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ABSTRACT

In the frame of the Italian Space Agency prograname
Space Debris, the Measurement issue plays an iargort
role. The paper deals with two of the activitiesiakh
are currently going on in this field:

1. optical measurements: a semi-transportable optical
observatory for space debris monitoring has been
developed and is operative;

2. radar measurements of re-entering particles: ai-mult
static system for detecting meteoroids enteringhEar
atmosphere is being improved and used for re-
entering orbiting debris too.

The paper describes the mentioned facilities aaditst
results achieved.

1. INTRODUCTION

The Italian space debris detection activity begaG02
with the first optical observation test campaigh ¢ar-

ried out by GAUSS (Group of Astrodynamics of the
University of Rome “La Sapienza”). The observation
had continued for a few years exploiting amateur as
tronomers’ facilities, see [2], [3] and [4], alsp the
frame of the IADC (Inter-Agency Space Debris Coordi
nation Committee) co-ordinated measurement cam-
paigns.

In October 2006 the Italian Space Agency (ASI)
founded the Detriti Spaziali” (Space Debris) pro-
gramme. The purpose of this programme is to improve
the Italian expertise in the field of space delvtsle
increasing the collaboration among Italian groups i
volved in research activities on this subject. Tine-
gramme addresses the “measurement”, “modelling”,
“protection” and “mitigation” activities.

In the framework of this programme, GAUSS started
the designing and manufacturing of the first Italapti-
cal observatory dedicated to space debris mongorin

The main driver of the observatory design was #reis
transportability. The facility include two optictibes,
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with 30 cm and 40 cm diameters, a Charge Coupled
Device (CCD) camera, a robotic mount, a dome and a
laptop PC. The software packages installed on the P
provide the hardware with the capabilities of aoton
mous tracking, programmable image acquisition and
download and dome control; an internet connectien a
lows the observatory overall remote control.

Due to the large amount of data collected durirgab-
servation campaigns, a specific software has been d
veloped for image processing automation and for the
correlation of the detected objects with the cafaéo
This software has been used to process all theesag
obtained during the IADC coordinated campaigns.

ASI Space Debris programme also addresses radar ob-
servations, featuring two research lines:

» centimetric and sub-centimetric debris detection in

LEO by means of bi-static radar facilities;

» observation of up to sub-millimetric particles i r

entry phase by means of a multi-static radar system

The following sections describes the facilities ahd
first results achieved with the optical observatand
with the multi-static radar system for re-enterjveyti-
cles detection.

2. THE FACILITIES

2.1.

GAUSS designed and developed, under ASI contract,
the first Italian optical observatory completelyddsted

to space debris detection (called SpaDe, SPAceiBEbr
see [5]). The SpaDe peculiar requirement is thestra
portability; this was a driver for all the desigmoices.

The SpaDe optical observatory

For this project two optical tubes have been predur
the first one is a 400 mm diameter Modified Casaiegr
with a focal ratio 0f71.8. This configuration has a para-
bolic primary mirror, a parabolic secondary miramd a
corrector meniscus of 3” on the primary. The caoec
meniscus on the primary mirror is a not a commam co
figuration, so we call it “Modified” Cassegrain ths-



tinguish it from the traditional Cassegrain configfion,
which permits a corrector meniscus on the secondary
mirror. With the modified configuration a shortercél
length (thus a wider field of view, FOV) and a deza
stability on the mount (useful for LEO objects kimg)

are achieved with respect to a classical Cassetyriain

The optical system (the two mirrors and the mersscu
and three rods (which impose the focal length) were
bought. A support for the primary mirror, that afdays

the role of support for the whole telescope, was de
signed by GAUSS (see Figure 1).

The second optical tube of the SpaDe observatogy is
Baker-Schmidt with a diameter of 300 mm and a focal
ratio of /2.8, Figure 2. It is a classical Baker-Schmidt
configuration with a spherical primary mirror, aypler-
bolic secondary mirror and a correction lens theat r
moves the aberrations of the mirror as coma arig-ast
matism.

Figure 2. Baker-Schmidt optical tube.

Figure 3. Paramount GT 1100 ME.

Table 1. SpaDe CCD parameters.

Number of Pixels 4096(H) x 4096(V)
Pixel Size 9 pum (H) x 9 pm (V)
Chip Size 38.6 mm(H) x 37.76 mm(\))
Quantum Efficiency (@ 60%
500 nm)

Figure 4. FLI Proline and adapter.

