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Recent years have witnessed significant progress on the miniaturization of mass spectrometers
for a variety of field applications. This article describes the development and application of
mass spectrometry (MS) instrumentation to support of goals of the U.S. space program. Its
main focus is on the two most common space-related applications of MS: studying the
composition of planetary atmospheres and monitoring air quality on manned space missions.
Both sets of applications present special requirements in terms of analytical performance
(sensitivity, selectivity, speed, etc.), logistical considerations (space, weight, and power
requirements), and deployment in perhaps the harshest of all possible environments (space).
The MS instruments deployed on the Pioneer Venus and Mars Viking Lander missions are
reviewed for the purposes of illustrating the unique features of the sample introduction
systems, mass analyzers, and vacuum systems, and for presenting their specifications which
are impressive even by today’s standards. The various approaches for monitoring volatile
organic compounds (VOCs) in cabin atmospheres are also reviewed. In the past, ground-based
GC/MS instruments have been used to identify and quantify VOCs in archival samples
collected during the Mercury, Apollo, Skylab, Space Shuttle, and Mir missions. Some of the
data from the more recent missions are provided to illustrate the composition data obtained
and to underscore the need for instrumentation to perform such monitoring in situ. Lastly, the
development of two emerging technologies, Direct Sampling Ion Trap Mass Spectrometry
(DSITMS) and GC/Ion Mobility Spectrometry (GC/IMS), will be discussed to illustrate their
potential utility for future missions. (J Am Soc Mass Spectrom 2001, 12, 656–675) © 2001
American Society for Mass Spectrometry

In the late 1980s and early 1990s, MS instrumentationunderwent an evolution from complex, room-sized
instruments to more user-friendly, bench-top equip-

ment. These instruments were enthusiastically mar-
keted and sold by a variety of instrument manufactur-
ers. Recent research and engineering advances have led
to further reductions in the size of mass spectrometers
and resulted in the development of new ones based on
novel approaches [1–3]. Although these miniaturized
mass spectrometers have not been embraced by the
major instrument manufacturers because of perceptions
of limited markets and/or profit margins, the National
Aeronautics and Space Administration (NASA) has
supported their development because of its need for
small, analytically powerful instruments to further its
goals for the exploration of space.

A few review articles discuss the use of MS for space
applications [4–7]. Many of the primary references on
this topic are buried in NASA technical memoranda
and/or technical papers presented at the International
Conference on Environmental Systems (ICES). It should
be noted that ICES papers are published by the Society
for Automotive Engineering (SAE) in its technical paper
series, and some selected papers are also available in
SAE Transactions—Journal of Aerospace. As these ref-
erences may be unknown and/or not readily available
to most scientists, significant effort has been made to
include detailed references to many of these documents.
MS instruments developed specifically for space

applications or uniquely suited to these applications are
based on nearly every type of mass analyzer. These
include time-of-flight (TOF) [8, 9], sector instruments
[10–12], quadrupole arrays [13–16], quadrupole ion
traps [17], and cylindrical ion trap mass spectrometers
[18–20]. In addition to the two main space applications
of MS, which are discussed in detail here, MS has also
been used for other specialized space-related applica-
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tions. These include the analysis of human breath to
study the effects of microgravity on respiratory function
[21–24], testing for propellant leaks prior to launches of
the Space Shuttle [25–27], and validating the perfor-
mance of trace contaminant removal in advanced life
support systems [28]. Some of the aforementioned ad-
vancedMS concepts have been proposed for identifying
sources of coolant or fuel leaks external to spacecraft
during extravehicular activity (EVA) [29, 30]. These
more specialized applications are not discussed further
here.
The primary focus of this article is to present a cross

section of the various MS instruments and methods that
have been deployed and used on U.S. spacecraft, or
have played a role in generating data from U.S. space
missions. The main emphases are the application of MS
to the analysis of gases in the atmospheres of planets in
the solar system, and monitoring VOCs in cabin air
samples from manned space missions. It reviews some
early successes of mass spectrometers for the Venus
Pioneer [4, 5, 31–33] and Mars Viking Lander [34–36]
missions and details the use of archival sampling and
subsequent ground-based GC/MS analyses of VOCs in
cabin atmospheres on the Space Shuttle [37] and Mir
Space Station missions [38, 39]. Finally, it will highlight
the development of new technologies for monitoring
cabin air quality on the International Space Station
(ISS), and close with a discussion on future require-
ments and trends.
Space represents perhaps the most challenging envi-

ronment for any instrument from the perspective of the
necessity for operation under microgravity conditions
and exposure to high G forces, shock, and vibrations
during takeoff and landing. Space deployment necessi-
tates highly reliable operation, advanced automation,

redundancy, and limited disposables. Instruments in-
tended for planetary missions will be subjected to
radiation, large variations in temperature and pressure,
and the corrosive effects of molecular oxygen, radicals,
and other species in upper atmospheres. For applica-
tions internal to a spacecraft, the instrument often must
operate in a complex atmosphere of trace organic con-
taminants and high levels of water, carbon dioxide,
hydrogen, and methane. Two “gates” in evaluating an
MS instrument’s suitability for space flight are practical
considerations such as space, weight, and power re-
quirements, and analytical performance criteria which
include sensitivity, selectivity, precision and accuracy,
speed and cycle times. In selecting and developing an
instrument for a specific mission, NASA scientists must
consider the appropriateness of the technology to sup-
port the scientific objectives of that mission, as well as
the costs and the readiness of the technology to meet the
strict and often inflexible constraints for that mission.
MS has been used with great success on planetary

missions as space vacuum can be used to reduce
resource demands, and the science objectives of such
missions are well suited to MS. Many of the factors that
reduce cost and enhance MS performance for planetary
missions, work against this technology in the manned
space program. Consequently, MS has been used spar-
ingly in the manned program because of high cost, large
resource demands, and suspected unreliability in the
more complex spacecraft atmospheres. A timeline for
MS applications in space is shown in Figure 1. Although
this figure is not intended to be all-inclusive and some
of the dates may not be exact, its intent is to use
representative missions to illustrate the considerable
time periods required for instrument inception, devel-
opment, and deployment. The time, effort, and com-

Figure 1. Timeline of the use of MS to support selected missions in the U.S. Space Program.
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plexity of getting an instrument flight-qualified cannot
be underemphasized. One interesting feature evident in
this figure is the gap in activity during the 1980s. This
can be attributed to the lack of any major planetary
missions and/or NASA’s focus on the Shuttle program
during this time period.

