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MRD-144 (2.12.1) Detect with 95% confidence natural satellites ≥10-cm diameter with albedo ≥0.03 within 35 

km of Bennu. 

Summary of Requirement: 

MRD-144 consists of the results from searches for natural satellites during Approach. The observation plan is 

described in the Approach Science Phase Plan (SOCR-20) and the additional observations approved in SOCR-

89. 

The out of date DRM Rev C plan is described here: 

The first search will hunt for >1m satellites within 35 km of Bennu. The search will be conducted at a s/c-

Bennu range of ~1000 km. Five search fields will be imaged by MapCam (+ panchromatic filter) five times 

with an interval of ~45-60 minutes between visits. Searches will be conducted during three consecutive dates. 

The interval will allow any satellites to move relative to the background star field and enable detection using 

well-tested moving object detection techniques. The second search will hunt for >10cm satellites within 26 km 

of Bennu. The search will be conducted at a s/c-Bennu range of ~200 km. Ten search fields will be imaged by 

MapCam (+ panchromatic filter) five times with an interval of ~45-60 minutes between visits. Searches will be 

conducted during three consecutive dates. During each search, one field will be centered on Bennu to measure 

the position of Bennu for determining the spatial offset between Bennu and any detected satellite. 

Data Products Required: 

Inputs consist of the following data: 

OCAMS MapCam panchromatic FITS L1/L2 (ocams_image_level2rad specification) data taken specifically for 

the natural satellite searches 

       - SPICE kernels are not required for this data product 

       - updated images are not required for this data product 

Outputted data product: 

Satellite images and proof of existence (MRD-144) 

which consists of 

o   Catalog of detected satellites: List of all satellites detected during the course of the 3 satellite survey phases 

o   Determination of the smallest satellites detectable by the MapCam during the course of the 3 satellite survey 

phases, size limits will be mapped onto the volume of space around Bennu 

Ability/Availability of the System to Generate Sufficient Observations: 

Recent work by Samantha Rieger and OSIRIS-REx team members Daniel Scheeres and Brent Barbee examined 

the distribution of stable orbits around Bennu and the diameter of satellites on these orbits (Rieger et al. 2016) 

(Fig. 3). Satellites with diameters >1 m are found on orbits with semi-major axes as large as 25 km. No 

eccentricity information was given in Rieger et al. (2016), but it is unlikely that the apoapsis of any satellite can 

be larger than the Hill Sphere of Bennu. The Hill Sphere for Bennu has a radius of 35 km and denotes the 

region within which the gravity of Bennu dominates the motion of the satellite. A satellite outside of the Hill 

Sphere would be quickly stripped from the gravitational influence of Bennu by the Sun. For this reason, any 

satellite of Bennu will have an orbit within the Hill Sphere of Bennu.  

STM10 poster presented by Rieger et al. (2016). 



 

 

Figure 3 - Minimum diameter of natural satellites in orbits around Bennu. The numbers within the squares are 

the diameter of the smallest stable satellite (in meters) on that orbit. Figure from Rieger et al. (2016).  

 

The original plan for the 1m natural satellite search consisted of 5 MapCam search fields distributed relative to 

Bennu and its Hill Sphere as shown in Figure 4. The fields cover the entire Hill Sphere as well as the entire 

region within ~52 km of Bennu. If the stable orbits found by Rieger et al. (2016) with a semi-major axis of 25 

km were highly eccentric, they would have an apoapsis of ~50 km which is within the search region.  



 

Figure 4 - Distribution of MapCam FOV relative to Bennu and its Hill Sphere during the 1-m natural satellite 

search.  

 

 

Satellites in the 1m to 10cm diameter range can be found on orbits with semi-major orbits as large as 13 km. An 

extremely eccentric satellite on such an orbit would have an apoapsis of ~26 km. The current plan for the 10cm 

search consists of 10 MapCam survey fields covering the region out to 27 km from Bennu.   

 

The original plan for the natural satellite searches had them occurring on a single date for each search. A request 

has been made to conduct the 1m search on three consecutive dates and the 10cm search on three consecutive 

dates. The reason for this request is risk reduction. If a satellite is found it will be observed over a 3 date period 

resulting in an observed orbital arc of ~53 hours versus ~5 hours for a single date. This will simplify the effort 

needed to reacquire the satellite for additional observation. It will also ensure that any satellite located in front 

of or behind Bennu on a single date will be located well clear of Bennu on another date. Multiple dates will also 

reduce the risk of a satellite search being compromised by the impact of a solar Coronal Mass Ejection on the 

MapCam detector (as happened during Hayabusa’s satellite search at asteroid Itokawa). 



Minimum Success Criteria: 

The ability to detect point sources of a sufficiently faint astronomical magnitude comparable to the brightness of 

10-cm in diameter objects (albedo of 0.03) within 26 km of Bennu and 1-m objects within 35 km of Bennu. 

This will be determined by the ability of the data and software to detect stars of a sufficient faintness. Assuming 

such faint point sources are detectable, the non-detection of any natural satellites denotes that such objects are 

not currently in orbit around Bennu. 

Dependencies per Mission Phase: 

Approach phase: 

MRD-144 is dependent on the acquisition of OCAMS MapCam data for both the 1m and 10cm searches. If 

MapCam is not available, PolyCam can be used to conduct the 1m search. The 10cm search can be conducted 

within 50 km of Bennu and at low phase angles (>5 degrees) with the NavCam. 

Adequacy of the DRM: 

DRM-rev C is sufficient to collect the data needed to meet this requirement. 

APWG has requested an augmentation of the DRM-C imaging plan to reduce risk. 

Data Products per Mission Phase: 

Mission Phase: Approach 

The OCAMS MapCam and PolyCam instruments will conduct searches for satellites greater than 10cm in 

diameter in orbit around Bennu. In the DRM, two dedicated satellite search types were planned but this has 

since been augmented by additional days of natural satellite searches. Also, a third search type will involve 

scanning a subset of navigation and science images of Bennu taken throughout the Approach phase. 

