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The Spacecraft Atmosphere Monitor (S.A.M.) is a miniature gas chromatograph (GC) 

mass spectrometer (MS) intended for assessing trace volatile organic compounds and the 

major constituents in the atmosphere of present (the International Space Station) and future 

crewed spacecraft. As such, S.A.M. will continuously sample concentrations of major air 

constituents (CH4, H2O, N2, O2, and CO2) and report results in two-second intervals. The 

S.A.M. is a technology demonstration planned to be delivered in February 2019 and 

consequently launched in May 2019. The S.A.M. is mechanically designed to operate under 

hi-G loads present during launch events and can operate at sub-atmospheric pressures 

relevant to extra-vehicular activities. Total instrument mass is projected at 9.5 kg with 

power consumption estimated at 35 W. The S.A.M. instrument will provide on-demand 

reporting on trace volatile organic compounds (VOC) at ppm to ppb levels of 21+ species 

relevant for astronaut health. Here we are reporting on the results from the Development 

Model (DM) as its being prepared to be deliver to Marshal Space Center for testing and 

validation. 

Nomenclature 

ASIC = Application Specific Integrated Circuit 

COTS = Commercial Off-the-Shelf 

DM = Development Model 

EB = Electronics Boards 

FID = Flame Ionization Detector 

FPGA = Field-Programmable Gate Array 

GC = Gas Chromatograph 

GR = Gas Reservoir 

HV = High Voltage 

ISS = International Space Station 

JPL = Jet Propulsion Laboratory 

LV = Low-Voltage 

MC = Microcolumn 

MCA = Major Constituents Analysis 

MEMS = Micro-Electro-Mechanical System 

MS = Mass Spectrometer 

MV = Microvalve 

PC = Preconcentrator 

PCB = Power Control Board 

ppm = Parts-per-Million  

PRT = Platinum Resistance Thermometer  

NAS = Network Attached Storage  

NEG = Non-Evaporable Getter 

QIT = Quadrupole Ion Trap 

rf = Radio Frequency 

S.A.M. = Spacecraft Atmosphere Monitor 

sccm = standard cubic centimeter per min 

SEU = Single Event Upset  

SMAC = Spacecraft Max. Allowable Conc. 

SI = Sampling Interface 

SPI = Serial Peripheral Interface 

TB = Testbed 

TIC = Total Ion Current  

TG = Trace Gas 

UART = Universal Asynchronous Receiver / 

Transmitter 

UHV = Ultra High Vacuum  

VCAM = Vehicle Cabin Atmosphere Monitor 

                                                           
1
 Technologist, JPL, Group 389T, M/S 306-392. 

2
 Systems Engineer, JPL, Group 382B, M/S 171-B56. 

3
 Microdevices Engineer, JPL, Group 389W, M/S 302-231. 

4
 Microdevices Engineer, JPL, Group 389R, M/S T1723-118. 

5
 Electrical Engineer, JPL, Group 389T, M/S T1723-118. 

6
 Electrical Engineer, JPL, Group 349C, M/S 198-138. 

7
 Electrical Engineer, Caltech, Observational Cosmology, MC 367-17. 

8
 Technologist, JPL, Group 3463, M/S 303-300. 



 

International Conference on Environmental Systems 
 

 

2 

PCGC = Preconcentrator/Gas Chromatograph 

POR = Power on Reset  

ppb = Parts-per-Billion 

VHCE = Valve Heater Control Electronics 

VOC = Volatile Organic Compound 

 

I. Introduction 

HE S.A.M. instrument is JPL’s atmospheric air quality monitoring module, developed as a 

technology demonstration for the ISS
1-3

. The S.A.M is a direct successor of the VCAM instrument
4-9

, 

which operated for two years on the ISS. Although VCAM and S.A.M provide the same functionality, 

S.A.M incorporates several key technological advances: a) use of a passive pumping system, ion/getter 

pumps, rather than turbo and roughing pumps; b) nominal operation under high vacuum conditions; c) 

introduction of MEMS components
1,2

. These advances enabled S.A.M. instrument to operate under one 

half of the VCAM power consumption in compact form factor at one third of VCAM mass and volume. 

The list of some of the more interesting S.A.M. operational parameters are listed in Table I. 

 

Figure 1. (left) 3D model of the S.A.M. flight unit, in see-through presentation. On the top of the box is the GC 

subsystem with sensor subsystem mounted just underneath. The non-transparent box contains the serial resonant 

tank; (right) 3D model of the GC subsystem with main components labeled for easy identification and comparison 

with Figure 2. 

