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INTRODUCTION

Laser-driven proton sources can deliver several tens of

MeV particle energies from the compact, transient acceler-

ating structure generated by laser-matter interactions at rel-

ativistic intensities. The future development of novel appli-

cations such as fast proton ignition requires improvements in

the proton energy, beam divergence, and laser to proton en-

ergy conversion efficiency.

In target normal sheath acceleration (TNSA)[1], an intense

laser pulse irradiating a flat solid-density target heats electrons

and sets up a picosecond-duration and up to TV/m sheath field

that gradually accelerates protons off the target surface. The

proton beam quality is thus linked to the hot electron spectrum

and the density distribution and lifetime of the sheath.

We have carried out two-dimensional and three-

dimensional particle-in-cell simulations[2, 3] which indicate

that nanosecond-duration sub-kT magnetic fields, accessible

by capacitor-coil targets developed at ILE[4], suppress lateral

sheath electron transport, increase electron heating and could

deliver enhanced TNSA performance.

Experiments at the LFEX laser facility will be aimed at

measuring for the first time the impact of an applied kT-

level magnetic field on laser-driven proton acceleration in the

TNSA regime. The LFEX laser facility is the only facility ca-

pable of generating a nanosecond-duration kT-level magnetic

field, can simultaneously drive TNSA, and is also uniquely

suited for investigating factors which affect the sheath dynam-

ics such as electron heating and lateral transport. The capa-

bilities of the LFEX laser facility will allow us to conduct a

proof-of-principle experiment into the effects of strong mag-

netic fields in TNSA, including a magnetic field strength scan

to observe the onset of magnetic field effects.

EXPERIMENTAL SETUP

We used three GXII beams to generate a strong magnetic

field and a single LFEX to accelerate proton beam via TNSA

in this experiment. Experimental geometry is shown in Fig.1

Each GXII beam, which has 800 +/- 50 J of energy in 1054

nm of wavelength, is focused on capacitor-coil within xx of

spot size. The capacitor-coil target might generate ∼ 2 kT at

coil center 1.2 ns after GXII peak with 500 um of coil diame-

ter and 50 um of wire diameter[5]. LFEX, which has 350 +/-

50 J of energy in 1054 nm of wavelength, is irradiated to CH

FIG. 1. Experimental setup for 3D design and 2D geometry. CH
foil as a proton source was put on tantalum, which protect CH foil
from some radiation. These targets are placed at the center of a coil.
CH foil and tantalum’s dimension are 200×200×50 μm and 400×
200×50 μm. An aluminum foil was put 5 mm away from CH foil.
It also protects CH foil from radiation. RCFs put 30 mm away from
aluminum detect the proton beam. RCFs have a hole at center to pass
the proton to Thomson parabola spectrometer.

foil. CH foil was on a tantalum shield to be protected from

radiation and a plasma generated on capacitor-coil. Acceler-

ated proton beam was measure on a radiochromic film(RCFs)

at 35 mm far from the foil. RCFs have a hole at its center, the

spectra of a proton beam through the hole was measured by

Thomson parabola ion spectrometer. The spectra of the accel-

erated electron were also measured. The aluminum shield put

5 mm away from the foil protects the rear surface of the foil

from radiation.

RESULTS

Figure 2 shows the plots of maximum proton energy against

the delay. 0 ps of a delay represents that GXII and LFEX

reach the targets at the same time. A positive delay means that

LFEX comes after the peak of GXII. An inset figure in Fig.2

shows the measured proton image without a capacitor-coil tar-

get. The maximum energy of this proton was 21.6 MeV. The

lowest energy was 5.8 MeV with an application of B-field.

The acceleration energy of proton decreased with the de-

lay between GXII and LFEX. The delay corresponds to the

strength of magnetic field so that magnetic field rises when
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FIG. 2. Maximum proton energy against the delay between GXII
and LFEX. Maximum proton energy decrease with the delay. Circles
and solid line represent the proton energy using a coil. Crosses and
dashed line represent the proton energy using only plates. Positive
delay corresponds to that LFEX reaches the target after the peak of
GXII beams. An inset figure shows the proton image obtained with
only LFEX. The number in a figure shows the shot ID.

the delay increases. We expect that the maximum energy

of the proton beam would increase with the delay in theory.

However, the maximum energy of the proton beam decreased

against our expectation. This decrease might be caused by the

effect of radiation from a capacitor plate irradiated by GXII

beams. The energy of three GXII beams is high enough to

generate high energy x-ray. The high energy x-ray can heat

a rear surface of the proton source, causing a deformation of

the rear surface. A sheath electric field weakens due to the

deformation of a rear surface generates and leads to lower ac-

celeration.

The proton energy increased a bit at 230 ps. We hope this

increase was the effect of the applied magnetic field.

We also carried out the experiments using the capacitor

plates which do not have a coil to confirm the effect of ra-

diation. In this case, the maximum proton energy was higher

than proton energy in case of using a coil. These results in-

dicate the radiation from the coil itself can heat the proton

source apart from capacitor plates.

A large current flows in a coil after the laser irradiation.

Ohmic heating due to the large current leads a coil expansion.

