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The Carbothermal Reduction Demonstration (CaRD) project is currently developing a subscale system to demonstrate the operation and performance of the carbothermal reduction process and quantify the production of molar equivalent oxygen via carbon monoxide (CO) and carbon dioxide (CO2). Traditionally, gas chromatography (GC) systems are utilized to quantify gases due to their ability to separate volatile compounds within the gas mixture, followed by detection of the isolated component of interest. Despite their capabilities, GCs require carrier gas consumables for their operational mobile phase and consequently are not often considered a flight-forward option. An alternative analytical technique known as mass spectrometry measures the presence of gas phase molecules without the need of carrier gas. Residual gas analyzers (RGAs), which are smaller and rugged mass spectrometers, are not traditionally used to quantify analytes as they serve more as a monitoring tool. However, proper application and calibration can result in a flight-forward analytical instrument capable of direct quantification of volatile compounds of interest. Kennedy Space Center's role for the JSC led CaRD project is to design a gas analyzer system to detect and quantify the CO and CO2 gases produced during the carbothermal reaction utilizing a commercial version of the Mass Spectrometer observing lunar operations (MSolo) instrument. MSolo is a modified commercial off-the-shelf RGA, which consists of quadrupole mass filter and space rated electronics. MSolo is currently a TRL 6 technology and manifested on the PRIME-1 and VIPER missions. This paper describes leveraging MSolo based instrumentation to develop a gas analysis system for the work outlined in the 2023 International Conference on Environmental Systems (ICES) paper number 313. 
Nomenclature
CaRD	=	Carbothermal Reduction Demonstration
COPR	=	Carbothermal Oxygen Production Reactor
CO	=	Carbon Monoxide
CO2	=	Carbon Dioxide
GC	=	Gas Chromatography
JSC	=	Johnson Space Center
KPP	=	Key Performance Parameter
KSC	=	Kennedy Space Center
MSolo	=	Mass Spectrometer observing lunar operations
O2	=	Oxygen
RGA	=	Residual Gas Analyzer 
I. Introduction
L
unar regolith contains ~45% oxygen (O2) by mass, which can be extracted and utilized for long-term exploration. The carbothermal reduction process is one of the oxygen-from-regolith (O2FR) technologies currently under development. This process involves the reduction of molten regolith, composed of metal- and semi-metal oxides, in the presence of carbon to produce recoverable O2 in the form of carbon monoxide (CO) and carbon dioxide (CO2) gas. The recovered O2 can then be used as propellant to reduce the required consumables to be delivered to lunar surface for future missions. This technology reduces risks to long-duration crewed surface missions as it can be available for breathing and fuel cells.1-4
The Carbothermal Reduction Demonstration (CaRD) project led by Johnson Space Center (JSC) is currently developing a subscale system to demonstrate the operation and performance of the carbothermal reduction process and quantify the production of molar equivalent O2 in the form of CO and CO2. One of the goals is to design a gas analyzer system to detect and quantify the CO and CO2 gas produced during the carbothermal reaction utilizing a commercial version of the Mass Spectrometer Observing Lunar Operations (MSolo) instrument. 
A previous test successfully integrated a brassboard design of the gas analysis and manual carbothermal reactor subsystems, collected performance data of the reactor, and determined the gas analysis subsystem’s quantification accuracy compared to a gas chromatograph (GC). This test used the gas analysis subsystem to sample from the reactor fluid system developed by Sierra Space that recirculated argon (Ar) and carbothermal reduction product gases. The reaction was initiated by a 2kW laser to simulate concentrated solar energy for a total of 6-minutes. The design of the gas analyzer subsystem included the ability to sample in a delayed “real-time” configuration and surge tanks that captured the gases at specific time points to provide snapshots of the 6-minute reaction. 
The brassboard test demonstrated up to 15.79 g/kWh utilizing thermal energy. This O2 production was an order of magnitude higher than the key performance parameter (KPP) target of 1.25 g/kWh. MSolo’s CO quantification closely matched the GC’s and resulted in 8.71% ± 6.86% variance. Negligible quantities of CO2 were observed across all tests, therefore, only the CO quantity was used to determine the O2 production. This test was a success in not only demonstrating O2 production by the CaRD brassboard system in a vacuum environment but demonstrating MSolo’s ability to derive performance data. Upon meeting the desired KPP and determining the subsystem’s accuracy, lessons learned were captured to be implemented to the next design phase. 
The prototype design phase for the gas analysis subsystem aimed to achieve the analysis of the reaction products with hydrogen (H2) as the working gas and to assist with the design of a flight-forward configuration. H2 was used as the working gas for the prototype tests since it will be the gas utilized on the lunar surface due to its ability to be recycled in the larger scheme of ISRU implementation. Utilizing H2 during the carbothermal reduction reaction could produce relevant gases including potential corrosive acids such as HCl, HF, and H2S. The goal of the test was to identify if such gases are produced in quantities that would be harmful to the equipment and quantify the production of CO with H2 as the working gas. Delays in real-time sampling that were observed in the brassboard testing were addressed in the gas analysis system design for prototype testing by significantly simplifying the hardware configuration. This new configuration is intended to be more representative of a flight-forward design.
The prototype testing integrated the Sierra Space Carbothermal Oxygen Production Reactor (COPR) reactor with the MSolo instrument attached to COPR’s valve panel. Additional information on the COPR system can be found in ICES-2023-313.5 Briefly, COPR is the prototype automatic reactor designed to operate in lunar relevant environment. The operation of COPR includes sample prep, reaction in reaction chamber, and melt removal. For the test described here, the reaction was performed with a simulated solar energy via a laser. 
II. Materials and Methods
Gas Analysis Subsystem Design
All testing was conducted using an INFICON Transpector MPH Crossbeam RGA connected to a Pfeiffer HiCube 80 gas pumping system. As shown in Figure 1, gas was sampled into a ConFlat 6-way cube through a hydroguard fused silica capillary tube. The ion source region of the crossbeam sensor was carefully placed into the cube in a manner where it aligned directly to the path of the capillary. For preliminary calibration testing, a manifold was used at the other end of the capillary to set a pressure of gas mixtures. For the prototype testing at Sierra Space, this manifold was removed, and the capillary was directly attached to the COPR valve panel. 
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Figure 1. RGA and pumping Setup

