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Abstract

We performed low-resolution spectroscopic observations of the capsule of the HAYABUSA spacecraft during
re-entry into the Earth’s atmosphere on 2010 June 13 UT as an artificial meteor. We obtained the photometric
magnitude of the HAYABUSA capsule using zeroth-order spectra. The efficiency of the zeroth-order spectra was
too low for us to measure the magnitude of the capsule without any saturation at all times. The altitude at the
maximal flux of the capsule was at around 56 km (13h52m19:s81 UT), which is almost similar to the case GENESIS,
i.e., the maximal flux at around 55 km. We examined the change in the spectrum shape of the capsule as a function
of its altitude, and investigated the emission from the shock layer and the blackbody radiation from the surface of the
capsule. It is found that the shock-layer emission was dominant, and/or on the same order of the blackbody radiation
at the early phase of re-entry; also, the emission from blackbody radiation was dominant during the last phase of
re-entry. We measured the surface temperature of the capsule along the trajectory; during the last phase before dark
flight, we found that the blackbody temperature of the capsule was 3100˙300 K at an altitude of around 50 km, and
2400˙300 K at an altitude of around 40 km.

Key words: meteors, meteoroids — radiation mechanisms: thermal — space vehicles: atmospheric re-entry
— space vehicles: individual (HAYABUSA) — techniques: spectroscopic

1. Introduction

HAYABUSA was launched in 2003 May as the first sample-
return mission of the asteroid (Fujiwara et al. 2006; Kawaguchi
et al. 2008). It touched down on asteroid Itokawa in 2005
November. A sample was collected, and many difficulties
that occurred afterward were overcome. The re-entry capsule
where the sample had been put came back to Earth safely on
2010 June 13 (Yoshikawa et al. 2010; Fujita et al. 2011; Abe
et al. 2011). The entry of this capsule into the atmosphere
can be regarded as an “artificial meteor experiment”. This is
because the re-entry trajectory, the time, and the speed were
planned well; also, the shape, mass, and material of the capsule
were already known. During the re-entry, we measured the
orbit of the capsule and the change in its luminosity; we also
observed the change in the luminosity of the main body of
HAYABUSA by both video and camera (Watanabe et al. 2011a,
2011b; Sato et al. 2011; Ohkawa et al. 2011). This paper
reports on observations of the spectral change of the capsule
as an artificial meteor by using a low-dispersion grism. This
is one of the series of reports of observations by the National
Astronomical Observatory “HAYABUSA” expedition.

The ground speed of the re-entry of the HAYABUSA capsule
into the atmosphere was 12.2 km s�1. This almost equals the
velocity of very slow meteors (Ceplecha et al. 1998). When an

object re-enters the atmosphere from planetary-space directly
at a high speed, it undergoes the high-temperature melting of
the metals by aerodynamic heating. The aerodynamic heating
at this time reaches 15 MW m�2, which is � 30 times as large
as that in the nozzle of the space shuttle. Therefore, it had
a Forebody Heat Shield that allowed the CFRP 25.5 mm in
thickness to be an ablator on the capsule (Yamada et al. 2002;
Yamada & Abe 2006). As a result, it was devised so that an
internal sample would not obtain a high temperature, even if
the surface temperature of a front shield would reach 3000 K.
In this way, there was no space to put a temperature sensor
to monitor the surface temperature of the capsule, because the
size of the capsule container was limited. On the other hand,
the appearance of an actual temperature change is very impor-
tant in a verification of the theoretical model of aerodynamic
heating, and in producing a design for a sample return capsule
in the future, including that of the HAYABUSA 2 mission and
the manned return capsule (Yoshikawa et al. 2008). It was
thus demanded to monitor the appearance of any temperature
change during re-entry from ground-based observations.

The experiment on a return capsule like the HAYABUSA
Sample Return Mission has already been conducted during
two missions of NASA, GENESIS and STARDUST. Both of
these forecasts of radiated spectrum and actual observational
results were reported (Jenniskens et al. 2004, 2005, 2006, 2007,
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2008; Jenniskens 2010). In these results, both the shock-layer
radiation and the blackbody radiation were observed. The
shock-layer radiation was emitted from excited higher energy
electronic states of atoms/molecules and atomic/molecular
interactions with free electrons. In the cases of GENESIS and
STARDUST, the blackbody radiation was more dominant than
the shock-layer radiation.