For space debris optical observation campaigns a track-
ing system is required. For this reason a Param@iint
1100 ME commercial mount has been chosen (see
Figure 3). This mount is capable to support up3dg

and to rotate with a maximum angular velocity of 5
deg/s in right ascension and 7 deg/s in declination

SpaDe observatory has been equipped with a FLI
Proline 16803 CCD camera, with a Kodak Kaf 16803
sensor. This is a commercial off-the-shelf CCD camera;
its main features are summarized in Table 1. TIEHC
has a downloading speed of 12 Megapixels per second
In Figure 4 the FLI Proline, with the Baker-Schimdt
adapter is shown. This CCD permits to achieve ld fie
of view of about 2.6 deg for the Baker-Schmidt and
about 3 deg for the Modified Cassegrain.

The semi-transportability requirement pushed tdges
and manufacture a new kind of dome, easily trarspor
able, even by car. The structure is based on faadq
rangular arcs which rotate around a central axé® (s
Figure 5) by means of an electrical motor. It has a
Poly/450/pvc coverage. The main characteristicthisf



dome are modularity and lightness, both essential t The observatory was initially assembled at Univgrsf

comply with the transportability requirement; theus- Rome, in order to perform hardware and softwartstes
ture can be actually disassembled in small modiles. At the moment, SpaDe observatory is located in
dome is ready to be remotely controlled. Figurb@®s Collepardo, nearby the “Collepardo Automatic Tele-
a picture of the dome. scope” of the Associazione Astronomica Frusinate”

amateur astronomy society.

Table 2 reports geodetic position and seeing (fidth
at half maximum, FWHM) of the site.

Figure 7 depicts the observatory control schemk; al
SpaDe functions can be operated by means of aplapto
PC, which, in turn, can be remotely controlled tigio

an internet connection, thus providing the obseryat
with complete remote control.

2.2.  The BLM radar facility

Figure 5. Dome design. The BLM (Bologna-Lecce-Modra) forward scattering
(FS) meteor radar utilises a continuous wave trgasm
ting frequency at 42.7 MHz with 1 kw mean power,
having the transmitting station at Budrio (neardgwia,
Italy) and the receiving stations at Lecce in Seuth
Italy and Modra (Slovakia) (see Figure 8). Caldokat
of the peak received power from a typical FS ecid-i
cates that most debris/meteoroids with electrorsitien
g > 5x10% el/m will be detected by the system, corre-
sponding ton = 10° kg masses and = 100 - 200 mi-
cron sizes, by assuming standard conditions (Ji¢e [8

Figure 6. The dome in closed configuration. BLM (Bologna-lecce-Modral RADAR

Modra
»

Table 2. Collepardo observatory features. il
Site: Collepardoltaly
Latitude [deg — North/South]: 41°45'54" N
Longitude[deg — East/West]: 13°222F
Altitude [m]: 576
Seeing (FWHM) [arcsec]: 8.48

Figure 8. The BLM radar system.

| oomE | § 3. RESULTS

3.1. Results of the optical campaigns

: In this section the results are presented, reletmiite
high Earth orbit (HEO) monitoring campaigns per-
_ formed from February to June 2008. For the sake of
L @ completeness, all the results are reported, inctudi
(=¥ 3a] ' those achieved with the Collepardo Automatic Tele-

| oL -‘"—"‘Tfﬂn scope (CAT). This allows also to assess a rough-com

[svas]

| AC ADAPTER
7| MOUNT cch parison of the performances of SpaDe with respect to a
telescope which was widely used by GAUSS in the op-

tical campaigns of the previous years. In Tableh&® t

Figure 7. SpaDe observatory connections.



main features of the two optical systems (SpaDe and ¢ Column5
CAT) are summarized. We remark that the two tele- the number of frames taken with the three different
scopes were co-located in Collepardo, Italy. observation strategies used:

- STM - Sidereal tracking mode: the pointing is

Table 3. Main features of the SpaDe and CAT optical fixed with respect to the inertial reference frame.

systems. - OTM1 - Object tracking mode 1: during the ex-
SpaDe CAT posure time the mount is fixed with respect to the
Optical tube: Baker-Schmidt | Baker-Schmid Earth, while it is moved back to the same inertial
Diameter [m]: 0.300 0.250 coordinates before taking a new image. With this
CCD size [pixels] | 4K x 4K 512 x 512 method the GEO objects are point-shaped.
Field of view 2.6°x2.6° 0.74° x 0.74° - OTM2 - Object tracking mode 2: the mount is
(FOV) [degrees]: fixed with respect to the Earth. This method al-
Pixel scale 2.2 5.16 lows the same GEO object tracking during the
[arcs/pixel]: whole observation session.
Tracking [sidereal | Any rate Any rate
only or gn[y rate]: * Column 6 . . o .
the detected orbital objects are classified a®lit f
lows:
Table 4 shows the results of the HEO orbit mormitgri - CTs - Correlated Targets: orbital objects corre-
campaigns carried out in the framework of the IADC lated with NASA’'s “Geosynchronous Catalog
Action Item (Al) 23.4. Report”.

