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Characterization of the radiating flowfield around a spacecraft during its atmospheric entry
is of significant value for heat shield design. The reentry of the Hayabusa2 sample return capsule
(SRC) was observed from an airborne platform by the Australian Airborne Observation team.
This paper reports the extended analysis performed on Hayabusa2 spectral data by converting
the data to spectral radiance and emission coefficient, given that the trajectory data of the SRC
at each observation point is now available. Attenuation due to atmospheric effects has been
accounted for in this analysis with a calculated atmospheric transmission at each trajectory
point in time. Surface temperature and its spatial distribution were determined by Planck curve
fitting and an empirical temperature distribution model. Surface temperatures varied from
2500 K to 3700 K during the measurement. Spectral emission coefficients of atomic lines were
calculated taking into account a region of shock layer volume where gas temperature would
exceed 7000 K. Presenting the atmospheric transmission corrected observation data in spectral
radiance and emission coefficient terms eliminates the dependence on observer’s location for a

given view angle enabling direct comparison with numerical flowfield radiation results.

Nomenclature

= surface area, m?

= speed of light in vacuum, 2.9979 x 108 ms~!

= distance from the observer to emitting source, m

= capsule distance segment in a given atmospheric layer, m
= thickness of a given atmospheric layer, m

-1

= spectral irradiance, W m~2 nm

= Planck constant, 6.6261 x 10~147Js
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j = spectral emission coefficient, Wm™3 sr~! nm~!

k = Boltzmann constant, 1.3806 x 10~ JK!

L = spectral radiance, Wm™2 sr™! nm™!

n = number density, cm ™3

T = temperature, K

& = surface emissivity, —

A = wavelength, m

o = absorption cross-section, cm?

T = optical depth, —

0 = equivalent depth of shock layer, m

T = atmospheric transmission, —

6 = zenith angle, °

1) = view angle, °

@ = elevation angle, °

y = azimuth angle, °

Q = solid angle, sr

Subscripts

app = apparent

obj = parameters referring to target reentry object (Hayabusa2 SRC)
peak = peak value

SL = shock layer

vertical = corresponds to vertically viewing scenario

a = denotes first spectral line in Balmer series (atomic Hydrogen emission lines)
A = denotes parameters that vary with wavelength

I. Introduction
AMPLE return capsules (SRC) reenter into the atmosphere of Earth to safely return the samples collected from
S distant comets/asteroids. Other hypervelocity reentry events include the atmospheric entry of celestial objects such
as meteoroids (resulting in meteors or even meteor showers), and man-made objects categorized as space debris. Due to
very high entry speeds, up to 12kms~!, the spacecraft is exposed to extreme heating loads as a shock layer forms in
front of it. The gas species inside the shock layer will undergo dissociation and ionization processes, and chemical

reactions take place among the gas species and the species from the heat shield material. This results in a highly



non-equilibrium thermochemical scenario with electromagnetic radiation emitting from various species formed during
the reactions; including dissociated, recombined gas species, and newly formed ablation byproducts. Atmospheric entry
of space capsules, space debris, and meteor showers are excellent opportunities to observe and record the radiation
emitted from the aerodynamically heated shock layer formed in front of the reentering object and the thermal radiation
from the hot surface of the reentry body. Characterization of the radiating flowfield is very valuable in understanding
the aerothermodynamics of reentry. Conventionally these radiating flowfields have been experimentally simulated and
tested in ground testing facilities. Ground testing facilities of various types, such as shock/expansion tunnels and plasma
wind tunnels, have limited capability in that they can reproduce only certain aspects of the flow but not the complete
reentry conditions.

Flight observations of such rare reentry events, both ground-based and airborne, are advantageous and serve as a
validation data for numerical simulations. Previous observation campaigns such as Stardust [1], Genesis [2]], AT V-1 [3],
Hayabusa [4-7], Cygnus OAG6 (resupply spacecraft to ISS operated by Orbital ATK) [8]], WT1190F [9], and meteor
showers such as Draconids [10]] and Tau-Herculids [[11] prove to be very valuable in studying the reentry scenarios.
Compared to ground-based platforms, airborne platforms provide the advantage of recording emission data with a
minimized effect of atmospheric attenuation of radiation. The Hypersonics and Rocketry group at the University of
Southern Queensland, Australia have actively participated in and led several observation campaigns with international
collaborations including airborne and ground-based observations. The tracking data recorded from such missions
have resulted in estimating the capsule’s trajectory independently [[12]. In addition, spectral emission data have also
been analyzed to identify the emitting atomic species and study the time history of surface temperature and irradiance
(4] 131 [14].

