions. 

Forsterite is the most studied phase by shock 
compression among the Mg2SiO4 polymorphs [e.g., 1], 
while there are no data on wadsleyite and ringwoodite 
except a gas-gun study to be applied only for wadsleyite 
up to about 200 GPa pressure. Hence, we aim to obtain 
Hugoniot relations of wadsleyite and ringwoodite 
simultaneously, for the first time, by using laser-shock 
compression. We aim to obtain the Hugoniot relations of 
wadsleyite and ringwoodite at higher pressure and lower 
temperature conditions than that obtained for the 
forsterite in the previous works. Such conditions are 
implemented by about 10 % higher initial densities of 
wadsleyite and ringwoodite than forsterite.  

EXPERIMENTAL METHOD 

We conducted laser-shock compression experiments 
on single-crystals of wadsleyite and ringwoodite in order 
to avoid the effects of possible physical inhomogeneities 
of powder samples. Single crystals of wadsleyite and 
ringwoodite were synthesized by using scaled-up Kawai 
type multi anvil apparatus at their deep mantle conditions 
corresponding to the 15 – 21 GPa and 1000 – 1500 °C 
with over than 6 hours of heating duration [2,3]. Most 
importantly, the synthesized minerals were chemically, 
physically and optically homogenous and had suitable 
sizes for the intended experiments. We synthesized such 
crystals by our previously established a slow-cooling 
method [4]. Recovered crystals were up to 1 mm in sizes 
and confirmed to be chemically homogenous and free  

 
from twinning, cracks and inclusions by means of optical, 
scanning electron microscopy, and x-ray diffraction 
methods in combination. The crystals were then doubly 
polished separately 50 – 100 μm in thickness and with 
lateral sizes of (> 400 μm)2. They were glued together to 
form the sample targets which are pre-established 
suitable for the laser-shock experiments (Fig. 1).  

The laser-shock experiments were conducted using 
GEKKO XII Glass laser system at Institute of Laser 
Engineering, Osaka University. We successfully 
measured 5 crystals of wadsleyite and also 5 crystals of 
ringwoodite samples at various shock strengths. Figure 1 
shows the typical VISAR (Velocity Interferometer 
System for Any Reflector) image obtained for a 
wadsleyite. We also obtained streaked optical pyrometer 
(SOP) images simultaneously for determining the 
temperature of the experiments during the shock event.  

 

 
 
Fig.1. A representative of target assembly (left) and 
typical VISAR image (right). The target assembly 
consisted of polypropylene (CH), aluminum (Al), 
crystalline -quartz (Qz), and single crystal of wadsleyite 
(Wd) or ringwoodite (Rw), and magnesium oxide (MgO) 
as optical window material. The numbers are the 
thicknesses of each component in micrometer scale. The 
target components were glued with an ultraviolet cure 
adhesive.  
 

Such clear VISAR images allow us to determine 
accurate shock velocities of the reference material 
(quartz-Qz) and crystal from their fringe shifts induced 
by the shock wave, which used to determine the pressure 



and density. The Qz was used as reference material for 
impedance mismatching analysis. 

RESULTS 

Figure 2 shows experimental relationships between 
the shock velocity versus the particle velocity of our 
representative wadsleyite crystal samples, together with 
forsterite crystals reported in the previous works. 
 
 

 
Fig.2. Summary of Hugoniot relationships of wadsleyite 
and forsterite. Blue circles denote Hugonoit data of 
wadsleyite, where the filled circles are laser-shock 
compression data of the present study and open circles 
are from Mosenfelder et al., 2007 by using gas-gun 
compression. Diamonds are for the forsterite (Fo) 
Hugonoit taken from Sekine et al., 2016 by using 
laser-shock (black) and Mosenfelder et al., 2007 (grey) 
by using gas-gun compression.  
 

 There are two characteristic discontinuities which 
were reported in forsterite Hugonoit at around 7 and 9 
km/s in particle velocities (Sekine et al., 2016). Such 
discontinuities were speculated due to the phase 
transformation and or reactions. By combining our 
present wadsleyite data with previously reported 
wadsleyite Hugonoit obtained by gas-gun, we consider 
that wadsleyite Hugonoit has also two characteristic 
discontinuities at around 4 and 6 km/s in particle velocity. 
Since we observed visible fringe shifts for these 
wadsleyite data, such velocity discontinuity must be due 
the phase transformation or chemical reaction occurred 
during the laser-shock compression phenomena. For the 
moment, we are still analyzing the obtained laser-shock 
data. After finalizing the analysis, we able to discuss 
more detailed information regarding the wadsleyite and 
also the ringwoodite Hugonoit.  
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INTRODUCTION 

Ion acceleration through laser-plasma is one of the 
promising technologies for realizing laboratory high 
energy physics, astrophysics, and table-top cancer 
therapy. In the target normal sheath acceleration (TNSA) 
configuration, protons and heavier ions can be 
accelerated to high energies through the strong electric 
field from the electron sheath. The electromagnetic field 
get severely attenuated beyond the skin depth when 
interacting with a solid target. Therefore, it is 
understandable that thin target is needed to achieve high 
ion energy. Recently, use of thin targets > 10 nm 
diamond like carbon film has demonstrate promising 
results for high energy ion acceleration [e.g., 1]. 
Although theoretical prediction indicated higher ion 
energy can be produced using a thinner target (~ 10 nm), 
fabrication of thinner suspended film is so far 
unsuccessful. Moreover, the accompany heating effect 
from the pre-pulse in the intense laser beam could 
effectively destroy the thin target before the interaction 
with the main laser if the thin target is not strong enough. 
Plasma mirrors and complicated optical path such as 
chirped standing wave acceleration (CSWA) 
configuration are usually needed to alleviate the 
detrimental effect from pre-pulse.  

Graphene is the strongest two dimensional material. 
Moreover, the thickness of graphene film can be 
precisely controlled through chemical vapor deposition 
(CVD) and its subsequent transfer methods. Recently we 
have developed a residue free transfer method to achieve 
large area suspending graphene (LSG) on holey 

substrates [2]. Preliminary test shots on LSG with 
systematically varying thicknesses have been conducted 
in LFEX in September 2018. It was clear that the 8-layer 
LSG samples were strong enough to survive pre-pulse 
without using plasma mirror, and was able to generate 
energetic protons and carbon ions. Moreover, we have 
developed a composite target structure scheme recently. 
By depositing other materials on the LSG, the LSG can 
act as supporting scaffold for any film that can generate 
any kind of ions in laser plasma acceleration. In the 
previous LFEX experiment conducted in July 2019, we 
focused on the acceleration of high Z Au ions using the 
above scheme. 

EXPERIMENT 

The experiment was performed with LFEX laser 
facility at Institute of Laser Engineering, Osaka 
University from 23rd to 25th July 2019. Irradiating an 
LSG with two beams of LFEX laser (energy  350 J per 
beam, wavelength 1054 nm, pulse duration 1.5 ps and 
focal spot  30 um, providing the peak intensity of  
1019 W/cm−2), energetic ions are generated. Figure 1(a) 
shows a schematic image of the laser and target 
configuration. The LSG was irradiated from the normal 
incidence direction. We measured the accelerated ions 
with a combined stack of radiochromic films (RCF) and 
CR-39, and with Thomson parabola (TP). The stack was 
placed along the laser axis with 40 cm distance from the 
focal spot to the front surface of the stack. The RCFs 
with different sizes provide fine energy resolution. Two 
TP were fixed outside of the chamber and an imaging 
plate (IP) and MCP+CCD was used as detector 



respectively for respective TP. We use X-ray pinhole 
camera and electron spectrometer to monitor the LFEX 
focal spot and the electron temperature, respectively. 

Figure 1(b) shows the scanning electron microscopy 
image of the 4-layer LSG deposited with 3 nm thick Au 
layer. The inset in Fig. 1(b) shows the 3 nm Au film was 
in the form of nano-particle layer with lateral size ~ 3 nm. 
Fig. 1(c) shows the Raman spectroscopy of the Au 
deposited LSG, indicating typical fingerprint of graphene 
with G band at 1580 cm-1, 2D band at ~ 2680 cm-1, and 
D band ~ 1350 cm-1, probably originated from the doping 
effect of Au film. Besides that, a background hump in the 
Raman spectroscopy indicated the luminescence from Au 
nano-particles. Besides Au, we have mounted other 
material, PMMA and h-BN. We irradiate either the 

graphene side or the other material side with the LFEX 
laser. For instance, when we place the LSG on the laser 
side, we aim to accelerate the PMMA. On the other hand, 
when we place the PMMA on the laser side, we expect to 
use PMMA as fuel to accelerate LSG carbons. 
 

