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ABSTRACT 

The detection of micrometeoroid and orbital debris (MMOD) impacts on the satellite surface requires in-situ sensing 
or direct, visual inspection of the surface elements exposed to the particle flux. We propose a new photometric method 
that is capable of detecting small surface anomalies of passive satellites by measuring number of solar photons 
reflected off the satellite surface towards the ground detection system. 

In the experiment, the Graz Satellite Laser Ranging Observatory collected hypertemporal light curves of the 
Experimental Geodetic Satellite - Ajisai (NORAD 16908, altitude of 1490 km) with the photon counting detection 
system. The collected light curves are used to map reflectivity of 149 on-board mirror panels (approx. size of 20 x 20 
cm each) and reveal relatively small surface anomalies that can be related to the material aging effects with the spot-
like features possibly caused by the hypervelocity MMOD impacts.   

1 INTRODUCTION 

1.1 Micrometeoroid and orbital debris impact detection 

The operation of the artificial satellites is threatened by the risk of collision with the micrometeoroids and orbital 
debris (MMOD). The consequences of meteoroid and debris impacts on spacecraft can range from small surface pits 
due to µm-size impactors and clear-hole penetrations for mm-size objects, to the critical damage for projectiles larger 
than 1 cm. The orbital debris of 10 cm or larger at the low altitudes, and about 1 m or larger in the geosynchronous 
orbits can be tracked by the U.S. Space Surveillance Network and are maintained in the U.S. Satellite Catalog that 
helps to mitigate the collision risk. The (sub)millimeter-size particles, however, are too small to be detected by the 
ground-based observation systems and thus a direct inspection of the satellite surface is required for the MMOD 
related damage detection [1]. In this paper we present an optical, fully passive, ground based method for remote 
anomaly detection on the surface elements of the active, passive or defunct satellites.  

1.2 Experimental Geodetic Satellite - Ajisai 

The geodetic satellite Ajisai (NORAD 16908) was launched on August 12, 1986 by the National Space Development 
Agency of Japan (NASDA), currently reorganized as Japan Aerospace Exploration Agency (JAXA). The satellite was 
injected into a quasi-circular orbit of altitude 1490 km and inclination of 50° with an initial spin period of 1.5 s [2] 
and the scientific objective of the mission is focused on the accurate position determination of fiducial points on the 
Japanese Islands. 
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The hollow sphere of the body (Fig.1) (2.15 m in diameter, mass of 685 kg) is equipped with 1436 corner cube 
reflectors (CCR) for laser ranging and 318 convex mirrors for satellite direction and spin measurements [3]. The 
aluminum mirror panels are curved at a radius of 8.55 m (±0.15 m) and have the surface area of up to 393 cm2 each 
with the external surface coated with a silicon oxide protective layer that maintains the reflective efficiency of 85%. 
The mirrors are arranged in the form of 14 rings and their body-fixed orientation is such that the ground observer can 
detect on average 3-to-6 solar reflections per satellite rotation during the sunlit night-time passes, and only one flash 
at a time. The brightness of Ajisai remains between 1.5 and 3.5 star magnitudes.   
 

 
Fig. 1. Ajisai satellite (Courtesy of JAXA). 

 
The long-term analysis reveals that the spin energy of Ajisai dissipates exponentially at a very low rate such that the 
satellite’s spin period (currently 2.4 s) doubles every 46.6 years [4, 5]. Additionally, the de-spin rate depends on the 
amount of solar energy received by the satellite during an orbital revolution [6]. The satellite spin axis remains in the 
vicinity of the south celestial pole near the coordinates of RA = 88.9°, Dec = -88.85° (J2000) and experiences 
precession and nutation with the periods of 35.6 years and 116.5 days respectively due to the Earth’s gravity acting 
on the dynamical oblateness of the satellite [7].  