Monitoring Planetary Atmospheres

The study of the composition of planetary atmospheres
is of interest for several reasons. Actual data on com-
pounds and their concentrations allow new insights
into theories of planetary formation and models of
planet evolution. Isotopic data provide valuable infor-
mation on the evolution of the solar system. The pres-
ence of organic molecules in the soil may provide
evidence of life on other planets. Although remote-
sensing-based spectroscopic methods can be used to
infer atmospheric composition, MS provides the ability
to definitively identify a variety of atmospheric constit-
uents across a wide range of concentrations that can
approach eight orders of magnitude [4]. In practice,
both spectroscopic and mass spectrometric techniques
have been used in a complementary manner to contrib-
ute to the understanding of planetary and atmospheric
dynamics.
Potential target compounds in planetary atmo-

spheres includes common gases, acids, and bases, as
well as other gases and isotopes that are not normally
found on Earth. Although MS can be employed to
identify and quantify these species, the use of a mass
analyzer with only unit mass resolution can complicate
interpretation of data, especially when considering the
presence of fragment and doubly charged ions. This is
illustrated in Table 1, which shows a surprisingly large
number of isobaric species.
Great care must be exercised in order to ensure a

representative sample. The inlet system could poten-
tially become contaminated with fuel emissions and
contaminants from off-gassing of materials from the
spacecraft. Atomic oxygen could combine on inlet sur-
faces to form molecular oxygen. Sodium and other
alkali metals may be sputtered off metal surfaces. All
these factors must be taken into consideration in design-
ing the sample introduction system. In addition, this
system must also accommodate wide ranges in pres-
sures ranging from fractions of a torr in rarefied upper
atmospheres to surprisingly high pressures such as the
100 atm found near the surface of Venus. It should also
be noted that telemetry rates and the probe’s decent rate
limit the amount of data that can be collected.
Niemann and Kasprzak provided an excellent albeit

dated review of MS instrumentation for the determina-
tion of atmospheric composition [4]. Mahaffy has writ-
ten a more recent review of these instruments which
includes a discussion of new instrumentation devel-
oped for studying planetary and cometary atmospheres
[5]. This discussion will focus on instruments used on
the Pioneer Venus andMars Viking Lander missions for

the purposes of highlighting their novel design features
and showing how the resulting data from these mis-
sions illustrate the utility of MS for studying planetary
atmospheres. Although numerous mass spectrometers
have been developed to measure both neutral gases and
ions in the rarified atmospheres, the latter application is
not discussed further here. Finally, it should be noted
that although new instruments have been developed
and deployed for exploring other planetary and co-
metary bodies in the solar system, the data from these
missions will not become available for some time due to
the long transit times required to reach their objectives.

Pioneer Venus Probe

The Pioneer mission comprised several probes and five
mass spectrometers, two of which are described here for
the analysis of the upper and lower Venusian atmo-
sphere [4, 31–33]. A schematic of the mass spectrometer
used to study the upper atmosphere (140 to 300 km) is
shown in Figure 2 [31]. It employed an electron ioniza-
tion (EI) source and a hyperbolic quadrupole mass
analyzer (it should be noted that hyperbolic quadru-
poles were not available in commercial instruments
until the 1980s and 1990s). The vacuum manifold was
evacuated prior to launch and a static getter pump was
used to maintain vacuum during the mission. The
integrity of the sampling system was preserved by a
breakoff hat (not shown in Figure 2) until orbital

Table 1. Potential isobaric species at unit masses in the
analysis of planetary atmospheres.

Nominal
mass

Possible ion
at this

isobaric mass
Nominal

mass

Possible ion
at this

isobaric mass

1 H� 26 C2H2
�

2 H2
�, D� 27 HCN�

3 HD�, 3He� 28 N2
�, CO�, C2H4

�

4 He� 29 13CO�, C17O�, 15NN�

5 30 NO�

6 31
7 Li� 32 O2

�, SO2
��

8 33
9 34 H2S�, O14O�

10 35
11 36 36Ar�, HCl�

12 C� 37
13 13C� 38 38Ar�, 37HCl�

14 N�, N2
�� 39 K�

15 40 Ar�, Ca�

16 O�, O2
��, CH4

� 41 41K�

17 OH�, NH3
� 42 Kr��

18 H2O� 43
19 HDO�, F� 44 CO2

�, N2O�

20 Ne�, HF� 45 13CO2
�, 13C17OO�

21 46 NO2
�, C18OO�

22 CO2
��, 22Ne� 47

23 Na� 48
24 49 H2SO4

��

25 50
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insertion, at which time the hat was ejected to expose
the inlet to the atmosphere. Several ingenious means
were used to prevent potential misinterpretation of
results. A voltage bias was applied to the inlet to
prevent positive ions and electrons from the planetary
atmosphere from entering the ion source. The velocity
of atmospheric gases entering the inlet was exploited to
differentiate between their signals and those from both
background contamination in the instrument and metal
ions sputtered off the instrument surfaces. The energy
used for EI was decreased from 70 to 27 eV to enable
differentiation between CO2

�� and 22Ne�. A somewhat
representative spectrum from a prototype version of

this instrument is shown in Figure 3 [32]. This repre-
sents a mass spectrum of air sample in a ground-based
experiment. The unusual peak shapes and deep valleys
are due to the construction of the hyperbolic quadru-
poles, which were designed to give less than 10�4

interference in ion intensity between adjacent peaks. On
space missions, this performance is exploited along
with peak stepping to enable faster data acquisition and
telemetry rates than conventional scanning while pre-
serving as much of the original peak shape as possible.
The peaks due to COS, SO2, and Kr are due to carryover
from previous analyses of gas standards containing
those species. It should be noted that the instrument
flown to Venus re-entered the atmosphere in 1992 and
was still functional—this after a time span of 14 years!
The Pioneer Venus probe included a second payload

that was used to deliver another instrument to study
the lower atmosphere (below 62 km). A schematic of
this instrument is shown in Figure 4 [33]. This instru-
ment was controlled by the first microprocessor to ever
fly in space. It used an EI source and a magnetic sector
mass analyzer, and employed both getter and ion
pumps to maintain vacuum. The proper operation of
the vacuum system was critically important as the
atmospheric pressure near the surface of Venus rises to
hundreds of atmospheres. Sampling was accomplished
through a tantalum-coated ceramic micro-leak (CML)
valve that was protected from exposure to space by a
break seal. The CML valve and sampling lines were
fabricated from specially passivated tantalum steel to
enable reliable measurement of sulfuric acid in the

Figure 2. Schematic of mass spectrometer used to study the
upper atmosphere on the Pioneer Venus mission [31].