Calibration Procedure
Preliminary testing was conducted at Johnson Space Center (JSC) to demonstrate the ability to calibrate the MSolo instrument in a H2 environment. Gas standards were obtained with CO concentrations ranging from 1 to 10%. First, the chamber and manifold were evacuated and brought to background pressures. For the chamber, this was on the order of 10-6 Torr or below. For the manifold, this was on the order of 10-1 Torr. The RGA recorded data at these pressures for five minutes to use as a background signal. Then, the full system was purged with the test gas, which meant pressurizing the manifold to ~700 Torr with the test gas. This cycled for two minutes, then the full system was evacuated back to background pressures. It’s important to note that for the H2 tests, this meant waiting until a “ballast purge” occurred as a rapid decrease in the H2 signal at mass-to-charge ratio (m/z) of 2 was observed, then letting the system pump down for five more minutes. A ballast purge is a mode of the HiCube system that pulled low levels of air into the roughing pump. This occurred every 15 minutes during operation of the pump and helped remove excess H2 that would accumulate in the pumping system. Once the pressure maintained the background level for five minutes, the system would then be pressurized to a target manifold pressure step of 51.7 Torr (1 psi).  The manifold pressure was achieved by carefully balancing the input and output needle valves. This pressure would be maintained for five minutes with continuous signal recording by the RGA. Then, the pressure would be increased to the next pressure step for five minutes. 
The RGA measures both: a total pressure plate (TPP) value and a signal current response at different m/z also known as atomic mass units (amu); note that, for purposes of this report, m/z values will simply be reported as amu. For these tests, the RGA recorded 1 point per amu for a mass range of 1-85 amu, with a corresponding dwell time of 128 ms for each amu. The measured partial pressure for each gas was determined by multiplying the total pressure measured by the TPP by the known fraction of the measured gas standard. For example, for a gas mixture of 10% CO in H2, the measured partial pressure of CO was calculated by multiplying the TPP by 0.10. Similarly, for the given example, the measured partial pressure of H2 would then be the TPP pressure value by 0.90. A distinction is made here between the measured pressure and the actual pressure.  Note that the TPP displays a known deviation from the actual pressure in the chamber. However, the deviation is proportional for all gases and pressures over the range of measurement. Thus, the deviation is eliminated when the ratio of response slopes is calculated (see below).  Corrections must be made to the measured current signals based on the other potential gases that could be observed at the same amu. CO is measured at 28 amu, but nitrogen can also be seen at that same mass to charge ratio. Also, CO2 could also have some contributions in the 28 amu signal due to fragmentation during its ionization process. To correct for this, other signals that measure nitrogen and CO2 can be subtracted at known fragmentation factor ratios. In practice, this means subtracting (0.11/0.70) times the measured 44 amu signal and (0.88/0.12) times the 14 amu signal from the 28 amu signal to yield the current resulting from CO.  Note that the potential formations of di-cations were neglected for these calibrations (that is, signal at 14 amu could potentially be the result of CO2+; however, this potential contribution was neglected). Additionally, all current signals were corrected for the background signal. The background signal was determined by averaging current values for each amu during the background measurement step described above.  These average values were then subtracted from the current value for each amu. Equation 1 shows the calculation for the CO current response at 28 amu.

