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Abstract. Spectral and photometric observations are a unique tool for studying the
Resident Space Objects (RSO). Spectral observations are of particular value. They are
precious sources of information in identifying and classifying RSO by their spectral
features and studying the variation of these features caused by the influence of space
weathering. The paper we present shows the results of the geostationary satellite (GEO)
reflection spectra analysis. We use spectral observations to analyze reflective spectra
and relevant parameters to develop the methodology of satellite identification. Spectral
observations were obtained on the spectrograph mounted on a 1.5-meter telescope AZT-
20 of the Assy-Turgen Observatory. Photometric characteristics derived from spectral
observations show signs of dependence on the platform of a satellite and its service life
in orbit. Comparison of observed and model reflective spectra indicates the possibility
of identifying the satellite shape and its composite materials. The results of the work
will be of interest for the study of space weathering on materials, will allow us to better
understand the situation in GEO orbits, and refine the methods for near-miss events pre-
diction, taking into account the geometry of objects and the properties of their surfaces.
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Annortauus. Fapeiteik o0bexrinepai (FO) 3eprreyre criekTpiik koHe GoTOMETp-
ik OakpLiaynap epekili Herisri Kypai Oousbin TaObutaabl. CHEKTpIik OakbLiayiap
epekuie MaHpIbl. Omap FO cnexTpiik cumatTaManapbl OOHBIHIIA aHBIKTAY >KOHE
KIKTEy, COHJal-aK FapbIIITHIK aya-palbIHbIH aNlapaTThlK MaTepHajlapra dcepiHeH
TYbIHJaFaH OCHl CHIIATTaMallap[blH ©3TepyiH 3epTTey YIIiH KYHIBl aKmapar Kesi
Oounbin Tabbu1aabl. bi3 yeeiFaH Makanaga reotypakrthl cepiktepain (I'TC) marpuibicy
CIEKTpJIEpiH Tanjgay HOTIKeNnepi KepceTinreH. bi3 cepikrepni colikecTeHaipy
oflicTeMeciH 93ipieyre LIaFbUIBICY CIEKTPJCPiH JKOHE COWKec mapaMeTpiepi
TalfayFra CHEKTPNiK Oakpuiayiapabl KojaaHambl3. CHekTprmik Oakpuiayiap Acchl-
Typren oOcepBaTopusicbiHblH 1,5 wmerpiik A3T-20 TeneckomblHIa OpHATHUIFAH
CHEeKTporpaTblH KeMmeriMeH anblHAbl. CHekTpiik —OakpulaynapAaH —allbIHFaH
(doToMeTpIIK cHMaTTamanap CepikTepiH I1aTopMachiHa JKOHE OHBIH OpOUTaIarbl
KBI3MET €Ty Mep3iMiHe Toyenmiunik OenrinepiH kepceredi. bakpulaHAThIH >KoHE
MOJIENIBAIK MAFBUIBICY CIIEKTPIICPiH CATBICTBIPY CEPIKTIH MiLliHIH XKOHE KOJIJaHbUIATHIH
MaTepHaJiapbl aHbIKTay MYMKIHAITH KepceTei. JKyYMBICTBIH HOTHKEIEPi FAPBIITHIK,
OpPTaHBIH MaTepHajiapFa oCcepiH TaigayFa KbI3BIKTHI OOJIaAbl JKOHE TE€OTYPaKThI
opOuTanapaarsl Karaalabl )KakChl TYCIHYTe )oHE OOBEKTIIEpAiIH FeOMETPHICH MEH
oJlapAbIH OETTEepiHIH KACHETTEePiH eCKepe OTBIPHIN, JKaKblH JKaKbIHABIKTAPAbI €CENTEY
o/liCTepiH KeTiAipyre MyMKiHAIK Oepei.