As the National Astronomical Observatory “HAYABUSA”
expedition, we carried out spectroscopic observations during
re-entry of the capsule of the HAYABUSA spacecraft and
the main body of the HAYABUSA spacecraft using a low-
dispersion grism: (i) to obtain the photometric magnitude of
the capsule without any saturation, (ii) to examine any change
of the shock-layer radiation and the blackbody radiation as an
artificial meteor, and (iii) to examine whether the heat shield
of the sample return capsule worked technologically well, or
whether the theoretical forecast went well for the measurement
of the surface temperature along the trajectory.

2. Observation and Analysis

One digital camera, a Canon EOS 5D Mark II (No. 1 in
table 1 of Watanabe et al. 2011a), was set up for obtaining
low-resolution spectra of the capsule by using an objec-
tive low-dispersion grism of 150=mm together with a 24 mm
(F=2.8) lens. This grism was manufactured for a backup
of the Faint Object Camera and Spectrograph (FOCAS) of
the SUBARU telescope; its detailed information has been
described by Ebizuka et al. (2011). We took 30 frames of
spectrum images in total during the period from 13h21m55:s15
to 13h22m34:s88 UT. Each exposure time was one second at
1.37 s intervals. We only analyzed 20 frames when we were
able to separate the capsule from the main body. The data were
saved in the 14-bit raw format, and were transformed to 16-bit
fits (flexible image transport system) file for further analysis
by using Stella Image 6 (Furusho & Ohkawa 2008). Figure 1
shows a long-exposure image of the HAYABUSA spacecraft
and capsule, and a composite of some spectrum images.

We applied standard reduction processes; namely, we made
dark subtraction and flat-field correction using appropriate cali-
bration data obtained both before and after the target obser-
vation. For analysis, we used image-processing software,
Makalii, developed at NAOJ (Horaguchi et al. 2006). For
a wavelength calibration, the distance between pixels of the
zeroth- and the first-order spectrum in the main luminescent
lines of Na, Hg, and Cd was measured in the laboratory. The
wavelength was then determined by using a function of the
pixel distance between the zeroth- and the first-order spectrum.
For a flux calibration, the zeroth-order spectra was used, and
Saturn served as a “reference star”.

For a sensitivity calibration, the effective spectral sensi-
tivity of the instrument was derived from Saturn’s spectra,
which were recorded in the same image of the HAYABUSA
capsule. Figure 2 shows the effective spectral sensitivity curve
of the instrument. Here, we applied the spectrum of Saturn’s
north pole (i.e., without ring) to a reference Saturn spectrum
at the observation (Lundock et al. 2009). In our instrument,
the sensitivity dropped at wavelengths shorter than 500 nm
or wavelengths longer than 700 nm. We thus chose to use

the analysis range of the spectra that would be limited to
500–700 nm. Note that the peaks of � 620 and 730 nm in
figure 2 depend on the overcorrection of the influence of
the absorption lines with the methane in the Saturn’s atmo-
sphere. The error in the sensitivity calibration mainly came
from an error of the wavelength determination and an irreg-
ularity of the effective spectral sensitivity curve. Especially,
due to random dark noise, an artificial peak and absorption
lines were made on the short-wavelength side and on the long-
wavelength side where the sensitivity was low. This irregu-
larity involves a factor of large uncertainty because of being
unfit for the blackbody-radiation temperature, as shown later.
Here, to confirm validity of using the sensitivity curve based
on Saturn, another sensitivity curve based on Spica (Alpha
Virginis) was made. Spica was also in the same field of view of
the capsule and Saturn. The difference in their sensitivity was
� 10%. Therefore, we adopted the effective sensitivity curve
based on Saturn.

3. Photometric Observation of the Capsule by Low-
Resolution Spectra

We obtained the photometric magnitude of the HAYABUSA
capsule from the reduction of the zeroth-order spectra using
Saturn as a “reference star”. The efficiency of the zeroth-
order spectra was too low to measure the magnitude of the
capsule without any saturation at all times. The error in the
magnitude mainly came from an irregularity of the sky level
on each image. This was due to blending of the halo of the
HAYABUSA spacecraft light when it emitted a flash, and due
to low S=N data when the capsule became dark. The absolute
magnitude of the capsule (flux energy) was derived by applying
trajectory data obtained by Ueda et al. (2011); namely, the
apparent magnitude at each epoch was transformed to that at
a distance of 100 km by using the calculated distance between
the observation site and the capsule in the same manner as
meteor science. The time variation of the apparent magnitude
and the absolute magnitude of the capsule during re-entry is
shown in figure 3. Detailed data are given in table 1.