Figure 3. Mass spectrum of an air sample in a ground-based experiment illustrating the performance
of prototype quadrupole mass spectrometer designed for planetary atmospheric analysis [32].
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Venusian atmosphere. A variable control valve (VCV)
was continually adjusted using feedback from the ion
pump to maintain constant pressure in the ion source
and provide the wide dynamic range required to track
ambient pressures ranging from 0.1 to 100 atm during
the descent. Several adroit methods were exploited to
discriminate between isobaric ions. A second inlet
routed the sample through a getter pump to adsorb H2
and enable collection of additional data to discriminate
between 3He and HD. This instrument provided unan-
ticipated results insofar as the Venusian atmosphere
was found to contain 96% CO2 and 4% N2, as well as
more primordial argon (as indicated by a high ratio of
36Ar to 40Ar) than found on Earth.

Mars Viking Lander

The Mars Viking Lander represents one of the more
ambitious and perhaps the most well-known applica-
tion of MS in space [34–36]. Its development included
several major redesigns and input from numerous
experts in MS and space sciences. This instrument was
intended for both atmospheric and soil monitoring
experiments, with the latter for the purpose of detecting
organic chemicals which could potentially indicate the
presence of other life in the universe. A schematic of the
instrument is shown in Figure 5 [36]. It used an EI
source and a double-focusing mass analyzer with the
EB configuration (Nier-Johnson geometry). The atmo-
spheric sampling inlet was similar to that described
above for the instrument used to sample the upper
Venusian atmosphere. The inlet system for the analysis
of soil samples utilized�2–3 mL of 13CO2 to serve as an
internal standard and to purge thermally desorbed
volatile compounds from one of three sample ovens
onto a GC. The GC used H2 as a carrier gas to provide
more efficient separations. GC flow to the MS was
controlled by feedback from the ion pump to route
effluent through one of five effluent dividers (with split
ratios of 1, 3, 20, 400, and 8000) to extend the dynamic
range of the MS detector. Two scrubbers were em-
ployed prior to mass spectrometric detection to con-

serve the ion pumps: an Ag/Pd/NaOH scrubber to
remove H2 carrier gas and an Ag2O/LiOH scrubber
(not shown in Figure 5) to remove CO and CO2 and
enable detection of N2. Although the data from this
mission indicated the presence of methyl chloride and
fluorocarbon oxides, these species were determined to
be of terrestrial origin as they were detected in prior
testing of the instrument on Earth. Although Martian
surface and subsurface soil was tested at two locations
and no organic compounds were detected, the instru-
ment functioned as planned with the exception of one
malfunctioning oven. A significant result from the
Viking analyses was that Martian soil might be reactive
[40]. The testing of this hypothesis will be one of the
science objectives planned for a future mission to Mars.
Until recently, the Mars Viking Lander mission repre-
sented the most remote application of MS.

Future Missions and Emerging Technologies

While the Pioneer Venus and Mars Viking Lander
instruments were developed nearly 30 years ago, their
specifications are amazing even by today’s standards.
Table 2 provides some comparison data for these in-
struments. It is somewhat surprising to note that few of
today’s miniature MS instruments have comparable
size, weight, and power requirements. This may be due
to the fact that more modern instruments intended for
space applications must also include their own dedi-
cated control computer(s). Moreover, as the science and
technology associated with these instruments have ma-
tured, the instruments have become more complex and
more versatility is demanded from them.
Mass spectrometers continue to be deployed for the

analysis of the atmospheres of Saturn’s largest moon
Titan, Jupiter, and several comets. Three more recent
instruments that deserve mention include the Galileo

Figure 4. Schematic of mass spectrometer used to study the
lower atmosphere on the Pioneer Venus mission [33].

Figure 5. Schematic of mass spectrometer used on the Mars
Viking Lander mission. Reproduced with permission [36]. Copy-
right © 1977 by the American Geophysical Union.
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Probe mass spectrometer, the Cassini Orbiter ion/
neutral mass spectrometer, and the Huygens Probe
mass spectrometer. The neutral mass spectrometer on
the Galileo Probe provided significant information on
the composition of the Jovian atmosphere [41]. The
Cassini-Huygens Probe, with its five different ion
sources and quadrupole mass spectrometer, will reach
the moon Titan in the Saturn system in 2004 [42]. In
addition, several other instruments are in various stages
of planning, development, or deployment for a number
of comet probe missions. The instruments developed
for these missions have evolved from the same basic
configurations described above, although in some cases
major redesigns were required because of the lack of
old parts. Although this work is certainly much more
recent than either the Venus and Mars Viking Lander
missions, little published information on these instru-
ments is available at this time, and hence further
discussion is deferred to some future date when the
data from these missions becomes available.
Future needs for these types of missions include

higher mass resolution to minimize isobaric interfer-
ences, in situ standards to enable measurement of very
low concentrations of rare isotopes, and sample intro-
duction systems capable of analyzing particulates and
aerosols. Additionally, better instrumentation to char-
acterize planetary surfaces is needed. Towards this end
it should be noted that a laser-based ionization source
was recently coupled to a TOF instrument for the
analyses of both inorganic and organic species in plan-
etary surfaces [43–45].

Monitoring Cabin Air Quality

Spacecraft are semi-closed environments that rely on
various means of air revitalization to clean and recircu-
late the air [46, 47]. All manned spacecraft include an
Environmental Control and Life Support System
(ECLSS) which is designed to maintain a safe balance
between the generation and accumulation of air con-
taminants in nominal conditions. The primary sources
of contamination in cabin atmospheres are shown in
Figure 6. Air quality may be compromised by human
metabolites, contaminants that have escaped from con-
tainment (fuels, coolants, and ongoing experiments),
outgassing from materials, and thermal degradation
byproducts. Some studies have even shown a rise in

contaminant concentrations after docking of resupply
vehicles [48], indicating that a spacecraft is not a com-
pletely closed environment.
The scope of cabin air quality monitoring must