The expanding coil may touch the tantalum shield and proton

source. The experiment in other geometry was also performed

to remove the possibility of a contact.

The clear change in proton images was observed changing

the coil position. Figure 3 shows each target geometry and the

obtained proton images. The proton source was put at the cen-

ter of a coil in an original arrange as shown in Fig.3(a). The

proton image measured having 9.9 MeV of maximum proton

energy.at -10 ps was clear pattern (Fig.3(b) ). In the other ar-

range, the proton source was put at 250 um away from the

FIG. 3. Target arranges and obtained proton images. A proton source
was put at a center of a coil in an original arrange(a). In this case,
clear proton pattern having 9.9 MeV of maximum energy was ob-
served at -10 ps(b). In the other arrange, a proton source was put
250 μm away from a center of a coil(c). The apparent difference in a
proton image was observed at -30 ps. However, the maximum energy
of proton (7.5 MeV) was lower than (c). Numbers shown in proton
images represent a shot ID each other.

center of a coil as shown in Fig.3(c). The proton image mea-

sured at -30 ps on this arrange have a characteristic pattern

shown in Fig. 3(d). It seems that the protons are collimated

at the top right of a hole. However, the maximum energy of

proton in this geometry was 7.5 MeV, lower than the energy

in the original arrange. The radiation from a coil itself may

still have caused this decrease.

SUMMARY

In summary, the proton acceleration using a capacitor-coil

in this experiment is pretty sensitive to the influence of radia-

tion which is generated when GXII laser irradiates a capacitor-

coil target. The acceleration energy of proton decreased with

the delay between GXII and LFEX. This was caused by the

radiation from a capacitor plate. And a decrease of proton en-

ergy was suppressed using only the capacitor plates. Results

indicate the radiation from the coil itself can heat the proton

source.

The evident change in proton images was observed chang-

ing the coil position. However, the maximum energy of proton

was still small due to radiation.

We used the shield for generated radiation, but it did not

work in this experiment. For the future experiment, we need

to improve the counterplan of the generated radiation.

[1] S. C. Wilks, et.al, Phys. Plasmas, 8, 542 (2001),
[2] A. Arefiev, et.al, New J. Phys. 18, 105011 (2016),
[3] J. J. Santos, et.al, Phys. Plasmas, 25, 056705 (2018),
[4] S. Fujioka, et.al, Sci. Rep. 3 (2013), p. 1170,
[5] K. F. F. Law, et.al, Appl. Phys. Lett. 108, 091104 (2016),
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レレーザー衝撃圧縮下の惑星材料物質の分光観測： 

隕石衝突による惑星大気海洋形成モデルの構築 

梅田悠平 1、尾崎典雅 1、福井敬也 1、宮西宏併 2、関根利守 1、佐野孝好 2、兒玉了祐 1,2、冬木正紀 3 

1大阪大学大学院工学研究科、2大阪大学レーザー科学研究所、3畿央大学 

はじめに 

惑星や彗星に対する隕石衝突によって発生す
る、隕石物質または惑星表層物質の脱ガス・脱
水反応は、惑星の海洋や大気の形成に大きく貢
献したと考えられている。例えば、隕石中には
炭酸塩鉱物（カルサイト、マグネサイト）や含
水鉱物（サーペンティン、ゲーサイト）などが
一定量含まれているため、超高速隕石衝突（一
般的な衝突速度は 10 km/s 超）によって生じる
高圧・高温の極限環境下においては、衝突反応
（分解）生成物として、炭酸塩鉱物からは二酸
化炭素（and/or 一酸化炭素）などのガス成分、
含水鉱物からは水などが発生することが予想さ
れる。しかしながら、隕石衝突現象において支
配的な圧力領域である 100 GPa 超の状態方程式
データは不足している。 

本研究では隕石中や惑星表層に普遍的に存在
する炭酸塩鉱物であるカルサイト（CaCO3）に
着目した。衝撃圧縮下におけるカルサイトの圧
力・温度計測と分光スペクトル観測を行い、物
性量と化学反応データを取得し、炭酸塩鉱物の
衝撃脱ガス反応が起こる温度圧力条件やその時
間進展を明らかにすることが目的である。 

本年度の実験では、カルサイトのユゴニオデー
タの取得を中心に行い、圧力200 GPaから 1 TPa
における圧力・温度データを7点取得することに
成功した。さらに衝撃圧縮中のカルサイトにおけ
る自発光分光スペクトルデータの取得にも成功
した。 

実験手法 

カルサイトに対して、レーザー駆動の衝撃波を
伝搬させることによって、隕石衝突下における極
限環境下の脱ガス・脱水反応を再現した。衝撃圧
縮中の試料について、 (i) 速度干渉計（Velocity 
Interferometer System for Any Reflector : 
VISAR）を用いた衝撃波速度計測、（ii）自発光輝
度温度計 (Streak Optical Pyrometer : SOP) を
用いた温度計測、 (iii) 分光器を用いた発光スペ
クトル計測を行った。 

