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S. Abe et al. 2011

Explosion phase@ 62.7 km; numerous strong emissions were seen in the visible spectrum.  
Exotic lines; CuI (5700 and 5782!
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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%

Hayabusa 
spacecraft & capsule



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.



Strength of Meteoroids by MU Radar Meteor head-echo

Geminids
3200 Phaethon

Weak 
(porous)

Strong 
(refractory)

Perseids
109P/Swift-Tuttle
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very strong Geminids; not depending on size

very weak

S. Abe, J. Kero, T. Nakamura et al. (in prep)



High speed camera 
Phantom v711

Spectroradiometer & Spectrograph
OceanOptics QEPro, HR4000CG-UV-NIR

JAXA/ISAS Arc-heated Wind Tunnel



Diameter~19m，Mass~10,000ton 
Entry velosity=19km/s
Absolute magnitude; -26～-30Vmag (10times of Sun)
Kinetic energy; 500Kton TNT=33xHirosima

Chelyabinsk Meteorite ; 2013/2/15



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.



Artificial Meteor Test using 
JAXA Arc-heated wind tunnel



Chelyabinsk (LL5)
UV-VIS Spectrum (1/30s)



Fe+Mg+Al+C (FMAC)
with Sabo

UV-VIS Spectrum (1/30s)



Blackbody is dominant for low-velocity meteors



Chelyabinsk

Differential ablation (Na early release)



FMAC

Differential ablation



T~10,000 K, v~6km/s

Heating rate~ 30 MW/m^2

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

FMAC



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

Chelyabinsk



Mass Loss Rate , dm/dt
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(V. Vinnikov et.al 2014)

Fragmentation
 α=1.67

α= 1.50

-α
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26 J. Borovička et al. / Icarus 174 (2005) 15–30

Fig. 17. Diagram showing the measured relative intensities of the Mg I (2),
Na I (1), and Fe I (15) multiplets in Geminid and α-Monocerotid meteor
spectra. The expected curve for chondritic composition is shown as well.

volatile Na but also the main building elements of the mete-
oroid.
Among the members of the Sun-approaching popula-

tion, the members of the δ-Aquarid meteoroid stream (q D
0: 07 AU) are also found. Another meteoroid stream, the
Geminids, also have small perihelion distance: q D 0: 14 AU.
We therefore plotted Geminids in the Mg–Na–Fe ternary
diagram to see their spectral classification (Fig. 17). Some
Geminid meteors really fall into the Na-free class but most
of them can be classified as Na-poor and some Geminids
have nearly normal content of Na. The wide spread of Na
line intensity—from invisible to quite bright—can be clearly
seen in Geminid spectra. There is no correlation between the
Na content and meteoroid mass. We suggest the explanation
that the Na content is correlated with the age of the mete-
oroid, i.e., with the time the meteoroid is orbiting Sun as
a separate body. Younger meteoroids which have suffered
fewer passages close to the Sun retain more Na. This inter-
pretation implies that the Geminid meteoroid stream was not
formed in one instant.

8.2.2. Cometary Na-free meteoroids
The other part of Na-free meteoroids have perihelia close

to 1 AU and high inclinations, including retrograde or-
bits. The orbits are clearly of Halley type. There are only
three meteoroids of this population among the meteoroids
with known orbits but another 4 single station meteors may
fall in this category, judging from their direction of flight
and angular speed. In addition, we have one good example
among bright photographic fireballs. The Karl!tejn fireball
(Spurn" and Borovička, 1999a, 1999b) had all characteris-
tics of this population: high material strength, no Na in the
spectrum, and retrograde orbit (a D 3: 5 AU, q D 1: 01 AU,
i D 138◦). The discovery of differentiated meteoroids on
high-inclination and retrograde orbits was, moreover, an-
nounced already by Harvey (1974). We have therefore no

doubts that this population exists. While it forms only 1–2%
of bright photographic meteors, this population is surpris-
ingly well represented among fainter video meteors—about
10% of all sporadic meteors in our sample.
The origin of this population is an interesting question.