2 MMOD FLUX ON AJISAI 

ESA’s Meteoroid and Space Debris Environment Reference software MASTER-2009 [8, 9] is used to calculate impact 
flux on Ajisai with particles down to 0.1mm in size. A rigorous assessment of impact degradation of Ajisai’s mirrors 
or other parts requires at minimum a) accounting for the spin stabilized attitude over time as well as b) use of 
appropriate damage equations to determine the affected area. The current simplified analysis aims at gaining a basic 
understanding and a first order estimate of the MMOD impact flux and the resulting affected area. 
Flux The attitude of the spacecraft is neglected and only the overall average flux is assessed based on a randomly 
tumbling plate. The simulations indicate that, similarly to the ISS [9], Ajisai can be expected to have the majority of 
impacts from front-left and front-right in a satellite-centered radial/along-track/cross-track system, where left and right 
are within the horizon plane with the Earth in Nadir; the majority of impacts will occur at relative velocities between 
2 and 14 km/s. Fig. 2-left shows that the highest directional flux may be expected when Ajisai crosses Earth’s equator. 
On the orbit ascending node, the impacts will occur at about 30° left from the flight direction, while on the descending 
node, it will be about 30° from the right. The combined MMOD flux is highest at the apex and ant-apex of the orbit. 
Fig. 3-left shows the reverse cumulative of impactors over diameter with the highest flux from the sub-cm particles; 
Fig. 3-right shows the number of impacts over time. The increase in collision debris after the Fengyun-1C anti-satellite 
test in 2007 is interesting to note. It is also interesting to see that for the size range above 0.1 mm, its contribution is 
orders of magnitude lower than that of Ejecta. The highest impact rates on Ajisai are from sub-mm ejecta (tiny particles 
generated from MMOD impacts on spacecrafts, rocket bodies etc.) and mm-size explosion fragments with the most 
common impact velocity at about 13 km/s.  
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Fig. 2. Impact direction and on-orbit position of Ajisai obtained with MASTER-2009 and accounting for particles 
larger than 0.1 mm. 

 
Fig.3. Annual average MMOD impact on Ajisai since launch. 

Fig. 3. Ajisai average annual impacts >0.1 mm since launch. Highest contributors are ejecta (> 0.1mm) and explosion 
fragments (> 1.0 mm).  
 
Occluded Area A lower bound for the surface degradation from impacts is approximated by assuming that each 
impactor will affect an area that only exactly identical to the impactor cross section. Spherical impactor geometry is 
assumed. Since Ajisai is a spherical object, the impact flux obtained for a randomly tumbling plate must be multiplied 
by a factor four [8]. Based on these simplifying assumptions, using an on-orbit time of 33 years and a surface area for 
Ajisai of 5.2 m2, the total occluded area would be roughly 2 x 10-4 m2. This corresponds to ca. 0.004% of Ajisai’s 
surface area. The resulting affected area may be expected to be larger than the estimate for the occluded area for two 
main reasons: a) For high velocity impacts, craters are typically much larger than the impacting particle. b) Oblique 
impacts are not considered. Furthermore, the spin stabilization and the observed preferred impact directions (Fig. 2) 
will cause degradation to be non-uniform over the surface area. Areas close to the satellite’s spin axis are expected to 
obtain highest flux rates. Finally, uncertainty in the number of impacts is high for small impact numbers as is the case 
for large debris. A small number of impacts by larger debris particles will significantly change the resulting affected 
area. This effect is visible in the comparison of impacts per impactor diameter and the resulting occluded area in Fig. 
4. 
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Fig. 4. Comparison of impacts and resulting occluded area per impactor diameter bin. Single, large debris impacts 

can significantly change the total affected area. 
 