 							(1)

Here ICO is the signal current at 28 amu resulting from CO, I28 is the measured current at 28 amu, I44 is the measured current at 44 amu, I44BG is the average background current for 44 amu, I14 is the measured current at 14 amu, and I28BG is the average background current for 28 amu.  These corrections were performed individually for each datum in the time-domain data.  Note that interfering species don’t exist for H2.  Therefore, no corrections (other than the background correction) were applied to the 2 amu current.
Figure 2 provides a workflow of the calibration process that starts with the standard gas bottle as the source of the gas that fills the volume of the manifold, which then moves through the capillary into the RGA vacuum chamber to be analyzed. 
[image: ]
Figure 2. Workflow of the calibration process.
Testing Setup and Procedure
For the prototype testing, the RGA system was connected to the COPR reactor. An 85 cm capillary was connected to a sampling port that maintained a pressure between 3-4 psia during the reaction. This port captured real-time gases as they flowed out of the reactor and into a storage tank. 
Initially, a series of scans were collected with all lines evacuated to establish a background level for the instrument. Then, H2 gas was flowed into the reactor and through the system for around three minutes to establish a pre-test baseline. Once an equilibrium state was reached, the laser was powered on to start the carbothermal reaction. During the activation of the laser, gas was sampled through the short capillary. Following the reaction, H2 gas was flowed into the system until the sampling was complete. This allowed the RGA signal to return to a baseline CO measurement. 
III. Results and Discussion
1. Calibration Proof of Concept
Testing at JSC showed the feasibility of calibrating the MSolo system with a H2-based test gas. For each gas mixture, the RGA current response was measured for H2 and CO. These were plotted in reference to the changes in partial pressures for each gas. Examples of these plots are shown in Figure 2 and Figure 3. If the RGA is properly calibrated, the current signals should increase linearly with rising partial pressures. 

 
[bookmark: _Ref147316859]Figure 3. The changes in RGA signal current are shown with reference to partial pressures of H2. 
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[bookmark: _Ref147316862]Figure 4. The changes in RGA signal current are shown with reference to partial pressures of CO. 

Linear regression lines were calculated for each of the H2 and the CO plots, with the equations shown in the figures. The CO/H2 ratio of the slopes from these equations were then calculated and compared for each gas mixture. Three tests were conducted at each concentration and used to calculate the average ratio of CO/H2 slopes. 
For two of the gases (2% CO and 5% CO), the gas mixtures were tested an additional 3 times each. For these challenge sets, the calculations were done in reverse. Instead of being an input, the expected gas mixture was calculated to achieve the average CO/H2 slope ratio from the calibration tests. The resulting values are presented in Table 1 along with their error percentages. Altogether, the average error for these challenge tests was 3.2%, and the worst case was an error of 6.4%. This was well within our target of less than 25% error. 



Table 1. The error percentages for each of the challenge tests are shown.
	Challenge Test
	Actual
CO%
	Calculated CO%
	Error % 

	1
	2.0
	2.1
	6.4

	2
	5.0
	5.1
	1.2

	3
	5.0
	5.3
	6.2

	4
	2.0
	1.9
	2.6

	5
	5.0
	5.0
	0.6

	6
	2.0
	2.0
	2.2

	
	
	Avg
	3.2


	
It was noted during calibrations that pumping H2 through vacuum pumps reduces the pumping rate, which inherently led to an increase in H2 concentration during these purges. This is shown in Figure 4.  Since CO is being pumped out at a consistent rate but H2 is not, the calibration errors on the side of a lower concentration of CO. This means that calculated CO values would be higher than actual values in future tests. This was not seen fully in the challenge tests because those were conducted in the same pumping environment as the calibrations. It should also be noted that every 15 minutes, the HiCube system performs a ballast purge that flushes in a small volume of air to help the H2 flow out of the pump. This reduces the pressure in the system during the purge event. 