試料は単結晶のカルサイト（1 cm 角結晶）を用
意し、4 mm 角、厚さ 500 um へ加工を行った。
ターゲット構成はレーザー照射側からアブレー
ターとして CH、標準物質として Al と Qz、試料
の CaCO3を用いた。Qz は Qz-真空界面の反射を
防止するためにARコーティングを行った。本実
験ではユゴニオ計測用（Fig. １）と分光計測用
（Fig. 2）の２種類の構造のターゲットを使用し
た。 

実験結果 

カルサイトの衝撃波速度と粒子速度の関係を
Fig. 3、圧力と密度の関係を Fig. 4 に示す。衝撃
波速度と粒子速度の関係について、先行研究によ
る低圧側データ（<100 GPa）[1]と本実験データ
の近似直線（点線）を比較すると、両者に違いが
あることが明らかになった。この領域（圧力 100-
200 GPa）における Us-up関係の変化は、カルサ
イトの状態変化や化学反応の発生を示唆する結
果であり、先行研究[2]によって予測されている、
CaCO3の脱炭酸反応や CaO のメルト化の圧力域
と調和的である。また、カルサイト中を伝搬する
衝撃波面からのプローブ光の反射が11.5 km/sを
超えると観測されたことから、カルサイトの金属
化開始圧力はおよそ195 GPa である。 
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Fig. 1 ユゴニオ計測用セットアップと得られ
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Fig. 3 衝撃波速度と粒子速度の関係 

Fig. 4 圧力と密度の関係 
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INTRODUCTION 

Fluoride crystals have long been recognized as 
excellent short-wavelength solid-state laser host 
materials in the vacuum ultraviolet (VUV) and 
ultraviolet (UV) regions especially when doped with 
trivalent rare-earth ions such as cerium (Ce3+) and 
neodymium (Nd3+) [1-4]. When used as laser materials, 
knowing the optical and electronic properties of the laser 
active crystal is important to determine energy transfer 
mechanisms that either inhibit or enhance laser emission. 
However, theoretical and experimental investigations of 
these properties are limited. For example, previous 
calculations have underestimated the band gap energy of 
fluoride crystals while experiments have not 
implemented different conditions such as varying 
pressure or temperature [5]. Moreover, the optical 
properties of fluoride crystals such as absorption 
coefficient, refractive index, or transmission under high 
pressure are not investigated both theoretically and 
experimentally. In order to achieve efficient laser 
systems and photonic applications, theoretical studies 
with better approximation are important to understand 
the material’s salient features and to aid the crystal’s 
growth and development. This project studied the 
electronic and optical properties of lithium yttrium 
fluoride (LiYF4). Through numerical calculations, we 
determined this crystal’s prospects as a VUV laser host 
material. 

METHODOLOGY 

The numerical calculations used are based on 
density functional theory (DFT) using 
Perdew-Burke-Ernzerhof (PBE) hybrid functionals. The 
calculations employ plane-wave basis sets and 
projector-augmented wave (PAW) pseudopotentials as 
implemented within the Vienna Ab initio Simulation 
Package (VASP). The exchange-correlation interactions 
are described by the generalized gradient approximation 
(GGA) with (PBE0) hybrid functional [6-8]. The 
plane-wave basis cutoff is 500 eV.  

The crystal unit cell volume is initially optimized 
using the Murnaghan equation of state to fit the curve of 
the total energy as a function of volume [9]. The lattice 
constants are then obtained from the optimized volumes 

to compute for the electronic band structures and optical 
properties of the fluoride crystal. For the band structure 
and density of states (DOS) diagrams, the k-points are 
chosen following the first Brillouin zone [10]. All 
valence band maxima of the resulting diagrams are also 
shifted to zero. For the optical properties, the complex 
dielectric function was first obtained. The refractive 
index, absorption coefficient, and optical transmittance 
were derived from the complex dielectric function. In the 
calculations, the excitonic effect is ignored, while the 
local field effect is considered.  

RESULTS AND DISCUSSIONS 

Figure 1 shows the electronic structure of LiYF4. 
Both the valence band maximum and the conduction 
band minimum are situated at the  point. It has a 
direct band gap energy of 11.09 eV. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Simulated electronic band structure of the LiYF4 
crystal at equilibrium. LiYF4 has a direct band gap of 

11.09 eV at the  point.  

The total and partial densities of states (DOS) of the 
LiYF4 crystal are shown in Fig. 2. Three bands can be 
observed from the total DOS in the range of – 25 to 16 
eV. The bands from – 22.62 to – 17.64 eV are due to the 
F 2s and Y 4p orbitals. On the other hand, the valence 
band from – 3.46 to 0 eV is mainly derived from the F 2p 
orbital, while the conduction band from 10.70 to 16 eV is 
mainly derived from the Y 4d orbital. The Li 2s orbital 
has minor contributions to both valence and conduction 
bands. The direct band gap of LiYF4 originates from the 
transition from F 2p of the valence band maximum to Y 
4d of the conduction band minimum. 

Si l d l i b d f h L



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Total and partial DOS of the LiYF4 crystal at 

equilibrium. With a minor contribution from Li 2s, the 
valence and conduction bands of LiYF4 are mainly 

derived from F 2p and Y 4d, respectively.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 (a) Refractive index, (b) absorption 
coefficient, and (c) transmission and reflectivity of the 

LiYF4 crystal. LiYF4 has a maximum refractive index of 
1.60, an absorption edge at 121 nm, and high 

transparency up to the visible region. 
 