Tyiliin ce3mep: reoTypakThl cepikTepiai OakbpUiay, CHEKTPOCKOMHS, IIaFbLUIBICY
CTEKTpIIEpPi, POTOMETPHSI, FAPBIITHIK, YTiTy
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Annortamus. CrexTpanbHble H  (OTOMETPUUECKUE HAONIONCHHS  SIBIISIOTCS
YHUKQJIBHBIM ~WHCTPYMEHTOM U1 M3yueHus KocMuueckux o0bektoB (KO).
CriekTpanbHble HAOMIOACHUS HUMEIOT 0CO0YI0 IeHHOCTh. OHH SBIISIOTCS IEHHBIM
HUCTOYHUKOM HHpopMaIu s uaeHTuukaiuu u kiaccudukanun KO mo wux
CIEKTPaIIbHBIM ~ XapaKTepUCTUKAM, a TaKKe JUIsl HW3yYeHHs HW3MEHEHUH OSTHX
XapaKTePUCTUK, BbI3BAHHBIX BIHMSHUEM KOCMHYECKOH IMOrOJbl Ha MaTepHallbl
anmapaToB. B mpeacTaBieHHON HaMH CTaThe NMOKa3aHbl Pe3yJIbTaThl aHaJIN3a CIIEKTPOB
oTpakeHUs1 reoctanuoHapHbix cnyTHUKOB (I'CO). Mbl ucnonb3yeM CHeKTpaibHbIe
HaOJFOIEHHS JJIS1 aHAIIN3a CIIEKTPOB OTPAYKEHHS M COOTBETCTBYIOIINX ApaMETPOB IS
pa3paboTKH METOJO0JIOTUH HISHTU(UKAIMKA CITYTHUKOB. CrIeKTpajbHbIC HAOIOACHUS
MOJYYeHbl Ha cHekTporpade, ycTaHoBIeHHOM Ha 1,5-merpoBoM Teneckone A3T-20
obcepBatopuu Acchel-Typrenb. @oToMeTpuvecKkne XapaKTEPUCTHKH, MOTYYCHHBIC U3
CTHEKTPaJIbHBIX HAONOJCHUH, TOKa3bIBAIOT NMPHU3HAKH 3aBUCHMOCTH OT TUIAT()OpPMBI
CIIyTHHKA M CpOKa ero ciyxO0bl Ha opoute. CpaBHEHHE HAONIOJACMbIX H MOJEIHHBIX
CIIEKTPOB OTPKEHHS YKa3bIBaeT Ha BO3MOYKHOCTH ONpe/eieHUs] (GOPMBI CITyTHUKA
Y HCTIONBb3YEMBIX MaTepuajoB. Pe3ynbTaTsl paboThl OyAyT MHTEPECHBI I aHalu3a
BIIMSIHUSI KOCMUYECKOM cpellbl Ha MaTepHajbl U MO3BOJIT JIY4lIE MOHSTh CUTYAIHIO
Ha TEeOCTAlMOHAPHBIX OpOMTaX M YCOBEPIIEHCTBOBATH METOJBI pacueTa OJIU3KUX
CONMMKEHUH C y4eTOM reOMEeTpUN OOBEKTOB U CBOWCTB MX MOBEPXHOCTEH.

KioueBble cjioBa: HaOMIOACHUS TEOCTAIIMOHAPHBIX CITYTHHKOB, CIIEKTPOCKOIIHS,
OTpa)kaTeNbHbIC CIIEKTPHI, HOTOMETPHS, KOCMHUUECKOE BHIBETPUBAHHE.

Introduction. The Fesenkov Astrophysical Institute (FAI) completed the first
stage of creating a Space Situational Awareness (SSA) system in Kazakhstan in 2021-
2023. The goal of this stage was to deploy the Space Surveillance and Tracking (SST)
segment of SSA at the Assy-Turgen Observatory. One of the tasks of the SSA system
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being developed includes assessing the threats in near-Earth space posed by space
debris, as well as nonfunctional satellites. To do this, it is necessary to estimate the
probabilities of near-miss events (NME) between residence space objects (RSO) and the
consequences of such events, as well as the likelihood of destruction of the satellites.
To refine predictions of NMEs and possible events of RSO destruction, it is necessary
to know the geometry of the objects, their composition (material properties), orientation
and dynamics (such as rotation, for example). For objects in geostationary orbit (GEO)
and beyond, the main source of such information is optical observations. In particular,
optical observations provide photometric estimates of their brightness, as well as
astrometric information, which is used to determine the orbital parameters of RSO and
to calculate mutual trajectories for the probabilities of NME evaluation.

Moreover, the spectrophotometric characteristics of RSO, such as light curves,
colour indices, and reflective spectra, play a key role in identifying satellites (Vananti,
et al., 2009; Cowardin et al., 2010; Hejduk et al., 2012; Vananti, et al., 2017; Sukhov,
etal., 2017; Silha, et al., 2021; Zigo, et al., 2021). At the same time, spectrophotometry
makes it possible to study the influence of outer space on the properties of materials
(Reyes, et at., 2021; Castro, et al., 2023). Some kind of time-resolved analysis was
already performed for a single satellite to study the different effects in detail (Bédard,
etal., 2017).

