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bstract

Ion mobility spectrometry (IMS) has proven to be an effective tool for chemical detection and identification. Ion mobility spectrometers can
e manufactured in small, rugged and portable designs and have been used in several mission critical circumstances from security screening and

ilitary preparedness. Perhaps most visible are the IMS analyzers that have been deployed in airports around the world to detect traces of explosives

n passenger carry-on luggage. Intrinsic properties of ion mobility spectrometers make these analyzers suitable for both manned and robotic space
xploration. In this review, we will discuss the utility, previous use and future use of ion mobility spectrometers in space environments.

2006 Elsevier B.V. All rights reserved.
eywords: Ion mobility spectrometry; Space exploration; Mars; NASA; Organic compounds

ontents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Review of ion mobility spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1. Principles of operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2. Instrument basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3. Ion sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4. Ion gates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.5. Utilities for analyzer operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3. IMS in manned space flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1. The International Space Station Volatile Organic Analyzer (VOA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2. Hydrazine detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4. IMS in robotic space exploration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.1. Potential destinations for future in situ space missions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4.1.1. Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.1.2. Europa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.1.3. Titan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.1.4. Other Solar System bodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4.2. IMS instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
5. Current/future directions and development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
5.1. IMS-MS (mass-mobility correlations) . . . . . . . . . . . . . . . . . . . . .
5.2. Differential mobility spectrometers . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Tel.: +1 818 393 4749; fax: +1 818 354 5148.
E-mail addresses: Paul.V.Johnson@jpl.nasa.gov (P.V. Johnson), Luther.Beegle@j

eiceman@nmsu.edu (G.A. Eiceman), Isik.Kanik@jpl.nasa.gov (I. Kanik).

387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.11.001
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

pl.nasa.gov (L.W. Beegle), Hugh.I.Kim@jpl.nasa.gov (H.I. Kim),

mailto:Paul.V.Johnson@jpl.nasa.gov
mailto:Luther.Beegle@jpl.nasa.gov
mailto:Hugh.I.Kim@jpl.nasa.gov
mailto:geiceman@nmsu.edu
mailto:Isik.Kanik@jpl.nasa.gov
dx.doi.org/10.1016/j.ijms.2006.11.001


2

1

o
t
h
f
e
o
a
m
o
t
t
p
i
t
w
E

N
t
m
o
t
C
S
o
t
h
b
b

r
s
s
p
l
t
B
t
s
o
s
t
i
D
t
(
M
fl
t

P.V. Johnson et al. / International Journal of Mass Spectrometry 262 (2007) 1–15

6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

. Introduction

An important aspect of past, present and future exploration
f our solar system is the detection, identification, and quan-
itative determination of inorganic and organic molecules in
uman habitats and planetary environments. The motivations
or such measurements are broadly two fold: (a) manned space
xploration requires that the habitable environments be continu-
usly monitored for harmful compounds that are routinely found
board spacecraft as components of fuels or on-board experi-
ents and (b) a detailed and accurate inventory of inorganic and

rganic species on Solar System bodies is one of the keystones
o understanding the formation and evolution of our Solar Sys-
em. Further, such an inventory will provide the best evidence of
otential extant/extinct life elsewhere in the Solar System. Even
f we learn that life in our Solar System is restricted to Earth,
he discovery and characterization of pre-biotic chemistry else-
here will help elucidate the origin of life and its evolution on
arth.

Human space flight and robotic missions undertaken by the
ational Aeronautics and Space Administration (NASA) and

he European Space Agency (ESA) include particular require-
ents for analytical instruments. Instruments are needed for

n-board air quality screening or monitoring for Space Shuttle,
he International Space Station (ISS), and the family of Project
onstellation Spacecraft that are being developed to replace the
huttle fleet and eventually return men to the moon and possibly
ne day to Mars. In contrast, robotic space missions are designed
o perform in situ or remote investigations of the geologic
istory, chemical nature and biological potential of planetary
odies such as Mars, Europa, Titan and other Solar System
odies.