The refractive index, absorption coefficient, 
reflectivity, and transmittance of the LiYF4 crystal are 
shown in Fig. 3. Its refractive index has similar ordinary 

(no) and extra-ordinary (ne) components. The calculated 
refractive indices confirm that YLiF4 is a positive 
birefringent crystal where the extra-ordinary refractive 
index ne is greater than the ordinary refractive index no. 
The maximum refractive indices are 1.6 and 1.8 for 
ordinary and extra-ordinary components, respectively. 
These occur at 100 nm. The ordinary and extra-ordinary 
refractive indices become constant at 1.22 and 1.30, 
respectively, for wavelengths longer than 400 nm. Our 
calculations differ by around 13 % compared with the 
experimental refractive index for wavelengths ranging 
from 225 to 2600 nm (0.48 to 5.51 eV) [11]. The 
difference could be due to the temperature of the sample 
during the experiment as the refractive index decreases 
significantly with temperature [12]. Our calculations are 
done at 0 K, while the experiments were done at liquid 
nitrogen temperature (77 K) [11]. LiYF4 has an 
absorption band in the VUV region from 100 to 200 nm. 
We will perform future experiments to confirm these 
absorption bands. LiYF4 is highly transparent down to 
the VUV region with an absorption edge around 121 nm. 

CONCLUSIONS 

The electronic band structure and optical properties 
of a perfect LiYF4 crystal were calculated based on DFT 
using PBE0 hybrid functional. This crystal was found to 
have a 289.31-Å3 crystal volume and 75.04-GPa bulk 
modulus, which are all close to the reported experimental 
values. LiYF4 was also determined to have an 11.09-eV 
direct band gap originating from the F 2p to Y 4d 
transition. Experimental investigations based on the 
present results are expected in the near future. 
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INTRODUCTION 

Efficient detection of scattered neutrons is crucial 
for realizing the potential of inertial confinement fusion 
as a sustainable energy source. The efficiency of the 
nuclear fusion event is derived from the plasma areal 
density that can be measured using several methods, the 
most desirable of which is down-scattered neutron 
diagnostics. Therefore, a scintillator having a response 
time of less than 20 ns and high quantum efficiency for 
the scattered neutrons is needed. Lanthanide ions, known 
for their wide emission bands in the vacuum ultraviolet 
and ultraviolet regions, have been used as activator 
dopants in APLF [1]. The fluorescence band of 
optically-activated lanthanides translates to shorter 
lifetime in the order of 3 [2], which could satisfy one of 
the above-mentioned criteria for an efficient scintillator. 
Lanthanide ions singly-doped with APLF yield faster 
response times than either Ce-doped lithium silicate 
glasses or the glass scintillator GS2 where decay 
lifetimes range from 50 to 70ns [3]. The decay time 
profiles of singly-doped APLF vary depending on the 
concentration and species of the activator ions, which are 
4-6.6 ns with Nd3+ [4], 5.8-31ns with Er3+ [4], 16-19.3ns 
with Pr3+ [5], and 23.3-40 ns with Ce3+ [6] with 
radioactive, optical, or x-ray excitation. However, there 
is a usual tradeoff between short decay time and 
therefore fast response and emission intensity, which can 
result to very fast detector but with poor light throughput. 
Therefore, this project investigates the effects of 
codoping APLF with Pr3+ and Ce3+ ions. We evaluate the 
optical characteristics based on photoluminescence 
excitation (PLE), photoluminescence spectroscopy (PL), 
and time-resolved photoluminescence (TRPL) analyses 
for fixed Pr3+ and Ce3+ concentration ratio in the host 
glass. We selected Ce3+ as co-activator due to its high 
fluorescence yield [7] and Pr3+ dopant for its short decay 

time [5]. Singly-doped APLFs with either Ce3+ or Pr3+ 
have been recently shown to be capable of discriminating 
down-scattered neutrons against background X-rays, 
primary neutrons, and gamma signals in inertial 
confinement fusion investigations [8]. Although 
codoping of lanthanides with other host materials has 
been reported for phosphor displays in the visible to near 
infrared [7], this study focuses on the spectral and 
temporal responses in the UV region. Some of the 
expected 4f5d 4f transitions of Pr3+ fall below 200nm 
so the optical characterizations of singly-doped Pr3+ or 
Ce3+ APLF and codoped APLF were also examined 
using the spectroscopy beamline (BL7B) of the Institute 
of Molecular Science (IMS, Japan) Ultraviolet 
Synchrotron Orbital Radiation (UVSOR) facility. It is 
shown that in comparison to singly-doped APLF, 
codoping can provide 4 times improvement in response 
time due to Pr3+ luminescence. The fast response time is 
attributed to a fast energy transfer from the 4f5d level of 
Pr3+ and the 5d level of Ce3+. With four times 
improvement in response time, this material may enable 
very fast detection of secondary neutrons in inertial 
confinement fusion. 

