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[1] The Phoenix Robotic Arm Camera (RAC) is a variable-focus color camera mounted
to the Robotic Arm (RA) of the Phoenix Mars Lander. It is designed to acquire both
close-up images of the Martian surface and microscopic images (down to a scale of
23 mm/pixel) of material collected in the RA scoop. The mounting position at the end of
the Robotic Arm allows the RAC to be actively positioned for imaging of targets not
easily seen by the Stereo Surface Imager (SSI), such as excavated trench walls and
targets under the Lander structure. Color information is acquired by illuminating the target
with red, green, and blue light-emitting diodes. Digital terrain models (DTM) can be
generated from RAC images acquired from different view points. This can provide
high-resolution stereo information about fine details of the trench walls. The large stereo
baseline possible with the arm can also provide a far-field DTM. The primary science
objectives of the RAC are the search for subsurface soil/ice layering at the landing site and
the characterization of scoop samples prior to delivery to other instruments on board
Phoenix. The RAC shall also provide low-resolution panoramas in support of SSI
activities and acquire images of the Lander deck for instrument and Lander check out. The
camera design was inherited from the unsuccessful Mars Polar Lander mission (1999)
and further developed for the (canceled) Mars Surveyor 2001 Lander (MSL01). Extensive
testing and partial recalibration qualified the MSL01 RAC flight model for integration
into the Phoenix science payload.

Citation: Keller, H. U., et al. (2008), Phoenix Robotic Arm Camera, J. Geophys. Res., 113, E00A17,

doi:10.1029/2007JE003044.

1. Introduction

[2] The Phoenix spacecraft was launched on 4 August
2007 and is scheduled to land in the north polar region of
Mars at �68.3�N, �127�W [Smith et al., 2008] on 25 May
2008. On the basis of data from the Gamma Ray Spectrom-
eter on board Mars Odyssey [Boynton et al., 2002] and
analysis of images of polygonal features [Kossacki and
Markiewicz, 2002; Mellon et al., 2007, 2008] the soil at
the Phoenix landing site is expected to be rich in water ice at
shallow depths that are within the reach of the Robotic Arm
(RA) [Arvidson et al., 2008].
[3] The science payload on board the Phoenix Lander

was partly inherited from Mars Polar Lander (MPL) (failed
during landing, 1999) and from Mars Surveyor 2001 Lander
(MSL01) (planned for launch in 2001, mission canceled in
2000). The Robotic Arm Camera (RAC) as flown on board

MPL was described by Keller et al. [2001]. Later, a
modified version of the RAC was to be integrated into the
MSL01 payload. After cancellation of MSL01 the RAC
flight unit was stored until selection of the Phoenix mission
in 2003. The present paper will provide an integrated view
of the instrument flying on board Phoenix with special
emphasis on improvements made to the MPL version of the
instrument.
[4] The RAC was designed, built and tested by the Max-

Planck Institute for Solar System Research (MPS), Katlenburg-
Lindau, Germany in collaboration with the Lunar and
Planetary Laboratory (LPL), University of Arizona (UA),
Tucson, USA. MPS provided camera structure, mechanical
mechanisms, focal plane assembly with charge-coupled
device (CCD) detector array, readout electronics, and space-
craft interface electronics. LPL designed and provided the
optics, illumination system and flight software. LPL also lead
the system level calibration and spacecraft integration. The
RAC employs a movable variable-focus objective ranging
from macro 1:1 mode to infinity. The same type of CCD
detector array was also supplied by MPS for the Optical
Microscope (OM) of the Microscopy, Electrochemistry, and
Conductivity Analyzer (MECA) instrument suite [Hecht et
al., 2008]. The CCD readout electronics serves both instru-
ments alternatively. The camera is located near the end of the
Robotic Arm, such that the scoop digging blade can be placed

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, E00A17, doi:10.1029/2007JE003044, 2008

1Max-Planck Institut für Sonnensystemforschung, Katlenburg-Lindau,
Germany.

2Lunar and Planetary Laboratory, University of Arizona, Tucson,
Arizona, USA.

3Goddard Space Flight Center, NASA, Greenbelt, Maryland, USA.
4Department of Atmospheric Science, Texas A&M University, College

Station, Texas, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JE003044

E00A17 1 of 15



at the minimum focus range (Figures 1 and 7) [Bonitz et al.,
2008].

2. Science Objectives

[5] RAC images will characterize soil material in terms of
color, grain size (down to 23 mm/pixel), texture, and
porosity. Because of the adjustable focus of the RAC,
images can be taken of distant parts of the Lander sur-
roundings (including horizon and sky) and of objects that
are as close as 11 mm away from the front window of the
camera (cf. section 3). The orientation of the RAC is
controlled by the angles and degrees of freedom of the
Robotic Arm. This limits the solid angle available for
imaging. In particular, the RAC cannot provide a complete
360� panorama.
[6] There are several imaging systems on board Phoenix

that together cover the enormous range of scale from
nanometers to meters. Overlaps in scale between the instru-
ments are needed (Figure 2) in order to understand the soil
as a geologic unit at the landing site and develop a
consistent view of its physical properties. Figure 2 shows
that the RAC fills an important gap in the study of grain
sizes and texture of the soil.
[7] The science objectives of the RAC are the following:
[8] 1. To characterize a soil patch prior to digging

(together with the Surface Stereo Imager (SSI)). This
characterization will also support the selection of the
digging site (an important tactical step during mission
operations).
[9] 2. To characterize scoop-soil interactions (e.g., during

scraping or digging) in terms of physical properties such as
cohesion and soil strength [Bonitz et al., 2008].
[10] 3. To characterize trench walls by searching for fine-

scale soil/ice layering and monitoring possible temporal

changes due to sublimation of water ice away from a newly
excavated surface.
[11] 4. To characterize soil samples in the scoop prior to

delivery to the analyzing instruments on the Lander deck
MECA [Hecht et al., 2008] and TEGA.
[12] 5. To characterize the surface below the Lander,

and in particular estimate the penetration depth of the
foot pads with direct implications on the shallow subsur-
face environment.
[13] 6. To provide a Digital Terrain Model (DTM) of the

working (digging) area. The RAC has a larger field of view
(FOV) and stereo base than the SSI. In addition the stereo
base can have any orientation (from horizontal to vertical).
In that sense the RAC complements SSI data in the
generation of the DTM.

Figure 1. Robotic Arm Camera (RAC) (engineering model) and its instrumental environment in the
Payload Interoperability Testbed (PIT), Phoenix Science Operation Center, Tucson, Arizona. A stray light
baffle (missing in these photos) was mounted later to the PIT RAC (Figure 3). (a) Overview of the trench
and dump pile are from Operational Readiness Test 6. The RAC color image of the trench is shown in
Figure 17. (b) Instrumental environment of the RAC, where PEB-U is the Upper Payload Electronic Box
and PC are the power connectors (needed during cruise, here represented as mockup). Thermal Analyzer
(TA) and Evolved Gas Analyzer (EGA) together represent Thermal and Evolved Gas Analyzer (TEGA).
Next to TEGA is the Microscopy, Electrochemistry and Conductivity Analyzer (MECA) box. The four-
needle device (located between scoop and RAC) is the Thermal and Electrical Conductivity Probe and
belongs to the MECA payload as well.