include permanent gases important to respiratory func-
tion, analysis of trace levels of VOCs known or expected
to be present in space environments, and unexpected or
heretofore unknown contaminants. Before 1990, real-
time air quality monitoring on U.S. spacecraft had been
limited to a few major atmospheric components such as
oxygen, carbon dioxide, and water vapor, measured as
dew point [49]. The earliest use of MS for monitoring
VOCs in the cabin atmospheres dates back to the Skylab
missions [50]. NASA placed greater emphasis on peri-
odic monitoring of VOCs beginning with the Apollo
and Space Shuttle missions [37]. This has been achieved
by collecting archival air samples, which are returned to
Earth for subsequent analysis by GC/MS.
When selecting archival samplers for flight, consid-

eration must be given to minimizing size, weight,
power, complexity, and crew time required for sample
collection. The two most common sample collection
devices used for this purpose are referred to by NASA
as the Grab Sample Container (GSC) and the Solid
Sorbent Air Sampler (SSAS). Both of these sampling
devices are depicted in Figure 7. The GSC is a 350-mL
Summa-treated canister and is used to collect instanta-
neous or grab samples. The SSAS is comprised of eight
individual sampling tubes, each containing multiple
sorbents for collecting VOCs. These devices have been
used for collecting archival air samples on both Space
Shuttle and NASA/Mir missions. During a mission, the
SSAS’s internal sampling pump is typically used to pull
cabin air through a tube at a low flowrate for 24 hours.
The SSAS must be manually activated and an astronaut
must record the sampling time. The sample volume is
determined from both the sampling time and the sam-
pling flowrate, which is calibrated on the ground prior
to and after each mission). The SSAS can be used to
collect up to seven time-averaged samples (the eighth
position on the SSAS device is used as a park position
when no sample is being collected). Once returned to
Earth, each SSAS tube is desorbed into a 500-mL
Summa-treated canister. Although this is a somewhat
unconventional technique for the analysis of VOCs on
sorbent traps, it permits replicate analyses of individual
samples and has proven to be a reliable means for

Table 2. Comparison of selected specifications of mass spectrometers used for monitoring
planetary atmospheres.

Instrument
Pioneer Venus—

Upper Atmosphere
Pioneer Venus—

Lower Atmosphere
Mars Viking

Lander

Mass Analyzer quadrupole magnetic sector dual sector (B/E)
Detection Limit N/A 1 ppmv ppbv-ppmv (soil)
Mass Range 1–46 Th 1–208 Th 12-250 Th
Size N/A N/A 0.6 ft3

Weight 8.4 lbs 24 lbs 45 lbs
Power 12 W 14 W 140
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desorbing VOCs off of the SSAS and into a separate
sample container. The GSC and SSAS are complemen-
tary sampling devices: the canisters are appropriate for
sampling species that are not retained on a sorbent bed
(permanent gases, very volatile freons, etc.) and for
grab and/or contingency sampling, whereas the SSAS
is used to provide time-averaged composition data.
Typical analyses of GSC and SSAS samples involves

the use of several methods, as no single analytical
method is capable of measuring the wide variety of
permanent gases, VOCs, and other target compounds
that are present in a cabin atmosphere. Initial analyses
are performed on a GC equipped with conventional
detector(s) to quantify permanent gases and low molec-
ular weight species. Subsequent analyses utilize
GC/MS to determine VOCs. A photograph of the
current analytical system used in the Toxicology
Laboratory at NASA Johnson Space Center (JSC) to
perform these analyses is shown in Figure 8. The
current system utilizes an Entech automated air con-
centrator, Hewlett-Packard model 6890 GC (Palo
Alto, CA), and a Hewlett-Packard model 5973 MS
instrument. The protocol used for VOC analyses is

similar to the U.S. Environmental Protection Agen-
cy’s (EPA) TO-14 method, but has been modified to
enable the analysis of numerous polar compounds
known to be present in cabin atmospheres. A listing
of target compounds monitored via GC/MS by the JSC
Toxicology Lab is shown in Table 3. It should be noted
that this list and hence the analytical protocols require
continual modifications to identify and quantify the
contaminants specific to particular missions and situa-
tions, as the air composition and target compounds
change depending on the environment and payloads.
One of the primary purposes of collecting archival

samples is to enable a toxicological assessment of the
spacecraft air quality during a mission. This is achieved
by comparing the concentrations obtained from
ground-based analyses of these samples to established
values referred to as Spacecraft Maximum Allowable
Concentrations (SMACs). NASA has established
SMACs for durations ranging from one hour to six
months. The typical range of concentrations for selected
compounds, their method detection limits, and 30-day
SMAC values are shown in Table 4. Further details on
the development of SMACs, toxicological assessment of

Figure 6. Sources of various air contaminants in the semi-closed environment of a cabin atmosphere
on a space mission.
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composition data from various missions are provided
elsewhere [51–53].

Space Shuttle
Early in the development of the Shuttle, a GC/MS
instrument based on the Mars Viking Lander technol-
ogy was proposed for in situ measurement of VOCs.
The electronics, control computer, and the instrument’s
use of preconcentration, valves, and numerous heated
zones resulted in a device that weighed 135 lbs and
consumed 150 W. This instrument was never deployed
as “funding shortfalls and the management perception that
such an instrument was not essential on (Shuttle’s) Spacelab
resulted in (its) cancellation at the breadboard stage” [7].
Consequently, analyses of cabin atmospheres required
collection of archival air samples from the cabin for
subsequent analysis on Earth.
Early in the Shuttle program, the SSAS was devel-

oped at JSC and manifested along with the GSCs for
cabin air sample collection. Sensor technology limita-
tions, relatively short missions, and spacecraft resource
constraints continued to restrict the use of real-time
monitors in the Shuttle program until 1990. A series of
Shuttle incidents that degraded the cabin air quality [54]
led NASA to develop the Combustion Products Ana-
lyzer (CPA)—the first portable, real-time air monitor to
routinely fly on Shuttle missions. This handheld device,
containing several electrochemical sensors, was de-

signed to detect compounds such as CO and HCl
following a fire. Obviously, MS was never a candidate
for this analytical task. Nevertheless, GC/MS analy-
ses of archival samplers provided valuable data on
the dynamics of contaminants in spacecraft atmo-
spheres through the Shuttle era. The utility of such
data is illustrated in Figure 9, which plots trends in
the concentration of selected contaminants versus
time [37]. The decreasing trends (Figure 9A) indicate
that these particular contaminants were removed by
the air recirculation system. The increasing trends
(Figure 9B) show that other contaminants were not
removed as effectively and were indeed accumulat-
ing in the air onboard the Shuttle. Such information is
of great interest to NASA in evaluating the performance
of ECLSS and improved trace contaminant control
subsystems.

