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Abstract

Curiosity rover was launched on November 26, 20dd landed in Gale Crater on August 6, 2012, where i
continues the exploration of the Martian surfatéas spent on the red planet more than 3750 Btstian day),
taken more than one million raw images and traveleet 29 kilometers on the surface of Mars. Whajdpeas a
two-Earth-year mission celebrated its 10th anniagrén August 2022. In January 2021 (Sol 3007kraftore than
9 years of nominal operations on Mars, the Chem@emtnument sent data indicating that the High \MgdtgHV)
required to trigger the laser was not as stablesaal. ChemCam operations on Mars were pausedféw days to
investigate. With only the available telemetry anthboratory breadboard, since it is obviously isgiole to work
directly with the hardware on Mars, the engineeesenable to lower the risk rating in only 2 weeksce the
analysis concluded that there was no risk to eitherother functions of the instrument or the rouet Propulsion
Laboratory (JPL) mission leads cleared ChemCanmedame all of its activities, but with restrictiof®ubsequent to
the anomaly, at each downlink, the team perfornpettific checks and produced reports to adjust tmsteaints to
maximize the science return while preserving tfeedf the instrument

This paper will relate the analyses performed &ednodel for defining the operational constrairit€leemCam
when using laser now.
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Acronyms/Abbreviations

CNES - Centre National d'Etudes Spatiales

HK - House Keeping

HV - High Voltage

IRAP - Institut de Recherche en Astrophysique ahBlologie
JPL — Jet Propulsion Laboratory

LIBS — Laser Induce Breakdown Structure

LANL - Los Alamos National Laboratory

MSL — Mars Science Laboratory
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1. Introduction
1.1 The Mars Science Laboratory Mission

Ten years ago, in 2012, a jetpack put NASA'’s Cujoover on the Red Planet, beginning the missmfind
evidence that billions of years ago Mars had theditmons necessary to sustain microscopic life.c8ithen,
Curiosity has driven more than 29 kilometers antceaded more than 625 meters exploring Gale Cratertlze
foothills of Mount Sharp within it. The rover anabd 41 rock and soil samples, relying on a suitesaxénce
instruments. Curiosity studied the sky, capturinages of clouds and Mars’ moons. It also studieliiation on
Mars to prepare for future human exploration on Mueatian surface. The primary goal of the MSL nussivas
achieved: Curiosity determined that liquid wated &me chemical building blocks and nutrients neddeslistain life
were present for tens of millions of years in G@later (Vasavada et al., 2022 [3]). The crater dmld a lake,
which may have varied in size over time. Each higager on Mount Sharp serves as a record of a mement era
of Mars’ environment (Fraeman et al., 2021 [4]).

Curiosity’s mission was recently extended for arotthree years, allowing it to continue one of thajor
astrobiology missions on Mars: now the rover issidg through a new region thought to have formedvaser
disappeared from the surface, leaving behind sulfaherals.

Fig. 1: Curiosity's Selfie at Mont Mercou: with Gh€am on the mast (or “head”) of the rover. CredNt&SA/JPL-
Caltech/MSSS

1.2 ChemCam instrument

The ChemCam instrument is an international collation led by Los Alamos National Laboratory (LANIg)
the United States and the Institut de Recherch&stmophysique et Planetologie (IRAP) in France, rehtbe project
is supported by the Centre National d'Etudes Spati&NES) (Maurice et al. 2012; Wiens et al. 2012)

The ChemCam instrument consists of two units. Lextait the top of the Curiosity rover mast (MasttYaind in
the rover body (Body Unit). Built by Thales Optrosj under contract to CNES, the ChemCam laser he$irst
pulsed laser of its power class to operate on thfase of an extraterrestrial planet. The main psepof ChemCam
is to perform Laser-Induced Breakdown SpectrométtpS) to analyze the elemental composition of ®elnd
soils. ChemCam'’s tightly focused laser beam (3504a% in diameter) enables the targeting of fine-s¢afeain
features up to 7 meters. The spectrum of lasereedplasma light reveals the chemical compositibtagets
within seconds.
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Fig. 2: Localization of ChemCam Instrument into iBsity Rover

ChemCam’s Remote Micro-Imager (RMI) was originalBsigned as a context imager of targets to deterthim
location and effects of LIBS pits. The RMI is alssed to make long-distance feature observationaddition to
LIBS and imaging, ChemCam provides passive reftegaspectroscopy from 400 to 850 nm by using its
spectrometers without the laser.