The Hayabusa2 sample return capsule was separated from its mother spacecraft about 12 hours prior to the reentry
event. It reentered into Earth’s atmosphere at a velocity of 12kms~! directly from the interplanetary transfer orbit
[13], safely returning asteroid samples in a container. On the 5" of December 2020, at approximately 17:29:00
Coordinated Universal Time (UTC), the SRC from the Hayabusa2 spacecraft was visible to airborne observers over the
Woomera desert in Australia. The Australian Airborne Observation team from the University of Southern Queensland
and the University of Queensland observed the reentering Hayabusa2 SRC along with other international research
teams [13] [15H24]. Measurements were taken by the Australian team using 11 transmission grating spectrographs
(visible/near-infrared), an infrared camera, and a Sony A7iiiR camera for regular video [16]]. The observed data has
been analyzed in spectral irradiance units and further used to estimate the apparent surface temperatures [13]]. Similar
approaches of surface temperature estimation have been used previously for reentry observation data [4,[22]. Surface
temperatures have also been predicted using computational tools [19]]. Birch et al. further extended the analysis using a
parameterized empirical model to identify spatial distribution of surface temperature [14].

This paper extends the analysis to convert data into units of spectral radiance and emission coefficients (for atomic line



emission) to characterize the radiation from the reentry flowfield and to determine the surface temperature distribution.
Knowledge of the reentering object’s position along the trajectory is essential to process the observed spectral data
and thus quantify the object’s absolute radiation signatures. The view angle of the capsule and its distance away from
the observer can only be calculated if the instantaneous locations of the capsule and the observer are known. Spectral
irradiance at the observer’s location can be used when the absolute spectral radiance is not of interest, and the qualitative
shape of the spectra would suffice to investigate the problem; for example Planck curve fitting of the spectral data
to estimate a surface temperature. Conventionally, the radiation data from observation campaigns are presented in
calibrated spectral irradiance units as received at the observer’s location [25]], or at a hypothetical distance of 100 km from
the capsule [4]. Converting the Hayabusa2 re-entry data into emission coefficient terms is very valuable in understanding
the radiating flowfield, as well as serve as a validation data for numerical modeling as it uniquely characterizes the
shock layer radiation independent of observer location. Currently, comparison of computational flowfield radiation
results with the experimental observation data requires an additional post-processing step of converting the radiance
solution to irradiance at observer’s location including atmospheric effects [[19}24]. This work aims to eliminate the
effect of observer’s location by using the reconstructed trajectory information from observation and converting the
spectral irradiance data to spectral radiance and emission coefficients, thereby direct comparison would be possible for a
given view angle. Previous work by MclIntyre et al. [S] has also presented Hayabusa reentry data in calibrated spectral
radiance units from a ground observation including intervening atmospheric effects.

Attenuation of radiation due to atmospheric effects such as molecular absorption and Rayleigh scattering has
also been accounted for in the present work. The view area of the capsule, which is dictated by the view angle, is
computed to determine the continuum emission from the hot capsule surface. The spectral features due to atomic
emission lines are from the gas species present in the shock layer. A representative shock layer volume was calculated,
based on computational shock layer temperature contours, to estimate the emission coefficient of the atomic emission
lines. Finally, uncertainty in the measured emission coefficients are calculated based on individual uncertainties in the

constituting parameters such as irradiance data, shock layer volume, capsule distance, and atmospheric transmission.

II. Trajectory and Spectral Irradiance of Hayabusa2 SRC
The reentering SRC was observed by various instruments onboard a Falcon 900 business jet, looking through the
side windows of the aircraft. Hyper-Mono- and Hyper-IR-series instruments were designed with monochrome and
color cameras respectively coupled with transmission spectrographs (300 lines/mm). A GBRG Bayer pattern color
filter array is present in front of the sensors of the color cameras. Hence, each pixel in the color cameras acquired the
spectral data in one of the three color channels — red, green, or blue. Since each color channel has its own characteristic
sensitivity, data from each channel has to be processed individually and these channels can be treated as three different

instruments. The spectrometers used to acquire the spectra data have sensitivity in the range 600 nm — 1200 nm, and the



nominal center wavelength varied from 760 nm — 885 nm as a result of deviation of the target from the optical axis due
to manual tracking. The layout details of instruments and operators at each instrument station, and their performance
parameters can be found in [16]. A schematic illustrating the observation scene and the viewing geometry parameters is

shown in Fig.[T]

Hayabusa2 capsule

airborne observer

Fig.1 Definitions of line-of-sight (red arrow), azimuth (y), elevation (o), and view angle (¢). Object sizes and
vectors are not to scale.