The time variation of the apparent magnitude and the abso-
lute magnitude of the capsule is consistent with the result by
Sato et al. (2011), who derived the time variation from video
data. The altitude of the maximal flux of the capsule was at
around 56 km (13h52m19:s81 UT), which is almost similar to
the case of GENESIS, i.e., the maximal flux at around 55 km
(Jenniskens 2010).

4. Spectrum Variation of the Capsule by Low-Resolution
Spectroscopic Observation

The time variation of the spectrum of the capsule is shown
in figure 4. Figure 4a shows the early phase spectrum from
13h52m7:s5 UT (79.9 km) to 13h52m19:s8 UT (56.1 km); the
former is the time when we could separate the spectrum of
the capsule from that of the main body of HAYABUSA;
the latter is the time at the maximal flux of the capsule.
Figure 4b shows the late-phase spectrum from the maximal
flux time to 13h52m34:s9 UT (38.6 km), which is the time just
before dark flight.
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No. 5] Spectroscopic Observation of HAYABUSA Capsule 989

Fig. 1. HAYABUSA spacecraft and capsule, track, and a composite image of some spectra. HAYABUSA and its capsule produced a track of light from
a right edge (� 100 km high) in the upper photograph toward the left. Tracks in the left end are � 40 km high immediately before dark flight. HAYABUSA
caused the flash at � 70 km and � 60 km. The capsule was in front of the main body at the early phase. The upper image was taken by camera No. 2 in
table 1 of Watanabe et al. (2011a). The lower image is a part of a composite image of the spectrum images with camera No. 1.
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Table 1. Observational list.

Time� Altitude� Velocity� Distance� Apparent Absolute Fluxk Energy#

(UT) (km) (km s�1) (km) magnitude� (mag) magnitude� (mag) (W=m2) (W)

13h52m07:s48 79.92 12.14 239.9 1.0˙0.6 �0.9˙0.7 5.7 � 10�8 7.2 � 103

13h52m08:s85 76.99 12.12 225.3 0.3˙0.5 �1.5˙0.6 9.6 � 10�8 1.2 � 104

13h52m11:s59 71.31 12.05 197.8 �1.6˙0.4 �3.1˙0.5 4.0 � 10�7 5.0 � 104

13h52m12:s96 68.58 11.96 185.0 �2.8˙0.5 �4.1˙0.6 1.1 � 10�6 1.3 � 105

13h52m14:s33 65.92 11.83 173.1 �3.2˙0.5 �4.4˙0.6 1.4 � 10�6 1.7 � 105

13h52m17:s07 60.84 11.41 152.4 �3.8˙0.2 �4.7˙0.3 1.8 � 10�6 2.3 � 105

13h52m18:s44 58.43 11.12 143.8 �4.1˙0.1 �4.9˙0.1 2.1 � 10�6 2.7 � 105

13h52m19:s81 56.12 10.76 136.5 �4.3˙0.2 �5.0˙0.3 2.4 � 10�6 3.0 � 105

13h52m21:s18 53.92 10.34 130.6 �4.3˙0.1 �4.9˙0.2 2.1 � 10�6 2.7 � 105

13h52m22:s55 51.81 9.86 126.1 �4.1˙0.1 �4.6˙0.1 1.7 � 10�6 2.1 � 105

13h52m23:s92 49.83 9.30 123.0 �4.0˙0.1 �4.5˙0.1 1.5 � 10�6 1.9 � 105

13h52m25:s29 47.95 8.68 121.4 �3.8˙0.1 �4.2˙0.1 1.2 � 10�6 1.5 � 105

13h52m26:s66 46.20 8.05 121.1 �3.1˙0.3 �3.5˙0.4 5.9 � 10�7 7.5 � 104

13h52m28:s03 44.58 7.43 121.7 �2.8˙0.1 �3.2˙0.1 4.5 � 10�7 5.7 � 104

13h52m29:s40 43.10 6.80 123.1 �2.2˙0.2 �2.6˙0.2 2.7 � 10�7 4.4 � 104

13h52m30:s77 41.75 6.18 125.1 �1.4˙0.3 �1.9˙0.3 1.4 � 10�7 1.7 � 104

13h52m32:s14 40.54 5.55 127.4 �0.5˙0.3 �1.0˙0.3 6.0 � 10�8 7.5 � 103

13h52m33:s51 39.49 4.93 130.0 �0.0˙0.6 �0.6˙0.6 4.2 � 10�8 5.2 � 103

13h52m34:s88 38.59 4.31 132.6 1.1˙0.3 0.5˙0.3 1.5 � 10�8 1.9 � 103

� Starting time of exposure, 2010 January 13 UT.
� These data were derived by applying the trajectory data obtained by Ueda et al. (2011).
� Apparent magnitude of the capsule.
� Absolute magnitude of the capsule.
k Total flux in visible wavelength range at a distance of 100 km between the capsule and observers.
#Total energy in the visible wavelength range.