From the time that Bennu is first acquired by PolyCam, images will be searched for possible satellites. 

According to radar analysis by Mike Nolan, satellites as large as 20m may have gone undetected if they were 

rapid rotators. Conversely, satellites as small as 2 m could have been detected if their rotation rates were on the 

order of many hours to days. 

A 10-m satellite may be detectable from a distance of ~50,000 km on Oct-10-2018 (assuming DRM Rev C and 

best-case PolyCam performance known at the time of analysis). This long-distance search for large multi-meter 

sized satellites will be conducted on already scheduled OpNav and Science images taken during the Approach 

phase. As a result, no new data is required for this long-range satellite survey. 

The following describes the now out of date DRM design. See the attached presentation for a summary of the 

current design (as of July 2018). 

SOCR-89 Additions and changes to natural satellite search observations.pptx 

The first dedicated satellite survey consists of 5 pointings imaged 5 times at a spacecraft distance of ~1000-

2000 km from Bennu. The search region will cover the entire Hill Sphere of Bennu, out to 35 km. The pointings 

consist of 4 pointings covering the region within 35 km of Bennu and a single pointing centered on the position 

of Bennu. The Bennu-centered pointing will consist of short exposures to avoid saturating the image of Bennu 

and to obtain a position of Bennu relative to any detected satellites. A 6th image of Bennu will be obtained at 

the end of the search to "bookend" the entire the search with observations of Bennu. 

·      Number of MapCam images for the 1st satellite survey is 5 x 5 + 1 = 26 images per date in the 

panchromatic filter. 



·      Total data volume is 26 images x 2.1 MB = 55 MB = 0.055 GB (assuming no compression). 

·      Date/Time of Observations – Observations will take place on 2018 Oct 27 UT and a request has been made 

to conduct the observations on Oct 25 and 26 

The second dedicated satellite survey consists of 10 pointings imaged 5 times at a distance of ~200-218 km 

from Bennu. The search region will cover the volume of space within 26 km of Bennu. The pointings consist of 

9 pointings covering the region within 26 km of Bennu and a single pointing centered on the position of Bennu. 

The Bennu-centered pointing will consist of short exposures to avoid saturating the image of Bennu and to 

obtain a position of Bennu relative to any detected satellites. A 6th image of Bennu will be obtained at the end 

of the search to "bookend" the entire the search with observations of Bennu. 

·      Number of MapCam images for the 2nd satellite survey is 10 x 5 +1 = 51 images in the panchromatic filter. 

·      Total data volume is 51 images x 2.1 MB = 107 MB = 0.11 GB (assuming no compression). 

·      Date/Time of Observations – Observations will take place on 2018 Nov 4 UT and a request has been made 

to conduct the observations on Nov 2 and 3 

Availability of Satellite Search Input Data Products 

MapCam data in support of the long-range search for multi-meter satellites of Bennu will be available within 

days of their production between the dates of 2018 August 15 and 2018 October 24. 

MapCam data in support of the search for 1m and 10cm satellites will be made available during the next 

downlink scheduled after the acquisition of the search data. The dates of each search are 2018 October (25-26), 

27 and 2018 November (2-3), 4 for the 1m and 10cm searches, respectively. Downlink of data will take place 

with in 24 hours of each search. 

Overview of Processing: 

Level-2 MapCam image data will be extracted from the SPOC database. A source extracting software will 

identify all point sources with a S/N > 2 in all search fields. 

Relative photometry will be measured within an aperture centered on the satellite. The aperture will be 2 times 

the mean FWHM of the image. An annulus centered on each object that ranges from 5 to 7 times the FWHM of 

the image will be used to measure the background sky brightness. The reason for using relative photometry 

during the satellite search is to accurately determine the brightness of a satellite in a region of sky that may be 

affected by scattered light from Bennu. Astrometry will be measured relative to pixel coordinates on the 

MapCam detector (X, Y coordinates). 

Absolute astrometry in J2000 Right Ascension and Declination coordinates will be determined by matching 

imaged field stars with astrometric reference stars in the Tycho2 and UCAC4/APASS catalogs (or future 

catalogs if the Tycho2 and/orUCAC4 are superseded). Photometry will be calibrated relative to OCAMS team 

produced MapCam photometric corrections.  Due to possible scattered light issues observing close to Bennu, 

the Tycho2 and UCAC4/APASS catalogs will be used to confirm the brightness of all point sources in the 

fields. 

Point sources that are fixed at a constant RA/DEC between images will be cataloged as background stars. The 

remaining list of potential moving objects will be searched for motion consistent with an orbit around Bennu. 

At least one science team member will visually inspect all candidate satellites. Satellites that pass inspection 

will be cataloged with accompanying astrometry and photometry.  



In-flight, camera bias, temperature, and background brightness will be monitored to ensure the cameras did not 

experience any anomalies during the course of the lightcurve observations. 

All automated satellite detection will need to be manually inspected before being accepted as a verified 

detection. Satellite astrometry will be used to produce satellite orbits and ephemerides. Quality of the 

astrometry will be verified by residuals relative to the satellites orbit. 

Time-frame for Data Processing 

Estimated time: 24 hours for the multi-meter searches 

o   Manual visual inspection of OpNav and Science PolyCam images for multi-meter satellites. 

o   Identification of candidate satellites. 

o   Identification of candidate satellites on later images. 

o   Production of astrometry and photometry of all satellites confirmed as real. 

Estimated time: 8 hours each for the 1m and 10 cm searches 

o   Automated extraction of point sources in all search fields down to a S/N of 2 for the 1m and 10cm searches. 

o   Autocorrelation with entries in astrometric and photometric standard star catalogs. 

o   Identification of candidate satellites. Visual inspection of candidate satellites. 

o   Production of astrometry and photometry of all satellites confirmed as real. 

