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Abstract
The Terminal Tracking Camera system (TTCam) on the NASA Lucy Trojan asteroid Dis-
covery mission consists of a pair of block redundant cameras and their associated electronics
that are mounted on the spacecraft’s Instrument Pointing Platform and co-boresighted with
the rest of the mission’s science payload instruments. The primary function of the TTCams
is as a navigation system designed to provide an autonomous onboard late pre-encounter
update of the location of each asteroid flyby target relative to the spacecraft. However, once
the terminal tracking function is complete, the TTCam system will also provide 11.0°×8.2°
field of view broadband (425-675 nm) images during the close approach phase of each as-
teroid flyby that will be used for scientific analyses like shape modeling and assessment of
each target’s geology and topography. This paper provides an overview of the TTCam cam-
eras and electronics, the science-focused requirements that the system is designed to meet,
pointers to pre-flight calibration and in-flight calibration details for the cameras, as well as
a high-level summary of the kinds of science that these images will enable for the mission.

Keywords NASA Lucy mission · Trojan asteroids · Spacecraft instrumentation · Deep
space cameras

1 Introduction

The Lucy mission was chosen for flight in 2017 as part of NASA’s Discovery Program of
low-cost, competitively selected deep space robotic science missions. The mission was suc-
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cessfully launched on October 16, 2021 and conducted its first Earth Gravity Assist (EGA)
flyby on October 16, 2022. After a flyby of main belt asteroids (152830) Dinkinesh in 2023
and (52246) Donaldjohanson in 2025, Lucy will conduct five flyby encounters of eight mem-
bers of Jupiter’s Trojan asteroid population between 2027 and 2033. The primary goals of
the Lucy mission include assessing the diversity of the Trojan asteroids, determining their
surface composition, assessing their geology, determining their bulk properties (including
mass and density), and searching for satellites and rings. Additional details about the sci-
ence goals of the Lucy mission can be found in Levison et al. (2021).

To achieve these goals, the Lucy spacecraft carries a primary science payload consist-
ing of a multispectral camera, infrared imaging spectrometer, high-resolution panchromatic
imager, and a thermal infrared spectrometer. Additionally, two spacecraft subsystems also
act as secondary science payloads: the spacecraft’s communications system will be used to
determine the mass of each Trojan target via Doppler tracking, and a wider-field panchro-
matic camera system will be used to perform autonomous terminal tracking of the Trojan
targets during the close approach subphase of each flyby. These Terminal Tracking Cameras
(TTCams) are part of the guidance, navigation, and control subsystem of the Lockheed Mar-
tin spacecraft’s Flight System (Cox et al. 2024), and are designed to help provide updated
knowledge of the target locations for the spacecraft’s science instruments mounted on the
two-axis articulated Instrument Pointing Platform (IPP). However, the TTCams will also
provide extensive imaging coverage over a wide range of phase angles immediately before,
during, and after each flyby (after the system’s terminal tracking function is complete), thus
providing unique constraints on the shape and volume of each target as well as additional
coverage of each target for geologic characterization and mapping. In turn, estimates of both
the mass and volume will lead to an estimate of the density of each target. Additional details
about the Lucy mission’s science goals, payload, IPP, and mission operations concept can be
found in Levison et al. (2021) and Olkin et al. (2021).

This paper describes the requirements, design, testing, and expected performance charac-
teristics of the Lucy TTCam imaging system, with a focus on the instrument characteristics
and performance that will enable the additional science results described above. Additional
details about the specific timing and algorithms that will be used by the TTCam system
for terminal tracking of each target are provided in Good et al. (2022), and additional details
about the pre-flight and in-flight calibration of the TTCam system are provided in Zhao et al.
(2024).

2 Lucy Terminal Tracking Camera Requirements

The driving science-relevant requirements for TTCam (Table 1) are set by the camera’s
primary function as a navigation system designed to provide an autonomous onboard late
pre-encounter update of the location of each target relative to the spacecraft. By definition
and “to do no harm” to the system’s ability to achieve its primary target tracking func-
tion for the mission, Requirements 1 through 4 were defined as being fully adequate for
TTCam images to be able to meet their secondary science requirements related to shape
modeling/volume determination (e.g., Mottola et al. 2024) and additional geologic charac-
terization (e.g., Marchi et al. 2023). Requirements 5 and 6 enable higher-fidelity images
for science analysis as well as finer temporal (phase angle) sampling in the few minutes
around each closest approach. Neither of these science-focused requirements will impact
the ability of the TTCam system to meet its primary navigation and tracking function. Ad-
ditional requirements and specifications for the TTCam system that are primarily related to
the system’s tracking function are described in Good et al. (2022).
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Table 1 Science-Related Requirements for the Lucy Mission Terminal Tracking Camera System

1 Provide sufficient sensitivity to allow an image with a Signal to Noise Ratio (SNR) of ≥ 10 for a target
with a radiance factor (I/F) of 0.0020 at a solar distance of 5.7 AU and for an integration time of ≤ 400
msec.