Mir Space Station

The NASA/Mir program focused on the development
and testing of new technologies to facilitate the transi-
tion to the space station era with its concomitant in-
crease in mission length, more complex spacecraft sys-
tems, and greater number of sophisticated payload
experiments. The rationale behind routine monitoring
of cabin air quality on Mir included the need to provide
data on a mature space station environment, ensuring
the health of astronauts on long duration missions, and

Figure 7. Depiction of GSC and SSAS devices used for sampling cabin atmospheres.
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providing samples for testing new air quality monitor-
ing technologies that might find application on the ISS.
Archival samples were collected, returned to Earth, and
analyzed by GC/MS and DSITMS.

Severe air quality degradations caused by leaks and
thermal degradations on Mir served to highlight the
need for real-time data [53]. In response to heat-ex-
changer fluid leaks and a major fire, NASA delivered

Figure 8. Photograph of analytical system used for ground-based GC/MS analyses of VOCs in
archival samples of cabin atmospheres.

Table 3. Target compounds for the ground-based analysis of cabin atmospheres, including typical TO-14 and additional polar
compounds known to be present, listed in approximate order of elution times on a DB-5 column.

DICHLORODIFLUOROMETHANE N-PROPANOL TRANS-1,3-DICHLOROPROPENE
CHLOROMETHANE 1,1-DICHLOROETHANE 1,1,2-TRICHLOROETHANE
1,2-DICHLORO-1,1,2,2-TETRAFLUOROETHANE BUTANAL TOLUENE
ACETALDEHYDE 2-BUTANONE HEXANAL
METHANOL 1,2-DICHLOROETHENE MESITYL OXIDE
VINYL CHLORIDE 2-METHYLFURAN 1,2-DIBROMOETHANE
BROMOMETHANE ETHYL ACETATE BUTYL ACETATE
ETHANOL HEXANE TETRACHLOROETHENE
CHLOROETHANE CHLOROFORM CHLOROBENZENE
ACETONITRILE 2-BUTENAL ETHYLBENZENE
PROPENAL 1,2-DICHLOROETHANE M- � P-XYLENES
ACETONE 1,1,1-TRICHLOROETHANE 2-HEPTANONE
PROPANAL N-BUTANOL CYCLOHEXANONE
ISOPROPANOL BENZENE HEPTANAL
TRICHLOROFLUOROMETHANE CARBON TETRACHLORIDE STYRENE
FURAN 2-PENTANONE 1,1,2,2-TETRACHLOROETHANE
ACRYLONITRILE PENTANAL O-XYLENE
PENTANE 1,2-DICHLOROPROPANE 1,3,5-TRIMETHYLBENZENE
2-METHYL-2-PROPANOL 1,4-DIOXANE 1,2,4-TRIMETHYLBENZENE
METHYL ACETATE TRICHLOROETHENE 1,3-DICHLOROBENZENE
1,1-DICHLOROETHENE 2,5-DIMETHYLFURAN 1,4-DICHLOROBENZENE
DICHLOROMETHANE 4-METHYL-2-PENTANONE 1,2-DICHLOROBENZENE
3-CHLOROPROPENE CIS-1,3-DICHLOROPROPENE 1,2,4-TRICHLOROBENZENE
1,1,2-TRICHLORO-1,1,2-TRIFLUOROETHANE 2-PENTENAL HEXACHLORO-1,3-BUTADIENE
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ethylene glycol Drager tubes and the CPA, respectively,
to Mir. The Solid Fuel Oxygen Generator (SFOG) fire on
Mir truly illustrated the need for in situ analysis to
validate the efficient operation of the trace contaminant
removal system and to provide astronauts with timely
information on potentially hazardous situations result-
ing from poor air quality. Samples were collected before
and after the SFOG event, and some of the results from
GC/MS analyses of these samples are presented in
Figure 10. Although the fire’s release of CO represented
perhaps the biggest threat to the crew, it also generated
emissions of aromatic hydrocarbons (benzene and sty-
rene), oxygenated hydrocarbons (i-propanol), and ni-
trile compounds (2-methyl-2-propene-nitrile). With the
exception of CO, benzene was of the most concern from
a toxicological standpoint, although the highest concen-
tration of benzene measured was still an order of
magnitude below the 24-hour SMAC limit of 10 mg/m3

[52]. The trend data from archival samples confirmed
that the trace contaminant removal subsystem returned
contaminant concentrations to pre-fire levels approxi-
mately 24 hours after the event. This event underscored
and reinforced the need for a real-time VOC monitor to
provide data to the decision-makers and psychological
comfort to the crew on air quality. It is obvious that it
takes time to clean the air following a severe event and
composition data are needed during this time to direct
actions on the ground and in the spacecraft.
In addition to routine GC/MS analyses on Mir

samples, DSITMS analyses were also performed on
samples from several Mir missions as part of a technol-
ogy development study. SSAS samples that had been
returned to JSC were desorbed into a canister, analyzed
via GC/MS, and then repressurized for subsequent
analysis via DSITMS methods at San Francisco State
University. GSC samples were analyzed via GC/MS
and repressurized for subsequent DSITMS analysis. The
instrumentation and methods employed in these anal-
yses are described elsewhere [38, 55–57]. The most
promising features of DSITMS compared to GC/MS are
the much faster response times, which are on the order
of seconds, and the less complicated hardware, which
requires neither an air concentrator nor a gas chromato-
graph. A potential drawback is the lack of selectivity,

which is somewhat ameliorated by the use of MS/MS to
provide selective detection of trace contaminants in
complex air samples.
From an analytical standpoint, one of the main issues

Figure 9. Trend data on selected contaminants from analyses of
air quality of Shuttle missions. Plot A shows trends for hexameth-
ylcyclotrisiloxane (HMTS), n-propanol, and trimethylsilane
(TMS). Plot B shows trends for methane, hydrogen, and sulfur
hexafluoride. Reproduced with permission [37].

Table 4. Range of concentrations, method detection limits, and SMACs for selected permanent
gases and VOCs monitored on the Space Shuttle.