EXPERIMENT 

Two singly-doped and one codoped 
20Al(PO3)3-80LiF + xPrF3 + yCeF3 (x=0, 1; y = 0, 0.5) 
samples were prepared by the melt-quenching method 
described in [2]. Namely, these were: APLF+1Pr0Ce, 
APLF+0Pr1Ce, and APLF+1Pr0.5Ce. The precursor 
materials consisted of high-purity aluminum 
metaphosphate (Al(PO3)3), lithium fluoride (LiF), 
6Li-enriched LiF, praseodymium fluoride (PrF3) and 
cerium fluoride (CeF3) powders. All the starting 
materials were mixed in a glassy carbon crucible and 
were melted for 0.5h at 1100°C in nitrogen atmosphere. 
The glass melts were cooled to 400°C and were 



subsequently annealed near the glass transition 
temperature. The glasses were cooled down to room 
temperature, and finally were cut into 22 mm diameter × 
6 mm thickness disks and polished on both sides to an 
optical finish. 

The spectral properties of APLF+1Pr0Ce, 
APLF+0Pr1Ce, and APLF+1Pr0.5Ce were characterized 
using PLE and PL measurements under 200nm excitation 
at the IMS-UVSOR facility. The PL spectra were also 
measured under 217nm excitation using the fourth 
harmonics of Ti-sapphire regenerative amplifier at room 
temperature. The photoluminescence lifetime was 
measured with the same excitation at 1kHz repetition 
rate and 100fs laser pulse duration focused on the APLF 
glass surface. The luminescence was collected and 
focused onto an imaging spectrograph with streak 
camera and digital CCD camera attachments. 

RESULTS AND DISCUSSIONS 

The spectral characteristics were evaluated for 
singly-doped and codoped samples. Figure 1 shows the 
PL spectra under 217nm excitation for singly-doped and 
codoped APLF glasses. Two distinct luminescence peaks 
are attributable to each dopant emissions. The 
asymmetric luminescence band from 220 to 285nm 
corresponds to the 4f5d 4f transition of Pr3+. The 
luminescence intensity at 238nm is more intense than at 
260nm for both APLF80+1Pr0Ce and 
APLF80+1Pr0.5Ce samples. The luminescence peak at 
337nm is ascribed to the 5d 4f Ce3+ transition. From PL 
spectra, we can discriminate the respective luminescence 
of each activated ion and measure the respective 
response times. 

 

Fig. 1. PL spectra of APLF+1Pr0Ce APLF+0Pr1Ce, and 
APLF+1Pr0.5Ce under 217 nm excitation.  

 
Figure 2 shows the streak camera images of the 

fluorescence for singly-doped and codoped APLF 
samples under 217nm excitation. A single exponential 
function was used for fitting each respective decay 
profiles. The fluorescence decay time is 17.7ns for 
APLF80+1Pr0Ce and 30.6ns for APLF80+0Pr1Ce 
luminescence. With codoping, the luminescence lifetime 
of Pr3+ around 270 nm is improved to 5.5ns. This 

response time is four times (4x) shorter than the 
APLF80+1Pr0Ce sample and the 19.6ns lifetime 
previously obtained of APLF+Pr3+ [5] under similar 
concentration, optical excitation, and temperature 
condition. For the Ce3+ luminescence, the decay time has 
somewhat broadened to 35ns but the emission intensity 
was increased. From the luminescence observations, we 
can infer that the 5d energy level of Ce3+ is the more 
efficient at light-emitting state than the 4f5d levels of 
Pr3+ in codoped APLF supporting the possibility of 
energy transfer between the two excited levels. 
Measurements are underway to investigate further the 
transfer mechanism and co-activation process brought by 
codoping. 

 

Fig. 2. Streak camera images of photoluminescence 
around 270 and 330 nm of (a) APLF+1Pr0Ce, (b) 

APLF+0Pr1Ce, and (c) APLF+1Pr0.5Ce under 217nm 
excitation. The fluorescence decay times of singly-doped 

APLF are 17.7ns for Pr3+ and 30.6ns for Ce3+ 
luminescence. The luminescence lifetime of Pr3+ is 5.5ns 

and of Ce3+ is 35ns for codoped APLF. 