Ion mobility spectrometers exhibit characteristics that are
equired of any instrument considered for manned or unmanned
pace flight missions. For example, complete analyzers are
mall, low mass, rugged, and mechanically simple with low
ower consumption; nonetheless, the instruments retain a high
evel of analytical capability providing knowledge of quantita-
ive and qualitative composition of samples under investigation.
oth the principles and practice of ion mobility spectrome-

ry (IMS) have matured during the past 20 years with the
upport of NASA, and technology based on IMS has been rec-
gnized as an important tool for pursuing the exploration of
pace. Refinements of ion mobility spectrometers have occurred
hrough various technology development programs at NASA
ncluding the Astrobiology Science and Technology Instrument
evelopment and Mission Concept Studies program (ASTID),

he Planetary Instrument Definition and Development program

determination of volatile organic compounds in the air of the
spacecraft.

A number of articles reviewing the use of gas chromatogra-
phy [1] and mass spectrometry (MS) [2] in space applications
provide some reference to IMS. However, a detailed discussion
of the principles of IMS and demonstrated or planned uses for
space exploration is warranted given the state of interest and
maturity that IMS has attained. The purpose of this review is to
highlight the potential uses and benefits of IMS in both manned
and robotic exploration of the Solar System.

2. Review of ion mobility spectrometry

2.1. Principles of operation

Detailed descriptions of IMS including discussions of func-
tion, performance and applications can be found in recent
reviews [3,4] and a recent text [5]. However, a brief overview
of IMS is provided here for completeness. In IMS, substances
are characterized as gas phase ions for drift velocity or mobil-
ity in a weak electric field (typically less than 200 V cm−1 at
atmospheric pressure) often at ambient pressure in a purified air
atmosphere. Ions as a swarm develop a speed, or drift velocity,
v (cm s−1), in an electric field, which is directly proportional to
the electric field, E (V cm−1) per Eq. (1):

v = KE (1)

where K is the ion mobility coefficient. The mobility coefficient,
which can be seen as drift velocity normalized to field, is char-
acteristic of the ion, and is the basis of identification using IMS
analyzers (see Fig. 1).

Mobility coefficients are dependent on a number of param-
eters including the charge and mass of the ion. Coefficients are
affected by bulk properties of the supporting gas atmosphere
such as the pressure, temperature, and mass. Further, the nature
of the interaction between ions and the neutral gas species influ-
PIDDP) and the Mars Instrument Development Project (MIDP).
oreover, ion mobility spectrometers have been developed and

own on the Space Shuttle to measure hydrazine vapors in
he air-lock and aboard the International Space Station for the
 Fig. 1. Schematic showing the basic operating principles of IMS.
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nce drift velocities through effects due to size and structure of
oth the ion and neutrals, as well as the polarizability of the
eutral particles. A detailed theoretical description of the ion
obility constant can be derived from kinetic theory [5,6] yield-

ng the following analytical form of the ion mobility coefficient

= 3q

16N

(
2π

μkT

)1/2 1 + α

Ω
(2)

here N is the number density of the drift gas atoms/molecules,
is the charge on the ion, μ is the reduced mass of the ion and

rift gas atom/molecule, k is the Boltzmann constant, T is the
ffective temperature of the ion, Ω is the collision cross section,
nd � is a correction factor included to account for deviations
rom the otherwise first order approximation. The cross-section
ontains all the information regarding the ion-neutral interaction
nd is often written in terms of a dimensionless collision integral
or diffusion, Ω(1,1)*, normalized to unity for rigid spheres with
summed radii of rm:

= πr2
mΩ(1,1)∗ (3)

here rm is the minimum in the ion-neutral interaction potential
urve. Given the interaction potential, Ω (1,1)* can be calculated
s a function of temperature through three successive integra-
ions over collision trajectories, impact parameters and energy.
he collision cross section is responsible for the often referenced

eature of IMS to characterize on the basis of “size and shape.”
he cross section dependence provides IMS with another impor-

ant feature: isomers [7–12] and even enantiomers [H.H. Hill,
rivate communication (2003)] can be separated.

A clarification of ion behavior and mobility can be made
ith Eq. (2) and a test with different ions (mass m) drifting in

n identical gas atmosphere (mass M). For low mass ions, the
educed mass, (1/m + 1/M)−1, is a fast changing function of ion
ass leading to a strong correlation between the mass of the

on and its mobility. Indeed, IMS in the early 1900s was moti-
ated by a desire to determine atomic and molecular masses
rior to the wide availability of vacuum systems. The effect of
he reduced mass term diminishes (μ → M) with increases in ion

ass and the mobility becomes dominated by the collision cross
ection. As such, structural details of the ions become impor-
ant and the degree of correlation between mass and mobility
s reduced. The importance of ion structure is emphasized by
he recovery of mass-mobility correlations among structurally
imilar compounds [13–16]. A particularly effective illustration
f the dependence of mobility on structure is in amines where
obilities increase in the following sequence of structural cat-

gories: linear, branched, primary, secondary, tertiary, aliphatic
ompounds, and aromatic compounds [4].