Photometric information allows us to estimate key RSO parameters such as the
area-to-mass ratio (AMR) (Schildknecht, et al., 2008), its size and geometry, which
are of great importance for the accuracy of orbital propagation and the identification of
RSO. However, it should be noted that to complete such a task for GEO, when direct
imaging of objects is impossible, additional information is required about the properties
of the surface of the RSO, such as, for example, albedo, reflection coefficients and
their dependence on the wavelength of incident light. In addition, a large limitation
on the accuracy of determining these parameters is due to the illumination conditions
of the object, which change over time due to the phase angle variation and the
unstable position of the RSO itself (for example, due to its rotation). Despite such
difficulties, attempts have been made to determine material properties based on colour
characteristics from photometric observations (Cardona, et al., 2016; Zhao, et al., 2016).
However, considering the difficulties mentioned above, implementing accurate and,
most importantly, simultaneous photometry in several filters (wavelength bands) is a
rather challenging observational task. In this regard, the technique for analysis of the
reflective spectra of RSO looks more promising because it allows one to simultaneously
obtain information throughout the entire wavelength range of the spectrum (Bédard et
al., 2017; Jorgensen et al., 2004; Seitzer et al., 2012).

In the context of SSA development, we proposed an algorithm to identify the type
of RSO presented in Figure 1. In this paper, we focused on two aspects of the presented
scheme: the analysis of the reflective spectra and the comparison of the observed
characteristics of the reflective spectra with the modelling results. Spectroscopic
observation campaigns were performed with the 1.5-meter AZT-20 telescope in Assy-
Turgen Observatory (Kazakhstan). The model reflective spectra are obtained using
RaySect (Meakins et al., 2023) software.
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Figure 1. RSO identification scheme in developing SSA

Materials and Method. The monochromatic intensity of the RSO may be written as:

YSFA(P) M
By = Eyun EEED pH® (),

where p, and M(z) is the transparency of an atmosphere and its air mass, respective-
ly; E /15 U _ object’s monochromatic illumination by the Sun; d - topocentric distance to
the object; y,- geometrical albedo of the object; S - an area of the visible part of sunlit
object’s surface; F, (p) - phase function. The parameters y,, S, and F, (¢) depend on the
geometry of the object, its coating properties, and the orientation of the object in space.

Usually, when we process observation of the satellite, instead of using known func-

tion Ef’m and compensating for pf{’(z) we simply use the luminosity of the reference

star of solar spectral type. Then we may write:

E, = Ej‘tar VSI;AZ@) )
The reflective spectra, R, (p), is simply:

Ry(p) = Ex_ _ YaSFa(¢) 3)

star 2
Ej d

During spectral observation, all fluxes are observed for the same phase angle ¢, the
same surface S and the same distance d. We might know the value of d, but the value
of § for most RSO is rarely known.
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Also, we may assume that F, (p) does not depend on A, as, for example, for the plate
or the Lambert sphere when this function depends only on the phase angle. With these
assumptions the relative reflectivity, Rx;(¢) is

_ Ry (@) _ Y

2T R, @)

where i and j are different wavelength regions (spectral bands or photometric filters).
Reflective spectra for different phase angles may show a strong variation in shape
as the relative reflective spectra do. This shape, in the first approximation using the as-
sumptions mentioned above, will depend on the parameters of coating materials, includ-
ing the effect of space weathering (Reyes, et at., 2021; Schildknecht, et al., 2009). To
characterize this dependence, we may use the variation of slope of the relative spectra

4),

using relation R72, vs R ; for different spectral bands 7 and ;.

Considering the wavelength range from 400 to 800 nm for slit spectra with grating
360 lines per mm obtained on AZT-20 we choose four different " filters” with equal
bandwidth of 80 nm starting at 400 nm. This allows us to reduce the dimension of the
task to up to 2 parameters for each spectrum obtained in a particular moment (phase
angle). We then analyze Ry, Vs Rz , for different phase angles of a particular object
as well as for different objects obtained at the same phase angle.