CONCLUSIONS 

In summary, we have investigated the spectral 
properties of Pr3+ and Ce3+ codoped APLF glass. We 
were able to discriminate the luminescence band from 
each ion and achieved 5.5ns decay time in Pr3+ 
luminescence. This is four times improvement of 
singly-doped APLF. Ce3+ was found to be the more 
efficient light-emitting state than Pr3+ in codoped APLF. 
Fast response time in Pr3+ and increased emission 
intensity of Ce3+ is attributed to a fast energy exchange 
from the 4f5d level of Pr3+ and the 5d level of Ce3+. The 
energy transfer mechanism and co-activation needs 
further investigation, but with four times improvement in 
response time, codoped APLF may find application as a 
fast scintillator for inertial confinement fusion. 
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Fig.1 Configuration of TDLAS (2.7  m). Herriott Type 
mirrors with focal length of 0.2m were set for a vapor cell 
of 300 mm in length and at  mm in diameter. Typical 
pressure in vapor cell was set to 2000 Pa. Optical signals 
were detected with lock-in amplifiers at 200Hz. 
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Fig. 2. Water isotope spectra for (a) distilled water, (b) D-
70% HDO42% , (c) 17O enriched 10.6% and (d) 18O 
enriched 98.7%. Temperature and pressure was set to 18  
and 2000 Pa, respectively. 
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Fig.3. Investigation of memory effects for HDO lines. 
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Fig. 1. Two-dimensional Laue diffraction patterns of 
CaF2 [100]-oriented crystal ((a), (c), (e)) and CaF2 
[111]-oriented crystal ((b), (d), (f)). (a) and (b) are 
patterns obtained before laser irradiation. (c), (d) and (e), 
(f) are obtained at about 4 ns after irradiation of 1 J/pulse 
and 16 J/pulse laser, respectively. 
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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. For discharge plasma 
with density less than solid density, plasma production or 
its heating have been conducted in external magnetic 
field using plasma dispersion relation such as cyclotron 
resonance [1]. For plasma with density beyond the solid 
density, most wave-plasma interactions were conducted 
without the external magnetic field.  

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.  

The 1 kT magnetic field provides cyclotron resonant 
frequency that corresponding to the CO2 laser; 
wavelength of 10 m. Therefore, the laser-plasma 
interaction with CO2 laser under kT-class magnetic field 
can expect experimental investigation of plasma heating 
of bulk solid plasma. The purpose of this study is an 
estimation of electromagnetic wave propagation and 
absorption of CO2 laser pulse (wavelength of 10 m) in 
plasma with solid density (0.1 g/cc for hydrogen) region 
under 10-kT class magnetic field. This estimation is 
supposing a tuning polarization of CO2 laser pulse.     

   

THEORITICAL MODEL 

To investigate wave propagation in plasma under 
external magnetic field, a simple setup is proposed as 
shown in Fig. 1. The uniform external magnetic field 
normalized by cyclotron resonant magnetic field Bext/Bc 
is induced in the slab plasma with thickness of laser 
wavelength. The induced laser pulse contains linear 
polarization combined with both right-hand and left-hand 
circular polarized waves. The induced laser pulses (linear 
polarization: right-hand circular polarization and 
left-hand circular polarization) propagate through the 

plasma in relation to the plasma dispersion relation 
described in Eqs. (1-3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematics of wave propagation 

TR=2/(NR+1), TL=2/(NL+1) (1), 
 
NR={1- ( pe/ )

2
/(1  ce/ )}

1/2
 (2), 

 
NL={1- ( pe/ )

2
/(1+ ce/ )}

1/2
 (3), 

 
where, TR,L is transmittance of Right-hand or Left-hand 
laser pulse,  NR,L is refractive index of Right-hand or 
Left-hand laser pulse, pe/  is electron density 
normalized by laser frequency, ce/  is cyclotron 
frequency normalized by laser frequency, respectively.  
 

RESULTS 

The transmittance of right-hand part increases as a 
function of external magnetic field in relation to the 
plasma density. Figure 2 shows result of Eq. (1,2) as a 
function of external magnetic field. Here we consider 
right-hand part that provides cyclotron resonance. By 
considering CO2 laser with wavelength of 10 m, the 
cut-off density is 1.1x10

19
 n/cc, the cyclotron resonant 

magnetic filed Bc is 1.07 kT, and ( pe/ )
2

= 2364 
corresponds to solid density 0.086 g/cc of hydrogen. 
These values are within scope on experiments. 
 
 



 
 
      
 
 
 
 
 
 
 
 

 

Fig. 2. The transmittance of right-hand wave. 

   From Fig. 2, the TR depends on normalized electron 
density: pe/ . Therefore, when the bulk slab density is 
confirmed, we can investigate external magnetic field 
from this dispersion relation. This relation leads to  
probe an external magnetic field in the plasma. By 
considering collisions in the slab plasma, we can 
evaluate more sophisticated dispersion relation that 
relevant for the experiments.  
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太陽内部熱対流の非局所性に関する考察 
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INTRODUCTION 
太陽対流層の底と表面には 6桁以上に及ぶ密
度差が存在するため, 対流層には100Mmのジ
ャイアントセルから, 1000Kmサイズの粒状斑
まで, 様々なスケール（マルチスケール）の対
流渦が混在していると考えられている。これは
対流セルのサイズが, 局所的な圧力スケール長
に依存して決まるとする「混合距離理論」に基
づく描像である（図 1）。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
このような太陽熱対流のマルチスケール描像
や, その根拠を与える混合距離理論の正しさは, 
光球や対流層浅部での対流スペクトルを調べ
ることで, 観測的に検証できると信じられてい
る（Hathaway et al. 2010）。しかし実は, 理
論的に期待されるような対流スペクトルは, 観
測では見つけられていないのが現状である。 
太陽熱対流における観測と理論の間の不整合
の中で, 現在特に問題になっているのは, ジャ
イアントセルの存在が期待される空間スケー
ル [O(100)Mmの波長域近傍] に, その証拠を
見つけることができない点である (eg.,Hatha- 
way et al. 2015)。 混合距離理論は光球直下
で約 100m/sec の速度を持つジャイアントセ