2 Have a Field of View (FOV) sufficiently large to completely encompass each target throughout each
flyby.

3 Have an Instantaneous Field of View (IFOV) sufficiently small to resolve a target with visible
dimensions of 52×45 km at 51,400 km distance and at a solar phase angle of 125° to greater than 4
pixels wide and 10 total pixels of area.

4 Acquire images of a V magnitude 6 star with SNR > 5 for a 10 second exposure.

5 Flat field images at SNR > 100 shall be generated during pre-flight ground calibration.

6 The cadence of image acquisition during the closest approach phase of each flyby (once the terminal
tracking function has completed) shall enable ≤ 10° sampling of solar phase angles.

Requirements 1 though 4 drive the choice of detector and its Quantum Efficiency (QE),
the detector size and pixel pitch, the f /# of the optics, and the aperture size. For example, the
driving case for Requirement 2 (Field of View: FOV) is the flyby of the (617) Patroclus/Me-
noetius Trojan binary pair in 2033. The approximately equal-sized asteroids each have an
estimated projected size on-sky of ∼122×113 km. Thus, for a nominal close approach flyby
distance of ∼1000 km, the TTCam FOV required to encompass each of these objects would
need to be at least ∼10.8°×8.1°, including a 25% to 45% margin to accommodate errors on
the estimated diameter and spacecraft pointing. Further, given the rectangular aspect ratio of
typical digital imaging sensors, the orientation of the camera on the spacecraft was chosen
such that the wider axis is along the direction of the largest expected pointing errors. As
another example, to obtain images at least 4 pixels wide of a 52×45 km object at 51,400 km
distance (simulating an asteroid being tracked on approach) would require the optics to have
an Instantaneous Field of View (IFOV) of ≤ ∼253×219 µrad/pixel, with 219 µrad being the
driving case minimum pixel scale for Requirement 3. Finally, Requirements 1 and 4 also
provide specific constraints on the QE, read noise, gain, full well, and transmissivity of the
optics that would be required to meet the specified extended source or point source SNR
levels.

Requirement 5 (flatfields for science) was designed to be met by increasing the number of
flatfield images acquired for each camera during pre-flight calibration to increase the SNR of
co-added flatfield images via simple photon counting (square root of the number of images
combined) statistics. Requirement 6 (phase angle sampling) is designed to enable excellent
shape modeling of each target, and will be met by increasing the cadence of imaging of
each target during the few minutes around closest approach, starting after the primary target
tracking function of the system has completed. The stressing case for this requirement is
the 2027 flyby of (15094) Polymele, where an imaging cadence of ∼13 seconds between
subsequent images will be required to enable solar phase angle sampling in increments of
∼10°.

3 Target Tracking and Optical Navigation Support Objectives

As described in Good et al. (2022), the TTCam’s primary role in the Lucy mission is to
provide center-of-body measurements that allow the encounter solution to converge on the
range to the target asteroid. Lucy’s science observations during the close approach phase
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of each encounter are range-triggered and an accurate solution is required to achieve Lucy
science objectives.

In addition, the Lucy Navigation team will use TTCam images taken within the minutes
surrounding each encounter close-approach for trajectory reconstruction. This was added to
the baseline optical navigation (OpNav) plan during development, in order to meet the Tro-
jan closest approach radial distance accuracy requirement. Additionally, the OpNav team
will characterize the in-flight optical distortion and boresight alignment of the TTCams rel-
ative to the L’LORRI boresight (see Sect. 7.2 and Zhao et al. 2024).

4 Design Considerations and Heritage

In addition to meeting the specific performance requirements identified in Table 1, other
important objectives in the selection of a specific implementation of the TTCam imaging
system were to minimize size, mass, and power requirements as well as cost, and to maxi-
mize system heritage acquired from previous deep space missions. Given those constraints,
Lockheed Martin Flight System engineers and managers chose to procure an imaging sys-
tem developed by Malin Space Science Systems, Inc. (MSSS; San Diego, CA) that is based
on their ECAM line of science-grade polychromatic cameras (MSSS 2013; Ravine et al.
2016). The CMOS sensor, camera acquisition and storage/processing electronics, and cam-
era flight software and logic chosen for TTCam have high heritage from the TAGCAMS
imaging system flown successfully on the NASA OSIRIS-REx mission (Bos et al. 2018,
2020) and the Junocam imaging system flown successfully on the NASA Juno mission to
Jupiter (Hansen et al. 2017). The optics design ultimately selected for the TTCam system
is a unique prescription designed to specifically meet the Lucy mission requirements, but is
based on many previous MSSS-developed deep space refractive optical designs.