RESULT 

We have 9 effective shots with 4-layer LSGs and 
nanostructure targets suspended with LSG, where Au 
with different thickness from 10~100 nm, PMMA with 
different thickness, and single layer h-BN. Figure 2 
shows the major result for successful demonstration on 
generation of high Z heavy ions. Figures 2(a) and 2(b) 
show the results with Thomson parabola spectroscopy 
from the shots on a 4 layer LSG deposited with 48 nm 
PMMA ((C5O2H8)n) and 100 nm Au, respectively. It is 
clear that the shot renders abundant protons, carbon 
oxygen ions with different charge states (C4+, C5+, C6+ 
and so on) in Fig. 2(a). Compared to the PMMA/LSG 
composite target, the 100 nm Au/LSG (4 layer LSG 
deposited with 100 nm Au layer) has distinctive feature 
in which there are tracks indicating high Z Au ions up to 

charge state = 51 as shown in Fig. 2(b). Theoretical 
calculation of laser ion acceleration considering the 
stripping off effect from the intense electric field of laser 
predicts that for laser intensity up to 1021 W/cm-2, M 
shell electrons could be stripped off as shown in Fig. 2(c) 
[3]. However, the intensity of LFEX laser is much lower 
than the above estimation. Our experimental results show 
much higher charge state than that predicted with field 
ionization model. While the physical mechanism of such 
high ionization state is under investigation, our 
experiment successfully demonstrates the acceleration of 
high Z heavy ions (Au in this case) and the ability of 
LSG as a target mount for nanostructured targets.   
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Figure 1 (a) schematics of the laser , detector, and 

target configuration. (b) the SEM image of the 3 nm 

Au deposited 4-LSG. (c) Ramam spectroscopy of the 

3 nm Au/4-LSG target. 

 
Figure. 2. (a) TPS of PMMA/4-LSG shot (b) TPS 

acquired for the 100 nm Au deposited 4-LSG shot. (c) 

Theoretical prediction for generation of ions with 

respective charge state.   
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INTRODUCTION 

The increasing demands for functional materials 
and the current trends in device miniaturization have led 
to intensive research focused on improving material 
efficiency and durability for various applications. For 
example, the stability of zinc oxide (ZnO) crystal in 
radiation environments is the subject of previous works 
in relation to its application as a scintillator material. 
Bulk ZnO single crystal is an excellent scintillator 
because its emission lifetimes are similar regardless of 
the sample temperature. In a radiation environment, 
however, energetic particles can generate defects, 
damage, and/or penetrate the material which could alter 
its electronic and optical properties. For instance, it was 
found that hydrogen-ion (H-ion) irradiation of a bulk 
ZnO crystal on its ( ) surface has led to the decrease 
in the visible transparencies, red shifting of the emission 
peaks, shortening of the ultraviolet (UV) emission 
lifetimes, and suppression of the visible emission bands. 
These observations were then attributed to the generation 
of defects during irradiation and to the possible 
interaction of H-ions with the surface. These 
experimental results provide evidence that H-ions can 
modify the electronic properties of ZnO. Probing this 
phenomenon in the atomic scale will unravel the origin 
of the changes in the electronic properties and will 
establish mechanisms that will be useful in materials 
design. The interaction of hydrogen with ZnO surfaces 
has been investigated in the past using first-principles 
calculations. Previous investigations focused mainly on 
the catalytic performance of ZnO, its potential use as a 
gas sensor, and the modification of the properties of the 
material (induced metallicity). These reports did not 
examine the possible difference between the interactions 

of hydrogen with ZnO and the impact of the species on 
the optical properties of the material. 

In this regard, we investigate hydrogen (H) 
adsorption on ZnO ( ) surface by performing density 
functional theory (DFT) based calculations [1]. 
Specifically, we aim to provide comprehensive details on 
the adsorption of hydrogen on ZnO ( ) surface with 
information on its geometric structures and the analysis 
of the interactions between hydrogen and the surface 
atoms. The results are expected to provide more accurate 
prediction and new insights on how H modify the 
geometry and the electronic properties of ZnO for a 
much-needed understanding of ZnO’s potential 
applications. 

COMPUTATIONAL DETAILS 

Fig.1. (a) Initial clean ZnO ( ) surface with the 
lattice parameters and schematic diagram of the (a) clean 
ZnO surface compared with (b) single H on top of O 
[H(Otop)], (c) single H on top of Zn [H(Zntop)], and two H 
atoms on top of O atoms on different sites designated as 
(e) 2HA, (f) 2HB, and (g) 2HC. Magenta, red, and cyan 
spheres represent Zn, O, and H, respectively. 
 

We performed first-principles calculations based on 
DFT implemented in the open-source Quantum 



ESPRESSO package. Vanderbilt pseudopotentials were 
used under the generalized gradient approximation 
(GGA) scheme using Perdew-Burke-Ernzerhof (PBE) as 
the exchange-correlation functional. A 2 × 2 supercell of 
four bilayers of ZnO ( ) was constructed to model 
the surface. Note that the bilayer consists of one layer of 
Zn atoms stacked with one layer of O atoms. A vacuum 
of 12 Å is added to replicate the surface. The calculated 
parameters of the clean surface such as the interlayer 
spacings and the Zn-O interatomic distances are in good 
agreement with previous works. Single and multiple H 
atoms are then simulated to be adsorbed on different 
geometric sites, as indicated in Fig. 1. Electronic band 
structures and density of states (DOS) were 
systematically obtained and plotted for each system. 

RRESULTS 

Figures 2 and 3 show the electronic band strucrtures 
and DOS of the clean ZnO ( ) and the H(Otop) system, 
respectively. Our results show an underestimation of the 
band gap for the clean ZnO surface – a limitation of 
standard DFT calculations. Nevertheless, the band 
features are identical to previous DFT investigations. On 
the other hand, the system becomes metallic when an H 
atom is adsorbed on the ZnO surface as revealed by the 
crossing of the minimum valence band crossing below 
the Fermi level.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Electronic band structure and DOS of a clean 
ZnO ( ) surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Electronic band structure and DOS of H(Otop) 

system. 
 

The adsorption energies for each structure were then 
calculated using the equation: 

  (1) 

where Etot is the total energy of the system, EH is the total 
energy of one H atom, Eclean is the total energy of the clean 
ZnO (100) surface, and n is the number of H atoms 
present in the system. A summary of the results is shown 
in TTable 1. 
 
Table 1. Adsorption energies of H in each system where 
H atom(s) is/are adsorbed on specific geometric sites of 
the ZnO (100) surface. 

SSystem AAdsorption Energy (eV) 

H(Otop) -2.50 

H(Zntop) -0.679 

2HA(Otop) -2.18 

2HB(Otop) -2.30 

2HC(Otop) -2.31 

4H (Otop) -2.13 

8H (Otop, Zntop) -2.50 

SSUMMARY AND FUTURE WORK 

We have analyzed the changes in the electronic 
properties of the ZnO ( ) surface in the presence of 
hydrogen. We found that a low concentration of H 
adsorbed at on top site of O atom of ZnO will result in 
the shifting of the conduction band below the Fermi 
energy level. This phenomenon is attributed to the ionic 
bonding between H and O, in which, the O atom receives 
charge from the adsorbed H atom. The conduction band 
which is dominated by the O atom, thus, shifts below the 
Fermi energy level. For H that is adsorbed at the on-top 
site of Zn, the interaction is characterized by covalent 
bonding. Derived states, with contributions from O, Zn, 
and H, are formed near the Fermi level. The involvement 
of O in the adsorption of H explains the retained 
forbidden region in the band structure of the system. We 
note that such overlapping of states between Zn and O 
likewise occurs in the valence band of the clean ZnO 
(100) surface. In the future, we will extend the analysis 
for systems with higher H coverage and implement 
corrections to obtain more accurate band gap 
measurements of the systems. 
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INTRODUCTION 

