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Abstract The Scanning Habitable Environments with Raman and Luminescence for Organ-
ics and Chemicals (SHERLOC) is a robotic arm-mounted instrument on NASA’s Persever-
ance rover. SHERLOC has two primary boresights. The Spectroscopy boresight generates
spatially resolved chemical maps using fluorescence and Raman spectroscopy coupled to
microscopic images (10.1 µm/pixel). The second boresight is a Wide Angle Topographic
Sensor for Operations and eNgineering (WATSON); a copy of the Mars Science Labora-
tory (MSL) Mars Hand Lens Imager (MAHLI) that obtains color images from microscopic
scales (∼13 µm/pixel) to infinity. SHERLOC Spectroscopy focuses a 40 µs pulsed deep UV
neon-copper laser (248.6 nm), to a ∼100 µm spot on a target at a working distance of ∼48
mm. Fluorescence emissions from organics, and Raman scattered photons from organics
and minerals, are spectrally resolved with a single diffractive grating spectrograph with a
spectral range of 250 to ∼370 nm. Because the fluorescence and Raman regions are natu-
rally separated with deep UV excitation (<250 nm), the Raman region ∼ 800 – 4000 cm−1

(250 to 273 nm) and the fluorescence region (274 to ∼370 nm) are acquired simultaneously
without time gating or additional mechanisms. SHERLOC science begins by using an Aut-
ofocus Context Imager (ACI) to obtain target focus and acquire 10.1 µm/pixel greyscale
images. Chemical maps of organic and mineral signatures are acquired by the orchestration
of an internal scanning mirror that moves the focused laser spot across discrete points on
the target surface where spectra are captured on the spectrometer detector. ACI images and
chemical maps (< 100 µm/mapping pixel) will enable the first Mars in situ view of the spa-
tial distribution and interaction between organics, minerals, and chemicals important to the
assessment of potential biogenicity (containing CHNOPS). Single robotic arm placement
chemical maps can cover areas up to 7x7 mm in area and, with the < 10 min acquisition
time per map, larger mosaics are possible with arm movements. This microscopic view of
the organic geochemistry of a target at the Perseverance field site, when combined with
the other instruments, such as Mastcam-Z, PIXL, and SuperCam, will enable unprecedented
analysis of geological materials for both scientific research and determination of which sam-
ples to collect and cache for Mars sample return.

Acronyms
ACI Autofocus and Contextual Imager
ADA Adaptive Caching Assembly
ACA Adaptive Caching Assembly
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ADC Analog to Digital Converter
ADLIR Acquisition & Data Lines between Instrument and Rover
AFT Allowable Flight range
APXS Alpha Particle X-Ray Spectrometer
ASTM ASTM International, formerly known as American Society for Testing and

Materials
ATLO Assembly, Test, Launch, and Operation
C&DH Command & Data Handling
CCD Charge-Couple Device
CHE Camera Head Electronics
ChemCam Chemistry Camera
CM Curation Model
CoB Chip-on-board
COTS Commercial Off The Shelf
CTE Coefficient of Thermal Expansion
CVCM Collected Volatile Condensable Materials
DEA Digital Electronics Assembly
DITL Day-In-The-Life
DM Data Manager
DOF Depth of Field
DRIFT Diffuse Reflectance Infrared Fourier Transform
DSN Deep Space Network
DUV Deep Ultraviolet
EBL Electron-beam lithography
EDL Entry Descent and Landing
EDRs Engineering Data Records
EM Engineering Model
EMI/EMC Electromagnetic interference and electromagnetic compatibility
EPO Education and Public Outreach
FM Flight Model
FOD Foreign Object Debris
FOV Field of View
FPA Focal Plane Array
FPGA Field Programmable Gate Arrays
FS Flight Spare
FWHM Full Width Half Maximum
gDRT gas Dust Removal Tool
GDS Ground Data System
HEOMD Human Exploration and Operations Mission Directorate
HEPA High Efficiency Particulate Air
HOPG Highly Oriented Pyrolytic Graphite
I&T Integration & Test
I-PDL Imaging operations Payload Downlink Lead
I-PUL Imaging operations Payload Uplink and Downlink Lead
iSDS Instrument Science Data System
ISO International Origination for Standardization
JSC Johnson Space Center
LANL Los Alamos National Laboratory
LED Light Emitting Diode
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LIF Laser Injection Filter
LPF Long-Pass Filter
LPS Laser Power Supply
LVDS Low-Voltage Differential Signal
M2020 Mars 2020 mission
MAHLI Mars Hand Lens Imager
MDL Micro-Devices Laboratory
MEDA Mars Environmental Dynamics Analyzer
MER Mars Exploration Rover
MI Microscopic Imager
MMRTG Multi-Mission Radioisotope Thermoelectric Generator
MSL Mars Science Laboratory
MSSS Malin Space Science Systems
MTF modulation transfer function
MUX Multiplexer
NASA National Aeronautics and Space Administration
NIST National Institute of Standards and Technology
NIR Near infrared
NVM Non-Volatile memory
NVR Non-Volatile Residue
OAP Off-Axis Paraboloidal
OFHC Oxygen-Free, High thermal Conductivity
PAHs Polycyclic Aromatic Hydrocarbons
PCB Printed Circuit Board
PCM Phase Change Material
PDL Payload Downlink Lead
PDS Planetary Data System
PDU Power Distribution Unit
PGE Product Generated Executable
PIXL Planetary Instrument for X-ray Lithochemistry
PQV Package Qualification and Verification
PRT platinum resistance thermometer
PSFs Point Spread Functions
PSI Photon Systems Inc.
PUL Payload Uplink Lead
QE Quantum efficiency
QTH Quartz Tungsten Halogen
QRM Quantitative Relief Model
RAMP Rover Avionics Mounting Plate
RCE Rover computing elements
RDRs Reduced Data Records
RGB Red, Green and Blue
RMI Remote Microscopic Imager
ROI Region of Interest
RPAM Rover Power Avionics Module
SAM Sample Analysis at Mars
SaU 008 Sayh al Uhaymir 008
SBA SHERLOC Body Assembly
SCCD Spectrometer Charge-Couple Device



Perseverance’s Scanning Habitable Environments. . . Page 5 of 115    58 

Sc-PDL SHERLOC Science Payload Downlink Lead
Sc-PUL SHERLOC Science Payload Uplink Lead
SCT SHERLOC Calibration Target
SDE Scanner Demodulator Electronics
SE Spectrometer Electronics
SfM Structure from Motion
SHERLOC Scanning Habitable Environments for Raman and Luminescence for Organics

and Chemicals
SOL SHERLOC Operations Lead
Sp-PDL Spectroscopy operations Payload Downlink Lead
Sp-PUL Spectroscopy operations Payload Uplink and Downlink Lead
SSE Scanner Servo Electronics
STA SHERLOC Turret Assembly
STP Space Technology Program
STT System Thermal Test
TAYF Test As You Fly
TIG Tungsten Inert Gas
TML Total Mass Loss
TPRB Turret Power Regulation Board
TQCM Thermoelectric Quartz Crystal Microbalance,
TRCE Temperature cycling resistant electronics
UV Ultraviolet
VIS Human-visible portion of electromagnetic spectrum
VM Volatile memory
WATSON Wide Angle Telegraphic Sensor for Operations and eNgineering
WCHE WATSON Camera Head Electronics
WEB Warm Electronics Box

1 Introduction

Since ancient times, Mars has been at the forefront of astronomical observations as we strug-
gle to understand our place in the universe. It was named for the god of war and was once
thought to be a harbinger of death and plague. Telescopes trained on Mars by such ob-
servers as Giovanni Schiaparelli and Percival Lowell led imaginations to popularly envision
an inhabited and vegetated Mars. However, with more advanced telescopic observations and
dawn of the space age, it was clear that Mars has a cold, dry environment that appeared to be
devoid of life. As we continued to explore Mars it was obvious from orbiter and rover obser-
vations that the Mars of the past was a very different place. All indications, including results
from NASA’s Mars Science Laboratory (MSL; Curiosity rover), indicate that Mars had pe-
riods of stable liquid water on its surface and that habitable environments existed during a
significant period of its history (e.g. Carr and Head 2003; Perron et al. 2007; Grotzinger
et al. 2014). Orbital and in situ observations show evidence of volcanism and hydrothermal
environments that could provide energy for life (Squyres et al. 2007; Ruff et al. 2020). Mars
also had access to organic carbon through both in situ synthesis at hydrothermal vents and
through meteoritic infall (Schock and Schulte 1998; Flynn 1996; Benner et al. 2000; Cady
et al. 2018). All of this occurred at a time when life started on Earth, leading astrobiologists
to ask the question, did life also originate on Mars? And, if not, why not?
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Fig. 1 The SHERLOC Turret Assembly (STA) on the Perseverance robotic arm during Assembly, Test,
and Launch Operations (ATLO) testing. Both the spectroscopy/ACI boresight (Left) and WATSON boresight
(Right) are visible

To address these questions, understand its potential habitability, and to look for evidence
of past life, NASA launched the Perseverance rover to Mars in 2020 (Farley et al. 2020).
The Mars 2020 mission has four science goals:

A. Explore an astrobiologically relevant ancient environment on Mars to decipher its geo-
logical processes and history, including the assessment of past habitability.

B. Assess the biosignature preservation potential within the selected geological environ-
ment and search for potential biosignatures.

C. Demonstrate significant technical progress towards the future return of scientifically se-
lected, well-documented samples to Earth.

D. Provide an opportunity for contributed Human Exploration and Operations Mission Di-
rectorate (HEOMD) or Space Technology Program (STP) participation, compatible with
the science payload and within the mission’s payload capacity.

1.1 SHERLOC Overview

SHERLOC (Scanning Habitable Environments for Raman and Luminescence for Organ-
ics and Chemicals) is a robotic arm-mounted instrument onboard the Perseverance rover
that will operate in Jezero crater on Mars (Fig. 1). SHERLOC enables high-sensitivity de-
tection, characterization, and spatially resolved correlation of trace organics/biosignatures
and minerals in geological materials at the Martian surface and near sub-surface (i.e. within
boreholes). Using a deep ultraviolet (DUV) laser, SHERLOC obtains native fluorescence
emissions from aromatic organic species and Raman scattered photons from molecules that
allow identification of functional groups of organics, chemicals, and minerals. SHERLOC
also acquires high spatial resolution color and gray scale images of natural and abraded
samples on the surface in order to better understand the geologic history of Mars and help
spatially correlate measurements made by SHERLOC and the other scientific instruments
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onboard Perseverance. SHERLOC’s spectroscopic methodology enables a new science in-
vestigation for organic analysis on Mars where the fine-scale spatial distribution of organics
within the context of minerals an be preserved to assess organic provenance; a capability
previously relegated to laboratory instruments.

SHERLOC is designed to operate from the end of the rover’s a robotic arm in a sin-
gle arm deployment activity. Each spectral map obtained is approximately the size of a
postage stamp. The robotic arm places SHERLOC over the target without surface contact,
thus avoiding contamination of the instrument, rover contamination of the surface, or cross-
sample contamination. SHERLOC consists of a combined Raman and fluorescence spec-
trometer that analyzes photons generated through the interaction of a 248.6 nm pulsed laser
beam with surface material. Perseverance will mark the first time that Raman spectroscopy
will be attempted on the surface of another planet and will capitalize on the synergistic
benefits of utilizing multi-wavelength Raman spectroscopy, with SHERLOC using a DUV
excitation source and SuperCam (Maurice et al. 2021; Wiens et al. 2021) using a 532 nm
source.

To simplify operations and avoid contacting the surface, several SHERLOC subsystems
were included to aid the spectroscopy investigation. This includes an Autofocus Context
Imager (ACI) for focusing the spectrometer at standoff distance of ∼50 mm, an internal
scanning mirror to avoid complex and sub-millimeter arm movements, and an optical de-
sign that focuses the laser to an ∼100 µm beam on the target. In addition, both backscattered
spectroscopic elements (Raman and fluorescence) are detected on the same CCD through a
common optical path. The instrument has knowledge of where the laser was pointing within
the ACI’s grayscale image, thus providing an ability to correlate spectroscopic signals with
the physical features of a target’s surface. In addition, onboard spectral analysis enables
autonomous retargeting of regions of interest for additional spectral measurements; provid-
ing an increased capability to locate minute, “needle-in-a-haystack” features of importance
without multiple sols of planning and complex arm retargeting (a sol is a Martian day; du-
ration 1.027 Earth days). All of these measurements are capable with a single, non-contact
arm placement on either a natural surface or, preferably, an abraded surface for which dust
and weathering products have been removed.

After selection of the initial Mars 2020 science payload, it was noted that there arose a
need for an arm-mounted imager that could perform engineering tasks to document rover
health, such as wheel imaging, rover undercarriage inspections, and Education and Public
Outreach (EPO) activities. The ACI inherits many components derived from MSL’s Mars
Hand Lens Imager (MAHLI; Edgett et al. 2012; Grotzinger et al. 2012) hardware. A Mars
2020 Project-wide trade study was performed to determine the best way to integrate these
needs within the rover payload. The options included modifying SHERLOC’s ACI capa-
bilities to generate MAHLI-like images. Given the spectroscopy-driven requirements on the
ACI design, including a fixed focal length, it was infeasible to incorporate increased capabil-
ity with the proposed hardware without significant complexity or reduction in spectroscopy
performance. However, given the ACI’s heritage based on MAHLI hardware, it was deter-
mined that the SHERLOC design could be modified to operate a second camera head, and
hence the Wide Angle Telegraphic Sensor for Operations and eNgineering (WATSON) cam-
era was integrated to the SHERLOC investigation. The shared infrastructure approach had
only moderate impact to turret space, arm cabling mass and volume, and flight system re-
sources. As an almost direct re-flight of MAHLI hardware, it enables all of the capabilities
of the MSL MAHLI (Edgett et al. 2012) to be performed as well. WATSON and the higher
resolution ACI, together, enable the most versatile and capable set of rover arm-mounted
imagers ever flown to the surface of Mars.
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1.1.1 SHERLOC Organics/Mineral/Chemical Detection

A major NASA goal is to identify whether there is life elsewhere in the universe (NASA
2020). Life on Earth requires energy, liquid water, nutrients, and organic carbon, but the
exact prescription for the origin of life on Earth has been lost to billions of years of geo-
logic processing, chemical weathering, and biological processes. Soon after it formed, Mars
likely also had the ingredients necessary to support an origin of life and, as such, is a prime
candidate for the search for life elsewhere in the solar system. Mars has preserved a rock
record—including sedimentary rocks that carry signals of very ancient environments—that
is older than the oldest rocks on Earth (cf. Harrison 2020). Early Mars had energy in the
form of impact melting and magmatism and it hosted nearly a dozen different types of aque-
ous, potentially habitable, environments during its first billion years (e.g., Murchie et al.
2009; Grotzinger et al. 2014). Organic material and nutrients would also have been present
either through in situ synthesis of outgassed volatiles, such as N2/H2/CO/CO2 (Chang et al.
1983), or through infall of meteorites and interplanetary dust particles (IDPs) (Flynn 1996;
Flynn and McKay 1990). The chosen landing site at Jezero crater includes potential records
of past hydrothermal, lacustrine, weathering, and diagenetic environments (Ehlmann et al.
2008, 2011; Glotch et al. 2010; Wray and Ehlmann 2011; Michalski et al. 2013). If Mars
had life, Jezero is an ideal location to search for Martian biosignatures. SHERLOC will con-
tribute to this investigation by providing micron-to-millimeter scale microscopy in combina-
tion with mineral and organic detection and characterization, putting any potential Martian
biosignatures in their proper geologic and textural context.

To assess the presence of potential biosignatures, the SHERLOC spectrometer is used
to detect classes of organics, minerals, and chemicals. Figure 2 shows spectral examples of
detectable organics using DUV Raman, and for aromatic species, the fluorescence spectra.
These classes of organics are found in life as we know it but a number of them have also
been found in meteorites. We also show examples of organics that may be present as a re-
sult of predicted degradation paths resulting in oxidized organics. It should be noted that
the DNA and RNA spectral features represent the capability to detect organic complexity
versus subunits or condensed carbon; while not a definitive biomarker, detection of com-
plex organics would certainly be classified as a potential biosignature. For mineral detection
Fig. 3 shows examples of some mineral classes that are observable with SHERLOC. The
majority of these would be indicative of an aqueous past and are key source and sinks for
elemental cycling necessary for life. In addition, we have demonstrated that SHERLOC can
detect silicate minerals such as the olivines and pyroxenes in the SaU 008 martian meteorite
(Table 1, Fig. 43). It should be noted that increasing iron or manganese content in a sample
will attenuate the spectral response through UV absorption of signal. Mineral specificity for
carbonates and sulfates has also been demonstrated and an in-depth review can be found in
Razzell Hollis et al. (2020b).

The next sections provide an overview of the Jezero crater site and its potential for or-
ganic preservation, background regarding the spectroscopy SHERLOC performs and how it
detects organics and minerals, a discussion of the key subsystems and components and how
they were tested and integrated to form SHERLOC, a demonstration of operations and per-
formance, the methodology to operate, command, and calibrate SHERLOC on the surface of
Mars, the SHERLOC data processing plan, and the efforts that were put into maintaining a
level of required instrument cleanliness. Table 1 is a summary of the SHERLOC instrument,
its component characteristics and performance values.
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Fig. 2 Example spectra of organics detectable using SHERLOC DUV Raman (Left) and native fluorescence
(right). These spectra were collected on the lab breadboard instrument that was used to set the SHERLOC
performance requirements and are representative of what can be achieved using SHERLOC on Mars (The
lab breadboard, MOBIUS, is described in detail in Bhartia et al. 2014; Abbey et al. 2017; Sapers et al. 2019;
Razzell Hollis et al. 2020b)

1.2 Jezero Crater Field Site

After an exhaustive site selection process (Grant et al. 2018), Jezero crater was chosen to be
the destination of the Perseverance rover (Stack et al. 2020) Jezero crater (18.4◦ N, 77.7◦
E) is an ∼45 km diameter impact structure in the Nili Fossae region of Mars. Orbital data
provide spectral and geomorphic evidence for a complex geological evolution that includes
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Fig. 3 Example spectra of minerals detectable using SHERLOC. These spectra were collected on the lab
breadboard and are representative of what can be achieved using SHERLOC (Razzell Hollis et al. 2020b).
The O2 and N2 lines are terrestrial atmospheric interferences that will not be observed on Mars

a history of fluid-rock interaction both inside and outside of the crater. The pre-Jezero base-
ment rocks include primitive igneous crust marked by spectral signatures of low-Ca pyrox-
ene (Mustard et al. 2008; Ehlmann et al. 2008), polymict megabreccias from the ∼3.96 Ga
Isidis impact (Werner 2008), and Fe- and Mg-smectite-bearing rocks which suggest pro-
nounced alteration by regional groundwater flow (cf. Mangold et al. 2007). Two valleys
formed by fluvial incision enter Jezero crater from the west and north, and one exits the
crater to the east (Fassett and Head 2005; Schon et al. 2012; Goudge et al. 2012). The
complex history of Jezero crater includes the events that made it possible for such valleys to
breach the crater rim (e.g., some combination of superposition and deep erosion of the crater
rim). Jezero today is partly filled and rocks exposed at the surface include spectrally diverse
olivine- and carbonate-bearing rocks, a high-Ca pyroxene-bearing unit, and fluvial-deltaic
deposits bearing very little detectable pyroxene (Ehlmann et al. 2008; Horgan et al. 2020).
The deltaic sediments and inlet and outlet valleys are key indicators that Jezero records the
site of an ancient paleolake. Some investigators have proposed that the crater fill materials
also include lava (Schon et al. 2012; Goudge et al. 2015). This complex history makes Jezero
crater a relevant target for questions of Martian habitability, and for its potential to return
quality petrologic and astrobiological samples.

Lithologic materials of the Jezero crater floor, for instance, consist of two primary phases:
a light-toned unit that carries spectral signatures of olivine and carbonate, and a dark-toned,
fracture-bearing unit that has spectral signatures consistent with high-Ca pyroxene (Horgan
et al. 2020). Light-toned crater fill deposits have been interpreted as fine-grained detrital
sediment deposited in a paleolake (Schon et al. 2012), as aeolian deposition within a poten-
tially dry crater (Horgan et al. 2020), or as exposures of a regional mantling unit, perhaps
tephra, that occurs throughout the Isidis-Nili Fossae region (Goudge et al. 2015; Kremer
et al. 2019). Dark-toned crater floor deposits have been interpreted as having resulted from
mafic lava flows (Schon et al. 2012; Goudge et al. 2015), pyroclastic air fall (Golder et al.
2020), or detrital (aeolian or fluvial) sedimentary deposition. A better understanding of the
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Table 1 SHERLOC summary

General Instrument Characteristics

Hardware Units Mass (kg) Envelope (mm)

SHERLOC Body Assembly (SBA) 2.90 220 x 89 x 200
SHERLOC Turret Assembly (STA) 6.83 352 x 176 x 276
SHERLOC Calibration Target (SCT) 0.44 150 x 33 x 89

Power by Mode Power @ 28 V (W) Peak Current (A)

Imaging (with LEDs) 14.3 (peak)
12.2 (avg)

0.44

Spectroscopy (Detailed) 128.8 (peak)
60.5 (avg)

4.75

STA Warm up 80.4 3.84
STA Survival 19.1 0.91
STA Decon 34.6 1.65
SCT Decon 2.0 0.10

Resources Number Description

Power Switch 6 DEA – 2A
PDU – 10A
Warm up heaters – 4A
Survival heaters – 2A
STA Decon heaters – 2A
SCT Decon heaters – 2A

Communication Interfaces 2 DEA – LVDS
PDU – LVDS

FS Monitored PRTs 13 2 in SBA
11 in STA

SHERLOC Science and Operability Summary

System Performance

Fine scale classification for aromatic, aliphatic, and condensed
carbon (<100 µm2)

<10−3 wt/wt over 100 um sampling

Bulk scale detection for Aromatic organics (<100 µm2) 10−5 wt/wt over 7x7 mm area
Grain detection for minerals 50 micron grain size

Operability

Operational Time 10 – 120 minutes
Working distance 48 mm from surface (nominal)

<30 mm for drill hole science (nominal)
Focus range of travel 15.8 mm (spectroscopy)

16.7 mm (imaging)
Mapping Area (capability) 7.8 x 10.4 mm at target
Mapping Step Size > 5 microns
Spatial Resolution Features as small as 50 microns
Surface Roughness tolerance +/- 550 microns
Arm placement accuracy tolerance XY – 11 mm

Z – 7 mm
Arm Jitter tolerance <10 microns RMS
Arm drift tolerance <100 microns/min
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Table 1 (Continued)

Spectroscopy Specifications Description

Optical Properties

Slit Dimensions 100 microns in dispersion direction
150 microns in the spatial direction

F/# 7

FOV 100 x 150 microns at the target

Grating 4200 g/mm

Target to slit Magnification 1:1

Deep UV Raman

Spectral Range 254-274 nm

Spectral Resolution 0.269 nm

Spectral Throughput 36%

Fluorescence

Spectral Range 275-354 nm

Spectral Resolution 0.269 nm

Spectral Throughput 24%

Detector

Product e2v 42-10 CCD

Array size 2048 x 512 pixels

Pixel Scale 13.5 microns/pixel

Read Noise, Conversion gain,
Saturation (Complete single chain)

High gain: 5.8 e- rms, 0.46 e- /DN, 28 ke- (ADC limited)
Low gain: ∼10 e- rms, 2.35 e- /DN, 101 ke- (CCD
limited)

Dark Noise @ 273 K 80 e-/pixel

Phase Change Material Transition
Temperature (SCCD temp)

-28C

Deep UV Laser

Laser Type 248.5794 nm Deep UV Hollow Cathode Laser

Minimum Spot Size at target 111 microns (1/e2)

Spot size at spectrometer focus @
room temp/pressure

120.1 microns in the dispersion direction
123.2 microns in the spatial direction

Path throughput 63%

Energy (Beginning of Life) >14 uJ

Life Capability 7x mission life

Pulse Width 20-40 usec (adjustable)

Frequency 10-160 hz (adjustable)

Scanner

Scanner Type 2-axis (Az/El) voice coil fast steering mirror

Range of motion +/-61 mrad (SHERLOC only uses +/- 28 mrad of motion
to achieve full 7x7 mapping capability)

Scale Factor 11.5 mRad/V (Az)
10.9 mRad/V (El)

Position Error <0.18 mrad (22 microns at the target)
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Table 1 (Continued)

Spectroscopy Specifications Description

Spectral Mapping Functions

Modes

Spectra Single spectra taken based on user defined commanded position

Point N point spectral maps based on user defined table and
commanded central position. Maps are located in NVM or can
be loaded into VM prior to observation

Area N area spectral maps based on user defined table and
commanded central position. Maps are located in NVM or can be
loaded into VM prior to observation. Area maps are collected by
moving the scanner over specified area during SCCD acquisition

Max Map Size 1296 points, limited by raw data buffers. Shape of tables can be
arbitrary as they are a table of defined az/el positions for scanner
motion

Max Pulses per Point 2000 pulses per point, limited by photodiode sampling buffers

Max Number of Spectral Regions 3; SCCD can be vertically binned with selectable gain setting per
region

Spectra Types 1D and 2D (single spectra only)

Onboard Advanced Software Functions

Data Preprocessing Background subtraction, laser normalization, bad pixel removal
and/or cosmic ray removal (functions are parameterizable and
selectable)

Spatial Binning Spatially reduce spectral maps to using binning tables loaded on
instrument

Spectral Binning Spectrally reduce data sets to up to 6 spectral bins

Region of Interest Selection Rank and selection regions of interest using weighted average of
up to 6 spectral bins over entire map area

Data Buffers 1 raw and 4 process buffers

Imaging

ACI-specific Specifications

Nominal Working Distance 48 mm

Focus Range ± 8.35 mm from working distance

Focusing accuracy 34 µm

MTF 0.75 at best focus and 0.3 at +/- 250 microns at 20 cycles
per mm (50 microns at target) averaged over FOV

Depth of Field +/-250 µm

Field of View 16.16 x 12.12 mm with 11.7 mm Ø unvignetted;

Focal Ratio (f/number) 3.8

Band Pass 500-600 nm (grayscale)

Pixel Scale 10.1 microns/pixel

WATSON-specific Specifications

Working Distance Range 17.8 mm to Infinity

Depth of Field (see also Ghaemi
2009, Fig. 15)

∼0.045 cm at 22.5 cm working distance

∼1 cm at 20 cm working distance

∼30 cm at 1 m working distance
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Table 1 (Continued)

Imaging

MTF 0.173 at system Nyquist freq. (min working distance)

0.221 at system Nyquist freq. (infinity focus)

Field of View 41◦ diagonal (min. working distance)

39◦ diagonal (infinity focus)

Focal Ratio (f/number) 9.80 (min. working distance)

∼8.47 (infinity focus)

Band Pass 394-670 nm (color)

Pixel Scale
(comparable to MER MI/MSL MAHLI)

13.1 µm/pixel (min. working distance)

32.0 ± 0.7 µm/pixel (69 mm working distance)

100 ± 8 µm/pixel (255 mm working distance)

Detector (ACI and WATSON)

Products ACI – OnSemi KAI-2020M interline transfer CCD

WATSON – OnSemi KAI-2020CM interline transfer CCD

Array size 1640 x 1214 pixels; 1600 x 1200 photoactive pixels

Pixel size 7.4 µm (square pixels)

Cover glass No

Microlenses ACI – yes

WATSON – yes

Bayer pattern color microfilters ACI – no

WATSON – yes

system gain, read noise, full well WATSON – 15.84 e–/DN, 18.7 e–, 24507 e–

Illumination Source (ACI and WATSON)

Sun Nominal operations use daytime lighting conditions in
direct sun or shadowed

White light LEDs four LEDs arranged in two groups of two; each group can
be operated independently or together; Avago
Technologies HSMW-10x LEDs

Ultraviolet LEDs two LEDs, operated together; 365 nm emission; Nichia
NSHU550B

Exposure (ACI and WATSON)

Duration 0 to 838.8 seconds in 0.1 milliseconds increments

Auto-exposure Developed by Maki et al. (2003)

video acquisition (ACI and WATSON)

Frame rate <2 Hz

Compression (ACI and WATSON)

uncompressed No compression

Lossless ∼ 1.7:1 compression

Lossy JPEG with user defined quality between 1 and 100

Deferred compression Uncompressed images remain onboard SHERLOC DEA;
compression specified upon later transmission using
rover Virtual Data Product (VDP) function
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Table 1 (Continued)

Imaging

Focus merge (ACI and WATSON)

Products Best focus image and range map

Max number of images 8 images, no larger than 1600 x 1200 pixels

Input image quality Raw, uncompressed

Output compression JPEG with user defined compression quality

Processing Options merge, registration (feature tracking + corner detection),
blending (spline-based)

Calibration Targets

External (SCT)

1. AlGaN on Sapphire (262 nm) Spectral Calibration standard

2. Diffusil Diffuse Ambient Light (Decontamination Heated)

3. Mars Meteorite Sayh al Uhaymir 008 (SaU 008) collected in Oman in
1999 (Decontamination Heated)

4. Maze Intensity/Spatial standard (Decontamination Heated)

5. AlGaN on Sapphire (335 nm) Spectral Calibrations standard

6. Front: Polycarbonate Spacesuit
Visor Material
Back: Geocache Coin

HOEMD/EPO/Resolution target

7. Vectran HOEMD soft goods

8. Orthofabric HOEMD

9. Teflon HOEMD

10. nGimat coated Teflon HOEMD

Internal (Located inside the SHERLOC ACI dust cover)

AlGaN on Sapphire (274 nm) Spectral/Intensity standard

origins of these crater floor units is critical to reconstructing the age and time-line of deposi-
tion within Jezero crater, defining times of active deposition and erosion, and exploring the
extent to which the Jezero system may have recorded perennial versus ephemeral lacustrine
sedimentary environments. Potentially mineralized fractures that cross-cut crater floor ma-
terials (Miklusicak et al. 2020) may also provide a glimpse into later, diagenetic fluid flow
in the subsurface of Jezero crater.

A second critical region of the Jezero landing site includes distinct deposits along the
crater’s western rim that have been interpreted as resulting from fluvial-deltaic deposition
(e.g., Fassett and Head 2005; Goudge et al. 2015; Goudge et al. 2017). Deltaic deposition
served as a critical element in the selection of Jezero crater as the Mars 2020 landing site,
as it records strong evidence that the crater, at least at one time, hosted a water-rich lacus-
trine environment that would have received chemical nutrients (as well as potential organic
materials) from a broader region of the Martian surface. Strata in the deltaic deposits are
of particular interest as both potential sinks for organic deposition (e.g., fluvial overbank
deposits, prodelta muds, etc.) and to provide critical input to reconstruct the depositional
history of Jezero crater (e.g., periods of increased or decreased fluvial input to a lake). Such
reconstructions will produce distinct hypotheses for identifying circumstances of the spa-
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tial and temporal extent of habitability and the identification of lithologies with the greatest
astrobiological potential for sample return.