In practice, the mobility coefficient is traditionally deter-
ined in time-of-flight measurements, where an ion swarm

ravels a fixed length, L, through a uniform electric field, E, at
onstant temperature and pressure, P. The mobility coefficient

s obtained from the drift time:

= L2

Vt
(4)

p
f
t
c
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here V is the potential drop across the drift region and t is
he drift time. Since mobility coefficients are sensitive to tem-
erature and pressure, values are routinely normalized to give
educed mobility coefficients (K0) at standard atmospheric pres-
ure and temperature per Eq. (5).

0 =
(

273 K

T

) (
P

760 Torr

)
L2

Vt
. (5)

Mobility and reduced mobility coefficients are both expressed
n units of cm2 V−1 s−1.

.2. Instrument basics

The essential component of an IMS instrument is the drift
ube and the design of the drift tube ultimately defines the char-
cter of the electric field, the resolution of the instrument and
ther elements of performance such as memory effects. Drift
ubes may be considered as two distinct regions: (1) the reaction
egion, including the ion source, where ionization and other ion
hemistry take place and (2) the drift region where ion separa-
ion and detection occurs. This distinction is instructional only
ince the drift tube has traditionally been a single, strongly inte-
rated device with regions sharing common gas atmosphere and
lectrical fields. The two regions are separated by an ion gate or
hutter which is used to inject ions into the drift region in a tem-
orally well-defined pulse. The ion pulse leads to an ion swarm
hich moves through the drift region with drift velocities char-

cteristic of the component ions. At the end of the drift region,
ons collide with a detector, which, in the simplest design, is a
araday plate. The amplified ion current versus time, referenced

o the ion shutter pulse, forms an ion mobility spectrum.
A conventional design for drift tubes is based upon stacks

f ring-shaped electrodes held at fixed intervals with insulating
pacers. A uniform electric field is created within the tube by
pplying potentials to each electrode in constant voltage drops.
his can easily be accomplished with a high voltage power
upply and voltage divider composed of precision resistors. In
rder to maintain the low field conditions required to assure the
alidity of Eq. (1), the ratio of electric field to neutral number
ensity is generally kept below ∼2 Td (i.e., 2 × 10−17 V cm2 or
∼ 200 V cm−1 at 760 Torr).

.3. Ion sources

Of all the components of an IMS instrument, the ion source
efines the response, utilization, and possible applications of
n IMS analyzer since the measurement of mobility may be
egarded as a universal technique. The formation at ambient
ressure of ions reflective of a sample has been both a historic
trength and complicating feature of IMS technologies. A range
f possible applications for IMS exist so long as the method of
on formation is favorably matched with target substance and

otentially interfering matrix, if any. Additionally, source per-
ormance can be affected by physical parameters. An ion source
hat will operate at atmospheric pressure on a manned space-
raft will not necessarily function well at the reduced pressures
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n the surface of Mars. These considerations, along with the
sual restrictions on mass, volume and power, must be incor-
orated into the evaluation of an ion source for space-based
MS instruments. Therefore, a somewhat detailed review of ion-
zation techniques used in conjunction with IMS is provided
elow.

Gas phase chemical reactions at ambient pressure based on
ritium, americium or, more commonly, a 63Ni foil have been the
raditional and most widely employed method of ionization in
MS applications [3,17,18]. A metal foil of 63Ni spontaneously
mits � particles, or high-energy electrons, with energies up to
7 keV [18]. Collisions between � particles and molecules such
s N2, H2O, and O2 yield positive (N2

+, H2O+) and negative
O2

−) ions which can be employed to ionize substances intro-
uced into the reaction region of the drift tube. In the case of
ositive ions in air or nitrogen with moisture above 50 ppb, pri-
ary ions are rapidly converted to thermalized ions of hydrated

rotons [(H2O)nH+], termed reactant ions. Collisions of reac-
ant ions with a substance (M) can lead, through coulombic
ssociations, to adduct ions, MH+(H2O)n, which are stabilized
hrough a third body collision and loss of water forming an ion
rom the substance, MH+(H2O)n−1, also known as a product
on. This reaction has been called a proton transfer reaction
hough a better description would be proton association or dis-
lacement reaction since the term proton transfer is used in
ass spectrometry with unclustered ions. Ionization chemistry

n negative polarity is somewhat more complex than that for pos-
tive polarity and begins with an association to an intermediate