Instantaneous locations of the capsule and airborne observer are shown with their respective velocity vectors.
Capsule’s velocity vector lies in xz-plane, the observer lies in xy-plane, and the z-axis is normal to the local sea level.
The red arrow indicates the line-of-sight from the observer to the target capsule. The angle between the capsule’s
velocity vector and the line-of-sight vector is termed as view angle (¢). The view angle can also be deduced from
azimuth () and elevation (@) angles using the relation: cos ¢ = cosy X cos @. The magnitude of the line-of-sight vector
gives the instantaneous distance between the observer and the target object, termed as capsule distance (dobj). The
SRC trajectory used in this work is taken from the analysis performed by Zander et al. [12] using the same airborne
observation data. The locations of the capsule and the observer, and the lines-of-sight at 2 s time intervals during the
visible part of the trajectory are plotted in geodetic coordinates in Fig.[2} From the trajectory, azimuth and elevation
angles prescribe the projected view areas of the capsule and the shock layer. The projected area and the capsule distance
are required to convert the radiation data from spectral irradiance to spectral radiance. These values are listed in Table[T}

and plotted in Fig. [3] Details of capsule visible area calculations are explained in Section [ITI}
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Fig. 2 Latitude, longitude and altitude (lat, lon, alt) plot of the positions of Hayabusa2 SRC and Falcon 900
aircraft along the trajectory (17:29:02 — 17:29:26 UTC). Red lines indicate the line-of-sight vectors.

Table 1 Parameters at each trajectory point

Trajectory Time Azimuth Elevation View angle Capsule distance Capsule view area

# UTC Y ©) a(®) ¢ () dopj (km) Agpj (m?)

Point 0 17:29:02 65.69 11.00 66.16 197.68 6.11 x 1072
Point 1 17:29:04 70.87 11.40 71.26 191.04 5.58 x 1072
Point 2 17:29:06 76.41 12.16 76.72 186.38 4.83x 1072
Point 3 17:29:08 81.53 11.65 81.70 182.97 4.11x 1072
Point 4 17:29:10 87.19 11.95 87.25 181.51 3.42x 1072
Point 5 17:29:12 91.85 11.94 91.81 181.48 2.98 x 1072
Point 6 17:29:14 96.74 11.87 96.60 182.67 2.57x 1072
Point 7 17:29:16  101.04 11.58 100.81 184.71 1.98 x 1072
Point 8 17:29:18  103.93 12.02 103.62 187.14 1.80 x 1072
Point 9 17:29:20  107.28 11.39 106.93 189.84 1.46 x 1072
Point 10 17:29:22  109.61 11.18 109.22 192.34 1.30 x 1072
Point 11 17:29:24  111.71 11.62 111.25 195.38 1.14 x 1072
Point 12 17:29:26  113.27 11.76 112.75 197.74 0.99 x 1072

The data acquired by various spectrometers from the airborne observation were then post-processed and calibrated

in spectral irradiance units (Wm~™2>nm™!) by Birch et al. [13]. A 5W calibration lamp in an integrating sphere
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Fig. 3 Time history of capsule surface view areas, view angles, and capsule distances for trajectory points #0 —
#12.

(5.419 mm? circular aperture) was used as the calibration source. Wavelengths were identified from known emission
lines using an AVANTES HgAr line source. Post-processing steps of the recorded spectral data include de-bayering red,
green, and blue channels (for color cameras), image rotation and re-gridding, background subtraction, region-of-interest
identification, intensity calibration, and pixel and wavelength alignment. Further details of the calibration steps can be

found in [13]]. The spectral data thus calibrated to spectral irradiance (W m~2 nm~!) have been inherited in this work,

-1 -1

and further converted to spectral radiance (W m~2 sr™! nm~!) and emission coefficient (W m™3 sr™! nm~!) using the
solid angle calculated from trajectory data. Data acquired by the instrument Hyper-IR-1 is taken for analysis in the rest

of the paper.

III. Spectral Radiance and Emission Coefficient Conversion of Hayabusa2 SRC
Spectral irradiance is a measure of the radiation as received by a detector located at a distance from the source
whereas spectral radiance and emission coefficient of a source defines its absolute emission independent of its distance
from the observer. Spectral radiance pertains to surface radiation (continuum emission from hot capsule surface)
and emission coeflicient is used to characterize the radiation emitted per unit volume of the source (radiation from
atomic/molecular species in the shock layer). It should be noted that these quantities are defined for a given line-of-sight
and as such the data discussed in this work pertains to the averaged value over the capsule surface/shock layer volume,

owing to the point-source nature of the capsule given its distance.