These meteoroids do not come close to the Sun, so the ab-
sence of sodium cannot be explained by solar heating. The
material must have been reprocessed from the original Solar
System composition by another process. The orbits clearly
point out the origin in the Oort cloud. The Na-free mete-
oroids may be therefore related either to Halley type comets
or to the few known asteroids on Halley type orbits (Damo-
cloids). Although Weissman and Levison (1997) concluded
that about 1% of Oort cloud objects should be asteroids,
the spectra and albeda of Damocloids suggest that they are
more likely inactive cometary nuclei (Fernández et al., 2001;
Harris et al., 2001). The relatively high proportion of Na-free
meteoroids among sporadic meteoroids on Halley type or-
bits shows that they are derived from comets rather from the
∼ 1% of Oort cloud asteroids. Active Halley type comets,
however, do not produce Na-free meteoroids since they are
not found among meteor showers such as Leonids or Per-
seids.
The only Halley-type meteor shower with significantly

low Na abundance is the α Monocerotids. Four spectra of α

Monocerotids were measured, three of them obtained dur-
ing the 1995 outburst. The Mg–Na–Fe ratios are plotted
in Fig. 17 together with Geminids. The α Monocerotids
fall near the boundary between Na-poor and Na-free me-
teoroids. The orbit has high inclination and large semima-
jor axis (i D 134◦, a ! 27 AU, q D 0: 49 AU, Jenniskens
et al., 1997). The parent comet of α Monocerotids is not
known—either the period is very long so the comet has not
appeared in the inner Solar System during historical time, or
the comet is not very active, or it has been already disrupted.
Similarly to the population of Na-free meteoroids, the α

Monocerotid stream was deficient in bright meteors, corre-
sponding to meteoroids larger than ∼ 6 mm (Jenniskens et
al., 1997). The material strength was found to be higher than
for other cometary showers. It is therefore possible that α

Monocerotids form a transitional material between Na-free
meteoroids on cometary orbits and normal material from ac-
tive Halley type comets.
Peter Jenniskens (private communication) suggested to us

the possibility that Na-free meteoroids come from the pri-
mordial irradiation cometary mantle. Laboratory studies of
cosmic ray produced cometary crust (e.g., Strazzula et al.,
1991) deal only with organic elements and do not predict
the content of Na. Ion sputtering, nevertheless, is one of
the processes responsible for the release of sodium from the
lunar surface (Yakshinskiy and Madey, 2004). The long ex-
posure to cosmic rays of the surface of comets during their
residence in the Oort cloud can lead to the formation of Na-
free refractory crust. The gradual or sudden disintegration
of the crust—or whole comet (Levison et al., 2002)—during
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Artificial Meteors for Business & Science
ALE Co. Ltd., Tokyo Metropolitan Univ., Nihon Univ., Teikyo Univ.

www.star-ale.com



Thank You
On-demand Meteor Shower

First test in 2018
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Differential ablation (Na early release) 
signature of structure & volatility  of meteoroids

S. Abe (2009), Meteoroids and Meteors - observations and connection to parent bodies, Springer



Fujita, Abe et al. (2013)

Vibration-rotation temperature of 
~13,000 K for              and CN is 
reasonable.

CFD simulation of HAYABUSA capsule



•The vibration temperature of molecular               was dramatically changed from 4,000 K @ 92.5km to 13,000 
K @ 82.9km.

•The observed spectra are a superposition of the post shock plasma radiation which is mixed with a shock layer 
heating and downward plasma. Thus, it is logical to understand that the high temperature region was induced by 
a shock layer of the spacecraft which rapidly grew between 92.5 km and 82.9 km in height. 

•               bands originated from the spacecraft was much stronger than CN bands originated from the capsule in 
which Carbon was the major erosion product of the Carbon-Phenol heat shield of the capsule as seen by the 
Stardust capsule (Jenniskens 2010; Winter & Trumble 2011). 
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Bow shock

backward flow

neck

recompression shock

Shock layer

wake core
thermochemical  non-equilibrium state

Discovery of Molecular Bands in Leonid Fireball(-5 mag.)

N2
+ was expected for the SRC emission.



Kyoto University, RISH 
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

>150k meteoroids were detected during 2009-2015