A third critical region of Jezero crater consists of a spatially discrete carbonate-bearing
unit that is located along the western margin of the crater, near the edge of the western delta.
This unit exhibits the strongest spectral signatures for Mg-carbonate in the Jezero system
and has been interpreted as either resulting from weathering of an ultramafic tephra deposit,
widespread in the Isidis region (Kremer et al. 2019), or as lacustrine carbonates deposited
in ancient shoreline environments of a former lake (Horgan et al. 2020). This so-called
marginal carbonate unit is particularly intriguing as an astrobiological target. Groundwater
alteration of mafic to ultramafic igneous rocks, for instance, would provide an aqueous envi-
ronment of circum-neutral pH that might be conducive to microbial habitability. Similarly,
lacustrine shoreline deposits may provide a locus for authigenic carbonate formation, such
as in spring deposits and shoreline groundwater seeps that may be highly conducive to both
microbial growth and organic preservation.

1.3 Biosignature/Organic Preservation Potential at Jezero

The current Martian surface is an inhospitable place for most organic molecules due to high
UV flux and an oxidizing component present within the ubiquitous dust that is present on
the surface (Hecht et al. 2009; Moores and Schuerger 2012; ten Kate et al. 2006). How-
ever, organic material has been identified in Gale crater by the Sample Analysis at Mars
(SAM) investigation (Mahaffy et al. 2012) on MSL (e.g., Glavin et al. 2013; Freissinet et al.
2015; Stern et al. 2015; Eigenbrode et al. 2018), as well as in Martian meteorites (Steele
et al. 2016). SAM observed 150-300 ppb of chlorobenzene, and chlorinated alkanes at lower
abundances (Glavin et al. 2013; Freissinet et al. 2015), as well as thiophene and methythio-
phene in samples of lacustrine mudstones (Eigenbrode et al. 2018). In addition, the Martian
meteorites (e.g., Allan Hills (ALH84001)) are well-studied samples from Mars in which
hydrocarbon compounds, including polycyclic aromatic hydrocarbons (PAHs), have been
identified in more than a dozen different meteorites (Grady et al. 1997, 2004; Grady 2006;
Steele et al. 2006, 2012a,b). Steele et al. (2016) tabulated all of the bulk analyses from
shergottites to calculate that igneous rocks on Mars could possess between ∼18 ± 26 ppm
reduced carbon. Given this evidence, it is highly likely that organic molecules are preserved
just beneath the Martian surface in Jezero crater (Carrier et al. 2019).

2 The SHERLOC Investigation Objectives

2.1 Science Objectives

The SHERLOC investigation, along with other payload elements, such as Planetary Instru-
ment for X-ray Lithochemistry (PIXL), SuperCam, Mastcam-Z, RIMFAX, and Mars Envi-
ronmental Dynamics Analyzer (MEDA) (Allwood et al. 2020; Wiens et al. 2021; Maurice
et al. 2021; Bell et al. 2020; Hamran et al. 2020; Rodriguez-Manfredi et al. 2021) will
provide critical data to decipher the evolutionary history of Jezero crater, reconstruct the
environmental history of the Jezero lacustrine systems, and identify samples most likely to
preserve potential biosignatures. The observations that acquire these data map directly to
the SHERLOC investigation objectives (Table 2).

SHERLOC will be used to assess the habitability potential and aqueous history at Jezero
crater through identification of key minerals using Raman spectroscopy. Observations of
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Table 2 SHERLOC investigation objectives

SHERLOC Investigation Objectives SHERLOC Subsystems

In situ Astrobiology

Assess the habitability potential and aqueous history of a
sample

DUV Raman/ACI Imaging

Assess the availability of key elements and energy sources
for life (C, H, N, O, P, S, etc.)

DUV Raman

Determine if there are potential biosignatures preserved in
Martian rocks and outcrops

DUV Raman/Fluorescence/Imaging

In-situ Mineralogy/Geology

Contribute to grain-scale characterization of rock type,
facies, stratigraphy and modern regolith and aeolian sediment

WATSON/ACI Imaging

Obtain fine-scale (10–100 µm/pixel) images to document the
location, context, and grain-scale details of SHERLOC
Spectrometer and PIXL proximity science targets with an
option to also image SuperCam targets in the robotic arm
workspace

WATSON/ACI Imaging

Provide core sample extraction support, including data
needed for tool placement (e.g., range-finding) and curatorial
images of core extraction sites, core hole walls, and cuttings

WATSON Imaging

Sample Return Support

Provide organic and mineral analysis for selective sample
caching

Deep UV Raman/Florescence/ACI Imaging

Engineering Support

Provide engineering support for rover operations including
diagnostic imaging, wheel and instrument inspections, etc.

WATSON Imaging

clay minerals, carbonates, sulfates, and halides in sedimentary units has shown that Mars
hosted nearly a dozen different types of aqueous (alkaline, acidic, and saline lakes, hy-
drothermal deposits etc.) and other potentially habitable environments during its first billion
years (Ehlmann et al. 2008; Glotch et al. 2010; Wray and Ehlmann 2011; Michalski and
Niles 2012; Elhmann et al. 2011; Murchie et al. 2009). Some minerals are particularly in-
dicative of environmental conditions such as serpentine (alkaline, reducing), sulfate (acidic,
oxidizing), and carbonates (alkaline). Other phases are useful as environmental indicators,
although only when they are found in mineral assemblages in which multiple phases collec-
tively allow derivation of fluid geochemistry. By collecting point mineralogical data over an
extended spatial scale in conjunction with textural evidence, it is possible to discern whether
aqueous minerals formed in sediments, hydrothermal precipitates, volcanic materials, or re-
sulted from secondary overprinting by weathering or diagenesis. Measurements on these
scales can identify many important features including evidence for aqueous activity, alter-
ation features, sedimentary laminae, or melt pockets, and can contribute to the analysis of
detrital grains in sediments or individual clasts in conglomerates or breccias. These detailed
textural observations will be made possible by SHERLOC’s ability to image from the mi-
cron to the multi-millimeter scale; this range is an important size-step in the continuum of
contextual investigations that make up the 2020 mission.

Furthermore, by identifying minerals with Raman spectroscopy, SHERLOC will also be
able to assess the availability of key elements and energy sources for life. Life on Earth is
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Fig. 4 Example of SHERLOC science via analysis of a Strelley Pool Formation Stromatolite sample using
the laboratory breadboard MOBIUS instrument (see Bhartia et al. 2014; Abbey et al. 2017). The chert signa-
ture observed is highly attenuated by the edge filter but is observable in this sample. Colors blend in the map
and organics are green and yellow as they are mixed with the chert signature (sample courtesy of A. Allwood)

driven by oxidation-reduction reactions that form and transform organic matter and mineral
substrates containing key elements such as C, H, N, O, P and S. The abundance and diversity
of these substrates in a sedimentary environment are key measures of habitability and analy-
sis of these substrates in a given environment can identify sedimentary rocks that reflect the
detrital component, a precipitated residue of the dissolved component, or post-depositional
(diagenetic) alteration processes (Fries et al. 2011). Transformation of minerals by biology
or diagenesis has distinctive signatures that can be observed in assemblages of astrobiologi-
cally important minerals (e.g., carbonates, nitrates, phosphates, sulfates, etc.). The presence
of such minerals, especially in association with organics, or when they otherwise imply some
degree of chemical or morphologic disequilibrium, is an important component in evaluating
potential biogenicity.

SHERLOC data will also be used to ascertain whether there are potential organic biosig-
natures preserved in Martian rocks and outcrops by combining Raman spectroscopy with
fluorescence spectroscopy (Bhartia et al. 2012b, 2014; Abbey et al. 2017). Potential biosig-
natures that can be identified and spatially resolved using these synergistic techniques are
key organics such as hopanes, steranes, and organic macromolecules. This especially strong
interrogative power will help identify samples to be obtained for return to Earth. SHER-
LOC’s operational modes can determine the organics and minerals present over scales that
match the mineralogy and morphology of most biosignatures resulting from microorgan-
isms (Bhartia et al. 2010). It is capable of correlating detected classes of organics with
morphology (widths and shapes) to determine whether morphological candidates for micro-
fossils, filaments, or stromatolitic layering are potentially biogenic (Allwood et al. 2006)
(Fig. 4). For finer-scale features, SHERLOC’s micro-mapping mode is a platform for non-
destructive, sub-picogram sensitive organic detection (Bhartia et al. 2010), providing an in
situ capability unprecedented for a flight instrument.

SHERLOC will further provide organic and mineral analyses that will be essential for
selective core sample extraction and caching. By generating maps of organic molecules
and mineral features co-located with corresponding contextual information in the form of
micron-to-millimeter scale imaging, the team will be able to identify the most compelling
samples that need to be acquired for sample return. In addition, its autofocus and intrinsic
depth of field enables organic/mineral analysis of the near-subsurface by observing the in-
side walls of the extracted cores (i.e. boreholes) where organic material can be protected
from the oxidizing nature of the surface.



Perseverance’s Scanning Habitable Environments. . . Page 19 of 115    58 

Table 3 lists the SHERLOC investigation goals associated with the Spectroscopy element
of the investigation. All of the SHERLOC scientific objectives and observations described
above include options for operations at any time of the Martian day. The inherent Martian
UV flux, coupled to the limited spectroscopic field of view, with internal instrument baffling,
and the speed that the spectrometer Charged Coupled Device (SCCD) for spectroscopy is
read, enables day-time spectroscopic observations. The only notable exception, based on
MSL MAHLI experience, might be some hardware inspections (e.g., rover deck) and rare
science objectives (e.g., borehole walls), that might be best imaged at night using onboard
illuminators (Minitti et al. 2014; Yingst et al. 2016).

2.2 Geologic Photography at 10-100 µm Scales

SHERLOC’s two robotic arm deployable cameras, WATSON and ACI, will provide high
spatial resolution (10.1 µm/pixel via ACI; 13.1 to > 100 µm/pixel via WATSON), color
(WATSON) and grayscale (ACI) images of rocks and regolith in natural and robotically-
disturbed (e.g., abraded, cored, broken by wheels) states. WATSON will, furthermore, obtain
images of landscapes, rocks hidden from view of other Perseverance cameras (e.g., beneath
ledges, etc.), and provide the contextual spatial resolution bridge between SHERLOC and
PIXL observations and those of the rover’s mast-mounted instruments (e.g., Yingst et al.
2016).

Close-up photography of geological materials, including fossil biosignatures, is a field
almost as old as photography itself (e.g., Deane 1861; Woodward 1903; Kerp and Bom-
fleur 2011). Photography is used in the geosciences for a wide range of purposes designed
to illustrate, instruct, document, and provide new data for study—including examination of
changes that occur on various time scales and images used to construct three-dimensional
models of geological materials (e.g., Stow 2005; Maley 2005; Remondino et al. 2010; Ro-
drigues 2015; Fonstad and Zettler-Mann 2020).

High spatial resolution imaging (in this case, 10.1 to ∼100 µm/pixel) of geological ma-
terials on Mars began with the 31 µm/pixel grayscale robotic arm deployable Microscopic
Imager (MI) cameras onboard the MER rovers, Spirit and Opportunity (Herkenhoff et al.
2003, 2019). The Phoenix Mars Scout lander included a Robotic Arm Camera (RAC; Keller
et al. 2008) as well, which provided sand grain-scale views (∼50 µm/pixel) of regolith par-
ticulates (Goetz et al. 2010). MSL’s Chemistry Camera (ChemCam) Remote Microscopic
Imager (RMI) provides sub-millimeter per pixel grayscale close-up views of rocks and re-
golith from a mast-mounted instrument (Le Mouélic et al. 2015). In addition, the robotic
arm-mounted MAHLI onboard Curiosity (Edgett et al. 2012) routinely obtains images in
the 16 to 100 µm/pixel range; it is capable of 13.9 µm/pixel but rarely is it practical for the
camera to be positioned close enough to a target to obtain images at that scale (Yingst et al.
2016). Together, Minitti et al. (2013) and Yingst et al. (2016) described the many versatile
uses of the MAHLI; Edgett and Newsom (2018) noted examples of changes detected (sand
grain motion) during single MAHLI imaging sessions; and Garvin et al. (2017) and Car-
avaca et al. (2020) described methods for three dimensional Structure from Motion (SfM)
model construction from MAHLI data. All of the capabilities and uses of the MSL MAHLI
are achievable with the SHERLOC WATSON camera.

All ACI images will be obtained at ∼10.1 µm/pixel in gray scale. ACI will enable three
primary tasks: (1) determine the best focus position for the spectrometer, (2) correlate the
laser position with the target surface to provide morphological context of SHERLOC spectra
and chemical maps, and (3) place the high resolution chemical maps in context with the rest
of the target. In addition, the ground-based data processing pipeline also uses the imaging
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Table 3 SHERLOC Spectroscopic Investigation Matrix. Mars 2020 Mission Goals and derived Mission
Science Objectives (Farley et al. 2020) are mapped into SHERLOC contributions and data products addressed
by the SHERLOC investigation

data to correct for arm drift during prolonged measurements. The resulting imaging system
also provides additional science capabilities such as range-finding with ∼0.2 mm accuracy
from a safe standoff from the surface, 10.1 µm/pixel views of rock and regolith texture and
structure, ability to generate of 3D surface relief maps via MAHLI heritage Z-stacks. The
ACI was built with the MAHLI heritage UV Light Emitting Diodes (LEDs) which will
enable high-resolution imaging of mineral fluorescence, if present, in a sample (Fig. 5).
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Fig. 5 ACI visible LEDs and UV LED illuminated images of the SAU 008 meteorite on the flight spare
SHERLOC Calibration Target during SHERLOC thermal-vacuum test. ACI image with visible LEDs (Left).
Same region with UV LEDs showing the florescence from carbonates from terrestrial contamination

Fig. 6 (a) Jablonski diagram illustrating electronic (S) and vibrational (v) energy levels of a molecule, and
the transitions involved in each scattering process (Raman) or emission (fluorescence). (b) the Morse po-
tentials and vibrational wavefunctions for ground and excited electronic states involved in resonant Raman
scattering. (c) the change in nuclear geometry for electronic excitation of unsubstituted benzene

2.3 Deep UV Laser Induced Native Fluorescence Spectroscopy

Native fluorescence was first observed in Acuña et al. (2009) and since then, the variety
of compounds that exhibit native fluorescence has been determined to be extensive. Most
fluorescent compounds incorporate aromatic ring structures but there are some exceptions
(Borkman and Kearns 1966). In simple terms, fluorescence provides insight on the elec-
tronic states of a molecule. It requires that a molecule absorbs an incident photon such that
a bound electron can jump from an S0 to an S1 or S2 state. Once excited, vibrational, ro-
tational, and molecular collisions cause the excited electron to non-radiatively lose energy
until, typically, it reaches the lowest vibrational level of the S1 excited energy state. The gap
between the lowest energy level of S1 and various levels of the S0 ground state will dictate
the emission wavelength produced when the electron returns to S0 (Fig. 6a). This excita-
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tion energy is lost through thermal energy or by emission of a photon that is less energetic
than the initial absorbed photon; all of this can occur within in hundreds of picoseconds of
the incident excitation. The wavelength of this emitted photon provides information about
the gap between electronic levels. Typically, as the physical size of a compound increases
the emitted photon is of a lower energy (longer wavelength); the shift from the excitation
wavelength to the emission wavelength is known as the Stokes shift.

Native fluorescence is a complimentary mode of detection to Raman, and resonance Ra-
man. One primary benefit are cross-sections that are 105 to 108 times larger than Raman.
Additionally, when excitation is below 250 nm, native fluorescence enables observation of
the full range of fluorescence emissions from the full range of aromatic organics including
benzene, the simplest aromatic organic – which has an emission at 260 nm (Asher and John-
son 1984) - to polyaromatic hydrocarbons (PAHs) such as anthracene, which can absorb a
248 nm photon and emit at 374 nm (Bhartia et al. 2008). As a result, the full spectral shape
of simple and complex aromatic organics is characterizable and provide a very sensitive
method for determining molecular size. Indeed, DUV native fluorescence can be used to de-
tect and differentiate astrobiologically relevant organics (aromatic amino acids, PAHs, and
biosignatures) from mineral backgrounds (Bhartia et al. 2008). It was subsequently demon-
strated that DUV native fluorescence enables detection of microbes at the single cell level on
natural basalt samples, demonstrating spatially resolved detection of picograms of carbon
(Bhartia 2012; Bhartia et al. 2010, 2012a). Salas et al. (2015) demonstrated that the high ra-
diance of a laser is necessary to observe these weak emissions and employed the technique
in instruments for in situ measurements that observe trace organic and microbial detection in
the ocean subsurface on the walls of igneous boreholes. More recently, laser-induced DUV
native fluorescence was demonstrated to detect and locate and spatially resolve the stochas-
tic nature of microbes and organics, including PAHs, in situ in Greenland ice (Malaska et al.
2020).

The sensitivity of laser-induced DUV native fluorescence enables detection of exceed-
ingly trace amounts of organics. While classification is possible, and further enabled with
spatially resolved maps, the specificity is limited by the broad emission peaks and spectral
variances that are typically observed and interpretable. However, as described by (Bhartia
et al. 2014) and others (Bhartia et al. 2012b; Hug et al. 2018), native fluorescence can be
used to detect regions of interest, followed by DUV resonance Raman to further interpret
an unknown substance. Given that even resonance Raman is inherently orders of magnitude
weaker, it is not an ideal broad area search tool for in situ analysis due to resource (i.e.
power, data volume, laser lifetime etc.) constraints, however the specificity of the spectrum
provides a higher level of organic differentiation. Fusion of these data can be used to extract
additional information (Bhartia et al. 2012b). Thus, combining these two complementary
methods leverages both techniques to enable detection and characterization of organics and
the mineral matrix.

Typically, only organic molecules fluoresce when excited at 248.6 nm, especially be-
tween the 260 to 370 nm region where SHERLOC observations occur. However, as there
is evidence of some mineral fluorescence from some astrophysical environments (Garstang
1957; Bowen 1960; Hartman and Johansson 2000; Johansson et al. 2000), SHERLOC data
analysis will include study of the elemental data obtained by PIXL on the same target (All-
wood et al. 2020) to assess the probability of mineral interference. Additionally, the deep
UV Raman analysis will provide confirmation of fluorescence features as organics.
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2.4 Deep UV Raman Spectroscopy

Raman spectroscopy is a form of molecular vibrational spectroscopy that is highly sensitive
to the chemical structure, environment, and photochemical properties of molecules in a tar-
get or sample. In contrast to infrared (IR) spectroscopy, which involves the direct excitation
of molecular vibrations by absorption of IR radiation, Raman spectroscopy probes these
vibrations using the Raman effect, a phenomenon where incident light is inelastically scat-
tered by molecular vibrations, and the change in photon energy corresponds to the change in
vibrational energy. Any given molecule may have several Raman-active vibrational modes
of different energies, depending on chemical structure, which leads to a typical spectrum of
several Raman peaks between 10 and 4000 cm−1. Because of its sensitivity to vibrations of
the C-C and C=C bonds (in the 1000-1800 cm−1 range) that make up the backbone of or-
ganic molecules, the Raman spectrum in this range is sometimes referred to as the “molecu-
lar fingerprint” region. Laboratory Raman spectroscopy can be used to study isotope effects,
molecular orientation/anisotropy, crystallinity, and surface adsorption (Asher and Murtaugh
1988; Toyama et al. 1999; Chennaoui Aoudjehane et al. 2012; Le Ru and Etchegoin 2008;
Razzell Hollis 2016; Fries et al. 2011; Fries and Steele 2018).

In the next few paragraphs, we briefly explain the principles behind Raman spectroscopy,
but we recommend Raman Spectroscopy by Long (1977) for a more detailed and authorita-
tive description. A molecule absorbs an incident photon and its energy is briefly raised to a
virtual state between the electronic ground state (S0) and electronic excited state (S1), which
exists for ∼1 fs before relaxing back to the ground state through re-emission of the scattered
photon (illustrated in Fig. 6). Typically, the molecule returns to its original vibrational state,
meaning that the scattered photon has the same energy as the incident photon (elastic scat-
tering); this process is Rayleigh scattering. Roughly 1 in 107 scattering events result in the
molecule relaxing back to a different vibrational state, such that the scattered photon loses
energy (inelastic scattering). The wavelength shift is characteristic of a vibrational mode in
the molecule. Finally, the more coherent the excitation source is, the finer the scattered pho-
tons are and the more readily a molecular identification can be made which is why lasers are
commonly used for Raman spectroscopy.

The selection rule for Raman scattering dictates only those vibrational modes that involve
a change in the molecule’s polarizability, α, at equilibrium, are Raman active and contribute
to the Raman spectrum. Compare this to the selection rule for IR absorption, which requires
that vibrational modes involve a change in dipole moment to be IR active. Consequently,
Raman spectra tend to be dominated by the vibrational modes of easily polarized bonds
like C-C and C=C, which usually lack inherent dipole moments and thus are weak in IR.
Because of this, Raman and IR spectroscopy are considered complementary techniques that
probe different aspects of a sample’s molecular vibrations. Traditional Raman scattering
cross-sections tend to be very small compared to fluorescence and Rayleigh scattering –
typically 10−30 cm2 sr−1 per molecule (Asher and Murtaugh 1988) – necessitating the use
of high-power lasers as an excitation source.

One of the most important considerations in Raman spectroscopy is the choice of exci-
tation wavelength. The difference in intensity between Raman scattering and other photo-
physical phenomena; fluorescence, for example, can be ∼1010 times stronger than Raman,
meaning that the Raman spectrum may be impossible to detect if the frequency of the scat-
tered light coincides with a strong fluorescence peak (Asher and Johnson 1984; Tarcea et al.
2007). To emphasize the importance of wavelength, an excitation just above the DUV, at 262
nm, can lead to obscuration by fluorescence (Christensen et al. 2008). Additionally, scattered
intensity is generally proportional to the fourth power of the scattered frequency, which for
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Raman depends on the excitation frequency, fL, and the frequency of the vibration, fv . This
means that, for the same laser power, a typical C=C Raman peak at 1600 cm−1 will gen-
erate ∼25x more signal under 248.6 nm excitation as compared to the more common 532
nm excitation. However, including the resonance term (Asher 1993), the observed increase
can be as high 100 to 200x greater (Nagli et al. 2008). While the majority of commercial
Raman instruments operate in the visible to near-IR range (λex = 400–1000 nm), the de-
velopment of commercial deep UV lasers (λex <250 nm) has triggered greater interest in
UV Raman spectroscopy in recent decades, especially as UV Raman spectra occur in a rel-
atively fluorescence-free spectral range (Asher 1993; Storrie-Lombardi et al. 2001; Tarcea
et al. 2007; Hug et al. 2009; Tuschel et al. 2010; Bhartia et al. 2012b; Bhartia et al. 2014;
Beegle et al. 2015). In addition to the increase in signal from high-frequency excitation, the
use of an excitation frequency that coincides with the absorption band of a molecule can
increase scattering cross-sections a further 10–1000x. This phenomenon, known as molecu-
lar resonance, is exploited in resonant Raman spectroscopy to increase signal and achieve a
greater spectral sensitivity to chemical and environmental perturbations of molecular struc-
ture (Asher and Johnson 1984). Pre-resonance refers to the tendency for scattering cross-
sections to increase faster than the fourth power rule as excitation wavelength approaches
the electronic transition energy (Johnson and Asher 1987).

The origin of resonant Raman is the virtual state coinciding with a real vibrational en-
ergy level of the electronically excited state. This leads to strong electron-phonon coupling
between vibrational excitation and electronic excitation, described by the Franck-Condon
overlap between original state (e.g. S0, v0) and excited state (S1, v1), shown in Fig. 6b. Strong
overlap between v0 and v1 only occurs when the electronic transition involves a net change
in nuclear geometry Q (the equilibrium positions of atoms in the molecule), as illustrated in
Fig. 6c, and only applies to vibrational transitions that explore a similar change in nuclear
geometry. This tends to result in the selective enhancement of those vibrational modes as-
sociated with the part of the scatterer that absorbs light (known as the chromophore), which
for organic molecules under visible or UV excitation is usually a conjugated π -system such
as an aromatic ring. Because of the sensitivity of resonance to changes in nuclear geometry,
resonant Raman spectroscopy is a powerful tool for studying how chemical and environ-
mental factors perturb the structure of the chromophore and/or its excited state. Vibrational
overtones, transitions between v0 and v2, are also frequently observed under resonant con-
ditions as a second, weaker, set of Raman peaks at slightly less than twice the Raman shift
of the fundamental transition (Long 1977). While resonance provides many advantages for
detection and identification of chromophores at low concentration, quantitative analysis may
be complicated by the absorption of incident and/or scattered light by the chromophore (Pel-
letier 2003; Wu et al. 2006; Razzell Hollis et al. 2020b).

A number of laboratory studies have been conducted using SHERLOC analog instru-
ments to demonstrate the application of UV Raman spectroscopy to planetary science and
astrobiology. The use of DUV excitation (248.6 nm) provides resonance with many organic
molecules that possess at least one aromatic ring, a list that includes several molecules of bi-
ological significance (such as the nucleobases of RNA and DNA, and certain amino acids),
as well as many compounds that are formed by abiotic processes and have been found in
meteorites (such as polyaromatic hydrocarbons and carbonaceous material) (Kubasek et al.
1985; Wu et al. 2001; Sephton et al. 2002; Frosch et al. 2007; Czaja et al. 2009; Höhl
et al. 2016). Raman scattering cross-sections for these molecules under UV are of the or-
der of 10−25 cm2 sr−1, meaning that a detectable Raman spectrum can be obtained with a
relatively low-power laser, even when the aromatic organic material is at low concentration
(Asher and Murtaugh 1988; Abbey et al. 2017). Saturated aliphatic compounds, which lack
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the conjugated π -system that acts as a chromophore, are still detectable. However, with only
pre-resonance or without resonance enhancement, they typically have a higher limit of de-
tection than aromatics (Trulson and Mathies 1986; Bhartia et al. 2014; Beegle et al. 2015;
Abbey et al. 2017). The resonant enhancement of certain molecules and vibrational modes
under UV can be very useful when dealing with complex samples such as biological mate-
rial, leading to cleaner spectra dominated by a more manageable number of key molecules
that are easier to classify (Asher and Johnson 1984; Nelson et al. 1992; Hug et al. 2009;
Sapers et al. 2019). We have also demonstrated the ability to conduct quantitative analy-
sis of concentration from Raman spectral intensities, provided that self-absorption and the
shape of the annular laser spot are considered (Razzell Hollis et al. 2020b). Mineralogy can
also be mapped at the sub-mm scale, as many Mars-relevant minerals (carbonates, borates,
sulfates, some silicates) may be distinguished by the positions of key peaks in the 800–1200
cm−1 range (Abbey et al. 2017; Razzell Hollis et al. 2020a). SHERLOC also avoids the
complication of spectra dominated by background fluorescence, as the 248.6 nm excitation
ensures that Raman peaks between ∼800 and 4000 cm−1 occur in a narrow spectral range
(252–275 nm) that is spectrally separated from fluorescence that occurs at >275 nm (Asher
and Johnson 1984; Tarcea et al. 2007; Bhartia et al. 2008, 2014; Hug et al. 2009; Beegle et al.
2015). Analysis of complex organic systems is possible with UV Raman, where deconvolu-
tion of the Raman spectra can be used to identify multiple organic species, including cells
themselves when present in a sample (Sapers et al. 2019). We have developed a model that
accounts for these physical parameters (Bhartia et al. 2014). This model was vital in driv-
ing the SHERLOC optical design requirements and operation methodology and was used to
evaluate successful performance of the completed instrument.

2.5 SHERLOC Sensitivity Model

The advantage of DUV fluorescence spectroscopy is its high sensitivity in detecting the
presence of aromatic organic compounds when compared to other forms of spectroscopy,
including mass spectroscopy. In environments such as Mars, where organics are rare, the low
detection limit can result in identification of rocks/surfaces that should be cored and cached
for sample return as well as a way to document the concentration of organics to identify
potential contamination sources when these samples are analyzed in terrestrial laboratories.
However, while fluorescence can detect, the advantage of DUV resonance Raman is its
chemical specificity such that organic classification and mineral identification are enabled.

In the development of the instrument concept, a photon budget model (Bhartia et al. 2010;
Hug et al. 2012; Bhartia et al. 2014; Abbey et al. 2017; Razzell Hollis et al. 2020b) was used
to define the performance of the SHERLOC instrument in order to detect aliphatic organics
at <1x10−3 wt/wt in a 100 µm spot; the most challenging case of mission objectives. Initially
the model included known terms such as laser power, Raman cross sections and ambient
light levels as well as estimates for instrument performance such as optical throughput.
This enabled requirements to be placed on individual subsystems to use as requirements
in their design. As the instrument went through design, development and characterization,
the model was modified to include the measured performance of key subsystems, including
the laser energy at the sample, the optical throughput (illumination and detection), detector
quantum efficiency, dark noise and end to end electronics read noise in order to ensure that
the instrument requirements were all satisfied with margins.

In brief, the sensitivity of the measurement is a function of the interaction volume that is
collectable on the CCD, the fluorescence or Raman cross section, the concentration of or-
ganics and the number of UV photons. The interaction volume can be modeled as a cylinder
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with diameter of the laser beam and a height defined by the lesser of the value of the depth
of field or the penetration of UV light into and out of a mineral matrix. Measurements of
the depth of penetration into mars relevant samples, indications that the depth of field of the
optical system (∼500 microns) is on order of the depth of penetration (Carrier et al. 2019).
Based on the measured SHERLOC beam parameters, the focused laser spot has an effective
area at ∼7540 µm2 (using the 1/e2 definition), which encompasses ∼95% of total intensity.
For a typical laser pulse energy of 8 µJ at start of mission in Jezero crater, we predict the
dosage received by the sample will be 0.1 J/cm2 per pulse. For a 5-pulse survey acquisition,
the total dosage is 0.5 J/cm2, and for a 400-pulse detailed acquisition, the dosage is 40 J/cm2.