5 Instrument Description

5.1 CMOS Sensor and Camera Head Electronics

Figure 1 shows the basic block diagram for the two fully block redundant TTCam camera
heads and their associated Digital Video Recorder (DVR) electronics cards (each known as
a “slice”). The heart of each TTCam is a 2752×2004 pixel monochrome CMOS imaging
sensor from Aptina/ON Semiconductor (Model MT9P031). The sensor has 2.2 µm pixels
and is operated at 10 MHz clock rate in Electronic Rolling Shutter mode, resulting in a
∼680 msec full-frame readout time from the top to bottom row of each image (ON Semi
2017). On-chip electronics convert amplified photon-induced voltages to digital signals with
a 12-bit dynamic range (Data Numbers or DN from 0-4095) and a selectable analog gain
from 1× to 3× for this implementation. The QE of the detector ranges from ∼55% to ∼35%
over the 425 to 675 nm bandpass of the system, with a peak of ∼62% near 470 nm (ON Semi
2017).

Due to a limit on the image size that can be transferred into the spacecraft’s terminal
tracking algorithm, only the pixels in the 2592×1944 active (light sensitive) image area
are retrieved and used for imaging during terminal tracking mode observations (Fig. 2). For
calibration mode images not taken during asteroid tracking, additional rows of masked pixels
outside of the active area are downlinked to provide 2592×2000 pixel images that enable
assessment of the bias plus dark current background signal levels over time and temperature.



The Terminal Tracking Camera System on the NASA Lucy Trojan Asteroid. . . Page 5 of 19 86

Fig. 1 TTCam electronics block diagram. Additional external harnessing for thermal control is not shown

These calibration mode images provide a way to validate a model (Zhao et al. 2024) for the
removal of these effects in the calibration of the 2592×1944 terminal tracking mode images
lacking masked pixels.

Based on the OSIRIS-REx TAGCAMS experience using this same sensor (see Bos et al.
2020 Fig. 6 and its associated text), only the masked pixels in rows 1966 to 1989 and
columns 16 to 2607 in Fig. 2 are used for the assessment of background signal level in
calibration mode images that contain masked pixels. For asteroid tracking and encounter
images downlinked without masked pixels, a modeled background is used to remove that
background signal from the raw data (see Sect. 6.1 below and Zhao et al. 2024).

The TTCam sensors are controlled by dedicated electronics in each camera head as-
sembly. The camera head electronics are built around a rad-hard FPGA that performs all
logic functions, including CMOS sensor power control, clock generation, and command
and Spacewire interfaces. In addition, the FPGA can perform a limited amount of pixel pro-
cessing, including 12-bit to 8-bit companding (see Sect. 5.3), prior to transfer of imaging
data to the DVR.

5.2 Digital Video Recorder (DVR)

The TTCam DVR receives +28 V of nominal bus voltage and receives commands from the
Lucy spacecraft, provides switched +5 V of power to the CMOS sensors and camera head
electronics, and captures image data from the camera heads over a SpaceWire interface.
Camera-specific flight software and logic developed by MSSS is loaded into each slice of
the DVR and runs on a Microblaze soft processor within a Xilinx FPGA. The DVR controls
the storage of images in flash memory (up to ∼1600 uncompressed 8-bit full-sensor images
can be stored per camera) and the transmission of image data as well as health and status
telemetry back to the spacecraft computer via an RS-422 asynchronous serial interface. The
DVR also runs internal fault management (including single-event-upset mitigation) and can
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Fig. 2 Cartoon diagram of the full TTCam1 CMOS detector array as it is oriented in the TTCam coordinate
frame, showing the full sensor coordinate system (blue outline), and the pixel areas and TTCam coordinate
system for downlinked images in Calibration Mode (red outline) and in Tracking/Encounter Mode (green
outline). Pixel area dimensions are not to scale. The sensor’s active image area is in white, the active (un-
masked) boundary pixel area is in light gray, the masked pixel area is in dark gray, and the masked pixel area
used for bias and dark current assessment is in black. An image of a simian is shown as it appears on the sky
and as it is projected onto the sensor array by the instrument optics. All indexing is 0-based center-of-pixel.
The vertical (y) axis of the downlinked images runs anti-parallel to the sensor array coordinates. The sensor
geometry is the same for TTCam2, but the camera and images are rotated 180° about the optical axis relative
to TTCam1

Fig. 3 CAD model of the three
main components of the TTCam
camera head and cutaway view of
the integrated system

perform optional onboard lossless (Huffman first-difference) or lossy (JPEG) compression.
The DVR contains two independent slices, one per camera head, in a single aluminum hous-
ing. Each slice contains redundant data connectors to enable it to interface with either the
primary or backup Lucy flight computer.