The spectral radiance of the target object (L) obj) can be expressed in terms of spectral irradiance (E), opj) as

2
dobj

Aobj

ey

Lj. obj = E 0bj X

The capsule distance (dopj) and the capsule’s view area (Aop;) are the two critical parameters which are required to
convert the observation data in spectral radiance units. It can be noted that the spectral radiance of the object is
independent of the detector area. The data inherited in this work is calibrated spectral irradiance, which is Ej obj in
the above equation. It should also be noted that the calibrated spectral irradiance is the radiation that reaches the
observer after being attenuated by the atmosphere present between the target and the observer. Radiation attenuated by
atmospheric absorption can be corrected by using a calculated atmospheric transmission (7y) for a given observation

geometry using Eq. 2]

d>.
obj 1
Ly, obj = Ex obj X A X % 2
obj

The above relation can be used to obtain the spectral radiance of the atomic emission features when the emitting
source is infinitely thin or when studying only the surface radiation. However, emission lines from atomic/molecular
species originate from a volume of the shock layer which has a finite thickness. Hence, the above relation can be
modified based on the volume of the emitting source (a portion of the shock layer in this case). To simplify the problem,
the shock layer is assumed to be optically thin. The resulting parameter is spectral emission coefficient (j; sp) of the

shock layer as given in Eq.
Ao
VsL

3)

JasL = LasL X

The term (L _s1.) denotes the spectral radiance data after being decoupled from hot surface by subtracting the underlying
Planck radiation. The volume of the shock layer can be represented as the projected surface area of the shock layer

(Asp) multiplied by an equivalent depth of the shock layer (Jsi.) in the view direction, as given in Eq.[4}

Aoy 1
X —_—

“

JasL = LasL X
AsL  OsL

The resulting spectral emission coefficient is in the units of Wm™3 sr~! nm~!. The Planck radiation subtraction and

shock layer volume calculation are explained in Section[[V.B]

A. View Area of the SRC
One of the critical parameters in estimating the spectral radiance of the reentry body is the area of the capsule
projected normal to the observer, termed as view area of the target object (Aqpj). The viewing geometry varies along

the trajectory as the both the capsule and the airborne observer are dynamic. The resulting view area is prescribed by



the instantaneous azimuth and elevation angles. The surface geometry of the Hayabusa2 SRC was computationally
divided into multiple triangular tile elements. For a combination of azimuth and elevation angles, the view area is
calculated from the projection of those individual tile areas, as shown in Fig.[d] The projected area of each tile element is
obtained by multiplying the tile surface area with the cosine of the angle between surface normal and line-of-sight. The
total view area is then a summation of all tile elements in the region of interest. For our surface temperature analysis,
the view areas for the visible TPS portion alone are calculated and given in Table[I] For the spectral features due to
atomic emission lines, the view area of the shock layer accounting for high temperature shock layer region was used as

explained in Section [[V.B]

Fig. 4 Model of the capsule’s TPS surface at a view angle. Projection of individual tile elements are used to
calculate total projected surface area.

B. Atmospheric Attenuation of Emitted Radiation

The emitted radiation from the target gets attenuated to a certain extent before reaching the observer as it traverses
through the atmosphere. The amount of radiation that reaches the observer after atmospheric attenuation is governed
by the wavelength dependent transmission of the atmospheric layer(s). Atmospheric correction models such as
MODTRAN® [26], HITRAN [27]], GEISA [28]], and SpectralCalc [29]], to name a few, are available to compute the
atmospheric transmission for a given optical path in a given model of the atmosphere to varying degrees of fidelity.
Radiation attenuation occurs mainly due to the atmospheric processes such as absorption by molecular species and
Rayleigh scattering. Scattering due to aerosols is not considered here. In this work, PYthon for Computational
ATmospheric Spectroscopy (Py4CAtS) [30], an open-source tool based on Python3 programming language, was used to
compute the atmospheric absorption due to various molecular species (e.g., H>O, O,, N,, CO, CO;, N,O, and CHy).

Attenuation due to Rayleigh scattering and ozone (O3) were calculated separately, and finally combined to obtain the



total transmission.

Py4CAtS imports the line strengths of the chosen molecular species from either HITRAN or GEISA line strength
database for the chosen wavelength (or wavenumber) range; here, the HITRAN database was used. Atmospheric
properties, pressure, temperature, species concentration, and air number density are readily available in Py4CAtS for
various discrete altitudes ranging from bottom to top of the atmosphere. In other words, these properties are defined at
m discrete altitude points starting from the bottom (0 km) to top of the atmosphere (100 km), where the atmosphere is
divided into m — 1 layers bounded by those points. For a 50-grid model (49-layered), the properties are available up to
120 km. In all of the models, the grid resolution is finer at lower parts of the atmosphere and it gets coarser as altitude
increases. Various atmospheric models including mid-latitude summer, mid-latitude winter, tropical, US Standard,
sub-arctic summer, and sub-arctic winter can also be specified along with the altitude resolution of the atmosphere. In

our calculations, the 20-grid mid-latitude summer atmosphere was used.

100 km —
80 km —
50 km —
— target altitude
30 km —
zenith angle:
R 6 = 0°, if up-looking
0 = 180°, if down-looking
15 km — .
_ — observer altitude
10 km —
5 km -]
0km — — mean sea level

Fig. 5 Schematic of the airborne observation scenario in a plane-parallel atmospheric model. Object sizes and
vectors are illustration only, not to scale.