3 HIGH-DEFINITION PHOTOMETRY 

3.1 Hypertemporal light curves 

The high-definition photometry (HDP) maps the hypertemporal light curves of the satellite onto a body-centered and 
-fixed reference frame which allows associating the observed reflection features with the specific location on the 
spacecraft surface elements. 
In this work we utilize the hypertemporal light curves of Ajisai [10] collected by the photon counting detection system 
designed and operated by the Graz Satellite Laser Ranging (SLR) observatory (Austria). The Graz SLR station 
operates multiple optical techniques for satellite observations - the high repetition rate 532-nm laser system allows for 
the mm-accuracy range measurements to the satellites and space debris equipped with CCRs, while the high power 
laser is used for the ranging to the non-cooperative objects [11]. The photon counting system is used to measure light 
curves of sunlit satellites at the wavelengths from 780 nm to 900 nm [12]. The incoming solar photons are detected 
by the Single-Photon Avalanche Diode (τ-SPAD FAST) and converted into an electronic signal that is processed and 
time stamped in UTC by the Field Programmable Gate Array (FPGA). The acquired data is then converted into a light 
curve at a 10 kHz sampling rate for further analysis.  
 

 
Fig. 5. A 40 ms sample of Ajisai light curve. The high intensity flux 𝛷  (~7 ms) is produced by a solar glint off 
the mirror panel. 
 
A 40 ms sample of Ajisai light curve is presented in Fig. 5: the solar photons reflected off the satellite surface towards 
the ground telescope are detected, time stamped and recorded; the number of detected particles of light per time unit 
is expressed as the incoming photon flux 𝛷 [Hz]. The intensity profile of a single flash consists of the sharp rising and 
falling edges and the central high intensity plateau level 𝛷  as a consequence of the convex shape of the mirrors.  
Fig. 6 shows a phase-folded single-photon light curve of Ajisai measured by the Graz system on April 4, 2016 (satellite 
spin period of 2.3 s). The measured intensity of sunlight reflected off the satellite is plotted versus time of pass and 

6075.pdfFirst Int'l. Orbital Debris Conf. (2019)



the azimuthal coordinate of the phase vector 𝑷 in the satellite body-fixed and -centered coordinate system (BCS). The 
phase vector 𝑷 bisects the angle between the BCS centered vectors pointing towards the Sun and the ground observer.  

 
Fig. 6. Ajisai photometric pass measured on April 4, 2016 by the Graz photon counting system. The bursts of the solar 
flashes produced by the single mirrors can be distinguished. The maximum satellite elevation above the horizon during 
the pass is 74.6° and the satellite eclipse is indicated by the shadow on the end of the elevation chart. The zoom panel 
shows a burst of the solar flashes given by a single mirror and a set of weaker flashes from the glassy CCRs - the 
yellow and green rectangles indicate the burst prediction area. 

The series of high intensity, specular flashes are given by the single mirrors and form bursts that can be visually 
distinguished in Fig. 6. The zoom panel presents a detailed view of the single mirror burst consisting of 17 strong 
flashes that rise from a yellow rectangle indicating the predicted occurrence of the burst. The flash prediction algorithm 
used in the post-processing utilizes the Consolidated Prediction File (CPF) data to determine the satellite position and 
to calculate the inertial orientation of the phase vector 𝑷. The observed intensity of Ajisai solar glints is a function of 
multiple variables related to the reflective properties of the satellite, elevation dependent atmospheric attenuation 
effects, and the parameters of the ground photon detection system. The detailed analysis of these factors and their 
impact on the observed photon count rate is conducted in [10]. 

3.2 Satellite computer model 

A computer model of Ajisai is used for prediction of the mirror inertial attitude that allows mapping the observed 
photon count rates onto the reflective surface element. In the satellite model, the position and orientation of the external 
surface elements are expressed in a right-handed Cartesian, satellite-centered and -fixed Body Coordinate System 
(BCS), where +𝑍  axis points towards the top of the sphere and the 𝑋  and 𝑌  axes lay within the body’s 
equatorial plane. It is assumed that the satellite’s spin momentum vector is aligned with +ZBCS.  
In order to model and analyze the solar reflections off the satellite it is necessary to express the direction vectors to 
the Sun 𝑺 and to the ground observing telescope 𝑻 in BCS (Fig. 7-a). The phase angle 𝑝 between the satellite centered 