Scintillators are the key components in detectors 
used for sensing high-energy radiation. As such, 
scintillators are used in a wide range of scientific, 
industrial, and technological fields. In many applications 
such as those involving time-of-flight measurements and 
in imaging, a fast-response detector is needed. 
Scintillation decay time dictates the timing resolution of 
the radiation detector. Therefore, a scintillator with a fast 
scintillation decay time along with a high photon yield is 
required. Scintillation decay time is fundamentally 
related to the photoluminescence decay time of the 
material. The scintillation decay time is approximately 
proportional to the wavelength cubed, which means that 
a fast-response scintillator usually has a short emission 
wavelength [1]. Therefore, scintillators emitting in the 
vacuum ultraviolet (VUV) region are being investigated 
in order to develop fast-response scintillators. Wide band 
gap fluoride crystals with band gap energies greater than 
6 eV has short emission wavelengths in the VUV region 
especially when doped with rare earth (RE) ions such as 
trivalent neodymium (Nd3+) and erbium (Er3+) [2-5]. 
Photoluminescence from RE-doped fluorophosphate 
glass scintillators, such as 20Al(PO3)3-80LiF (APLF80), 
have also been reported to have fast nanosecond 
scintillation decay times and sufficient light yield for 
neutron detection. [6-9] Self-trapped exciton (STE) 
luminescence observed in undoped wide band-gap 
insulators such as BaF2 [10], SrF2 [11], CaF2 [12] and 
their mixed compounds [13,14] also yield fast 
luminescence. In some fluoride materials such as CsF 
[15] and BaF2 [10,16], cross luminescence (CL) or Auger 
free luminescence results to short emission wavelengths 
with very fast photoluminescence decay times [17]. We 
have previously reported the 172-nm emission from a 
Nd3+-doped lanthanum fluoride (Nd3+LaF3) crystal 
excited by the 157-nm emission of a F2 laser where a fast 

nanosecond photoluminescence decay time was observed. 
The photoluminescence was ascribed to allowed dipole 
transitions from the lowest level of the 4f25d excited 
state configuration to the lowest (4I9/2) level of the 4f3 
ground state configuration. Similar photoluminescence 
characteristics were observed when the crystal was 
excited via step-wise absorption of 290 nm (third 
harmonics), femtosecond pulses from a Ti:Sapphire laser. 
In particular, the time-resolved photoluminescence 
spectra for both excitations were single exponential with 
a decay time of about 7 ns [18,19]. When the Nd3+:LaF3 
crystal was excited by the 51-nm wavelength emission of 
an extreme ultraviolet free-electron laser, we observed a 
peculiar behavior whereby the time-resolved 
photoluminescence spectra manifested fast and slow 
decay time components. As mentioned above, the fast 
decay component is important for scintillator 
applications. The origin of the double exponential 
photoluminescence decay time that was observed with 
EUV-FEL excitation is further investigated. By 
performing numerical simulations to reveal the electronic 
properties of LaF3, the origin of the fast 
photoluminescence decay component is elucidated. Our 
results also suggest the possibility of achieving a fast 
decay time through CL in LaF3.   

Photoluminescence emission was obtained from a 
Czochralski method-grown Nd3+:LaF3 single crystal. The 
crystal is a cuboid with optically polished facets, each 
measuring 1 cm. The crystal was placed inside a vacuum 
chamber maintained at a pressure of 10–5 Pa. The sample 
was excited by pulses from the extreme ultraviolet free 
electron laser (EUV-FEL) SCSS test accelerator. The 
laser pulses had a wavelength of 61 nm, pulse duration of 
100 fs, pulse energy of 30 μJ, and repetition rate of 30 
Hz. The pulses were focused onto the crystal by 
ellipsoidal and cylindrical mirrors. The mirrors had a 
working distance of 1 m, resulting to a beam spot size of 
20 μm at the surface of the crystal. Photoluminescence 
from Nd3+:LaF3 was collected and focused by MgF2 



lenses onto the entrance slit of a VUV Seya-Namioka 
spectrometer. The time-resolved photoluminescence 
spectrum was obtained using a VUV streak camera unit, 
which consisted of a holographic grating spectrometer 
with a groove density of 600 grooves/mm and a linear 
dispersion of 8 nm/mm. The effective F-number of the 
streak camera unit is 4.2. The detailed specifications and 
schematic diagrams of the spectrometer and streak 
camera system used in this work can be found elsewhere. 
[20] As a reference, the time-independent and 
time-resolved photoluminescence spectra of Nd3+:LaF3 
under F2 laser excitation was also obtained. The F2 laser 
emission had a wavelength of 157 nm and pulse duration 
of 5 ns.  

The absorption spectra of LaF3 were investigated by 
obtaining the room-temperature absorption spectrum of 
LaF3 using the solid-state spectroscopy beamline (BL7B) 
of the synchrotron radiation facility (UVSOR-II) at the 
Institute for Molecular Science in Japan. Details of the 
beamline can be found in the activity report of the 
facility. [21] The experimental band gap of LaF3 was 
obtained from the absorption spectra using a Tauc plot. 
All measurements were performed at room temperature. 

The electronic band structure of LaF3 was 
calculated based on Density Functional Theory (DFT) 
within the generalized gradient approximation (GGA) 
using the Perdew-Burke-Ernzerhof (PBE) hybrid 
functional including exact exchange, [22, 23] where 75% 
PBE exchange was mixed with 25% exact exchange 
(PBE0). The calculations were implemented in the 
Vienna Ab initio Simulation Package (VASP) using 
plane-wave basis sets within the projector-augmented 
wave (PAW) method with a sufficiently high plane-wave 
basis cutoff of 500 eV. The valence band maxima in the 
band structure and DOS diagrams are shifted to zero 
energy.  

The Green’s function and screened Coulomb 
interaction (GW) approximation [24-27] was employed 
to calculate the absorption spectrum of LaF3. This fully 
self-consistent quasiparticle calculation accounts for 
self-interaction corrections and can model excited state 
properties, such as absorption spectra. The changes in the 
exchange correlation potential are taken into account 
while the local field effects were neglected because 
microscopic changes to the periodic potential of the cell 
are negligible when modelling a perfect fluoride 
compound. [28] The absorption spectrum was extracted 
from the imaginary part of the frequency-dependent 
complex dielectric tensor, which represents the linear 
response of the system to an external electromagnetic 
field. The mathematical details for the relationship 
between the complex dielectric tensor and the absorption 
spectrum can be found elsewhere. [28] 

Numerical simulations were performed to 
investigate the electronic properties of LaF3 and 
illuminate the difference observed in the time-resolved 
photoluminescence spectra. Figure 1 shows the 
electronic band structure of LaF3 calculated along the 
high symmetry lines of the first Brillouin zone. The 
valence band maximum and the conduction band  

Fig. 1. Electronic band structure of LaF3 showing a 
direct band gap at the Γ-point of 10.93 eV. 
 
minimum are both located at the high symmetry 
gamma-point. Thus, LaF3 has a calculated direct band 
gap energy (Eg) of 10.9 eV. This is higher than 
previously reported calculated band gap energy of 7.74 
eV [29] using local density approximation (LDA). It is 
well-known that LDA underestimate band gap energies. 
Previous works have demonstrated that using hybrid 
functionals that incorporate a fraction of nonlocal 
Hartree-Fock exchange leads to results that are more 
consistent with experiments. [27, 28, 30] The band gap 
energy was also calculated using the GW approximation. 
The band gap using GW approximation is 10.8 eV. 
Figure 2 shows the experimental and numerical 
absorption spectra of LaF3. The experimental band gap 
calculated from the absorption spectra is about 10.1 eV.   
 

Fig. 2. Experimental and numerical absorption spectra. 
The figure on the right is a zoomed-in version of the 
figure on the left, focusing at the low energy range of the 
detector used in the experiment. 
 

The density of states (DOS) of LaF3 was calculated 
in order to obtain a more detailed understanding of the 
electronic band structure and transitions between valence 
and conduction bands. Figure 3 shows the DOS and 
site-projected DOS (PDOS) for the individual atomic 
contributions to the valence and conduction bands. The 
direct band gap transition originates predominantly from 
the F– (2p) states of the valence band maximum and the 
La3+ (4f) states of the conduction band minimum. The  



Fig. 3. DOS and PDOS for the individual atomic 
contributions to the valence and conduction bands.  
 
width of the valence band is 3.5 eV. Examining the 
PDOS further reveals that the outermost core band 
originates mainly from the La3+ (5p) state. Therefore, the 
PDOS of LaF3 alludes to the possibility of Auger-free 
luminescence or cross luminescence (CL). Partial CL in 
LaF3 is feasible provided that the exciting photon has an 
energy of at least 22 eV in order to satisfy the third 
condition. The partial CL transition would be from the 
bottom of the valence band to the top of the outermost 
core band. The 61-nm excitation from the EUV-FEL is 
just enough to promote a hole from the top of the 
outermost core band to the bottom of the conduction 
band. An electron from the bottom of the valence band 
fills the hole in the outermost core band, resulting to the 
emitted CL photon with an energy of about 7.2 eV (172 
nm), which corresponds to the photoluminescence 
emission peak observed [19]. This partial CL could 
account for the 1.9 ns fast decay time component 
observed in the time-resolved photoluminescence 
spectrum [19]. This also explains the faster rise time 
observed with EUV-FEL excitation. The slow decay time 
component observed in the time-resolved 
photoluminescence spectrum is due to the 
interconfigurational 4f25d-4f3 transition in Nd3+, which 
also explains the reason why the slow decay component 
is similar to the single exponential decay time obtained 
with the F2 laser excitation. Interestingly, the energy 
difference between the bottom of the valence band and 
the top of the outermost core band (fast partial CL 
transition) is similar to the energy difference between the 
lowest level of the 4f25d excited state configuration to 
the 4I9/2 level of the 4f3 ground state configuration of the 
Nd3+ activator ion (slower interconfigurational transition). 
Therefore, only a single photoluminescence peak was 
observed. The schematic diagram of the electronic 

transitions in Nd:LaF3 resulting to the experimentally 
observed double exponential decay time is shown in 
Figure 4. The same figure also illustrates the proposed 
CL mechanism in LaF3. Experiments with undoped LaF3 
are being planned in the near future to understand the 
role of STE and whether the formation of STE 
contributes to the slow decay component. The planned 
experiments will also verify CL in LaF3. The presence of 
CL will enhance the potential of LaF3 as a fast-response 
scintillator for many applications requiring a fast, 
high-energy radiation detector.  