2. Broad use of ChemCam in the science blocks

ChemCam is one of the most used instruments onbDaridsity. Its remote and rapid analysis capaocffers
opportunities for observations on every sol.

For about 9 years, we made extensive use of thenChen instrument, and its analyses were includesbout
45% of the mission's remote science observatia® 8rt average seven new targets have been anagzbdveek,
with 9 measurement points at each target and st 8hlaser shots at each point. Such a seriesinfspon a target
is nicknamed a raster, e.g. a 10x1 raster is adin@0 successive points. At the time of the maifiom, the
instrument had performed more than 860 000 shdt®wi any issues.

3. Instrument technical requirements

ChemCam laser provider (Thales Optronics) perforsate tests to estimate the lifetime of the laseingd
ground tests in 2008 of the pre-launch phase. TB& llaser was specified to 3 million shots for Maperations
and the laser components were evaluated to witthgthaut 20 million shots.

4. Thefailure

In January 2021 (Sol3007 — which was 6 terresygals beyond the planned prime mission as envidibge
NASA'’s Jet Propulsion Laboratory), the ChemCamrinsent on board the Mars Curiosity rover sent data
indicating that the High Voltage required for figithe laser was not as stable as usual.

The rover’s fault protection system is designedsfienarios when there are anomalies within theunmstnt or
issues that can immediately propagate to the rdivan issue arises, the rover puts the faultettunsent into safe
mode (“Sick”) and pauses science operations umgiigsue is addressed. On this High Voltage failweewere not
in a case where the rover detected such risk. atevas raised at rover’s level.

After a set of activities, the rover sent the datane of the three orbiters that relay the dath¢cearth (MRO,
Odyssey and TGO). Upon receipt of our data, wetbassess instrument health and safety by verifglhgelated
telemetry. At that point, we noticed that an instant-level alarm was raised: the High Voltage (h8gt activates
the pockels cell to trigger the ChemCam laser becanstable and exceeded the alarm threshold diminthird of
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four consecutive activities, 10x1 LIBS rasters oar¥/(figure 3). The instrument first performed &bdts, and then
paused for 5 minutes (as required since we werfenpging more than 1000 shots within a single soéeblock).
After this pause, the instrument’s High Voltagetst@d to be unstable until the end of this Sol'svéots. Despite

this issue, our downlink assessment showed thdasiee was still firing normally and the returngekstral data were
normal. As usual in anomaly situations, the Chem@aerations were paused to investigate.

Sol 3007 - HK HV anomaly (SOL 3007 11:28:08 - SOL 3007 13:26:29)
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Fig. 3: Behavior of High Voltage during the anom@lgd squares connected by lines). Alarm levelshosvn by yellow (alert)
and red (action) horizontal lines. The four rasteesindicated by blue arrows.

The HV was usually around 1010 V, but it went maggher and lower on Sol 3007 (although it did notoglow
~930 V). This HV board must provide both a High Mgle and a swift drop for the laser to fire. Flations were
seen even when the laser was not firing. We dicsaetany other signs of issues.

We reviewed the data from Sol 3007 plan and no wsllectivities (at the rover level) were executegarallel with
this occurrence. No unusual parameter settings mexe for this ChemCam activity.

Ouir first response was to keep ChemCam OFF umthdu analysis.

As defined in the anomaly’s management process,offebhed an ISA (Incident, Surprise and Anomalyprep
We started the meetings immediately to identifypghth forward. At this point, the main activities our side were:
- Request JPL to remove the already on-board Chang@anmands for Sol 3009 from the flight plan to
avoid any further immediate ChemCam activity.

- Estimate the risk of propagation to other pafthhe ChemCam instrument or to the rover beforegrowg
ON the HV convertors again.

- Analyze all the housekeeping data to identifyribat cause.

- Propose a plan to move forward to continue uSihgmCam even with restrictions.

The instrument experts who designed and integrttedinstrument in 2008 have been asked to assist th
operational team.
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5. Recovery
5.1 The risk of propagation
The first step was to provide JPL with an FMECAI(ii& Mode, Effects and Criticality Analysis) repor

Through modeling, analysis of the electronic designd laboratory experiments conducted during the
qualification phase, it was determined that theliilood of a failure propagating to other ChemCanrcfions or the
rover was very low.

The main point was that the only impact associatithl this anomaly was internal to ChemCam. In otherds,
if the HV line switch remained OFF, there was rekrof a failure occurring or propagating to othartp of the
instrument and even less to the rover. This praVidg@assurance that there was no risk in operatinssive mode
(when the convertors are not switched ON).