The airborne observation scenario superimposed on a 20-grid atmospheric model is schematically illustrated in

10



Fig.[5] The velocity vectors of the target and the observer are also marked by black arrows passing through them
respectively. The red arrow illustrates the line-of-sight vector from the observer to the target. As both the observer and
target are dynamic during the observation, the capsule distance (dop;) varies from 181 km — 198 km, see Table|l} Here,
the atmosphere is modeled as a plane-parallel one where the curvature of the Earth is neglected and the atmosphere
is assumed to be one-dimensional, bounded by horizontal plane surfaces at the top and bottom. The plane-parallel
assumption is widely used in radiation models to simplify the calculation of radiation attenuation. As the observer and
target altitudes may fall between pre-defined grid points, the atmospheric properties at those intermediate altitudes are
interpolated and the atmosphere is then re-gridded by including those altitudes on a case-by-case basis. The original
grid points are illustrated by solid white lines and the re-gridded points are shown as broken white lines; the altitude
bounds of each atmospheric layer are also annotated.

In a plane-parallel atmosphere, for vertically up-looking or down-looking geometries, the optical path is simply the
difference between the observer and target altitudes. As illustrated in Fig.[5] a zenith angle () must be defined for
airborne observation geometries, to account for the inclination of the line-of-sight so that the length of the optical path
can be accurately estimated. The capsule distance segment (Al) in a given atmospheric layer is given by the relation: Al
= Az/cos 0, where Az is the thickness of a given atmospheric layer. Optical depth is a quantity that characterizes the
strength of absorption in a medium and it is directly proportional to the length of the optical path. Optical depths from
each atmospheric layer are then summed to obtain the integrated optical depth. Hence, for observation geometries with
zenith angle (6), the integrated optical depth along the line-of-sight is given by 7 = T vertical/c0s 6. The convention
of zenith angle is 0° and 180° for up-looking and down-looking geometries respectively. The wavelength dependent
transmission is then calculated from the integrated optical depth along the line-of-sight using the relation: 7, = e~ ™.
The transmission of radiation after molecular absorption alone at trajectory point #0 (17:29:02 UTC) is shown in Fig.[6]
as determined using Py4CAtS. Absorption bands due to water (at 720 nm, 820 nm, 900 nm, and 937 nm) and oxygen
molecules (at 628 nm, 687 nm, and 760 nm) are distinctly clear, as annotated in Fig. @ The calculated transmission is
shown for the wavelength range relevant to this work.

The absorption cross-sections (o~ in cm?) for ozone in the wavelength range considered here was obtained from
Ref. [31]]. The cross-section data can be directly downloaded as ASCII file from the webpage [32] of Universitit
Bremen’s Molecular Spectroscopy and Chemical Kinetics Group. The cross-section data was available for a range of
temperatures and the data was interpolated for temperatures in each atmospheric layer during transmission calculation.
The optical depth was then integrated along the line-of-sight as before and the transmission due to ozone was obtained,
as shown in Fig.[f] The two dominant absorption bands of ozone namely the Chappuis-band and Wulf-band are also
annotated.

The cross-section for Rayleigh scattering can be defined as a function of wavelength following an empirical relation

11



O3 Chappuis band O3 Wulf band
1.0 r
0.9 +
=
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Py4CAtS
0.6 | molecular absorption
— Rayleigh scattering
—— Ozone absorption
0.5 0, — Total transmission
600 700 800 900 1000

Wavelength (nm)

Fig. 6 Total transmission calculated for trajectory point #0 (17:29:02 UTC). Components due to molecular
absorption (calculated by Py4CAtS), ozone absorption, and Rayleigh scattering are also shown.

by Bodhaine et al. (see Eq. (29) in Ref. [33]) as given below.

1.045599 6 — 341.290 61172 — 0.902 308 5022

x 10728 cm? 3)
1 +0.002 705988 912 — 85.968 5632

o(A) =

From the scattering cross-section, the optical depth in a given atmospheric layer (A7;) can then be calculated using the
relation:

A
Aty =0 (h) Xn X oL (6)
cos @

where, 7 is the air number density (cm™3) in a given atmospheric layer. The integrated optical depth was then obtained
by the summation of optical depths in each layer. The resulting transmission due to Rayleigh scattering is also shown in
Fig.[6] Finally, the total transmission was obtained as the product of these three transmission components. Similarly, the
total transmission was calculated for trajectory points #0 — #12 and plotted in Fig. [7]

It can be noted that the transmission decreases along the trajectory as the target altitude decreases. Although the
change in capsule distance was not significant along the trajectory, the change in atmospheric density and species
concentration at those altitudes affects the resulting transmission. At lower target altitudes, the portion of line-of-sight
lying in the denser atmospheric layer is larger compared to higher target altitudes.