𝑺 and 𝑻 vectors is bisected by the phase vector 𝑷 =
𝑺 𝑻

|𝑺 𝑻|
 and the angular coordinates of 𝑷 in BCS are given by azimuth 

and elevation angles - Fig. 7-b. 
The inclination angle 𝑖 = arccos (𝑷 ∙ 𝑵) between the phase vector 𝑷 and the central normal 𝑵 of the convex mirror 
panel (Fig. 8-a) determines whether or not the specular reflection towards the ground telescope 𝑻 will occur. The 
orientation of any vector about the central normal 𝑵 can be expressed by the azimuth and elevation residual angles as 
presented in Fig. 8-b: the positive elevation residual angle is counted from 𝑵 towards the top of the satellite body. 
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Fig. 7. The satellite model. The 𝑋, 𝑌, 𝑍 axes represent Body Coordinate System BCS. (a) 𝑺: vector towards the Sun, 
𝑻: vector towards the ground observing telescope, 𝑷: phase vector, 𝑝: phase angle. (b) Angular coordinates of the 
phase vector 𝑷 are expressed by Azimuth and Elevation angles.  
 

 
Fig. 8. A single mirror panel with the significant vectors and angles indicated. (a) sun (𝑺), telescope (𝑻) and the phase 
(𝑷) vectors in relation to the central normal (𝑵) of the convex mirror; the phase (𝑝) and the inclination (𝑖) angles are 
indicated. (b) Deviation of a vector from the central normal 𝑵 can be defined by azimuth and elevation residual angles; 
the ‘Up’ direction points towards the top of the satellite body. 

The transformation of a satellite-centered vector 𝒓 from the Inertial Coordinate System, ICS (J2000) to the satellite-
fixed BCS can be realized with the transformation matrix 𝑹 as 𝒓 = 𝑹 𝒓 , where: 

 𝑹 = 𝑹 (−𝑥 )𝑹 (−𝑦 )𝑹 (𝛾)𝑹
𝜋

2
− δ 𝑹

𝜋

2
+   (2) 

The 𝑹 , 𝑹  and 𝑹  are the standard rotation matrices about the x, y and z-axis respectively, in a right-handed Cartesian 
coordinate system. The satellite inertial orientation is represented by right ascension 𝛼 and declination 𝛿, while 𝛾 is 
the body rotational angle about the spin axis. The pole coordinates 𝑥  and 𝑦  describe the relative position of the spin 
axis with respect to the satellite body axis +𝑍  and can be neglected here due to the fact that the passive nutation 
damper of Ajisai minimizes the pole deviation to a level better than 0.1°. The complete transformation of 𝒓  to the 
surface element local frame defined by the central normal 𝑵 (Fig. 8-b) can be realized with the element attitude tensor 
𝑨 as  𝒓 = 𝑨 𝒓 , where 

𝑨 = 𝑹 −
𝜋

2
𝑹 −

𝜋

2
𝑹

𝜋

2
− 𝜆 𝑹

𝜋

2
+ 𝜑 𝑹 (3) 

The 𝜑 and 𝜆 represent azimuth and elevation angles of the surface normal 𝑵 in BCS. The final rotations 𝑹  and 𝑹  
bring the polar system to the equatorial form where the orientation of the resulting unit vector 𝒓 = [𝑥 𝑦 𝑧 ]  
with respect to 𝑵 can be conveniently described by the azimuth and elevation residual angles: 

𝐴𝑧 = 𝑎𝑐𝑜𝑠
𝑥

𝑥 + 𝑦
, and 𝐸𝑙 = − 𝑎𝑐𝑜𝑠(𝑧 )  (Fig.8-b). 