The direct to comparison to the VCAM parameters can be found elsewhere
4
, most notably we would like 

to point out that S.A.M. is designed as in rack as well as handheld instrument that can be positioned 

anywhere on the ISS. Due to the dimensions it can be also used in the space vehicles such as ORION. 

Table I: Characteristics of the S.A.M. instrument. For comparison with VCAM see previous reports
1-3

. 

Parameter Value  Parameter Value 

mass 9.5 kg TG report time 10 min 

dimensions 9.5”x8.75”x7.5” H2 consumption 0.06 cm
3
/min 

volume 10 ℓ valves 3 Mindrum valves
5
 

average power 35 W PC 4000x enrichment 

operation mobile GC injection MEMS PC 

start-up time < 2 min GC column 4m MEMS 

operation mode continuous MCA elution time < 10 min 

MCA report time every 2 seconds trap size 10 mm 

T 
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The S.A.M. has two major mutually exclusive operational modes: i) Major Constituent Analysis (MCA), 

and ii) Trace Gas Analysis (TGA) mode. The MCA mode continuously measures the cabin air 

composition, and every two seconds reports on the concentrations of N2, O2, CO2, CH4 and H2O. This is 

nominal mode of operation intended to be engaged 24/7. The TGA mode measures trace species 

composition of the cabin air. The list of compounds S.A.M. is tasked to detect and quantify is given in 

Table II. 

In this report we will provide an overview of the development model (DM) of S.A.M. as it is prepared for 

delivery to the Marshall Space Flight Center for testing and validation. The development model is in fit 

and function at about 90% of its final flight version. In all our previous reports
1-3

 we showed piecewise 

operational characteristics of the S.A.M. testbed unit. Here we instead present its end-to-end capabilities 

as is expected of the flight unit. 

Table II: The list of chemical compounds S.A.M. is tasked to detected and quantify.  

 Trace Volatile Organic Compound Dynamic Range 

(ppm) 

D
et

ec
ti

o
n

 &
 Q

u
a

n
ti

fi
ca

ti
o

n
 

Hexane (C5-C7 Alkanes) 0.014 1.4 

Acrolein (Propenal) 0.004 0.040 

Ethanol 0.5 11.0 

2-Propanol 0.04 4.0 

1-Butanol 0.02 0.7 

Acetone 0.04 1.3 

Benzene 0.01 0.2 

Toluene 0.03 0.3 

ortho-Xylenes 0.02 0.2 

meta,para-Xylenes 0.02 0.2 

Dichloromethane 0.01 0.1 

Acetaldehyde 0.06 1.1 

Freon 2018 (perfluoropropane) 13 130 

Methanol 0.1 4.0 

D
et

ec
ti

o
n

 

O
n

ly
 

Octamethylcyclotetrasiloxane 0.02 0.2 

Hexamethylcyclotrisiloxane 0.02 0.2 

Decamethylcyclopentasiloxane 0.01 0.1 

Propylene glycol TBD TBD 

Trimethylsilanol 0.05 1 

II. DM Overview 

The functional block diagram of the S.A.M. DM is given in Figure 2. There are slight differences between 

the DM and the final flight unit: 1) the DM uses an external H2 tank to deliver carrier gas to the GC 

subsystem, labeled in Figure 2 as H2 inlet. Effectively in this manifestation of S.A.M., Mindrum valve 3 

remains closed and this external H2 tank and regulator are used as a carrier inlet system; 2) The MEMS 

preconcentrator (PC) and microvalve (MV) chips are modified versions of the final flight versions. These 

modifications, resulted in the gas lines connecting the PC and MV having much less conductance 

compared to the internal lines within the MV block. The direct consequence of this decrease in relative 

conductance is that the gain in trace gas concentration of current PC is effectively reduced, which in turn 

currently limits the ability of the S.A.M. DM of detecting concentrations trace contaminants below 10 

ppm, as discussed in the MCA / TGA overview test in section III.; 3) The electronics installed in the DM 

are not the final version due to improvements in noise, robustness, and power consumption continuing to 

be made. This current version of the electronics, however, has the full functionality of its future flight 

analog. 

The heart of the GC subsystem of the S.A.M instrument is the MEMS PC, MV and GC silicon chips 

housed within a single PC/MV/GC package of 40mmx20mmx20mm dimensions, see Figure 1-right. All 
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electrical connections as well as plumbing lines needed for the actuations of the membrane valves within 

the MV chip and the resistive heating of the PC and GC chips are interfaced through this vespel package. 