The APWG natural satellite searches are scheduled for October 25-27, 2018 (1m search) and November 2-4, 

2018 (10cm search) in the DRM. The resulting data products will be produced within 1 working day of data 

downlink and processing by the SPOC OCAMS pipeline. If evidence of a satellite(s) is detected, additional 

observations will be conducted in accordance with the Natural Satellite Detection contingency plan.   

The APWG test conducted on synthetic MapCam data shows that the natural satellite data can be reduced and 

the data products produced within 1 working day of data downlink and processing by the SPOC OCAMS 

pipeline. 

Provenance of Algorithms, Software and Techniques: 

One software packages/scripts will be used to produce the relevant data products for MRD-144.  

1.     Astrometrica is a Windows based COTS program focused on the astrometric and photometric 

measurement of stars and moving objects (asteroids, comets, satellites). Astrometrica also has the ability to 

automatically detect moving objects. Additionally, it allows the user to ‘blink’ between all images of the same 

field to manually search for moving objects missed by the automated detection routine. It has been extensively 

used by the astronomical asteroid community to measure the astrometry and photometry of asteroids. 

Astrometrica was used by the Dawn science team to search for natural satellites in orbit around asteroid 4 

Vesta.     

The following data products will be produced:  

-     one containing astrometric measurements for all detected satellites  

-     one containing photometric measurements for all detected satellites  

The IRAF software package can be used in place of Astrometrica, if needed. Additionally, the MPO Canopus 

software is also well used by the astronomical asteroid community and could be used as well. 



Expected/Simulated Data: 

A document describing how the APWG test data was produced is linked below. 

APWG Test Data Production.docx 

Analysis & Verification Methods: 

There are no current issues with producing the Natural Satellite Search data products, both the astrometric and 

photometric products, in support of MRD-144. The relevant software programs to produce the MRD-144 data 

products have been delivered to the SPOC and a dry run on synthetic MapCam natural satellite image data was 

successfully conducted. 

The software and processes have been tested on real images of faint moving asteroids (an analog faint natural 

satellites of Bennu) taken with ground-based telescopes. Synthetic MapCam data was also produced using the 

SkyMaker COTS software package and run through Astrometrica successfully. A number of satellites of 

different brightnesses (ranging from V magnitude 6.0 to 12.0) and rates of motion were added to the images. 

The positions of the natural satellites were changed in such a way to mimic linear motion across the 5 natural 

satellite search images. These tests confirmed the ability of Astrometrica to automatically detect faint moving 

objects down to a S/N of 3 and to manually blink detect down to a S/N of 2. An example of a synthetic natural 

satellite detected by Astrometrica is shown in the figure below. 

 

Existing or Potential Liens: 

 

Lien-APWG-1 has closed with the approval of SOCR-89 (scheduling additional natural satellite search days). 



 

    Lien-APWG-1: Lien on the Asteroid Observation Planning Group at the SPOC and the SOPG:  The 

Approach Phase is the only mission phase where these data can be acquired. To mitigate the risk of operational 

issues during this time period, a request has been made to the SOPG to conduct tests of both search campaigns 

in their entirety over the course of three consecutive dates to reduce the risk of losing any single date's data due 

to spacecraft, instrument or environmental (Coronal Mass Ejections) issues 

 

SPOC Requirements: 

SPOC support consists of:  

 -       Access to relevant OCAMS MapCam L1/L2 FITS images  

 -       Access to a computer (running Windows [or Windows virtually on a Mac OS X machine)  

 -       Access to relevant satellite search reduction programs delivered by APWG, including:  

   o   Astrometrica (COTS)  

-     Access to UCAC4 astrometric star catalog 

-       Ability to upload satellite search data products to SPOC Repository 

 

External Interfaces: 

Data indicating a successful satellite detection will be passed along to RSWG to generate the orbital properties 

and stability of any detected satellites along with data identifying the images in which a detection was found, 

along with pixel coordinates of the detection. As this is a contingency, no formal interface is defined. 
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The	tables	below	show	the	minimum	natural	satellite	diameter	that	is	stable	for	a	given	semi-major	
axis	and	inclina9on.		However,	the	first	table	does	not	provide	the	full	story	since	there	are	ranges	of	
unstable	diameters	that	exist	that	are	greater	than	the	minimum	diameter.	 	By	taking	orbits	that	are	
in	the	terminator	plane	out	of	the	table	these	instabili9es	are	exposed.	

The	figures	below	show	how	the	numerical	results	in	blue	to	red.	These	figures	are	in	the	asteroid-orbit	
frame	at	a	semi-major	axis	of	4	km.	Each	plot	above	shows	the	evolu9on	of	the	inclina9on	versus	the	
longitude	of	 the	ascending	node	over	9me	 for	 increasingly	 larger	natural	 satellites;	 star9ng	with	plot	
diameter=0.075	 m	 to	 plot	 diameter=7.5	 m.	 Each	 data	 point	 is	 part	 of	 an	 orbit	 with	 varying	 ini9al	
condi9ons.	Orbits	las9ng	1000	years	are	in	blue,	while	the	ini9al	condi9ons	that	ended	prior	to	the	1000	
years	due	 to	escape	or	 collision	are	 in	 red.	Plot	diameter=7.5	m	gives	 the	 colors	 that	 represent	how	
many	years	before	collision/escape	for	each	orbit.	The	first	no9ceable	observa9ons	from	these	graphs	
is	that	graphs	with	diameter	between	0.075-0.75	m		
have	stable	orbits	at		
inclina9ons	between		
50◦	−	100◦,	but	graphs	
With	diameters	greater	
than	1.5	m	are	unstable	
in	this	region.	The		
diameters	less	than	0.75	
m	in	diameter	are	stable	
in	this	region	due	to	the	
Sun-terminator	plane		
While	the	instability	in	the	
subsequent	graphs	are	
due	to	instability	from		
the	Kozai	resonance.		
 