Figure 2. Imaging systems on board Phoenix, including
the Atomic Force Microscope (AFM), Optical Microscope,
Robotic Arm Camera, and Surface Stereo Imager (SSI). The
size of objects that can be studied by these instruments
ranges from the smallest scale (per pixel) to the size of the
object that fills the entire field of view.
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[14] 7. To monitor the horizon and search for dust devils
and provide ‘‘one shot’’ overview images of the brightness
gradient of the Martian sky for atmospheric science.
[15] The RAC also fulfils important tactical (sol planning)

tasks by supporting instrument check-out of MECA and
TEGA and supplementing SSI documentation of sample
delivery to these instruments. More general science goals of
the RAC include the following: (1) to search for seasonal
and climate records in the subsurface, (2) to search for
records of diurnal/seasonal, vertical/lateral transport pro-
cesses in the soil (such as evaporative pores or salt cemen-
tation), and (3) to constrain long-term weathering processes
from shape and texture of rocks or rock fragments.

3. Instrument Description

3.1. Overview

[16] The RAC (Figure 3) is located on the lower side of
the forearm of the RA just behind the wrist and close to the
scoop so that material on the digging blade of the scoop can

be imaged at close focus (Figure 1). The RA and its
operation are described in the accompanying paper by
Bonitz et al. [2008]. The volume of the camera body is
78 � 62 � 61 mm3 with the upper illumination lamp
assembly increasing the total length by 34 mm. The total
mass is 415 g, including the sensor head board (SHB), two
mechanisms, and lamp assemblies. The mechanical assem-
bly consists of a very lightweight frame that serves as an
optical bench. The size of the RAC was driven by the
available CCD detector package and Sensor Head Board
(SHB) that were originally designed for the Descent Imager/
Spectral Radiometer (DISR) camera on board the Huygens
Probe of the Cassini mission [Tomasko et al., 1997]. The
RAC is tested to operate in the temperature range between
160 K and 320 K. The drive motors have to be heated to
their operational temperature above 210 K.
[17] The RAC has a double Gauss lens system and a

frame transfer CCD detector. The light sensitive array
consists of 512 � 256 pixels corresponding to a field of
view (FOV) of 54� � 27� at infinity. The focus can be
adjusted by moving the lens system back and forth with
respect to the fixed CCD. An object can be imaged at any
distance larger than 11 mm from the front window of the
camera. The effective f/number varies from f/23 to f/11 at
infinity. In the highest-resolution mode the imaging scale is
roughly 1:1 and each pixel corresponds to 23 mm at the
location of the target. The RAC front window is a 2 mm
thick blue-green glass filter (BG40, Schott Inc.) that blocks
all near-infrared light with wavelengths longer than 700 nm.
The color capability of the RAC arises from composing
images taken with illumination provided by red, green, and
blue light-emitting diodes (LEDs). Since the lighting system
operates in the visible part of the spectrum, the camera’s
color capability is greatly enhanced by cutting off the near-
infrared part of the incident radiation.
[18] A movable transparent sapphire cover (referred to as

dust cover) driven by a stepper motor protects the front
window of the camera against atmospheric dust and flying
debris that may be kicked up during digging operations. The
cover will be open during normal image acquisition.
Expected exposure times are given in Table 1. Important
characteristics of the RAC and its CCD are summarized in
Tables A1 and A2 (Appendix A).
[19] The RAC consists of the following subsystems

(Table A1): (1) optical bench/frame, (2) Sensor Head Board
with CCD detector, (3) double Gauss lens with lens cell,

Figure 3. The engineering model of the Robotic Arm
Camera mounted to the Robotic Arm. During normal
operations the camera is oriented such that the stray light
baffle shields against direct solar light and sky brightness.
The protruding light-emitting diode (LED) assembly is
therefore referred to as "upper assembly." The box-shaped
chassis of the camera measures 78 � 61� 62 mm (L�W �
H). The two solid arrows in the inset point to the objective
and the guide shaft for the lens translation stage (Figure 6b).
Both components are behind the RAC front window, a
rectangular 2 mm thick blue-green glass filter (Schott
BG40) that blocks infrared light. The dotted arrow in the
inset points to the sapphire cover (here cover up, i.e., moved
out of the way for imaging). The lighting assemblies (above
and below the camera objective) include a total of 28 red,
28 green, and 56 blue LEDs.

Table 1. RAC Exposure Times Estimated for Operationsa

Lighting Situation Exposure Time (ms) Expected DN

Scoop, no LED 1500 2000–3000
Scoop, red LEDs 200 700–3500
Scoop, green LEDs 100 700–3500
Scoop, blue LEDs 30–50 700–3500
Shadowed soil (e.g., trench) >100 2000–3000
Unshadowed soil 20 2000–3000

aThe values for in-scoop imaging are based on experiments with
laboratory samples (performed at focus step #279 and 292). The estimates
for soil imaging assume a soil type similar to Mars Pathfinder soil and take
into account the lower sun position at the Phoenix landing site. The lower
value given for shadowed soil refers to the case where the soil patch is
illuminated by the entire sky hemisphere. Soil patches in trenches are only
illuminated by some fraction of the sky and thus require longer exposure
times.
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(4) lens focusing mechanism with stepper motor and refer-
ence switch, (5) protective dust cover with mechanism,
stepper motor, and reference switch, (6) upper and lower
lamp assemblies, (7) two temperature sensors, and (8) a
protective shell.

3.2. CCD Detector

[20] The CCD was originally developed by Loral (now
Fairchild Imaging) for space application under contract
from the Max-Planck Institut für Aeronomie (now Max-
Planck Institut für Sonnensystemforschung) for the Cassini/
Huygens DISR project. The same CCD was also used for
the Imager for Mars Pathfinder [Smith et al., 1997; Kramm
et al., 1998]. The CCD for the RAC was produced with an
improved process applying a gold rather than aluminum
metallization on the backside of the substrate die in order to
obtain reliable grounding contact.
[21] The CCD (Figure 4a) is a front side illuminated

frame transfer device employing buried channel technology
with two phase Multipinned Phase (MPP) clocking. The
pixel spacing is 23 mm in both directions, however, 6 mm in
the line direction of each pixel are covered by an anti-
blooming structure to remove excess charge in case of
overexposure (Figure 4b). The CCD has no antireflection
coating. It consists of an imaging area of (8 covered +
512 active) columns by 256 lines, and a storage area of (8 +
512) columns by 256 lines covered by a metal mask Each
line from the serial (readout) register contains 4 extra (null)
pixels at the beginning (the ‘‘null strip’’) providing infor-
mation on the bias level and on the system noise, 8 dark
pixels (the ‘‘dark strip’’) measuring dark current, 512 active

pixels, and 4 overclock pixels (see Table A2). Null pixels
are real (extra) pixels on the serial register located near the
readout unit. They cannot receive charge packets from the
image or storage section. The overclock pixels are recorded
in the same way as null pixels. However, they are generated
by reading out more than the 524 pixels that make up the
serial register.
[22] After exposure the photo-generated electrons are

transferred from the active area to the storage area within
1 ms. The readout of the storage area takes 2 s. The CCD
output signal is first amplified by the SHB (identical to the
one used for the Imager for Pathfinder and Mars Volatile
and Climate Surveyor (MVACS) SSI [Kramm et al., 1998]),
and then transmitted via long (up to 4 m) electrical lines to
the CCD Readout Board (CRB) located inside the central
electronics box of the Lander. The CRB accommodates the
analog signal chains with correlated double sampling, a
sample and hold amplifier, 12 bit analog to digital (A/D)
converter, clock drivers, power converter, and a digital
control unit with a parallel interface to the experiment
processor [Smith et al., 2001]. Further details of the CCD
and electronics are given by Kramm et al. [1998].