As a verification of the atmospheric tool used in this work, the calculated transmission for a test case was compared

12



with that of MODTRAN®. The transmission for a trajectory point in Hayabusal mission was calculated using our
tool, for an extended wavelength range (300 nm — 1700 nm), and was compared with the values calculated using
MODTRAN® by Winter et al. [25]], as shown in Fig.[8| The overall agreement was quite good with minor offset in the
lower wavelength region possibly arising from the differences in ozone transmission calculations and/or due to the
inclusion of aerosols in MODTRAN® . However, the maximum difference between the transmission values is within

5%, and the wavelength of interest in this work is > 600 nm.

1.0

0.9 traj pt 12
traj pt 11
0.8 — traj_pt 10
O — traj pt 9
§07- — traj_pt 8
2 —— traj pt 7
g 0.6 - traj: _pt 6
= — tray pt 5
0.5 - traj' pt 4
— traj pt 3
—— traj pt 2
0.4 1 traj pt 1
—— traj pt 0

0.3 w w \ ‘ ‘

600 700 800 900 1000

Wavelength (nm)

Fig. 7 Total transmission values for trajectory points #0 — #12 (17:29:02 — 17:29:26 UTC).

IV. Results and Discussion

The spectral irradiance data is converted to spectral radiance using the calculated solid angle and atmospheric
transmission. Figure [§]shows the spectral data corresponding to trajectory point #0 at time 17:29:02 UTC from the red
channel of Hyper-IR-1 spectrometer; calculated atmospheric transmission is shown at the top, spectral irradiance without
atmospheric correction in the middle, and the converted spectral radiance with atmospheric correction at the bottom of
the figure. Atomic emission lines of H,, at 656.3 nm, N at 744 nm, 818 nm, and 868 nm, and O at 777 nm, 822 nm, and
845 nm are annotated. It is to be noted that annotations are to identify the spectral features and the calculated emission
coefficients of those atomic features based on shock layer volume will be discussed in next subsection. The above
spectral radiance conversion based on projected surface area of the capsule pertains only to the radiation emitted from

the hot surface.
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Fig. 8 Verification of transmission values for Hayabusal test case with MODTRAN® data from Winter et al.
[25].

A. Surface Temperature Estimation
The converted (and atmospheric transmission corrected) spectral radiance is then used to determine the surface
temperature of the capsule by least-squares curve fitting to the Planck function. Planck’s law defines the radiation

emitted by an object, with a surface emissivity (¢) and at temperature T (in K), as given in Eq. (7).

2hc? 1
L.T) = e— ohe/ KT _ | 0

The spectral data recorded by the observer contains radiation from the shock layer due to molecular/atomic emission
superimposed on the continuum Planck emission from the hot capsule surface. Due to the distant location of the capsule,
it appears only as a point-source to the observer and spatially resolved spectral data cannot be directly measured. Hence,
the spectral data contains lumped Planck emission arising from the view area that has spatially varying temperature
distribution, and the spectral fit to Planck function can yield only a representative surface temperature. The representative
temperature thus obtained is termed as apparent temperature (Typp) [4].

Due to manual tracking of the spectrometers, the target object was not captured in all frames [13]. Useful data were
obtained for the trajectory points #0 — #9 from Hyper-IR-1 spectrometer. The data from red channel of Hyper-IR-1 is
used for Planck fitting as shown in Fig. [I0] It can be noted that the spectral data contains peaks due to atomic lines

that would affect the quality of the Planck fit. The spectral bandwidths corresponding to atomic emission lines were
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Fig.9 Spectral radiance with atmospheric absorption correction at trajectory point #0 (17:29:02 UTC). Spectral
irradiance data is from the red channel of Hyper-IR-1 spectrometer.

excluded from the data so that only continuum radiation data was used for Planck curve fitting. Figure [I0]shows the
transmission corrected spectral radiance, corresponding continuum data, and the resulting Planck curve fit for trajectory
points #0 — #9. The time instance (UTC) and capsule altitudes of each data point are annotated.

The analysis was further extended by calculating the spatial distribution of surface temperature based on peak surface
temperature identification method following Birch et al. [14]. This method employs a parameterized empirical model
for surface temperature distribution. Synthetic spectra were generated using a Hayabusa capsule surface temperature
distribution and fitted to the intensity generated by using an empirical temperature distribution with a predefined
maximum temperature. This results in identifying a peak surface temperature (Tpesx) and a surface temperature
distribution. More details on the empirical model and surface temperature distribution can be found in [14]. The

estimated surface temperature distribution at trajectory point #2 is shown in Fig[TT}
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Fig. 10 Spectral data of Hayabusa2 SRC (gray lines) at trajectory points #0 — #9 (UTC 17:29:02 - 17:29:20).