 
Fig. 9. Schematic diagram of the electronic transitions in 
Nd:LaF3 resulting to the experimentally observed double 
exponential decay time, and the proposed CL in LaF3.          
 

In conclusion, we investigated the 
photoluminescence properties of Nd3+:LaF3 under 
EUV-FEL excitation. In particular, the peculiar double 
exponential character of the vacuum ultraviolet 
photoluminescence peak with a fast decay time of 1.9 ns 
and a slow decay time of 6.7 ns was explored to exploit 
the possibility of developing a fast response scintillator. 
The slow decay component, which is of lesser 
importance, is due to interconfigurational 4f25d-4f3 
transition in Nd3+. Meanwhile, the electronic structure of 
LaF3 obtained from first principles DFT calculations 
using PBE0 as implemented in VASP reveal that the fast 
decay component could be due to partial CL as an 
electron from the bottom of the valence band fills the 
hole in the outermost core band. The experimental and 
numerical results allude to the potential of LaF3 as a 
fast-response scintillator, through CL, for many 
applications especially those relying in time-of-flight 
measurements.            
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INTRODUCTION 

Among the potential scintillator materials, bulk zinc 
oxide (ZnO) crystals have been extensively studied 
because of their intense UV emissions and picosecond to 
nanosecond emission lifetimes at room and even higher 
temperatures [1]. However, despite these excellent 
properties, bulk crystals are difficult to form into thin 
micrometer plates which are typically required for 
high-resolution scintillators. Aside from micrometer 
thicknesses, potential scintillator materials should have 
excellent optical properties such as nanosecond to 
picosecond emission decays for better detection rates and 
appropriate (blue to UV) emission wavelengths and 
visible region transparency for spectral matching 
considerations. Although sparsely investigated, zinc 
oxide thin films also exhibit excellent scintillation 
properties which can be further developed to satisfy the 
conditions for potential scintillator materials. 

Different fabrication techniques have then been 
implemented to produce a wide array of ZnO in the form 
of films and nanostructures. Among common physical 
vapor deposition techniques such as magnetron 
sputtering, pulsed laser deposition (PLD), and molecular 
beam epitaxy (MBE), the spray pyrolysis technique is 
one of the most convenient ways to synthesize ZnO films. 
Spray pyrolysis technique is a simple and versatile 
method to synthesize ZnO films at relatively low 
temperatures without any vacuum requirements and 
accurate gas concentrations. Furthermore, the technique 
utilizes cost-effective materials while affording ease and 
flexibility in varying the deposition parameters and 
doping concentrations. 

In this regard, we investigate the optical properties 
of aluminum (Al)-doped ZnO thin films grown using 
spray pyrolysis technique. Al has been chosen as a 
dopant to further improve the ZnO emission lifetimes. 
More specifically, this work aims to identify and 
compare the photoluminescence (PL) emissions of 

undoped and Al-doped ZnO thin films, to identify the 
effects of Al-doping on the thin film’s optical emission, 
and to evaluate the viability of Al-doped ZnO thin films 
as potential scintillating materials. 

METHODOLOGY 

Undoped and Al-doped ZnO thin films were 
deposited on seeded glass substrates using spray 
pyrolysis technique. The glass substrates were then set 
on a digital hot plate which was placed 30 cm from the 
spray pyrolysis setup. This setup included an atomizer 
which sprays the substrates automatically with the 
precursor solution through a 0.5 mm nozzle every 15 s. 
For the seed layer preparation, the substrates were 
sprayed with 50 mL 50 mM zinc acetate dihydrate 
[Zn(CH3COO)2 2H2O, ZnAc] solution while being 
maintained at 350 °C for 60 min. The seeded substrates 
were subsequently annealed at 350°C for 20 min in 
ambient air to improve the seed layer crystallinity. For 
the undoped thin film preparation, a seeded substrate was 
sprayed with 200 mL ZnAc solution while also being 
maintained at 350 °C for 60 min. After film deposition, 
the sample was cooled naturally to room temperature 
before subsequent characterization. On the other hand, 
for the Al-doped thin film preparation, a similar method 
was implemented but with aluminum chloride (AlCl3) 
being first added to the ZnAc solution. The appropriate 
amounts of AlCl3 were based on the calculated molar 
percentage (mol %) concentration of Al ions present in 
the final 200 mL precursor solution. Samples with 3 and 
5 mol % Al-doping concentrations were fabricated along 
with the undoped ZnO thin film. 

PL spectroscopy was performed to investigate the 
undoped and Al-doped ZnO thin films deposited via 
spray pyrolysis technique. The experimental 
characterization was conducted using the 
frequency-tripled (290 nm) output of a Ti:sapphire laser 
system which was focused on the sample at an angle of 
45° from the normal. For time-integrated PL (TIPL) 



spectroscopy, the sample emission was collected through 
reflection geometry and was fiber-fed to a handheld 
spectrometer. For time-resolved PL (TRPL) spectroscopy, 
the sample emission was focused on an imaging 
spectrograph which was coupled to a streak camera and a 
high-resolution digital CCD camera. The spectral and 
temporal resolutions of the TIPL and TRPL setups were 
1 nm and 10 ps, respectively. All spectroscopy 
measurements were obtained at room temperature. 

RESULTS 

Figure 1 shows the normalized TIPL spectra of the 
undoped and Al-doped ZnO thin films deposited via 
spray pyrolysis technique. The undoped and Al-doped 
films exhibit similar intense UV emissions and broad 
visible emissions around 381 nm (UV) and 540 nm 
(green), respectively. The UV emissions, which 
correspond to the near-band-edge emission of ZnO [1], 
are similar for the undoped and Al-doped samples. 
Considering the spectral resolution and fitting deviation, 
the UV emissions do not shift nor broaden with 
increasing doping concentration, and the peak positions 
and spectral linewidths remain constant around 381 and 
28 nm, respectively. On the other hand, the visible 
emissions, which are associated with defects or 
impurities [1], slightly increase in intensity with 
Al-doping. Compared to the undoped sample, the 3 and 5 
mol % Al-doped thin films have visible emissions which 
are higher by one order of magnitude. These results 
indicate that the undoped and Al-doped ZnO thin films 
fabricated by spray pyrolysis technique exhibit intense 
UV emissions and that Al-doping results in an increase in 
the films’ defect-related visible emission intensities. 
 

Fig. 1. TIPL spectra of undoped and Al-doped ZnO thin 
films deposited via spray pyrolysis technique 
 

Figure 2 shows the normalized UV emission 
temporal profiles of the undoped and Al-doped ZnO thin 
films deposited via spray pyrolysis technique. 
Exponential functions are fitted to each profile to 
determine the corresponding emission lifetimes. Instead 
of the usual double exponential functions, the decaying 
parts of all profiles fit well to single exponential 
functions. The undoped, 3 mol % Al-doped, and 5 mol % 
Al-doped thin films have UV emission lifetimes of 28, 

20, and 23 ps, respectively. The fast lifetimes are 
comparable to those of hydrothermal-grown ZnO 
nanorods (24 ps) [2] and intentionally doped bulk ZnO 
single crystals (15 to 130 ps) [3, 4] and can be largely 
attributed to the effective nonradiative recombination 
with the activation of nonradiative centers at room 
temperature [5-7]. Considering the instrumental 
resolution and fitting deviation, all samples exhibit 
similar emission lifetimes of 20 to 30 ps. These results 
reveal that the undoped and Al-doped ZnO thin films 
fabricated by spray pyrolysis technique exhibit fast 
picosecond UV emissions and that Al-doping does not 
affect UV emission lifetimes of the fabricated thin films. 
 