3.3. Optomechanical Layout

[23] A 12.5 mm effective focal length (EFL) double
Gauss lens design stopped down to a relative aperture of
f/11.2 was selected to achieve the desired combination of
resolutions and working distances. Titanium was used in
cell construction to provide a close match in thermal
expansion with the glass, thereby permitting operation over
the wide temperature range.
[24] The combination of a 12.5 mm EFL lens and the 1:1

imaging requirement leads to a geometry where the mini-
mum object distance from the CCD is about 50 mm and the
lens position varies between 12.5 and 25 mm from the CCD
(Figure 5). Given the length of the lens cell body and the

Figure 4. The frame transfer charge-coupled device
(CCD) detector. (a) The overview shows that the CCD
chip is glued onto a ceramic header that in turn is glued to
the bottom of a gold-plated covar housing. After image
acquisition the charge packets (accumulated in each pixel)
are moved from the active area (greenish-reddish iridescent
area, �11.8 � 5.9 mm in size) to the storage area (whitish,
rectangular area below) within 1 ms then moved to the
readout unit (marked by a black circle) within 2 s. The two
integrated circuits above the active area are temperature
sensors of type AD590. Only one of them is electrically
connected and used for temperature readings. (b) Micro-
scopic view of active pixels. The size of an arbitrary
individual pixel (23 � 23 mm, highlighted) is defined by
two clock lines (c1 and c2) and two channel stops (cs). The
vertically distributed antiblooming structure on all image
pixels that includes an overflow gate (og) and an overflow
drain (od) reduces, however, the light sensitive area in each
active pixel (see text for further details).

Figure 5. Sketch of the RAC. The labels a and b refer to
the front window and the dust cover, respectively. The
distance between CCD (front face) and front window (outer
surface) is fixed (39 mm). The double-Gaussian lens cell,
composed of four lenses (here represented by a vertical
double arrow), has an effective focal length of 12.5 mm and
can be moved within a range (horizontal double arrow) that
is approximately equal to its focal length. The extreme
positions (specified by ‘‘1:1’’ and ‘‘1’’) allow imaging of
objects that are at the 1:1 location (as shown in the drawing)
or at infinite distance, respectively. At the 1:1 imaging
position the object is 50 mm away from the CCD. The
horizontal double arrow also serves as 12.5 mm long-scale
bar for the drawing.
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need for a safety distance in front of the RAC, a very
compact design of the RAC assembly in front of the CCD is
needed.
[25] The optical bench (Figure 6a) consists of three walls

or bulkheads (front, center, and rear) which are braced
against each other by two side frames (left and right). The
volume between front bulkhead and center accommodates
all optical and mechanical subsystems while the volume
between center bulkhead and rear houses the SHB electron-
ics, with two connectors mounted to the rear bulkhead. The
bulkheads are basically 60 � 60 � 5 mm aluminum plates
which are highly sculptured with pockets and flanges in
order to keep mass to a minimum.
[26] The SHB is mounted with its three hard points flush

against the rear side of the center bulkhead, with the CCD
protruding into a pocket in the bulkhead. The sensitive area
is illuminated through a rectangular cut-out from the lens
side.

3.4. Focusing Mechanism

[27] The lens in its cell is mounted to a translation stage
(Figure 6b) which allows its position to be changed along
the optical axis. The mechanism consists of a pair of
cylindrical guide shafts that bridge the span between the
front and center bulkheads. The main bearing of the
translation stage consists of two linear ball bearings in
series on one shaft while a single linear ball bearing held
in the fork end of the stage slides along the other shaft and
thus prevents rotation of the stage. Above the plane defined
by the shafts is the drive lead screw mounted directly onto
the shaft of the stepper motor. This lead screw moves a

VESPEL nut which is held by a forked out-of-plane
extension of the stage. Since this mechanism must be
tolerant of the wide temperature range to be expected, great
care is taken to avoid overconstraining the guiding system.
Total movement range is 13.0 mm or 312 steps with a step
increment of 41.67 mm. The design of the drive allows it to
be run against the stops at the extremes.

3.5. Reference Switch of the Focusing Mechanism

[28] In order to initialize the motor step counter after
switch-on, there is an optical (NIR) interrupter reference
switch mounted to the fixed part of the mechanism below
the stepper motor. A vane on the moving stage interrupts the
IR beam at a fixed point within the travel range. The emitter
and detector together with their respective resistors are
integrated onto a small three-dimensional printed circuit
structure made of Al2O3 ceramic. The detector output
switches from ‘‘low’’ to ‘‘high’’ when the vane interrupts
the beam. At switch-on, the mechanism control software
can read from the switch status which side of the reference
position the stage is located, low means the stage is farther
away from the CCD than the reference position. High
indicates that the stage (and the lens) is closer to the CCD
than the reference switch position. Appropriate commands
move the lens into the reference position.

3.6. Cover Mechanism

[29] The protective cover has a full-size sapphire window
to protect the filter window against scratches from flying
dust and dust or frost deposition. Small conductive carbon

Figure 6. Optomechanical layout of the RAC. (a) RAC
frame (optical bench). The frame measures 78 � 61 �
62 mm (L � W � H). Its front part has mounting slots for
front window (FW) and lower lamp assembly (LLA) and
houses all mechanical and optical subsystems including
CCD, cover motor (CM), focus motor (FM) and lens cell
assembly (LCA). The back part holds the sensor head board
that amplifies the analog signal from the CCD. (b) Focusing
mechanism. The translation stage that accommodates the
LCA can be moved back and forth by the means of a focus
step motor.

Figure 7. Configuration for close-up imaging of in-scoop
material. The RAC front window and the dust cover are
shown as rectangles, marked by a and b, respectively.
Two LED assemblies, an upper (80 LEDs) and a lower one
(32 LEDs), are available for sample illumination. At the
scoop configuration shown, only the upper LEDs (64 and
16 LEDs for the far and near field, respectively) illuminate
the sample. The survey of the entire scoop volume requires
acquisition of images at a variety of focus positions. The
vertical lines are the object planes corresponding to the
following focus motor steps (from left to right): #0, 87, 125,
153, 177, 198, 217, 234, 250, 265, 279, and 292. The length
of these lines specify the (vertical) FOV. The scoop disposes
also over a Rapid Active Sampling Package (RASP) (not
shown in this drawing) that allows drilling into icy soil and
transferring the cuttings into the back of the scoop.
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fibre brushes (located inside the cover slot, see dotted arrow
in Figure 3) remove particles and static charge from the face
of the filter window during each actuation. The cover is
rotated to the open position by a stepper motor. The
reference switch is the same kind as the one used in the
focus drive. Again a narrow rotating vane interrupts a NIR
beam exactly in the closed position (output state = high). As
soon as the cover begins to open this changes to low. Any
incomplete opening of the cover must be deduced from the
actual image.