To better understand the anomaly, the instrumegineers at IRAP decided to build an electronic Hoaith
spare components, nearly identical to the one omsMand perform experiments on this board to teical
components on the ground. Fortunately, most ofctiraponents were still available in the laboratargd anly two
weeks were needed to assemble a board similaret@ite on Mars. A series of analyses revealed teakey
component was a transistor. Testing on this breadbenabled the team to define an in-flight stnategdentify the
root cause, proceeding gradually.

A decision and operational flowchart was develojpeguide the test sequence at each step.

One of the more damaging propagation possibilitiesild have led to the loss of most of the Mast Wnit
functionality due to a short circuit. Testing thigpothesis was one of the first steps: the +12Verurwas evaluated
on the ground after an in-flight test as part @& tbcovery plan and this possibility was discarfsse diagram in
figure 4).

5.2 Restarting the activities

As explained in the previous section, the analg$ithe propagation/root cause was closely relatethé restart
of operations.

The first step was to confirm how to completely iavimrning on the HV as part of the recovery plahe team
identified all commands that would power on thepgas HV parts, and those commands were restriai¢itl the
necessary additional analysis was completed. Thamad sequence of activities to power the instrutmiecluded
setting ON the HV line. Therefore, we had to usedolevel commands than usual.

We requested permission from JPL to restart witly arpassive activity (without High Voltage in theop) only
one week after the issue. This step was author@sedie had demonstrated that no propagation toawer ror
internally in the ChemCam instrument could occuthwthe HV line OFF. We were then under Mission Lead
constraints that prevented us from using LIBS aighMoltage.

We progressively reintroduced the passive actwitiéth only one activity per sol and with groundtire loop
between each activity. A single-point passive speeton ChemCam'’s calibration target assembly wa®peed on
Sol 3015, a 5x1 passive raster on Sol 3017, a RilLmosaic on Sol 3020, and a passive sky actimitysol 3022.

Following these successful steps, we were authibtizgperform these passive activities regularlywedey-three
(73) passive activities were thus performed betweels 3020 and 3071, meaning that ChemCam wadastiikly
used even if restricted.

Between each activity, the housekeeping data warefudly analyzed to check the behavior of therimsient
with NO activation of the HV line. All data were minal; there was no evidence of other failures.sEheesults
enabled us to present to JPL our first findings hiedsubsequent request to go further.

The next step was to turn on the HV for a shoretand analyze the state of the High Voltage. Weilmagjined
three scenarios:
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* HVis stable for one or two points and can be uselimited manner;

« HV oscillates when powered on, laser can be usedimlity may be affected: if the data show current
oscillating this would suggest that the HV issue/rna propagating.

e HV current is set to zero meaning the loss of ithe: |

Going deeper:

After that, the instrument team spent several wegkasind-testing various modes that might cause some
instability.

The main suspect was a capacitor controlling tHeage. This hypothesis was further tested by thenéhm team
on the reconstructed breadboard, in cold and hoditions. Those laboratory tests definitively comfed that there
was no risk of propagating this issue beyond thardoSince a difference was observed between fibtcald
conditions, analog tests on Mars were necessaeycold and one hot.

The next step was to request a series of testsvthat gradually reintroduce laser activities.

Between Sol 3071 (27 Mars, 2021) and Sol 3093 (fiBl 2021), seven sequences of diagnostics werduad
on Mars with the flight model:

 The first HV test was designed to obtain more imfation about the status of the HV and its
electronics. A potential degradation risk of the Hself or its controller had been identified buasv
mitigated by a very short activity. We created agua sequence to power on the instrument, take
housekeeping, turn ON the convertors, take new di@meping data and then switch OFF. This
sequence was tested in the IRAP clean room (o&tigineering Qualification Model, EQM) and also
on the testbed at JPL.
The first sequence reintegrating the HV for a \&rgrt duration was uploaded on Sol 3071.
The diagnostic of this test was that the High gdtavas stable over a duration of about 30 secakds.
modulation was visible over about five seconds idictely after power up, which might be longer
than before. It was difficult to confirm this belawbecause during nominal operations we do nothav
not those HouseKeeping data after powering on oheertors.

e« The second step (Sol 3074) was to repeat this smyeence but later in the day to have warmer
conditions. We observed that the modulation |lastgér at warmer temperatures, for about 13 seconds.