Yet, there is another interpretation for the relative reflectivity RANA] using the defini-
tion of stellar magnitude and colour index. The stellar magnitude of a satellite is

my = mf*" — 2.5log [ )

where, y, is an effective reflective surface. This coefficient depends on the difference
between the topocentric (¢,) and geocentric (¢,) phase angles v2S = Y2Sobscos(de — dg),
where Sgps - observable area of the satellite.

Then we may rewrite (5) as:

(my, = my,) = (m§" — m§2") = ~25log 2] = ~2.5log[Ry], ©)

where C.I.=m, —m,, and hence

R, = 100-4(c154n—C1) 7

We interpret it RXa as a variation of the colour change of the reflected light compared
to incident light in the "*blue” and “"red” regions of the satellite spectra.

To successfully apply the described method, it is necessary to obtain information
about the brightness of the object simultaneously in all spectral bands. This task is not
trivial for GEO from the observer’s point of view. To do this, it is necessary to simul-
taneously satisfy the following requirements for the instrumentation: high permeability
and minimal losses in optics for the possibility of monitoring objects with low bright-
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ness, the necessity to promptly obtain spectrophotometric characteristics for objects in
rapidly changing illumination conditions (phase angle variation, RSO rotation). To fulfil
these requirements, we use the most powerful telescope in Kazakhstan - AZT-20 with
an aperture of 1.5 meters equipped with a high-efficiency spectrograph and EMCCD
detector with the possibility to get spectra in high-speed readout mode.

Figure 2. A general view of the AZT-20 (left) and the VPHG spectrograph mounted in the primary focus
of AZT-20, with an open casing for visibility of the internal components of the device (right).

The initial optical layout of AZT-20 was changed to operate in primary focus. For this,
the optical 4-lenses field corrector with the function of focal length reduction was designed
and installed at the prime focus of the telescope (see Figure 2 on the left). The resulting pa-
rameters of AZT-20 are: Dprimary = 1560 mm, f = 1:3.7, Dsecongary = 280 mm
. For the detector, we use EMCCD iXon 888 1024x1024 pixels with the ability to sup-
press effective readout noise in the high-speed spectrum acquisition mode. The spec-
trograph is manufactured using volume phase holographic gratings with 360 lines per
mm (R = 600) with a dispersion of 4.25A per pixel (see Figure 2 on the right). This
configuration allows us to obtain spectra of GEO with exposure time of about 2 seconds
for sufficient signal-to-noise ratio.

Spectra were processed using the standard IRAF package (onedspec subpackage).
Atmospheric extinction was corrected using mean extinction coefficients for the As-
sy-Turgen observatory. The reflective spectra are derived from the extinction-corrected
spectra divided by the spectra of the solar-analogue stars. This procedure also removes
the systematic instrumental noise. We then use the Butterworth filter to remove high-fre-
quency noise in reflective spectra since we are interested in the general distribution of
reflection and not in some high-resolution features like, for instance, spectral lines.

Result and Discussion. As was mentioned above the parameter R}, allows us to
compensate for the lack of knowledge about the geometry of the object and the properties
of its surface. It also gives more flexibility in choosing spectral bands - " *filters™.

Since the spectral range of our spectrograph with sufficient signal-to-noise ratio lies in
the range from A3800A to roughly A3800A we cannot use the conventional photometric
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system as, for example, BVRI or u’g’r’i’z’. Instead, in our analysis we use four color
bands designated as B (A<4800A), V (4800A<A<5600A), R (5600A<A<6400A) and
I (Ax>6400A). As for the shape of transparency for each band, we use a simple step
function.

The dependence of " Rj; on phase and angle on the satellite’s age indicated by the
colour gradient for different platforms (provided in the title for each panel) is shown
in Figure 3. We did not find a dependence of the parameter on the phase angle, but the
dependence of this parameter on the age of the RSO is noticeable.

The dependence of Ry, averaged over all phases, on different platforms with a
colour indication of the satellite’s age is shown in Figure 4. There is a noticeable sign of
clustering of the parameters for different platforms.