3.7. Temperature Sensors

[30] Besides the temperature sensor integrated on the
CCD chip (Figure 4a), two extra AD 590 sensors are
bonded to the rear body of each of the drive motors. The
sensors are used to monitor the warming of the motors to
the minimum temperature required by the grease lubricant
and to prevent overheating due to extended operation.

3.8. Protective Shell

[31] The optical bench assembly (Figure 6a) is enclosed
by a two-part protective shell made out of 0.5 mm alumi-
num sheet, a U-shaped hood and a flat bottom cover. These
are attached by countersunk M2 screws so there are no
protruding screw heads. The edges are sealed by strips of
polyamide adhesive tape in order to make the enclosure
dustproof. Pressure equalization will be achieved through a
pair of sintered stainless steel filter disks located at the rear
side of the RAC frame near the connectors. Surface treat-
ment of the external faces is chromate conversion (IRI-
DITE). Thermooptical properties of the shell consist of solar
absorptivity a = 0.64 and hemispherical thermal emissivity
e = 0.05 (at room temperature).

3.9. Illumination System

[32] The requirements to illuminate an object at the 1:1
macro position as well as the rear of the scoop or the bottom
of the trench are difficult to meet. The location and
properties of the illumination system are critical to the

Figure 8. Flat fields acquired at room temperature. The images shown are corrected for bad pixels and
scaled such that their maximum signal becomes unity. In this representation the pixel that is first read out,
i.e., pixel (0, 0), is in the upper left corner (cf. Figure 4). The relative variation across the field of view
(FOV) increases with increasing focus step number. (a) Focus step #0 (stretched 0.81–0.99), (b) focus
step #85 (stretched 0.78–0.99), (c) focus step #215 (stretched 0.73–0.99), and (d) focus step #312
(stretched 0.65–0.98).

Figure 9. Object distance (as measured from the outer
surface of the RAC front window) versus focus motor step.
The crosses are the experimental values at the standard
focus motor steps. The solid and dashed curves are the
Zemax model curves. The spacing between the two solid
curves represents the depth of field predicted by the model.
The two outliers at focus step �#300 are not taken into
account by the model. The model data at the standard focus
motor steps are also given numerically in Table A3.
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performance of the RAC. The successful superposition of
images taken with different colors crucially depends on the
illumination geometry being as similar as possible for all
lamp sets.
[33] Two LED assemblies, an upper and a lower one

(relative to the objective), are mounted to the front face of
the camera (Figures 3 and 7) in order to illuminate soil
samples in the trench or in the scoop with red or green or
blue light. They are composed of ultrabright 3 mm LEDs
from HP Inc. (red LEDs) and Nichia Inc. (green and blue
LEDs). The lower LED assembly comprises 8 red, 8 green,

and 16 blue LEDs behind a protective window. These LEDs
are used to illuminate soil material (deep down) in the
trench, but will not provide much illumination of material in
the scoop as can be seen in Figure 7. The upper LED
assembly carries a corresponding set of LEDs (16 red,
16 green, and 32 blue) illuminating soil samples in the rear
of the scoop (or in the trench). The upper assembly also
contains some additional down-looking LEDs (4 red,
4 green, and 8 blue, Figure 7) that illuminate soil material
on the digging blade (including the locations at closest
focus) and in the near part of the scoop.
[34] All LEDs are placed behind a protective glass cover

whose inner face was ground to a fine matte finish in order
to achieve a uniform illumination field. The upper LED
assembly also harbors the sapphire cover (section 3.6) in its
open position (cf. Figure 3, dotted arrow). The light
emission characteristics of the LEDs are described in
section 4.6.
[35] Acquiring images of the target during successive

illumination by red, green, and blue LEDs provides color
information of the targets and allows for generation of
pseudotrue color images (section 4.8). Obviously, good
color information can only be obtained for targets that are
in the shade and are near enough to the camera (say <10 cm)
such that the light from the LEDs prevails over the back-
ground light (such as sky light). This will be the case for
material inside the scoop and, depending on local lighting/
viewing conditions, also for material in the trench.

4. Electronic, Optical, and Radiometric
Performance

[36] This section describes electronic, optical and radio-
metric properties of the RAC determined during its calibra-
tion. The bulk of the RAC calibration and instrument

Figure 10. Distortion versus distance from CCD center
(focus motor step #279). The distortion is positive and
reaches 0.3% at large focus steps (here #279) and at the
corners. For small focus steps the distortion can be
neglected.

Figure 11. Modulation transfer functions as inferred from measurements of the curve spread function
for different magnifications and cover up (i.e., cover moved out of the way for standard imaging) in the
(a) vertical and (b) horizontal directions. Imaging through the cover has only a very minor (negligible)
effect on the modulation transfer function (MTF). The solid and dotted curves refer to magnifications of
1:1 (focus motor step #0) and 10:1 (focus motor step #279), respectively. The minimum for the vertical
MTF occurs at a spatial frequency of 1000/23 � 43 lines/mm (as expected from the vertical extension
(23 mm) of the pixels, cf. Table A2). However, the horizontal MTFs have their minimum near 65 lines/mm,
implying an effective horizontal pixel extension of �15.4 mm.
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characterization activities occurred in late 1999 and were
described by Bos [2002]. In early 2006 the instrument
underwent additional testing to verify the 1999 test results
and prepare for the Phoenix mission. The stability of the
parameters over more than 7 years is remarkable. It should
be kept in mind that the optical performance of the RAC (as
described below) degrades over the course of the mission to
the extent that the front window and the LED assemblies are
contaminated by airborne dust or soil material kicked up
during digging operations.

4.1. CCD Properties

[37] This section focuses on CCD properties (cf.
Table A2) at expected operational temperatures (�230 K).
[38] The charge capacity of the active pixel surface is

dependent on the potential of the antiblooming gate
barrier, and was adjusted for a full well value of about
112,000 electron (el�) for the RAC CCD (# 143).
Accordingly, the system gain was set to about 27 el�/
DN in order to fully utilize this full well with the 12 bit
analog-to-digital converter (ADC).
[39] The bias level of the CCD is 280 el– (10 DN) and the

read noise (as measured at CCD subsystem level for the
nominal readout rate of 16 ms pixel�1) is 16 el� rms (0.6 DN
rms). The average dark current is below 10 el� (0.4 DN) for
expected exposure times (Table 1) and therefore negligible.
The deviation of the CCD signal from linearity (upon
stimulation by LEDs) is less than 0.5%. The vertical charge
transfer efficiency (CTE) was measured at a signal level of
10,000 to 20,000 electrons at a clocking rate of 4 ms/line
and was determined to 0.999996 and 0.9999998 at 283 K
and 193 K, respectively.
[40] Nonuniformity refers to the number of pixels whose

photo response is more than 4% greater than or less than the
array average photo response at the signal level of 50,000 to
70,000 electrons, using a nominal 3200 K tungsten-halogen
light source with a daylight filter (such as Schott BG26). In
most cases the nonuniformity of such pixels can be cor-

rected for by flat fielding (compare section 4.2).During
validation and testing of the RAC (March 2006) for the
Phoenix mission about 50 bad pixels were identified. These
pixels have a strongly reduced (or no) sensitivity to light as
a result of inherent CCD blemishes and/or the presence of
larger dust particles on the CCD. Such pixels must be
replaced onboard by the average of neighboring pixels.
Their location did not change during preflight vibrational
tests or during launch (as confirmed by in-flight images,
acquired in September 2007, Figure 20). As a result it is
straight forward to correct the RAC images for these pixels.