Using these values, we modeled the 3D distribution of laser intensity at the sample and
determined that for a non-attenuating, non-subsurface-scattering sample, SHERLOC has
an interrogation volume of ∼20 nL (∼0.02 mm3). Given the detection limit of ∼10 parts
per million and assuming a sample density similar to that of basalt, we will be able to
detect the Raman scattering from as little as 0.5 ng of condensed carbon, or approximately
4 picomoles of a small organic compound such as adenine. For samples that are rich in
organics and/or minerals that have strong absorption in the UV, attenuation of both incident
laser light and Raman-scattered light will reduce the interrogation volume and increase the
minimum concentration required for detectable Raman signal.

We have also considered that the DUV laser can lead to photolytic sample degradation
(the low peak power avoids thermal alteration). Based on laboratory degradation studies and
modeling of ambient UV in Jezero crater (Razzell Hollis et al. 2020c), the UV dosage re-
ceived by the sample during operation of the SHERLOC laser is estimated to be comparable
to 0.01–2 sols of exposure to solar UV radiation, depending on the number of laser pulses
used per point. For longer exposures, e.g. detailed scan activities, the SHERLOC laser can
induce photo-chemical degradation in organic materials (Razzell Hollis et al. 2020c). How-
ever, the extent of degradation and its impact on observed Raman and fluorescence spectra
will depend on the organic in question, with more mature material (e.g. macromolecular car-
bons and carbonaceous material) expected to be highly resilient under UV exposure. Organic
material may also be protected by the surrounding mineral matrix, as some certain minerals
(such as clays) have been shown to inhibit UV-induced degradation of key biosignatures
like DNA (Fornaro et al. 2018).

3 Instrument Accommodation

3.1 Instrument Overview

The SHERLOC instrument consists of three hardware units: (1) the SHERLOC Body As-
sembly (SBA) mounted within the rover chassis which houses the command and data han-
dling, power distribution and scanner control units; (2) the SHERLOC Turret Assembly
(STA) mounted on the robotic arm that houses the laser, scanner, spectrometer, imagers
(ACI and WATSON) and local control electronics; and (3) the SHERLOC Calibration Tar-
get (SCT) mounted to the front of the rover chassis below the elbow bracket that includes
spectral standards and HOEDM soft materials.

The SHERLOC instrument contains two electrically separated subsystems: Spectroscopy
and Imaging. These subsystems have independent data and power connections to the rover
and functions are interlaced through the commanding architecture. The Spectroscopy and
ACI are optically co-boresighted for execution of spectral activities. Figure 7 shows the
block diagram for SHERLOC.
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Fig. 7 SHERLOC instrument block diagram

3.2 Hardware Locations

The SBA is mounted within the rover chassis directly on the rover avionics mounting panel
(RAMP). The thermally-controlled environment within the RAMP reduces the overall al-
lowable flight temperature (AFT) range for electronics to -40 ◦C to +50 ◦C. This enables
the electronics to avoid the Mars seasonal and diurnal thermal swings without additional
thermal control.

The STA is mounted on the turret at the end of the robotic arm with PIXL, the corer, the
gas Dust Removal Tool (gDRT), and the facility contact sensor (Moeller et al. 2021). The
robotic arm environment is much more severe than that inside internal the rover. The non-
operational AFT range from -95 ◦C to +50 ◦C; therefore the STA includes survival heaters
and operational heaters to reduce the AFT range within the specification and capabilities of
the hardware.

The SCT is mounted to the front of the rover chassis below the robotic arm elbow bracket.
The SCT position allows the five degrees of freedom robotic arm to access the calibration
targets with both the Spectrometer/ACI and WATSON subsystems.

3.3 Harnessing

The SBA and turret assembly harness, ADLIR (Acquisition & Data Lines between Instru-
ment and Rover), are connected through an impedance-controlled harness that is composed
of >12 m of round wire and flex cabling. The harness contains all intra-instrument data,
power, and sensor signals. Mitigations in the harnessing and system design were included
early in the SHERLOC design phase to avoid the type of issues observed on MSL for both
MAHLI and the Alpha Particle X-Ray Spectrometer (APXS) regarding sensitivity of sig-
nal to external noise sources picked up through their harness (Gellert et al. 2015). For the
spectroscopy subsystem, the development of the turret power regulation board (TPRB) use
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of temperature cycling resistant electronics (TRCE) chip-on-board (CoB) technology was
implemented to provide low-noise regulated power at the turret assembly for sensitive elec-
tronics. The analog scanner electronics are housed in the turret assembly to avoid noise
feedback in the pointing control circuitry allowing for higher spatial resolution observa-
tions of SHERLOC targets. Additionally, the spectroscopy subsystem communication used
a SpaceWire interface to ensure optimal data transfer limits greater than those observed
on MSL. During SHERLOC development, the Los Alamos National Laboratory (LANL)
demonstrated >10 megabits per second using flight hardware, allowing for no data storage
being required in the spectroscopy electronics, leading to a simpler design. However, both
the ACI and WATSON images are limited to 5 megabits per second per low-voltage differen-
tial signaling (LVDS) line, and the camera head readout rates are limited to 2.5 megapixels
per second, as these electronics remain mostly unchanged from the MSL MAHLI design
(Edgett et al. 2012).

3.4 Vibration Isolation System

Due to the vibrational environment on the turret caused by the adjacent percussive corer, the
SHERLOC instrument is isolated from the turret feed structure by a hexapod canister-spring
isolation system (Fig. 8). The design of the six struts uses preloaded springs exclusively op-
erating under compression to attenuate natural frequencies thus reducing the energy transfer
to the instrument. This results in a fully constrained, quasi-kinematic isolation system. Ad-
ditionally, the isolation system includes flexure joint interfaces to ensure no stress is applied
to the SHERLOC chassis during installation or drilling and coring operations to maintain
optical alignments in all configurations.

3.5 Ground Sensing Methods

Unlike arm mounted instruments on MSL, instrument specific contact sensors were de-
scoped from the Perseverance design and replaced with a facility contact sensor mounted to
the rear of the turret feed structure (Moeller et al. 2021). The purpose of the facility contact
sensor is to provide direct measurements relative to the rover coordinate system for accu-
rate placement of the turret tools and instruments, including SHERLOC, along the axis of
approach of turret instrumentation.

However, when that is not available, knowledge of the position of a proximity science
(SHERLOC, PIXL) target in three-dimensional space can be determined from surface relief
products derived from stereo pair imaging by Perseverance’s engineering stereo cameras
(Maki et al. 2020). Also, based on MSL MAHLI experience (Minitti et al. 2013; Robinson
et al. 2013; Yingst et al. 2016), deployment of WATSON for range finding via autofocus
imaging of a small portion of a geological target can also provide additional, reliable infor-
mation. While the MSL MAHLI camera head was enveloped by a contact sensing device
(Edgett et al. 2012), a similar capability is not included for WATSON. Except for some early
testing, the MAHLI contact sensor was not engaged operationally nor accidentally during
> 3100 sols of Mars surface operations so the need for such a contact sensor has not been
demonstrated and it was removed.

3.6 Positioning

SHERLOC is placed into operating position by the Perseverance’s robotic arm. The ac-
curacy of the placement is governed predominately by the thermal environment, accuracy
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Fig. 8 Image of the SHERLOC
Turret Assembly on the rover’s
robotic arm with a view of the
DUV laser and the vibration
isolators

of the rover engineering camera models, and the mechanical accuracy of the robotic arm.
SHERLOC operations will be also constrained for placement by the results of the facil-
ity contact sensor assessment of the target (relative placement) and for optimal placement,
within a restricted thermal range of operations (nominally 10 ◦C). Nominally, this gives an
XY placement accuracy (lateral location relative to the surface) of < ± 6 mm and Z place-
ment accuracy (distance from the ground aligned to the optical axis) of < ± 5 mm and <

±2 mm XYZ with thermal constraint. Relative unconstrained thermal operations are limited
to placement accuracies of ±11 mm for XY and ±7 mm for Z.

Operations can be performed in a single placement activity while meeting science re-
quirements. The MSL robotic arm observed jitter of <7 microns root mean squared (RMS)
providing a highly stable environment for spectral collection and imaging. For Perseverance,
the robotic arm is bigger thus necessitating a new jitter measurement which will take place
early in the mission. For extended spatial operations, SHERLOC will capitalize on the nudge
capability of the robotic arm (steps of ∼3 mm) to generate spectral and imaging mosaics.

3.7 Data and Power Interfaces

The SHERLOC power and data architecture leverages the functions of the Mars 2020 rover.
Communication, command, and control use a command-reply handshake over LVDS with
the Rover computing elements (RCEs) thus requiring the rover to be awake during all SHER-
LOC operations. Power is applied directly to the unit from the Rover Power Avionics Mod-
ule (RPAM) which independently controls power to the SHERLOC spectroscopy and imag-
ing subsystems and thermal zones for warm up, decontamination and survival heating. Ad-
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Fig. 9 The SHERLOC Body
Assembly that houses the DEA
and the C&DH

ditionally, SHERLOC is monitored by 13 flight system platinum resistance thermometers
(PRTs) spread throughout the instrument to assess instrument temperature during flight.

4 SHERLOC Body Assembly (SBA)

The SBA houses the command and data handling and power electronics for the Spectroscopy
and Imaging subsystems and serves as the interface between the SHERLOC turret assembly
the rover’s onboard computers (Fig. 9). To maintain the flight heritage of the SHERLOC
imaging system, the SBA contains two distinct LVDS command and power interfaces to the
Perseverance rover - one for imaging for the Digital Electronics Assembly (DEA), and one
for the spectroscopy for the Command & Data Handling (C&DH)/Power Distribution Unit
(PDU). The SBA’s mass is 2.90 kg and it has an enveloped volume of 220 mm x 89 mm x
200 mm excluding connectors and cabling.

4.1 Power Distribution Unit (PDU)

The PDU consists of six converters and dual electromagnetic interference and electromag-
netic compatibility (EMI/EMC) filters to distribute power to the spectroscopy subsystem and
accepts 22-36 V unregulated rover bus power. The PDU provides regulated power isolated
from the bus to the C&DH unit, the Scanner Servo Electronics (SSE) in the SBA, and to
the Turret Power Regulation Board (TPRB) located in the STA, and main bus power for the
Laser Power Supply (LPS) in the STA. Figure 10 shows the converter and power distribution
configuration for the PDU.
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Fig. 10 PDU power distribution schematic

4.2 Command and Data Handling (C&DH)

The block diagram of the spectrometer C&DH within the body unit is shown in Fig. 11.
It incorporates a LEON3 processor running at 50 MHz, along with boot ROM (Read Only
Memory), 6 MB of nonvolatile MRAM (Magnetoresistive Random Access Memory), and
250 MB of SDRAM (Synchronous Dynamic Random Access Memory), all of which are
EDAC (Error Detecting and Correction) protected. The processor interfaces to the spec-
trometer electronics (SE) via 10 Mbit SpaceWire, and through a ProASIC3 FPGA (Field
Programmable Gate Arrays) to the RCE, scanner, and SE discrete signals. Regulated power
for the C&DH is supplied from the PDU.

The processor runs the VxWorks operating system, which is stored along with the appli-
cation in redundant banks of MRAM. Two copies of both the operating system and appli-
cation are stored in two banks of MRAM, either of which can be booted based on discrete
command from the RCE. There are two rover interfaces (the same as those used on MSL),
one to each of two redundant RCEs for commands and telemetry. The RCE interface con-
sists of LVDS clock, data and frame signals. The command interface from the RCE runs at
2 Mbits/s and the telemetry interface from the C&DH to the RCE operates at 8 Mbits/s.

The C&DH manages the synchronization of the functions required to perform spec-
troscopy. Coordination of scanner motion and spectral collection are optimized to improve
overall timing of operations. Scanner motion is commanded during the read portion of ac-
tive spectral collection before proceeding to the next step in the map. Each active spectrum
is preceded by a dark collection, where the spectrum is acquired without laser firing, for
background removal for ground or flight processing. Under nominal operating conditions,
this process runs at ∼10 Hz. The maximum number of spectra that can be collected in a
single operation is 1296. Results accumulate in the SDRAM and are transmitted to the RCE
when commanded.

The C&DH software includes a suite of algorithms to decimate spectral maps into de-
cisional data sets or to retarget chemical specific regions of interest. Decisional data sets
are those data acquired by the instrument which must be downlinked immediately to help
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Fig. 11 Block diagram for the
spectrometer command and data
handling (C&DH) electronics

make key decisions for the very next tactical operations plan to be created by the rover team
operating on Earth. They can be generated by downlinking laser data only, spectrally bin-
ning maps in up to 6 spectral channels, or spatially binning maps to macro pixel(s) based
on spatial binning masks stored in NVM or in situ loaded masks. For region of interest se-
lection, initial pre-processing of data is critical to properly retarget chemical signatures. The
SHERLOC algorithm suite includes onboard background subtraction, bad pixel removal,
laser normalization, and cosmic ray removal. Cosmic rays will cause large spurious spikes
obfuscating results and therefore are removed using the statistical analysis method described
by Uckert et al. (2019). Preprocessed data are then ranked and positions ordered based on a
weighted sum of up to 6 spectral channels. The resulting ranked position list is used to re-
target the center to the Nth ranked position. Algorithm parameters are stored in nonvolatile
MRAM and can be changed by command. Single data sets can be reprocessed for multiple
times for targeting different chemical features as time permits in the operations timeline.

4.3 Scanner Servo Electronics (SSE)

The SSE is a part of the scanner subsystem and serves as the interface between the scanner
and the control (C&DH) and power (PDU) systems. The SSE converts control and power
signals for distribution to the scanner subsystem located on the turret and positional feedback
to the scanner through the servo control loop.

4.4 Digital Electronics Assembly (DEA)

The shared DEA (Fig. 24b) performs all interfacing functions with the rover to operate the
WATSON and ACI imagers. The DEA, described previously by Edgett et al. (2012) and
Malin et al. (2017), contains flight software to operate the imagers and perform onboard
data compression (including focus stacking). The DEA hardware is equivalent to that of
the Mars 2020 Mastcam-Z DEA (Bell et al. 2020, this journal) and has 128 megabytes of
SDRAM and 8 gigabytes of non-volatile NAND flash memory for data storage.
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Fig. 12 The SHERLOC turret
assembly with the location of the
primary subsystems outlined. At
the left, the ACI dust cover is
open and its Internal Calibration
Target can be seen on the inside
of the cover as well as the UV
and white LEDs. WATSON is
present on the right; its
transparent dust cover is closed

5 SHERLOC Turret Assembly (STA)

The SHERLOC Turret Assembly houses the optical, mechanical, thermal and instrument
head electronic hardware for the Spectroscopy and Imaging subsystems (Fig. 12). In ad-
dition to the optics, the STA contains only critical electronics that are required to be in
proximity to hardware. The spectroscopy subsystem electronics includes the spectrometer
electronics and turret power regulation board (SE/TPRB), the spectrometer CCD (SCCD)
and control electronics, the scanner sensor feedback electronics (SDE), and the high volt-
age power supply to run the DUV laser (LPS). The imaging electronics on the STA include
the context imager FPA (CHE), and the WATSON FPA (WCHE). In addition, to minimize
impacts and resources to the flight system, the ACI and WATSON imagers have a command
switchable interface for the command, data, and telemetry, and simultaneous power signals
from the DEA via a multiplexer (MUX). The STA mass is 6.83 kg and has an enveloped
volume of 352 mm x 176 mm x 276 mm excluding connectors and cabling.

5.1 SHERLOC Spectroscopy Subsystem Optical Design

SHERLOC science goals require a DUV laser to excite a target, and a spectrometer that
senses the Raman and fluorescence spectral regions as it measures the laser-induced spectral
signatures from that target. In addition, the motorized objective lens and the context imager
of the ACI provides a means to focus the laser and spectrometer and generate images at
a pixel scale of less than 1/10 the laser diameter. These three co-boresighted optical paths
comprise the SHERLOC optical system (Figs. 13 and 14).

Guided by the focus position established by acquisition of the ACI image, SHERLOC
uses a tip/tilt fine steering mirror to step a focused DUV laser spot across the target, gener-
ating Raman scatter and fluorescence emission from each step position. SHERLOC’s laser
emission starts in its neon-copper laser, where the primary emission at 248.6-nm is output
as a Laguerre-Gaussian beam with an M2 of 34. Also emitted is an orange spontaneous-
emission spectrum from the glow discharge and a number of weak laser lines, including
a particularly strong, non-lasing line at 252.9 nm. These longer-wavelength spectral fea-
tures must be attenuated significantly, so that they do not influence the spectroscopy. To this
end, the first optical elements after the laser’s output coupler are steep edge laser-injection
filters (LIFs) (Semrock). These filters strongly (>99.995%) reflect light less than 251 nm
and transmit (on average, about 97%) longer wavelengths. A series of three such filters re-
flect the 248.6-nm line and attenuates longer wavelengths, while turning the laser beam by
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Fig. 13 Ray trace of the SHERLOC optical path

90◦ into the main structure of the SHERLOC instrument. Just before entering SHERLOC,
an uncoated fused silica beamsplitter reflects a tiny fraction of the laser signal onto a sil-
icon carbide photodiode (sglux SG01XL). This detector acts as a reference measurement
that allows continual assessment of the laser’s pulsed output. The laser signal that transmits
through the beamsplitter is then expanded by two aspheric lenses lens that collimate the
beam to its full diameter, critically filling the instrument’s 12.5-mm aperture stop. The colli-
mated output of this aspheric beam expander then reflects off of two mirrors that are coated
to reflect the 248.6 nm laser line (M2 and M3), then off the LIF edge filter, off the scanner
mirror, and out the common-path ACI objective, which transmits nearly 90% of the laser
signal and focuses the laser to an approximately 100-µm spot on the target. The scanner is
then actuated to articulate the laser spot across the target field, thereby inducing a Raman
and fluorescence signal at every desired pixel on the target’s context image.

The target’s laser-induced Raman and fluorescence signals are collected along the same
optical path back into the instrument, through the ACI objective and off the scanner mirror.
However, this excited signal has a slightly longer wavelength than the exciting laser line,
so it is transmitted through the LIF and along SHERLOC’s spectrometer optical path. The
next filter is a long-pass filter (LPF) (Semrock) that reflects the spectral signal onto an off-
axis paraboloidal (OAP) mirror. This OAP mirror focuses the spectral signal through the
spectrometer’s slit, a 100-by-200-µm laser-drilled aperture. This slit limits the spectroscopy
aperture. The spectroscopy signal then continues to be collimated by another OAP mirror,
after which it is reflected off a fold mirror (M5) and directed onto the instrument’s diffrac-
tion grating. This unique grating was written via electron-beam lithography (EBL) at the
JPL Microdevices Laboratory (MDL) at a very high groove density of 4200 grooves/mm.
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Fig. 14 Block diagram of the SHERLOC optical path. The LIF/LIF2, LPF were provided by Semrock, M7
was from Alluxa, the beam dump, grating, aperture stops were fabricated at JPL and coated by Aktar. The
remaining lenses and curved mirrors were custom fabrications to meet the deep UV surface figure and RMS
requirements with margin (provided by Optimax)

The zeroth-order diffraction is dumped into an angled port (which was used to aid instru-
ment alignment and designed to minimize stray light), and the first-order beam is diffracted
with high efficiency (nearly 60%) onto a convex aspheric mirror, and then onto a concave
spherical mirror that focuses the spectral signal across the long axis of the 512-by-2048 pixel
e2v 42-10 SCCD.

The SHERLOC spectroscopic analysis takes place on the SCCD. The target’s spectral
signal is read out in three binned regions, one for the Raman signal from 253 to 274 nm
and two for the fluorescence regions that range up to 354 nm. In the Raman region, 16.2 nm
of the spectrum are diffracted across each of the SCCD’s 13.5-µm pixels. The instrument
samples a narrow line source (e.g., the 253.65-nm Hg line) with an instrument line function
of <5 pixels Full Width at Half Maximum (FWHM) in the Raman region. The optical
design specifies a spectral resolution of 310 pm in this region, and the performance measured
was 269 pm. Spectra are diffracted across the SCCD as a curved line, called a spectral
smile (Fig. 15). To optimize for the photon-starved Raman signals, the smile is registered
to the pixel grid by clocking the SCCD by ∼9◦. This orients the Raman spectral region
along pixel rows and minimizes the number of rows binned to generate the spectrum. The
fluorescence spectral region curves across the SCCD into the opposite corner. As it is many
orders brighter than Raman, binning more rows has a negligible effect on SNR. Data are read
in a binned, columnar fashion, since signal is distributed so that wavelength corresponds to
SCCD column.

To mitigate ghost reflections and other stray light within the instrument, a physical aper-
ture shaped like the spectral smile is located just before the SCCD. In addition, a baffle
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Fig. 15 An example diagnostic two dimensional read of the SCCD for one point on the resolution target that
shows the spectrometer “smile” pattern from DUV laser illumination of Bk7 glass

is located around the grating periphery to obscure edge effects and other artifacts of the
multilayer EBL process. All aperture masks in SHERLOC, including the laser pinhole, in-
strument aperture stop, spectrometer slit, grating mask, and SCCD smile mask are coated
with the same Acktar black broadband-absorbing coating.

5.1.1 Deep UV Laser

Deep UV Laser Overview The SHERLOC NeCu DUV laser tube was manufactured by
Photon Systems, Inc (PSI). A commercial-off-the-shelf (COTS) laser design manufactured
by PSI was modified specifically for the SHERLOC instrument to meet launch, cruise, land-
ing, extreme operating and non-operating ambient temperature, and vibration conditions of
a Mars rover mission.

For accurate accumulation of Raman and fluorescence spectra on Mars, the stability of
the laser emission linewidth and wavelength are essential. The SHERLOC NeCu laser emits
at a wavelength of 248.6 nm and, since it is an electronic transition, has a line width and
stability less than 0.07 cm−1. The laser is operational without survival heaters or any tem-
perature regulation or control at ambient temperatures from -135 ◦C to +70 ◦C. In addition
to the ambient temperature requirements, the NeCu laser was subject to several additional
mandatory requirements including:

(1) emission wavelength below 250 nm to enable spectral separation of the Raman and
fluorescence spectral emission regions;

(2) beginning of life output energy ≥ 9 µJ per pulse with pulse repetition rate of 80 Hz in
40 µs-wide pulses with a peak power less than about 200 mW to avoid photochemical
or thermal damage of organic target materials;

(3) stable emission linewidth and position and independent of ambient temperature, to en-
able accurate Raman spectroscopy without added system size and mass associated with
the need for additional spectral calibration components;

(4) unpolarized to enable Raman detection of crystalline materials of unknown orientation;
(5) insensitive to hard radiation (rad-hard);
(6) able to survive the severe shock and vibration expectations through the entire mission

envelope, particularly including launch, landing, and during drilling/coring operations;
(7) low mass and volume (<280 cm3 and < 450 g); and
(8) start-up time < 1 µs to eliminate power consumption before use.

The NeCu laser is a transverse discharge sputtered Cu hollow cathode laser which was first
demonstrated in 1974 at the University of Budapest (Csilliag 1974) and Colorado State Uni-
versity. The transverse excited hollow cathode sputtered copper laser tube is a simple, coax-
ial, robust design with grounded anode invar tube body and internal construction consisting
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Fig. 16 The SHERLOC NeCu
flight laser. For scale, the laser
with the end caps is 30 cm in
length. The green emission in the
photograph is from an alignment
laser

Fig. 17 Cross-section diagram
of NeCu25 hollow cathode laser
gain region

mostly of invar, beryllium oxide, titanium, OFHC (Oxygen-Free, High thermal Conductiv-
ity) copper bore, deep UV grade fused silica laser mirrors and windows hermetically sealed
with indium and filled with a neon buffer gas. This all-metal, welded, and brazed construc-
tion leads to a robust traveling wave tube (Fig. 16). A photograph of the NeCu laser as
mounted on the SHERLOC STA is shown in Fig. 8.

Hollow Cathode Laser Figure 17 shows a cross-section view of the structure of the laser.
When a negative voltage between -550 V and -800 V is applied to the laser, it causes an
electrical breakdown of the low-pressure neon buffer gas (∼12Torr) where the discharge
avalanches to a stable operation at a sustaining voltage of ∼380VDC and current between
20-30A. This process takes 1 µs after application of voltage. The electrons are accelerated
inwardly across the Faraday dark space, into the negative glow region undergoing multiple
ionizing collisions with neon (Ne) neutrals and producing neon ions (Ne+). This production
of Ne+ results in an initial bombardment into the Cu cathode wall via the acceleration back
through the Faraday dark space. These highly energetic Ne+ ions begin generating neutral
Cu atoms via the sputtering process that is enhanced as Cu+ ions are created in the negative
glow region and, in turn, are themselves are accelerated into the Cu wall, efficiently creating
even more Cu atoms (de Hoog et al. 1977; McNeil et al., 1975 and 1976). These Cu+ wall
collisions combined with the relatively low Cu work function produce secondary electrons
bootstrapping the process. These sputtered Cu atoms diffuse back into the negative glow
region and are autoionized creating the highly excited upper laser state via charge transfer
reaction with the Ne+ metastable ions. One of the unique features of this laser is the (annu-
lar ring) Laguerre-Gaussian laser mode which is a result of the nonuniform distribution of
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Fig. 18 Photograph of the ∼10 cm SHERLOC LPS

Cu++; higher density at or near the wall of the 3 mm copper bore produces a smoke ring
like laser gain region. The process, including stabilization of the copper ion density in the
hollow cathode, takes less than 10 µs, independent of ambient temperature.

The fundamental lifetime limit of the hollow cathode laser of the NeCu25 type is about
500 million laser pulses at current levels of 25 to 30A, due to erosion of the copper cathode.
For SHERLOC, the required number of pulses is a convolution of the instrument throughput
and collection efficiency. Assuming 9 µJ/pulse, the required number of pulses to be available
for use on Mars is ∼21M. Given the >14 µJ/pulse laser, the SHERLOC flight laser will
easily enable acquisition of > 2.7 million spectra, which is >7 times the lifetime of the
prime mission.

Tube Construction and Testing The SHERLOC NeCu laser is based on the PSI COTS
version, the commercially available NeCu30 model. Although, early during instrument de-
velopment, a COTS laser was demonstrated to survive exposure to liquid nitrogen temper-
ature (-195 ◦C), there were mechanical design and process changes to ensure performance
under fully Mars-like conditions. The design and construction of the laser evolved as knowl-
edge from testing of previous generations of the laser were incorporated into the designs. As
the feedback between design, construction, and testing continued, the rigor of each test in-
creased until we exceeded the nominal SHERLOC operational scenarios (Survey and Detail
– see Sect. 10) for the laser, ensuring good working margin.

The CTE (Coefficient of Thermal Expansion) between materials was tailored to reduce
stress and deformation of the laser bore and mirrors leading to stable performance over the
200 ◦C temperature range the laser would experience. Invar 36 is the primary construction
material for the laser tube (outer body) and the mirror mounts. Within this, copper, beryl-
lium oxide, titanium, fused silica, and indium are key materials sealed hermetically in the
tube body. Assembling titanium to Invar resulted in the development of a unique, resistive,
eutectic TiCuSil braze weld as well as a unique Tungsten Inert Gas (TIG) CuSil braze of
Invar to Invar.

Mirror stability is critical to maintaining optimal laser output. A passive Ti6Al4V spring
mirror mount was designed to mount into the Invar optic assembly. Hermetically sealing the
laser tube used a less mechanically critical fused silica window to Invar seat with an indium
seal. This stabilized the laser output over a wide mechanical and thermal range.

To maintain mirror alignment with respect to each other and the gain media within the
tube, the laser mirrors are in Moore mounts as part of the laser end-flange. The end flange
incorporated a two-part design that was electron-beam welded not only sealing the two
halves together but also providing a single convoluted bellow to enable coarse and fine
alignment of the mirror without imparting stress to the mount.

In addition to mechanical modification, laser processing was significantly modified com-
pared to the manufacture of a COTS laser. Some methods were necessary to enable laser
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integration into the constrained volume of the STA while others were used to increase me-
chanical stability over the required thermal and vibrational environments. The volume con-
straints included a custom pinch-off method to form a physically short, but high-integrity
vacuum seal. To increase material and mechanical stability, a bake-out for organic cleaning
and invar stabilization thermal cycles were implemented. In addition, staking methodologies
were implemented to ensure mirror mount stability.

To assess the laser stability over the laser life, a number of lasers were fabricated to
conduct full, accelerated, life tests. These were performed in both ambient conditions as
well as operational and non-operational environments. Laser performance was verified and
measured in test-as-you-fly (TAYF) operating conditions, including vibration and thermal
specifications with some test lasers taken through entire lifetimes to determine performance
over mission lifetimes. This is discussed in more detail in Sect. 8.2

5.1.2 Laser Power Supply (LPS)

SHERLOC’s LPS provides high-voltage, high-current pulsed power to fire the DUV laser
(Fig. 18). It operates directly off of the rover bus at 25 V-36 V and provides current pulses
of duration, frequency and amplitude controlled by an external 5 V logic signal. The pulse
repetition rate can be specified in the 10 Hz-160 Hz range depending on operational need.
The pulse amplitude is commandable to 30A/25A/20A/15A as a means to adjust laser energy
at the target. The pulse duration is also commandable between a range of 20 µs to 40 µs.
The LPS comprises two main subcircuits: a 28 V-to-550 V isolated DC-to-DC converter
using the flyback topology operating at 50 kHz and two wide-band (fast response) current
amplifiers in parallel operating off of the -550 V. As such, the output of the LPS is referred
to as a compliant current source with a compliant voltage of -550 V. The output of the LPS
is equipped with an arc protection circuit which detects a drop in the laser voltage (output
voltage of LPS) below a certain voltage while providing the current pulse and terminates the
pulse within 2 µs to protect the laser. This protection circuit also protects against inadvertent
short-circuit that could be present in the output cable to the laser.

During the development of the LPS, the output capacitors were removed and placed on
a separate board within the same housing compartment of the LPS. Electrically, the routing
of the power and sense wires from the capacitor bank to the mother board were designed
to resolve noise and other interference issues. Mechanically, wire lengths connecting the
capacitor board to the main board were minimized to reduce noise, while still allowing
the unit to be handled by the mechanical integration team. The ability to rework the unit
was paramount when environmental testing revealed a need for conformal coating updates
to mitigate concerns of corona discharge. After much investigation and testing, the team
mitigated corona by increasing the surface area of the high voltage components by adding a
series of conformal coating layers to the board.