Continuum data are shown as black dots and the resulting Planck curve fits as red lines.
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The peak and apparent temperature estimates from Hyper-IR-1 red channel data for all useful frames are plotted in
Fig.[12] It can be noted that there is an offset between peak and apparent temperatures throughout the trajectory. Along
the trajectory, the view angle increases and the projected view area decreases (see Fig.[3). The effect of view angle,

though minimal, can be noticed from the ratio of peak and apparent temperatures shown at the bottom of Fig. [I2}

Surface temperature (K)

13400

4 3200

3000

2800

2600

2400

Fig. 11 Spatial distribution of surface temperature at trajectory point #2 (17:29:06 UTC) estimated from peak
temperature identification method [14].

B. Spectral Emission Coefficient of Atomic Lines

The spectral radiance data discussed thus far is based on the projected area of the capsule surface. This is generally
applicable to study the continuum radiation from the hot capsule surface and is used to estimate the surface temperature
distribution. The spectral peaks due to atomic emission lines originate from the gas species present in the engulfing
shock layer, not from the capsule surface. Hence, when quantifying the spectral features from the atomic emission lines,
the projected area of the capsule surface is not applicable. Here, a three-dimensional shock layer volume has to be
considered to determine the magnitude of atomic line emission, see Eq. El However, this is not straightforward as the
visible volume of the shock layer has to be calculated three-dimensionally at each view angle.

To simplify the problem, the atomic lines were assumed to be emitted from a portion of the shock layer where the
temperatures are higher than 7000 K. At temperatures above 7000 K, it can be safely assumed that the oxygen and
nitrogen molecules have already started to dissociate and their corresponding atomic species are available in the shock
layer. A computational shock layer temperature contour in front of Hayabusa capsule at 53 km altitude from Winter et
al. [25] was adapted in this work. A 2D profile bounding the shock layer region with temperatures above 7000 K was

adapted in to Autodesk Fusion 360 and revolved by 360° to obtain a three-dimensional shock layer volume. Only a
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Fig. 12 Apparent and peak surface temperatures estimated from all useful frames of Hyper-IR-1 spectrometer
red channel.

fraction of this volume is visible to an observer at a given view angle and the rest of it will be obscured by the underlying
capsule surface. A graphical illustration of the visible shock layer volume at various view angles along the trajectory is
shown in Fig. Capsule geometry is only limited to front-half for illustration (shown in black). The fraction of visible
volume at each view angle is calculated by multiplying the shock layer volume with the view factor of the shock layer
projected area at the given view angle. The spectral radiance data of atomic lines from the shock layer (L; s1,) was
decoupled from hot surface radiation by subtracting the Planck curve from the spectral radiance received from the target
object (Ly,obj)- The spectral data recorded is the radiation emitted from the projected shock layer area (Asy ) integrated
over the equivalent depth of the shock layer (dsr.) in the view direction.

The spectral radiance data of the shock layer was then used to calculate the spectral emission coefficients, following
Eq.[d} for selected atomic species at various trajectory points and are shown comparatively in Fig.[T4] The time evolution
of intensity of atomic emission of various species can be seen. With increase in time, the emission intensity from atomic
lines gradually reduces as the view angle increases. It is also partly due to the change in altitude and the velocity of the
capsule, and hence the shock strength.

The calculated spectral emission coefficient can then be integrated over a wavelength region for dominant spectral
features such as H,, line at 656 nm, N line at 744 nm, O line at 777 nm, and N, O lines at 820 nm. The values were
integrated over the wavelength bounding those lines and plotted for each atomic line from three color channels (red,

green, and blue) in Fig.[I5] The shaded regions around each color channel data indicate the calculated uncertainty
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Fig. 13 Projection at four different arbitrary view angles of a portion of shock layer volume where temperatures
are above 7000 K (shown in beige).

bounds as explained in Section[V]

It can be noted that the emission coeflicient of atomic lines decrease along the trajectory. It approaches zero at view
angles beyond 100° (after UTC 17:29:16) as majority of the shock layer from which these lines originate from is no
longer in the view; moreover, the altitude and velocity also decrease along the trajectory. Generally, the qualitative
agreement between all three color channels is good. For H, line, the emission coefficient from blue channel is not in
agreement with the other two due to the noise in the spectral data. The differences could also be due to the measurement
noise and the difference in sensitivity of each channel in the wavelength range 600 nm — 830 nm. Among the three color
channels, blue channel has the lowest sensitivity and hence its estimates show bigger offsets from the estimates of other
two channels. Beyond 830 nm and up to 1050 nm, all three color channels have almost identical sensitivity.

As shown in Fig.[T4] the spectral peak of N at 744 nm is not as distinct as the other peaks (for example, O 777 and N
818) except for the first few trajectory points. This is reflected in the lower values of integrated radiance for N 744 nm
line and offsets from each color channel, see Fig.[T5] Data from all three channels were in good agreement for dominant

spectral features such as O 777 nm and N, O 820 nm peaks.