Fig. 2. Effective spectral sensitivity of the instrument.

During the early phase of re-entry, the flux on the short-
wavelength side increased with brightness of the capsule. If
the spectrum fit the blackbody radiation, the temperature would
become as high as tens of thousands of degrees. However,
this is not blackbody radiation, but shock-layer radiation. The
contribution around the short-wavelength side in flux is mainly
the shock radiation, which is emitted from higher excited
state of energy of atoms/molecules and atomic/molecular

Fig. 3. Time variation of the apparent magnitude and the absolute
magnitude of the capsule. The error of the magnitude was caused by
the irregular sky level around the measured area in the images. The
error bar means ˙ 1.5� . The error becomes larger in the frame after
the flash of the HAYABUSA spacecraft, and in the frame of low S=N

data near the dark flight.

interactions with free electrons. The atmospheric emisson in
the shock layer is a superposition of the emission lines for the
N, O, N2, N2[1+] band, N+

2 [1�] band, etc. (Jenniskens et al.
2004). After the maximal intensity at around 56 km, the flux on
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Fig. 4. (a) Early phase spectrum change of the capsule. From 13h52m7:s5 UT (79.9 km) to 13h52m19:s8 UT (56.1 km). (b) Late phase spectrum
spectrum change of the capsule. From the maximal flux time at 13h52m19:s8 UT (56.1 km) to 13h52m34:s9 UT (38.6 km), which is the time just before
dark flight.

Fig. 5. Relative spectra and the spectrum of blackbody radiation at altitudes of around (a) 48.0 km, (b) 43.1 km, and (c) 40.5 km.

the short-wavelength side becomes less, and the slope of the
spectrum is reversed and rises toward the long-wavelength
side. We found that the contribution on the long-wavelength
side was mainly blackbody radiation. We interpret that the
hidden blackbody radiation gradually appeared as shock radia-
tion decreases due to the decreasing velocity of the capsule.

Here, we measured the blackbody-radiation temperature just
before the dark flight of the capsule. Figures 5a, 5b, and 5c are

the relative spectrum and the spectra of the blackbody radi-
ation at altitudes of around 48.0 km, 43.1 km, and 40.5 km,
respectively. It seems that there are a lot of peaks and absorp-
tion lines in figure 4 and figure 5. These shapes were caused
by the artificial residual during the sensitivity calibration, as
we described in section 2. It is especially large irregularities
on the short- and the long-wavelength sides and � 620 nm.
Note that the blackbody-radiation temperature seems to have
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decreased, since the capsule dropped in altitude, though it was
such low S=N data. Because the forebody surface seen from
the observer changed one after another, the inclination of spec-
trum shape (temperature) was only a parameter in a fit of the
blackbody radiation. However, the area of the fit parameter
broadened very much because of an artificial residual during
the sensitivity calibration. Here, it can be considered that the
width of this inclination is a margin of error, though it is shown
so that a wavelength of reference may be a value of � 600 nm,
the same because of the display. The blackbody tempera-
ture was 3100 ˙ 300 K at around 48.0 km, 2700 ˙ 300 K at
around 43.1 km, and 2400 ˙ 300 K at around 40.5 km. This
tendency corresponds to the theoretical prediction computed
with the radiative equilibrium Computational Fluid Dynamics
(CFD) model (e.g., Fujita et al. 2003), and to results from
Abe et al. (2011).

5. Discussion

We derived the time variation of the spectrum of the capsule
from low-resolution spectra observations, and we conclude that
the main contribution of the radiation from the re-entry capsule
was shock radiation on the shock layer, not blackbody radiation
in the early phase of re-entry. The blackbody radiation in the
early phase was at least covered by the shock-layer radiation;
separation was difficult. The shock radiation in visible wave-
lengths was mainly emission from the N, O, N2, N2[1+] band,
N+

2 [1�] band, etc. We did not analyze these emission lines,
which was beyond the scope of this paper. Such a phenomenon
is the same as the luminescence of the usual meteor, and not
comparatively contradicted by observations of blackbody radi-
ation from the main body of a large meteoroid during re-entry
into the atmosphere (Ceplecha et al. 1998).