5.3 Optomechanical Design

Figure 3 shows a CAD model representation of the three main components of each TTCam
camera head: electronics box, optics assembly, and sunshade. The electronics box (which
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Fig. 4 TTCam optics ray trace. The front window is intentionally tilted by ∼5° to help mitigate stray light

Fig. 5 Overall transmission of the TTCam optics + bandpass filter as a function of wavelength

houses the CMOS sensor and its FPGA electronics) uses the same mechanical design as that
used on the OSIRIS-REx TAGCAMS (Bos et al. 2018).

MSSS subcontracted to Collins Aerospace (Carlsbad, CA) for the TTCam lens design,
fabrication, and component-level testing. The optics (Fig. 4) consist of a seven-element re-
fractive design, including an intentionally-tilted front window to help mitigate stray light. In
addition, a 425-675 nm bandpass filter (Fig. 5) is part of the tilted front window, to enable
broad-band imaging in the wavelength region where the sensor QE is highest. The TTCam
optics are designed to be athermal over the expected operating temperature range of the
cameras (−40 °C to +55 °C). The optics alone were required to meet a 30% Modulation
Transfer Function (MTF) requirement at the Nyquist frequency (227 line pairs/mm), and the
overall system (optics + filter + CMOS sensor) was required to have an MTF greater than
10% at Nyquist. Despite the relatively wide field of view, distortion in the lens design is
expected to be very small, only ∼0.12% in the corners of the field. Stray light in the system
is also expected to be extremely small, with the strongest ghost images predicted to have an
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Fig. 6 Photo of the Lucy TTCam
flight Digital Video Recorder
(left) and the two flight camera
head electronic boxes and
sunshades (from left to right:
serial numbers 194503 – the
Primary camera – and 194504 –
the Secondary camera). For scale,
the DVR is 19×16×7 cm in size
and each camera head electronics
box is 8×8 cm square.

intensity of 0.5% or less of the primary image. These very small distortion and stray light
levels have been validated in flight (Zhao et al. 2024).

5.4 Onboard Image Processing

Onboard processing of raw TTCam images is performed both within the DVR flight logic
prior to transferring the images to the Lucy spacecraft, and then within the spacecraft flight
software itself, after image transfer but prior to eventual downlink. First, the raw 12-bit
DN values in each pixel are compressed to 8-bits, nominally using an onboard square-root
lookup table designed to avoid Poisson (shot) noise being encoded or downlinked in the
telemetry (a process known as “companding”; e.g., Malin et al. 2013; Bell et al. 2017). For
some cruise image tests of different companding schemes, the 12-bit to 8-bit compression is
achieved either using a divide-by-16 linear scaling, or by clipping the 12-bit images down
to just their least-significant 4 bits. Then, the 8-bit companded but otherwise uncompressed
images are transferred to the spacecraft computer, where they are further compressed using
the lossless PPMd algorithm (Prediction by Partial Matching, variant d; e.g., Jumar et al.
2018) to further decrease the average number of bits per pixel to be downlinked.

5.5 Integration and Accommodation

Figure 6 shows the TTCam flight DVR and camera heads (Primary = DVR1 = serial number
194503; Secondary = DVR2 = serial number 194504). Additionally, two ∼76 cm harnesses
fabricated by Glenair (Glendale, CA) connect each slice of the DVR to its corresponding
camera head. The camera head electronics box, optics module, and sunshade were integrated
at MSSS in the winter and spring of 2020, and a series of ambient and thermal vacuum
condition Verification and Validation (V&V) and calibration tests were performed at MSSS
in June and July, 2020 (see Sect. 6 and Zhao et al. 2024). The flight DVR and flight camera
heads were delivered to the Lockheed Martin Lucy mission Assembly, Test, and Launch
Operations (ATLO) team in July, 2020, and were installed on the spacecraft’s Instrument
Pointing Platform shortly thereafter (Fig. 7). For harness and connector accommodation,
TTCam1 and TTCam2 are rotated by 180° about the optical axis relative to each other,
and thus the entire sky to sensor to downlinked image coordinate frame relationship shown
in Fig. 2 is repeated for TTCam2, but rotated 180° relative to TTCam1. As described in
more detail in Olkin et al. (2021) and Good et al. (2022), both the Primary and Secondary
TTCams are co-boresighted with the rest of the Lucy instruments, and all instrument FOVs
are completely contained within the TTCam FOVs.
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Fig. 7 Photo of the Lucy TTCam1 (T1) and TTCam2 (T2) flight cameras (with red “Remove Before Flight”
covers) installed on the spacecraft’s Instrument Pointing Platform. The large cylinder to the upper left of T1
is the L’LORRI telescope (L), and the smaller black cylinder below T2 is the telescope for the L’TES infrared
spectrometer (TES) [see Olkin et al. (2021) and Good et al. (2022) for additional instrument and spacecraft
details]. Photo taken in Aug. 2021 at Lockheed’s pre-launch integration facility at Cape Canaveral, Florida,
and used with permission of Lockheed