4.2. Flat Fielding

[41] Flat fields were acquired at room temperature by
imaging the inside of an illuminated integrating sphere
(25 cm in diameter). The relative position of the RAC and
integrating sphere was fixed, and the LEDs were switched
off. The focus step was incremented by five units between
each acquisition. Figure 8 shows four representative flats,
acquired at focus steps #0, 85, 215, and 312, respectively. It
can be seen that the relative variation of these flats varies
from about 10% to about 30%. This variation is due to the
optics, and not to the CCD (section 4.1).

4.3. Focus

[42] Selected RAC focus data were acquired by moving
the focus relative to a back-illuminated knife edge [Bos,
2002]. On the basis of these data a full RAC Zemax model
was developed. The model results are graphically presented
in Figure 9 and numerically in Table A3.

4.4. Distortion

[43] The optical distortion was measured by imaging a
target of equally spaced holes manufactured out of photo-
etched chrome on glass [Bos, 2002]. The RAC flight model
turned out to have a positive distortion that reaches 0.28% at
the corners of the image (Figure 10), implying that an image

Figure 12. The spectral characteristics of the RAC
illumination system. All spectra are normalized to unity at
peak wavelength. Solid and dotted curves show the
emission spectra at low (blue at �91.9, green at �100.3,
and red at �94.0�C) and high temperatures (blue at 16.7,
green at 10.9, and red at 15.5�C), respectively.

Figure 13. The normalized spectral responsivity of the
RAC, as calculated by convolution of the CCD’s (typical)
quantum efficiency and the transmission of the front
window. The cut off at short (�400 nm) and long
wavelength (�700 nm) is due to CCD and front window,
respectively. The responsivity increases with decreasing
temperature in the blue and green spectral region.
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point at that location is by 0.8 pixels further out than it
ideally should be.
[44] The nominal lens design predicts a maximum optical

distortion of �0.055%. However, a tolerance analysis of the
RAC lens design indicates that small lens element to lens
element spacing errors of less than 50 mm can account for
the optical distortion that is actually observed.

4.5. Resolution: Modulation Transfer Function

[45] The modulation transfer function (MTF) was mea-
sured by imaging a back-illuminated target with horizontal
and vertical slits. The slit widths were 2.3 and 23 mm at the
two focus positions explored (#0 and #279, respectively). In
order to minimize aliasing effects, the target was moved by
some subpixel distance (vertically or horizontally), and a
new image was taken etc.. From these data the horizontal
and vertical line spread function can be derived that in turn
can be Fourier transformed into the horizontal and vertical
MTF. The results are shown in Figure 11 for the two focus
motor positions and ‘‘cover up’’ (i.e., the sapphire cover
moved out of the way, its standard position for imaging
during operations). The cover-up and cover-down MTF
are almost identical. The MTF values for focus motor step
#279 (10:1 conjugate ratio) are slightly better than the ones
for #0 (1:1). More importantly, MTF does not substantially
degrade from the center toward the corners of the FOV.
[46] Figure 11 also shows that the vertical and horizontal

MTF reach zero at 43.5 and 65.0 lines/mm, respectively.
These two values represent the effective vertical and
horizontal array sampling rate. They appear as minima,
since MTF is defined as the absolute value of the Fourier-
transformed line spread function. The difference between
vertical and horizontal direction is due to the antiblooming
gates that run vertically across the CCD (Figure 4). The
minimum for the vertical MTF (Figures 11a) occurs at a
spatial frequency of 1000/23 � 43 lines/mm (as expected
from the vertical extension (23 mm) of the pixels, cf.

Table A2). However, the horizontal MTF (Figures 11b) have
their minimum near 65 lines/mm, implying a horizontal
pixel extension of �15.4 mm. This value is also confirmed
by the microscopic image of the CCD (Figure 4b).
[47] The 1999 MTF test results showed a significant

falloff of the MTF in two corners of the RAC’s field of
view [Bos, 2002]. The tests in 2006 revealed that this
behavior was in fact a test artifact in 1999. The resolution
across the FOV is almost constant.

4.6. Characteristics of the Illumination System

[48] The LEDs were tested in the temperature range 180–
300 K. The emission spectra of the blue and green LEDs
(Figure 12) are largely independent of temperature with the
exception of the center wavelength of the red LEDs. It has a
noticeable temperature dependence (0.1 � 0.2 nm K�1,
Figure 12, Table A4) that must be accounted for when
generating true color images (section 4.8). The widths of the
emission spectra (also listed in Table A4) are comparable to
the bandpasses of the corresponding SSI filters.

4.7. Responsivity

[49] The spectrally resolved responsivity of the RAC was
not directly measured. By folding the quantum efficiency
spectrum of the CCD with the transmission spectrum of the
front window, the approximate relative responsivity of the
RAC can be calculated (Figure 13). It peaks at 600 nm and
has a full width at half maximum (FWHM) of about 170 nm.
The cut off at the short-wavelength end is due to the CCD,
while the one at the long-wavelength end is due to the front
window. The transmission of the optics would not affect
Figure 13 in any significant way and was therefore
neglected.

Figure 14. The absolute responsivity of the RAC at l =
600 nm as a function of temperature. The responsivities
shown here are polynomial fits (see equation (1) in the main
text) that have been drawn for all 15 standard focus motor
steps (#0, 87, 125, 153, 177, 198, 217, 234, 250, 265, 279,
292, 300, 306, and 312). These fits assume the spectrum of
an incandescent filament bulb (with maximum emission at
l � 900 nm). For Martian soil spectra the responsivity is
about 11% lower.