The MV chip is a single multilayered silicon chip with 4 electrostatically actuated MEMS valves (Micro 

Valves - MVs): sample (S), vent (V), carrier (C) and injection (I) connected directly to the rest of the GC 

plumbing, see Figure 2. The MV chip has two ports in the center of the chip for interfacing with the PC 

silicon chip. This interface is schematically shown in Figure 2 as a small 250 nℓ chamber labeled PC. 

This PC volume is filled with carboxen spheres (~80 mesh) which serve as the gettering material 

responsible for inducing sample concentration gain when flash-heated to 220 ºC. In addition to the 

MV/PC/GC block we have added a 4 m x 75 µm uncoated, deactivated column, also microfabricated 

within a silicon chip. The purpose of this microcolumn is to decrease the flow of the carrier gas to 

optimize the QIT-MS performance. As indicated in Figure 2, the temperature of GC chips can be actively 

regulated using the S.A.M electronics. Details of the development, fabrication, and performance of the 

individual MEMS devices have been reported elsewhere
2,8

. The new PC/MV/GC block for DM1 unit is in 

production as of writing this report, and we expect to integrate it during June following the DM testing at 

Marshall Space Center. 

The DM operates in two distinct and mutually exclusive mode of operations, Major Constituent Analysis 

(MCA) mode and Trace Gas (TG) mode. During the MCA mode, the Mindrum valve labeled V2 in Figure 

2 is closed rendering the TG inoperable. 

 

Figure 2. Functional Block Diagram of the S.A.M. DM. This diagram shows the plumbing for both the Trace Gas 

(TG) and Major Constituents Analysis (MCA) lines. The three PCGC chips are actually housed in a single Vespel 

block with three layers. 

In the MCA mode of operation, by opening the Mindrum valve labelled V4, an inward flow of cabin air 

towards the sensor is regulated by the flow restrictor, see red colored line in Figure 2. This flow is 

regulated in such a way that the pressure in the chamber is below 1E-8 Torr, keeping the getter and ion 

pump away from saturation regime for more than a year of operation. For the majority of the MCA mode, 

the V4 is open. However, V4 can be closed when it is necessary to perform a background measurement of 

the high-vacuum QIT-MS environment for MCA calibration purposes. This is nominal mode of operation 

in which the instrument will be all the time except when in on-demand TG mode. 

The trace gas mode of operation has six stages: sampling (5 min), pressure equilibration (1 min), PC 

heating (5 s) and injection (10 s), elution (10 min), and PC cleaning (30 min) performed in this order. 

Only during the PC heating, injection, and elution stages is V2 in the open position allowing H2 to flow 



 

International Conference on Environmental Systems 
 

 

5 

into the QIT-MS chamber. During all other TG stages, MCA can continue to operate. During the 

sampling stage, V2 is closed and the sample pump is activated while the S and V microvalves are open 

allowing the gas flow drawn by the sample pump to flow through the PC sample volume. In the pressure 

equilibration stage, the sample pump is switched off and the V microvalve is closed while allowing the 

sub-ambient sample volume of the PC to fill with atmosphere through the still open S microvalve. The PC 

heating and injection stage consist of opening the C and I microvalves, directing the H2 carrier flow 

through the loaded sample volume and into the GC chip. While these valves are open, the PC sample 

volume is flash-heated to 220 ºC, causing the majority of the trace organic volatiles adsorbed to the 

carboxen to desorb and flow in to the GC and ultimately into the QIT-MS sensor. After the injection is 

performed, the C and V microvalves are closed allowing the H2 carrier to continue to flow through a 

bypass gas line for 10 minutes while the GC elution is performed. After the elution is completed, V2 is 

closed and the instrument returns to MCA mode. During the PC cleaning stage, the C and V microvalves 

are opened and the sample pump is activated to sweep clean H2 across the sample volume. During this 30 

min stage, the PC heater is activated in order to desorb residual trace organic volatiles not injected into 

the GC chip which are then removed by the flowing H2 carrier gas.  