All the orbiting objects were automatically detettnd
identified with the software developed in the fravoek
of the ASI Space Debris Project (see [6]); thisvsafe
is capable to automatically process all the imagfesn
observation campaign. Images were taken with three
different observation strategies as hereafter leetadll
the images were taken during new moon periods. Each

- USCTs - UnSuccessfully Correlated Targets: or-
bital objects not correlated with the “NASA
Geosynchronous Catalog”.

- OF-USCT - One Frame UnSuccessfully Corre-
lated Targets: orbital objects not correlated with
the “NASA Geosynchronous Catalog” and de-
tected in one image only.

row of the table reports the data referring torgls ob- e Column?7
servation night. The table columns report the foifg - USs - UnSeen: orbital objects in the “NASA
information: Geosynchronous Catalog” that should have been
in the frames but actually not detected in the im-
e Columnil ages
- the date (dd-mm-yyyy) of the observation cam- ’
paign; The CAT telescope participation in the IADC joint

- the Universal Time Coordinated (UTC) at the campaign provided the possibility to compare imagfes

beginning and at the end of the images sequence. the same orbital region, with the same sky illurtiora
conditions, taken with different optical systemsheT
SpaDe larger FOV allows to monitoring a larger orbi
region and to collect a larger number of imageshef
same object (resulting in better results in thetatlle-
termination of the detected debris).

Column 2
information about the observation site and the-opti
cal system used. It is also showed the ratio betwee
the total number of frames achieved and the total
time spent during the night of observation.

The software developed by GAUSS is able to autemati

Column 3 _ _ , _cally process all the images of an observation campaign
the number of pixels in the CCD image (depending reqardless for the observation strategy (STM, OTM1
on the binning used). It is important to point that and OTM2), allowing to detect and identify the dirig

some observation campaigns have been carried out
with two different binning settings, in order torifg

and test the optimal image acquisition configuratio It is also important to point out that most of tBgaDe
in the “seeing” conditions of Collepardo observatio ~ Observation campaigns have been carried out wik a

objects in each frame.

site. binning, in order to obtain a CCD size of 2K x 2K-p
els and a pixel scale of 4.4 arcseconds, see [} i§
Column 4 the best accuracy achievable taking into accounsere-

the ratio between usable frames and the total numbe g of Collepardo site. In fact the pixel size esponds

of fra_mes achieved during the observation campaign. to about one half of the seeing FWHM (which is 8.48
A typical example of useless frame is one heavily &  arcseconds, see Table 2). Moreover the image size d
fected by bad weather conditions. creases (32 Mbyte for a 4K x 4K CCD size and 8 Mbyt



Table 4. Results of the GEO Orbit measures carried out by ASI-GAUSS group from February 2008 to June 2008.