« Diagnostic case 3 (Sol 3076) aimed to test stgbiliter a longer period under warm conditions. The
duration of the activity increased from 30 sec &0 $ec. This confirmed that over three minutes ag h
no fluctuation and led us to ask the project tacpeal to the next step with a single laser shot {Reen:
at that point, we still had no laser activity, oalypower ON over a longer period).

« For test 4, the command sequence would performnglesiLIBS shot, after being tested on the
ChemCam EQM and on the testbed at JPL. This sequeas run on Sol 3081, under cold conditions.
To get more information, this activity was run omecof our calibration targets to see if the latssli
was healthy. A moderate spike in the High Voltagerent appeared after the laser shot, and the HV
returned to its nominal stable level within foucgeds. The science data also confirmed that thex las
was healthy.

¢ Run five was held on Sol 3083. The sequence wasahe as for step 4, but in warmer conditions. This
test confirmed that the HV current was less stabke warmer environment as it took longer (morentha
ten seconds) to stabilize.

« Diagnostic case 6 ran on Sol 3086 and aimed tmparthree shots on our calibration target durirgy th
cold period of the day. The conclusion was the sasi®r a single shot.
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« The last diagnostic case tested a different sequehdaser bursts with five initial shots, a pauss,
shots, a pause and then fifteen shots.

Figure 4 shows the diagram for this set of actwiti

HV at OV or Loss of laser
max {2560V) function

1%t test, cold test during 30s  +/

2 test, repeat with 30s warm test \/

3 test, repeat on longer duration (LIBS-like) v

4th test, repeat with a single laser shot i

5t test, repeat single shot at warmer temperature v

6t test, burst of 3 shots (3 Hz) at cold

7 test, several bursts with more shots at cold \/

B test, “science” sequence (5x1 raster, 30 shots 3 Hz, at cold) \/

Small fluctuations, and no
strong increase during the Use the laser within to-be-refined limits
test

Fluctuations comparable same approach
» HVunstable — P P

HV stable

to the end of Sol 3007 more likely a concern for laser function

“—» or stronger fluctuations .
o probable loss of laser function soon

Noticeable increase in 30s . . i \
system continues to degrade, even at cold
than on Sol 3007

Fig. 4: Decisional recovery tree

Using all the data from this set of activities, need more information about the state of ChemCarcireleics,
and we evaluated the possibility to recover therldganction of ChemCam. At that point, it was aseeésthat the
instability could stay at a level compatible wittetlaser but with restrictions on use.

The seven diagnostic tests and the recovery “sefeactivity were successful. The High Voltage ahd taser
are still working and the conditions of use haverbdefined. Modulation of the HV is visible afteparturbation
(power ON, laser fire) over five seconds (cold sase more than 10 seconds (warm cases), andttlsabilizes for
the duration of these relatively short activities.

These results were consistent with instabilitytie High Voltage control loop, and suggested thatahomaly
was aggravated the first time by the number ofvdaids (number of targets, number of points) whiahthat point
became a limiting factor in the use of ChemCam.

At this point of the analysis, the most likely ramuse seemed to be a partial failure of a capaiitthe loop
controlling the HV stability: the electronic boasélf-warming may explain the evolution with time 8ol 3007,
even if the amplitude of the oscillations seen aard/could not be fully reproduced in laboratory.

6. Adapting our way to operate our instrument

We assessed that continuing to use the laser isdhee way as before Sol 3007 was risky and cowdhre
voltage levels either too low to operate the lasdpo high and risky for the High Voltage itself.

Consequently, we had to develop a new way of uirdaser in accordance with the conclusions ofettpert
team and to adapt to the following details:
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« Use of ChemCam without the laser (i.e. passivea@an@MI| activities): Having an additional passive
activity after a LIBS activity, or in a separateié@we block on the same sol, does not have anydmpa
on the HV stability.

*  We operated in such a way during the whole regoperiod without any impact.

« Reliability of the laser: The science analysisha talibration target spectra during the recovemjoul
confirmed that the laser itself has no problemsamig the HV control line was affected.

¢ Constraint on the time of day: ChemCam tests shawatlthe HV remains relatively stable when the
instrument is cool; the laser continued to firemally and return excellent science data.

¢ Consequently, use of ChemCam with the laser: Thediwities should be of short duration and
preferably in a cold environment so that the HV aém stable.

Mission Lead constraints at the MSL project leveltevdefined to restrict the use of ChemCam asvislio

We first reintroduced a raster of 5 points on dydaasis with ground in the loop between each ra3teus, only
five LIBS points of 30 shots were performed atraeti Note that additional commands were added tp kee HV
board of the mast unit ON for as short time as iptsseind other commands to monitor this voltageragich event
(ON, bursts).