 

INTRODUCTION	
Bennu	 might	 possess	 any	 natural	 satellites	 in	 long-term	 stable	 orbits	 that	 could	 interfere	 with	
spacecraT	opera9ons	 in	Bennu’s	vicinity.	 	Bennu	has	been	the	target	of	an	extensive	ground-based	
observa9on	campaign	since	its	discovery	in	1999,	and	those	observa9ons	have	ruled	out	the	presence	
of	any	natural	satellites	larger	than	15	m	in	diameter.2	To	inves9gate	whether	stable	orbits	exist	for	
<15	m	 natural	 satellites	 of	 Bennu,	 we	 vary	 ini9al	 condi9ons	 for	 semi-major	 axes,	 inclina9ons	 and	
longitude	of	the	ascending	nodes	to	find	a	range	of	possible	orbits	that	are	stable.	Eccentricity	will	not	
be	varied	as	an	 ini9al	condi9on,	but	with	perturba9ons	from	the	Sun	the	eccentricity	may	 increase	
significantly.	Semi-major	axes	from	1	km	out	to	the	Hill	sphere	will	be	analyzed,	since	highly	eccentric	
orbits	 may	 exist	 that	 bring	 the	 natural	 satellites	 very	 close	 to	 the	 surveying	 orbits	 of	 OSIRIS-REx.	
These	 ini9al	condi9ons	will	be	 repeatedly	evaluated	 for	mul9ple	sized	satellites	up	 to	15	meters	 in	
diameter.	 Each	 ini9al	 condi9on	 is	 simulated	 for	1000	years	or	un9l	 the	natural	 satellite	escapes	or	
collides	with	Bennu.	If	there	is	escape	or	collision,	these	ini9al	condi9ons	are	considered	unstable.		
By	 construc9ng	 and	 execu9ng	 an	 array	 of	 detailed	 simula9ons	 modeling	 the	 evolu9on	 of	 Bennu	
natural	 satellite	 orbits	 over	 thousand-year	 9me	 scales,	 we	 will	 assess	 the	 possible	 sizes,	 orbital	
loca9ons,	 and	 longevi9es	 of	 Bennu	 natural	 satellites.	 We	 note	 that	 theories	 proposing	 credible	
mechanisms	for	the	in-situ	forma9on	or	capture	of	such	natural	satellites	are	also	required,	but	those	
studies	are	purposely	placed	outside	the	scope	of	our	dynamical	inves9ga9ons.	From	these	data	we	
will	draw	conclusions	about	the	likelihood	of	Bennu	possessing	natural	satellites	either	in	the	past	or	
during	the	current	epoch,	whether	such	natural	satellites	might	interfere	with	OSIRIS-	REx	spacecraT	
opera9ons	 around	 Bennu,	 and	 whether	 there	 are	 specific	 regions	 in	 the	 vicinity	 of	 Bennu	 within	
which	 the	 OSIRIS-REx	 team	may	 wish	 to	 focus	 their	 efforts	 to	 search	 for	 <15	m	 natural	 satellites	
during	the	spacecraT’s	gradual	approach	to	Bennu.		
	

	

	

	 MODEL	
• Perturba9ons	

• Third	body	dynamics	from	the	Sun	
• J2	of	asteroid	
• Solar	Radia9on	Pressure	(SRP)	

• Ini9al	condi9ons	simulated	for	1000	years	or	9ll	collision/escape.	

VARYING	SATELLITE	DIAMETER			

SUN	SYNCHRONOUS	ORBITS	

CONCLUSION	
•  Stable	orbits	exist	for	natural	satellites	with	diameters	of	0.0075	m	to	7.5	m.	
•  Stable	orbits	for	semi-major	axes	from	0	to	25	km.	
•  Terminator	plane	orbit	responsible	for	smallest	natural	bodies	orbi9ng	around																									

Bennu	(0.15-0.75	m).	
•  Modified	Laplace	plane	stable	for	orbits	of	larger	natural	satellites	(>0.75	m).	
•  Kozai	resonance	responsible	for	stable	orbits	far	away	from	Bennu.	
•  Kozai	resonance	also	responsible	for	unstable	regions	of	larger	natural	satellites	(>~0.75	m).	

1.  Y.	Kozai,	“Secualar	Perturba9ons	of	Asteroids	with	High	Inclina9on	and	Eccentricity,”	The	Astronomical	Journal	”,	vol.	67,	Issue	9,	1962,	pp.	591-598..	
2.  M.	Nolan,	C.	Magri,	E.	Howell	et	al.,	“Shape	model	and	surface	proper9es	of	the	OSIRIS-REx	target	Asteroid	(101955)	Bennu	from	radar	and	lightcurve	observa9ons,”	

Icarus	,	Vol.	226,	Issue	1,	2013,	pp.	629-640.	
3.  A.	J.	Rosengren,	and	D.	J.	Scheeres,	“Laplace	Plane	Modifica9ons	Arising	From	Solar	Radia9on	Pressure,”	The	Astrophysical	Journal,	vol.	786,	May	2014,	p.	45.	

MODIFIED	LAPLACE	PLANE	

The	 Kozai	 resonance	 is	 caused	 by	 third	 body	
perturba9ons	 on	 a	 satellite.	 This	 resonance	
causes	 libra9on	 of	 the	 satellite’s	 argument	 of	
periapsis.1	 This	 libra9on	 causes	 an	 exchange	
between	 eccentricity	 and	 inclina9on	 in	 such	 a	
way	that	the	satellite’s	angular	momentum	in	the	
Sun-Bennu	orbit	plane	 is	 conserved.	An	example	
of	exchange	between	inclina9on	and	eccentricity	
for	 the	 Kozai	 resonance	 is	 on	 the	 right.	 Average	
equa9on	 in	 red	 and	 numerical	 data	 in	 blue.	 The	
Kozai	 resonance	 has	 a	 maximum	 eccentricity	
value	 for	 a	 given	 inclina9on.	 If	 the	 maximum	
eccentricity	 is	 large	 enough	 (>0.9),	 the	 orbit	will	
become	 unstable.	 This	 is	 the	 case	 for	 high	
inclina9on	 orbits	 from	 80°-120°	 for	 satellites	
greater	than	1.5	m	in	diameter.	
	