TELESCOPE USABLE DETECTED OBJECTS
OBgf‘s\;\A,\ITD'ON (N° FRAMES / | IMAGE | FRAMES/ | OBSERVATION US
OBSERVATION | PIXELS | TOT.N°OF | STRATEGY OF-
TIME CT | uscT TOT
TIME) FRAMES UsCT
11-02-2008 SpaDe STM (103 fr.) 0 1 0 1 0
21:57:59 1365x1365|  103/103
22:27:01 (103 fr. /0,5 h) OTM1 (nofr) | / ! / N
08-03-2008 CAT STM (300 fr.) 4 2 1 7 0
21:11:53 512x512 300/361
00:05:04 (361 fr. / 2,87 h) OTM1 (nofr) | / ! / ro
09-03-2008 SpaDe STM (420 fr.) 6 3 1 10| o
00:18:23 2kx2k 420/500
03:32:00 (500 fr. / 3,23 h) OTM1 (nofr) | / / / I
09-03-2008 CAT STM (340 fr.) 4 4 1 9 0
00:21:57 512x512 340/340
02:52:23 (340 fr. 2,52 h) OTM1 (nofr) | / ! / I
04-04-2008 SpaDe STM(nofry | 1 | 1 / N
20:09:00 4kxdk 0/9
20:28:00 (9 fr./ 0,32 h) OTM1 (nofr.) | / ! / I
05-04-2008 SpaDe STM (70 fr.) 4 1 0 5 0
21:03:20 4kxdk 226/246
02:59:00 (246 fr. 1 5,93 h) OTM1 (156fr.) | 6 7 0 3|0
Jodi Lso150 STM (42fr) | 13| O 0 13| o
X
DL dis ok SpaDe OTM1 (90fr) | 26 | 3 2 31| 1
19:38:00 STM(68fr) | 31| 3 3 37| o
.20 r.
02:30:00 (3331r./6,87h) | ek 201/201
OTM1 (133fr) | 38 | 9 5 52| 0
02-05-2008 SpaDe STM (68fr) | 16 | 2 1 19 o
19:30:00 2kx2k 132/289 OTM1+OTM2
01:01:00 (289 fr. /5,5 h) @38 1r)+(26fr) | © 4 1 310
Mo 62/80 STM (33 fr.) 1 1 1 1
X
03-05-2008 SpaDe OTM1 (49fr) | 1 4 1 0
19:30:00
02:30:00 @21 /7h) | ek 332 | oM (@3f) | 6| 8 1 [ 35 2
OTM1 (139fr.) | 4 8 2 14 | 2
06-05-2008 SpaDe STM (56 fr.) 0 5 0 5 0
23:01:00 2kx2k 142/173
02:30:00 (173 fr./13,5h) OTM1 (86fr) | 4 4 3 11 0
07-05-2008 SpaDe STM (147 fr)) 6 5 0 11 1
19:31:00 2kx2k 244/335
02:30:00 (335 fr. / 7 h) OTM1 (971fr) | 5 9 3 17| 0
30-05-2008 SpaDe STM(nofry | 1 | 1 / N
20:01:00 4kx4k 76/76
21:14:00 (76 fr. 11,22 h) OTM1 (761fr) | 1 1 3 51 3
01-06-2008 SpaDe STM (no fr.) / / / / /
22:52:00 4kxdk 105/105
00:59:00 (105 fr. / 2,12h) OTM1 (105fr) | O 3 3 6 | 2
03-06-2008 SpaDe STM (no fr.) / / / / /
20:53:00 2kx2k 0/108
23:23:00 (108 fr. /2,5 h) OTM1 (nofr) | / / / I
04-06-2008 SpaDe STM (no fr.) / / / / /
20:34:00 2kx2k 58/113
22:48:00 (113 fr. / 2,23 h) OTM1 (581fr.) | O 1 1 2 |0




for a 2K x 2K CCD size), allowing a faster imagegr
essing procedure.

Figure 9 shows the results of the HEO monitoringn-ca
paigns carried out by ASI-GAUSS in the framework of
the IADC Al 23.4, from February to June 2008 (skse a
Table 4). 305 orbiting objects (184 CTs, 88 USCiid a
33 OF-USCTs) were automatically identified while 12
objects resulted unseen.

ocT
BUSCT
OOF-USCT
ous

Figure 9. Detected And unseen object in the HEO moni-
toring campaigns, February - June 2008.

Bad weather conditions affected most of the IADO&0
observation campaigns. There were only a few nights
with good weather condition: the 01-05-2008 session
carried out in both STM and OTM1 observation strate
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Figure 11. Phase angle of the 184 CTs.

Figure 10 shows the position of the identified cbje
with respect to the propagated positions of theabjin
NASA’s “Geosynchronous Catalog Report”. The coor-
dinate system used is the equatorial celestialdyaman-
tred in Collepardo observation site. It is impottam
emphasize that the ratio between USCTs and CTs in-
creases moving away from -6° declination, (which is the
declination of the geostationary ring with respémt
Collepardo).

Figure 11 shows the phase angle of the 184 CTs of

gies (see Table 4), is an example of a good weather kg re 9 (a phase angle of zero degrees repretients

condition observation campaign, with 133 orbital ob

jects detected (108 CTs, 15 USCTs and 10 OF-USCTSs)

and 1 unseen.

In the 02-05-2008 observation session all theetiofe
servation strategy (STM, OTM1, OTM2) were used in
order the compare the different results. Moreovés t
night of observation was the first test of the OTM2
automatic image processing procedure.

Position of the observed objects

& GEO Catalog Satellites
e CTs
e USCTs

DEC [deg)

%

RA [h]

Figure 10. Position of the detected objects and of the
geosynchronous objects in the Collepardo-centred ce-
lestial reference frame.

The ratio between the total number of frames amd th
usable frames achieved during the 2008 IADC cam-

best illumination condition).

3.2. BLM Radar preliminary results

A program has been developed to simulate the arfitry
debris into the atmosphere, as the output datheoint-
terferometer system shown in Figure 8. The simutati
program gives the distribution of 3000 echoes s$etec
among 10000 echoes according to the intensity ef th
reflected signal (Figure 12). A Gaussian distribotdf
heights between 55 and 95 km (peaked at 75-80 &m) i
assumed.