Figure 15. The RAC response to an illuminated white
reflectance panel as a function of temperature. The RAC
imaged the white target (placed at focus) from inside a
thermal vacuum chamber with focus motor step #275. The
illumination was provided by all red, green, or blue LEDs.
The inset shows a typical image with reflections of LED
light on the chamber window. The data (fitted by fourth-
order polynomials) are averages over 10 � 10 pixels near
the center of the CCD.
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[50] The absolute responsivity of the RAC was inferred
for a wavelength of 600 nm from RAC images of a white
reflectance panel (with a diffuse reflectivity of 0.99) that
was illuminated by a calibrated quartz tungsten halogen
lamp (Oriel Instruments #63355) with approximately nor-
mal incidence [Bos, 2002]. The RAC was placed in a
thermal vacuum chamber and images were acquired at
focus motor step #306 and at six different CCD temper-
atures (160, 203, 243, 295, 303 K). Additionally the
responsivity was measured at ambient pressure and temper-
ature, but for the different standard focus motor steps (#0,
87, 125, 153, 177, 198, 217, 234, 250, 265, 279, 292, 300,
306, and 312). Lamp, reflectance panel, and RAC were kept
at fixed positions throughout all experiments. The images
were analyzed in terms of the average over 10 � 10 pixels
centered around the pixel location that coincided with the
bright spot on the reflectance target [Bos, 2002]. Assuming
a similar temperature dependence at all focus motor steps
the RAC responsivity (DN s�1 (W m�2 sr�1 mm�1)�1) can
be described by the following formula for the cover ‘‘up’’
configuration:

ROriel ¼
8:1823� 108 � 32865T � 2093:5T2

602:125�MSð Þ2
; ð1Þ

where T is the temperature in Kelvin and MS is the focus
motor step. Figure 14 plots equation (1) for all standard
focus motor steps. Equation (1) is accurate to ±5% for the
emission spectrum of the Oriel lamp. The responsivity of
the RAC at a given wavelength (here l = 600 nm) depends
on the spectrum of the incident light as a result of the RAC’s
broadband sensitivity. For the radiance of sunlit Mars-like
material [Maki et al., 1999] that tops in the spectral range
600–700 nm, the responsivity is calculated to be about 11%
lower [Bos, 2002]

RMars � 0:89ROriel: ð2Þ

[51] In particular (see equation (2)) the RAC responsivity
amounts to �7104 DN s�1 (W m�2 sr�1 mm�1)�1 for the
Martian surface radiance at l = 600 nm, T = 230 K, dust

cover up and focus motor step #306 and increases from
�6630 to �7611 DN s�1 (W m�2 sr�1 mm�1)�1 when the
temperature is lowered from 273 to 173 K. At the same
wavelength the responsivity is 12.6 times larger than that of
the of the Imager for Mars Pathfinder (IMP) [Reid et al.,
1999] because of the RAC’s much larger bandpass and its
faster optical system at focus motor step #306.
[52] Given the uncertainty of the radiance spectrum at the

Phoenix landing site the absolute radiometric calibration of
the RAC is accurate to 10%. As mentioned earlier, the
absolute calibration refers to a small area of 10 � 10 pixels
near the center of the CCD. In contrast, the relative
comparison of radiant fluxes (e.g., sky/soil within the same
FOVor imaged at different times) involves only the relative
radiometric calibration that is chiefly controlled by flat
fielding and detector noise and is accurate to better than 1%.
[53] Figures 15 and 16 show the RAC response (DN/s) to

a white reflectance panel that is placed at the appropriate
focus position and is illuminated by all red or green or blue
LEDs. The RAC’s viewing direction is perpendicular to the
panel [Bos, 2002].
[54] Figure 15 plots the RAC response as a function of

temperature for a focus motor step #275. The data shown
are 10 � 10 pixel averages. Figure 16 shows the RAC
response as a function of object distance (in mm) and at
three different locations in the FOV. Figures 15 and 16 show
that blue LED illumination of white (or gray) targets leads
to the highest response. At small object distances, only part
of the illumination can reach the object. Therefore the
camera response increases when the object distance is
increased in the range 11 to 20 mm (or more, depending
on the position on the CCD array and on the LED type).
Obviously, at larger distances, the RAC response must
decrease again. The significant difference between the three
curves in Figures 15 and 16 (representing three different
locations on the array) indicates the strong illumination
nonuniformity that increases with increasing object distance
and focus motor step.
[55] Figure 16 shows also the calculated RAC response to

sunlit rock and soil at the Mars Pathfinder site. The radiance
of a typical rock and of soil was reported to be 16 and 33 W

Figure 16. The RAC response to an illuminated white panel as a function of object distance at three
positions on the CCD array (259, 127; 140, 70; and 10, 5). The experimental setup and procedure are the
same as for Figure 15, except that all data were acquired at ambient pressure and temperature.
Illumination by all (a) red, (b) green, and (c) blue LEDs. Also shown is the (calculated) on-axis response
to sunlit rock and soil at the Mars Pathfinder landing site [Maki et al., 1999]. The response to soil is about
twice the one to the rock.
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m�2 sr�1 mm�1 at l = 600 nm and at 1100 local standard
time (LST). This radiance was then multiplied by the RAC
responsivities (T = 273 K) at each focus motor step
(equation (1)) and plotted on all diagrams. The response
to the rock and to soil as shown in Figure 16 likely
overestimates the actual response, since the data given by
Maki et al. [1999] refer to Martian material that is illumi-
nated by both direct solar light and sky light, whereas the
same object targeted by the RAC may receive direct
sunlight but would certainly receive a much smaller fraction
of the skylight because of shading by the camera body itself
and other hardware in the vicinity (stray light baffle, front
part of the Robotic Arm, scoop). Figures 14a–14c show
that the RAC’s reponse to the rock and the soil is always
larger than the response to a white target that is illuminated
by the RAC’s own lighting system, except for blue illumi-

nation at distances smaller than 70 and 120 mm, respec-
tively. Given that Martian samples have reflectances that are
much below unity (typically 0.07, 0.10, and 0.25 in the
spectral ranges of the blue, green and red LEDs, respec-
tively), the objects to be imaged may not be illuminated by
direct sunlight, if good color information is desired. Even
then the presence of ambient solar light is problematic, since
Martian skylight can make up a significant fraction of the
total scene illumination, depending on the atmospheric dust
loading and the amount of sky light intercepted by the RAC
target.

4.8. Generation of Color Images

[56] The process of generation of color images is illus-
trated in Figure 17 using trench images from Operational
Readiness Test 6 (October 2007). In general, four images

Figure 17. RAC color image of soil. The images shown here were acquired at room temperature in the
PIT during Operational Readiness Test 6 (October 2007). (a) Neutral (N) image acquired under ambient
illumination (with LEDs switched off). (b) Blue (B) image acquired while the blue LEDs were switched
on. (c) Difference image (B-N). (d) The RAC RGB color image, as composed of R-N (not shown), G-N
(not shown), and B-N. The RAC color image shown can be compared to the trench color image made by
a commercial CCD camera (Figure 1). Differencing B and N leads to a loss of resolution in the difference
image, partially due to the high dark current level in these images.