V. Uncertainty in Calculated Emission Coefficients

The uncertainty in the calculated emission coefficient is influenced by the individual uncertainties arising from the
parameters, specifically irradiance data, capsule distance, shock layer volume, and atmospheric transmission, as evident
from Eq.[4] The uncertainty in the irradiance data can be attributed mainly to the calibration source uncertainty, and to
some extent, the variation in capsule’s position in a given image array due to manual tracking. Based on the integrating
sphere used for calibration, the uncertainty in irradiance data was taken to be -5% to +5%, neglecting the uncertainty
due to variation in target position. The upper and lower bounds of the capsule distance and the capsule altitude were
taken from the Hayabusa?2 trajectory analysis by Zander et al. [12]. The capsule distance and altitude bounds were used
to calculate the uncertainty in zenith angle, which in turn dictates the uncertainty in atmospheric transmission. It is to

be noted that the transmission uncertainty varies with wavelength and only the highest value is taken. The uncertainty in
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Fig. 14 Spectral emission coefficients of selected atomic lines based on shock layer volume at various time
instances.

emission coefficient due to transmission uncertainty is calculated to be -3% to -18% as the lower bound and +4% to
+30% as the upper bound through the trajectory, as shown in Fig.[T6] The shock layer visible volume is dictated by the
view angle. The upper and lower bounds of view angles were estimated from the upper and lower bounds of capsule
altitude. In all these calculations, the observer altitude was used without uncertainty. The uncertainty in view angles

were used to calculate the uncertainty in shock layer visible volume. Finally, the total uncertainty in emission coefficient
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of individual uncertainties.

VI. Conclusion
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is calculated as the root sum square of these individual uncertainties and plotted in Fig.[I6] along with the distribution

The Hayabusa2 reentry event was observed by the Australian Airborne Observation team with a range of spectral
and video imaging instruments. The recorded data is converted into spectral radiance and emission coefficient terms
using the previously reported trajectory data and spectral irradiance data. The effect of atmospheric absorption of

emitted radiation is corrected by a calculated atmospheric transmission function using an open-source atmospheric
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Fig. 16 Total uncertainty distribution in emission coefficients of atomic species along the trajectory plotted with
individual uncertainties.

absorption calculator. The absorption corrected spectral radiance datasets were fit to a Planck function to estimate
the apparent surface temperature at various time instances during the trajectory where useful data were recorded.
The apparent temperature obtained from the least-squares fit is only representative, neglecting the spatial distribution
of temperature across the view area of the capsule. The converted data was further used in combination with a
parameterized empirical model to identify a peak surface temperature and a spatial distribution of surface temperature.
A maximum peak temperature of 3700 K was observed at an altitude of approximately 48.6 km (17:29:10 UTC). Peak
surface temperatures are approximately 300 K higher than apparent temperatures throughout the trajectory. Surface
temperature measurements and estimates of Hayabusa SRC from other works were within the range of 2640 K—-3370 K.
The maximum apparent surface temperature identified in this work is approximately 3350 K, and it is comparable to the
higher end of the Hayabusa surface temperature values reported in the literature.

The conversion of spectral radiance was based on instantaneous projected view areas of the capsule surface, which
is applicable to surface radiation from the hot capsule. To convert the radiation from atomic species present in the shock
layer into emission coefficients, instantaneous shock layer view areas were used by considering a portion of the visible
shock layer volume where temperature is expected to exceed 7000 K. The spectral data was subtracted by the calculated
Planck curve to decouple the surface radiation from atomic emission lines. The Planck subtracted data was then used to
calculate the emission coefficients of H,, line at 656 nm, O line at 777 nm, and N lines at 744 nm and 820 nm. Emission

coeflicients of individual lines were integrated over their respective wavelength bands to obtain the time history of
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intensity along the trajectory. A total uncertainty in emission coefficients of -23% to +39% was estimated based on
individual uncertainties in the parameters such as capsule distance, irradiance data, visible shock layer volume, and
atmospheric transmission.

The conversion of the surface and shock layer emission data to spectral radiance and spectral emission coefficients
with atmospheric transmission correction presents the observation data independent of observer’s location. This should
enable direct comparison of numerical data for a given view angle without having to convert it to spectral irradiance at
observer’s location. However, it should be noted that the converted data presented here is still an integrated value for
a given view angle and the spatial distribution of radiation is not deconvolved in the present approach. This will be
addressed in future work. Accuracy in the surface and shock layer emission data lies not just on the accuracy in spectral
calibration of the recorded data but also on the accuracy of the estimated trajectory parameters. The analysis presented
here also demonstrates the value of taking up such observation campaigns and the resulting radiation and trajectory

datasets.
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