Fig. 2. UV emission temporal profiles of undoped and 
Al-doped ZnO thin films deposited via spray pyrolysis 
technique. 

SUMMARY 

We have reported the optical properties of Al-doped 
ZnO thin films deposited via spray pyrolysis technique. 
Both undoped and Al-doped thin films exhibit intense 
picosecond (< 30 ps) emissions in the UV region (381 
nm). Additional investigations are currently underway to 
elucidate a precise relationship between Al-doping and 
optical properties of ZnO thin films. Our present findings 
nonetheless suggest that the spray-pyrolysis-deposited 
and intentionally-doped ZnO thin films can be used as 
ultrafast UV scintillators. 
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Development of fast-ignition fusion by using a high

repetition laser and its industrial application:

10 Hz target injection in counter illumination laser fusion

Y. Kitagawa, Y. Mori, K. Ishii, R. Hanayama, S. Okihara, O. Komeda1, H. Suto1,
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0.1 10 Hz injector

Figure 1: 10 Hz target injector in OIRAN Chamber.

We propose A kJ-class mini reactor CANDY for an
engineering feasibility study of the power plant in the
counter beam fast ignition scheme fusion. To develop
the CANDY, we are performing fast ignition experi-
ments using both single-shot petawatt lasers[1, 2, 3],
and a high-repetition-rate laser-diode(LD)-pumped
laser with counter beam configuration[4, 5]. In the
last workshops, we had reported the CD beads injec-
tion at 1 Hz into the counter-propagating short pulse

lasers[6]. Now we have succeeded in 10 Hz injection
of CD beads. It continues for longer than 10 minutes.
Figure 1 shows the injector installed in the counter
laser beams illumination OIRAN Chamber . A

Figure 2: Disk rotor with 200 large holes(upper in
figure) rotates at 20 s period. Lower small holes are
for monitoring the injection timing.

Pulse motor at the top, going round in 20 seconds,
directly drives the disk rotor, which has 200 holes on
the periphery, as shown in Fig. 2, to sequentially in-
ject 1mm-diameter CD beads at 10 Hz into the laser
illumination point. So that the initial velocity of a
bead is 0.785 cm/s to the peripheral direction, or to
x direction. Figure 2 shows two lines of holes on the
disk. The upper hole lines are for injecting beads,
while the lower holes are for monitoring the injec-
tion timing. Through the holes a LED right pulse
synchronizes to an injected bead, which falls down to
the laser focused point. On the target flight, two light
sensors sequentially detect the passing times and cal-

1



culate the arriving time to the laser focused point,
which is 18.0 cm down under the disk rotor. Then
they command the laser system to trigger firing.

0.2 10 Hz engagement of bead target
and detection

Figure 3: Two counter beams have just engaged one
fallen bead at the chamber center. Red arrow shows
two adjoined bright spots of the laser hits.

We have succeeded 10-Hz CD beads injection for
longer than 10 minutes and repetitive fusion reaction.
A chirped pulse amplified ultra-intense laser ”BEAT
LASER” is divided by a beam splitter into counter
two beams and then focused onto the bead surface
by a pair of two off-axial parabolic mirrors with focal
lengths of 16.5 cm (f-number 2.58) onto the center of
the bead injection chamber[5, 6]. So that the separa-
tion of two focal points is 1.0 mm, as shown by two
adjoined two emission spots in Fig. 3. The wave-
length is 800 nm and the total output is 200 mJ in
160 fs at 10 Hz operation.

Using second harmonic laser light, two-directional
probe shadowgraph has succeeded in measure the 3
dimensional target position( to the laser axial, to the
perpendicular and to the vertical direction, respec-
tively). Since the bead diameter is 1 mm, the posi-
tioning deviation is allowed as long as is within 0.5
mm. Engaged beads rate was 396/1767 = 0.22. Fig-
ure 4 shows during 4 min injection period, the stan-
dard deviation of the positioning is as Δx is 0.8335
mm and Δy is 0.8539 mm. Δz is also detected to
be 0.1815 mm during 3 min. Because a feed-foward

system adjusts the hit timing, z is always within a
strike zone. The resulting engagement rate will be
∼ 0.5/0.8335 · 0.5/0.8539 · 1.0 = 0.35. The discrep-
ancy is so far unresolved. Note that beads, injected
out of the timing jitter limit of 15 ms, are not hit,
which may explain missing shots of 1901-1767= 134.

x [mm]

y 
[m

m
]

Figure 4: Bead target positioning on the focusing
space, at the timing synchronized to the laser illumi-
nation. Total injected bead number is 1901 during 3
minutes. Blue 1767 points are captured with the de-
tection system. Red 396 points are engaged by two
counter beams. x is laser axial direction and y is
perpendicular.
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INTRODUCTION 

Electromagnetic wave propagation and absorption in 
plasma is one of the fundamental issues on plasma 
physics since its dawn in relation to wave dispersion 
relation in discharged materials [1]. Experiments of 
generation of laser-driven kT class magnetic field [2] 
have opened theoretical or simulation investigation of 
laser-plasma interaction with external magnetic field 
with density close to solid [3, 4]. Extensions of these 
theoretical or numerical estimations into experiment 
condition can lead to bulk solid plasma heating by laser 
pulse in potential.  
In the previous ILE research collaboration FY2018, we 

have evaluated electromagnetic wave propagation and 
absorption of CO2 laser pulse (wavelength of 10 μm) in 
plasma with solid density (0.1 g/cc for hydrogen) region 
under 10-kT class magnetic field. From this estimation, 
we found that, as far as the bulk slab density is 
confirmed, we can investigate external magnetic field 
from this dispersion relation. This result leads a 
possibility of probing an external magnetic field in the 
plasma. This is a promising result to investigate wave 
propagation experiments using CO2 laser pulse because 
understanding of wave plasma interaction under strong 
magnetic field are enriched. 
In this ILE research collaboration FY2019, in order to 

extend possibility of wave plasma interaction in the 
magnetized plasma, we have introduced counter 
illumination scheme that enables momentum conversion 
into the inertial energy. We have conducted two issues; 
(i) Theoretical investigation of ultrafast wave-particle 
energy transfer in the collapse of standing whistler waves 
[5] and thermonuclear fusion triggered by collapsing 
standing whistler waves in magnetized overdense plasma 
[6], (ii) Counter illuminating laser plasma interaction 
experiments with ultra-intense femto-second laser.      
 

(I) THEORETICAL INVESTIGATION OF 

THERMONUCLEAR FUSION 

TRIGGERED BY COLLAPSING 

STANDING WHISTLER WAVES IN 

MAGNETIZED OVERDENSE PLASMA [6] 

Thermal fusion plasmas initiated by standing whistler 
waves are investigated numerically by using two or 
one-dimensional (1D) Particle-in-Cell simulations. When 
a standing whistler wave collapses due to the wave 
breaking of ion plasma waves, the energy of the 
electromagnetic waves can transfer directly to the ion 
kinetic energy. The energy conversion efficiency to ions 
becomes as high as 15% of the injected laser energy, 
which depends significantly on the target thickness and 
laser pulse duration. The ion temperature could reach a 
few tens of keV or much higher if appropriate 
laser-plasma conditions are selected. This result inspires 
application for fusion reaction. For example, numerical 
simulations suggest that the neutron generation 
efficiency exceeds 109 n/sr/J for DT plsama, which is 
beyond the current achievements of the state of- the-art 
laser experiments. In conclusion, the standing whistler 
wave heating would expand the experimental possibility 
for an alternative ignition design of magnetically 
confined laser fusion, and also for more difficult fusion 
reactions including the aneutronic proton-boron reaction.      
Following this result, we have discussed proposal of 

ultra-intense CO2 laser and magnetized plasma 
interaction experiments in counter illumination with 
circular polarization. 
 