Figure 18. (a) RAC equipment operation on Devon Island, Canada, summer 2001. (b) In-scoop RAC
color image of soil material, Devon Island [Bos, 2002]. Color artifacts such as the green spot near the
lower left corner are due to specular reflection.
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must be acquired of the target (Figures 17a and 17b). One
image without illumination (labeled N for ‘‘neutral’’) and
three additional images (labeled R, G, and B) with red,
green, and blue illumination, respectively. Then difference
images (R-N, G-N, and B-N) are computed (Figure 17c) in
order to remove ambient light from the scene. Finally, the
difference images are weighted by appropriate factors and
combined into a color image.
[57] For the illumination system at the Phoenix Payload

Interoperability Testbed (PIT) the weighting factors 1.0,
0.9 and 0.5 for R, G, and B, respectively, provide a
pseudotrue color image of the soil (Figure 17d). Differenc-
ing the images leads to a loss in resolution as shown in
Figure 17c. However, the images shown were acquired at
room temperature. Given the high level of dark current
(�70 DN) and associated noise the net signal in the
difference image is rather low and small graytone varia-
tions are easily smeared out. On Mars, the situation will be
more favorable. The lower temperature reduces the dark
current level and increases the camera response to LED
illumination (Figure 15).
[58] Additional RAC color images are presented in

Figures 16–18. Figure 18b is an in-scoop color image
acquired during the RAC operations field test on Devon
Island, Canada, in summer 2001 [Bos, 2002]. The image
reproduces quite well the soil color that was perceived by
the human eye (disregarding a few artifacts that are due to
specular reflection of LED light). Moreover, the resolution
is much better than in the previously discussed case
(Figure 17) because of the smaller distance from camera
to target and because of the low (near-zero) ambient light
level. Figure 19 shows a polished volcanic breccia (Puu
Poliahu cone of Mauna Kea volcano, Hawaii) as imaged by
a commercial flat-bed scanner (Figures 17a and 17b) and by
the RAC flight model (Figure 19c). Figure 20 presents an
image of the scoop and parts of the biobarrier that was
acquired during cruise (10 September 2007). The image

deviates somewhat from a true color representation because
of the different tilts, distances and reflectance properties of
the objects in the FOV.
[59] As pointed out in the previous section, the LED flats

are nonhomogeneous and the ratio of red, green and blue
light reaching the target depends somewhat on its distance
from the camera and on its position in the FOV (Figure 16).
Correction for this effect (not done in Figures 15–18) is
under development.

5. Operations

[60] The CCD was qualified for the temperature range
160–320 K. However, at low temperature operations, the
stepper motors for the dust cover and the lens system need
to be heated to above 210 K before they can be operated.
This minimum temperature is required by the grease lubri-

Figure 19. Polished volcanic breccia (HWMK745R, Mauna Kea, Hawaii). (a) Rock surface as imaged
by a commercial flat-bed scanner. (b) Subframe of Figure 19a. (c) Same subframe as in Figure 19a but
illuminated and imaged by the RAC flight model with focus motor step #0 (30 March 2006). Figure s 19b
and 19c show an area 11.2 � 5.6 mm of the rock surface. The rock sample has been further described by
Morris et al. [2005]. Credit: Richard V. Morris, NASA Johnson Space Center, Houston.

Figure 20. Color composite of the scoop interior as
imaged during cruise (10 September 2007). The cover to the
left and right of the scoop is the biobarrier. In this image the
funnel (f) and the digging blade (located above the funnel
outside the FOV) point upward because of the stowed
position of the Robotic Arm.
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cant in the bearings of these stepper motors. All the other
moving parts in the RAC are lubricated with MoS2 and need
not to be preheated, as their temperatures will always be
above the allowed minimum temperature (140 K) on the
surface of Mars.
[61] During nominal operations the raw images must be

corrected on board for bad pixels in order to minimize
compression artifacts. The active area frames (512 �
256 pixel) are then JPEG compressed by a factor of �4
(depending on resources) and downloaded. All remaining
calibration steps (such as dark current correction (insignif-
icant) and flat fielding) will be done on the ground. The
flight software allows for subframing. However, in general
mostly full frames will be downloaded.
[62] There are two different operational modes for the

RAC: (1) high-resolution imaging of material in the scoop
(22–300 mm/pixel at the target) and (2) low-resolution
imaging outside the scoop (typically 400–600 mm/pixel
or larger, depending on the distance from the RAC to the
target). Any object outside the scoop (e.g., a point on the
Martian surface or an instrument on the Lander deck) can
only be imaged from a distance of 30 cm or larger because
of obstructions by the end of the RA (including scoop and
Thermal and Electrical Conductivity Probe (TECP), see
Figures 1 and 7). Thus out-of-scoop images have low
resolution that is comparable to the one of the SSI.
[63] Table 1 summarizes exposure times that are expected

to provide signal amplitudes in the range 2000–3000 digital
number (DN) during operations on Mars. The correct
exposure times are difficult to estimate because they depend
on albedo and surface properties of the target, on the
lighting and viewing geometry, and on the focus motor
step. Soil material in the back part of the scoop receives
considerably less light from the camera’s illumination

Table A1. Camera Characteristicsa

Item Specification

Dust cover Movable sapphire window, transparent (�85% transmission), 2 mm thick
Front window Schott BG40 broad band filter (IR cut off at 700 nm), 2 mm thick
Objective Four-element double Gauss lens operating at f/11.2– f/22.9, effective focal

length = 12.462 mm, variable focusing
Detector CCD with electronic shutter (Table A2)
Responsivity Peak wavelength = 600 nm, FWHM � 170 nm, �7.1 � 103 DN s�1

(W m�2 sr�1 mm�1)�1 at l = 600 nm, T = 230 K, focus step #306
Relative (pixel-to-pixel)
radiometric accuracy

±1%

MTF (polychromatic,
at best focus)

Vertical MTF > 0.25, horizontal MTF > 0.40 at 25 lines/mm (in image space)
for any focus motor step

Instantaneous Field of View From 0.9 mrad pixel�1 at close-up to 1.8 mrad pixel�1at infinity
FOV 54� � 27� for focus at infinity
Illumination Two LED assemblies with a total of 28 red, 28 green, and 56 blue LEDs
Power CCD � 4 W, illumination � 4 W (red), � 2 W (green), � 4 W (blue LEDs),

cover motor, focus motor � 21 W
Dimensions 78 � 61 � 62 mm (L � W � H)
Mass 0.415 kg

aThe principal components are dust cover, front window, objective, and detector (sorted from outside toward inside). The
camera responsivity is chiefly controlled by the transmission of the front window and the quantum efficiency of the detector.
The specified value (accurate to ±10%) was inferred from images (with dust cover up, cf. Figure 3) of a white reflectance panel
that was illuminated by a calibrated quartz tungsten halogen lamp. The power consumption is typically a few watts but rises to
�21 W (peak value) during operation of the motors. The camera dimensions given refer to the box-shaped chassis and do not
include the upper LED assembly (37.5 � 61 � 39 mm). The value for the camera mass refers to the sensor head that is
mounted near the scoop and does not include readout electronics or cabling between sensor head and readout electronics.
Further characteristics of the detector, the optical properties of the camera (focus, FOV, and resolution), and its illumination
system are given in Tables A2, A3, and A4, respectively.

