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➜ Previous work at Mercury Persistently shadowed regions (PSRs) at both 
poles of Mercury have been found to harbor volatiles [2], likely deposited by 
cometary impacts, consisting of water ice and larger organic molecules.
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Introduction

The purpose of the OSIRIS-REx mission is to characterize and successfully 
return to Earth a geologically representative portion of the surface of asteroid 
Bennu. The touch-and-go (TAG) sampling of this small asteroid (∼250 m in 
radius) will entail a detailed survey to select a sampling site. The data required 
to ensure TAG success will be provided by a scientific payload that includes a 
powerful dual-range scanning laser altimeter [1] (OLA) contributed by the 
Canadian Space Agency. The laser altimeter will also measure the 
intensity of the returned pulses and thereby the normal albedo, 
independent of illumination geometry, the first such lidar radiometric 
measurements of an asteroid.
    This investigation, as part of the Altimetry Working Group (AltWG) team, 
seeks to provide a global calibrated reflectance map of Bennu at high 
resolution. We will apply algorithms successfully employed at NASA 
GSFC to recover the reflectance at Bennu, and pursue its implications 
for modeling the radiation pressure of the reflected light on the orbital 
(Yarkovsky) and rotational (YORP) dynamics.
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Background

High Mercury Laser Altimeter 
reflectance (A) where model 
predicts that temperatures remain 
below 100 K [2,3]. Low reflectance 
a t t e m p e r a t u r e s b e t w e e n 
~150-200 K is interpreted as a 
carbon-rich sublimation lag. 
B Artist’s depiction of icy deposits.

OLA and spatial variations in reflectance of Bennu.

3 - Dynamical implications of normal albedo for modeling YORP effects.
We will generate smoothed, interpolated global products and spherical harmonic expansions for radiation pressure modeling. The global normal 
albedo map at 1064 nm will be an input to a numerical model to compute reflected solar radiation pressure on the spacecraft for navigation purposes. 
OLA shape models aligned with the global normal albedo map as inputs to models of the differential radiation pressure on Bennu will provide an 
assessment of the YORP effect on rotational dynamics [10]. YORP spin-up, impact and/or tidal-derived seismic processes are important to interpret 
the samples returned to Earth accurately. 

Tasks

A. Range-corrected normalized return intensity test data [1] 
up to a distance of 1200 m from a Low Energy raster scan.

References: [1] Daly M. G. et al. (2017) Space Sci. Rev., 212, 899–924. [2] Paige D. A. et al. (2013) Science, 339, 300–303. [3] Neumann G. A. et al. (2013) Science, 339, 296–
300. [4] Zuber M. T. et al. (2012) Nature, 486, 378–382. [5] Lemelin M. et al. (2016) Icarus, 273, 315–328. [6] Fisher E. et al. (2017) Icarus 292, 74–85. [7] Reuter D.C. et al. (2017) 
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➜ Bennu’s spin axis is perpendicular to its orbital plane within ± 4°. Due to Bennu’s small size and collisional 
history there is considerable uncertainty in its rotational parameters and possibly up to 1° of axial wobble. It is unlikely 
that long-term temperatures have remained cold enough for water ice to be stable on the surface for geological time, 
but Bennu may have preserved primordial ices from an earlier era in the outer Solar System, which could be 
intermittently exposed or outgassed from the interior, something that could be detectable in the reflectance data.

➜ Previous work at the Moon The Moon’s 1.54° axial tilt drives temperatures 
within the shadowed interior of polar craters well below 100 K, in fact, as low 
as 25 K, and many volatile species including water were detected in the 
LCROSS experiment impact plume. At most a diffuse signal of surface frost 
has been detected however in Lyman Alpha and 1064 nm wavelengths [5]. The 
low obliquity of Bennu also raises the possibility of PSRs near the poles, in 
which temperature and space weathering will differ markedly and produce 
latitudinal variations in surface properties such as single-scattering albedo, 
porosity and grain size.
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Fig. 16 A HELT raster scan in
the mirror frame of reference.
The color scale represents the
range corrected normalized
return intensity

Fig. 17 A photograph of the
aircraft warning lights and
security camera as mounted on
the side of the York University
Stack

4.7 Environmental Testing

OLA was subjected to a standard set of environmental tests that included thermal vacuum
testing, random vibration testing and electromagnetic compatibility (EMC) testing. These
tests were tailored to the requirements of the OSIRIS-REx mission. The tests went without

C. Intensity image from the OLA High Energy raster scan at 
900 m, showing potentially useful signal in these derived data.

Shackleton Crater on the south pole of 
the Moon has been permanently 
shadowed s ince i t s f o rma t i on . 
Topography of the interior shows slopes 
at an angle of repose and signs of mass 
w a s t i n g . L O L A f o u n d a ~ 2 0 % 
br igh ten ing w i th in the in te r io r, 
interpreted as decreased space 
weathering after downslope transport 
and/or 15-20% pore ice [4]. N. polar 
PSRs showed evidence of frost at 
maximum temperatures < 156 K [5].
Fisher et al. [6] established a clear link 
between 1064 nm reflectance and 
stability zones of water ice below 110 K.

OLA

.