(II) COUNTER ILLUMINATING LASER 

PLASMA INTERACTION EXPERIMENTS 

WITH ULTRA-INTENSE 

FEMTO-SECOND LASER 

 The counter illumination with the ultra-intense laser 
pulses into an imploded pellet has a potential to lead a 
significant heating with Weibel instability that traps MeV 
fast electrons and can be mixed into the core thermal 
energy [6]. According to the previous experiments, a 
tailored-pulse-assembled core with a diameter 
of 70 μm is flashed by counterirradiating 110 fs, 7 TW 
laser pulses. Photon emission (> 40 eV) from the core 
exceeds the emission from the imploded core by 6 times, 
even though the heating pulse energies are only one 
seventh of the implosion energy.  The coupling efficiency 
from the heating laser to the core using 
counterirradiation is around 10% from the enhancement 
of photon emission [7]. These experiments reveal that 
plasma heating by counterirradiating scheme is 
promising, though, quantitative analysis and scaling 
toward ignition are open questions.  
We are intended to verify physics related to counter 

illuminating scheme using repetitive Ti-Sapphire laser 
system Beat 0.2 J/100 fs/10 Hz 2 beam [8]. Figure 1 
shows kick-off experiments of counter illumination into 
Ar gas target. Diagnostics for plasma temperature are 
under preparing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Counter illuminating experiments Ar gas jet 
target. 
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繰返しパルス照射による光学材料のレーザー損傷しきい値 
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初めに 

高出力レーザー装置において，使用する光学素
子のレーザー損傷は，装置性能を制限する大きな要
因である．繰返しレーザーパルスによる損傷しきい
値は，1 パルスによる損傷しきい値に比べて，低く
なることが知られている[1]．しきい値の低下は，繰
返し周波数，パルス数に依存し，半分程度にまで下
がることが報告されている．しかし，その原因につ
いては未だ明らかになっていない．

我々は，繰返しパルスによる損傷しきい値低下
の原因を明らかにするために，時間間隔を変えた 2
パルスによる石英ガラス内部のレーザー損傷しきい
値を評価し，2 パルスの時間間隔が短くなるに従い
損傷しきい値は低下することを明らかにした．その
低下割合は，繰返しパルス照射による透過率低下と
強い相関があり，レーザー誘起欠陥に起因すること
を示した[2]．さらに，欠陥の緩和促進を目的に，加
熱保持した石英ガラスに対して，レーザー照射試験
を行った．図 1 は，異なった加熱保持温度において，
繰返しパルス照射をした時の透過率変化を示してい
る．20,000 パルス照射に対して，常温では照射開始
時の 82%まで透過率は低下しているのに対して，
100℃では 94%，200℃では 90％で透過率低下を抑制
できる結果を得た．興味ある点は，200℃加熱後常温
に戻ったガラスに対して評価した結果，89%の低下
で，加熱保持の場合と同様に透過率低下を抑制する
ことである．これは，レーザー照射時の加熱に意味
があるのではなく，照射前の熱処理により，石英ガ
ラスが欠陥生成し難い状態に変わったことを意味す
る[3]．

本研究では，OH 基含有量の異なった石英ガラ

ス材料に対して加熱処理を行い，繰返しパルス照射
時の透過率および 1 パルス，2 パルスによるレーザ
ー損傷しきい値を評価し，含有 OH 基の振る舞いに
ついて考察を行った．

評価方法 

図 2 に繰返しパルス照射時の透過率を測定した
光学配置図を示す．照射レーザー光源には ArF エキ
シマレーザー（波長 193 nm, パルス幅 10 ns, 繰り返
し周波数 100 Hz）装置を用いた．レーザーパルスは
焦点距離 500 mm のレンズを用い，サンプル表面よ
り8 mm内部でエネルギー密度0.5 J/cm2になるよう
に調整した．繰り返しパルス照射時の入射，透過エ
ネルギーを計測し，透過率変化を評価した．サンプ
ルには，異なった OH 含有量をもつ合成石英ガラス
（30×30×30 mm3）2 種を用意した．サンプルはヒ
ーター上に設置し，常温と 200℃において 20,000 パ
ルス照射し透過率を計測した．サンプル表面温度は
輻射温度計にて計測した．

測定結果 

図 3(a)と(b)に，それぞれサンプル A（OH 含有
量 1000 ppm）と B（同< 1 ppm）の測定結果を示す．
サンプル A の場合，熱処理を行うことにより初期透
過率が約 5％高くなる結果が得られた．興味ある点
は，常温では，レーザー照射を開始すると，わずか
に透過率が上昇することである．レーザー照射でも
熱処理と同じように，透過率を改善する効果が得ら
れるものと考えられる．また，照射 10,000 パルス以
上の透過率は，常温と熱処理で重なる結果が得られ
た．これらの結果から，熱処理を行うことで，製造
時に存在していた欠陥は消失し，透過率は向上する
が，レーザーパルスを照射することで新たな欠陥が
生成されると考えられる．
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図 2 繰返しパルス照射による石英ガラス透
過率測定の実験配置図
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図 1 繰返しパルス照射時の石英ガラス透過
率の変化



サンプル B では，レーザー照射による透過率
低下の割合がサンプル A に比べて大きい．また，熱
処理を行うと，レーザー照射による透過率低下はさ
らに大きくなった．OH基含有量の少ないサンプル B
では，レーザー誘起欠陥の生成量が多く，その生成
量は熱処理によってさらに増加すると言える．この
結果より，熱処理の効果は石英ガラス種類によって
大きく異なることが明らかとなった．

これらのサンプルの内部にレーザー光を集光し，
1パルスおよび 2パルスの損傷しきい値を評価した．
常温の場合，OH 基含有量に関係なく，2 パルスの損
傷しきい値は 1 パルスと比べて約 20%低下した．OH
含有量の多いサンプル A の場合，200℃の熱処理後
の損傷しきい値は常温に比べて，1 パルスおよび 2
パルス共に約 5％向上した．サンプル B では，1 パ
ルスの損傷しきい値は熱処理前後で変わらなかった
が，2 パルスの損傷しきい値は約 10％低下する結果
が得られた．これらの結果は，先述の透過率変化と
良く一致する．200℃加熱により急激に透過率低下が
大きくなったサンプル Bのみ損傷しきい値に差が表
れたことになる．含有 OH 基および熱処理により石

英ガラスの化学結合にどのように影響するかについ
て，今後，微量分析を合わせて検討を行う．

まとめ 

繰返しパルス照射時のレーザー損傷しきい値低
下の原因を明らかにするために，OH 含有量の異な
った合成石英ガラスを加熱処理したときの透過率変
化およびレーザー損傷しきい値を評価した．繰返し
パルスによる透過率は，OH 含有量および熱処理に
より大きく変化が異なることを明らかにした．今後，
微量分析などを行い，化学組成との関係を明らかに
し，高耐力・長寿命の光学素子設計へ指針を与える．
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レーザー造形法によるシリカガラス構造形成 
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初めに 

表面に構造を持つ光学素子，例えばフレネルレ
ンズや回折格子など，は広く利用されている．しか
し，これら光学素子の製作は，射出成型やプレス法，
エッチング加工で行われている．この方法では，金
型やマスクが必要となり，少ロットや試作を行うに
は不向きである．

近年，3D プリンティング（Additive Manufactur-
ing）と称される「三次元造形」技術は大きな注目を
集め，従来の模型製作から，医療用サンプル，土木・
建築部品，さらには宇宙航空機器にまで応用範囲が
広がっている．また，製造方法も，光造形だけでな
く，安価な熱溶解積層や，金属などの粉末溶融など
も行われている．

我々は，三次元造形技術により，表面構造を持
つ光学素子の製作を目的として，シリコーンオイル
にレーザー光を照射しシリカガラスの形成を試みた
[1]．シリコーンオイルを構成する Si とメチル基 CH3
との結合エネルギーは，105 kcal/mol であり，波長
272 nm 以下の紫外光により切断できる．これまでに，
シリコンウェハ上に塗布したシリコーンオイルに対
して波長 193 nm のエキシマレーザー光を照射する
ことにより，照射エネルギー分布に依存した凸レン
ズが形成できることを明らかにした．また，波長 800 
nm，パルス幅 100 fs のチタンサファイアレーザー光
をシリコーンオイル内に照射することにより，オイ
ル内部にゲル状の固化物質が形成されることを確認
した．これは，近赤外の光であっても多光子遷移過
程によりSiとCH3間の結合を切断可能であることを
示唆している．

2019 年度は，設計した表面構造を形成するため
に，白色ランプ光と分光器で厚さ測定光学系を構築
し，レーザー照射前のシリコーンオイル屈折率およ
び厚さを評価した．

分光反射率による膜厚測定の原理[2] 

シリコンウェハ上に厚さ d のシリコーンオイル
を塗布したときの表面反射率 Rtotal は，

で表される．ここで，は振幅反射率，n は屈折率
を表す．添え字の 0，1，2 は光が通過する各媒質と

媒質間の境界を示す．または位相差であり，

で表される．ここで，は波長であり，シリコーン
オイルの屈折率 n1 と厚さ d が決まれば，波長に依存
して表面反射率は周期的に変化することが分かる．
今，空気／シリコーンオイル／シリコンウェハの屈
折率は，n0 < n1 < n2 であるので，cos2 = -1 の時，反
射率は最小となり，