On the other hand, in the later phase of re-entry, the
shock-layer radiation decreases rapidly and blackbody radia-
tion begins to appear (see figure 4 and figure 5). Because the
observation wavelength is limited to 500–700 nm, the vicinity
of the peak of the blackbody radiation of the capsule cannot
be seen. Therefore, irregularities of the presumption of the
blackbody temperature are high. However, we found the black-
body temperature of the capsule to be � 3100 K at an altitude of
around 50 km (9 km s�1) and � 2400 K at an altitude of around
40 km (5 km s�1). Therefore, we conclude that the Forebody
Heat Shield of the HAYABUSA capsule worked well.

By the way, at around 13h52m23:s9 UT, i.e., at an altitude of
around 50 km, the flux on the short-wavelength side decreased
rapidly, and the slope of the spectrum became positive. There
are three possible explanations of these spectrum. One expla-
nation is decreasing velocity. When the capsule decreases
speed, the collisional energy would become below the ionizing
energy of the atmosphere. The velocity at this time would be
9.3 km s�1. The second explanation is decreasing altitude. The
mean free path is changed by the atmospheric pressure. The
altitude at this time would be 49.8 km. The third is a geomet-
rical change of the angles between the line of sight of the
observer and a direction perpendicular to the capsule surface.

Just at this time, the HAYABUSA capsule was almost located
at a point nearest to the observers. Before the closest approach,
we were looking at the front of the capsule, but after the closest
approach we were looking at the side of the capsule. Because
the shock layer would stick thinly on the front of the capsule
(heat shield side), the shock-layer radiation decreased rapidly,
and blackbody radiation of the capsule was seen from the side
of the capsule.

In any case, the time variation of these spectra was different
from that of the radiation of the re-entry capsule of two
samples measured in the past. There exists a possibility due
to the fact that the HAYABUSA re-entry capsule is much
smaller compared with past re-entry capsules. The diameter of
the HAYABUSA re-entry capsule was only 40 cm and, actu-
ally, this cross section is � 1=14 of that of GENESIS, and
1=4 of STARDUST, which reduced the contribution of black-
body radiation.

It may be useful to comment about spectrum observation of
the main body of the HAYABUSA spacecraft. In the early
phase of re-entry into the atmosphere, the shock-layer radi-
ation was dominant. This is similar to the spectrum of the
capsule. The luminescent line of Na was detected only at
an altitude of around 90 km. It can be interpreted that Na
atoms in the Na atmospheric layer at an altitude of around
90 km were excited by re-entry of the HAYABUSA space-
craft. Metallic lines of the structure material of the main
body, i.e., Al, Mg, and Cu, were also detected. However,
atmospheric luminescence was predominant, and the radiation
from the HAYABUSA spacecraft was a meteor-luminescence
phenomenon as a whole.

6. Conclusion

As mentioned above, the low-resolution spectrum of the
HAYABUSA capsule was obtained, and the time variation of
the spectrum in the visible region was examined. From re-entry
into the atmosphere to the dark flight region, atmospheric lumi-
nescence was dominant on the spectra, and the spectrum of the
capsule was the same as that of a meteor. We tried to measure
the temperature of the capsule along the trajectory, which is
one purpose for which it was originally intended. However, we
could not measure the temperature during the early phase of re-
entry because of the large shock-layer radiation. During the last
phase before dark flight, we found that the blackbody temper-
ature of the capsule was � 3100 K at an altitude of around
50 km (9 km s�1), and � 2400 K at an altitude of around 40 km
(5 km s�1). We thus conclude that the HAYABUSA Forebody
Heat Shield worked well. Moreover, the meteor-luminescence
phenomenon was seen in cases of not only the HAYABUSA
capsule, but also the main body of the HAYABUSA spacecraft.
It can thus be said that HAYABUSA came back to Earth like
a shooting star.

We thank Dr. Shinsuke Abe for reviewing this paper. We also
thank Mr. Yutaka Iijima, Mr. Yuzuru Kagaya, and Mr. Tsutomu
Tanabe for their cooperation in the observation.
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