MINIMUM	DIAMETER	SATELLITE	STABLE	
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ORBITAL	STABILITY	REGIONS	FOR	NATURAL	SATELLITES	OF	BENNU	101955	BENNU	(1999	RQ36)	

Semi-
major axis 
(km) 

Range of diameters of natural 
satellite in terminator plane (m) 

2 0.015-0.075 
3 0.03-0.225 
4 0.0525-0.375 
5 0.15-0.45 
6 0.15-0.525 
7 0.15-0.6 
8 0.225-0.675 
9 0.3-0.675 
10 0.375-0.75 
11 0.45-0.75 
12 0.675-0.75 
13 0.75 

An	 orbit	 can	 be	 stable	 for	 a	 natural	
satellite	if	in	the	sun.	These	orbits	tend	to	
stay	 frozen	 in	 the	 Keplerian	 orbital	
elements	 except	 the	 longitude	 of	 the	
ascending	 node,	 which	 will	 precess	 at	 a	
rate	equivalent	with	Bennu’s	orbit	around	
the	Sun.	To	determine	which	orbits	were	
in	a	Sun-synchronous	orbit,	we	compared	
the	rate	of	the	longitude	of	the	ascending	
node	to	the	rate	of	Bennu’s	true	anomaly	
around	the	Sun.	 	 If	they	were	equivalent,	
or	300.97°/year,	the	natural	satellite	were	
Sun-synchronous.	 	 The	 Sun-synchronous	
orbit	 was	 only	 stable	 for	 smaller	 natural	
satellites	 and	 the	 ranges	 of	 stable	
diameters	 for	 each	 semi-major	 axis	
analyzed	can	be	viewed	in	the	table	to	the	
right.	

The	classical	Laplace	plane	is	normal	to	the	axis	about	which	the	pole	of	a	satellite’s	orbit	precesses.	
The	 modified	 Laplace	 plane(MLP)	 includes	 Solar	 Radia9on	 Pressure	 (SRP)	 perturba9ons,	 J2	 non-
spherical	gravity	perturba9ons,	and	solar	gravity.3	The	MLP	is	a	frozen	orbit	that	remains	at	a	semi-
major	axis	at	a	given	inclina9on	that	lies	between	the	equator	and	Bennu’s	orbit	plane	around	the	
Sun.	 	The	MLP	is	stable	for	natural	satellites	greater	than	1.5	m	in	diameter,	anything	smaller	and	
SRP	will	cause	the	orbit	to	become	unstable.	

 a=5	km,	d=7.5	m	 a=5	km,	d=1.5	m	

KOZAI	RESONANCE	

Minimum	Diameter	for	all	Data	

Minimum	Diameter	for	all	Data	Excluding	Terminator	Orbits	

Varying Parameter Values 

Semi-major axis of Natural Satellite 1-30 km 
Diameter of Natural Satellite 0l0075-15 m 
Longitude of the ascending node of Natural Satellite 0°, 90°, 180°, 270° 
Inclination of Natural Satellite 0°-180° 



Satellite Images and Proof of Existence 

Data Product Overview 

Natural Satellite Images and Proof of Existence consists of two ASCII files containing lists of positions (in X,Y 

image and J2000 RA/DEC sky coordinates) and photometry of any natural satellites of Bennu detected during 

the Natural Satellite Searches. Three types of satellites searches are to be conducted: a dedicated search for 10-

cm or larger satellites within 26 km of Bennu, a dedicated search for 1-m or larger satellites within 36 km of 

Bennu, and a serendipitous search of all OpNav and science OCAMS imaging of Bennu prior to the dedicated 

satellite searches for large satellites. 

 

The first file is based on the 80-column file format for astrometry and photometry submitted to the Minor Planet 

Center. The reason for archiving data in this format is heritage related in that many orbit determination software 

accept the MPC format. Some of the data columns are not relevant for our purposes but are retained to be 

consistent with MPC formatting. 

 

The second file contains more information about astrometric positions (higher precision, uncertainties, rms of 

astrometic fit, XY pixel coordinates, image name) and photometric measurements (higher precision, 

uncertainties, rms of photometric fit). 

 

Sat Search Overview.tiff 

 

Overview 

Data type (image, spectrum, data table, map format etc.):  

 

      data table 

 

What does it measure at what scale:  

 

      unresolved/point source  

 

What observations are required to provide the input data needed to make the data product?:  

 

      5 MapCam images per survey field taken at ~45-60 minutes intervals 

When in the DRM are the observations that make the data product scheduled to be taken?  

 

      serendipitous searches using OpNav and Science OCAMS images will take place between the start 

of         the Approach phase and the start of the 1-m natural satellite search 

 

      the 1-m search will occur over 3 consecutive dates (Oct 25-27, 2018 UTC). each date will consist 

of             observations taken within a 4.5 hour window. 

 

      the 10-cm search will occur over 3 consecutive dates (Nov 2-4, 2018 UTC). each date will consist 

of         observations taken within a 4.5 hour window. 

 

How long does it take to produce the data product?  

 

      resulting data products from data taken during a single 4.5 hour window will be reduced within 24 

hours       of data downlink       



Is this product used of sample site selection, science value, or long-term science?  