The traditional voltage for igniting the COTS laser requires -900 V. This value is used
in order to eliminate misfires and lower output laser energy. However, flight qualified com-
ponents at that voltage were not available due to operating environmental conditions. After
testing demonstrated that the laser could fire consistently with -550 V at all operating tem-
peratures and internal laser pressures (simulating beginning and end of laser life) the LPS
was designed to operate at this voltage, systems were designed to monitor misfires and laser
output voltage. A 1200 V MOSFET (Metal Oxide Semiconductor Field Effect Transistor)
with sufficient voltage and current rating made by Fairchild was qualified and selected for
the output amplifier. This MOSFET was selected after the selection (up-screening) of a plas-
tic package using the proper testing procedure prescribed to the Parts Engineering group by
the LPS engineers.
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Fig. 19 Block diagram of the
Spectrometer Electronics

5.1.3 Spectrometer Electronics (SE)

The Spectrometer Electronics (SE) module has four electrical interfaces: the detector (CCD
module), the laser power supply (LPS), the command and data handling (C&DH) in the
body via the harness down the robotic arm, and the TPRB for power, as shown in Fig. 19.

The SE receives its power from the TPRB that interfaces from the PDU to the SE to
provide linearly regulating power singles for the critical functions including 3.3 V, 5 V,
+/-12 V and 26.4 V. The addition of the TPRB was led by efforts to minimize the impacts
of arm flex cable voltage drop and to minimize mass on the turret. SHERLOC used MSL
heritage design for TRCE chip-on-board (CoB) technology in the TPRB leading to a 12.7 g
power board.

The SE generates the bias voltages and clocks for the detector, conditions the spectrom-
eter CCD output, and samples the detector signal. The SE implements a correlated dou-
ble sample technique as described by de la Torre and Albendea (2018) and then samples
the signal with an analog to digital converter (ADC). The ADC, a 14 bit AD9240 from
Maxwell/DDC, is the same as that used on the MSL ChemCam.

During the CCD readout process, samples are transmitted in real-time to the C&DH in
the body via a 10 Mb SpaceWire link, no memory is required in the SE. The C&DH interface
also includes discrete LVDS signals for reset, laser fire, and integration handshaking. The
integration request and acknowledge allow the C&DH to synchronize the detector readout
and clearing with the laser firing and scanner motion. The SE also collects telemetry on
laser output energy and health, along with a variety of temperatures, which are also sent via
SpaceWire to the C&DH.

The SE will experience dramatic temperature swings during a sol on Mars. When pow-
ered off, there is no survival heat for the SE. Several strategies were used to ensure that the
electronics will operate over its design lifetime. The printed circuit board is clamped rather
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than fastened into position, allowing it to expand and contract without inducing excessive
stress. Several components are mounted in a “dead bug” fashion and flexible leads connect
them to the printed circuit board. The FPGA is in a column grid array package, which has
flexible leads that do not fracture as the board expands and contracts, and the corners of the
package are staked. A warm-to-use heater is used to bring the assembly up to -80 ◦C before
it is powered on. Finally, package qualification and verification (PQV) testing equivalent to
three lifetimes was performed on a test article to demonstrate that the design can survive the
environment.

5.1.4 Spectrometer Charged Coupled Detector (SCCD)

The SCCD is an e2v CCD 42-10 device that has an active area of 512 x 2048 pixels with
an area of 13.5 x 13.5 µm each. The image area is approximately 28 x 7 mm2 and has an
ultraviolet enhanced coating. To withstand extreme temperature cycling, the leads of the
detector were replaced with short, flexible wires and relief loops that will flex with the
temperature changes rather than fracture.

The electronics are capable of reading the array in the 2D format for diagnostics; how-
ever, under normal operating conditions, on-chip vertical integration is used and the spectral
vectors are read from the device.

The size and location of the vertical summing regions is configurable by command. The
vertical integration is configured for three regions using skip and sum parameters written by
the processor into the SE FPGA registers, as shown in Fig. 20. This flexibility allows the
instrument to adapt to any modest shifts in the spectrometer pattern encountered throughout
the mission due to aging, shock or vibration. The objective is to integrate as many pixels
containing light from the spectrometer while leaving out as many unilluminated pixels as
possible to maximize the signal to noise ratio (SNR). Performing integration on the detector
improves the SNR by only adding read noise to summed pixels rather than each pixel, so the
effective read noise is reduced by the number of pixels integrated vertically. It also has the
benefit of accelerating the readout process.

Faster readout reduces operation time and reduces the dark current contribution, which
is a function of temperature of the detector and time. Higher temperatures and longer time
increase the total dark current. The detector is mounted on a phase change material (PCM)
with a melting point of -29 ◦C. The PCM freezes in the ambient Martian environment when
the instrument is not in use, and then keeps the detector at -28 ◦C for the >60 minutes of
operating time.

The SCCD clocks and bias voltages are driven from the SE module, and the SCCD output
is differentially driven to the SE and sampled.

The SCCD has three vertical and three horizontal clocks that are driven from the SE
module. All of the clock speeds, widths, and phasing are configurable with parameters sent
to the instrument via command. The typical vertical clocks are 55 kHz, and the maximum
horizontal clock rate is 400 kHz. The maximum horizontal rate is governed by the maximum
ADC clock rate and the digital correlated double sampling scheme utilized.

The detector has two important contributions to noise, read noise, and dark current. Read
noise is a property of both the detector itself and the readout circuitry, while dark current is
a property of the detector and its environment, specifically temperature and radiation.

Significant effort was invested to minimize the read noise contribution. One design fea-
ture incorporated is configurable gain, implemented on the SE. The gain can vary between
high and low, with high employed typically in region 1 to capture the Raman portion of
the spectrum, and low gain in the fluorescence regions 2 and 3. In high gain mode, the read
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Fig. 20 Illustration of the SCCD detector array overlayed with the spectrometer “smile” pattern and the
on-chip integration patterns

noise is < 6 e− rms, with a conversion gain of 0.46 e− /DN (digital number) at a readout rate
of 400 kHz. In this mode, the ADC saturates at ∼28 ke−. In low gain mode, the read noise
is ∼10 e− rms, with a conversion gain of 2.35 e− /DN. In this mode, the ADC can detect
the single pixel full well saturation of the SCCD at ∼101 ke−. With integration performed
on the SCCD, output can saturate the ADC, as the summing register has ∼1.5x the capacity
of a single pixel. By varying laser energy and the number of laser pulses per spectrum, the
signal amplitude can be kept in range of both the SCCD and the ADC.

Dark current mitigation involved “cherry picking” the flight detector from multiple can-
didate devices to get the detector with the lowest noise at the beginning of life. Radiation
effects have a significant impact on dark current in the SCCD. Both solar and cosmic ra-
diation contribute to the environment during cruise and surface operations, but the primary
mechanism for radiation effects on the Mars 2020 rover is due to the neutrons from the
Multi-Mission Radioisotope Thermoelectric Generator (MMRTG). The neutrons from this
power source induce displacement damage in the lattice structure that result in an increase
in dark current (Janesick 2001). Ionizing dose can also result in inversion voltage shifts.
This was not observed at the anticipated dose levels. As a mitigating precaution, the design
maintains a substrate voltage above 9 V. Radiation testing devices from the same lot as the
flight detector indicate that, at -28 ◦C, the SCCD will have a dark current of <1 e− /pixel/s
at the beginning of life and approximately 50 e− /pixel/s at the end of the mission.

5.1.5 Scanner Subsystem

To raster scan the laser/spectrometer field of view (FOV), SHERLOC uses a fine steering
mirror manufactured by Left Hand Design Corporation. The mirror is controlled with a
combination of fixed magnets and voice coil electromagnets driving the lightweight mirror
mounted on flexures. The assembly has embedded position feedback sensors connected to
the scanner demodulation electronics (SDE) and the Scanner Servo Electronics (SSE) that
closes the loop with an analog control system with very high bandwidth. To specify a posi-
tion, the C&DH provide a voltage for the azimuth and elevation axes and the control loop
drives the mirror position so that position sensor outputs match these voltages. This system
provides the capability to steer the beam across the 7 x 7 mm work area. During instrument
testing, both steps and repeatability of < 1 micron in the target were demonstrated, mean-
ing that arm stability is expected to set the limit on the instrument’s ability to revisit the
same spot during a given observation. During ground testing, the az/el input voltages were
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Fig. 21 Illustration of SHERLOC scanner motion. This image was captured using the engineering model
SHERLOC ACI during a test of the scan mirror. The exposure duration of this image was 200 ms and the
scanner shifted the image ∼70 microns during this integration time. The result is the superposition of two
images of the image target before and after the scanner move. The fact that no streaking can be seen, and
that both images have similar sharpness, demonstrates that the scanner motion and settling times are both
extremely fast compared to the typical exposure duration of the camera. Note there is FOD (Foreign Object
Debris) on the engineering model ACI detector. This can be determined as FOD because the feature does not
shift between scanner positions

calibrated to XY positions in the work space so that scan patters could be generated that
sampled the target in even steps (Fig. 21).

5.2 SHERLOC Imaging System

5.2.1 Imaging Electronics

The imaging subsystem includes two cameras, the ACI and WATSON. A Multiplexor unit
(MUX) (Fig. 24c) mounted on the STA, is shared by the WATSON and ACI to allows
switching of camera head operation between them. The MUX is connected by cabling on the
rover’s robotic arm to the DEA inside the rover body. The MUX allows the DEA and cabling
to be shared, cutting in half the mass and volume of cabling and DEAs needed to support
the two imaging subsystems. This architecture means only one of the two camera heads
(ACI and WATSON) can be operated at a given time. To simplify its design, the MUX has
no power switching, so both cameras are powered whenever power is enabled. The inactive
camera is commanded into a low-clock-rate mode to reduce total power usage. Regulated
15/-15 V power from the DEA is passed through directly, but the MUX has internal boost
regulation for the 5 V power. This was required because the additional power of two camera
heads caused unacceptably large voltage drops due to cable resistance in the long intercon-
necting flex cable between the DEA and the MUX. The only other active components in the
MUX are low-voltage differential signal (LVDS) drivers and receivers, which are enabled
and disabled by a small amount of control logic. The active camera is selected by the state of
the data line in the inactive period between command frames, and sampled at the beginning
of each command frame.
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5.2.2 Autofocus and Context Imager (ACI)

SHERLOC science goals require an image to provide texture and morphology context for
SHERLOC spectra. With the addition of WATSON images of the same target, the ACI plus
WATSON enable location of each SHERLOC spectral position within the broader context
of all of the data acquired by Perseverance’s cameras, and even tie these to orbiter imaging
system views of Mars. This co-registration capability was a Mars 2020 mission requirement
and provides a means to correlate data from SHERLOC with data from PIXL, SuperCam,
and Mastcam-Z multispectral observations.

ACI, co-boresighted with the SHERLOC spectroscopy subsystem, is a high spatial res-
olution grayscale camera that serves two vital purposes; it focuses the spectrometer laser to
enable spectral mapping over a 7x7 mm area, and it acquires 10.1 µm/pixel context images
(or < 2 Hz video frames) of the area investigated by the spectrometer. It can also be used as
a 10.1 µm/pixel camera without operating the spectrometer.

When SHERLOC is operated to acquire spectroscopy data, the initial step is to obtain
an image of the science target using the ACI. Focusing the ACI to acquire this image is
the first step toward focusing the laser. Reflected light scatters off the target and enters
SHERLOC through the ACI Objective (Figs. 13 and 14). The Objective collimates light
into the SHERLOC optical system, after which it reflects off a scanner mirror, through the
instrument’s aperture stop, and through two long-wavelength transmission edge filters that
control the instrument’s spectroscopy observations. The mirror (M7) (Alluxa) immediately
before the ACI camera lens assembly and focal plane assembly (FPA) (Figs. 13 and 14),
allows a broadband image to be filtered onto the camera CCD, reflecting a green-to-red
(500–600 nm) region of the spectrum.

ACI Description ACI is derived from the MSL MAHLI design (Edgett et al. 2012), but
the optics are very different. The optics consist of two sections, the ACI Objective and the
ACI Camera Lens Assembly (Figs. 13 and 14). The ACI Objective is common to all three
SHERLOC optical paths (Figs. 13 and 14), and focuses the camera and laser on targets that
range over working distances (measured from the external window to the target) of 40 to 56
mm. The ACI Objective is mounted to the front end of the STA and the ACI Focal Plane
Assembly (FPA) and Camera Head Electronics (CHE) are mounted inside the back chassis
of the STA.

The ACI Objective, fronted by a sapphire window, is a telecentric lens composed of four
lenses, all of which are uncoated and fabricated from UV-grade fused silica or fluorescence-
free magnesium fluoride. The four-element ACI Camera Lens Assembly is made with com-
mercial glasses (fabricated by Optimax) that move as a group on a linear rail to form an
image of the target on an On Semiconductor KAI-2020M 1600 x 1200 greyscale CCD sen-
sor with microlenses and no cover glass. The detector is grayscale since the spectral range
that is being observed is 500 to 600 nm. This narrow spectral bandpass enabled meeting the
required imaging performance.

The ACI Objective is housed within a hardware element that superficially resembles the
MSL MAHLI and WATSON lens housing (Figs. 1, 8, and 12). It is nearly identical to the
MSL MAHLI design except for the different optics, an opaque dust cover, and an inter-
nal AlGaN calibration target for the spectrometer (see Sect. 9.7.2). The internal calibration
target is mounted on the inside of the dust cover. The dust cover is therefore opaque and
composed of solid aluminum. Like MSL MAHLI and Perseverance’s WATSON, ACI Ob-
jective lens focus and dust cover are actuated by single Cobham (formerly Aeroflex) 10 mm
stepper motor per the design of DiBiase and Laramee (2009).
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At the other end of the ACI optics, the FPA and CHE are also identical to that of the
MSL MAHLI and WATSON design, except for the use of the KAI-2020M (grayscale) in-
stead of KAI-2020CM (color) CCD. ACI control and data storage functions are operated
by the SHERLOC Digital Electronics Assembly (DEA), a hardware element (Fig. 24b) lo-
cated inside the rover chassis. DEA functions and data storage are shared by the ACI and
WATSON.

ACI targets can be illuminated by sunlight, or, like MAHLI and WATSON, by two groups
of two white light LEDs (Avago Technologies HSMW-10x) or one group of 365 nm UV
LEDS (Nichia NSHU550B) (Fig. 12). The LEDs, their locations and operability, and the
SHERLOC dust cover and focus mechanism, are all from the MSL MAHLI heritage design.

ACI Capabilities Except for the optical and bandpass differences, the MAHLI-based ACI
retains many of the basic functions available on the MSL MAHLI (Edgett et al. 2012, 2015)
and on Perseverance’s WATSON, including full-frame and sub-frame imaging, manual and
auto-focus, manual and auto-exposure, video, lossless and lossy onboard image and video
compression, focus stack acquisition and onboard focal plane merging, and “thumbnail”
image generation. In addition, robotic arm positioning of SHERLOC can be used to acquire
ACI image mosaics or stereo pair images. The onboard focus stack capability, provides
opportunities to merge 8 images consecutively acquired by stepping through a commanded
focus range while the camera is held in place.

ACI capabilities were predominately driven by the ability to do both imaging and spec-
troscopy and differs notably from WATSON for both focusing, image quality, resolution,
field of view, and depth of field (DOF). The focusing, DOF, and telecentric requirements for
spectroscopy led to a fixed focal length imager with a nominal focus at 48 mm with +/- 7
mm focusing range. The DOF was driven by the ability to focus the laser on the target within
the laser waist for both Raman and fluorescence but still be able to allow for surface relief
caused by abraded surfaces of +/-250 microns. The as-built ACI met its requirements but as
a result of optical offsets between the imager and spectrometer boresights, the spectroscopy
system is limited to 15.8 mm full range focus. Operationally, the ACI mechanism will be
offset during operations for optimal imaging and spectroscopy best focus performance. A
full frame ACI image covers a 16.16 mm x 12.12 mm surface area with an 11.7 mm diameter
non-vignetted field of view with a scale of 10.1 µm/pixel over the full range of focus.

In comparison to WATSON, ACI provides high resolution spatial images at a greater
working distance and thus provides additional opportunities to obtain high resolution images
during nominal operations with less risk to instrument safety. An example of the potential
benefits is shown in the simulation in Fig. 22. While the ACI provides high spatial resolution
images, its field of view is limited and relies on the wide FOV enabled by WATSON for
context. Another example for real-world-comparison is shown in Fig. 52.

5.2.3 WATSON

WATSON provides the second of the investigation’s two visible wavelength imaging capa-
bilities. WATSON, a copy of the MSL MAHLI (Edgett et al. 2012), is a color camera with a
focusable macro lens. Using Perseverance’s robotic arm to position the camera, WATSON
can focus on subjects at working distances of ∼1.8 cm to infinity with pixel scales ranging
from as high as 13.1 µm/pixel at 1.8 cm range to 17.7 µm/pixel at 3 cm range, 31 µm/pixel
(comparable to the MER MI cameras) at 6.6 cm range, 100 µm/pixel at 25.5 cm range, and
even lower spatial resolution at infinity focus. Operationally, based on MSL MAHLI ex-
perience (Yingst et al. 2016), the closest range WATSON images will typically be in the
16–18 µm/pixel range, allowing discrimination between silt and very fine sand (Fig. 23a, b).
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Fig. 22 Images of a fine-grained rock target collected by the engineering model ACI at 5 cm working dis-
tance. The WATSON images are simulated for 2 cm and 1 cm working distances

Fig. 23 Example WATSON science and science-enabling support imaging as illustrated by the MSL
MAHLI. Please note differences in scale. (A) Mudstone, grains smaller than coarse silt, with gyp-
sum crystal pseudomorphs (Kah et al. 2018); MAHLI night image 809MH0004460020300906C00 il-
luminated by white light LEDs. (B) Sandstone composed of well-sorted, very fine sand; MAHLI fo-
cus merge product 1438MH0001530000503527R00. (C) Gray sandstone with thin coating of orange-
brown aeolian dust; MAHLI focus merge product 0999MH0001630000204827R00. (D) Conglomerate;
MAHLI focus merge product 1411MH0005840000503008R00. (E) Fine laminae in mudstone outcrop;
MAHLI image 1811MH0001900010701304C00. (F) Drill hole wall and cuttings details; MAHLI focus
merge product 0270MH0002520000102916R00. (G) Rover hardware inspection (wheel); MAHLI image
2407MH0007710010900396E01. (H) Rover self-portrait for hardware inspection and geological context;
MAHLI mosaic acquired Sol 1228

WATSON will obtain Mars science data in the form of close-up (macrophotographic)
images of geological materials and science-enabling engineering images. Engineering ac-
tivities include support for core sample extraction as well as rover and science instrument
hardware inspections and diagnostics. Similar activities have been routinely performed on
Mars since 2012 using the MSL MAHLI (Fig. 23); Minitti et al. 2013; Robinson et al. 2013;
Anderson et al. 2015; Yingst et al. 2016; Abbey et al. 2019). WATSON images of geologi-
cal targets include provision of context imaging for core samples and SHERLOC and PIXL
spectroscopy. Like MAHLI (Minitti et al. 2013; Siebach et al. 2017; VanBommel et al. 2017;
Ehlmann et al. 2017; Banham et al. 2018; Kah et al. 2018; Edgett and Newsom 2018; Sun
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Fig. 24 WATSON hardware
elements. (a) WATSON camera
head. (b) Digital Electronics
Assembly (DEA) shared by
WATSON and ACI. (c)
Multiplexer (MUX) unit shared
by WATSON and ACI. The
pocketknife is 88.9 mm long

et al. 2019; Rivera-Hernández et al. 2020), WATSON images will provide grain scale infor-
mation about rock, regolith, and aeolian deposit texture (e.g., grain and crystal size, shape,
abundance), structure (laminae, deformation), and assist with the search for biosignatures
(e.g., Summons et al. 2011). Also, like MAHLI (Minitti et al. 2014; Fisk et al. 2015), im-
ages can be acquired at night using white light and ultraviolet Light Emitting Diode (LED)
illuminators.

WATSON Description WATSON consists of one unique hardware element and two
shared with the ACI (Fig. 24). Exclusive to WATSON is its camera head, which is a copy
of its MSL MAHLI counterpart. The shared elements are DEA and the MUX subsystems
(Sect. 5.2.1). The camera head electronics, DEA electronics, and flight software are copies
of the MSL MAHLI, Mast Cameras, Mars Descent Imager (Edgett et al. 2012; Malin et al.
2017), and Mars 2020 Mast Camera Zoom (Mastcam-Z; Bell et al. 2020, this journal) in-
struments. Indeed, both the WATSON camera head electronics printed circuit board (PCB)
assembly and the DEA PCB assembly are residual assemblies from the MSL Mastcam,
MAHLI and MARDI effort.

The WATSON camera head (Fig. 24a) is part of the STA (Fig. 1). WATSON is not bore-
sighted with the ACI; thus, robotic arm motion is necessary to position the two different
subsystems. The camera head consists of an optomechanical assembly (lens) mated to a fo-
cal plane and electronics assembly (camera body). The optomechanical assembly includes
lens optics; white light and 365 nm ultraviolet LEDs; an actuated, transparent (LexanTM)
dust cover; and a Cobham (formerly Aeroflex) 10 mm stepper motor for dust cover motion
and lens focus. The optics design and details were described by Ghaemi (2009) and Ed-
gett et al. (2012); the mechanism and lens housing were described by DiBiase and Laramee
(2009); the LEDs and dust cover window were presented by Edgett et al. (2012). The dust
cover is transparent to allow imaging when the cover is closed. On Mars, the cover is likely
to become coated by a thin film of dust during the rover’s terminal descent to the surface
(Edgett et al. 2015), but it is usually possible (and under windy conditions it is sometimes
the only good option) to obtain at least a murky image through that dust coating (Edgett
et al. 2015). The camera head can be operated on Mars at temperatures between −40 ◦C
and +40 ◦C. The equivalent MSL MAHLI hardware has been subjected to > 3100 sols
(and counting) of mechanism operations plus diurnal and seasonal temperature variations
on Mars.
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Fig. 25 Diagram showing
relations between WATSON lens
transmission, dust cover
LexanTM transmission, and
system-level red, green, and blue
response (quantum efficiency,
QE, times transmittance, T) as a
function of wavelength based on
lens, CCD, and dust cover
equivalence to MSL MAHLI

The focal plane assembly is designed around a ON Semiconductor KAI-2020CM inter-
line transfer CCD that provides Bayer pattern (Bayer 1976) RGB (red, green, blue) color
imaging on an array of 1600 by 1200 photoactive pixels of 7.4 µm by 7.4 µm size (Edgett
et al. 2012; Malin et al. 2017). Undesired near-infrared radiation is blocked by a coating on
the inside surface of WATSON’s front lens element, a sapphire window. The combination
of lens transmission properties, the infrared cut-off filter, and the RGB microfilters on the
CCD, provide spectral throughput over the 395 to 670 nm range as shown in (Fig. 25).

WATSON Capabilities WATSON retains all of the functions and capabilities of the
MAHLI, including full-frame and sub-frame imaging, manual and auto-focus, manual and
auto-exposure, video, lossless and lossy onboard image and video compression, focus stack
acquisition and onboard focal plane merging, onboard Bayer pattern color interpolation, and
“thumbnail” image generation (Edgett et al. 2012, 2015). In addition, robotic arm position-
ing of the camera head is used to acquire image mosaics, nested image suites of increasing
spatial resolution, stereo pair images, and multi-position images for Structure from Motion
(SfM) quantitative surface relief products (Edgett et al. 2012; Minitti et al. 2013; Yingst
et al. 2016; Garvin et al. 2017).

As with MAHLI, the onboard focus stack capability can merge 8 images consecutively
acquired by stepping through a commanded focus range while the camera is held in place
(Edgett et al. 2012, 2015). This capability is routinely used on MSL and provides an added
form of onboard data compression that converts up to 8 images into two products that are
downlinked, a best focus image product and a grayscale range map; an example from WAT-
SON is shown in Fig. 26.

6 SHERLOC Calibration Target (SCT)

The SCT (Fig. 27) was designed and constructed at NASA’s Johnson Space Center (JSC)
with Jacobs Engineering Inc. It is affixed to the front of the rover and includes targets to
calibrate the instrument on the surface of Mars. Three targets are specifically heated during
cruise to avoid outgassing contamination build up on their surfaces.
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Fig. 26 Example flight unit WATSON focus merge products (a) color, best focus image and (b) grayscale
range map produced from 8 focus stack images of a rounded basalt porphyry cobble acquired during clean
room ground testing on 07 October 2019. The range map can be used as a rudimentary surface relief map at
millimeter scale

Fig. 27 Photograph of the
SHERLOC Calibration Target
(FM). Numbers are referred to in
the text and not printed on the
actual target

6.1 SCT Design

The SCT is 150 x 89 x 33 mm and has a mass of ∼437 grams. Three mounting locations
interface with the extension bracket placing the assembly forward-facing on the front of
the rover. This configuration allows the STA, through discrete rover arm movements, to
access and analyze the each of the SCT targets. The SCT has ten individual targets locations
(numbered in Fig. 27); six accommodate 25 mm round (20 mm exposed) hard targets of
various thickness, and four 20 x 20 mm square openings which expose a portion of space
suit material retained by a soft goods sub-assembly (Fig. 27). A small thermal sub-assembly
allows heating of three targets to reduce contamination risk. The design uses compressed
wave springs to hold individual targets and sub-assemblies in place. A cover plate protects
the targets in ATLO and was removed before flight.

Two targets (number 4 and 6 in Fig. 27) have markings on them specifically designed to
calibrate the spatial resolution of both ACI imaging and spectroscopy. Target 4 is a “maze”
with chrome coated and uncoated parts that are 200 µm thick. The laser is focused to a
100 µm in diameter spot at optimum focus. By scanning the laser across the maze in Target
4 and monitoring the intensity of the silica signal, we guarantee the laser hits both chrome
and silica through a pre-programmed line scan - regardless of arm placement with respect to
distance to target, angle to target, and rotation of the turret. This will permit to calibration of
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the intensity and size of the laser spot, the response of the SCCD and the pointing accuracy
of the scanning mirror without requiring ground-in-the-loop operations. The maze was de-
signed to return results regardless of the placement accuracy of the arm over all temperature
ranges.

The SHERLOC Geocache target (Target 6b in Fig. 25; shown in detail in Fig. 26c) was
designed to monitor spatial resolution performance as a function of focus position for the
WATSON and ACI cameras. The top of the calibration target includes a resolution graphic
developed from the 1951 USAF Resolution Test chart that includes line pairs ranging from
4 line pairs per millimeter (mm) to 114 lines pairs per mm. This target will enable the
team to demonstrate resolution across the range of motion of the optics for the WATSON
color imager, and the autofocusing capability of the ACI. Rather than repeat the paired
lines resolution target present on the upper portion of that target, the team chose to add in
a graphical representation that could be used to determine resolution. Like the maze target,
the Dancing Men Cypher allows the team to identify resolution without the need for ground-
in-the-loop activities such as re-positioning the robotic arm.

6.2 SCT Target Materials

The top target row consists of five targets used for SHERLOC calibration including Ra-
man and fluorescence spectral accuracy, response curve, ambient light reflection, spectral
mapping, and laser parameters. The bottom target row consists of a selected suite of space
suit materials, which also function as secondary calibration targets. Table 4 lists the target
functions/materials (numbers are shown in Fig. 27):

Three targets additionally serve unique education and public outreach purposes. The
Mars meteorite, a slice of Sayh al Uhaymir 008 (SaU 008) collected in Oman in 1999,
will be the first piece of Mars to be returned to the planet’s surface (Fig. 28a). The intensity
target design incorporates an intricate maze (Fig. 28b), and the clear polycarbonate space
suit visor material is backed by a distinctive Geocaching trackable marker (Fig. 28c see e.g.,
Cameron 2017).

6.3 SCT Cleaning and Assembly

To achieve Mars 2020 and SHERLOC cleaning and contamination control standards, we
used the NASA Johnson Space Center (JSC) Astromaterials Research and Exploration Sci-
ence Division (ARES) curation cleanroom facilities, expertise, and best practices. All SCT
metallic components, hard targets, soft goods targets, and handling tools were cleaned and
verified to meet or exceed established requirements. Assembly occurred in a dedicated ISO
Class 5 laboratory that was monitored for particulates, as well as inorganic and organic
airborne molecular contamination.

Three SCTs were assembled, the Engineering Model (EM), the Flight Model (FM), and
the Flight Spare (FS). The EM was used for assembly fit-checks and as a mass simulator
for dynamics testing and in rover level System Thermal Tests (STT). A fourth SCT will be
assembled as a Curation Model (CM), following the same cleaning and assembly protocols,
and will be stored at JSC with other Mars 2020 components for future analysis and referral.
Only the FM and FS include the Mars meteorite target and the main difference between
them is that the FS meteorite sample has a small 1 mm vug off the center of the target. The
EM and CM include a terrestrial basalt in that target location. As a result of a contamination
event that impacted the FM during ATLO, the FS replaced the FM and the FS is the target
on the rover.
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Table 4 SCT targets and their primary and secondary function

SHERLOC Calibration Target Primary function Secondary function

(1) AlGaN on Sapphire (262 nm) Raman calibration

(2) Diffusil Diffuser Ambient light calibration

(3) Mars Meteorite (SaU 008) End to End instrument performance Alteration in Mars
environment during
mission

(4) Intensity target (Maze/fused silica) End to End instrument performance Image/Spectroscopy
Mapping calibration

(5) AlGaN on Sapphire (335 nm) Fluorescence calibration

HEOMD and Education/Public Outreach

(6a) Polycarbonate Spacesuit Visor Assess changes in material spectral
properties/textures

(6b) Geocache coin (opal glass) Resolution target Education/Public Outreach

Soft Goods (HEOMD)

(7) Vectran Assess changes in material spectral
properties/textures

(8) Orthofabric Assess changes in material spectral
properties/textures

(9) Teflon Assess changes in material spectral
properties/textures

Raman spectral calibration

(10) nGimat coated Teflon Assess changes in material spectral
properties/textures

Fig. 28 Photograph of
SHERLOC Calibration Targets
(from the FM). (a) #3 Mars
Meteorite, (b) #4 Intensity Target
Maze, and (c) #6b Geocaching
Trackable Marker coin
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6.4 SCT Testing and Validation

The FM and FS completed both random vibration and shock testing in each of the three
component axes at JSC’s Energy Systems Test Area. Additionally, the FM and FS success-
fully completed thermal function testing, high-resolution imaging and optical inspection,
and bake out requirements. Thermal vacuum testing occurred with the rover at JPL.