III. DM Testing Goals 

The purpose of testing at Marshall Space Flight Center is to demonstrate and evaluate the end-to-end 

functionality of the DM. Presently DM functionality is at 90% of the flight unit’s capabilities. Testing 

involves satisfying two requirements: communication and proper execution of two basic modes of 

operation. When the DM is switched on, it boots into the OS, establishes connection with network, and 

goes into the stand-by mode. In this mode, the QIT-MS sensor is fully operational (vacuum achieved, 

high-voltages activated, heaters on, and electron emission source running). From here two basic 

sequences can be initiated, leading to MCA or TG modes. In stand-by mode atmospheric samples do not 

enter the chamber (due to both V4 and V2 being closed). The primary DM test goal is: a) to reach this 

stand-by mode and from there b) execute the MCA mode followed by an c) on-demand TG mode which 

automatically returns to MCA mode upon completion. An integral part of successfully achieving stand-by 

mode is the complete functional recording of the system telemetry which consists of monitoring 255+196 

32-bit registers every second. In addition to telemetry, each mode should acquire and transmit full mass 

spectra accumulated in two-second intervals. 

Demonstration should also include sufficient capacity of pumps to withstand and maintain MCA mode 

for 1 year of continuous operation with TG mode initiated once per day. Autonomous mass spectra 

recognition and GC elution analysis is not performed simultaneously but will be post-processed on-site 

manually. 

Flow Restrictor Test 

The critical S.A.M. operational parameter is its capability to perform the MCA measurement every 2 

seconds. As we mentioned previously, the instrument operates at UHV levels with atmospheric 

consumption at very low levels; this setting is intrinsically susceptible to the presence of any dead volume 

of gas existing inside the sampling volume, which might prohibit S.A.M. from being able to respond 

quickly enough to potential changes in the surrounding atmosphere. Our solution to this problem is to 

position the MCA flow constriction and controlled valve as close to the bulkhead as possible and 

minimize this dead volume space, see the top panel in Figure 3.  
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Figure 3. Design and testing of the S.A.M. DM MCA microleak. The top panel shows a detailed schematic of the 

leak which provides a 1.6E-8 Torrℓ/s flow of atmosphere to the QIT-MS trap volume. The central panel details the 

typical mass spectra recorded during two MCA experiments as SAM's response to a changing environment shown in 

bottom panels. Note that after 17s of sampling of the atmospheric air, we start sampling pure Argon (being at 

16PSIa) for 280s, after which we go back to sampling air, as indicated in bottom right panel. See text for details. 

In this arrangement the line between the valve and MS is under UHV all the time, but it is 12” long. The 

main constriction is composed of 1.3 m ID glass capillary which reduces the atmospheric flow to 1.6E-8 

Torrℓ/s resulting in typical QIT-MS chamber pressures of ~1E-9 Torr during MCA. To allow for 

background measurements for proper MCA, we've equipped the gas line with a Mindrum valve which can 

be toggled on demand.  

It is straightforward to measure the time necessary for this line to be fully evacuated just by monitoring 

the concentrations of major constituents (N2, O2, Ar) in QIT-MS after the Mindrum valve is closed, see 

bottom panels in Figure 3. Namely, in the first experiment (see bottom left panel in Figure 3), the MCA 

leak is initially evacuated via an external scroll pump and subsequently allowed to fill with atmosphere. 

The characteristic time required for N2 and O2 to be pumped out of the line is ~4s. Note that the microleak 

and volume between microleak and Midrum valve is still filled with residual air. In the second experiment 

(see bottom right panel in Figure 3), the MCA leak is subsequently connected to a sample bag of 16 PSIa 

argon. The results of the second experiments indicate the characteristic lag in time of ~19s between an 

instantaneous change in environment and the full MCA response. Nevertheless, the instrument detects an 

immediate presence of the argon leak. 
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Figure 4. Change in QIT-MS chamber environment over life of S.A.M. due to getter saturation effects. See text for 

details. 

Longevity of Pumping Capacity 

On the ISS, the typical daily duty cycle of the S.A.M. will consist of a continuous MCA measurement 

interrupted by a once a day TGA measurement which will effectively pause the continuous MCA 

measurement for 10 to 20 minutes while the GC elution is performed.  The lifetime of the S.A.M. flight 

unit will be determined by the capacity of the pumping system to both maintain chamber pressure levels 

safe for the operation of the QIT-MS and provide accurate MCA readings. 