 

      mission safety  

 

Data Product Structure and Organization 

What is the structure of the data product (e.g. FITS file with 4 extensions):  

 

      ASCII 

How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. ):  

 

      two files per natural satellite search (or per contingency follow-up observation per detected satellite)  

 

Data Format Descriptions  

Minor Planet Center astrometry form 

Header information (metadata) included with data product. For example: 

 

ASCII table including the following: object ID, type of detector (set to 'C', not relevant), mid-time of 

observation, J2000 Right Ascension coordinate, J2000 Declination coordinate, magnitude, filter, observatory 

code (set to 'XXX', not relevant). 

 

Detailed Description of data format. For example: 

Table 

Data Type   

 

ASCII  

 

Field name, Field Description, Field Length, Field Format: 

 

Example format:   

    natsat1  C2015 01 01.04172 03 51 56.17 +24 45 25.7           6.2 V      XXX 

          Fortran format:   

A7,2X,A1,I4,1X,I2,1X,F8.5,1X,I2,1X,I2,1X,F5.2,1X,I2,1X,I2,1X,F4.1,10X,F4.1,1X,A1,5X,A3 

 

Astrometrica photometry file 

Header information (metadata) included with data product. For example: 

 

ASCII table including the following: J2000 Right Ascension coordinate, J2000 Declination coordinate, 

magnitude, X pixel coordinate, Y pixel coordinate, photometric flux, FWHM (full width half maximum), 

signal-to-noise, rms fit, Right Ascension error, Declination error, photometric magnitude error, name of image, 

object ID, astrometry type code (set to 'C'), observations mid-time UT year, observations mid-time UT month, 

observations mid-time UT day (in decimal days), J2000 Right Ascension coordinate, J2000 Declination 

coordinate, magnitude, observatory code (set to 'XXX'). 



           Detailed Description of data format. For example: 

Table 

Data Type  

 

ASCII 

 

Field name, Field Description, Field Length, Field Format: 

Line 1: 

I2,1X,I2,1X,F6.3,11X,+/-

,I2,1X,I2,1X,F5.2,11X,F5.2,11X,F7.2,2X,F7.2,2X,I6,1X,F6.1,1X,F6.1,2X,F5.3 

Line 2: 

17X,+/-,F4.2,18X,+/-,F4.2,11X,+/-,F4.2,1X,A27 

Line 3: 

A7,2X,A1,I4,1X,I2,1X,F8.5,1X,I2,1X,I2,1X,F5.2,1X,I2,1X,I2,1X,F4.1,10X,F4.1,1X,A1,5X,A3 

 

 

Example format: 

03 51 56.171           +24 45 

25.75            6.21            179.01   379.01   14518  41.5   37.9  0.004 

                 ±0.63                  ±0.67           ±0.01 Bennu_natsat_1.fits 

     natsat1  C2015 01 01.04172 03 51 56.17 +24 45 25.7           6.2 V      XXX 

 

    

 

Data Product Generation 

How and by whom is the product generated?   

 

Astrometry and Photometry  

 

What are the input products needed to produce the product?  

 

MapCam images of Natural Satellite Search fields, astrometric/photometric star catalogs, s/c ephemeris 

position, Bennu ephemeris position, MapCam image filter, MapCam image exposure time, MapCam image 
exposure duration, MapCam pointing (RA/DEC) 

 

Are there format expectations for the input products? 

 

Yes, though the fortran programs being used can be easily modified to accommodate any input formats. The 

MapCam image headers need to be in the standard FITS header format. A list of FITS header keywords and 

their meanings are required. 

 

What algorithms and/or calibration data is used to generate products?  

Are there format expectations for the inputs?  

 

Has a specific Science Team Member been assigned to produce this product?  

 

Carl Hergenrother  

 

Will multiple versions of the product be generated? 



 

If natural satellites are found, additional astrometry and photometry will be produced. 

 

How will they differ? 

 

The formats will remain the same, the data will be different due to occurring at different epochs. 

 

On what cadence will they be delivered? 

 

TBD, depending on the contingency plan. Cadence for astrometry will depend on the orbit of the satellite. 

 

Data Product Validation 

How will the product be vetted to ensure contents and format are correct? 

 

        Creation of synthetic image data (with synthetic satellites) will be run through the detection 

software.           Astrometry produced from the synthetic image data will be compared with expected results.  

 

 

Data Flow 

Update Data flow diagrams with more detailed based on current processing configuration. 

  

 



 

Describe the sources, destinations, and transfer procedures for data products.  

State the size of an individual data product and the total size of all the data products generated over the course 

of each mission phase.  

 

ASCII files will be very small (<1 MB). If natural satellites are found and warrant further following, astrometry 

and photometry may be produced throughout any of the encounter phases. 

 

State the time span covered by a product, if applicable, and the rate at which products are generated and 

delivered.  

 

The natural satellite searches will occur throughout the Approach phase. If no satellites are found, this data 

product will not be produced. If satellites are found, additional astrometry and photometry files may be 

produced throughout the rest of the encounter. 

 

Standards used to generate data product 

Time (e.g. times are all converted to UTC) 

 

       UTC  

 

Coordinate System 



       J2000 celestial coordinate system  

       astronomical photometric system (b,v,w,x,monochrome v) 

 

Data Storage Conventions (i.e. byte order, compression, machine dependence) 

 

       Natural satellite astrometry file to be saved to SPOC repository  

       Product to be retrieved via WebQuery based on data product type (name) or name of satellite       

       (provisional natural satellite identifier, for example, sat001, sat002, etc.). 