7 Thermal Subsystem

All of the individual components of the SHERLOC instrument are designed to operate in
the Martian environment at the Jezero field site for the duration of the Perseverance mission.
Worst case hot and cold environments were provided by the Mars 2020 Project to develop
the thermal systems architecture to ensure instrument operability and survivability. Worst
case cold is defined as the coldest the instrument will experience right before dawn in win-
ter at the Jezero landing site. Worst case warm is defined as the warmest the instrument
will experience which is during cruise. There are four basic functional requirements on the
thermal system for SHERLOC:

1. Survive the worst case cold conditions on Mars with minimal the survival energy.
2. Warm-up the instrument prior to commencement of instrument start-up for a science

investigation.
3. Maintain the Spectrometer Charged Coupled Device (SCCD) below -20 ◦C during ac-

quisition of spectrometer spectral maps.
4. Provide decontamination heating for the instrument chassis and the calibration target

to ensure contamination materials do not collect on sensitive surfaces during spacecraft
cruise to Mars.

The SHERLOC instrument contains several major components that are affected by the ther-
mal system and its various functions. The thermal sub-systems include: survival heating,
warm-up heating, decontamination heating, phase change material heat sink, and the rover
heat rejection system. These thermal regions are shown in Table 5 which also describes the
control type and the temperature range.

7.1 Survival Heating System

Most of the SHERLOC instrument components are capable of surviving down to -90 ◦C
without requiring a survival heater. The LPS and the SDE are two exceptions. The LPS min-
imum temperature is limited to -80 ◦C and the SDE is limited to -40 ◦C. Survival heaters and
mechanical thermostats, shown in Fig. 29, are placed on these components with minimum
set points that are 5 ◦C above their allowable temperature limits. Two thermostats are placed
in series with each other on each heater circuit in accordance with standard JPL practice for
reducing the risk of thermostat failure when activated. Under the worst case cold conditions
on Mars, the maximum predicted survival energy is about 110 Watt-hours per sol. The SDE
has a single layer aluminized Kapton blanket with a 5 mm gap between the blanket and
the SDE chassis to reduce heat loss to the environment. The cover blanket is not shown in
Fig. 29. The SDE minimum allowable temperature is about 60 ◦C warmer than the cold-
est ambient temperature on Mars, thus the blanket is necessary to meet the survival energy
budget allocated to SHERLOC. The SDE dissipates less than 1 Watt when operating, which
is less than the survival heater power of about 4 Watts, so the SDE easily stays within its
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Table 5 SHERLOC thermal subsystem overview

SHERLOC Thermal Subsystems

Survival Control Type Temperature

Laser Power Supply (LPS) Thermostat -65 to -72 ◦C

Scanner Demodulation Electronics (SDE) Thermostat -28 to -35 ◦C

Warm Up*

Laser Power Supply (LPS) Thermostat -28 to -35 ◦C

SDE Thermostat -28 to -35 ◦C

ACI Camera Head Electronics (CHE)
and Multiplexer (MUX)

Thermostat -28 to -35 ◦C

Spectrometer Electronics (SE) Thermostat -28 to -35 ◦C

Spectroscopy CCD (SCCD) Thermostat -28 to -35 ◦C

ACI and WATSON Autofocus
Mechanisms

Thermostat/FSW Control -28 to -35 ◦C

-20C to -25 ◦C

Decontamination Heating

SHERLOC Turret Assembly (STA) Thermostat +30 to +40 ◦C

SHERLOC Calibration Target (SCT) Thermostat +30 to +40 ◦C

Phase Change Material Heat Sink

SCCD Thermostat -29 ◦C (melt temp)

Rover Heat Rejection System

SHERLOC Body Assembly Single-phase fluid loop
heat exchanger

-40 to +50 ◦C

*Warm-up zone is controlled by rover flight software thermal module on the WATSON and ACI mechanisms
above -25 ◦C to minimize noise impact of thermostatic switching during operations.

Fig. 29 Survival heating circuit hardware for the LPS (right) and the SDE (left)

upper temperature limit of 40 ◦C when operating. The LPS dissipates up to 15 Watts of heat
when operating, thus it cannot be blanketed like the SDE to minimize heat loss when not
operating. Since the LPS minimum temperature is only about 20 ◦C warmer than the coldest
expected ambient temperature, the survival heat loss is acceptable under the worst-case cold
conditions.

7.2 Warm-up Heating System

Many of the electronics and mechanisms on SHERLOC have a minimum operating tem-
perature of -40 ◦C and require warm-up prior to start-up. The warm-up heating circuit uses
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Fig. 30 Warm-up heating circuit hardware for the SHERLOC instrument. Left image shows SE, MUX, and
CHE. Right image shows the WATSON camera head

redundant mechanical thermostats with a set point of -35 ◦C for the externally mounted
components to regulate temperature above the minimum allowable operating temperatures.
Inside the STA, the warm-up heater thermostats for the SCCD have a set point of -42 ◦C.
The lower set point for the SCCD is provides as much operating temperature margin on
the SCCD as possible. The signal to noise ratio on the SCCD meets Raman spectroscopy
data requirements when the SCCD temperature is less than -20 ◦C during spectroscopic
acquisition.

Each of the electronics boxes on the instrument have their own heater and thermostats as
shown in Fig. 30. However, there are a few cases where thermostats control heaters on multi-
ple components. The thermostats on the Multiplexer controls the heater on the CHE and the
thermostats on the WATSON camera head control the heaters on the autofocus mechanisms.
The warm-up heaters are all on one circuit which is controlled by the rover flight software
which monitors the electronics component temperatures.

7.3 Decontamination Heating System

The SHERLOC instrument is designed to detect potential organic materials and is highly
sensitive to contamination from organic molecules which have many sources on the rover.
A set of heaters are distributed over the STA, as shown in Fig. 31, to keep it warm relative
to surrounding surfaces while stowed on the rover turret during the interplanetary cruise to
Mars. The decontamination heaters operate from just before launch to just before entry into
the Martian atmosphere, except for up to 60 minutes when the cruise vehicle is in eclipse
right after launch. They are designed to operate during cruise to avoid contamination from
outgassing components on the rover. These are not intended for use in the Mars atmosphere.
The SCT, which is mounted to the front of the rover chassis, has its own heater to keep three
specific targets warmer than its surrounding surfaces (shown inside the red box, right side of
Fig. 31). The decontamination heaters are controlled by flight software but have mechanical
thermostats in place for overtemperature protection.

7.4 Phase Change Material (PCM) Heat Sink

The SCCD dissipates about 1 Watt when operating and is expected to operate for up to 1
hour for a nominal operation. The PCM heat sink was designed and built to keep the SCCD
temperature below -20 ◦C during Raman spectroscopy operations. The SCCD assembly has
2 PCM units installed as shown in Fig. 32. This assembly is thermally isolated from the rest
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Fig. 31 Decontamination heating circuit hardware for the SHERLOC instrument. The SCT shown is it the
FM target

Fig. 32 Phase Change Material
(PCM) heat sinks attached to the
SCCD mounting interface

of the instrument such that, besides power dissipation from the SCCD, the major loss/gain
of heat comes from radiative transfer. The PCM units have an aluminum enclosure with a
carbon fiber matrix core with high thermal conductivity that is filled with n-decane. This
alkane material has a melting point of -29 ◦C. The energy absorbed by each PCM unit is
approximately 3.3 kJ over the temperature range of -30 to -20 ◦C. The PCM units refreeze
overnight if they melt during instrument operations and can be used on a daily basis. The
aluminum housings are welded enclosures to ensure the n-decane will not leak because it
would become a significant organic contaminant for the instrument. The units were filled
at +80 ◦C which provides 30 ◦C margin of the maximum allowable operating temperature
of +50 ◦C. Although the units have an internal pressure less than Earth ambient pressure,
they are slightly pressurized in the Mars environment or in vacuum during cruise to Mars.
The warm-up heaters and thermostats for the SCCD are attached to the PCM housings. The
warm-up heater thermostats have a set point cold enough to prevent melting of the PCM
while warming up the SCCD to its minimum operating temperature limit.

7.5 Rover Heat Rejection System

The SHERLOC instrument has an electronics box (SHERLOC Body Assembly, SBA;
Fig. 9) that is mounted to the Rover Avionics Mounting Plate (RAMP). The RAMP serves as
the mechanical and thermal interface for all instrument electronics and rover avionics. The
SBA dissipates up to 55 Watts to the RAMP where the heat is absorbed by an embedded
single-phase fluid loop heat exchanger which circulates fluid from the electronic chasses to
radiator surfaces outside the rover chassis. The RAMP is capable of maintaining the SBA



   58 Page 56 of 115 R. Bhartia et al.

Fig. 33 TRIOPTICS
OptiCentric lens-adjustment
instrument demonstrating
placement of optics into
structural hardware mount

within its allowable operating temperature range of -40 to +50 ◦C under all conditions during
the mission. There are no thermal hardware items installed on the SBA other than tempera-
ture sensors on the power distribution unit board and the digital electronics assembly board
inside the chassis.

8 SHERLOC Integration and Component Testing

8.1 SHERLOC Instrument Optical Alignment

Because of the sensitive contamination constraints associated with building an ultraviolet
Raman and fluorescence spectrometer, all optical assembly and alignment operations were
conducted in an ISO 7 cleanroom, often on an ISO 5 flowbench. All optics were stored in
Teflon cases and handled by Teflon tools and nitrile gloves. Both transmissive lens assem-
blies were aligned using a TRIOPTICS OptiCentric lens-alignment instrument by holding
each lens element on a Teflon vacuum pedestal, as shown in Fig. 33. These pedestals were
attached to stages to articulate the optics in five degrees of freedom within their lens hous-
ings. All flat reflective optics were aligned parallel to their mount’s mechanical pads using
the autocollimator of the OptiCentric instrument. They were then mounted to the optical
bench structure that was fabricated to tight tolerances, the complete assembly of which is
shown in Fig. 34.

SHERLOC Spectrometer optics were aligned as two independent modules: The spec-
trometer relay, that injects the collected fluorescence emissions and Raman scattered light
into the spectrometer, was aligned with collimated input from an interferometer to colli-
mated output that was reflected off a reference mirror to create a double-pass test of the
two OAP mirror module. Both OAP mirrors were held by vacuum as they were articu-
lated to achieve output collimation with minimum aberration. The spectrometer slit was
then aligned to the internal focus of this OAP mirror pair using a Foucault technique, guided
by the double-pass interferogram.

The sphere-asphere spectrometer optics were aligned using a visible laser while articulat-
ing the Spectrometer’s spherical mirror. The point spread functions (PSFs) of various laser
spots were assessed across the focal plane of the spectrometer optics using a high-resolution
beam-profiling camera. The irradiance distributions of the measured PSFs were compared
to their modeled sizes and shapes to achieve alignment.

The SCCD sensor and the fore optics bench were then integrated with the Spectrom-
eter optics to complete the internal SHERLOC optical assembly (Fig. 35). The alignment
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Fig. 34 The foreoptics of the
SHERLOC optical bench

Fig. 35 SHERLOC optical
bench assembly testing with
standard sources

light source was changed to a collimated beam, output from an optical fiber. Into this fiber,
mercury and xenon plasma-discharge spectra were input, to cast mercury lines across the
Raman region of the SCCD and the broadband xenon continuum across the fluorescence
region of the SCCD. These spectral features were focused on and registered laterally to the
SCCD pixels by articulating the SCCD itself before it was shimmed and fastened to the
spectrometer structure. The hardware configuration for this alignment is shown in Fig. 35.
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The final alignment challenge was to co-align the boresights of all three optical paths
by articulating the laser so that its focus is centered within the image of the spectrometer’s
slit in the instrument’s target plane, while keeping both of these spots well centered on the
ACI’s Focal Plane Array (FPA). This is a three-dimensional alignment problem because all
paths must not only be pointed along the same direction, but they also must have collocated
focal points, within the performance margin. During this complex alignment procedure, the
spectrometer path is held as “truth” to which the other paths are aligned. Alignment of the
ACI’s FPA was achieved by physically shimming the FPA in its focal plane. A reference
to the optimal spectrometer target-space focal coordinate was located in the target plane,
and through-focus images of this reference were acquired via the ACI mechanism. The
offset between the context image with the sharpest focus and the nominal position of the
ACI mechanism was measured, and the corresponding ACI FPA shim thickness change
was calculated and installed to focus the Context Imager in the same target plane as the
spectrometer. Although it was possible to transversely move the ACI FPA to ensure its lateral
alignment, this was not required due to the tight tolerance of the optomechanical components
along with the precise alignment of the reflective optics within the SHERLOC optical bench.

The SHERLOC laser optics were initially aligned to expand and collimate the laser using
a flight-like laser with similar beam properties; a 35-mm beam-profiling camera measured
the propagating beam to assess magnification and collimation as the one lens of the expander
was de-spaced and decentered with respect to the other. This alignment provided a starting
point for the focus alignment of the laser’s focus to the spectrometer in the target plane. To
achieve final alignment, the laser was fired, and its target-plane focus location was compared
to that of the Spectrometer. The three-dimensional offset between optimal spectrometer fo-
cus and optimal laser focus thereby provided the required motion vectors of the laser. Laser
focus alignment was achieved by translating one lens of the laser’s beam expander with re-
spect to the other. Laser lateral alignment was achieved by physically shimming the laser
on its mount pads, slightly tilting the beam through the optical system. This proved to be a
tedious but deterministic procedure that converged to achieve better than 30 µm lateral over-
lap and 700 µm focal overlap of the laser’s caustic within the spectrometer’s depth of focus
in the target plane. Laser centration was also assessed in the near field via large-area beam-
profiling camera; this ensured that the laser output was well centered within the instrument’s
aperture stop.

8.2 Deep UV Laser Testing

Given that the DUV laser is the first of its kind on a space flight instrument, we expended a
significant effort to test the laser and characterize its behavior over the Mars thermal range
and through vibration (launch, cruise, landing and coring/abrading) conditions. The follow-
ing sections describe the thermal tests that were performed as well as the key attributes that
were analyzed.

8.2.1 Thermal Vacuum Chamber

The thermal vacuum chamber is capable of delivering environment temperatures between
+90 ◦C and -150 ◦C via electric heaters and a SunPower CryoTel GT cryocooler (Fig. 36).

The laser and laser power supply were bolted into a mechanical cradle that was designed
based on the flight mounting hardware. This mechanical mounting assembly was affixed to
the environmental chamber for mechanical stability and thermal conductivity, allowing for
the test article temperature to be controlled via the environmental chamber thermal shroud.
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Fig. 36 Overview renderings of the thermal vacuum chamber specifically designed for SHERLOC laser
testing. Left: vacuum chamber (brown) with cryocooler (green) mounted on bottom. Right: laser (dark green)
mounted in mechanical hardware (beige), affixed to shroud (gray) that is thermally controlled by cryocooler
(green)

8.2.2 Laser Power Supply Operation

The laser power supply and its corresponding control electronics provide current-regulated
output power to the laser, with programmable current, pulse width, repetition rate, and pulse
grouping. Typical laser operation requires a 40 µs pulse of 25A, with a repetition rate of 80
Hz, and a pulse grouping of typically 165 pulses. To simulate the science operations in the
SHERLOC instrument, the operations timing was hardware-controlled using a gating signal
within the control electronics. This ensured that the number of pulses and the subsequent de-
lay were well-known. The facility operations software is capable of versatile programmable
laser operation to meet the needs of any desired test pattern to emulate SHERLOC instru-
ment science operation.

Temperature A series of E-type thermocouples were affixed to various points on the laser,
LPS, mounting hardware, and the environmental chamber thermal shroud. In addition, var-
ious 100 ohm PRT sensors were used throughout the environmental chamber, and 1000
ohm PRTs were used on the LPS. Typically, the E-type thermocouples are accurate within
roughly 3 ◦C, while PRTs have accuracies of 0.25% or better. All temperature monitoring
was calibrated and demonstrated to work within the uncertainty of the thermocouples, which
was satisfactory for monitoring of temperatures.

Laser Metrology The laser was installed in the test chamber, with laser output directed
through a UV-grade fused silica viewport window (∼90% transmission at 247 nm). From
there, the laser beam was directed to an optical table with a variety of beam splitters, fold
mirrors, and sensors to perform quantitative measurement and analysis of the laser perfor-
mance when under environmental test conditions (Fig. 37).

8.2.3 Laser Pulse Characterization

The output energy of the laser was measured using an Ophir PD-10-C-L-SH sensor head
and Juno laser power meter. During operation, the power meter was set to acquire data in
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Fig. 37 Schematic of laser metrology. Laser light passes out of environmental chamber via a fused silica
viewport and is projected onto an Ophir PD10, Thorlabs DET100A2, and two beam profiler assemblies

threshold triggered mode, and data were streamed/buffered to the facility operations soft-
ware, where every detected laser pulse was captured. In addition to recording the energy
of every detected pulse, the power meter recorded the time of detection with millisecond
accuracy. This served as a timestamp event for pulse detection, and provided the most accu-
rate method in the facility for timekeeping during laser operations. All other pulse-by-pulse
time-sensitive detection metrology was synchronized to this timestamp.

To account for energy losses due to transmissions and reflections, a radiometry scale fac-
tor was determined prior to testing operations. First, the pulse energy of an unobstructed
laser was measured at a 45 cm distance. The pulse energy was then measured with the
detector installed at its normal location within the metrology bench, with the vacuum view-
port installed. The ratio between these two measurements gave a scale factor that was used
to determine the actual energy output from the SHERLOC laser during environmental test
conditions.

To measure the time-variation of the laser pulse energy, a ThorLabs DET100A2 biased
silicon detector was used. The analog output signal from this biased detector was observed
on an oscilloscope and recorded using a NI-6366 analog input at 2 megasamples/s, with an
acquisition start hardware-triggered to the laser command pulse output from the NI-9401.

To image the spatial profile of the beam, the laser was directed onto a beam profiler
assembly that consists of a BK7 glass microscope slide, focusing optics, and a Basler
acA2040-25gm 4-megapixel 8-bit monochromatic camera. The BK7 glass slide down-
converted the UV laser light and fluoresces in the visible, which was imaged onto the sensor
of the Basler camera. Acquisition start was hardware-triggered using the laser command
pulse output from the NI-9401.

The laser output is an annulus spatial profile. Drawing a line along the diameter of the
beam, the intensity profile resembled two Gaussian peaks with effectively zero intensity in
the middle. The laser beam profile was ideally circular, although some elliptical shape tends
to be present. Two of these beam profile acquisition systems were used to provide the min-
imum information required to measure the spatial property of the laser beam including the
pointing (P) direction, the decentration from the mechanical axis (C), and beam expansion
properties (M2).

To further diagnose operation, the current and voltage delivered from the LPS to the
laser was monitored using a Tektronix TCP312A current probe and Tektronix P5200A high
voltage differential probe. The analog voltage outputs of these probes were observed on an
oscilloscope and recorded using additional input channels of the NI-6366. In this optional
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Fig. 38 Laser beam profile analysis software, where spatial dimensions are determined by numerous iterative
stages as described in the text

diagnostic configuration, the input and output energy for every laser pulse was recorded with
a time resolution of 0.5 µs.

8.2.4 Beam Profile Analysis

Prior to data acquisition, the properties of the beam profiler assembly were determined.
The camera imaging optics were adjusted to focus on the BK7 slide with minimal distortion
across the active space. The distance from laser output to the BK7 slide was measured, along
with scale factors to convert images from pixel space on the sensor into distance space on
the BK7 slide.

At the time of data acquisition, the raw image was background-subtracted from a
previously-captured dark image. When the multiple images were being accumulated,
background-subtracted images were summed and stored in a higher bit-depth image for
better SNR.

The fitted ellipse provided information on the “peak-to-peak” diameter (DPP) of the an-
nulus. In addition to this, the diameter for which 99% of the laser intensity falls (D99) was
determined by performing a numerical integration of the data (Fig. 38). This required in-
terpolations and coordinate transformations to effectively perform, starting by generating
a large collection of tightly-spaced line profiles, interpolating the data so each line profile
matched with the same point density and peak-to-peak distance in line-profile-space, then
summed over an elliptical coordinate system to ensure correct integrated weight contribu-
tions for each constituent area.

8.3 Spectral Mapping Tests

In an initial effort to understand the interaction and orchestration of the C&DH, the scanner,
the laser operations, the ACI focusing, and the spectrometer, an image of a BK7 resolution
target was compared to that of a spectral map of the same target. Figures 39 and 40 shows
the comparison of the ACI image and the resulting spectral map generated by the fluores-
cence emission from BK7. While the spectrometer mapping spatial resolution is expectedly
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Fig. 39 Flight unit ACI image of
the BK7 resolution target used
during thermal vacuum testing.
For scale, the dots are 75 µm
apart

Fig. 40 Flight unit spectral map
of the BK7 resolution target
using laser as a light source

lower, this test demonstrated that the orchestration is working well and within requirements.
Additionally, the orientation and overlap of the image and map was the first step toward
being able to place spectral maps in context to images from ACI and WATSON images and
ultimately, in spatial context with data from the other science and engineering imagers on-
board Perseverance. This type of image-to-map correlation is also possible to characterize
on the surface of Mars using the “maze” target on the SCT.

9 SHERLOC Performance

The SHERLOC science investigation objectives for spatially resolving organics at 1x10−3

wt/wt with bulk organics detections of 1x10−5 wt/wt drove a large fraction of the in SHER-
LOC instrument design as well as the modes in which it will be operated on Mars.

9.1 FM Acceptance Testing and Spectra

To test the integrated SHERLOC instrument performance fully, the system was placed
within a thermal-vacuum chamber at JPL (previously used for a number of prior Mars cam-
eras), along with series of remotely accessible targets placed in front of the spectroscopy
boresight. The targets included a subset of those from the SCT and a set of targets referred
to as the thermal-vacuum (TVAC) palette, which included a carbonaceous chondrite (Al-
lende), resolution targets and Raman and fluorescence standards (Fig. 41). Table 6 lists the
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Fig. 41 Photograph of the SHERLOC Thermal-Vacuum (TVAC) test palette consisting of the SHERLOC
Calibration Target (SCT) and a series of targets used to assess SHERLOC instrument performance. The SCT
shown is the engineering model (EM), however, the original flight model (FM) was used for testing

Table 6 Targets used for SHERLOC thermal-vacuum (TVAC) testing, and purpose

SHERLOC TVAC Targets used for instrument level performance

Targets on SCT Purpose References

SHERLOC Maze Target Spectral and spatial resolution

SaU 008 Meteorite Demonstration of organic and mineral
detection on Mars relevant samples

Grady et al.2004

Diffusil Target Diffuse white balance and fused silica
Raman signature

Targets on TVAC Palette (Labeled on Fig. 41)

Allende Meteorite Natural organic standard with 1x10−5

wt/wt organics in a mineral matrix
Jarosewich et al. 1987

BK7 Resolution Target Imaging resolution, mapping
resolution, laser diameter, boresight
alignment, image to map correlation.

Highly Ordered Pyrolytic Graphite (HOPG) Carbon standard for condensed
carbon

Teflon Spectral standard to calibrate Raman
spectral range and assess resolution

Calcite Spectral standard to calibrate Raman
spectral range and assess resolution

targets used for the performance evaluation and their purpose. The SBA was located external
to the chamber.
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Fig. 42 SHERLOC flight unit results from a single placement on the SaU 008 Martian meteorite under Mars
pressure (nitrogen) and temperature

To demonstrate that the flight unit SHERLOC met the required performance, 14
ACI/spectroscopy and 9 WATSON requirements were assessed. Of these, the key require-
ments are described below.

9.2 Single Placement

One of the key aspects of the SHERLOC spectrometer and ACI is that it must be capable of
achieving all science objectives at a given target on Mars using a single rover arm placement.
This requires that the instrument detect the following with an SNR >3 within a nominal 60
minute operation:

1. aromatic organics at 1x10−5 wt/wt over the map area;
2. aliphatic, aromatic and condensed carbon class of organics 1x10−3 wt/wt within 100 um

areas; and
3. minerals at the 50 µm grain size

Using the SaU 008 meteorite, courtesy of the Natural History Museum (London, UK), a
Day-In-The-Life (DITL) measurement was conducted as an example of a nominal operation.
Described in detail in Sect. 10, this consists of a Survey Scan over a 7 x 7 mm area with
200 µm separation between points, with 10 pulses per point. This was followed by a detailed
scan over a 1 x 1 mm area, located within the initial survey map, with 100 µm separation
between points, and 300 pulses per point. The resulting spectral maps, image, and spectrum
are shown in Fig. 42.

These results show that the condensed carbon (G and D bands) and fine-grained minerals
in the SaU 008 meteorite are detectable at SNR values greater than 10:1 within the required
duration. It should be noted that while SHERLOC was not designed to detect silicates, these
results demonstrate the capability exists.

In addition to the DUV Raman analysis, the DUV fluorescence map also highlights the
spatial heterogeneity of organics in the sample within a 7 x 7 mm region. While the au-
tonomous selection of a region of interest was not incorporated in this test, the fluorescence
map suggests that the organic concentration (purple) is higher in the lower left quadrant. It
can also be observed that large, dark olivine phenocrysts (Fo64 – 71) are devoid of organics
and that the “green” fluorescence features are uniquely observed at the boundaries of these
large phenocrysts. At the time of this writing, our data analysis is on-going as to the nature
of these bright regions.



Perseverance’s Scanning Habitable Environments. . . Page 65 of 115    58 

Fig. 43 SHERLOC flight model bulk analysis of SaU 008 meteorite over a 7x7 mm area shown in the ACI
(right). The fluorescence spectrum (left) has a discontinuity as the latter portion of the fluorescence spectrum
was acquired at a lower gain. The Raman spectral region (middle) has been expanded to observe the D and
G organic bands from condensed carbon. Note the 252.9 nm line is an internal reference from the DUV laser
used for wavelength calibration

Fig. 44 Using SHERLOC’s flight unit operated in Detail Mode (1x1 mm map with 100 µm steps and 300
pulses/pt) the G band is prominently shown and mapped to the matrix of the Allende meteorite

9.3 Bulk Organics and Spatially Resolved Organic Detection

Using the SaU 008 target, SHERLOC used the survey map to demonstrate bulk organic de-
tection with DUV Raman of condensed carbon. For SaU 008, the bulk carbon concentration
is 8x10−6 wt/wt (Grady et al. 2004) and the observed Raman SNR, averaged over the survey
map (10 pulses/point) is >20:1 where the fluorescence SNR is >2x higher (Fig. 43). The
data were acquired over a period of about ∼10 minutes.

In addition to the bulk analysis, the Allende meteorite was mapped over a 1x1 mm area
with 100 µm steps to assess SHERLOCs ability to spatially resolve organics. As observed
Fig. 44, the 2x10−3 wt/wt bulk organics concentration (Jarosewich et al. 1987) was detected,
as per the D and G band from macromolecular carbon, and spatially resolved at 100 µm steps
with a 20:1 SNR using the deep UV Raman.
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Fig. 45 SHERLOC flight unit analysis of the maze target showing a spatial mapping resolution of ≤ 100 µm

Fig. 46 Flight unit ACI image of the BK7 resolution target. The arrow indicated the target for 20 line
pairs/mm. At best focus, this generates an MTF of 0.7, and only reduces to 0.4 at ± 200 µm from best
focus

9.4 Spectral Mapping Spatial Resolution

One of the unique capabilities of SHERLOC is the ability to spatially resolve the organic and
mineral distributions on a geological surface and correlate it with morphological features. As
shown in Fig. 42, with the SaU 008 meteorite, and the Strelley Pool stromatolite observations
in Fig. 4, this provides not only a means to spatially deconvolve the chemical signatures, but
also leads to an understanding of possible formation/deposition mechanisms.

We used the SCT “maze” target (Fig. 26b) to demonstrate the ≤100 µm spatial mapping
capability of SHERLOC. This target will be used on Mars for calibration as well as to
monitor instrument health and alignment throughout the duration of the mission. The target
pattern consists of 200 µm wide chrome bars that are separated by spaces of 200 µm width.
The area between the chrome bars generates both a strong Raman signature at ∼1600 cm−1

as well as a strong fluorescence spectrum at 360 nm. As observed in Fig. 45, a 3.5 x 3.5 mm
map with 100 µm steps around the center of the maze generates the expected maze pattern
and in addition the 50 µm lines from the silhouette of the SHERLOC logo can be observed
in the fluorescence maps.
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9.5 ACI Pre-Launch Characterization and Calibration

9.5.1 Image Range and Scale Relations

Image Scale and Working Distance from Focus Position The ACI is a fixed focus im-
ager with a 48 mm nominal standoff and a 0.74x magnification of the image plane to the
detector FPA. This equates to an image scale of 10.1 µm/pixel and a theoretical FOV of
16.16 mm x 12.12 mm. However, over the 7 x 7 mm center of the detector (or 11.7 mm di-
ameter), the image is unvignetted and the distortion is minimized with the ability to resolve
<30 µm line pairs (Fig. 46).

Since the ACI image path (Fig. 13) is co-boresighted to the laser and observes the target
through scanner mirror, the laser is always aligned to the center of the ACI image (within
the co-boresighting error). Thus, as the laser spot is rastered over the target surface, an ACI
image can be collected, each time, for registration purposes. However, as the scanner moves
the imager off center, the image becomes distorted. Therefore, all spatial resolution values
and FOV’s for the ACI assume that the scanner is at the center of the boresight.

While the ACI is a fixed focus imager, the objective lens can adjust to the working dis-
tance once SHERLOC is positioned by the robotic arm by ± 8.35 mm; enabling a working
distance range of 39.7 to 56.4 mm. This allows the ACI to find focus when placed at the
target within the robotic arm positioning uncertainties. However, given the offset between
the imager and the spectrometer ideal focus, the total focusable range for spectral maps is
reduced to 40.1 to 56 mm.

ACI stepper motor counts, which are a function of ACI Objective lens focus, can be used
to determine working distance for in-focus elements of a given image. The field of view
(FOV), depth of field (DOF), and pixel scale are constant. The relationship between stepper
motor count is highly linear and described by Eq. (1):

dw = 0.005m − 20.34 (1)

in which m is the motor count and dw is the working distance in units of millimeters. The
range of motor counts this applies to is from 12072 to 15270, equating to a working distance
of 40 to 56 mm. Outside of this range, the cover is opening or closing.

Image Resolution over the Depth of Field In order to focus the SHERLOC spectrometer,
the ACI image and spectrometer focus are at a known objective lens motor position offset.
As such, the ACI can be used to focus on a target, and the spectrometer can be focused
relative to that position (∼700 µm). In addition, the ACI needs to have a spatial resolution
that provides context as to where the spectra are acquired. With a projected spectrometer slit
of 100 µm, the spatial resolution of the imager required is ≤50 µm (20 line pairs/mm) with
an MTF (modulation transfer function) of >0.4.