The S.A.M pumping system was designed to be able to pump large amounts of hydrogen in order to 

combat the relatively large influx of H2 carrier gas during once a day TGA runs. The pump used in the 

S.A.M. DM is the SAES NexTorr D-100 equipped with compact ion pump integrated with a getter 

cartridge. The getter cartridge is composed of porous sintered getter disks (ZrVFe) allowing for high 

pumping speeds (100 ℓ/s for H2, 40 ℓ/s for N2) until the getter disks become saturated. The hydrogen 

getter capacity for the unit installed in the DM is approximately 135 Torrℓ at full pumping speed and 270 

Torrℓ before the risk of hydrogen embrittlement of the getters becomes a reality. Nominally, during TGA 

runs, the flow of H2 into the QIT-MS chamber is 0.06 sccm which equates to an absolute maximum of 

100 hours of TGA elution time or 600 ten minute TGA measurements.  This lifetime approximation does 

not include any saturation of the getters due to the sorbing of nitrogen or other gases injected into the 

system during TGA and MCA. For example, one year of continuous MCA operation with a 1.6E-8 

Torrℓ/s influx of atmosphere will result in the sorbing of approximately 0.017 Torrℓ of N2 or roughly 6% 

of the getter cartridges N2 capacity. To avoid any such limitations on the S.A.M. lifetime on the ISS, the 

flight unit will be equipped with a getter cartridge with twice the capacity of the current DM model. 

To verify the lifetime of the S.A.M. DM over successive TGA measurements, a simple lifetime test was 

performed during which the S.A.M. operation was toggled between MCA and TGA mode 30 times over 
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the course of one day. The top panel in Figure 4 shows the chamber pressure for TGA runs 2, 14, and 26 

revealing the rise in pressure as the getter pump loses pumping speed due to becoming progressively more 

saturated by the hydrogen carrier. The bottom panel illustrates the change in background mass spectra for 

the same TGA runs demonstrating a rise in nitrogen component again indicating the progressive 

saturation and decreased pumping speed of the getter pump. Typically the MS mass range for TGA mode 

is 30-300 amu, but for this test it was important to observe the change in background over successive 

TGA measurements. Over the course of this test, the chamber pressure during TGA rose from 2E-6 Torr 

to 7 E-6 Torr (compared to a chamber pressure of 3E-5 Torr indicating completely saturated getters). 

While not a complete test of the full S.A.M. flight model lifetime consisting to 365 TGA measurements, 

this test of 30 TGA runs is sufficient for the DM testing to be done at Marshall Space Flight Center. 

MCA / TGA overview test 

As previously mentioned, typical S.A.M. test duty cycles consists of the toggling between MCA and TGA 

modes. Sample data of this duty cycle is shown in Figure 5. The central panel of Figure 5 reveals the gas 

chromatogram following the injection of a mixture of perfluoropropane, benzene, toluene, ethylbenzene, 

and o-xylene. Because of the aforementioned modification made to the PC chip, the concentrations of 

these chemicals are each on the order of 100 ppm. The surrounding figures illustrate the mass spectra 

recorded during the various temporal ranges of the chromatogram which correspond to the separated 

chemicals in the injected mixture. As illustrated, the S.A.M. DM is initialized in MCA mode (1), where 

the major constituents of the S.A.M.’s surrounding environment are measured. On demand, the MCA 

measurement is ceased and the Mindrum valve labeled V2 in Figure 2 is opened allowing H2 to flow into 

the QIT-MS chamber. After the subsequent GC stages of sampling, equilibration, PC heating, and 

injection, the elution peaks (2, 3, 4, 5) are recorded by the QIT-MS. After the elution is completed V2 is 

closed and the system resumes the MCA measurement. 

 

Figure 5. Demonstration of the S.A.M. test duty cycle. The high 100ppm range is a consequence of the mismatch in 

flow restrictions, which will be a subject to future optimizations required to reach 1ppb. See text for details. 

The reason of such a low sensitivity lies in the fact that sample gas does not flow through preconcentrator 

due to the mismatch in flow restrictions. In the next version of the S.A.M. DM, the improved PC/MV 

interface will allow proper flow and detection of trace organic volatiles down to the 1 ppb level as 
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required by the ultimate flight unit. Future tests will be done to confirm the identification and 

concentration determination of the list of chemicals in Table II. However, for the upcoming test at 

Marshall Space Flight Center this albeit limited TGA functionality and performance is sufficient to verify 

the successful modal operation of the S.A.M. duty cycle. 

IV. Summary 

We have presented a progress report on the end-to-end testing of the development model of the S.A.M. 

instrument following the guidelines for its integration on board the ISS. We demonstrated the ability of 

the instrument to perform the MCA measurements continuously for a year, with reporting the values 

every 2 seconds. We also demonstrated the ability to perform the TG analysis on demand, however 

utilizing concentration in 10-100ppm range, due to the inability to properly flow the gas sample through 

PC unit. The DM will be delivered at the end of April to Marshal Space Center with first testing being 

performed in May. These test results will be presented during the conference talk in July. 
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