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2006RH120 (D~4m)
捕獲期間; 2006/9-2007/6
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TCO 火球!

～15cm

超低速流星のアブレーションの理解の必要性

TCO model 
M. Granvik 

personal communication

Earth orbit
Lunar orbit
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Visual magnitude for natural meteoroids

JAXA/ISAS Arc-heated Wind Tunnel
High enthalpy conditions

T~10,000K, V~6km/s, 0.6MPa

UV-VIS-NIR spectroscopy

kinetic energy

radiation energy

ablation energy

To understand ablation processes of atmospheric entry,
artificial meteor test is carried out using JAXA’s facility.

空気の運動エネルギ(∝v^2)

空気の質量(ρv)

放射(黒体&輝線)

質量アブレーション

質量アブレーション→光エネルギ I

How to increase brightness under low velocity reentry;  
understanding τ(luminous efficiency)

Instruments
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Electric Power;  ~1MW 
Electric current; 550A 
Enthalpy; 16MJ/kg 
Max. heat rate; ~30MW/m2 
Pressure; 0.6MPa 
Window；MgF2

877.5[mm]

銅製アタッチメント

Bakelite stopper protection seal

window
（MgF2）

ejection holder

sample

tungsten

copper basement

sample

ejector

sample holding system

Chelyabinsk samples 
light and dark lithology in the cm scale. 

(W); Light (White) sample

(B); Dark (Black) sample

T. Arai, S. Abe et al.  
LPI (2014)  2860.
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High speed camera 
Phantom v711

Spectroradiometer & Spectrograph
OceanOptics QEPro, HR4000CG-UV-NIR

JAXA/ISAS Arc-heated Wind Tunnel

Instruments

Wavelength 200~1100 [nm], exposure; 1/30s

隕石1，隕鉄，隕石2，信楽焼

High speed imaging (exp=10!s, 1000 fps)

Chelyabinsk

Heating rate~ 30 MW/m^2

Chelyabinsk (LL5)
UV-VIS Spectrum (1/30s)
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2016 Day7 #1 (Chelyabinsk meteorite)

Differential ablation (Na early release)

Gray bodyとあるが，全て emissivity = 1 の完全黒体と
仮定して差し支えない

2016 Day7 #2 (Iron meteorite)

2016 Day7 #3 (Chelyabinsk meteorite)

Differential ablation (Na early release)

2016 Day7 #4 (信楽焼 Shigaraki pottery)

Differential ablation (Na early release)
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Chelyabinsk meteorite

FeI

FeI
FeI

NaI

NaI

Chelyabinsk meteorite

Iron meteorite

FeO

S. Abe et al. 2011

Hayabusa 
spacecraft

Capsule
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FeO

S. Abe et al. 2011

HAYABUSA Spacecraft

信楽焼 Shigaraki pottery

S. Abe (2000)

Spectrum of Leonid Meteor (v~71km/s)

高速度カメラから計測した質量減少率
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Chelyabinsk　平均質量減少率 0.88g/s

Fe+SiO2+MgO+C (28.4%)　平均質量減少率 0.72g/s
Fe+SiO2+MgO+C (18.6%)　平均質量減少率 0.71g/s

供試体が十分に加熱されるまでは 
質量の減少が緩やか

This document is provided by JAXA.



Chelyabinsk

Differential ablation (Na early release)

Mg I-2 Na I-1

Fe I-15
Fe I[386nm]

FMAC1(29.2%)
FMAC1(17.7%)
FMAC2(44.4%)

Geminids

0.132

発光開始

0.924

0.264~0.792 発光開始

0.10.1~0.6

0.2~0.8

発光開始
0.1

0.9~発光終了
0.7~発光終了

0.2~発光終了

Comparison between 
Artificial meteor and Geminids

beginning
beginning

beginning
ending

ending
ending

Time evolution of 
Na/Mg/Fe ratio

Color changes with time.

Luminous efficiency !