As we have identified that the risk of occurrenéeh@ anomaly is lower in cold conditions, a timestriction
was set and initially defined as follows: the CheantCactivities should finish at the latest at 13@rtian time).

At this point (Sol 3105), ChemCam activities resdméth limitations and, almost daily for each doimkl a
survey report was completed with specific High ¥gkt and laser parameter checks.

After operating for more than 55 sols, except ti@msexcursions at start-up, only small variatiam$dV were
observed, within the allowed limits.

The behavior was still consistent with the mostijkroot cause: the degradation of a capacitonénHV control
loop.

A weak temperature dependence was confirmed oiep#riod but remains under control with the operet
constraints in place. The team having noted thatitistrument was stable on all rasters since themption of
regular activities, it was considered at this tithat it was no longer necessary to have the graorthe loop
between each raster, but that it was still necggearontinue to monitor the HV behavior.

We were back in a stable situation for our instrotn&herefore, we decided to modify our script gatieg the
LIBS raster sequences with the new way of commandin

7. New mission lead constraintsfor preserving our instrumentsto continue performing science

Because we cannot repair the hardware on Mars, fimestinvolve software or procedure updates. Tlgeso
hardware problems engineers and scientists mughasastrument differently, work around the prob)eo still do
the science they want to do while preserving tiedithe of the instrument. Here, the strategy rezpito adjust time
constraints with seasonal thermal conditions.

All the restrictions are gathered in a so-calleds$ibn lead Constraint” managed at JPL level by M8ssion leads.
* We are still proceeding with only 5 points in tlaster, only one LIBS activity per sol. An additibna
requirement was introduced on Sol 3319: the LIBS/ig should be the first activity of a ChemCanobk
to avoid self-heating of the electronics beforehigh-voltage is used.
» After the initial time constraint, it was modifieds it is dependent on the weather on Mars. Dwiregy
season, the external temperature was getting wanueforced us to start a little earlier, then the
temperatures dropped and it became possible agatart later as shown in figure 5.
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“ New time constraint setting

3105 Acceptable up to 13:00

3199 Must complete not later than 15:00
3319 13:00

3335 12:15

3381 11:00

3453 11:15

3519 12:05

3554 12:30

3596 13:00

3628 13:20

Fig. 5: Evolution of timing constraints

At maximum, we were authorized to start a LIBS\afstiat 14:15. The experts at IRAP regularly update
those timings. Up to Sol 3319, the definition of time constraint was based on the end time cdthieity.
We decided that it was easier for planners to dapevih a start time.

» Starting with Sol 3335, it was agreed that for\atiis longer than the nominal duration (with agdial
images, focus, or with autonomous targeting), thet §ime should be advanced to 50 minutes earlier.

With all these restrictions, the laser High Voltag@ery stable. More than 700 sols after the afgre of the
anomaly, this strategy enabled us to preservengteument and to consider the Extension of the ibtisir 2023-
2025.

About the future of ChemCam use

We are proud to be able to continue operating then@Cam instrument even with restrictions, andithisery
beneficial to the science team. Further technioalysis is underway to assess whether it woulddssiple to
improve the operating conditions (more activitynder, or later in the day) during the coldest seasoMars,
although we must always be very careful.

6. Conclusions

The recovery of the ChemCam laser was accompligiredgh the coordinated efforts of an internatideam of
engineers located in the U.S. and France. The tearied on this recovery under more challengingditions as
we were in the midst of the COVID-19 pandemic, viahilid not allow workers to congregate as a teagven in
their respective laboratories.

In 2022, what started as a two-Earth-year missaelrated its tenth year on Mars. We have facecesom
problems but we are still in the game: Working awbthe clock in shifts, the team was able to refyatiagnose the
ChemCam hardware on Mars and develop a new opeaafiootocol for the laser. This accomplishment
demonstrates effective teamwork under exceptiomdifflenging conditions to solve a complex probtemanother
planet.

The team’s work and spirit for this recovery wasognized by the Explorer Club, which awarded ther@6am
engineering team the “Citation of Merit 2022”.

As the next extended mission agreement for MarspBahaboratory begins, we are proud to have adaied
strategy that has allowed ChemCam to participatesim discoveries in Gale crater’s sulfate unitse iew mission
extension was granted with confirmation that Chem@all operate for three more years... and even more!
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