To enable these, the ACI design resulted in a ±200 µm depth of field, defined by >0.4
MTF at 20 line pairs/mm with a best focus MTF of 0.7 (Fig. 46). This is smaller than the
DOF of the spectrometer (±500 µm), in which, at best focus, the spatial resolution of the
ACI is at ∼30 µm (33 line pairs/mm).

9.6 WATSON Pre-Launch Characterization and Calibration

The following sections provide an overview of the WATSON camera characterization and
calibration results. Details can be found in Edgett et al. (2019)
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9.6.1 Image Range and Scale Relations

Image Scale and Working Distance from Focus Position Each MAHLI and WATSON
camera head has a different as-built relation between the instrument-reported focus position,
working distance, and image scale. Focus position is reported by the instrument as a function
of the incremental stepping of the Cobham stepper motor (Edgett et al. 2012). At the starting
point, a motor count (m) of 0, the transparent dust cover is closed and the lens is in focus
for targets at the closest possible working distance.

The relations between focus position (motor count), working distance, and image pixel
scale for WATSON were determined empirically by autofocusing on planar targets, placed
parallel to the WATSON CCD, located at different working distances over the full range
of focus. Results were obtained for motor count positions with the dust cover open (mopen)
and closed (mclosed). These pre-launch laboratory measurements found that the relation be-
tween pixel scale (p, in units of µm/pixel) and working distance (dw , in units of cm) for the
WATSON onboard Perseverance is determined by:

p = 6.7593 + 3.658dw. (2)

Working distance (dw), in turn, is estimated from the focus position reported as a motor
count (m). We determined that the minimum working distance at which Perseverance’s
WATSON can focus is 1.78 ± 0.1 cm. This results in images of 13.1 ± 0.1 µm/pixel. This is
a higher spatial resolution than the MSL MAHLI can achieve. However, based on MAHLI
experience (Yingst et al. 2016), the camera will likely never be positioned this close to a
target on Mars. Typical Mars surface high resolution images will be in the 16–22 µm/pixel
range (Yingst et al. 2016). At the other end of the focus range, for targets farther than ∼300
cm, WATSON images are at infinity focus when mopen = 12000 and mclosed = 4890. In the
motor count range between 4890 and 12000, the dust cover is either opening or closing;
in-focus images of targets at infinity distance can still be achieved over this range, which is
not the case for MAHLI. WATSON performance in the “beyond infinity” range, and at the
minimum working distance, are indicators that the WATSON optics outperform those of the
MAHLI.

Typical WATSON imaging of geological and engineering targets will occur within the
range between the minimum and infinity working distances (Yingst et al. 2016). For that
range, our empirical measurements determined that the relation between dust cover open
motor count (mopen) and working distance (dw), in centimeters, is:

dw = (am−1
open + b + cmopen + dm2

open + em3
open)

−1 (3)

in which a = 699788, b = −217.911, c = 2.56035×10−2, d = −1.35136×10−6, and e
= 2.71652×10−11. Equation (3) applies only to the WATSON onboard Perseverance, only
when the dust cover is open, and only when mopen is between ∼12228 and 15420. The
relation between working distance and motor count for the dust cover closed case is best
described by the following relationship between dust cover open (mopen) and dust cover
closed motor counts (mclosed):

mclosed = 16890 − mopen (4)

Equation (4) applies only to the WATSON onboard Perseverance, only when the dust cover
is closed, and only when mclosed is between ∼1470 and ∼4662. Equations (3) and (4) should
only be used only for cases in which dw is in the 1.8 to ∼220 cm range. The distance to
targets outside this range can not be determined from motor count.
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Depth of Field Depth of field (DOF) is the distance between the nearest and farthest in-
focus feature in a given image. DOF is somewhat subjective, as items that might appear
to be in focus to one observer might seem somewhat blurry to another. Uncertainty in the
relations between dw determined from mopen or mclosed can be estimated using knowledge of
the WATSON DOF. As illustrated by Ghaemi (2009), the DOF at small working distances
(< 12 cm) was defined as the range over which the lens MTF is at > 50% of its peak in-
focus value. For targets at a greater range (> 12 cm), DOF is estimated using the hyperfocal
distance (dh) equation,

dh = (f 2
e /fn cc) + fe (5)

in which fe is the lens effective focal length, cc is the circle of confusion, and fn is the
focal ratio (f/number). For WATSON, fe and fn change as a function of focus position. We
assume cc is a diameter equivalent to two pixel dimensions, (i.e., 14.8 µm at the detector
surface); this provides the best match to the 50% MTF fall-off method at 11.25 cm and is
consistent with observations of blurring of near and far objects in MAHLI portraits of the
Curiosity rover (e.g., Fig. 23H). When the WATSON dust cover is open, we estimate that the
relation between mopen and the range, in centimeters, to the near (dnear) and far (dfar) depth
of field, also in centimeters, is:

dnear or dfar = (am−1
open + b + cmopen + dm2

open + em3
open)

−1, (6)

in which, for dnear , a = 758336, b = −235.879, c = 2.76772×10−2, d = −1.45801×10−6,
and e = 2.92292×10−11; and, for dfar , a = 755933, b = −234.525, c = 2.74318×10−2,
d = −1.43997×10−6, and e = 2.87582×10−11. Ultimately, Eqs. (3), (4), and (6) provide
an estimate of working distance (dw) and working distance uncertainty (dnear and dfar) as a
function of focus motor count (mopen and mclosed).

Image Resolution and Contrast (System MTF) Pixel scale (Eq. (2)) concerns the rela-
tion between the surface area of a target detected by a given pixel in an image. Resolution,
the smallest extent of an areal feature that can be identified and measured accurately and
with certainty, is a related matter. Determination of a camera’s Modulation Transfer Func-
tion (MTF) provides a measure of resolution and contrast capability. We determined WAT-
SON system MTF at two focus positions by imaging a slanted edge black and white target.
The image colors produced by the CCD’s Bayer pattern microfilters were interpolated be-
fore analysis. Near minimum focus (dw = 1.84 cm), the system MTF at Nyquist frequency
was found to be 17.3%. At a large working distance (dw = 326 cm), approaching infinity
focus, the system MTF at Nyquist frequency was measured as 22.1%. Both values met and
exceeded a requirement of > 15% over the full WATSON focus range. Additional images
regarding the flight model WATSON performance can be found in Edgett et al. 2019).

9.6.2 System Image Detection Characterization

System Scale Factor, Full Well, Read Noise, Linearity We characterized the scale factor
(electrons, e−, per DN), read noise (e−), and full well capacity (e−) of the WATSON signal
chain by imaging a diffuse illuminated integrating sphere target, with the instrument dust
cover closed, and by analysis of photon transfer curves (PTC) using the technique described
by Janesick et al. (1987). We used images acquired at room temperature in a cleanroom
laboratory setting on 03 October 2019 and found the PTC and linearity results to be: scale
factor 15.84 e− per DN, read noise 18.7 e−, full well 24,507 e–. Addition images regarding
the flight model WATSON performance can be found in Edgett et al. 2019).
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Dark Current and Bias Dark current is the accumulation of charge within the detector
from non-photoelectric phenomena, mostly thermally generated electrons. Typical WAT-
SON camera head operations on Mars are intended to occur at temperatures in the −40 ◦C
to +40 ◦C range. Under these conditions, from instrument stand-alone thermal vacuum test-
ing, Perseverance’s WATSON exhibits negligible noise from dark current for 250 millisec-
ond exposures over this temperature range. The dark bias is a noiseless DC offset in the
signal level that we determined from the data to be a 12-bit DN value of ∼119. Based on
this result, as implemented onboard the ACI/WATSON DEA, a bias of 120 is removed from
WATSON images during commanding. The bias is reported in the image header. Addition
details regarding the flight model WATSON performance can be found in Edgett et al. 2019).

Particulates on the Detector Despite extreme measures to avoid contamination of the
detector, WATSON images exhibit dark spots that result from the presence of tiny particles
on the CCD. Most of these particles are ≤ 1 pixel 7.4 µm, in size); the largest (pre-launch)
cover areas of < 5 by 3 pixels. Some particles are opaque, others are transparent, either
because of their size, shape, or inherent transparency. The MSL MAHLI CCD, operating on
Mars, has similar particulates; they do not change positions over time and thus can be used as
fiducial or reseau marks useful for understanding camera motion while imaging at a single
camera position or differences in robotic arm placement as a result of repeated imaging
at different times (Edgett et al. 2015). These blemishes are small enough that flat fielding
can cosmetically remove them. It should be noted that the ACI and the SCCD detectors
were less prone to particulate deposition as they are protected well within the instrument
and away from any mechanisms. Additional images regarding the flight model WATSON
particulates can be found in Edgett et al. 2019).

9.6.3 Radiometric Response

System Flat Field Flat field products are used to account for the effects of the camera
system on the image detected, including: (1) pixel-to-pixel variations in response; (2) the
impact on image detection induced by the nature of the optics, focal plane assembly, and
their housings; and (3) particulates in the optical path. For a spacecraft camera, it is com-
monly ideal to create a flat field product from observations acquired before launch, because,
in some cases, the pre-launch flat field products might be the only such products that can
ever be produced if it is difficult or impossible to obtain post-launch flat field observations. In
other cases, there are methods for obtaining flat field observations in flight or on the surface
of a planetary body. For a camera on Mars, the latter can be performed through dedicated
observations of the sky (e.g., Herkenhoff et al. 2006).

For an instrument like WATSON, with its transparent dust cover, it might seem prudent
to obtain pre-launch flat field data with the dust cover open and closed. However, the MSL
experience is that the dust cover will likely become coated with a thin film of very fine dust
during the rover’s terminal descent in Jezero crater on Mars, and that dust will remain on
the cover throughout the mission (Edgett et al. 2015). Thus, pre-launch flat field data were
only acquired with the WATSON dust cover open. The flat field image are of a uniformly-
illuminated (as close to uniform as practicable) SpectralonTM target. With the WATSON
camera head was pointed at the target and the dust cover open, images were acquired at 82
mopen focus positions over the full range of focus. Examples are shown in Fig. 47. A good
test of the success of a flat field product is that the images should form a seamless mosaic
(Fig. 48). It is important to note, however, that after these data were acquired, additional
particulates accumulated on the CCD and these are not documented in the pre-launch flat
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Fig. 47 Example WATSON flat field products from data acquired during stand-alone instrument testing on
04 October 2019. (A) Close range (small working distance) image showing bright “stray light” ring around
the center of the frame caused by reflections within the instrument. (B) Flat field image corresponding to a
lower spatial resolution context image that WATSON would acquire on Mars; note the bright ring is absent
as focus shifts toward greater working distances

Fig. 48 Demonstration of
seamless mosaicking using flat
fielded WATSON images of a
basalt cobble collected by M.C.
Malin in Iceland (also imaged by
MSL cameras; Malin et al. 2017).
The mosaic consists of three
images acquired during
stand-alone cleanroom testing on
09 October 2019

Table 7 Perseverance WATSON
signal (electrons, e–)
performance as a function of
Bayer red, green and blue relative
to prediction (assumes lens at
∼f/9.8)

band predicted (e–) measured (e–) difference

red 14958 14769 -1.3%

green 9145 8557 -6.4%

blue 4437 4130 -6.9%

field data. This means that acquisition of sky flat field images on Mars will be of primary
importance.

Absolute and Relative Radiometric Response The WATSON absolute radiometric re-
sponse accounts of application of dark current and bias, flat fields, system spectral through-
put, and calibrated measurements of the signal received by the red, green, and blue (RGB)
microfilters of the WATSON CCD.

During pre-launch testing, we confirmed that WATSON meets expectations based on lens
transmission and CCD quantum efficiency (QE). This was confirmed by imaging an inte-
grating sphere and a calibrated Quartz Tungsten Halogen (QTH) lamp traceable to National
Institute of Standards and Technology (NIST) standards. Using data obtained on 03 October
2019 (dust cover closed, exposure 30 milliseconds, minimum working distance focus), the
signal level was within < 10% of prediction for all three Bayer filter bandpasses (Table 7).
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Table 8 Perseverance WATSON
fields of view (FOV) over the full
focus range

Focus position diagonal horizontal
(CCD columns)

vertical
(CCD rows)

Close focus (minimum
working distance)

41.0◦ 32.8◦ 24.6◦

Infinity focus 39.0◦ 31.2◦ 23.4◦

Color Adjustment Coefficients White balance or color adjustments are generally a mat-
ter of individual preference or objective. The main reason one might perform a color or white
balance adjustment to an image is to accommodate illumination source “temperatures” (i.e.,
the light source hue as compared with the temperature of a blackbody radiator matching
that hue). Consumer digital cameras, for example, commonly have built-in capabilities that
allow the user to adjust for differences in illumination conditions, such as a bright, sunny
day, an overcast day, or indoor illumination by different types of lamps. The solar illumi-
nation reaching the Martian surface, through its atmosphere and with a given opacity at a
given moment in time, differs from the terrestrial experience. One motivator for perform-
ing a color adjustment on a WATSON image, then, is to ensure that the geologic features
observed appear as they might to a human eye working with the materials if they were in a
laboratory or field setting on Earth.

For the MSL mission, color adjustment coefficients corresponding to images acquired
through the lenses and Bayer pattern red, green, and blue microfilters of the MAHLI CCD
were determined using a flight-fidelity copy of Curiosity’s MAHLI, the testbed-MAHLI.
This MAHLI camera head has been onboard the MSL testbed rover at JPL-Caltech through-
out much of the MSL mission, although it also was used for a period in 2019–2020 in the
Mars 2020 testbeds. The testbed-MAHLI was used to determine color adjustment coeffi-
cients because the instrument can be operated outside a cleanroom environment on Earth.
In 2010, it was taken outside and used to image—under near-noon solar illumination on a
clear, blue sky day—a target consisting of color and gray swatches identical to those of the
MSL MAHLI Calibration Target on Mars (Edgett et al. 2012, 2015). From these data, we
derived color correction factors (1.16 for red, 1.00 for green, and 1.05 for blue) based on
examination of a 40% gray swatch on the target (Edgett et al. 2015). Because WATSON is
a copy of the MSL MAHLI, with the same CCD and optics, these correction factors can
similarly be applied to WATSON data.

9.6.4 Geometric Characterization

Field of View over Focus Range WATSON’s field of view was empirically measured at
close focus and infinity focus positions by imaging targets positioned at working distances
of 1.8 cm and > 8 m. The resulting fields of view are summarized in Table 8. As expected,
WATSON FOV decreases as working distance increases. Our analysis effort also resulted in
the recognition that the horizontal, vertical, and diagonal fields of view (FOV) reported in
the MSL MAHLI calibration report (Edgett et al. 2015) are in error and should be ignored.

Lens Distortion The WATSON (and MSL MAHLI) lens was designed to provide images
exhibiting negligible distortion (Ghaemi 2009). The undistorted nature of WATSON images
was confirmed during cleanroom testing by imaging a 50 x 50 mm, 1 mm pitch grid target
at a working distance of 3.36 cm (∼19 µm/pixel) and demonstrating that grid dimensions at
the center of the image matched grid dimensions at the four corners of the image. Addition
details regarding the flight model WATSON performance can be found in Edgett et al. 2019).
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Fig. 49 Photographs of the
targets used for the STT. The EM
SCT and an STT custom palette
were used for SHERLOC testing.
The labeled items were the
targets used

Camera Model A geometric camera model is a set of equations that transform a 3D point
in space to a 2D position in an image (pixel location). The model can also be inverted to
transform a pixel in the image to a set of points in space that would map to that pixel. The
model contains the camera position and pointing vector, it also models lens distortion and
the interior geometry of the instrument. A camera model facilitates accurate monoscopic and
stereoscopic measurement of points in an image or images, precise mosaicking of images,
and creation of linearized (i.e., geometrically corrected) products for which lens distortion
has been removed. At the time of the writing, the CAHVOR camera model is in progress of
being generated using data collected during ATLO testing before launch and will be included
in a future report.

9.7 Rover System Thermal Tests: SHERLOC Results

In addition to SHERLOC instrument level tests, the STA was mounted on the turret at the
end of the rover robotic arm (Fig. 8) and performance was tested in ATLO, especially at
rover level System Thermal Testing (STT), and for EMI/EMC testing. These were the fi-
nal tests to demonstrate operability with the rover and evaluate the electrical connections,
commanding methodology, and overall instrument performance. Since SHERLOC’s optical
system is optimized for Mars ambient temperature/pressure, the STT tests provided the best
insight on how SHERLOC will perform on Mars.

The EMI/EMC testing results revealed no issues aside from expected interference to the
SHERLOC scanner from helicopter (Ingenuity) operations, and specific RIMFAX modes
of operation (Balaram et al. 2018). In both cases, SHERLOC spectroscopy would not be
operated during these instances.

For STT tests, much of the SHERLOC test targets were composed of the EM SCT and
a palette with targets similar to those used for FM acceptance testing and instrument per-
formance evaluation at the instrument level TVAC. However, to accommodate the arm posi-
tioning uncertainties, the palette target sizes were increased to ≥ 2 cm widths (Fig. 49).
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Fig. 50 Testbed-WATSON images of the SHERLOC targets in STT showing intended working distance
(“Arm target”) as compared with the working distance (WD) determined from WATSON focus position (re-
ported as motor count)

9.7.1 Arm Placement and Image Mosaics

The initial STT effort focused on the ability of the robotic arm to accurately place SHER-
LOC at a specified target within the rover workspace. Given the focus range and field of
view, SHERLOC spectroscopy and ACI imaging relies heavily on robotic arm performance.
While it was designed to meet the expected errors, the tests in STT were the first demonstra-
tions of placement of SHERLOC by the robotic arm. The initial tests used WATSON at 25
cm and 5 cm working distances (Fig. 50). Using the motor count position from these WAT-
SON images, the distance to the target was assessed and compared to the distance at which
the arm intended to place the camera. Note that the arm positions used pre-determined po-
sitions defined by laser metrology of the targets relative to the rover workspace. While this
may suggest a performance that is better than the onboard engineering camera-based posi-
tioning, there are also uncertainties in the metrology and the target positions. As such these
tests provide confidence in placement, but arm placement accuracies will only be truly un-
derstood on the surface of Mars.

As shown in Fig. 50, the arm positioned the WATSON boresight within the error of
the depth of the field of the instrument’s ranging capability. There are slight lateral shifts
when observing the 5 cm target, however, this was well within the expected arm uncertainty
and thus could be accommodated by SHERLOC. In addition to the distance to targets, the
WATSON images acquired were part of an arm mosaic test (Fig. 51).

In addition to the WATSON images and mosaics, an ACI image of the BK7 resolution
target was acquired. This is shown in Fig. 52 as an overlay on the WATSON image for
comparison and to demonstrate the expected relative rotations between the detectors.

9.7.2 SHERLOC Internal Calibration

Before opening the dust cover of the spectroscopy boresight, an AlGaN target on the inside
of the cover provides a means to test the functionality and performance of the spectrome-
ter and laser, and provide for calibration of the laser energy and the spectrometer spectral
position. The AlGaN material was provided by Texas Technology University where AlGaN
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Fig. 51 Testbed-WATSON
mosaic acquired during STT
showing the SHERLOC
calibration targets. This includes
the two 25 cm standoff images
and the 5 cm standoff image from
Fig. 50

Fig. 52 Overlay of the flight
model ACI and
testbed-WATSON images
acquired via the robotic arm
placement during rover level
system thermal tests (STT)

was epitaxially grown on a sapphire substrate. The resulting sample has strong photolumi-
nescence response when excited by the deep UV laser with an emission centered at 275 nm
and is stable over operational temperatures.

The strong response is particularly important given that the internal target is fixed to the
inside surface of the dust cover and thus it cannot be placed in at the optimum laser focus.
To optimize focus for internal calibration, the objective lens is retracted to the furthest po-
sition from the cover. At this point, the laser beam diameter at the AlGaN target is ∼6 mm.
The fraction of collected light is sufficient for a strong response even when the instrument
is outside the nominal science performance range (-80 to -20 ◦C) (Fig. 53). In addition to
the 275 nm emission, there is a 252.9 nm emission from the laser that acts as a secondary
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Fig. 53 The 2D image from the SCCD showing the 252.9 nm line and the emission from the AlGaN internal
calibration target

calibration feature. With these two spectral features, the overall alignment of the instrument
can be assessed. Since the 252.9 nm line is an atomic emission line, and it overfills the
spectrometer slit, the pixel position and full-width-half-max of the line enables trending of
the spectrometer alignment and focus, respectively, over temperature and instrument ori-
entation. The AlGaN peak also provides a position relative to the 252.9 nm line to assess
spectral spread and any variation due to temperature. The spectral width of the AlGaN also
has the added advantage of providing an insight on SCCD rotation. In addition, in concert
with the laser photodiode, the intensity of the AlGaN line provides insight on the overall
system performance and can be used to adjust the required laser energy or number of pulses
for spectral collection.

Figure 53 shows the first spectral test of SHERLOC on the rover arm acquired at Mars
ambient temperature of the AlGaN internal calibration target. The SCCD temperature was
slightly higher than what would typically be used for SHERLOC science on Mars. This was
a result of time constraints during the test necessary to ensure that all key SHERLOC tests
could be completed within schedule. Thus, the noise from this and subsequent STT tests
were slightly higher than the Mars operation temperatures.

As shown in figure Fig. 53, the XY pixel position of the 252.9 nm line from the laser
can be used to assess any laterals shifts in the spectrometer or focus change. The intensity
can also be used to assess laser energy as a secondary analysis to the integrated photodiode
measurement. As observed in SHERLOC TVAC, the STT data shows that the spectrometer
is stable to <1 SCCD pixel (e.g. <13.5 µm) over temperature and pressure. Due to data
volume limitations, two dimensional SCCD images will not be commonly acquired. As
such, binned spectra will provide spectral calibration (Fig. 54). From this, the FWHM for
the 252.9 nm line is observed to be 5.4 pixels, equivalent to pre-STT results.

9.7.3 Co-Boresighting of the Laser, ACI, and Spectrometer

In addition to the spectrometer alignment verification, the laser to ACI to spectrometer co-
boresighting was assessed during STT using the BK-7 target. Since the BK-7 material has
a fluorescence that is observable by the ACI and the spectrometer, an image of the focused
laser spot can be located on the ACI image (Fig. 55). This was acquired by firing the laser
and running ACI in video mode using a smaller image frame (light-toned square in Fig. 55).
As such, in addition to testing the co-boresighting, video commanding and independent and
simultaneous operation of the DEA and C&HD were successfully tested. The results show
that the laser to ACI offset did not change from instrument level tests and was located 60 x
500 µm from the center of the ACI image.

The resulting map was fit onto the ACI image to assess the boresight of the spectrom-
eter/laser relative to the imager (Fig. 56). This image/map overlay, coupled to the laser
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Fig. 54 2D spectrum of the AlGaN internal calibration target acquired during STT

Fig. 55 Flight unit ACI context
image, inset with an ACI video
subframe (light-toned square),
showing fluorescence induced by
laser illumination (white circle)
of the BK-7 target during STT

location image in Fig. 55, shows that the spectral map can be correlated with the ACI image
and that there is an offset as would be expected from the laser/ACI correlation. This shows
that the ACI, laser, and spectrometer paths remain co-boresighted over temperature and are
unaffected by being attached to the vibration isolators, turret, and robotic arm. There is also
evidence from the data that the arm stability/drift over these two measurements is within
50 µm (<1/2 a laser beam diameter).

9.7.4 Spectrometer/ACI Axial Alignment

After establishing that the three optical paths are co-boresighted and stable over temperature
under Mars environment conditions, we assessed the axial alignment of the spectrometer the
ACI. This test used a target consisting of Highly Oriented Pyrolytic Graphite (HOPG). After
establishing the ACI focus on HOPG (Fig. 57), the objective lens was stepped through focus
such that the best focus is within the through-focus range. At each ∼200 µm focus shift,
an ACI image and DUV Raman spectrum of the HOPG was acquired. These data were
plotted as HOPG intensity as a function of focus motor position and compressed image file
as a means to assess focus (Fig. 58). From Fig. 58, an axial offset of ∼720 µm is observed
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Fig. 56 Flight unit ACI image
overlain by a fluorescence
spectral map of the BK-7 target
acquired during STT

Fig. 57 Flight model ACI image
of the HOPG target at best focus,
acquired during STT

Fig. 58 A through focus plot of the HOPG Raman intensity versus ACI focus motor count (i.e., compressed
file size). One Motor count position = ∼6 µm of movement

between the ACI and the spectrometer focus. In addition, this shows the spectrometer depth
of field is ± 600 µm.
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Fig. 59 The SHERLOC Raman spectrum of Teflon (left) and the flight unit ACI image (right) of the Teflon
fabric on the EM SCT. For reference, the four strong peaks from left to right are: 729 cm−1 (symmetric
stretch F-C-F), 1215 cm−1 (antisymmetric F-C-F stretching modes) 1295 cm−1 and 1379 cm−1 (stretching
modes of C-C)

Fig. 60 Flight unit ACI image of
the polycarbonate visor material
and the geocache coin on the EM
SCT during STT operations

9.7.5 Spacesuit Material Targets

STT also enabled the first SHERLOC analysis of some of the spacesuit materials including
the polycarbonate/geocache coin and the soft-goods spacesuit materials. For STT, the flight
calibration target that contains these materials was covered to avoid contamination. Instead,
as illustrated in Fig. 49, we observed examples on the engineering model (EM) SCT. The
Teflon fabric was analyzed to assess the ability to use the ACI to focus on the fabric and
to observe the well calibrated Teflon Raman response (Fig. 59). The polycarbonate and the
Geocache target were imaged to determine where the ACI would focus given that the 3 mm
thick polycarbonate visor material is above the Geocache target. Even with the fine scratches
on the EM polycarbonate, the Geocache was well resolved by the ACI (Fig. 60).

10 Mission Operations

10.1 Nominal Operations Description

The SHERLOC investigation was designed to contribute to the strategic goal of understand-
ing the history of seeking potential biosignatures on Mars. The Mars 2020 mission will make
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Fig. 61 Overview of SHERLOC
operations staffing including
tactical roles

scientific measurements to better understand the history of the sites we are investigating and
to determine which core samples should be extracted and cached for eventual return to Earth
(Williford et al. 2018; Farley et al. 2020). This process requires both strategic planning over
large scale regions of interest (hundreds of square meters) and tactical decisions that need
to be planned every sol of operation for the robotic arm workspace directly in front of the
rover.

SHERLOC operations are designed to be simple yet flexible to maximize the team’s
ability to respond to the tactical needs of the science investigation. SHERLOC activity types
have been kept to a minimum, but have tunable parameters that make them highly flexible,
so that they can accommodate a wide range of desired measurements and observations. For
instance, spectroscopy measurements feature the ability to spatially bin acquired spectra to
allow an averaged subset of data to be returned on the tactical timeline so that the team can
quickly make decisions as to whether or not further measurements are needed or whether
a core sample may be desired at the current location. Customizable spectral binning also
allows the most desired regions of interest for a given target to be automatically analyzed
in more detail so that data can be returned in the same sol without an additional ground-in-
the-loop sol. In addition, WATSON imaging operations is based on many years of MAHLI
heritage which has refined its operational protocols for optimal efficiency (e.g., Yingst et al.
2016).

It should be noted that SHERLOC has a unique command structure, in which the imaging
sub-systems (ACI and WATSON) are handled by the DEA and the spectroscopy subsystems
are controlled by the C&DH. While working closely together, the imaging and spectroscopy
side of operations are different and are thus discussed separately throughout this section
where appropriate.

The SHERLOC operations staff will be deployed in both SHERLOC-specific and Mars
2020 Project-defined operational roles, enabling the team to provide substantial input toward
achieving the scientific goals of the SHERLOC investigation specifically and the Mars 2020
mission in general. Daily operations require a diverse spectrum of scientific expertise includ-
ing biosignature detection, astrobiology, geochemistry, mineralogy, petrology, and stratigra-
phy. Engineering support requires detailed knowledge of the operational abilities and safety
considerations of SHERLOC, including pointing capabilities, collision avoidance, and use
of the instrument’s laser consumable. Specific roles include (Fig. 61):

1. SHERLOC Operations Lead (SOL).
2. Science operations Payload Uplink and Downlink Lead (Sc-PUL & Sc-PDL).
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Fig. 62 A cropped simulated
WATSON image showing the
footprint of a 7x7 mm survey
scan in violet and 3 potential 1x1
mm detailed scans in black/gray.
Detailed scans would be
auto-selected, via on board data
processing, based on spectral
binning and ranking criteria
selected by the Sc-PUL and
Sp-PUL. Also shown is the
spatially correlated 12x16 mm
ACI image in dotted yellow, total
arm placement uncertainty in
light blue, and the diameter of the
abrasion area in red. Exact
orientation of ACI image with
respect to WATSON image is
dependent on arm poses required
to obtain images. All to scale

3. Imaging operations Payload Uplink and Downlink Lead (I-PUL & I-PDL).
4. Spectroscopy operations Payload Uplink and Downlink Lead (Sp-PUL & Sp-PDL).
5. Data Manager (DM)
6. Science team member participation during Tactical Operations planning.
7. Science operations leadership roles for Strategic and Campaign Implementation plan-

ning.

Roles 1-5 are SHERLOC-specific roles that are performed on the tactical timeline starting
at the beginning of each sol. This entails Payload Downlink Lead (PDLs) assessing the most
recent received from the SHERLOC instrument through to the Payload Uplink Lead (PULs)
commanding SHERLOC for the next sol. These activities are overseen by the SOL who will
act as the tactical point of contact for all operations, including PULs, PDLs, and the DM,
allowing individuals staffing these roles to perform their jobs with minimal interference
during the eventual 5-hour tactical timeline. The DM work effort spans both downlink and
uplink and acts as the point of contact during tactical operations for managing the onboard
data, data modes, and parameter settings. In addition, SHERLOC team members will staff
Mars 2020 project-defined tactical roles (6) such as Documentarian, Keeper of Intent and
Tactical Science Lead. Team members with previous Mars leadership experience will also
staff Campaign Implementation planning and Strategic roles (7), such as Campaign Science
Lead and Long-Term Planner. These latter roles will interact with Project Science leadership
and the overall Mars 2020 Science Team for longer term planning of Perseverance activities.