時間 [sec]

! 
[-]

Chelyabinsk 平均発光効率 0.21±0.035 [%]

Fe+SiO2+MgO+C (28.4%) 平均発光効率 0.61±0.22 [%]
Fe+SiO2+MgO+C (18.6%) 平均発光効率 0.59±0.12 [%]

Avell’s Lecture note 
Fragmentation Model of Meteors/Meteorites 

 
 

m ; mass of meteoroid, V ; velocity, t ; time, h ; height 
H* ; effective destruction enthalpy, S ; cross-section,  
!a ; atmospheric density, Cd ; drag coefficient,  
Ch ; coefficient of heat transfer 

発光光度 Luminosity 

        " ; luminosity coefficient (" =0.002 Öpik 1963) 

エネルギー Energy 

c ; 流星体の比熱, !m ; meteoroid density,  

A ; shape factor of the meteoroid (流星体の形状係数) 

# ; Stefan-Boltzmann定数, ! ; Emissivity of meteoroid (流星体の放射率 !=0.9) 

Ta ; 大気温度, Tm ; 流星黒体温度, L ; heat of ablation (溶融と昇華による熱) 

$ ; $=2Cd drag coefficient (抗力係数)…..天然の流星の Ch, Cd, " は，よく分かっていない。特
にCd, "が流星の明るさを左右する重要なパラメータ。 

 
質量減少 Mass Loss 

Tb; 流星物質の沸点(溶融温度), Pa; 地上の大気圧, µ ; 流星の原子質量 
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The magnitude MV is given by (Allen, 1973):

MV = �2.5 log
0

@
1Z

0

V�F� d�

1

A � 13.74, (36)

where F� is given in erg cm�2 s�1 Å�1 and V� is the V filter passband (reaching
unity near 5300 Å and dropping on both sides, see, e.g., Bessel (1990) for the
function). Using Equations (35) and (36) we obtain for R = 100 km

I ⇤
V = 9.84⇥ 10�9 r2f

1Z

0

V�B�(T ) d� (37)

and the ratio of physical to magnitude-based intensities is

I

I ⇤
V

= 2.30⇥ 104T 4
R

V�B�(T ) d�
. (38)

Analogical equation can be written also for B band based magnitudes – the constant
will be 4.68 ⇥ 104. Numerical values of the conversion factors I/I ⇤

V and I/I ⇤
B for

various temperatures are given in Table VI.
The conversion factors have been derived under the assumption that the local

and global filling factors are nearly the same. This can be reasonably assumed
only for the main spectrum in bright meteors. Both the second spectrum and the
main spectrum in faint meteors contain too few lines for the extrapolation from
the wavelength limited measurement to the total energy output to be done with-
out really modeling the whole electromagnetic spectrum. So, only the values for
temperatures around 4000 K in Table VI are useful in practice.
To determine the actual values of the luminous efficiency, we need to know

the mass loss rate dm/dt for some meteors independently of the photometry. From
a good quality fireball spectrum, the total mass, mG, of meteoric vapors in the
radiating volume (of the main spectrum) can be derived. This is done by correcting
the observed absolute abundances of atoms for ionization and adding the mass of
unobservable elements using the known or assumed chemical composition of the
meteoroid. However, this tells us nothing about the mass loss rate because we do
not know the time the evaporated atoms spend in the radiating volume. This time
was called the relaxation time, tR, by Ceplecha (1973). The mass loss rate is then

dm
dt

= mG

tR
. (39)

The upper limit of the relaxation time for a particular meteor can be estimated
from the duration of meteor flares. This method was applied to two bright Perseids
by Borovička and Betlem (1997) yielding tR ⇡ 0.011 s, log ⌧ ⇤

V = �11.9, and

LTE; T~4,000K Observed intensity

(Z.Ceplecha et.al 1998)

Borovická, Abe, Shrben!, Spurn!, Bland, 2011

•The maximum absolute magnitude of 
the fireball of -12.6 was reached at a 
height of 67 km

•The dynamic pressures acting on the 
spacecraft at the fragmentation 
points were only 1–50 kPa

•No spacecraft fragment was seen to 
survive below a height of 47 km

•The integral luminous efficiency of 
the spacecraft was 1.3% and the 
capsule was 0.03%

This document is provided by JAXA.
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Fe+Mg+Al+C (29.2%) 
Chelyabinsk (W) 

Luminosity of fragment (!Size of fragment)
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Ko#ice         ：$=1.53
Sutter’s Mill：$=1.51
Bassikounou：$=1.32