       There is no need to search  

 

Relevant ICD Data Products: 

• Astrometry of Confirmed Satellites (AP-8) 

• Photometry of Confirmed Satellites (AP-9) 

• Map of Region around Bennu with faint detectable satellites (AP-11) 

 

 



SOCR-89: Additions and changes to natural 

satellite search observations

Carl Hergenrother

AWG Lead



Current Baseline in Approach SPP rev 9c

• Four dates of PolyCam NSS

Date

(10:00 UTC)

Range (km)

Max – Mean - Min

Phase Angle

Max – Mean - Min

Minimum Sat 

Detected (cm)

Max – Mean - Min

Planned Search 

Range from 

Bennu (km)

Region from Bennu

searched for 1-sigma 

& worst case (km)

2018-Oct-24 6009 – 2867 - 1567 111° – 44° - 9° 85 – 24 - 14 36 42.2 – 30.6

2018-Oct-25 4915 – 2355 - 1288 111° – 44° – 9° 69 – 19 - 12 36 34.1 – 24.7

2018-Oct-27 2732 – 1335 - 738 107° – 42° - 9° 35 – 11 - 7 20 19.9 – 14.6

2018-Oct-28 1644 – 832 - 442 98° – 37° - 9° 18 – 6 - 4 16 12.5 – 8.7
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Proposed Changes to Approach SPP rev 9c

• Changes being driven by new analyses

• ETAS Lessons Learned

• Random telegraph pixel noise drives us to use shorter exposures

• Use of Catalina Sky Survey code requires us to look for satellites in fields with the same background stars which limits the 

amount of time we can dwell on a target

• Trajectory dispersion sensitivity analysis

• Trajectories with smaller ranges may result in insufficient coverage of region around Bennu

• Added more NSS dates to ensure a sufficient region around Bennu (35 km for 1-m and 16 km for 10-cm) is imaged

• Imager overexposure analysis

• Region close to Bennu may be saturated or too ‘washed out’ to allow detection of faint satellites

• Overexposure affects PolyCam less than MapCam so single PolyCam fields added to MapCam only dates to detect sats closer 

to Bennu

• Contingency planning for missed observations or detection of a satellite

• Adding daily NavCam (2-sec) exposures will enable detecting of 20 to 60-cm satellites within ~2 to 35 km of Bennu

• Adding OCAMS searches on November 10-11 will enable detection of 10-cm satellites within ~0.4 to ~15 km of Bennu

SOCR-89 - Additions and changes to natural satellite search observations 



Proposed Baseline and Contingency Plan

Date

(valid for 10:00 

UTC)

Range (km)

Max - Mean - Min

Phase Angle

Max - Mean - Min

Minimum Sat 

Detected (cm)

Max - Mean - Min

Planned 

Search Range 

from Bennu

(km)

Region from 

Bennu searched 

for 1-s & worst 

case (km)

Baseline Observations

2018-Oct-23 PC 7114 - 3380 - 1847 111° - 44° - 9° 100 - 27 - 16 36 50.0 - 36.2

2018-Oct-24 PC 6009 - 2867 - 1567 111° - 44° - 9° 85 - 24 - 14 36 42.2 - 30.6

2018-Oct-25 PC 4915 - 2355 - 1288 111° - 44° - 10° 69 - 19 - 12 36 34.1 - 24.7

2018-Oct-27 PC 2732 - 1335 - 738 107° - 42° - 11° 35 - 11 - 7 20 19.9 - 14.6

2018-Oct-28 PC 1644 - 832 - 442 98° - 37° - 11° 18 - 6 - 4 16 12.5 - 8.7

2018-Oct-30 MC/PC 289 - 245 - 209 13° - 0° - 13° 10 - 7 - 6 16 20.2 - 17.9

2018-Oct-31 MC/PC 278 - 237 - 203 13° - 0° - 13° 10 - 7 - 6 16 15.8 - 14.1

Contingency Observations

2018-Nov-10 MC/PC 164 13° 10 – 9 - 8 16 15.7 - 14.6

2018-Nov-11 MC/PC 157 15° 10 – 9 - 8 16 15.5 - 14.0
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NSS Plan for October 23, 2018

• Date: October 23, 2018

• Instrument(s): PolyCam

• Observation parameters:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Sun-clocking

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 2 (though 1 is minimum acceptable)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 30 long exposures images (5000 msec) at each target

• Interval between long exposure images: 21000 msec

• Effective dwell time on target: 3 minutes of settle + 12.7 min of long exposure collection = 15.7 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 30 darks + 558 science = 588 total MapCam images
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NSS Plan for October 24, 2018

• Date: October 24, 2018

• Instrument(s): PolyCam

• Observation parameters:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Sun-clocking

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 2 (though 1 is minimum acceptable)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 30 long exposures images (5000 msec) at each target

• Interval between long exposure images: 21000 msec

• Effective dwell time on target: 3 minutes of settle + 12.7 min of long exposure collection = 15.7 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 30 darks + 558 science = 588 total MapCam images
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Note: same plan as for October 23 

so reuse of plan is possible



NSS Plan for October 25, 2018

• Date: October 25, 2018

• Instrument(s): PolyCam

• Observation parameters:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Sun-clocking

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 2 (though 1 is minimum acceptable)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 30 long exposures images (5000 msec) at each target

• Interval between long exposure images: 21000 msec

• Effective dwell time on target: 3 minutes of settle + 12.7 min of long exposure collection = 15.7 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 30 darks + 558 science = 588 total MapCam images
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Note: same plan as for October 23 

so reuse of plan is possible



NSS Plan for October 27, 2018

• Date: October 27, 2018

• Instrument(s): PolyCam

• Observation parameters:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Sun-clocking

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 4 (though 1 is minimum acceptable)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target

• Interval between long exposure images: 12000 msec

• Effective dwell time on target: 3 minutes of settle + 4.2 min of long exposure collection = 7.2 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 30 darks + 576 science = 606 total MapCam images
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NSS Plan for October 28, 2018

• Date: October 28, 2018

• Instrument(s): PolyCam

• Observation parameters:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Sun-clocking

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 4 (though 1 is minimum acceptable)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target