ルの存在を予言するが, 実際にはそれより 2桁
小さな対流速度しか観測できないと主張する
研究結果も存在する (Hanasoge et al. 2012)。 
これらの観測結果は, 対流層深部に対流の駆
動スケールが存在しないこと, つまり太陽熱対
流が局所的なsuper-adiabaticityではなく, 非
局所的な太陽表面での冷却によって駆動され
ている可能性を示唆する (e.g., Spruit 1997; 
Cosette & Rast 2016; Nelson et al. 2018)。
冷却によって駆動される熱対流は図2のように
プルーム状の形態をとり, 断熱的な大気を「慣
性」に従って落ちていく（Brandenburg et al. 
2016）。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SETUP & RESULT 
対流層のエントロピー分布の違いが表層スペ
クトルに及ぼす影響を定量的に理解するため
に, MHD熱対流シミュレーションを使って, 局
所駆動型と非局所駆動型（冷却駆動型）の熱対
流モデルの違いを調べた。 
図１と 2の左側の青線は, 両モデルのエント
ロピー分布の概略図である。局所駆動型のモデ
ルは, 対流層全域が対流不安定（エントロピー

図 1. 太陽のマルチスケール熱対流描像 

図 2. 冷却駆動のプルーム熱対流 



勾配が全域で負：polytrope 指数m=1.4995）
である一方, 冷却駆動型のモデルは, 表層冷却
を模擬し, 対流層上部のみが対流不安定（断熱
領域はm=1.5, 冷却層はm=1.4995）になる
よう設定している。 
図 3は計算の結果得られた, 対流層表面[(a)と
(b)]と垂直断面[(c)と(d)]でのエントロピー擾
乱の分布である。冷却駆動型のモデルは, 小さ
な対流セルが支配的であるのに対し, 局所駆動
型のモデルは対流層底部の圧力スケール長で
特徴づけられるような大きな対流セルが顕著
に成長していることがわかる。 
垂直断面からは, 対流層全体のプラズマの動
きが見てとれる。冷却駆動型のモデルの場合, 
表面でエントロピーを失った冷却プルームが
対流層深部を貫いて落ちていく。一方、局所駆
動型のモデルでは対流層全域が不安定になり, 
対流混合が起きていることがわかる。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

両モデルの, 運動エネルギーと磁気エネルギ
ーのスペクトルを図 4に示した。冷却駆動のモ
デルの場合, 確かにジャイアントセル付近にス
ペクトルの盛り上がりは現れず, 観測と整合的
になることがわかった。 
本研究ではMHD計算を行なっており, 図4の
ように表面磁場のエネルギースペクトルの情
報も得られている。両モデルの磁気エネルギー
スペクトルの間の顕著な違いを見出し, 太陽表
面観測へフィードバックすることで,  太陽内
部熱対流の駆動メカニズムを理解するため足
がかりを得ることが次の目標である。 
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田口 俊弘
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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]．

2017年度から，この大強度ホイッスラー波が背
景プラズマに及ぼす影響，特に無衝突衝撃波のよう
な大きな構造形成や，それがコヒーレントなイオン
加速に発展するかどうかについての解析を，従来用
いていたハイブリッドコードから背景電子やイオン
も粒子として取り扱う粒子コードに拡張することで
行ったが，粒子の流出入境界と場の量の開放境界を
同時に成立させることが難しく，あまり長時間の計
算をすることができなかった．

2018年度は，2017年度に引き続き，この開放
境界を持つ粒子コードの改良を行って，無衝突衝撃
波の形成とイオン加速の解析を行った．加えて，新
しい課題として，背景プラズマ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
を行った．

本研究は，最近その有効性が確かめられている
磁場印加型の高速点火核融合における電子ビーム伝
播解析から始まっている．高速点火型レーザー核融
合とは，超高強度レーザー照射により発生した高速
電子が，圧縮された燃料コアを追加熱して燃焼を促
すというスキームであるが，この電子ビームを強磁
場印加することでガイドしながら燃料コアに到達さ
せることで，到達率を上げて燃焼効率を向上させよ
うとするものである．最近の実験結果によれば，磁
場を印加しない場合に比べて磁場を印加した方が中
性子の発生量が上がることが確認されている．

しかし，本研究の解析により示された，強磁場
印加下でのビーム不安定性に伴う大強度ホィッス
ラー波の発生は，電子ビームガイドを期待して印加
した磁場が返って電子ビームのスムーズな流れを阻
止する結果となることを意味する．もちろん，印加
磁場の強さや電子ビームと背景プラズマの密度比な
どのパラメータに依存するため，一概にうまくいか
ないという結論にはならないが，高速点火への応用
においては，パラメーターの範囲を注意深く検討し
なければならないことを示唆している．しかし，強
磁場下での電子ビーム伝播によりホィッスラー波の
ような電磁波が発生することや，スタグネーション
による大きな電子密度変動が起きることは，宇宙に
おける問題や高速イオン発生装置開発まで，様々な
方面への応用の可能性が考えられる．
本研究は，論文 [1]まででは，イオンは静止して