6 Expected Instrument Performance

6.1 Preflight Predictions

During the design phase of the TTCam development process, a model was generated to
predict the SNR that could be achieved for Trojan asteroid targets imaged by the TTCam
system. Known/verifiable parameters in the model included the QE, read noise, gain, and
dark current rate of the sensor, the transmission of the optics, and the flyby speed at each
encounter (to factor in potential image smear). Assumed or variable characteristics of the
model included the heliocentric distance of the observations, and the nature of the surface
phase function of the target asteroids. Table 2 shows an example of the resulting SNR pre-
dictions for TTCam observations of each of the Lucy flyby targets for assumed Lambertian
(“Albedo” columns) and Lommel-Seeliger (“LS” columns) surface phase functions. These
predictions, since validated from Earth and Moon observations in flight (see Sect. 7.2 and
Zhao et al. 2024), provide confidence that the actual flight cameras would be able to meet
the SNR requirements specified for the system (Table 1).

6.2 Preflight Characterization Measurements

After subsystem integration and initial functional testing, the two flight and one flight spare
(serial number 194501) TTCams went through an ambient and thermal vacuum V&V and
calibration testing program at MSSS that included assessments of CMOS sensor and elec-
tronics gain, read noise, linearity/full well, and dark current rate, as well as system radiome-
try, bandpass performance, flatfield behavior, and assessments of MTF and FOV/distortion.
Detailed stray light measurements and modeling were also conducted during ATLO (see
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Table 2 Predicted SNR from Lucy TTCam observations of each of the Trojan flyby targets

Body – Trojan
Swarm

Average
Diameter
(km)

Solar
Phase
(°)

Encounter
Velocity
(km/s)

Stability
(°/s)

Closest
Approach
(km)

Sun
Range
(AU)

Dia./FOV
@C/A

IFOV
(m/pix)

Exp.
Time
(ms)

Albedo
Model

Albedo
SNR

LS
Model

LS
SNR

Eurybates – L4 46.4 81 5.8 0.09 1000 5.7 0.32 74.1 20.0 0.050 47.4 0.077 59.3

Polymele – L4 15.1 81 6.0 0.27 400 5.7 0.26 29.6 20.0 0.090 64.2 0.077 59.3

Leucus – L4 65 104 5.9 0.09 1000 5.6 0.45 74.1 20.0 0.080 61.5 0.087 64.2

Orus – L4 31 126 7.1 0.09 1000 5.3 0.22 74.1 20.0 0.080 65.1 0.086 67.5

Patroclus/
Menoetius – L5

132/
122

56 8.8 0.09 1244/
1074

5.4 0.79/
0.74

92.2/
79.6

20.0 0.047 50.5/
48.5

0.058 54.1/
56.3

Sect. 6.3) to take into account the potential scattered light effects of other payload elements
and subsystems on the IPP and spacecraft. Details and results from many of these pre-flight
tests and analyses are described in Zhao et al. (2024), and Table 3 summarizes the resulting
derived or measured properties and characteristics of the TTCam system.

6.3 Assembly, Test, and Launch Operations (ATLO) Testing

Testing in ATLO was primarily driven by the terminal tracking needs of the mission. The
minimum focal distance of the TTCams (∼200 m) precluded meaningful imaging in the
ATLO test environment, so pre-made images were loaded onto the DVR to be sent to the
spacecraft during testing. See Good et al. (2022) for a discussion of the image simulation
and testing.

Additional scattered light testing was done during ATLO as part of a larger, mission level
scattered light test. Earlier simulations had indicated that sunlight might be reflected from
the L’LORRI baffles in certain orientations of the spacecraft on approach or departure from
a target. Testing was done with a setup designed to simulate the various potential Trojan
encounter geometries (Fig. 8). Actual scattered light levels were much lower than predicted
by the earlier modeling, and thus scattered light is predicted to have no impact to either
science or terminal tracking functionality. This prediction has been validated from dedicated
cruise scattered light characterization observations (see Sect. 7.2 and Zhao et al. 2024).