Bennu

Each range 
measurement 
has reflectivity 

as well as shape 
information.
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Normalized global albedo map from the Lunar Orbiter Laser Altimeter [6] 
shows a nearly 3-fold variation in albedo but little polar brightening.

1 - Calibration of intensity telemetry to produce 1064-nm maps of normal albedo using test data and crossover analysis.
The OVIRS spectrometer will be used to calibrate the absolute reflectance at 1064nm in the Approach and Preliminary Survey mission phases, 
within 5% using internal and external sources. We will use such data to explore nonlinearities and systematic changes with temperature, 
instrumental alignment and space environment over a large dynamic range. Preliminary Survey maps will aid in mission planning.

Lunar phase function and FeO [8].

Lockheed Martin simulated Bennu surface [9].

2 - Photometric modeling and assessment of surface properties: Regolith, volatiles, permanently-shadowed regions.
The opposition effect is an indicator of grain-scale properties, especially in B-type asteroids. We use normal albedo at zero phase measured by OLA to 
anchor Hapke models of photometric functions (A) and eliminate coupled parameters [8] in the estimation of shape using stereophotoclinometry (B). 
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Fig. 1 High-resolution
artificial shape of Bennu used in
the simulation. Created by R.
Gaskell, it is in agreement with
the shape derived from
ground-based radar data.
Mollweide projection centered
on (0!E, 0!N)
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Histogram of polar radius and moment of inertia values 
from random realizations of shape uncertainties

Fig. 2 Distribution of the relative changes in polar radius and derived
moments of inertia Ixx and Iyy , from the best-fit parameters. The
polar radius is consistent with uncertainties in the radar-derived shape
obtained by Nolan et al. (2013). The sharp drop-off at larger values is
due to dynamical stability considerations

torial radius, which Nolan et al. (2013) consider unlikely
for dynamical stability reasons. Figure 2 shows the result-
ing distributions of the variations in polar radius, and Ixx
and Iyy moments of inertia. (Izz does not change with our
simple scaling of the Z coordinates of the shape model ver-
tices.) Nolan et al. (2013) also discuss a possible bias in the
overall size of Bennu of up to 2%. Because the rotational
dynamics in the torque-free case only depends on the ratios
between the moments of inertia (Sect. 5.6.1 and “Appendix”
in Sect. 7), the orientation of Bennu is insensitive to change
in scale (and in bulk density), and we do not consider it fur-
ther.

2.2 OSIRIS-REx

The OSIRIS-REx spacecraft carries a capable suite of
high-resolution instruments (Lauretta et al. 2017) designed
to characterize Bennu in unprecedented detail, down to
decimeter-scale globally. Of interest for our study and the
geodetic aspect of the mission, the OSIRIS-REx Laser
Altimeter (OLA; Daly et al. 2017) contributed by the Cana-
dian Space Agency (CSA) will provide ranging information
to the surface between 0.04 and 9 km altitude. A scanning
mirror and high firing rate allow a large number of alti-
metric returns to be collected in short periods and to form
three-dimensional raster images. Two navigation cameras
(NavCams) will acquire high-resolution images of the aster-
oid in order to support optical navigation (OpNav), necessary
to ensure meeting the position knowledge and prediction
requirements during operations. The lack of an optical bench
onOSIRIS-RExmeans that the pointingof its high-resolution
instruments needs to be calibrated regularly, through estima-
tion during OD for instance.

After nearly 2years of cruise, the OSIRIS-REx spacecraft
will reach Bennu in August 2018. Because of the very weak
gravity environment, solar radiation pressure substantially
affects the long-term evolution and stability of spacecraft
orbits around Bennu. A terminator is preferred for mission
operations to avoid unstable trajectories that would be dif-
ficult to recover in the case of a prolonged anomaly (e.g.,
Scheeres 2012).

During final approach to Bennu, an initial shape model
will be developed. The subsequent preliminary survey phase
will help determine Bennu’s mass at the 1% level from
DSN radio tracking during three hyperbolic passes. It will
also provide a 75-cm resolution shape model with an accu-
racy requirement of 1 m. During the next phase, Orbital
A, OSIRIS-REx will be placed in a 1.5-km radius circu-
lar terminator orbit in order to obtain the imagery nec-
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Sample shape model by R. Gaskell 
derived from stereophotoclinometry 
simulations used to model torques from 
reflected light [10].
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LOLA 1064-nm reflectance in the 
20-km-diameter Shackleton crater.

Lunar phase function = radiance factor normalized by LOLA normal 
albedo and Lommel-Seeliger law (to correct for varying geometries).
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Fig. 12 The thermal vacuum (TVAC) facilities at York University. OLA can be seen just
behind the window

Fig. 13 The view from the long-range test facility

4.3 Ambient Range Calibration

Both LELT and HELT range calibrations were performed at the MDA facil-
ities. Range calibrations were done in a staring mode to a surveyed target.
OLA was mounted to a surveyed stand as shown in Figure 11. The range mea-
surement precision of a single measurement is well characterized by a normal
distribution of standard deviation of 1.1 cm for the LELT and 2.6 cm for the
HELT. The calibration consisted of determining the range o↵set between the
reported range and the actual range. Although this value could have been in-
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B.York University  
l o n g - r a n g e t e s t 
facility smoke stack.
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