10.1.1 Spectroscopic Scans

For investigations using SHERLOC spectroscopy, targets of high scientific interest are first
identified by the Science Team using Perseverance’s remote science instruments such as
MastCam-Z and SuperCam, with subsequent analyses being performed on abraded surfaces
whenever possible. For SHERLOC spectroscopy, abraded surfaces are preferred because:
(a) unabraded surfaces on Mars tend to have a significant amount of dust cover which may
obscure spectral features; and (b) unaltered organic material is unlikely to be found in the
upper few millimeters of the surface (cf. Razzell Hollis et al. 2020b; Kminek and Bada 2006;
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ten Kate et al. 2005; Stoker and Bullock 1997). The rover is equipped with an abrasion tool
designed to flatten and smooth rock surfaces and remove the uppermost material of a rock
target to a prearranged depth of 15 mm (Fig. 62). The gDRT is then employed to blow the
resulting abrasion cuttings (dust) out of the abraded patch, clearing an area approximately
45 mm in diameter for SHERLOC and PIXL proximity science observations (Moeller et al.
2021).

There are three standard SHERLOC spectroscopy activity types that will be used for
scientific investigations: Quick Scan, Single Placement, and Multi-Arm Placement. Addi-
tionally, whenever a sample core is obtained, an analysis will be performed on the resulting
borehole wall to a depth of >15 mm (Fig. 64). These activity types can take as little as 10
minutes or as long as 2 hours depending on the nature of the sample to be analyzed. Spec-
troscopy scans were designed to be relatively short in duration to limit the amount of rover
resources utilized (available duration, data volume, power, etc.) if in competition with other
rover activities and instruments. A shorter operation time also helps mitigate the effects of
thermal arm drift. Thermal drift occurs when diurnal temperature changes cause the rover
arm to expand and contract over time, slowly shifting the exact position of SHERLOC over
the target, and rendering spatially correlated spectral maps and ACI images difficult to in-
terpret. In order to compensate for this, SHERLOC acquires ACI images both before and
after each spectroscopy scan in order to allow the PDLs to assess and correct for any drift
that may have occurred.

10.1.2 Spectroscopic Activity Types

A variety of spectral activity types are possible for SHERLOC operations. Here we describe
four of them. A Quick Scan activity enables rapid assessment of a newly abraded surface or
for when operations are constrained for time. A Single Placement activity achieves SHER-
LOC’s investigation objectives with a single arm move. Comparatively, a Multi-Arm Place-
ment activity enables mapping of a larger fraction of the abraded surface to assess organic
and mineral variability; this would be used or targets that display stratigraphic features. Fi-
nally, the Drill Hole Analysis activity provides near sub-surface analysis to examine whether
the concentration or diversity of organics are better preserved and is a surrogate analysis of
the acquired core to provide documentation and in-situ analysis for support of future labo-
ratory analysis of cores after they are received on Earth.

The SHERLOC Quick Scan activity consists of raster scanning the laser over a 7x7 mm
area, with a spacing of 200 µm between points, for a total of 1296 spectra (see Fig. 62). It
nominally fires 4-10 laser pulses per point at 80 Hz for an integration time of 0.050-0.125 s
per point. This provides a dynamic range best suited for detection of high yield fluorescence
data. This entire survey scan takes less than 20 minutes, including initialization, internal
calibration, and acquisition of corresponding spatially correlated ACI images.

The SHERLOC Single Placement activity includes a “Survey Scan”, as above, during
which the area with the most scientifically interesting fluorescence spectral signature will
be auto-selected for a more detailed scan (Fig. 62). The Detailed Scan, centered over this
area of interest, consists of rastering the laser over a 1x1 mm area, with a spacing of 100 µm
between points, for a total of 100 spectra. It nominally fires 200-900 laser pulses per point
for detection of both low and high yield Raman and fluorescence data. Up to 3 detailed scans
can be acquired per survey scan, taking 1-2 hours total duration, and includes the acquisition
of multiple ACI images for the construction of high quality spatially resolved spectral maps.
As mentioned previously the limitations to how long Raman spectra can be obtained is a
combination of rover resources (power, data volume) and how long the PCM can keep the
SCCD below -20 C.
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Fig. 63 A simulated WATSON
image with an example of a
potential 6x1 mosaic that can be
formed using the Multi-Arm
Placement activity where the
dotted boxes are simulated ACI
image footprints. The thick
outline scan can be done by
adjusting the Table Size
parameter for a 7x7 mm survey
scan down from 1296 points to
324 points. Diameter of abrasion
area is in red

The SHERLOC Multi-Arm Placement activity is a variation of the Single Placement ac-
tivity comprised of two or more Single Placements positioned to construct a mosaic of sur-
vey scans across an area of interest (Fig. 63). This activity requires multiple arm placements
and the Sp-PUL must work closely with the Rover Planners (robotic arm operations engi-
neers) to ensure proper arm placement to acquire the desired survey scan footprint. Similar
to the Single Arm Placement activity, detailed scans can be added to each survey scan. A
simple 2-frame survey scan mosaic could take less than 30 minutes, while a more extensive
multi-frame mosaic (e.g., a 3x3, or 6x1), or a smaller mosaic with 1 or more detailed scans
per survey scan, could take up to 2 hours to acquire.

The SHERLOC Borehole Analysis positions the SHERLOC instrument 15◦ off a normal
to the cored rock surface at a 55 mm standoff distance above the borehole and rasters the
laser over a 2x4.5 mm field of view down the sidewall, with a spacing of 200 µm between
points, for a total of 242 spectra (Fig. 64). The ACI lens is than retracted 500 µm, moving
the center of focus to a point further up the sidewall. This activity is repeated 28 times until
the swath extends to the top of the borehole, spanning a total vertical swath of 13-15 mm,
and collecting 6776 total spectra. This activity takes about 2 hours but yields 28 spectral
Z-stacks and ACI context images that can be used to reconstruct the micro-stratigraphy of
the upper portion of the borehole.

SHERLOC spectroscopy scans are designed for maximum flexibility, allowing the Sc-
PUL and Sp-PUL to optimize science observations as quickly and easily as possible. To
meet this goal, spectroscopy activity types have a number of tunable parameters that can be
customized to fit a given observation or altered to react to resource constraints (available
duration, power, etc.). Standard tunable parameters include:

Scan Table – a predefined array of points and the order in which they will be interrogated
by the laser. SHERLOC can have up to 7 arrays stored in its memory at any one time, but
new ones can be swapped in as needed. At the time of launch there are two general types
of arrays on board SHERLOC for either Survey Scans (1296 (36x36) points) or Detailed
Scans (100 (10x10) points). Depending on the spacing between points, these arrays can
be as large as 7x7 mm or as small as 1x1 mm.
Table Size – the total number of points to be interrogated within the selected Table.
The number of points ranges up to the maximum number of points in the selected Scan
Table. By doing a subframe of the total number of points available, a Sp-PUL could, for
instance, simulate a line scan by only selecting 36 points of a survey scan (or selecting
72 points for a ‘thicker’ line scan, etc.). This can be especially useful if resources are
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Fig. 64 Schematic of the SHERLOC spectrometer hovering over a core hole at an oblique, off normal, angle
in order to perform the Borehole Analysis activity. Close up of drill hole section at right shows multiple ACI
image (dark gray) acquired at sequential focus steps (8 of 28 total shown here)

Fig. 65 Example of using the Spatial Binning Parameter on a Single Placement activity featuring a single
1296 point Survey Scan and three 100 point Detailed Scans. Spatial binning reduces the number of decisional
spectra that need to be downlinked from 1596 total spectra to 5 averaged spectra, 2 for the survey scan, and 1
each for the 3 detailed scans

constrained on a given sol. For instance, a target with prominent linear features may be
more effectively interrogated by using a perpendicular line scan versus a similar Survey
Scan, while using a fraction of the resources (Fig. 63).
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Pulses Per Point – the number of laser pulses used to interrogate each point and acquire
a spectrum (nominally at 80 Hz rep rate). The number of pulses per point ranges from 0 to
2000, but typically 4-10 for Survey Scans and 200-900 for Detailed Scans. A lower num-
ber of pulses is good when rapidly searching for organic fluorescence and strong Raman
peaks, while a higher number of pulses is typically required for organic speciation and to
detect weaker Raman peaks. In addition to laser current, pulse width, and frequency of
the laser, this parameter offers a means to mitigate laser aging over the mission. Given
the laser performance at the beginning of life, we do not expect that the nominal values
will increase significantly.
Spatial Binning – reduces the downlinked data volume by averaging regions of the scan,
thus ensuring decisional data can be downlinked in time for tactical planning (Fig. 65).
Survey scans (1296 points) can be reduced down to 2, 4, 16, or 36 spectra, while detail
scans (100 points) can be reduced to 1 or 4 spectra. If no spatial binning is applied to a
scan, SHERLOC will downlink 1 spectrum for each point interrogated and the resultant
data volume may be too high to be downlinked in time for tactical planning. As such
this algorithm allows for reduced “compressed” dataset that loses spatial information but
retains spectral resolution and increases SNR by approximately the square-root of the
number of spectra binned.
Spectral Binning – is used to determine the number of Detailed Scans to be performed
and selecting and ranking the criteria to be used for the auto-selection of these regions
of interest. Up to five spectral regions can be defined and weighted for this process. So,
for instance, the Sc-PUL and Sp-PUL may choose to have Detailed Scans performed on
regions within the Survey Scan that exhibit the strongest fluorescence signature in the
spectral range corresponding to potential aromatic molecules.

10.1.3 Idealized Sol Path

A Quick Scan would typically be performed immediately after an abrasion with gDRT dust
clearing without ground in the loop on the first sol of a proximity science campaign. The
data returned would then be used to decide how to proceed on subsequent sols, what features
are scientifically interesting enough to interrogate with a Single or Multi-Arm Placement,
and how to set parameters to optimize science return. For instance, linear features such
as veins or laminations may best be examined using a Multi-Arm Placement mosaic set
roughly perpendicular to the features of interest (e.g., see Fig. 63). Furthermore, preliminary
spectra may inform which spectral regions should be selected for detailed scans, so that
desired bands can be ranked higher than other spectral bands that may have a strong spectral
response, but are of less scientific interest (e.g., selecting ranking criteria to preferentially
scan regions in a concretion with a higher organic content versus regions containing an
otherwise ubiquitous mineral). Finally, if the decision is made by the Science Team to collect
and cache a core sample, the Borehole Analysis activity will be used to help document and
characterize the uppermost few millimeters of the core by interrogating a vertical swath
through the upper part of the borehole wall.

10.1.4 Spectroscopy Scans

The Sp-PDLs will be responsible for monitoring the health and performance of the instru-
ment by analyzing data downlinked for a given sol. Routine trending will be done on all
voltages, currents, and to track instrument performance under Mars ambient conditions. A
dark current spectrum will be acquired every time spectroscopy data is obtained. This dark
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spectrum will be monitored over the course of the mission. Temperatures will be tracked as
they inform us about the instrument’s response to the environment. An internal photodiode
monitors the energy that is generated by the laser over time. Laser output power will be
compared to the voltages and current of the laser power supply to monitor laser lifetime.
Reports on the health of the instrument will be generated daily by the Sp-PDL.

On the tactical timeline, spectral data and calibration products will be available prior to
the next planning phase. This will typically consist of Autolook and Quicklook data prod-
ucts (Fig. 66). An Autolook products consists of (1) an average spectrum automatically
generated by the SHERLOC Ground Data Systems (GDS) for areas interrogated by SHER-
LOC, and (2) a rough overlay showing the location of these areas on the corresponding
ACI and WATSON images. Autolooks are produced within 5 minutes of the completion of
a downlink pass and require no manual processing. Prior to tactical planning, the Sc-PDL
will produce a Quicklook data product by annotating the average spectra to indicate the
most likely mineral or organic species corresponding to the observed peaks for both the Ra-
man and fluorescence spectral regions. Quicklooks are expected to be produced within 20
minutes of the completion of a downlink pass for use in tactical planning. A more detailed
spectral map can also be generated that co-locates individual spectra with points on the ACI
image, potentially correlating spectral features to features noted in the images (but this may
not be available on the tactical timeline). A Sc-PDL will also be responsible for these non-
tactical science products within 24-48 hours of receipt of all data needed to produce these
products for Science Team use in campaign and strategic planning. These higher-level data
products will be further interpreted by the SHERLOC science team and compared with data
from the testbed to establish the nature of organics/minerals detected. Where needed, tests
on the SHERLOC EM and/or brassboard will be performed to determine the accuracy of the
analysis.

10.1.5 WATSON Imaging

WATSON imaging will be commanded in a manner similar to the MSL MAHLI. Given the
wide range of focus that WATSON can cover (1.8 cm to infinity), WATSON images are use-
ful for providing high spatial resolution information regarding natural and abraded targets,
context images for other observations (spectroscopic scans, abrasion, core holes), as well
as imaging on a larger scale, such as landscape imaging and rover self-portraits (Fig. 23).
WATSON will also be used for engineering support to inspect and document the state of
rover hardware (i.e. wheels). Given its location on the turret at the end of the robotic arm,
WATSON can be placed relative to targets to achieve viewing angles unobtainable by the
other fixed cameras on the rover body. This includes viewing perpendicular to sedimentary
bedding planes, looking straight down into a core hole or getting an angled view of all sides
of the interior walls of the hole, viewing the undercarriage of the rover, and so forth. With
multiple arm placements, WATSON can acquire mosaics and stereopairs from these var-
ied angles as well. While WATSON is a re-flight of MAHLI, the turret on Perseverance is
larger than that on Curiosity. Arm placement will account for risk of turret collision with
local topography and that will limit reachable viewing positions.

WATSON Activities Following positioning by the rover’s robotic arm, a WATSON imag-
ing activity is performed. Nominally, this includes acquisition of an autofocus subframe at
the center of the image to set focus at the center of the target of interest, followed by a full
frame image to capture the entire scene. The additional option of a focus stack acquisition
(Fig. 48) will be evaluated on a case-by-case basis, but is usually acquired at standoff dis-
tances of 7 cm or less, where the DOF is smaller and where capturing in-focus views on
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Fig. 66 An example of the data products produced by a SHERLOC Spectroscopy Quicklook product show-
ing the location of a Quick Scan and average Raman and fluorescence spectra over a 7x7 mm area. Note an
Autolook would produce essentially the same product but without the spectral annotations (i.e., gypsum and
organic matter, OM)

all surface relief elements is desirable. A focus stack of up to 8 images can later be merged
onboard with the WATSON Merge activity.

Tactically, the I-PUL sets image compression and downlink priority for each image to
increase the likelihood of returning products to Earth that are needed to help plan the next
sol’s activities, based on predictions of available downlink data volume to be relayed through
Mars-orbiting spacecraft. Image size can also be varied with a sub-framing approach, if de-
sired. Different image exposure options can be set within the image command, although,
most often, an autoexposure command is used. Autofocus will be used the majority of the
time and will be determined over an appropriate focus range for the standoff distance from
the target. Manual focus may be used when returning to a previously-used imaging position
in order to speed up the observation. White light and UV LEDs may be turned on to illumi-
nate the scene for imaging, although they will usually only be used for images obtained at
night (Edgett et al. 2015).

Like the rest of SHERLOC, WATSON is on the turret at the end of the arm, and thus
requires interaction with the Rover Planners (who operate the arm) for each placement to
ensure the desired imaging is achieved. This provides a powerful combination of arm place-
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Fig. 67 Example series of nested ACI and WATSON images at typical working distances anticipated for
the Perseverance mission: a 10.1 µm/pixel grayscale ACI image, nested within a 2.7 cm working distance
WATSON image, nested within a 6.8 cm working distance WATSON image, nested within a 26.4 cm WAT-
SON context image. This nested suite was simulated using MSL MAHLI images from Sol 150 of a mudstone
target named Ekwir-1. The nested position of the ACI may be rotated differently than shown here, relative to
the WATSON data, unless the turret is positioned in a manner that accounts for the natural 20◦ rotation of the
different CCD’s (example in Fig. 52)

ment and imaging options when used with Rover Planner and I-PUL expertise. The follow-
ing types of observations can be achieved:

Stereo Imaging – a stereopair can be acquired when two different arm positions are used
that provide 80% or more overlap between images. Based on MSL MAHLI experience,
a lateral translation between images is normally used.
Nested Imaging – as standard practice for a target, a nested suite of images is acquired
at decreasing standoff distance from the surface, centered over the target of interest in
the workspace. This includes a context view from ∼27 cm standoff, a stereopair from
∼7 cm, and a high spatial resolution close approach image from 3-4 cm, depending on
collision risks with the surface at those close standoff distances. (Fig. 67) Nested images
allow the science data analyst to extend what is observed in a small area to a larger scene
that is readily placed within the context of Mastcam-Z images of the rover workspace.
QRM Imaging – a Quantitative Relief Model (QRM) provides sub-millimeter three-
dimensional textural information of a surface using Structure from Motion (SfM) analy-
sis (Garvin et al. 2017). The input images for these products are generated by acquiring
a small mosaic of WATSON images from the same standoff distance such that consid-
erable overlap between images is achieved. Nominally, Garvin et al. (2017) found with
MAHLI that acquisition of five arranged in a cruciform pattern centered on the target at
∼7 cm standoff provides the appropriate trade-off between QRM data product quality
and downlink data volumes.
Mosaics – mosaics of any size and shape can be acquired of an area of interest, with
proper planning with the Rover Planners. A consistent standoff distance is usually used,
chosen with a balance between the spatial resolution desired and projected rover re-
sources availability (e.g., activity duration, data volume available). For a given area, a
mosaic from a higher standoff distance will require fewer images compared to a closer
standoff distance with more frames, but the higher standoff images will be of lower res-
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olution. By default, ∼20% overlap between images is used between mosaic frames, but
this can be varied to provide more or less stereo/overlapping coverage. With greater over-
lap, SfM algorithms can be used to construct a three-dimensional view of a mosaicked
rock outcrop (e.g., Caravaca et al. 2020). Individual images in a mosaic are returned to
Earth separately and then are mosaicked using software on the ground.
Documentation Imaging – WATSON will provide a context view for each target ob-
served by the SHERLOC spectrometer and/or PIXL, whether or not additional imaging
is done for other science. WATSON will also provide documentation imaging for engi-
neering interactions with the surface, such as abrasion and sample coring.
Hardware Inspections – from its unique position on the end of the arm, WATSON
can be placed in proximity to other parts of the rover to perform routine and anomaly-
assistance inspections of the rover and of other instruments. This may include routine
monitoring for dust accumulation over time, calibration target imaging, wheel inspec-
tions, rover self-portraits, views to assist helicopter deployment, and arm thermal drift
characterization, among others.
Target Refinement – in many cases, a WATSON image that is received on Earth can be
used to refine robotic arm placement of other tools and instruments (SHERLOC spec-
trometer, PIXL, abrader, corer) for future activities. Such WATSON images supplement
lower spatial resolution stereopair products created using the rover’s engineering cam-
eras (Maki et al. 2020). With the extra help from WATSON, precision placement of other
turret instruments can be achieved for very specific targets, which is desired for detailed
scans and/or sample acquisition.

Imaging Downlink The I-PDL will monitor and report on the health and safety status of
WATSON and ACI on the tactical timeline. This includes monitoring temperatures to make
sure the cameras are operating within nominal ranges, reviewing motor counts to check
for anomalous skipping, confirming that returned focus values match expected standoff dis-
tances, making sure all expected data were received, and reviewing all data products to
verify nominal performance. Conditions will be monitored as background Martian condi-
tions change with season throughout the year. Reports on the health of the instrument will
be generated daily by the I-PDL.

The DM will be responsible, daily, for keeping a record of ACI and WATSON image
products onboard the rover, including knowledge of which images are stored in rover mem-
ory versus those stored in the ACI/WATSON DEA. The DM also monitors free storage
space on the DEA. When the DEA begins to fill up, the DM oversees deletion of products,
first ensuring that all desired images have been downlinked to Earth. As long as a given
image resides in the DEA, it can also be commanded to be returned to Earth at different
compressions than those originally used; the DM also oversees this process.

10.2 Commanding

SHERLOC operations and software heavily leverage the inherited ChemCam and MAHLI
architectures that were extremely successful on the Curiosity rover. Using the rover flight
software as the operations-to-instrument interface, ground-developed sequences executed on
the rover will orchestrate the spectroscopy and imaging observations over LVDS command
reply protocols. Figure 68 shows the high-level interface of the SHERLOC software system
which consist of three main components:

(1) Ground software includes both uplink/planning support and data processing for both
tactical and strategic needs;
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Fig. 68 SHERLOC Software System Components

(2) Rover Computing Elements Flight Software (RCE FSW) includes the interfacing soft-
ware for ground operations and the instrument; and

(3) SHERLOC instrument software includes both the spectroscopy (C&DH) and imaging
(DEA).

10.2.1 Spectroscopy and ACI

SHERLOC spectroscopy requires coordination of both the DEA control of the ACI imager
and C&DH control of the laser, scanner and spectrometer.

A nominal SHERLOC operation as described in Sect. 10. To execute this observation
in command space, operators develop a sequence that interlaces thermal, spectroscopy and
imaging activities within the design constraints of the instrument.

Before SHERLOC can be powered on, the hardware must be within allowable flight
temperatures as described in the warm up Sect. 7.2. This is executed as part of the master
sequence on a given sol via spacecraft command to the thermal system to turn the SHER-
LOC warm-up heaters into auto-mode within a parameterized control band, nominally -20◦

to -25 ◦C. The adjustable parameters are held in rover NVM. Once within flight tempera-
tures, the main SHERLOC sequence would be executed. SHERLOC instrument would be
powered on via spacecraft command that turns on the direct power switch to both imaging
and spectroscopy, initializes hardware and software into standby states, and sets the instru-
ment clock. SHERLOC is also powered off by command.

Conditioning and Calibration The first activity executed by SHERLOC after powering
on is conditioning and calibration of the spectroscopy and imaging systems. The imager will
acquire a series of dark images to clear the detector and assess bad or hot pixels while the
dust cover is closed. IF SHERLOC has been non-operational for more than 3 months, laser
conditioning is required and up to 1000 pulses will be fired into the closed ACI cover to
ensure optimal performance for science is achieved. Once conditioning is complete, the in-
strument is commanded into the internal calibration target position, and spectra are collected
using baseline laser configuration conditions.
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Table 9 Key parameters for operational efficiency

SHERLOC Key Parameters for operational efficiency

Spectroscopy Parameters Range Description

Spectral Signal Number pulses 1-2000 Varying the laser current and pulse width allows for
adjustment of laser output energyCurrent 15/20/25/30A

Pulse width 20/40 usec

Spectral Noise Mode 1D/2D SCCD regions can be parameterized for vertical
binning of the array; each region can have a separate
gain setting

Laser frequency 10-160 hz

Regions 1-3 regions

Gain Low/high

Scanner Motion Manual +/- 7 mm Default tables are stored in NVM and additional
tables can be loaded into VM for specific
observations with table loading capabilities

Table 7 NVM tables
with 100-1296
points

Ranked position

Autofocus and Imaging The ACI cover is then opened and the robotic arm is commanded
to move the STA into the final position for proximity science, with the ACI front window
∼48 mm above the Martian surface. The ACI is then configured to autofocus on the surface
of Mars. This is completed by a single spacecraft command with parameterizable behaviors
for autofocus, auto-exposure, sub-framing, and image acquisition. Autofocus for SHERLOC
on abraded surfaces will be nominally completed over the full range of motion (16.7 mm)
with 31 image samples on a sub-framed image to avoid focusing on the edges of the abraded
surface. Nominally, the first image will be collected with auto-exposure and remaining im-
ages will use that exposure for all remaining images for both consistency and optimization
of execution time.

Spectroscopic Parameters Due to boresight offsets between the imager and spectroscopy
system, the autofocus mechanism is adjusted once in focus to the nominal spectral position
(∼700 µm offset). At this point the science team has complete flexibility in operating the
spectroscopy system and details of key adjustable parameters are shown in Table 9.

SHERLOC spectroscopy can be commanded in a number of spectral modes including
single point, table point scans, or table area scans. Table area scans have been implemented
in the instrument in the event read noise was the dominate source of noise (particularly at
cold temperatures) where the scanner can be rastered over an area with the SCCD integration
open to create a macro pixel many times the diameter of the laser spot. Nominal operations
will use the table point mode, and the SHERLOC flight model has low read noise at 5.8
e- rms. Seven certified flight tables are stored in non-volatile memory with varying sizes,
spacing and orientations. Tables, like images, can be sub-framed, and smaller regions of
tables can be executed by modification of the start and length of the table position for a
given command. Additionally, table loads are permitted in flight and new tables can be
loaded into volatile and non-volatile memory as needed. Tables are restricted to 7x7 mm for
survey scans and 5x5 mm for region of interest selection.

For a given spectrum, the operator can control laser output energy using the laser current
and pulse width parameters. In conjunction with the number of pulses, the total energy de-
posited on the surface can be adjusted by many orders of magnitude to control the sensitivity
and targetability of native species.
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Noise performance can also be optimized given the ambient conditions. The laser repeti-
tion rate can be controlled to minimize integration time and dark noise contribution to noise.
The SCCD also can be binned vertically to up to 3 regions each with programmable gain
settings to increase the dynamic range or sensitivity for a given spectrum. The SHERLOC
spectrometer has a design feature on the detector, a smile shown in Fig. 20, in which the
Raman region is spatially dispersed over <10 vertical pixels in a flat line, the fluorescence
region then turns up into the smile. By selecting regions, the Raman region can be read out
with fewest rows and first to reduce dark noise, and signal binned to increase signal while
reducing read noise as a single read. Fluorescence regions are read out next as signal is much
higher for these signatures. For diagnostics purposes, the detector can also be read out as an
image if misalignment issues are identified.

Process Data Behavior Once a spectral map is collected, the data set can be processed on
board the instrument for decisional data, data reduction, or for autonomous retargeting areas
of interest.

Decisional data and data reduction algorithms include spatial binning, spectral binning,
and photodiode summary data. The spectral data are stored in a raw buffer as part of the
initial command. The processing starts with the transfer of the raw data into a process data
buffer via a background subtraction or copy algorithm which reduces the raw data set by a
factor of 2. Spatial binning is performed on a data set by applying a mask stored in NVM
(like scanner tables) that are of equal size to the original data map. Spatial binning is limited
to 648 spectra per bin so a nominal survey spectrum of 1296 can be reduced into 2 spatial
bins but up to as many as 1296. Spectral binning is applied to the data set by specifying
up to 6 spectral zones to bin. These zones can be arbitrary in start position and length and
optimized for specific spectral signatures. Additionally, the photodiode summary data can
be downlinked independent of spectra if laser diagnostics are critical for tactical planning.

Regions of interest (ROI) can be identified by autonomous retargeting from an initial
survey map to key features where a high resolution or high SNR map is required. Prior to
running the ROI algorithm, the data must be processed onboard to avoid spurious signals
and backgrounds to confuse the algorithm. First the background subtraction is applied, fol-
lowed by bad pixel removal, laser normalization and finally cosmic ray removal. For timing
optimization, cosmic ray removal is only applied to the ROIs used later for ranking (Uckert
et al. 2019). Once the data have been preprocessed, the ranking algorithm is commanded,
setting up to 6 spectral regions and applying a weighted sum to identify the highest ranked
region to retarget.

Post-ranking, the spectroscopy command as described in the previous section can be
executed with updating the new table to be centered at the Nth ranked position defined by
the algorithm. Again, all parameters are adjustable.

Extended Operations Types The architecture allows for images and spectroscopy to be
interlaced for documentation of spectral activities whenever needed. Multiple spectral maps
can be sequenced as nested tables or retargeted to one or more molecular species of interest.
Larger mosaics for both ACI imaging and spectral maps can be generated by coordination
with the robotic arm using their nudge behavior. The SHERLOC sequencing structure allows
the science team the versatility and flexibility to operate the instrument, while the command
simplicity and robustness protects the hardware.
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Table 10 In-situ calibration efforts at frequency

SHERLOC Calibration Plan Target/Method Frequency

Deep UV Laser Energy Internal photodiode Every pulse/spectrum

252.9 nm line Prior/Post nominal ops

Spectrometer Throughput Internal AlGaN response Prior/Post nominal ops

Spectral Calibration (wavelength) Internal AlGaN response Prior/Post nominal ops

252.9 nm line Prior/Post nominal ops

2D Internal AlGaN acq. Post landing/Monthly

AlGaN samples on SCT Post landing/Monthly

Teflon on SCT Post landing/Monthly

SCCD Noise Diffusil target Post landing/Monthly

Dark acquisitions Every spectrum

SCCD Hot/Dark Pixels 2D Dark acquisitions Post Landing/Monthly

End to End Throughput/Intensity cal Intensity “maze” target (SCT) Post landing/Monthly

Mapping Calibration Intensity “maze” target (SCT) Post landing/Monthly

SaU 008 Meteorite (SCT)

Focus Calibration (ACI to Spectrometer) Intensity “maze” target (SCT) Post landing/Monthly

Image Resolution (ACI and WATSON) Intensity “maze” target (SCT) Post landing

Geocache coin Post landing

Color Calibration Mastcam-Z calibration targets Post landing

Internal Contamination analysis Dark sky with laser Post landing/Monthly

Image Flat Fields WATSON/ACI images of sky Post landing/every ∼180 sols

10.3 Mars in-Flight Calibration Plan

10.3.1 Spectrometer

To ensure that SHERLOC is operating to its full potential there are a number of internal
and external calibration and assessments of health that have been included in the instrument
design and operational methodology. The aspects that have been assessed prior to launch
and will be calibrated during the mission are shown in Table 10.

Deep UV Laser Energy As the laser ages, the DUV laser energy will change over the
mission lifetime. It is expected that the energy will initially increase and then will follow a
slow decrease based on the number of pulses expended. To tune the number of pulses that are
needed for the survey, detail, area/line/point modes of operation, an internal SiC photodiode
picks off a small fraction of the laser energy and provides an assessment of laser output as a
voltage and is converted into a 10 bit value. These data are recorded for each pulse, however
if data volumes are limited, then the average value is provided per spectrum. These data are
used to normalize the relative spectral intensity in a map. The data are also used to trend
the laser performance during a map acquisition and over operations and adjust the laser
parameters. For example, as the laser ages each pulse has less power. We can increase the
number of pulses for detail mode to keep sensitivities similar across the mission lifecycle.
Alternatively, the laser current can be increased or operated at a higher frequency if longer
integration times are not desired.
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Since the photodiode is not thermally controlled, there are some temperature dependent
behaviors. Data from SHERLOC TVAC are being used to generate a temperature model for
the photodiode and will be used to normalize the data returned from Mars.

Spectrometer Throughput/Spectral Calibration It is expected that over the mission life,
the overall instrument throughput will change. This will likely be from contamination, ei-
ther from the exceedingly low outgassing rates internal to the instrument, or the very fine
dust contamination of exposed optics. SHERLOC tracks this continuously using the internal
AlGaN calibration target (Fig. 12). The spectral intensity of this target is stable over temper-
ature and it is insensitive to laser/spectrometer alignment. Therefore, the laser normalized
spectral signal intensity provides an assessment of spectrometer throughput. The data are
obtained before all SHERLOC spectrometer operations and therefore will be used by the
operations team to adjust operation parameters to maintain detection sensitivity (examples
include the number of laser pulses, laser pulse frequency, and the laser current).