Compound
Mean Concentration

Range (mg/m3)
Method Detection

Limit (mg/m3)
SMAC

(mg/m3)

Hydrogen Trace � �3.3 0.41 340
Methane Trace � 29.0 6.6 3800
Methanol Trace � 0.42 0.05 9
Ethanol Trace � 2.6 0.05 2000
Acetone Trace � 0.20 0.05 50
i-Propanol Trace � 2.0 0.05 150
Dichloromethane Trace � 0.10 0.05 50
Freon 113 Trace � 0.06 0.05 400
n-Butanol Trace � 0.25 0.05 80
Toluene Trace � 0.18 0.05 60
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addressed in this work was proving that the DSITMS
methods had requisite sensitivity to detect the various
target compounds at or below their SMAC values.
Benzene, one of the more toxic contaminants, has one of
the lowest SMAC levels at 70 ppbv [52] for a 6-month
time period. Figure 11 provides data showing that the
instrument is capable of detecting 10 ppbv levels of
several VOCs in full scan mode. Although the detection
limits of this technique in MS, SIM, and MS/MS modes
are lower than the specified SMAC values, only a few
VOCs were detected via DSITMS in the actual Mir
samples. This was due to a combination of length of
time between sample collection and analysis, and the
repressurizations at JSC that diluted the already low
concentrations of the VOCs on Mir.
In performing DSITMS analyses on the Mir samples,

MS/MS mode was desired to enable selective detection
of VOCs, but the limited volumes of samples available,
(�100 mL), led to the use of MS mode in order to
provide the most information on a broad spectrum of
VOCs. Figure 12 shows data from a Mir sample, with
signals at m/z 69, 100, 119, 131, and 181 indicating the
presence of fluorocarbons, and signals at m/z 78, 91, and
106 indicate the presence of aromatic hydrocarbons.
Associated GC/MS analyses on the same samples con-
firmed the presence of perfluoropropane and perfluoro-
1,3-dimethyl-cyclohexane, which were the highest con-
centration VOCs found on Mir. Although MS/MS
analyses could potentially confirm the presence and

provide more reliable estimates of their concentrations,
this would have required the use of CI techniques to
concentrate the signal from a VOC into predominantly
one ion, and greater sample volumes than were avail-
able for these studies. GC/MS analyses confirmed that
the levels of the aromatic species in the sample were
below DSITMS detection limits, and hence it is possible
that these signals are due to background contamination.
Additional analyses of other Mir samples showed the
presence of sulfur hexafluoride in several samples as
indicated by an intense signal at m/z 127. These results
indicate the potential advantage of a single DSITMS
technique to detect a range of compounds that would
either not be detected by conventional GC/MS tech-
niques (which are designed for organic compounds and
not permanent gases), or would require the use of an
additional GC analysis using an alternate stationary
phase.
DSITMS offers several advantages over GC/MS

methods. It uses neither sample preconcentration nor
chromatography, and hence is simpler in its implemen-
tation and can provide much faster response times.
DSITMS results have shown that the technique is capa-
ble of detecting most of the contaminants at levels that
are typically several orders of magnitude below their
SMAC values. However, the ion trap cannot defini-
tively identify certain target compounds such as hydro-
gen, ethylene, formaldehyde, and the xylene isomers, as
these species fall below the detectable mass range of the

Figure 10. Trend data on several combustion products from the Mir fire event, showing the
concentration of benzene, i-propanol, styrene, and nitriles before and after the SFOG fire (note time
axis not to scale).
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instrument, have quantitation ions that overlap major
constituents such as nitrogen, or cannot be differenti-
ated by MS/MS. Although a commercial instrument
manufacturer developed a prototype version of a field-
portable DSITMS instrument, it has since abandoned
these efforts. Another manufacturer is nearing comple-
tion of its development of a DSITMS instrument to

detect chemical and biological weapons defense appli-
cations. It should be noted that the DSITMS approach
does not require the use of He as a buffer gas [55, 58],
and hence a helium supply is not needed for this remote
application of MS. Nevertheless, significant advances in
pumping technology and miniaturization of DSITMS
instruments are required to make this technology a

Figure 11. Results from DSITMS analyses of gas standards containing 10, 25, 50, and 100 ppbv
benzene, toluene, and xylene gas standards. The top two plots show a total ion chromatogram and a
selected ion chromatogram of m/z 91. The bottom plot is a background subtracted mass spectrum of
the 10 ppbv standard, showing detection of the quantitation ions for all three compounds.

Figure 12. Results from DSITMS analyses of an archival, diluted sample from Mir. The top two plots
show a total ion chromatogram and a selected ion chromatogram of m/z 69. The bottom plot shows a
background subtracted mass spectrum of the sample, indicating the likely presence of perfluoropro-
pane (as indicated by ions at m/z 69 and 119) and perfluorodimethylcyclohexane (as indicated by ions
at m/z 69, 100, 131, and 181). Toluene, ethylbenzene, and/or xylenes may also be present (as indicated
by ions at m/z 91, 92, and 106).
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viable option for in-situ monitoring of cabin atmo-
spheres. Lastly, advanced automation of such instru-
mentation is essential if it is to be operated in remote
environments, alleviate the astronauts from the details
and complexities of the chemical analyses, and to pro-
vide the composition data in an easy-to-understand
format.

International Space Station

After years of effort and several major redesigns, the
first components of ISS were launched into Earth orbit
in early 1999. Given the interest of maintaining long-
term human presence in space, one of the most impor-
tant reasons for monitoring cabin air quality is to ensure
that the air is safe for the astronauts to breathe. Initially,
instruments being considered for ISS were evaluated
against a list of more than 200 compounds derived from
analyses of contaminants from materials offgassing
tests and from samples collected during manned mis-
sions [59]. Although many technologies are capable of
measuring trace organic compounds, GC coupled with
MS was and still is recognized as one of the more
powerful techniques for this application due to its
sensitivity and ability to positively identify a wide
variety of VOCs from both retention time and mass
spectral data. The list of target compounds for ISS is

divided into permanent gases (i.e., oxygen, nitrogen,
carbon dioxide, etc.) and VOCs (i.e., methanol, xylenes,
benzene, etc.), as it was recognized that separate instru-
ments would be required for each class. However, even
GC/MS could not accurately identify and quantify all
the VOCs on NASA’s list. Data collected from archival
samples during the Shuttle and NASA/Mir programs
have been invaluable in identifying the significant com-
pounds found in cabin atmospheres. Additional infor-
mation from NASA toxicologists that considered the
frequency of a compound’s presence on the spacecraft,
its potential concentration, and its toxicity, enabled the
list of potential target VOCs to be reduced to the much
more manageable number of approximately 30 com-
pounds.
In addition to GC/MS, numerous technologies have

been considered for monitoring cabin air quality. These
include electrochemical sensors, electronic noses, array
detectors, diode laser monitors, Fourier Transform In-
frared Spectroscopy (FTIR), and mass spectrometry. MS
still is the principle technology deployed in space for
measuring permanent gases and human metabolic
functions on manned space missions [21–24, 59, 60]. The
ISS uses a version of the Viking mass spectrometer
referred to as the Major Constituent Analyzer (MCA) to
measure atmosphere components such as oxygen, car-
bon dioxide, and methane [61]. The technology under