O2
−(H2O)n which can then proceed through charge exchange,

ydride abstraction, fragmentation or adduct stabilization [19].
ll reactions based upon collisions with reactant ions are gov-

rned by collision kinetics and the availability of reactant ions.
ince the rate of product ion formation is faster at analyte con-
entrations of 10 to 1000 ppb than the formation of reactant ions,
he supply of reactant ions can be seen as a quantitatively fixed
eservoir which establishes an upper level and restricted range
f response.

The benefits of 63Ni metal foil ion sources are reliabil-
ty [18,20], stability, simplicity, and low demand on utilities
ithout any external power supply. Such features make 63Ni

oils attractive sources in chemical instruments for space-based
pplications. However, 63Ni sources have disadvantages or
imitations including the oxidation of the metal foil in air
tmospheres at elevated temperatures and certain pragmatic con-
traints associated with transporting and handling 63Ni-based
nalyzers with oversight by radiation authorities, and disposing
f spent source material through procedures of the Nuclear Reg-
latory Commission (NRC). An implicit requirement of such a
ource is the need to deliver sample as a gas to the reaction region;
ence, vapor pressures for analytes must be relatively high at the
rift tube temperatures. This is well-suited for substances that
re amenable to separations by gas chromatography (GC) where
he column effluent is passed directly into the reaction region of

he drift tube [21,22]. Analytes that are less electronegative than
xygen and those that have proton affinities lower than water
re not suitable for ionization by the chemical reactions asso-
iated with 63Ni metal foil ion sources and alternative methods

m
b
v
i

f Mass Spectrometry 262 (2007) 1–15

or ion formation at ambient pressure have been developed for
MS analyzers.

Alternative ionization methods include photodischarge lamps
23,24], lasers [25], corona discharges (CD) [26–28], matrix
ssisted laser desorption ionization (MALDI) [29], and elec-
rospray ion sources (ESI) [15,16,30–34]. Photoionization is
ccomplished with short wavelength ultraviolet (UV) light and
s distinguished by relatively high response to those chemicals
ith low ionization potentials such as aromatic hydrocarbons

nd other molecules with delocalized �-electrons. The source
s not limited by reactant ion density and has a comparatively
arge linear dynamic range. The limitations of photoionization
ith gas discharge lamps include finite and disappointingly brief
perating lifetimes and comparatively high power requirements;
hese are both acute requirements for instrumentation intended
or application with spacecraft and space exploration.

Corona discharges (CD) have been employed as ion sources
ith ion mobility spectrometers [17,26–28] bringing advantages
f reaction chemistry found with 63Ni foils together with high
on densities and some subtle variations in response. Bordsdorf
t al. [17] reported that CD ion sources permitted improved
esponse to non-polar hydrocarbons in positive mode over a
3Ni foil or a photodischarge lamp. Such discharges are impeded
y poorly described reaction pathways [17] some of which are
nown to be associated with ventilation of the reaction volume.
lthough positive ion chemistries are similar to that seen with

adioactive foils [28], a serious complication arises when apply-
ng negative mode CD ionization in ambient air where nitrogen
xide ions and ozone suppress response to all chemicals with
lectron affinities below the high values of these reactant ions
28,35]. A pulsed corona discharge in a curtain gas of pure,
on-electron attaching species such as nitrogen or helium, to
eparate the discharge region from the ionization region, was
emonstrated and is an attractive design solution [35,36]. A sim-
ler solution than these is to control gas flows where ventilation
f the source can lead to exclusion of reactive neutrals from
he source chemistry [37]. In this approach, response is restored
o that seen with radioactive foils. As with radioactive foils,

pre-requisite for CD and photodischarge lamps is sufficient
olatility of sample for delivery to the reaction region as a gas
17,23–25,28].

Non-volatile substances, when converted to gas phase ions,
re suitable for evaluation by IMS as demonstrated with
iomolecules and MALDI [29,38,39]. In MALDI, reactions
etween analyte and a source of charge are promoted through
laser-induced solid-to-gas phase transformation which is typi-
ed as a soft sampling method that produces singly charged ionic
pecies. However, MALDI has several disadvantages. Dried,
ften acidic, organic matrices have to be prepared for the ion-
zation process and this is a difficult task for an autonomous,
obotic experiment.