V. Vinnikov, Maria Gritsevich et.al 2014 
Borovicka et al. 2003

Fragmentation
 α=1.67

α= 1.50

-α

1946年12月17日；世界初の人工流星実験がDr. Fritz ZwickyによりドイツV2ロケッ
ロケットで試みられたが，ロケットが爆発して失敗。
1957年10月16日（人類初の人工衛星スプートニク打ち上げの12日後）；V2ロケット
を使い，Dr. Fritz Zwickyらが米国空軍がホワイト・サンズで実験を行い，直径数cm
の３発のアルミニウム球が埋め込まれた釣鐘型弾薬を高度87kmで爆発させ，秒速15km
に加速させて人工流星を発生させることに成功。爆発で生じたデブリの一部は，地球重
力圏を超えて太陽の周りを回る軌道に入ったため，人類初の深宇宙人工物体になった
1960年代後半にはNASAラングレー研究所(Gale A. Harveyら)が，サウンディング・
ロケットとキックモーターを使った人工流星実験を何度も行っている。1-2cmほどの金
属弾丸を弾道飛行と多段ステージで秒速11-12kmまで加速して地球大気圏に再突入させ，
0等級の流星を発生させている。

人工流星実験の歴史
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メテオロイドが超高速(11-70km/s)で地球
大気圏に突入することにより生じるプラ
ズマ中の電子のうち，メテオロイドと同
じ運動をするヘッドプラズマに1MWの
3msのパルスレーダーを照射してドップラ
速度の時間変化を計測。また，受信部干
渉計を利用した位置計測を同時に行う。 Meteor trail

10-70km/s

Meteor trail echo

Conventional meteor radar 
e.g. SKiYMET

Meteor head echo

YKĆþāôùđáĀčóČôùđ�
Meteor head and trail echoes

Kyoto University, RISH京都大学生存圏研究所信楽MUレーダー
Middle and Upper Atmosphere Radar

103m

Monostatic coherent pulse Doppler radar 
VHF (46.5 MHz), 1MW peak power, 475 crossed Yagi antennas
Pulse length: 1-500μs, Antenna aperture: 8330m^2 (D=103m)

theoretical gain pattern

Observed number of meteors, 
normalized by beam area, versus 
RCS (Radar Cross Section) and 

radial distance from beam centre.

3,000 - 4,000 meteor head echoes / day
Data rate ~ 20GB/hour 

average ! of velocity ~ 0.25 km/s
average ! of perihelion = 0.003 AU

>180k meteoroids were detected during 2009-2016 
18万個以上の流星を観測
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Orbits

Geminids

Quadrantids

2Hz 
D=1.05m 
FOV~!9deg332Hz 

D=103m 
FOV~!10deg
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MU Radar Schmidt telescope

Distance~173kmDistance~173km

Height; 70-130km

mete
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Oparin, 1924
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NASA スターダスト探査機 (2004-2006) 
81P/Wild彗星からのサンプル回収

アミノ酸とは、アミノ基とカルボキシル
基の両方の官能基を持つ有機化合物の総
称。タンパク質をつくるアミノ酸は、グ
リシン以外にアラニン、アスパラギン、
ロイシン、イソロイシンなど20種類があ
り、そのうち、トリプトファン、リジ
ン、メチオニン、フェニルアラニン、ト
レオニン、バリン、ロイシン、イソロイ
シン、ヒスチジンの9種類はヒトの必須
アミノ酸とよばれる。これら9種類は自
分でつくれないので栄養としてとらねば
ならない。

!meteorites            100 ton/yr Chyba & Sagan (1997) 
!comets&asteroids  100 million ton/yr Chyba & Sagan (1997)
!IDPs        100 million ton/yr Maurette et al. (2000) 
!meteoroids     1 billion ton/yr  Jenniskens (2000)

Origin of life  
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Tagish Lake meteorite

�)
�)Allende meteorite; CV3 (Mexico in 1969) 
�)��)2)	
������
�)��������2���)(	�(Canada in 2000) 
�����) Murchison meteorite; CM2 (Australia in 1969)

On-demand Meteor Shower
First test in 2018

global.star-ale.com

Thanks 
for your order!

www.star-ale.com
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