Figure 13. Schematic of GC/IMS technique, showing a 63Ni ionizer where the GC effluent is ionized,
a reaction region where charge exchange takes place, a drift region where the ions are separated, and
a collector where the ions are detected. The resulting ion mobility spectrum represents a plot of
collector current as a function of drift time.
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consideration for a future MCA includes the miniature
ion trap [62] and quadrupole array instruments [13–16].
The main advantage of the miniaturized MCA, beside
the obvious savings in resources, is the ability to place
one of these instruments in each module, providing
redundancy and more accurate in situ readings. These
applications are not mentioned further here, as the
focus of this discussion is on the more challenging
analysis of trace levels of VOCs in cabin air samples.
The limited escape options and longer duration mis-

sions for ISS have prompted the development of the Vola-
tile Organic Analyzer (VOA) for in situ monitoring of
VOCs. The VOA’s role is twofold: (1) routinely monitor the
atmosphere for slow accumulation of a contaminant to a
level of concern, (2)monitor the effectiveness of decontam-
ination efforts following a contingency such as leaks from
a payload experiment or spacecraft system. Themost impor-
tant task for the VOA is to provide data to the crew and
ground personnel that verifies that the air quality has re-
turned to nominal conditions following a contingency event.
Initially, GC/MS appeared to be the most promising

technology for the VOA based on its analytical capabil-
ities and its past use and wide acceptance for sensitive
and reliable detection of trace levels of VOCs in air.
Although several GC/MS instruments were considered
including those based on ion trap detectors, a modified
version of the commercial Viking GC/MS instrument was
identified as the prime candidate. However, the rapid pro-
gress in the development of IMS and its growing applica-
tion to battlefield detection of chemical and biological
agents, and monitoring for explosives in airports [63] led
to the consideration of GC/IMS as an alternate option.
The key advantage of GC/IMS compared to GC/MS is
that no vacuum system is required. This implies signifi-
cant reductions in space, weight, power, and cost which,
in conjunction with the technique meeting the perfor-
mance requirements, eventually led to the selection of
GC/IMS as the basis for a VOA for ISS. A thorough re-
view of the advantages and disadvantages of both tech-
nologies for this application is provided elsewhere [64].
An illustration of how GC/IMS is used for monitoring

VOCs in air is provided in Figure 13. Effluent from the GC
column enters the 63Ni source in the IMS, where ions are
generated from the sample and resident gases at atmo-
spheric pressure. Unless the chemistry is intentionally
altered [65], the main reservoirs of charge are H3O

� in
positive ion mode and O2

� in negative ion mode. As
analytes emerge from the GC column, they are ionized by
charge exchange rather than direct ionization. The ions are
propelled by a weak electric field down a tube against a
countercurrent flow of a drift gas (typically nitrogen) to
the collector. The resulting IMS spectrum plots the de-
tected ion current as a function of time. The shape and size
of an ion determines the amount of time it requires to
reach the detector. Larger, less compact molecules have
longer drift times and vice versa. A typical IMS spectrum
is shown in Figure 14, in which the main reservoir of
charge and analyte ions are referred to as the reactant ion
peak (RIP) and product ion peak (PIP), respectively. An
example of a chromatogram showing the elution of spe-

Figure 14. Ion mobility spectra plotting collector current as a
function of drift time. Plot A represents a background spectrum of
the GC effluent, showing a RIP. Plot B represents a spectrum from
a peak eluting off a column, showing both the RIP and PIP.

Figure 15. GC/IMS chromatogram of a mixture, showing plots of both the RIP and PIP versus time.

669J Am Soc Mass Spectrom 2001, 12, 656–675 MASS SPECTROMETRY IN THE U.S. SPACE PROGRAM



Figure 16. Schematic of VOA based on GC/IMS technology for monitoring both nonpolar and polar
VOCs on ISS.

Figure 17. Photograph of the VOA-RME instrumentation flown on the Shuttle.
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cies off a GC column and subsequent detection by the IMS
is shown in Figure 15 (in a plot that is analogous to a total
ion chromatogram plot from a GC/MS analysis). Com-
pounds are positively identified by GC retention times
and normalized IMS ion drift times, both of which have
been demonstrated to be highly reproducible [66]. Quan-
titation is achieved using the PIP response.
This new technology represented a major departure

from past practice for monitoring VOCs in cabin atmo-
spheres, and major effort was needed to render this
technology suitable for space applications. NASA
spearheaded the development of GC/IMS for cabin air
quality monitoring, which involved collaborations be-
tween investigators in industry, academia, and NASA
centers. A block diagram of the VOA components
eventually developed for ISS are shown in Figure 16.
This instrument, manufactured by Graseby (Watford,
UK) and designed for redundancy, includes an inlet,
two multisorbent-bed contaminant concentrators, two
GC columns, two IMS detectors, and a computer for
hardware control and data processing. The instrument
and its operation is described in more detail elsewhere
[67, 68].
A prototype VOA risk mitigation experiment (VOA-

RME) was flown on the Shuttle to evaluate the opera-
tion of the components in a microgravity environment
[66]. A photograph of this instrument mounted in a rack
on the Shuttle is shown in Figure 17. An example of
results from analysis of an air sample acquired on orbit
during this mission is presented in Figure 18. This plots
the change in the RIP versus retention time, and shows
the detection of aromatic hydrocarbons (toluene, xy-
lenes), polar VOCs (methanol, ethanol, propanone), and
siloxanes (hexamethylcyclotrisiloxane, octamethylcyclo-
tetrasiloxane). Although the VOA-RME experiment was
not calibrated for siloxanes, these compounds were
verified to be present in the Shuttle based on post-flight
analyses of siloxane standards and archival samples on
the same instrument.
A photograph of the VOA in a rack intended for

eventual deployment on ISS is shown in Figure 19. This
instrument has been developed and calibrated to mon-
itor approximately 20 VOCs that are routinely detected
in space environments. One might note that some
compounds on the original list of 30 target VOCs are
not on this shorter list. This is due to the fact that not all
of the 30 compounds are readily amenable to GC or the
two specific column types used in the VOA for separa-