[bookmark: _Ref158821901]Figure 5. Calibration data showing accumulation of H2 in pumping system. 

Prototype Testing
Once the calibration was shown to work as a proof on concept, the gas analysis system was integrated into the COPR reactor at Sierra Space. Due to the behavior of the H2 accumulation in previous tests, a new calibration was performed with a 3% CO mixture in H2. 
Using this calibration, the real-time percentage of CO being produced could be calculated. This method depends on the previous experimental determination of the ratio (R) of the slopes of current versus partial pressure for both H2 (at m/z = 2) and CO (at m/z = 28).
 

 
Here the slopes are taken from:
 

 
And
 

 
Where IX(Y) is the corrected current for species Y at m/z = x, PTPP is the pressure as measured by the total pressure plate (previously PINT), and fCO is the fraction of CO in the gas mixture.  Here we assume that the gas mixture is binary (as will be shown below, the end result does not depend on a binary gas mixture), thus the (1 - fCO) term in place of the fraction of H2 in Equation [3].
 The corrected currents are measured as follows:
 
[5]
 
And
 


Here the notations are:  TOT = total and BG = background. The numerical fractions are the ratios of the fragmentation factors with that for m/z = 44 representing the contribution of CO2 to the m/z = 28 peak, and m/z = 14 representing the contribution of N2 to the m/z = 28 peak. Note that the background value is not subtracted from I14(TOT); experience has shown that this results in negative adjusted current values for I28(CO) due to the large multiplier from the ratio of fragmentation factors.
 Previously, the slopes (m) were determined from time averaging responses of constant experimental conditions (gas concentrations), and then taking a regression from the plot of adjusted current versus known partial pressure.  However, this could just as easily be performed for single points (with potential loss in averaging - though averaging could be performed later providing a mathematically equivalent result).
 If R is previously determined experimentally, then these equations could be reversed to find fCO from measured currents (even single data points) as follows.  First, we solve Equation [3] for fCO:
 

 
From the previously determined ratio R, we can substitute from Equations [1] and then [3] (and then cancelling PTPP):
 

 
The implications of the cancellation of PTPP is such that it could have been defined as just the fraction of PTPP that resulted from the sum of CO and H2, thus these equations should also work if there are additional non-interfering gases present with unknown partial pressures.
 Next, Equation [8] is solved for fCO:
 

 
where
 

 
For each individual collected data point, Equations [9] and [10] can be used in conjunction with Equations [5] and [6] to determine the fraction of CO.
These calculations resulted in the values shown in Figure 3. 
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Off
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[bookmark: _Ref158810342]Figure 6. The real time CO concentration as measured during Test 2. 

It can be seen that the reaction takes roughly 30 seconds after laser ignition for the first produced gases to reach the RGA. The production of CO continues to rise as the reactor warms the regolith and starts driving a carbothermal reaction. A steady state is achieved around five minutes into the test. Coincidentally, for Test 2, the five-minute mark is also when a ballast purge event occurred in the system. As noted above, the ballast purge dumps excess H2 that had built up in the pump. This raises the calculated CO concentration because the H2 concentration, which is in the denominator of Equation [2], decreases during the purge. It should be noted that the measured CO concentration before the ballast purge is likely artificially low due to the slow buildup of H2. In the steady state after the purge, the reaction was producing CO at a concentration of 2.3%. 
Given the flow rate of gas through the system, the measured concentration of CO can be integrated over time to give the overall amount of CO produced during the reaction. A constant flow of 35 SLM was used throughout the run, resulting in the calculated CO production shown and compared with Sierra Space gas chromatograph data in Table 2. For each test, the RGA integration showed good alignment with the Sierra Space data, with the exception of Test 4. During test 4, a valve issue caused the venting of a high percentage of the test gases. This caused pressure variations and gas mixing that led to unreliable measurements. This was an off-nominal case and will be prevented in the future via procedural corrections. 