いると仮定し，背景電子は流体として取り扱うハイ
ブリッドコードを用いていたが，大強度ホイッス
ラー波発生に伴う背景プラズマ中での衝撃波のよう
な大規模構造形成からイオン加速までを解析するた
めには，単に流体としてのイオンの集団運動をコー
ドに加えるだけでは不十分であり，イオンの速度分
布に応じた解析，運動論効果が必要になる．このた
め，イオン運動も粒子化したフル粒子コードが必要
となるが，電子ビーム伝播問題を解析するための粒
子コードには粒子の流出入を自由に行える開放境界
条件が必要である．これまで用いてきたハイブリッ
ドコードは，ビーム電子のみを粒子として取り扱っ
ていたため，その境界における影響は限定的で，電
子の流出入による場への影響は小さく，境界付近で
の流体場や電磁場に簡単な減衰領域を設けて揺動の
過度な増大を抑えるだけで十分であった．
しかし，背景プラズマも粒子として取り扱うに

は，粒子コードにおける開放境界条件の導入が必要
となる．そこで，2017年度にはオーロラ発生の起
源である電子ビームの突入によるダブルレイヤを解



析するための開放境界粒子コードを参考にして，背
景イオンと背景電子も開放境界条件とした粒子コー
ドを開発し，解析を行ったが，粒子の流出入に伴う
不安定性が思うように抑制できなかった．今年度も
引き続き様々な抑制方法を試みて，ある程度までは
抑えられることが確認できたが，ビーム密度が高く
て不安定性の成長率が速い場合には，境界付近での
大きな密度変動を完全に抑えきれず，大きな構造形
成を長時間持続するには至らなかった．この問題解
決のため，引き続きコードの改良を行う予定である．

上記のように，強磁場下では電子ビーム不安定
性に伴って，大強度のホィッスラー波が発生して，
電子ビーム流が停滞することがわかったが，実際の
実験では高速点火核融合での磁場ガイド効果が有効
で，燃焼率の向上が報告されている．本研究での解
析と実際の実験を比較したときの一つの問題は，背
景プラズマの密度である．これまでの研究では，ビー
ム電子密度と背景プラズマ密度の比を 10%として
いて，ビーム電子密度が比較的高い．これに対し，
高速点火核融合では，金コーンのような密度の高い
領域を電子ビームが通り抜けていくため，密度比が
小さい解析が必要となる．
ところが，背景プラズマの密度が上がると別の

問題が出てくる．背景プラズマ中での衝突効果で
ある．背景プラズマが金のような高 Z物質の場合，
イオンによる背景電子の散乱が大きくなって無視で
きなくなる．そこで今年度は，新たに背景電子の運
動に衝突項を加えた高速電子伝播解析を行った．
衝突項を導入したときの重要な課題の一つは，

背景プラズマに電気抵抗が存在するために，「抵抗
性」ワイベル不安定性が起こることである．ワイベ
ル不安定性とは，ビームの進行方向に垂直な電磁場
が成長する横方向の２流体不安定性のことである
が，衝突がある方が成長率が増大することがわかっ
ている．例えば，流体解析で得られた成長率と，運
動論効果を入れて得られた成長率を比較すると，運
動論効果を入れた方がランダウ減衰の効果で成長率
が高い．これはシミュレーションでも確認されてい
る．背景プラズマに衝突項を導入することは，成長
率増大の効果を陽に加えることになるが，これは抵

抗の効果を入れた流体解析でも裏付けられている．
そこで今年度は，流体として取り扱っている背景電
子の運動方程式に衝突項を導入したハイブリッド
コードを用いて，ワイベル不安定性の成長の様子か
ら増幅率を計算した．結果を図１に示す．ここで，
ビームと背景電子の温度は共に 1keVとし，ビーム
電子と背景電子密度の比は 2%である．図１には，
簡単のために背景電子密度のプラズマ周波数（ pe）
で規格化した衝突周波数を一つのパラメータとして
変化させ，フーリエ変換したモード解析から得られ
た最も成長が速いモードの成長率を示している．
図１で，●で示したモードは計算の初期から成

長する線形成長モードであり，■で示したモードは
ある程度時間が経過してから成長する２次成長モー
ドである．図１よりわかるように，外部磁場の値（規
格化値 c/ pe）が大きくなるほど成長率が下がる
ことがわかる．また，抵抗の効果は２次成長に対し
て顕著であり，抵抗の存在により，様々な非線形効
果が抑制されることがわかる．加えて磁場を印加す
れば，さらに不安定モードを抑えることができるこ
ともわかる．
この他，電子ビーム入射型のハイブリッドコー

ドを用いて衝突項を含めたビーム伝播解析を行い，
磁場を加えることでワイベル不安定性も含めた２流
体不安定性が完全に抑制されることなどを確認した
が，２次不安定性の成長や抑制のメカニズムなども
含め，より詳しい解析は今後の課題である．
[1] T. Taguchi, T. M. Antonsen, Jr. and K. Mima,  

　 J. Plasma Phys., 83, 905830204, (2017).
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レーザー生成プラズマからのテラヘルツ波発生 
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