In addition to providing a photoluminescence signal, the AlGaN acts as a reflector for the
252.9 nm line generated by the DUV laser. This reflection is attenuated by the laser injection
filter but, given its intensity, it is easily observable on the SCCD. The 252.9 nm line, like the
primary laser line, is exceedingly narrow, and provides an assessment of spectrometer focus,
instrument line shape, and—with the AlGaN emission—provides for high-fidelity spectral
calibration.

SCCD Noise and Hot/Dark Pixels One lesson learn from ChemCam on MSL, is that the
e2V detector may exhibit increased dark noise and hot/cold pixels as a function of time. To
assess this, each spectral acquisition is preceded by a dark (no laser) spectral acquisition.
This provides a noise value for SCCD at the current temperature. As these value change
with time, operations can be modified to maintain detection sensitivity.

In addition, there will be intermittent 2D acquisitions to assess the presence of hot or
dark pixels. This can be uploaded back to SHERLOC such that these pixels are not used in
the automated analysis.

End to End Throughput/Intensity Calibration While the internal AlGaN target decou-
ples alignment from throughput analysis, the maze target is used to analyze the full end-
to-end performance of SHERLOC and assess the laser/spectrometer alignment. A line scan
across any portion of the maze with sub beam diameter sizes (∼50 µm) will provide a Raman
signal from the silica that will decrease/increase as the beam moves from pure silica to the
chrome lines. These data can be used to generate a curve that plots the intensity as a function
the fraction of the beam illuminating the silica substrate. The data on Mars will be compared
to the data collected in SHERLOC TVAC testing and be used to compare performance over
the mission.

Mapping Calibration While the spectral mapping and ACI imaging offsets are not ex-
pected to change, the maze target on the SCT provides a means to verify this by imaging
and acquiring a 2D map of the maze target and observing whether the registration between
these have changed since STT.

In addition, the SaU 008 meteorite can be used to perform this analysis. The larger grain
features in the sample can be located in the spectral maps to analyze the registration when
compared to the pre-launch scan done with the laboratory instrument.
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Focus Calibration Similar to the mapping calibration, the focus offset between the ACI
and the spectrometer is not expected to change. However, to verify this, the maze target can
be used to focus with the ACI perform a through-focus analysis with the spectrometer, much
like what was accomplished with the HOPG target during STT.

Internal Contamination Analysis To ensure that all the spectral signatures that are ob-
served are inherent to the sample, there will be occasional operations in which the spectrom-
eter dust cover is opened, and the instrument laser is fired into the dark night sky. Through
this method, any weak spectral contamination from the optics, or signature from Mars dust
contamination deposited on optics, can be assessed and removed in data processing pipeline.

10.3.2 ACI and WATSON

Unlike MSL’s MAHLI, WATSON does not have a dedicated calibration target. This is due
to the limited volume on the front of the rover after the inclusion of all the coring and sample
caching hardware. The MAHLI experience was such that it should be sufficient to position
the WATSON via the robotic arm to image the Mastcam-Z primary and secondary targets
(Kinch et al. 2020) for color, white balance, or to cross-calibrate the instrument with the
Mastcam-Z cameras. The relations between image scale, working distance, and focus motor
count will be confirmed and monitored for ACI and WATSON by imaging targets on the
rover of known, machined scale, such as the SCT. For WATSON, a nested suite of images
(working distances of ∼3 cm to ∼2 m) of geological material in the robotic arm workspace,
plus an autofocus experiment with the camera head stowed and looking out across the Mar-
tian landscape, will serve—as on MAHLI (Edgett et al. 2015—to confirm focus performance
after landing. WATSON and ACI flat field images will be obtained following the method de-
veloped for the MER MI cameras and MAHLI (Herkenhoff et al. 2006; Edgett et al. 2015),
in which the camera heads are pointed skyward at an azimuth ∼180◦ from the sun and ∼30◦
above the horizon in daylight. Per MAHLI methods, ACI and WATSON sky flat field images
will be obtained at commonly-used focus positions, dust cover open and (for WATSON) dust
cover closed, at two camera orientations about 180◦ apart, every ∼180 sols.

11 Data Processing and Products

11.1 Ground-Based Processing Tools and Techniques

The instrument Science Data System (iSDS) is a ground data system comprised of tools
and services to manage and process Mars 2020 instrument data generated during the cruise
and surface operations phases. Raw data products generated by the rover are transmitted to
Earth via Mars orbiting spacecraft and the Deep Space Network, where they are reassembled
into binary science data frames. Using a series of Product Generated Executables (PGEs),
the iSDS generates raw science and engineering data products (Engineering Data Records:
EDRs) as well as processed data products (Reduced Data Records: RDRs) for analysis by
the science team. SHERLOC data are autonomously processed and packaged for archive in
the Geosciences Node of NASA’s Planetary Data System for access by the broader planetary
science community. Table 11 provides a list of all EDRs and RDRs that will be produced by
the iSDS.

The iSDS pipeline runs autonomously as data are received from the rover, with each step
executing once the input data products become available. In the event that a partial data set
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Table 11 EDR (blue) and RDR (green) products to be archived in the NASA Planetary Data System (PDS),
generated by the iSDS

is downlinked (e.g. due to unfavorable weather at the time of downlink, or large datasets
broken into multiple transmissions from Mars), updated versions of EDRs and RDRs will
be generated and subsequently archived.

The iSDS pipeline is broken into several components: spectroscopy processing, image
processing, engineering and state-of-health assessment, and spectral map generation. Fig-
ure 69 shows a data flow diagram for the entire iSDS pipeline, with each unit representing a
single PGE processing step. The iSDS pipeline culminates in the generation of an Autolook
Report – a PDF containing an overview of the processed spectra, context images, laser shot
locations, instrument state of health, and spectral intensity maps. Science team members
are notified upon the generation of this report to support surface operations target selection.
Each processing step in the iSDS pipeline is detailed in the following subsections.

11.1.1 Acquired and Processed Data

These PGEs will read (binary) SHERLOC science data frames (including science, calibra-
tion, and internal calibration targets), parse the active and dark frames, laser photodiode
array, and scanner position information, and output the data to EDRs. Each EDR contains
multiple tables containing instrument state-of-health information (e.g. CCD temperature,
laser configuration parameters, timing). The SCCD may be divided into up to five regions,
each of which may be configured separately to effectively extend the dynamic range and sen-
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Fig. 69 A data flow diagram representing the major components of the iSDS pipeline: spectroscopy process-
ing (blue), image processing (green), and spectral map generation (red)

sitivity of the instrument. Each SCCD region is represented as a distinct table in SHERLOC
EDR and RDR files.

Data processing on the rover automatically removes cosmic rays from spectrometer data.
Cosmic rays are identified in each active and dark frame and replaced with an average or
interpolation between spectral intensity points outside of the cosmic ray region. Cosmic ray
candidates are selected using the method described in Uckert et al. (2019) - a histogram
is generated for all wavelength channels (intensity values are binned) a cosmic ray is de-
tected when a bin lies beyond a configurable threshold value, and at least one empty bin
precedes the cosmic ray candidate. The cosmic ray reduced spectrum and a list of cosmic
ray candidate locations are generated as output products.

The SHERLOC dark frame is subtracted from the active frame for each SCCD region.
Dark frame spectra are collected during each spectral measurement at each map position by
exposing the SCCD for the same duration as an “active” exposure, but suppressing the laser
trigger. Dark frame subtraction corrects for dark current and hot pixels.

The SCCD gain may be defined independently for each region to provide higher CCD
sensitivity in Raman spectral regions than fluorescence spectral regions, where a higher
fluorescence signal is expected. Gain correction allows for direct comparison between each
spectral region.

A wavelength correction for the Raman peak locations is performed through the use of
the internal AlGaN target and the SCT. Spectra from these targets are used to empirically de-
fine a polynomial relationship between SCCD channel number and wavelength. Polynomial
coefficients are updated during routine calibration measurements to correct for potential in-
strument alignment changes. A table of wavelength values is appended to each spectral RDR
product.

The intensity of the SHERLOC laser varies over the duration of a measurement primarily
due to temperature fluctuations in the laser power supply. An internal photodiode analyzes
some of the picked off laser energy every pulse in order to determine laser intensity. The
laser photodiode response is a function of the energy deposited on the target by the laser;
spectra must be normalized to the maximum laser energy to account for a potentially variable
source to directly compare spectra within a measurement.

SHERLOC measurements of the internal AlGaN target are routinely collected to charac-
terize the performance of the instrument over time. Fermi-Dirac and Gaussian functions are
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fit to the most prominent Raman features in the spectra to determine the peak characteris-
tics of each measurement. The peak position and shape of all features in each spectrum are
trended to evaluate the performance and alignment of the SHERLOC spectrometer over the
lifetime of the mission.

Raw ACI and WATSON images are radiometrically and geometrically corrected. Before,
after, and throughout a nominal SHERLOC spectral measurement, ACI images of the target
are acquired. A feature recognition algorithm is applied to all ACI images collected as part
of an observation, images are aligned, and offsets between images are calculated. Under
ideal laboratory conditions, no offset would exist between images. During operations on
Mars, slight offsets are expected between images due to environmental effects from wind,
thermal expansion of mechanical components caused by temperature variability, and robotic
arm drift. These offsets are characterized by image transformation parameters, capturing the
linear offset, rotation, and varying distance to the target. These effects will be characterized
during the course of the mission to monitor instrument and robotic arm performance.

Scanner orientation points (azimuth and elevation angle) at each measurement position
are converted to (x, y) positions in the target plane based on the center of the laser position
and the rotation of the scanner relative to the image plane.

The integrated intensity within a specified wavelength region for each point is calculated
and positioned on a greyscale map based on the drift-corrected laser shot positions in the
target plane. Each of the 36 wavelength ranges represents a Raman or fluorescence peak or
region of interest that may be modified or configured to better suit a specific target.

Greyscale maps generated from the Map Conversion PGE are overlaid on a reference
ACI context image in a multi-channel image file. These spectral intensity maps may re-
veal spatial variability of Raman or fluorescence features that could correspond to geologic
boundaries or the distribution of organics, which may be correlated with morphologic or
textural features present in the context image.

This PGE also generates drift-correct laser shot positions in the target plane (x, y) and
image plane (i, j) associated with a reference ACI image.

12 Contamination Control and Planetary Protection

The SHERLOC instrument is extremely sensitive to deposition of molecular deposits onto
the optics and the calibration target. Organic species are highly absorbing in the UV with
aromatic species able to generate fluorescence photons from higher energy photons. Both
of these effects result in degraded signal from target samples as any generated native fluo-
rescence from contamination is not in focus and hence would not have a major contribution
to collected spectra. It is for this reason that SHERLOC’s successful scientific function is
dependent upon contamination mitigation. Organic species that outgas from hardware tend
to be aromatic and have varying degrees of signal attenuation. Also, it is possible that solar
UV causes the contamination to polymerize, resulting in changing absorption parameters
during the mission. Beyond molecular contamination, it is possible that particulate deposi-
tion (both fluorescent and non-fluorescent) onto optical surfaces results in degraded signal.
The contamination controls on SHERLOC were designed to limit these effects. These con-
tamination sources may be external or internal to the SHERLOC instrument, and all were
monitored during development of the SHERLOC hardware.

External contaminant sources include the rover, adjacent Mars 2020 instruments,
aeroshell (jettisoned before landing), environmental conditions, or operations-generated
contaminants including those in ATLO, interplanetary cruise, and Entry Descent & Landing
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(EDL) environments. Self-contamination can include outgassing of materials present within
the STA. The STA was designed to have most of the electronics boxes outside of the spec-
trometer bench on the back side of the STA. However, there are a few electronic devices that
had to be within the optical bench and have the potential to generate outgassing in the form
of organics, H2O, and silicones. These species can be distributed throughout the instrument
during both instrument and rover-level thermal vacuum testing, cruise, EDL, and mission
operations.

Particulate contamination is primarily from particles trapped during instrument integra-
tion and test (I&T). These particles may become dislodged during vibration events at the
instrument- and rover-level (acoustic testing, launch, and EDL).

12.1 Contamination Control

12.1.1 Approach

The Contamination Control approach for SHERLOC employed a set of mitigations designed
to enable the integrity of the science investigation. The following contamination mitigation
methods were implemented in the design and build of the SHERLOC instrument:

• Design considerations to reduce the amount of cabling and electronics inside the optics
bench within the STA.

• Careful material selection and testing of all selected materials for the STA.
a. Evaluation of transmission loss due to attenuation.
b. E595 testing of all materials to determine total outgases mass loss.
c. E1559 testing of select materials.
d. Perform UV fluorescence/Raman analysis of parent material and vapor deposited ma-

terials.
• Incorporate decontamination heaters for the optics and the calibration target to prevent

deposition of molecular contamination onto contamination sensitive surfaces or to bake
off deposited contaminants during cruise and on Mars.

• Incorporate Tenax getter inside the optics bench to minimize molecular contamination
deposition onto optics by entrapment onto the getter.

• Utilize an ultra-low outgassing adhesive, Nusil SCV-2585, to bond optics.
• Implement a rigorous vacuum baking scheme to reduce outgassing.
• Perform sampling and analysis of contaminants present on the instrument and in ground

processing environments for characteristic signatures that may be detrimental to the sci-
ence investigation. This included the use of witness plates (now stored at NASA JSC) to
monitor contamination levels during I&T.

12.1.2 Requirements

Degradation of the optical throughput for the life of the mission is of utmost concern for
the SHERLOC instrument. A major contributor to throughput loss is condensation of ma-
terials onto optics with significant absorption or fluorescence with the wavelength range of
248 to 354 nm. To determine the effect of the contamination contribution from the Perse-
verance rover to the STA, condensate collected from the Curiosity rover (this material is
considered analogous to expected outgassing materials from the M2020 rover) system ther-
mal vacuum test was extracted with Dichloromethane and spin coated onto an optic. The
coated optic was then evaluated using the SHERLOC laboratory prototype instrument for
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Table 12 Dichloromethane extracted constituents from the Curiosity rover thermal vacuum testing and effect
to SHERLOC. Note the primary outgassing constituent from MSL was water

Chemical Function Groups Estimated % Sources Effects on SHERLOC

Aliphatic Hydrocarbons 35% Hydrocarbon lubricants Attenuation

Aromatic Hydrocarbons 7% Epoxy bisphenol A and solvents Fluorescence/Attenuation

Esters/Organic Acids carbonyl 14% Plasticizers, ester hydrolysis
products

Attenuation

Silicone 34% RTV, polydimethylsiloxane
oligomers

Attenuation

Others (all minor components) 10% Amides, amines, alcohols Attenuation

Fig. 70 Percent transmission
loss of Curiosity rover
condensate

Table 13 Attenuation effect on optical path transmission determined from MSL condensate deposited onto
optic

MSL Condensate Concentration None 50 ng/cm2 100 ng/cm2 200 ng/cm2 300 ng/cm2

Laser Path %T 0.31 0.31 0.30 0.28 0.26

Collection Path %T 0.21 0.21 0.20 0.19 0.18

Margin against Requirements 28% 24% 20% 13% 3%

Assumptions: Laser 1 µJ/pulse, 900 pulses/point, Laser/Collection path start with L5 req. values (CBE is
higher), Aliphatic Raman Response

fluorescence affects and transmission loss through the optic. The chemical makeup of the
Dichloromethane extract with description of effects to SHERLOC is described in Table 12.

The coated optic was analyzed for %transmission loss in the spectral range from 200 nm
– 800 nm as shown in Fig. 70 using a Perkin Lambda 1050 UV-Vis-NIR spectrometer.

Analysis of the coated optic using the SHERLOC laboratory prototype instrument facil-
itated determination of the attenuation of the MSL surrogate condensate material through
the laser path and the collection path optics of the instrument and is presented in Table 13.

Analysis was performed to ascertain the fluorescence effect to transmission loss due to
the presence of fluorescence from the optics in the common path (illuminated by both the
laser and observed by the spectrometer). The incorporation of a pinhole in the spectrometer
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significantly mitigates fluorescence from the optics in the common path. The fluorescence
with the calculated cross sections suggests no significant effect from fluorescence and the
effect of the MSL condensate is identical to attenuation analysis results. Based upon the re-
sults of the MSL condensate analysis, the SHERLOC team set an upper limit of 150 ng/cm2

of organic contamination on each optical surface as necessary to attain a 16% margin against
meeting stated analysis capabilities on Mars.

12.1.3 Materials Testing

Attaining a maximum level of 150 ng/cm2 of organic material deposition on optical surfaces
at Mars landing is not trivial. Significant efforts were made to mitigate deposition during
I&T and cruise. Considerable efforts were also made in materials testing and elimination
of any materials that are highly outgassing both inside the optics bench and on the STA.
Materials testing included ASTM E595 testing for %TML (Total Mass Loss) and %CVCM
(Collected Volatile Condensable Materials) of all materials used inside the optics bench as
well as materials on the STA. In addition to ASTM E595 testing, selected materials uti-
lized inside the optics bench were further evaluated using E1559 testing to facilitate thermal
vacuum bakeout and outgassing rate calculations for materials of concern during the cruise
phase of the mission.

From E1559 testing of materials, specifically for the SHERLOC optics bench and E1559
testing of the M2020 rover S13GP:6N/LO-1 paint with GE SS-4044 Primer, it was deter-
mined that to meet a total accumulation of <150 ng/cm2 on the optics and the calibration
target, decontamination heaters would be required for the cruise phase of the mission. In
particular, deposition from rover paint and outgassing materials from the rover electronics
vent areas were estimated to be in excess of 150 ng/cm2 (possibly as high as ∼450 ng/cm2

in the upper bound) upon arrival at Mars if no additional mitigation was performed. The
estimate of the organic contamination deposition to the SHERLOC Calibration Target was
also determined to be higher than acceptable during cruise. Because of these analyses, de-
contamination heaters for the SHERLOC optics and the calibration target became part of
the instrument design.

Additional materials testing included fluorescence analysis of both bulk organic mate-
rials including adhesives, paints, coatings, a connector, and, where feasible, the outgassing
material vapor deposited onto a target in vacuum. Samples were prepared and deposited
onto 6061 Aluminum (T6) which had previously been O2 coated. The aluminum slides
were transferred in cleaned glass Petri dishes lined with aluminum foil fired at 500 ◦C for
12 hours. Vapor-deposited material was collected by using a modified ASTM E595 tester to
heat the material to 125 ◦C in vacuum and deposit directly onto prepared aluminum targets
at 25 ◦C. The vapor-deposited material was transferred inside special clean containers to the
Raman/Fluorescence laboratory instrument.

Spectra in the study was collected using a custom built, DUV-resonance Raman/Fluores-
cence instrument in the SHERLOC team laboratory (Bhartia et al. 2012b, 2014; Abbey et al.
2017; Sapers et al. 2019). An example of the spectrum of cured Hysol 9309 bulk material
obtained from the Raman/Fluorescence instrument is shown in the Fig. 71. Fluorescence
spectrum of the vapor deposited Hysol 9309 material is shown in Fig. 72. Note that the
bulk material exhibits significant spectral fluorescence intensity while the vapor deposited
material exhibits little fluorescence. In addition, a Raman spectrum of the vapor deposited
material was also performed without any observable signal.

The materials analyses performed prior to build of the SHERLOC flight instrument were
designed to provide screening of organic materials to be used in construction of the instru-
ment for their potential to contaminate the optics. Additionally, the collected spectra provide
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Fig. 71 Fluorescence spectrum of cured Hysol 9309 bulk material

Fig. 72 Fluorescence spectrum
of Hysol 9309 vapor deposited
material

a database for all materials used inside the optics bench for future use by the instrument
team.

In recognition of the contamination risk to the optics from materials outgassing inside
the optics bench, a new ultralow outgassing silicone was tested and chosen for bonding the
optics. This silicone, Nusil SCV-2585 Silicone, Ultralow Outgassing™ was evaluated for
outgassing, mechanical strength and ease of use by the SHERLOC team. The silicone is a
platinum cured system and has a 1:1 mix ratio for the catalyst and polymer. The mix ratio
mitigates mixing errors and the need to meet specific humidity requirements resulting in a
more robust cure outcome for the material. A sample of cured material was used for vapor
deposition onto an optic for percent transmission loss in the spectral range from 200 nm –
2500 nm using a Perkin Lambda 1050 UV-Vis-NIR spectrometer. Material from the cured
silicone heated to 100 ◦C in a vacuum was collected onto a sample quartz window cooled
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Fig. 73 UV-Near IR spectra of collected residue (200 to 2500 nm). This is expanded (insert) in the UV
to show the transmission at 240 nm. This is a 0.3% difference for the 3 ng/cm2 film which falls within the
precision of the instrument for this type of measurement rendering the two spectra statistically similar a quartz
optic

to 0 ◦C for 10.0 hours, 3 cm from the source. A background sample of the empty chamber
deposited onto a sample quartz window was collected for comparison.

The spectral transmission acquired from 200 nm to 2500 nm using a Perkin Lambda
1050 UV-Vis-NIR spectrometer is shown in Fig. 73. Post transmission measurement the
collected silicone residue on the quartz optic was dissolved in solvent (dichloromethane)
and analyzed using Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy
for quantitative determination of the amount of molecular contamination deposited onto the
optic. The amount of material deposited was determined to be a 3 ng/cm2 film. Transmit-
tance data were converted to absorbance units and the difference between the two spectra
showed no local extrema relative to background, indicating the lack of absorbance events in
the wavelength range of interest. This type of analysis often provides a higher precision than
the instrument itself, and further supports the results of the transmittance data as within the
instrument precision rendering the two spectra as statistically similar.

While analysis and control of materials used in the construction of SHERLOC consumed
a significant portion of the contamination control effort, there is recognition that additional
mitigation was required to keep deposition of organic material on internal and external optics
to below 150 ng/cm2. During the cruise phase of the mission, risk of contamination to optics
is greatest. Analysis determined that to minimize condensation of organic material onto
optical surfaces, the optical bench would require the use of decontamination heaters during
the cruise. The heating scheme is designed to heat the optics to 40 ◦C at the beginning of
cruise and gradually cool as the spacecraft approaches Mars, while still keeping the optics
bench and calibration target approximately 5 ◦C warmer than other hardware near or within
the line of sight of the instrument.



   58 Page 104 of 115 R. Bhartia et al.

An additional mitigation to organic contamination onto the optics incorporates the use of
Tenax, poly(2,6-diphenyl-p-phenylene oxide), as a getter inside the optics bench. Tenax has
been analyzed by JPL as a contamination trap for the Adaptive Caching Assembly (ACA)
for Mars core sample acquisition. Testing demonstrated that the Tenax material functioned
as a molecular absorber in air (during ATLO), vacuum (during cruise) and at 7 Torr CO2

(simulated Martian atmosphere). It also absorbs at temperatures as high as 40 ◦C. Desorp-
tion of Tenax getter is ∼200 ◦C, far above SHERLOC operational temperatures. A partic-
ular advantage of Tenax over other molecular absorbers is that it is hydrophobic and does
not absorb water. The material also has a high adsorption capacity on the order of 3.7 –
17.7 mg/cm2, depending upon contaminant. The high adsorptive capacity, coupled with the
hydrophobicity of the Tenax, was of particular advantage during ATLO operations.

Vibration testing of the material to simulate worst-case vibration conditions during
launch, landing, and Mars surface operations, was performed to evaluate the potential for
shedding of particulates inside the optics bench. Analysis of silicon wafer witness plates
mounted directly under the Tenax material during testing was found to be free of Tenax
particulates on the success of the analyses performed, Tenax was mounted inside the optics
bench prior to final closeout as an additional method to mitigate accumulation of organic
molecular contamination onto SHERLOC optics.

A rigorous cleaning regimen was implemented for all hardware built for the SHERLOC
instrument. Optics and the optical bench were handled inside a dedicated class 10,000 clean-
room with limited access and built on a class 100 laminar flow bench within the cleanroom.
Prior to incorporation of parts and optics into the build, thorough inspections were imple-
mented. These inspections included sample swabbing of hardware with hexane to determine
surface non-volatile residue (NVR), and Teflon tape lifts to determine particle count as well
as visual inspection under magnification. In addition, the cleanroom was constantly mon-
itored with an airborne particle counter, humidity monitor, and temperature monitor. The
electronics build was performed inside an adjacent class 10,000 cleanroom and monitored
as described above. Both particulate fallout witness plates and separate organic fallout wit-
ness plates were used inside both areas to monitor room conditions. Additional particle
plates were used to monitor the build of critical optics. Hardware was further protected with
the use of a nitrogen-purged box for all piece parts and sub-assemblies during the assembly.
Specialized shipping containers and storage containers were also used to minimize contam-
ination to hardware. Hardware monitoring continued in ATLO as Perseverance underwent
assembly and test. These samples will be analyzed after launch to document potential con-
tamination and determine their additive effects (if any).

12.1.4 Hardware Outgassing

Ultimately, a key factor to maintaining low levels of molecular contamination deposition
onto optics was the overall outgassing rate of items within and adjacent to the optics bench.
Control of materials, directed venting, use of Tenax getter, incorporation of decontamina-
tion heaters, and control of conditions during I&T are all good mitigation strategies. The
outgassing rate of items within the optics bench was required to have an outgassing rate
of 1 ng/cm2/hour (measured with hardware at +50 ◦C and Thermoelectric Quartz Crystal
Microbalance, TQCM, at -50 ◦C and chamber at <10−5 Torr) overall. Items outside of the
optics bench, including electronics boxes, were required to be below 10 ng/cm2/hour over-
all. To this end, a rigorous thermal vacuum bakeout campaign with TQCM measurements
were made of all hardware on the SHERLOC STA. Piece parts were vacuum baked at high
temperatures at low levels of assembly post precision clean, painted/coated items were vac-
uum baked post paint and coating, harnesses and sub-assemblies were vacuum baked. Many
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piece-part vacuum bakeouts were performed in chambers where the chamber background
was monitored with TQCM. However, all final bakeouts and TQCM measurements were
performed using a SHERLOC-dedicated vacuum bakeout chamber with a chamber back-
ground kept between 1-3 Hz/hour (chamber at +50 ◦C and TQCM at -50 ◦C and <10−5

Torr). Having a low chamber background enabled the SHERLOC team to measure accu-
rately the very low outgassing rates of items within the optic bench. Often, the bakeout
regime resulted in better than expected outgassing rates for all hardware including electron-
ics.

In summation, the contamination control program for the SHERLOC instrument em-
ployed stringent practices for design, build, monitoring of cleanroom environments, ther-
mal vacuum bakeouts, cleaning of hardware, verification of hardware cleanliness, hardware
handling, careful selection of materials for build, incorporation of Tenax getter, and incor-
poration of decontamination heaters in the optics bench. The results to date show that the
throughput of the optics is better than expected. It is the anticipation of the contamination
control engineers that the optical throughput will continue to be optimal upon arrival on
Mars.

12.2 Planetary Protection

In order to avoid the forward contamination of Mars from biology from the Earth, hardware
landed on Mars must be biologically cleaned. Furthermore, since the Perseverance rover is
the first step in sample return, care must be exercised such that samples collected on Mars
do not have terrestrial contamination. Planetary Protection referrers to the efforts used to
ensure the cleanliness of the Perseverance rover and document all hardware that goes to
Mars. The instruments on the robotic arm turret do not come in contact with the Martian
surface and SHERLOC and PIXL were designed and tested to meet cleanliness defined in
NPR8020.12D, Sect. 5.3.2.1a, and has a maximum total microorganisms limited to <5100
spores total for all surfaces that are exposed to the Martian environment over the life cycle
of the instrument.

SHERLOC was designed to be a non-contact device to avoid issues with both contamina-
tion of returned samples as well as for Planetary Protection. SHERLOC hardware is required
to be in conformance with Planetary Protection requirements for the Mars 2020 Project. In
addition to total spore count for surfaces exposed to the Martian surface, surfaces behind
the HEPA filter have a required maximum bioburden density of 1000 spores/m2 while the
exposed surfaces, the maximum bioburden density is limited to 300 spores/m2.

SHERLOC assembly was performed in clean environments, which were primarily driven
by the contamination control requirements. During the assembly process, both the internal
and external surfaces were subjected to biological assays prior to its last access using the
NASA Standard Assay protocol as described in NASA Handbook 6022. Additionally, credit
was also taken for manufacturing processes that resulted in a microbial reduction on the
parts that were subject to a high temperature exposure. Following sampling, the hardware
was maintained in an ISO 8 or better cleanroom environment to prevent recontamination and
double-bagged for transportation. All data collected throughout the life cycle of the instru-
ment through to the final access point was consolidated and the final spore bioburden density
was assessed. The results show that SHERLOC surfaces behind the HEPA filter had an aver-
age of 14.93 spores/m2 and 20.4 spores/m2 on exposed surfaces. This met the requirements
of 1000 spores/m2 and 300 spores/m2, respectively. The total bioburden on exposed surfaces
was 38 spores which fell far below the 5100 spore allocation. The SHERLOC instrument
met and exceeded expectations set by Planetary Protection for the Mars 2020 Mission.
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13 Summary

The NASA Perseverance rover’s SHERLOC instrument is designed to help achieve a variety
of Mars 2020 mission goals related to exploring an astrobiologically relevant ancient envi-
ronment within the Jezero crater field site. SHERLOC is a non-contact, robotic arm-mounted
instrument that acquires macro and microphotographic images and enables mineralogy and
organic molecule detection using laser spectroscopy. The 248.6 nm laser wavelength has
a 100 µm laser spot at the target and can be systematically scanned across a surface. Ra-
man scattered photons from organics and minerals are spectrally resolved with a spectral
range of ∼ 800 – 4000 cm−1 (250 to 273 nm). Fluorescence emitted photons from organics
are identifiable in the 270 to ∼370 nm range and are similarly spatially resolved. Individ-
ual spectra can be co-located with surface features visible on a grayscale image obtained
by the ACI. Additionally, the spectral maps can be placed within color context images ob-
tained by WATSON, overlayed with PIXL elemental maps as well as data from SuperCam
and Mastcam-Z multispectral images to fully understand the make-up of an in situ target.
Through this process, not only will scientific understanding of the current conditions and
the history of Mars be made, but the highest priority samples can be identified for coring
and sample caching for eventual return to Earth. This contribution has provided details on
the instrument including goals, design, fabrication, testing and expected surface operations
for the SHERLOC investigation.
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