また，cos2 = 1 の時，最大反射率となる．

この最大反射率は，空気／シリコンウェハの場合の
反射率と等しい．

シリコンウェハの屈折率は既知であるため，最
小反射率よりその波長でのシリコーンオイルの屈折
率が求まり，屈折率が求まることにより厚さが求ま
る．

膜厚測定光学配置と測定試料 

図１に構築した厚さ測定光学系の配置図を示す．
ハロゲンランプ（MORITEX，MHF-150L）から出射
した光は，試料表面で反射し，焦点距離 50 mm の凸
レンズにより，ファイバ分光器（OceanOptics，
USB2000）のファイバ端面に結像される．白色光の
試料への入射角および反射角は約 23°であった．

測定試料は，P 型シリコンウェハ，およびウェ
ハ上にシリコーンオイル（信越化学工業，KF-96）
をスピンコーター（ミカサ，1H-D3）を使い一様に
塗布した．スピンコーターの回転数を 3500～7000 
rpm の間で調整し，回転数と厚さとの関係を評価し

た．

  

           (3)

            (4)

(2)

(1)



測定結果 

異なったスピンコーター回転数で塗布されたシ
リコーンオイルについて，分光反射率特性を計測し，
求められた屈折率の長依存性（分散）を図 2 に示す．
回転数が遅くなるに従い，プロットの数が多くなっ
ていることから，膜厚が厚くなっていることが分か
る．また遅い回転数では，屈折率が低く，分散も大
きくなる結果となった．製造メーカーのカタログで
は，温度 25℃の時のシリコーンオイルの屈折率は，
1.403（ナトリウム D 線：589 nm）と示している[3]．
また，石英セルに入れたシリコーンオイルの分光透
過率特性から，可視波長域において屈折率分散はな
いことが確認されている．本研究では，屈折率は低
く求まり，その傾向はシリコーンオイルが厚くなる
ほど顕著であることが分かった．

比較的屈折率の違いが小さい650nm付近のデー
タを使い，求められた厚さを図 3 に示す．横軸にス
ピンコーター回転数，縦軸にオイル物理膜厚を示す．
図 3 より，回転数を早くすると，塗布されるオイル
厚さは薄くなることが分かった．

今後，レーザー照射後の屈折率，厚さを評価す
ることにより，組成変化および収縮率を把握するこ
とにより，目標光学素子の表面構造に対するシリコ
ーンオイル厚さおよび照射レーザー条件を明らかに
する．

まとめ 

レーザーを用いたガラスの三次元構造形成を目
的に，レーザー照射前のシリコーンオイルの厚さの
評価を行った．白色ランプとファイバ結合型分光器
を用いることにより，分光反射率特性を評価するこ
とにより，塗布されたシリコーンオイルの屈折率お
よび厚さを求めた．求められた屈折率は，カタログ
値に比べて低く，分散が大きいことが分かった．こ
の原因は，オイルの吸収係数によるものと考えられ
る．可視領域のオイルの吸収係数は，10-6～10-5 cm-1
と見積もっている．しかし，分光反射率特性には，
そのオイル層を多重反射し干渉することによって得
られることから，僅かな吸収による損失も反射率に
影響を及ぼし，低い屈折率を導く要因になったと思
われる．今後，微少吸収を考慮した屈折率を求める

解析法を導入し，屈折率および厚さ評価の精度向上
を図る．また，レーザー照射後の固化したガラス層
の屈折率および厚さを評価することにより，三次元
構造形成に必要な基礎データを得る．
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INTRODUCTION 

Compounds which exhibit excitonic emission are 
important for optical applications such as new type of 
phophor materials and very fast scintillators. Artificial 
superlattice was developed to achieve large oscillator 
strength for higher quantum confinement effect to 
enhance exciton binding energy and stable excitonic 
luminescence at room temperature. Such 
low-dimensional structures are usually fabricated using 
thin-film technology, however, it is difficult to fabricate 
structures of micrometer size or larger using these 
techniques. On the other hand, another class of wide 
band-gap semiconductor with such superlattice can be 
achieved by the stacking of different kinds of layers. In 
some layered compounds, excitonic luminescence is 
observed because their layered structure works as a 
quantum well, and increases the exciton binding energy 
through the quantum confinement effect. Such 
luminescence was reported in several chalcogenide oxide 
such as LaCuSO[1]. Previously we have investigated 
optical properties of other compounds, Sr3Sc2Cu2S2O5[2] 
and Sr2ScCuSO3[3]. These compounds composed by 
semiconducting CuS layer and perovskite-related SrScO 
layers. In both samples sharp emission lines are observed 
near the band edge. The merit of these group of 
compounds are their chemical and structural flexibilities. 
In previous report, we have investigated luminescence 
properties of Ba3RE2Ag2Se2O5(RE = Y, Lu)[4]. These 
compounds also shows excitonic luminescence with 
wavelength region from 400 ~ 600 nm. The emission 
wavelength of the compounds are different from those of 
CuS compounds because of narrower band gap of AgSe 
compounds. 

Last year we characterized luminescence properties 
of new compounds Sr3Sc2Cu2Se2O5 and 
Sr2ScCuSeO3.[5] These oxyselenides have similar crystal 
structure with those of oxysulfides, while the constituent 
element in the semiconducting layer is different. The 
band gap of these compounds are smaller than those of 
oxysulfides. In this year, we explored this system, and 
found new material Sr3Sc2Ag2Se2O5 its structural 
parameters are refined by Rietveld analysis. 

EXPERIMENTAL 

Sintered bulk samples with nominal compositions 
of Sr3Sc2Ag2Se2O5 were synthesized by solid state 
reactions starting from stoichiometric amounts of Cu, Se, 
Sc2O3, Sr, and SrO. As the starting reagents are moisture 
sensitive, the synthesis was carried out in a glove box 
under argon atmosphere. Powder mixtures were 
pelletized, sealed in evacuated quartz ampoules, and 
heated at 800-900 °C for 24 hours. Phase identification 
was performed using powder X-ray diffraction (XRD) 
with a Rigaku Ultima-IV. The XRD intensity data were 
collected in the 2 h range of 5–80 degree in steps of 0.02 
degree using Cu-K  radiation. Silicon powder was used 
as an internal standard. Diffuse reflectivity 
measurements were performed using a Shimadzu 
UV-2600 spectrophotometer equipped with an 
ISR-2600Plus integration sphere.  

RESULTS AND DISCUSSIONS 

Bulk samples of a new compound Sr3Sc2Ag2Se2O5 
were successfully synthesized by solid-state reaction 

Figure 1. Results of the Rietveld analysis of 
Sr3Sc2Ag2Se2O5. Red points represent the experimental 
patterns, cyan line the calculated patterns, and blue line 
the difference of these patterns. 



method. Because the structural parameters of 
Sr3Sc2Ag2Se2O5 have not yet been reported, their crystal 
structures were refined by Rietveld analysis. 

 We carried out the Rietveld analysis with a 
constant occupancy of 1.0 and atomic displacement 
parameter of 0.0127(6).  Fig.1 and Table 1 show the 
results of the Rietveld analysis of Sr3Sc2Ag2Se2O5. The 
compound is almost single phase except for small 
amounts of SrSe impurities, and their space group is 
I4/mmm isostructural to Sr3Sc2Cu2S2O5[17]. The lattice 
parameters are a = 4.13402(5)  and c = 27.8080(5)  
for Sr3Sc2Ag2Se2O5, which are slightly larger than those 
of Sr3Sc2Cu2S2O5. 

The length of Ag-Se in Sr3Sc2Ag2Se2O5 is 2.76 , 
while Cu-S and Cu-Se lengths in Sr3Sc2Cu2S2O5 and 
Sr3Sc2Cu2Se2O5 are 2.49  and 2.52 , respectively. The 
Ag-Se length is longer due to the larger ionic radii of Ag 
and Se.  