7 Mission Operations and Data Products

7.1 Operational Considerations

Because the flyby velocities are so high (∼6-9 km/sec) and the encounters occur so far from
Earth (42 to 47 light-minutes), the primary function of the TTCam imaging system is to
provide an important late (shortly before each flyby) update of the location of each target
asteroid relative to the Lucy spacecraft (Cox et al. 2024). TTCam’s navigation and tracking
function will thus enable more accurate pointing of the much higher-resolution and smaller-
FOV instruments on the Lucy science payload. Since the system will have completed that
job at least several minutes before each close approach but will continue collecting images
throughout the entire encounter, TTCam images will also be available to help fulfill some of
the science objectives of the Lucy mission as well.

Operationally, however, using TTCam during the close approach phase of each flyby will
involve a change in data collection cadence. Specifically, TTCam images used for the Flight



The Terminal Tracking Camera System on the NASA Lucy Trojan Asteroid. . . Page 11 of 19 86

Table 3 Lucy Mission Terminal Tracking Camera (TTCam) Specifications

System’s navigation and tracking function will be acquired at a cadence of approximately
15 seconds per image, starting several hours before closest approach. Those tracking and
encounter images will be rapidly transferred from the camera head to the DVR and into
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Fig. 8 Photograph of the setup used for TTCam stray light image testing during ATLO on May 6, 2021 at
the Lockheed Spacecraft facility in Littleton, CO, and used with permission of Lockheed. The solar simu-
lator lamp was oriented at different positions to simulate the viewing geometries of the Instrument Pointing
Platform (IPP) during the various encounters. The fields of view of the Primary TTCam (T1) and Secondary
TTCam (T2) were filled by dark background targets. Models had predicted that sunlight scattering off the
L’LORRI telescope baffle (L) might produce contaminating background signature in the TTCams that could
interfere with their tracking and navigation function. The actual tests showed extremely low scattered light
levels in all simulated geometries, however

the spacecraft computer in 8-bit companded mode without the masked dark pixels. These
smaller images are required because of a limit on the image size that can be transferred into
the spacecraft’s terminal tracking algorithm. Once the tracking function is complete, how-
ever, (typically around 2 minutes before close approach), the cadence of TTCam imaging
can be increased to provide the required phase angle sampling of each target (Requirement
6 in Table 1). These “science phase” TTCam images will also not include the masked pixel
area of the CMOS array, because the images will still be getting acquired as part of the
earlier navigation and tracking sequence.

Separately, as part of periodically executed in-flight calibration campaigns begun shortly
after launch and expected to continue before and after the Trojan flybys (see Sect. 7.2), we
are acquiring nearly full-sensor calibration images of star fields and the Earth and Moon that
do include the masked pixel area. These calibration images are being used to validate the
pre-flight radiometric calibration predictions for the TTCams, to monitor their performance
over time, and to adjust the dark current models and/or bad pixel maps for the cameras, if
needed (Zhao et al. 2024).

Many more details about the operational use of TTCam and the other Lucy payload ele-
ments can be found in Olkin et al. (2021) and Good et al. (2022).

7.2 In-Flight Calibration Observations and Plans

Since launch, a series of in-flight observational tests have been initiated to test and validate
the performance of the TTCams to the fidelity necessary to perform the required asteroid
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tracking, navigation reconstruction, and science tasks. The results from these calibration
activities are being used to refine the calibration pipeline before reaching the first Trojan
asteroid, as well as to provide valuable performance metrics for planning each encounter
(Zhao et al. 2024).

The first TTCam functional checkout was performed just 20 days after launch, and en-
sured that the instruments were in good health. Star field exposures varying from 0.0 to 30.0
seconds provided a first opportunity to measure the detector bias, read noise, and dark cur-
rent when temperatures were near their highest (near 1 AU). Additional star field and stellar
cluster imaging was conducted 120 days and 7 months after launch, to validate the geomet-
ric calibration of the cameras and to test various image companding modes that could be
used throughout the remainder of the mission’s long cruise phase. Detector and optics per-
formance will continue to be measured periodically during flight, and especially important
will be observations planned during a series of 4 AU deep space calibration activities, when
the thermal conditions are expected to more closely match the Trojan encounter temperature
profiles.

A special set of TTCam observations was acquired during the first Earth Gravity Assist
(EGA1) flyby one year after launch, to validate the radiometric calibration of the TTCams
primarily based on imaging of the Moon. TTCam observations during EGA1 provided a suc-
cessful demonstration of IPP pointing and TTCam extended source image quality (Fig. 9),
as well as the required validation of the instrument’s calibration pipeline and radiometric
calibration coefficients, which yielded derived radiance factor (I/F, an approximation of sur-
face reflectivity; Hapke 1993) values of high and low albedo lunar terrains that are within
∼15% or less of their expected modeled I/F values (Zhao et al. 2024). More details about
the Lucy EGA1 observations and results can be found in Spencer et al. (2023).