The dependence of Rx7, averaged over all phases, on different RSO’s countries of
origin with a colour indication of the satellite’s age is shown in Figure 5. This result
should be considered rather arbitrary, since the statistics of spectral observations of
all RSO for different “countries” is not complete and, in addition, as can be seen from
Figure 4, it can be greatly distorted by the dependence on the specific platform (in the
case where different platforms belong to different manufacturers, i.e. companies and/
or countries).
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Conclusion. We carried out spectral observations of GEO satellites on a new
spectrograph at the Assy-Turgen Observatory, mounted on an AZT-20 telescope with
an aperture of 1.5 meters. The corresponding GEO reflective spectra were obtained
to develop a methodology for RSO identification in near-Earth space by their spectral
features. For these purposes, it is proposed to use a parameter that does not depend on
the usually unknown characteristics of the satellites such as shape, size and orientation.

Analysis of how this parameter depends on phase angle for some bus platforms like
AMOS, Yakhta and DFH, shows the space weathering effect, whilst for other platforms
it is less noticeable. We see this dependence for several platforms but in general, the re-
sult is inconclusive since the variation of the parameters with age becomes large which
is probably caused by the instability of the satellite when it is out of service or malfunc-
tioning, as, for example, its rotation. This demands additional investigation.

We show that using the dependence of parameters on the satellite bus (or country of
origin) and its age it is possible to roughly identify the GEO’s platform. It is mandatory
to get more observational spectral data to further investigate the relation of reflective
spectra parameters for different shapes and material compositions. Accumulation of
observational data together with modelling and machine learning methodology appli-
cation efforts (Gazak, et al., 2022; Yee, et al., 2023) will help to improve the GEO and
other satellite identification methodologies. The modelling is a significant tool to further
improve the methodology and analyses the time-dependent features (Velez-Reyes et al.,
2023). For spectral modeling-related results see (Lersch, et al., 2023) and in particular
how the spectra might depend on phase angle.
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One possibility we are currently working on is modelling using an open-source Ray-
Sect (Meakins, et al., 2023). For example, we use a glass-covered Gallium arsenide
phosphate mixture to model solar cells and different mixtures of materials (for instance,
Aluminum as suggested in (Gazak, et al., 2022) for bus modelling. The resulting reflec-
tive spectra for various mixtures of materials (see Table 1) as functions of phase angle
are shown in Figure 6. One can see that reflective spectra indeed show different overall
shapes for different platform compositions. We hope that various efforts, such as build-
ing a spectral library (Pearson, et al., 2023), modelling, spectral observation in a wider
spectral range, and applying machine learning algorithms will significantly improve the
RSO identification methodology.
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Figure 6. RaySect modeled reflective spectra for different camera rotation angles (phase angle) and differ-
ent materials (see Table 1).

Table 1. Composition of materials used in modeling with RaySect

Model material, % material, % material, % | Solar panel model
Kapton[ Front: InGaP + Schott “N-BK7” Back:
_ 0, > 0,
Model-1 | MyLarl], 16% 64% Cu0.1, 20% Kapton || 50% + Cu0.02, 50%
KaptonlJ Front: InGaP + Schott “N-BK7” Back:
_ [ > 0
Model-2 | MyLar[], 64% 16% Cu0.1, 20% Kapton™) 50% + Cu0.02, 50%
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Front: InGaP + Schott “N-BK7” Back:
Kaptonll 50% + Cu0.02, 50%

MyLar(], Front: InGaP + Schott “N-BK7” Back:

Model-3 | MyLar(], 54% | A10.3, 36% Cu0.1, 10%

Model-4 | Ni0.3, 25% Al0.3, 25%

50% Kapton[] 50% + Cu0.02, 50%
. MyLar[] Front: InGaP + Schott “N-BK7” Back:
- 0, o, >
Model-5 | Ni0.3, 6% Al0.3, 24% 70% Kapton'| 50% + Cu0.02, 50%
. MyLar[] Front: InGaP + Schott “N-BK7” Back:
- 0, 0, s
Model-6 | Ni0.3, 64% Al0.3, 16% 20% Kapton™’ 50% + Cu0.02, 50%
. N oy > .
Model-7 | Ni0.3, 21% Kapton[7, Cu0.3,30% Front: InGaP + Schott “N-BK7” Back:

49% Kapton[] 50% + Cu0.02, 50%

Front: InGaP + Schott “N-BK7” Back:
Kapton[J 50% + Cu0.02, 50%

Model-8 | Ni0.1, 9% MyLarl], 81% | Cu0.1, 10%

. Al0.01 Front: InGaP + Schott “N-BK7” Back:
- 0 0 ’
Model-9 | Ti, 20% Al03,30% 1 500, Kapton( 50% + Cu0.02, 50%
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