3.3 Surface mapping and anomaly detection 

The high-sampling rate and the single-photon sensitivity of the detection system deliver a high level of details of the 
resulting surface reflectivity map. The satellite spin models are used to calculate the attitude tensor (Eq. 3) and 
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compute location of the phase vector on the mirror surface at the time coordinates of the photometric samples. Fig. 9-
a presents a set of flashes with the photometric samples projected on the phase vector 𝑷 in the mirror angular 
coordinate frame as defined on Fig. 8; this burst of flashes is presented on Fig. 6 – zoom panel. The middle, rectangular 
contour represents the angular size of the convex mirror, while the internal and external frames mark the plateau and 
the reflection limits separated from the mirror edge by the solar flux divergence half-angle 𝜃 2⁄  (0.27°). The 
maximum intensity reflection is observed when the phase vector 𝑷 remains within the plateau area, and decreases as 
𝑷 drifts away from the central normal vector 𝑵 (Fig. 8-b) – this corresponds to the situation when the solar reflection 
footprint moves away from the ground detection system. The intensity of the photometric samples are compensated 
for the major, elevation dependent effects (satellite slant range, atmospheric attenuation) as well as the detection 
system efficiency. The unmodeled differences in the sky transparency due to the variations of the aerosol, dust and 
water vapor concentration can be removed during the process of burst normalization to the mean plateau level.  
 

 
Fig. 9. The normalized photometric data at the angular coordinates of the phase vector 𝑷 (this burst is presented in 
Fig. 6 - zoom panel). A) Solar flashes in the angular coordinate system with respect to the central normal 𝑵 of the 
mirror. The internal, middle and external contours indicate the plateau, mirror edge and reflectivity limits. B) 
Normalized intensity vs. the azimuth distance of the phase vector from the mirror edge (only data from the plateau 
elevation range is plotted). 𝜽𝑺 is the solar flux divergence angle; the RMS of the plateau points is 3.1%.  
 
We have collected the single-photon light curves of Ajisai from Oct. 2015 until Jan. 2018 and selected good quality, 
continuous passes for the surface mapping of 175 satellite mirrors. The examples of the combined photometric data 
of 4 mirrors are presented in Fig. 10: the plateau-normalized samples are located in the row a), while the row b) 
presents the averaged reflectivity profiles. The profile image 1b) shows an expected, good quality surface that is 
obtained for the majority of the mirrors, while the other profiles demonstrate different types of the surface anomalies: 
2b) a slight, punctual decrease in the reflectivity is visible near the middle of the top edge, 3b) the “crack” on the left 
side (an approximate size 0.3°  0.4°) is the most significant anomaly that has been detected among all of the measured 
mirrors, 4b) an uneven reflectivity along the edges.  
The external elements of Ajisai are exposed to the space environment that can cause degradation of the satellite surface 
quality due to the solar irradiation as well as the interaction with the residual atmosphere and charged particles. The 
possible reason for the observed anomalies or the “cracks” on the reflectivity profiles can be the hypervelocity impacts 
of the MMOD particles and the aging effects of the surface material exposed to the extreme UV radiation.  
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Fig. 10. Examples of the mirror profiles: 1) mirror number 11 of ring U2, 2) mirror #14/U2, 3) mirror #17/U2, 4) 
mirror #21/C0. Row a) the combined photometric data normalized to the plateau mean level; Row b) the averaged 
reflectivity profiles.  

4 CONCLUSIONS AND FUTURE PLANS 

The hypertemporal, single-photon light curves make it possible to map reflectivity of the satellite surface elements 
and detect anomalies that can be related to the material aging effects or MMOD impacts. The state-of-the-art photon 
detection system and the accurate attitude modelling allow for the passive, remote characterization of the spacecraft 
elements by using a single-pixel detector. The high-level of details achieved with the Ajisai mirrors encourages for 
mapping solar panels of defunct, tumbling satellites located at different altitudes in the search for the hypervelocity 
impacts. This information could be further used to validate and improve the MMOD models for safety of the satellite 
operations, human space flights and robotic missions. 
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