Table 1. Refined parameters of Sr3Sc2Ag2Se2O5 

atom Occ. x y z U 

Sc 1.0 0 0 0.07124(12) 0.0127 

Ag 1.0 0.5 0 0.25 0.0127 

Sr1 1.0 0.5 0.5 0 0.0127 

Sr2 1.0 0.5 0.5 0.13298(8) 0.0127 

Se 1.0 0 0 0.18431(7) 0.0127 

O1 1.0 0.5 0 0.0793(2) 0.0127 

O2 1.0 0 0 0 0.0127 

a = 4.13402(5) Å, c = 27.8080(5) Å  

Rwp =  3.127 %, Rp =  2.235 %,  S = 0.4592, RB =  9.716%,  

RF =  7.509% 
 

Fig.2 shows the Tauc plots of the Sr3Sc2Ag2Se2O5 

together with related compounds Sr3Sc2Cu2S2O5 and 

Sr3Sc2Cu2Se2O5 calculated from the diffuse reflectance 

spectra at room temperature. The band gap energy was 

estimated by using Kubelka-Munk equation. 
By linear extrapolation through fitting the 

absorption edge as shown by the dashed lines, the band 
gap values were determined to be 3.3 eV, 2.9 eV, and 2.4 
eV for Sr3Sc2Cu2S2O5, Sr3Sc2Cu2Se2O5, and 
Sr3Sc2Ag2Se2O5, respectively. The order of the band gap 
values for these compounds is consistent with that of the 
expected band gap energies from DFT calculations, 
although the absolute values are different. These band 
gap energies are significantly larger than those of bulk 
semiconductors such as Cu2S (1.21 eV)[18], Cu2Se (1.1 

eV)[19], and Ag2Se ( ~ 0.2 eV)[20], showing evidence of 
the quantum confinement effect in low-dimensional 
structures. 

CONCLUSIONS 

New layered mixed-anion compound  
Sr3Sc2Cu2Ag2O5 was successfully synthesized and the 
crystal structure was refined by Rietveld analysis. Band 
gap of the compound is narrower compared to related 
compounds Sr3Sc2Cu2S2O5, Sr3Sc2Cu2Se2O5 due to Ag 
substitution. 
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田口 俊弘

摂南大学理工学部電気電子工学科　

2016年度までの共同研究で見出した強磁場中で
の電子ビーム不安定性に伴って起こる電子流のスタ
グネーションは，詳細な研究を進めた結果，非線形
増幅された大強度ホィッスラー波のポンデラモー
ティブ力によるものであるとの結論を得た [1]．
しかしながら，磁場ガイドによる高速電子ビー

ムの実験では，磁場の効果は十分あり，伝播に対し
て阻害する効果は示されていない．そこでこの結果
が導かれるのはそれまでの解析で用いていた背景プ
ラズマの電子密度が小さいのではないかと考えて，
背景プラズマ密度と電子ビーム密度の比を 10倍か
ら 50倍に増加させた解析を行った．しかし，プラ
ズマが高密度になったときに考慮しなければならな
いのが背景電子がイオンと衝突することによる電気
抵抗の効果である．そこで，2018年度から，背景
プラズマの運動方程式に衝突項がある場合の電子
ビーム伝播解析を行い，これまで行ってきた無衝突
プラズマでのシミュレーション結果との比較を行っ
ている．
この結果，興味深い結果が見出された．衝突が

ないプラズマより，衝突を含めたプラズマ中で起こ
るワイベル不安定性（横方向の２流体不安定性）の
方が成長率が大きくなるのである．通常，エネル
ギー散逸効果である衝突は成長率を下げる方向に働
くが，ワイベル不安定性に関しては，抵抗がある方
が成長率が増大するという興味深い結果が得られた
のである．
そこで，2019年度はこの増大のメカニズムを探

るため，より詳細なシミュレーション解析から計算
される成長率と摂動計算から得られた分散関係の解
との比較を行った．

衝突項を導入したハイブリッドコードから計算
されるワイベル不安定性の成長率の一例を図１に示
す．図１は，ビームの進行方向に垂直な方向（横方

向）に細長い形状のボックス中での２流体状態から
スタートしたシミュレーション結果である．ここ
で，ビーム電子密度 nhと背景プラズマ密度 n0の
比は 1/50にし，電子ビームの流束は 0.95cで背景
電子はこの電流を打ち消すように初期速度を与えて
いる．また，電子温度は 1keVである．このときに
成長する横方向の摂動に対する不安定性がワイベル
不安定性であるが，その成長率は，摂動の波数依存
性があり，プラズマの温度が有限の場合には，ある
波数で成長率が最大になる．図１はその最大成長率
の衝突周波数（ν c/ωpe）依存性を示したものである．
ωpeは背景プラズマ密度での電子プラズマ振動数で
ある．ここで，緑，赤，紫の●がそれぞれ，磁場を
印加したときのシミュレーション結果を示してい
る．図を見てわかるように，成長率は磁場の強さ（ω c/
ωpe）が強くなるにしたがって小さくなる．このこ
とは，強磁場の印加がワイベル不安定性の抑制に効
果的であることを示している．
一方，衝突がないときよりもあるときの方が成

長率は大きく，衝突周波数が大きくなるほど成長率
が増加することがわかる．そこで，この成長率の増
加の物理的メカニズムを調べるため，流体近似を用
いた分散関係を導出し，その有力な物理項の特定を
試みた．
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図１．ハイブリッドコードと分散関係から得られた
抵抗性ワイベル不安定性の最大成長率



まず，単純に全ての流体方程式とMaxwell方程
式を摂動計算して分散関係を導出したが，強磁場中
での２流体（電子ビーム流と背景プラズマ電子流）
を解析しなければならないため，２成分の３次元運
動方程式が必要になる．このため，分散関係は多項
式方程式ではあるが，次数が高いため，係数を書き
下すのは難しい．さらに，数値計算で高次多項式の
根を求めるとしても，広いパラメータ領域を計算す
るには，その数値計算の精度が重要になる．そこ
で，摂動解析から得られた行列式の展開に伴う多項
式演算自体も数値計算で行い，計算は有効数字 180

桁程度の多倍長演算で行った．図１中の破線は，そ
の結果から得られた最大成長率である．ω c/ωpe=0

や 0.1の場合には，シミュレーションと良く一致
した結果が得られていることがわかる．なお，ω c/
ωpe=0.2の場合には少し外れているが，成長率が低
い場合には，シミュレーション結果からの増幅率計
算の誤差が大きくなるという問題もあるため，より
詳細な考察が必要である．
このように，強磁場を含めた線形解析はシミュ

レーション結果を十分再現することがわかったが，
上記のような全ての摂動項を含めた分散関係では，
どの様な物理的メカニズムが働いて成長率の増大が
起こるのかを特定するのは難しい．そこで限定され
た条件下で無視できる項を落とした低次の分散関係
を導出し，その結果からメカニズムの特定を試みた．
最も簡単なのは，衝突係数を０にした無衝突プ

ラズマで，外部磁場も温度も０の場合である．さら
に，Maxwell方程式から高周波成分を出す変位電
流項を落としたりして分散関係を求めると次式のよ
うな周波数ω に関する式が得られる．

              (1)

ここで，ωphとωpcは電子ビーム密度と背景電子
密度から計算したプラズマ周波数であり，uhと uc
はそれぞれの初期流速である．また，γhと γ cは相
対論的ローレンツ因子である．この式は，周波数の
２乗が負であることからわかるように，絶対不安定
性を導きだす．これに対し，衝突の効果を入れるに
は，(1)式のωpcを次式で置き換えればよい．

    (2)

この置き換えにより得られる分散関係から得た
成長率を示したのが図２である．図で実数や破線は，
全ての項を含めた分散関係（フル分散関係）から多
倍長計算で求めた根であり，その付近に示した点線
が簡易分散関係により求めた結果である．図より，
簡易分散関係から得られる成長率が，十分な精度で
計算できていることがわかる．
さて，衝突周波数が大きくて |ω/ν c|<< 1とい

う近似が成り立つ場合は，(1)式の置き換えを
とすることができる． は背

景電子密度に比例するので，衝突周波数が大きくな
ると，実効的な背景電子密度が下がることになる．
簡易分散関係 (1)をみると，分子の には流速の
２乗が掛けられているので， が下がっても
の項が優勢なのであまり値が変わらないが，分母は
電子ビーム密度による が小さいので， が下
がる効果が重要となり，結果的に成長率が増加する
ことになる．分母のプラズマ振動数は，ビーム方向
の応答に関与しているため，背景プラズマのレスポ
ンスが弱まることがワイベル不安定性の成長率を上
げている原因であるという結論になる．レスポンス
の低下は抵抗により背景プラズマに生じる縦電場
（ビーム伝播方向の電場）が増大することによるも
のなので，この大きな電場の変化により発生する大
きな磁場がワイベル不安定性の増強につながったと
考えられる．
さらに磁場を加えたときには非線形発展による

様々な構造形成が起こって電子ビーム伝播の様相も
複雑化する．このあたりの詳細な解析が今後の課題
である．
[1] T. Taguchi, T. M. Antonsen, Jr. and K. Mima,  

　 J. Plasma Phys., 83, 905830204, (2017).
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