Table A2. CCD Detector Characteristicsa

Item Specification

Make Lockheed Martin Fairchild
Systems (formerly Loral)

Type Front illuminated, frame transfer,
antiblooming, monochrome

Quantum efficiency 40�50% within 550–850 nm,
zero below 400 nm and above
1050 nm

Image area (512 active + 16) columns � 256 lines
Line structure 4 null pixels + 8 dark pixels + 512

active pixels + 4 overclock pixels
(see Figure A1)

Active image area 512 � 256 pixel
Pixel pitch 23 mm
Active area of pixel 15.4 � 23 mm (as inferred from MTF

and optical microscopy)
Frame transfer time 1 ms
Readout time 16 ms per pixel, �2 s per image
Exposure times 0 to 32 s in steps of 0.5 ms,

autoexposure selectable
A/D conversion 12 bit per pixel (0–4095 DN)
Bias �280 el�

Readout noise �16 el� rms at 230 K,
�15 + 1.2el�4*exp(0.0407*T[K])

Dark current
(expected time = 2 s)

�5 el- at 230 K,
3.0 + 5.8el�11*exp(0.105*T[K])

Full well �111600 el� at 230 K, �103000 + 37.4*T[K]
System gain 27.3 el-/DN at 230 K, �25.2 + 0.009*T[K]
S/N ratio �330 (maximum)
Linearity error <0.5%
CTE (vertical) >0.999996

aThe light-sensitive pixels have a nonsquare active area (15.4 ± 0.2 mm
along the horizontal direction) because of the antiblooming gates that run
vertically across the CCD (the vertical direction being the direction of the
frame transfer from image to storage zone). Dark pixels are covered by a
metal mask and provide information on the dark current. Null pixels are
dummy pixels generated by passing a signal from the serial register directly
to the analog chain without any vertical shift of charges. Null pixels contain
information on the bias level and the system noise. The dark current as
specified here is generated during 2 s of integration and during readout.
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system than material in the middle part. Soil material on the
front part of the digging blade will primarily receive light
from the down-looking LEDs in the upper assembly as
shown in Figure 7. As a result in-scoop images have a
strong brightness gradient at any focus motor step. Figure 7
also demonstrates the need for image acquisitions at twelve
standard focus steps (Table A3), i.e., #0, 87, 125, 153, 177,
198, 217, 234, 250, 265, 279, and 292, in order to image
any subset of the scoop material with acceptable focus. At
each focus step four images are needed for color informa-
tion (R, G, B, and N, section 4.8). Thus a full color image
cube of the scoop requires 48 images or �19 Mbit (assum-
ing 3 bit/pixel or a compression factor of 4), which is a
significant fraction of the data volume (�50 Mbit) that may
be downlinked during an average telelink pass. Close-up
color imaging of sample material that is located on the
digging blade within 20 mm from the RAC front window
(focus steps #0, 87, 125, 153 and 177) will have high
priority during surface operations.
[64] In order to achieve the Phoenix science goals, the

RAC must also acquire images of the Lander deck (focus
motor step #303) for a variety of purposes, such as instru-
ment checks, documentation of sample delivery to TEGA
and MECA and assessment of dust deposition on solar
panels and calibration targets [Leer et al., 2008]. These
images (�0.7 mm/pixel at the target) will complement SSI

images of the same target, since they are taken from a
different view point.

6. Summary

[65] The RAC is a variable-focus CCD camera with low
detector noise (<20 el� rms or 0.8 DN rms) and 12-bit
analog-to-digital conversion. It uses its own illumination
system consisting of red, green and blue LEDs and can
therefore provide pseudotrue color images of close-up soil
targets in the scoop with a scale down to 22 mm/pixel. The
MTF exceeds 30% at 26 lines/mm at any focus step with
only little degradation toward the corners. The RAC will
also serve as a (monochrome) backup of the SSI, support
instrument check-out (MECA, TEGA), spacecraft inspec-
tion, and document sample transfer to MECA and TEGA.
Its mobility and its great flexibility in terms of focus and
resolution enable the RAC to perform a variety of essential
tasks during operations and to make a substantial contribu-
tion to the Phoenix science return.

Appendix A

[66] Tables A1–A4 summarize important characteristics
of the Robotic Arm Camera and its subsystems. The line
structure of the CCD is illustrated in Figure A1.

Table A3. RAC Imaging Characteristics (Zemax Model Data) at the Standard RAC Focus Stepsa

Motor
Step

Near Depth
of Field

Object
Distance

Far Depth
of Field

Depth
of Field

Imaged
Area(mm)

Scale at Object
(mm pixel�1)

Instantaneous Field
of View (mrad pixel�1) f/Number

0 10.603 11.371 11.954 1.3510 11.2 � 5.60 0.021849 0.89911 22.923
87 11.108 12.329 13.333 2.2250 15.5 � 7.75 0.030281 1.0489 19.669
125 12.473 14.079 15.458 2.9850 18.6 � 9.32 0.036415 1.1312 18.245
153 14.327 16.383 18.212 3.8850 21.9 � 11.0 0.042801 1.2005 17.195
177 16.845 19.497 21.943 5.0980 25.8 � 12.9 0.050371 1.2671 16.293
198 20.165 23.632 26.955 6.7900 30.5 � 15.3 0.059590 1.3316 15.504
217 24.613 29.265 33.921 9.3080 36.6 � 18.3 0.071413 1.3960 14.789
234 30.510 36.932 43.694 13.184 44.5 � 22.2 0.086822 1.4591 14.150
250 38.909 48.288 58.855 19.946 55.8 � 27.9 0.10894 1.5239 13.547
265 51.400 66.241 84.685 33.285 73.3 � 36.6 0.14312 1.5901 12.982
279 71.306 97.865 136.77 65.464 104 � 51.8 0.20239 1.6573 12.454
292 106.89 166.01 289.94 183.05 168 � 84.2 0.32878 1.7249 11.964
300 149.96 277.19 816.33 666.37 273 � 137 0.53396 1.7694 11.662
306 210.67 532.24 infinity infinity 514 � 257 1.0037 1.8043 11.435
308 242.47 758.53 infinity infinity 727 � 364 1.4203 1.8162 11.360
310 284.87 1305.9 infinity infinity 1243 � 621 2.4274 1.8283 11.284
311 311.84 2030.5 infinity infinity 1925 � 963 3.7606 1.8344 11.247
312 344.18 4521.3 infinity infinity 4273 � 2136 8.3454 1.8405 11.209
aThe selection of standard steps is driven by the need to reduce calibration work, while still covering the entire range of target distances with acceptable

focus. The object distance is defined as the distance from the front window of the RAC to the object plane. All linear dimensions are in millimeters. The
Zemax based model is optimized on rms spot size at given object distance. Near and far depths of field are geometric depth of field on the basis of 1 pixel
blur. Motor step #306 corresponds to hyperfocal focus.

Table A4. RAC Illumination System Characteristicsa

Item

Specification

Red LEDs Green LEDs Blue LEDs

Peak Wavelength �634 nm at 230 K, �603 + 0.134*T[K] �524 nm at 230 K, �521 + 0.012*T[K] �464 nm at 230 K, �460 + 0.019*T[K]
FWHM �17 nm at 230 K, �6.35 + 0.0450*T[K] �34 nm at 230 K, �25.8 + 0.035*T[K] �22 nm at 230 K, �13.4 + 0.039*T[K]

aThe red LEDs have the narrowest emission spectrum, and the green LEDs have the broadest one. Note the strong temperature dependence of the red
LED peak wavelength.
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Figure A1. CCD layout. A CCD readout generates a data
array of 528 � 256 12-bit numbers. From left to right, 4 �
256 null pixels, 8 � 256 dark pixels, 512 � 256 active
pixels, and 4 � 256 overclock pixels. Null and dark and
overclock pixels are downloaded only upon request. The
drawing is not to scale.
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