Among the more critical engineering in-flight activities has been a series of IPP cal-
ibration alignment sequences conducted during the launch + 120 days and EGA1 flyby.
The purpose of these activities has been to determine the relative alignments between the
TTCams and the L’LORRI and L’TES fields of view, as well as to fine-tune the alignment
knowledge between the IPP and the spacecraft’s star trackers. To perform this activity using
star fields, a preliminary optical distortion calibration was required to effectively solve for
the instrument boresights in each image. The observations conducted 120 days after launch,
for example, consisted of slewing the IPP gimbal angles through 8 target fields (6 on the
inner gimbal, and 2 on the outer gimbal.) These target fields were selected to maximize
the number of stars captured in the TTCam and L’LORRI FOVs, within operational con-
straints. The images were processed through the KinetX camera calibration suite (Pelgrift
et al. 2018) to estimate the distortion model parameters and focal length, such that the resid-
uals are zero-mean with a standard deviation in both image dimensions on the order of the
expected uncertainty in the center-finding algorithm, and showing no systematic structure
related to the stars’ positions within the FOV. In-flight assessment of geometric distortion
has met pre-flight design and testing expectations, and initial results from early cruise are
provided in Zhao et al. (2024).

Such observations also establish the TTCam coordinate system to spacecraft coordinate
system pointing matrix and also provide the initial post-launch calibration of the optical
distortion of the cameras over the usable FOV to better than 1 pixel at the edge of the
FOV (<0.05% of the focal length). The post-launch value of the camera focal length is also
estimated as part of the solution for the distortion model parameters. By performing these
observations near 1 AU and then again at 4 AU, we will also quantitatively characterize the
sensitivity of the alignment and distortion calibrations to camera operating temperature and
begin to establish if this calibration changes as the cameras age.
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Fig. 9 Examples of TTCam
images of the Earth and Moon
acquired as part of the EGA1
imaging tests on Oct. 16, 2022.
Insets show enlarged views
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Fig. 10 Flow chart describing the TTCam ground data calibration pipeline. Inputs (in blue) include the cam-
era ID, initial bad pixel map, CMOS detector temperature, exposure time, pre-flight radiometric conversion
coefficients, the solar radiance at 1 AU convolved over the TTCam bandpass, and the heliocentric distance of
the target object. See Zhao et al. (2024) for detailed descriptions of the pipeline outputs (in green)

Stray and scattered light characterization activities are also being performed during
cruise, the first of which occurred almost 18 months after launch at 1.7 AU, and a sec-
ond set in colder thermal conditions will be acquired once the spacecraft reaches 4 AU.
These tests, as well as pre-flight scattered light tests (Sect. 6.3), provide images that provide
a qualitative assessment of the expected magnitude of stray and scattered light in TTCam
images at the most challenging expected encounter geometries for the Lucy asteroid target
encounters. The initial 1.7 AU tests confirmed the expectation based on the optics design
(Sect. 5.4) that scattered light will not be a significant contributor to the signal in TTCam
tracking or encounter images acquired at the expected few to tens of millisecond exposure
times (Zhao et al. 2024).

7.3 Ground Data Processing and Calibration

The TTCam calibration pipeline, which is part of the Lucy mission’s Science Operations
Center (SOC), takes in uncalibrated data products (UDPs) in Flexible Image Transport Sys-
tem (FITS) format and turns them into calibrated data products (CDPs), also as FITS files,
and including extensions. Figure 10 shows a basic flowchart of the calibration pipeline. The
pipeline takes in, as input, a list of UDPs, and uses UDP header information to find the
relevant calibration files and parameters needed for each flight model. The pipeline outputs
the CDP as a single FITS file, with the main FITS image containing the derived radiance of
the scene, plus four FITS extensions that contain: (1) a bad pixel map; (2) a radiance error
image; (3) an I/F image; and (4) an I/F error image. Details on the inputs, algorithms, and
outputs of this calibration pipeline are provided by Zhao et al. (2024).