• Interval between long exposure images: 12000 msec

• Effective dwell time on target: 3 minutes of settle + 4.2 min of long exposure collection = 7.2 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 30 darks + 576 science = 606 total MapCam images
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Note: same plan as for October 27 

so reuse of plan is possible



NSS Plan for October 30, 2018 (I)

• Date: October 30, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for PolyCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 1x1

• Mosaic repeats: 2 (once before and once after MapCam mosaic, only 1 repeat required)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 28000 msec

• Effective dwell time on target: 3 minutes of settle + 8.0 min of long exposure collection = 11.0 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration
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NSS Plan for October 30, 2018 (II)

• Date: October 30, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for MapCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 1 

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 47000 msec

• Effective dwell time on target: 3 minutes of settle + 25.7 min of long exposure collection = 28.7 minutes total

• Filter (for all exposures): Pan

• Calibration Plan:
• Before MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 90 darks + 311 science = 401 total PolyCam & MapCam images
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NSS Plan for October 31, 2018 (I)

• Date: October 31, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for PolyCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 1x1

• Mosaic repeats: 2 (once before and once after MapCam mosaic, only 1 repeat required)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 28000 msec

• Effective dwell time on target: 3 minutes of settle + 8.0 min of long exposure collection = 11.0 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration
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Note: same plan as for October 30 

so reuse of plan is possible



NSS Plan for October 31, 2018 (II)

• Date: October 31, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for MapCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 1 

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 47000 msec

• Effective dwell time on target: 3 minutes of settle + 25.7 min of long exposure collection = 28.7 minutes total

• Filter (for all exposures): Pan

• Calibration Plan:
• Before MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 90 darks + 311 science = 401 total PolyCam & MapCam images
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Note: same plan as for October 30 

so reuse of plan is possible



NSS Plan for October 10-11, 2018 Contingency

• Date: November 10-11, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for PolyCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 1x1

• Mosaic repeats: 2 (once before and once after MapCam mosaic)

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 28000 msec

• Effective dwell time on target: 3 minutes of settle + 8.0 min of long exposure collection = 11.0 minutes total

• Focus Setting (for all exposures): 17010

• Calibration Plan:
• Before each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After each PolyCam science: 5 darks at short exposure duration and 10 darks at long exposure duration
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Note: same plan as for October 30 

so reuse of plan is possible

Same plan can be used on 14-Nov, 15-Nov, 17-Nov, 18-Nov, 20-Nov, 

21-Nov, 22-Nov, 24-Nov, 26-Nov, 28-Nov, and 30-Nov. 

By 30-Nov, only a region within ~3.8 km of Bennu will be covered by the 

MapCam 3x3 mosaic.



NSS Plan for October 10-11, 2018 Contingency

• Date: November 10-11, 2018

• Instrument(s): MapCam, PolyCam

• Observation parameters for MapCam:
• Observation type: point-and-stare

• Nadir relative

• Center of mosaic centered on Bennu (x-offset: 0, y-offset: 0)

• Angular momentum (can’t use sun-clocking due to proximity to sub-solar point)

• Mosaic size (in terms of targets): 3x3

• Mosaic size (in terms of on sky coverage): as large as can be planned assuming a 3x3 mosaic with at least 5% overlap (across and along)

• Mosaic repeats: 1 

• Settle time: 172 seconds

• Exposures: 1 short exposure image (20 msec) and 15 long exposures images (5000 msec) at each target for each camera

• Interval between long exposure images: 47000 msec

• Effective dwell time on target: 3 minutes of settle + 25.7 min of long exposure collection = 28.7 minutes total

• Filter (for all exposures): Pan

• Calibration Plan:
• Before MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• After MapCam science: 5 darks at short exposure duration and 10 darks at long exposure duration

• Data Volume:
• 90 darks + 311 science = 401 total PolyCam & MapCam images
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Note: same plan as for October 30 

so reuse of plan is possible

Same plan can be used on 14-Nov, 15-Nov, 17-Nov, 18-Nov, 20-Nov, 

21-Nov, 22-Nov, 24-Nov, 26-Nov, 28-Nov, and 30-Nov. 

By 30-Nov, only a region within ~3.8 km of Bennu will be covered by the 

MapCam 3x3 mosaic.



Summary of NSS by Date
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Daily NavCam Satellite Follow-up

• From the end of the Natural Satellite Search to the end of Approach, NavCam imaging can be 

used to track any larger satellites detected during the course of the dedicated searches

• November 1 to December 1

• Imaging would piggyback with daily OpNav imaging

• Based on the performance of the NavCam1 during calibration activities during Outbound 

Cruise the region around Bennu that will be affected by overexposure has been modeled. 

• In order to limit the amount of overexposure, exposure times will be limited to 2-seconds. 

• Even with such a short exposure time, the region within ~2 km of Bennu will be overexposed. 

• 2-sec exposures will result in the detection of satellites larger than 67-cm on November 1 to 

20-cm on December 1.

• Daily NavCam imaging will be useful for the follow-up observation of larger satellites further than ~2 km from 

Bennu. 
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Back-up Slides



October 24, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 
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October 25, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 
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October 27, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 
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October 28, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 
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October 30, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 
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October 31, 2018 10:00 UT
- S/C range to Bennu in km and phase angle for 

all 1000 MC Approach trajectories 



October 23, 2018 10:00 UT
- histogram of minimum satellite diameters detectable for all 1000 MC trajectories

10-cm 1-m



October 24, 2018 10:00 UT
- histogram of minimum satellite diameters detectable for all 1000 MC trajectories

10-cm 1-m



October 25, 2018 10:00 UT
- histogram of minimum satellite diameters detectable for all 1000 MC trajectories

10-cm



October 27, 2018 10:00 UT
- histogram of minimum satellite diameters detectable for all 1000 MC trajectories

10-cm



October 28, 2018 10:00 UT
- histogram of minimum satellite diameters detectable for all 1000 MC trajectories

10-cm