Figure 18. Results from a GC/IMS analysis of VOCs on Shuttle mission STS-89 performed as part of
the VOA-RME.
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tion of polar and nonpolar species. The VOA has been
certified for flight and is being prepared for operation
on ISS beginning in the summer of 2001. The target
compounds and their corresponding calibration ranges
are shown in Table 5. Initially, the VOA will perform
VOC analyses once per day. Once the air composition
on ISS reaches a steady state (approximately one year),
the frequency of VOA analyses may be reduced to one
to two times per week. The VOA’s intended use will
involve routine and contingency analyses for two years,
with accuracies of �50% and precisions of �20%.
Although GC/MS is still seen as a potentially pow-

erful tool for monitoring VOCs, GC/IMS is now viewed
as a more attractive technology primarily due to its lack
of a vacuum system, better reliability, and ability to oper-
ate in severely degraded environments. Its simplicity, re-

dundancy, and flexibility offer clear advantages compared
to GC/MS. A significant limitation of the GC/IMS tech-
nology is not its sensitivity but a rather limited dynamic
range, (generally less than two orders of magnitude),
although this deficiency can be addressed through sam-
pling variable amounts of air. One additional shortcoming
is that when a true unknown is encountered, IMS spectra
provide very limited information as to its true identity.

Future Missions, and Emerging Technologies

The wealth of knowledge developed over years from
studies of cabin atmospheres, coupled with a clear need
for routine monitoring to support long-term human
presence in space has resulted in the development of an
ambitious plan to implement multiple strategies for
monitoring trace contaminants on ISS. This includes the
use of GSC and SSAS devices to provide archival
samples for subsequent ground-based analyses, kits to
monitor formaldehyde, and the use of several specific
analyzers to monitor combustion products and hy-
drazines [69]. It also includes for the first time the use of
an instrument to perform in-situ analysis of VOCs—a
GC/IMS instrument.
With longer duration space missions such as a lunar

base still in the planning stages, the requirements for
future instruments will become even more demanding.
A search has already started for a second-generation
VOA, which is much smaller, less complex, and more
portable than the present VOA, but has equivalent or
even improved analytical performance. The technolo-
gies currently under consideration for use in the later
operational phases of ISS include FTIR, MS, and GC/
IMS [70]. Perhaps the two most important areas for
progress are further reductions in size and the devel-
opment of more powerful software for instrument con-
trol, data analysis, and self-optimization and diagnosis.
Clearly, the instruments used for life support monitor-
ing must be capable of autonomous operation and its
user interface must allow varying levels of control.
Further into the future, as NASA looks to establish

human presence on Mars, resources will drive the
search toward micro and nanotechnologies. Already

Figure 19. Photograph of the VOA mounted onto a rack for
eventual deployment on ISS.

Table 5. VOA target compounds and expected concentration ranges for ISS.

Compound
Calibration

Range (mg/m3) Compound
Calibration

Range (mg/m3)

Methanol 0.1 � 1.5 Ethanol 0.2 � 3.5
i-Butanol 0.3 � 4.0 2-Methyl-2-propanol 0.1 � 2.0
Ethanal 0.1 � 1.2 Benzene 0.1 � 1.5
m- and p-Xylenes 0.4 � 5.0 Freon 22 0.3 � 5.0
o-Xylene 0.2 � 2.7 1,1,1-Trichloroethane 0.1 � 1.6
Toluene 0.2 � 2.6 Freon 113 0.2 � 2.5
Dichloromethane 0.1 � 1.2 Hexane 0.2 � 2.4
Acetone 0.1 � 1.2 Pentane 1.0 � 12
2-Butanone 0.1 � 1.5 2-Methyl-1,3-butadiene 0.4 � 5.0
Ethyl acetate 0.2 � 2.4 Trifluorobromomethane 0.1 � 2.2
i-Propanol 0.2 � 3.2
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hand-held [71] and chip-sized IMS detectors (Figure 20)
are being developed. The lead times required to de-
velop a functional, flight-qualified, miniaturized ver-
sions of these instruments are still long [72]. In the
meantime, it is possible that further reductions in the
size of MS instruments and in particular their vacuum
systems might make MS a viable technology for future
manned space missions.

Conclusions

The MS instruments that have been deployed for space
applications are truly unique, with specifications and
performance characteristics that are amazing even by
today’s standards. Not surprisingly, their development
costs are very high, and a significant amount of time is
required to certify and manifest equipment for flight
experiments. These reasons, plus the ever-present un-
certainty in funding levels and funding priorities, ac-
count for the limited number of commercial instrument
manufacturers who have been involved in the develop-
ment of MS instruments for space and remote applica-
tions.
Over the past few decades, two different approaches

have led to successful MS instruments for space mis-
sions. Until recently, the use of MS instruments used for
the analysis of planetary atmospheres has focused on
continual evolution of proven designs rather than the
adoption of radically new technologies. This is logical
as the operating characteristics of MS render it well
suited for operation in the vacuum of space. However,

the use of MS for monitoring cabin atmospheres has
recently undergone a major change, from the use of
archival sampling and a posteriori analyses to the
development of new technologies for in situ analyses.
New types of mass spectrometers and new technologies
have been developed and tested for analyzing trace
contaminants in the unique environment of a space-
craft. Early attempts at developing a VOA capable of
analyzing trace contaminants relied upon the proven
approach of adapting planetary MS instruments. Com-
peting technologies based on DSITMS, GC/MS, and
GC/IMS were evaluated and compared. GC/IMS tech-
nology was chosen from these other technologies, and a
VOA based on this technique is scheduled to begin
operation on ISS in the summer of 2001.
As NASA looks forward to robotic probes and human

missions in the next few decades, the requirements for
analyses for both types of missions become more similar.
Therefore, development efforts have already begun with
the objective of serving both planetary probes and
manned space missions. Micro-machined instruments
have opened the door for consideration of ion traps,
quadrupoles, sector instruments, and many other types of
mass analyzers. New approaches such as IMS technology
will continue to be developed and assessed for future
missions. Furthermore, NASA has initiated programs in
conjunction with academic and commercial sectors to
develop technology to help reduce development costs.
The goal of these various programs is to provide NASA
with the equipment needed for space missions and to
transfer the resulting technology to the commercial sector

Figure 20. Photograph of a prototype, highly miniaturized IMS instrument.
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for terrestrial applications. It is likely that this approach
will result in technologies that will revolutionize how air
quality monitoring is performed on both space and Earth-
based applications.
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