[bookmark: _Ref159386264]Table 2. Measured CO extraction comparing RGA and GC measurements.
	Test name
	SS Test name
	mCO(g) RGA Integration
	mCO(g) SS
	Variance (%)

	Test 1
	COPR - 7
	5.112
	4.840
	5.5

	Test 2
	COPR - 8
	4.030
	3.642
	10.1

	Test 3
	COPR - 9
	3.827
	3.965
	3.5

	Test 4
	COPR - 10
	2.062
	3.120
	40.8

	Test 5
	COPR - 11
	3.393
	3.846
	12.5

	AVG
	
	4.09
	4.07
	7.9

	STD
	
	0.73
	0.53
	4.1



Notably, none of the potential corrosive acids such as HCl, HF, and H2S were detected by the RGA. Although this could suggest that the corrosive acids were not produced, it cannot be concluded as such. For instance, H2S may have been produced in quantities below the RGA’s limit of detection, which is calculated as 13 ppm H2S, since no signal intensity was observed. Future testing can be performed to investigate the production and quantification of these corrosive gases by optimizing the RGA’s configuration if desired. Regardless, one of the goals of this test was to ensure that the RGA system in the current configuration would not be damaged during the testing and this was successfully demonstrated.
IV. Conclusion
The CaRD brassboard test had demonstrated that the MSolo instrument could successfully quantify the production of CO and a negligible amount of CO2 in real-time with Ar as the working gas. Due to the negligible production of CO2, the instrument would only be calibrated to quantify CO hence forth and monitor for CO2 and other potential products. In this paper, the KSC gas analysis team demonstrated the ability to calibrate the MSolo instrument to measure CO concentrations with H2 as the working gas in real-time. This was shown in both a controlled and a use-case scenario. The controlled scenario was performed at JSC where the MSolo instrument was calibrated and determined an average error of 3.2% for the challenge tests and a worst-case error of 6.4%. Subsequently, the use-case scenario tested the MSolo instrument in a relevant environment by testing it with the prototype COPR reactor with H2 as the working gas. The tests demonstrated that the MSolo instrument has an average relative accuracy to the GC of 7.9% ± 4.3%, which is well below our requirement accuracy of 25%. Measurements at Sierra Space showed that RGA measurements align well with GC measurements and can give real-time data during a reaction. These preliminary tests have built confidence for fully integrated testing later this year. Additionally, future tests will involve keeping our vacuum ballast valve continuously open to prevent H2 build-up and subsequently help improve our quantification accuracy. 
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H2 Current (A)


CO Current (A)




Prototype Test 2

%CO	-10.925999999999988	0.55299999999999727	12.031000000000006	23.509999999999991	34.988999999999976	46.466999999999985	57.946000000000026	69.423999999999978	80.90300000000002	92.382000000000005	103.86000000000001	115.339	126.81700000000001	138.29600000000005	149.77499999999998	161.25300000000004	172.73199999999997	184.21000000000004	195.68899999999996	207.16800000000001	218.64599999999996	230.125	241.60299999999995	253.08199999999999	264.56100000000004	276.03899999999999	287.51800000000003	298.99599999999998	310.47500000000002	321.95399999999995	333.43200000000002	344.91099999999994	356.38900000000001	367.86800000000005	379.34699999999998	390.82500000000005	402.30399999999997	413.78200000000004	425.26099999999997	436.74	448.21799999999996	459.697	471.17499999999995	482.654	494.13300000000004	0	0	0	1.5950882567304975E-3	0.51305410330060297	0.85690324095698633	1.0089198191960818	1.1074026455248154	1.1807980205708175	1.1782247827159955	1.2645099143439407	1.2823841235623143	1.3140437080266161	1.316556230660249	1.3971873494134504	1.4384224036601221	1.4783364447032452	1.4477326452220307	1.4433528900374772	1.4755422352353116	1.6241153801471933	1.7252749216729417	1.7557980053751925	1.7918760347210614	1.7352446056140483	1.7128839392932143	1.8318611772450877	1.8894205730994542	1.9320983443738329	2.3158377095412908	2.3624379527718311	2.3417648831715532	2.3571121589559452	2.3448235823332952	2.3206448013581373	1.2897978969741384	0.46251046162939691	0.17900745295262382	7.5425195966079231E-2	3.5095759011405284E-2	1.7685620321165402E-2	1.3138900574285791E-2	1.9910357516066381E-2	2.6112471292805636E-2	2.9763765718943552E-2	Time after Laser Ignition (s)


CO Concentration (%)
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