250
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paign (Table 4) is 2793/3412 (619 frames have been Figure 12. Simulated positions of 3000 echoes projected

badly affected by adverse weather condition), \aitio-
tal time spent of 53.31 hours.

on a horizontal plane including the radar baseline.

Results of the program for the 3000 echoes givenmea
values ofR, (transmitter-trail distance) = 369 km aRg



(receiver-trail distance) = 371 km,(bisector of the an-
gle betweenr; andR,) = 73° - 77°, ang? (angle be-
tween the trail and the propagation plane) = 07-20°
160°-200° (Figure 13).

Preliminary debris observations were carried ouD@
tober-December 2008. Mean values®f= R, = 370
km, ¢ = 75° andp = 20° are used to determine the

speeds of debris and meteoroids.

Figure 14 and Figure 15 give the cumulative flupés
space debris in comparison with the total fluxes (mete-
oroids plus debris)s the echoes’ durations, as observed
by the BLM radar respectively in October and Decem-
ber 2008.

radar echao

radar echa

Figure 13. Distribution of the interferometric angles f§ and ¢ relative to the 3000 echoes.

4 - 26 October 2008
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Figure 14. Cumulative number of 114 469 echoes vs their durations from meteoroids plus debris (total flux) and debris,
recorded during 4-26 October 2008.
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Figure 15. Cumulative number of 51 144 echoes vs their durations from meteoroids plus debris (total flux) and debris,
recorded during 4-20 December 2008.

site orbit determination: The 2003 GEO observation
4. CONCLUSIONS campaign from Collepardo and Mallorcad-
In the paper the results of the Italian 2008 opttEO vances in Space Research, Vol. 38, n. 9, pp. 2084-
monitoring campaign have been depicted. The whole 2092, 2006.
campaign was carried out by the new ltalian Space de- 4. F. Piergentili, M. Porfilio, F. Graziani, “Optical
bris Observatory (SpaDe), whose main features are campaign for low Earth orbit satellites orbit deter
briefly summarized in the first part of the paper. mination”, Proceedings of the Fourth European
Conference on Space Debris, ESA SP-587, pp. 689-
692, ESA Publications Division, Noordwijk, The
Netherlands, 2005.
5. F. Graziani, F. Piergentili, C. Cappelletti, L. Mur

About three hundred objects were detected, 88 tsbjec
were not correlated with the geosynchronous catirog
issued by NORAD.

Concerning the Italian radar facility for the deiea of rali, F. Paolillo, C. Marchiori, M. Porfilio, “Thérst

re-entering particles, it has been briefly desctibew Italian observatory for space debris observation”,

valuable rise-time speeds of small debris can be ob- 58th International Astronautical Congress, Hydera-

tained from the BLM radar utilizing the maximum gra bad 24-28 Settembre 2007, IAF paper IAC-07-

dients of the amplitude series up to peak amplirct® A6.1.06.

measurements. It can be noticed however that aepte 6. F. Paolillo, M. Porfilio, F. Piergentili, “First dian

the radar system is not able to provide reliahlaeb of space debris observatory: the image processing

sub-millimetric debris. Normal accuracy in rise¢im automation”,58" International Astronautical Con-

speeds, stated at better 10-12%, is expected imbe gress, Hyderabad 24-28 September 2007, IAF paper

proved by the full employment of the radio inteciere- IAC-07-A6.1.05.

ter. 7. W. Romanishin,n Introduction to Astronomical
Photometry Using CCDs, University of Oklahoma,

5. REFERENCES October 22, 2006.

8. G.Cevolani, G.Pupillo, G.Bortolotti, G.Grassi,
S.Montebugnoli, V.Porubcan, G.Trivellone, “At-

space debris detection campaign in Italfyances mospheric speeds of meteoroids and space debris by
in Space Research, V/ol. 34, n. 5, pp. 921-926, 2004. using a forward scatter bistatic radatlem. S. A.
2. M. Porfilio, F. Piergentili, F. Graziani, “The 2002 Suppl., 12, 39-43, 2008.

Italian optical observations of the geosynchronous
region”, Spaceflight Mechanics 2003, Advances in
the Astronautical Sciences, Vol. 114, pp. 1237-
1252, Univelt, San Diego, USA, 2003, AAS paper
n. AAS 03-186.

3. M. Porfilio, F. Piergentili and F. Graziani, “Two-

1. M. Porfilio, F. Piergentili, F. Graziani, “First tipal