7.4 Expected Science Analyses and Data Products

Although primarily a spacecraft subsystem, because of its relatively wide angle FOV, large
pixel count, and high-cadence capabilities, TTCam offers an invaluable complement to the
mission’s narrow-angle imagers for achieving Lucy’s science goals. Especially during the
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Fig. 11 (a) Textured shape model of asteroid (21) Lutetia obtained partly from Rosetta OSIRIS images com-
parable to what we expect from the Lucy TTCam images (Preusker et al. 2012). Also shown are other example
derived products from OSIRIS images, including (b) a color-coded Digital Terrain Model; (c) a slope map;
(d) a hill-shaded relief map; and (d) an orthoimage mosaic. All panels in Lambert Azimuthal Equal-area
projection and based on Preusker et al. (2012)

few minutes immediately before and after the respective closest encounters with each target,
TTCam will be able to image the entire sunlit part of each body within a single frame and
capture the rapidly changing viewing geometry during the flyby. As described below, these
observations will help address a number of specific Lucy mission science goals. In addition
to the systematically processed calibrated images, TTCam data will also be released in the
form of higher-level products such as controlled and uncontrolled mosaics, ortho-rectified
maps, local Digital Terrain Models (DTMs), thematic maps, rendered views, and fly-over
movies.

7.4.1 Trojan Asteroid Shape Modeling and Volume Estimation

TTCam flyby images of each Trojan target body from different perspectives, together with
the data from the other Lucy imagers, will enable the generation of shape models and DTMs
by means of methods like stereophotogrammetry and photoclinometry (e.g., Capanna et al.
2014; Mottola et al. 2024) as well as limb and terminator tracking. For flybys during which
the spin state of the object (spin rate and axis orientation) prevents the observation of the
whole target, the shape model will be complemented with a ground-based model obtained
through lightcurve and stellar occultation observations, as done for example by Preusker
et al. (2012) for the Rosetta mission (21) Lutetia flyby (Sierks et al. 2011).

The shape models derived from TTCam images and other data will provide the basis
for the determination of the size, volume, and refinement of the rotation properties of the
targets (e.g., Fig. 11). The volume determination, in conjunction with the mass estimation
from the radio-science experiment, will enable the determination of the object’s bulk density.
The presence of a misalignment between the figure principal axis and the spin axis would
give hints about the internal mass distribution. Furthermore, by providing information about
the local illumination and viewing conditions on the surface, the shape model will enable
photometric studies to be performed, to reveal the physical properties of the regolith.
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Fig. 12 Example images of small bodies all at the typical expected image scale (∼70 m/pix) of TTCam
Trojan close approach images. (a) Impact cratering surface gradation processes on Saturn’s moon Phoebe,
from the Cassini mission (JPL Photojournal image PIA06075); (b); Impact cratering, subsurface exhumation,
and surface degradation processes on part of main belt asteroid (4) Vesta, from the Dawn mission (Dawn
image F2_372565839); and (c) Impact and potential tectonic processes on the near-Earth asteroid (433) Eros,
from the NEAR-Shoemaker mission (NEAR image M0126540610F4)

7.4.2 Trojan Asteroid Geology and Topography

As described by Olkin et al. (2021) and Marchi et al. (2023), an important additional sci-
entific use of TTCam images of the Lucy target asteroids will be to help characterize their
geology and geologic history. Given the field of view and pixel scale of the TTCams, and the
planned flyby distances, none of the Trojan targets are expected to over-fill the TTCam field
of view. Thus, the TTCam image data set for each flyby will provide “whole disk” views of
the entirety of the sunlit surface of each target body, at pixel scales around 30 to 90 m/pixel,
depending on the specific flyby distances.

Even though TTCam images will have much lower resolution than those from the other
Lucy science payload imagers, they will provide superior coverage of each Trojan target,
and will thus directly address a number of specific Lucy science goals (Levison et al. 2021).
For example, as shown in Fig. 12, imaging at typical TTCam pixel scales can allow a global
assessment of the morphology, size distribution, and areal distribution of impact craters on
small bodies. In addition, TTCam images could provide evidence for other albedo features
and/or geologic structures or units that could be potentially indicative of erosional, tectonic,
or perhaps even cryovolcanic processes on Trojan asteroids. Finally, the multiple emission
angle views of each target provided by TTCam imaging during the flyby will enable the
creation of stereoscopic images and DTMs for a significant fraction of the sunlit surface.

8 Summary

This paper summarizes the requirements, design, expected in-flight performance, in-flight
calibration plans, and expected science potential of the NASA Lucy Trojan asteroid Dis-
covery mission’s Terminal Tracking Camera (TTCam) imaging system. The details of the
optics, electronics, and the calibration and performance information provided here is primar-
ily focused on the eventual scientific use of TTCam images to contribute to the mission’s
overall science goals (Levison et al. 2021). Additional details about the use of the TTCam
system for their primary Lucy mission function – as a navigation system designed to provide
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an autonomous onboard late pre-encounter update of the location of each asteroid target rel-
ative to the spacecraft – can be found in Olkin et al. (2021) and Good et al. (2022), and the
technical details on the pre-flight and in-flight calibration of the cameras can be found in
Zhao et al. (2024).
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