Electrospray ionization (ESI) sources have been successfully
dapted for IMS determinations of non-volatile or biological

acromolecules [7,15,16,29,31–34,40–50]. Large organic or

iological molecules, when heated, often decompose rather than
aporize, frustrating any intent to form molecular ions [42];
n constrast, intact gaseous ions are formed in ESI directly
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Table 1
Proton affinities (PA) and abundances of common components in Martian atmo-
sphere and PAs of some common organic molecules

Compound Abundance (%) PA (kcal mol−1)

CO2 95.46 130.9
N2 2.7 118.2
Ar 1.6 88.6
O2 0.17 100.9
CO 0.07 141.9
H2O 0.03 166.5
HCN Unknown 171.4
CH2O2 Unknown 177.3
C
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ig. 2. Photograph of the Hollow Cathode Ionizer developed at JPL for atmo-
pheric ionization on Mars.

rom a solution preserving the composition and structure of the
nalyte. This distinctive advantage of ESI has allowed the char-
cterization of shapes and sizes of various biomolecules from
onomeric molecules to macro size proteins. Several groups

ave reported mobility and conformational studies of macro
ons including clusters (oligomers) [43–45], peptides [49,50]
nd proteins [33,40,46,47] using ESI. In addition, ESI-IMS stud-
es of amino acids [7,15], carboxylic acids [16], dinucleotides
48], and other organic molecules [51,52] have been reported.

Researchers at JPL have recently developed a hollow cathode
onizer (HCI) [53,54], which is compatible with IMS and was
esigned to function specifically under ambient Martian atmo-
pheric conditions (Fig. 2). The HCI consists of a cylindrical
ollow cathode and anode which sustain a discharge plasma with
fall voltage of ∼400 V at Martian surface pressures (∼5 Torr).
he ionizer produces a stream of (H2O)nH+ ions from gas phase
2O molecules that are introduced into the discharge region

rom a reservoir. These ions react with volatile species in the
eaction region via proton based reactions. All of the major
onstituents of the Martian atmosphere have proton affinities
ower than that for H2O [55]. Therefore, the HCI is able to ion-
ze species of interest without ionizing the constituents of the

artian atmosphere. The abundances and proton affinities of
he major Martian atmospheric constituents and a few potential
rganic molecules are shown in Table 1. Comparison of these
alues can illustrate the utility of this ion source in the intended
pplication.

The ion sources described above illustrate that no univer-
al ion source for IMS analyzers exists and that a preliminary
nderstanding of the sample and matrix must be combined with a
onfiguration suitable for the application. The selectivity intrin-
ic in this feature of IMS analyzers has been both a strength in
exibility and adaptability and simultaneously, a complication
ecessitating a level of preparation for a prospective user.
.4. Ion gates

The ion gate, or ion shutter, is one of the most defining com-
onents of an IMS drift tube establishing performance in peak

c
t
g

6H6 Unknown 181.9
H3 Unknown 204.1

hape and width in mobility spectra. The ion gate blocks ions
rom flowing into the drift tube and then admits them into the
rift region in a brief (10 to 300 �s) pulse which is initiated by a
ser or which automatically samples the reaction region at fre-
uencies of 1 to 10 Hz. The ideal gate will maximize the number
f ions admitted into the drift region during the injection time
hile perfectly excluding leakage of ions through the gate at all
ther times. The quality of the gate in terms of the former will
ffect the overall sensitivity of the instrument while the latter
ill set a limit on the achievable resolution. The two most com-
on ion shutters or ion gate designs used in IMS instruments

re the Bradbury-Nielsen shutter grid and the Tyndall gate [39].
The Tyndall gate operates by interrupting the uniform, lin-

ar potential between the ionization and drift regions of the
pectrometers [56]. This is accomplished with two adjacent, yet
lectrically isolated ring electrodes, coaxially located with the
onization and drift regions, with thin wires or wire mesh sus-
ended across the open area of the rings. By raising the potential
n the first electrode or grid, with respect to the potential in the
on/drift tube, ions are prevented from entering the drift region
nd flow with the gradient between grids, and are eventually
emoved from the measurement by collision on a wire. Ions can
e passed into the drift region when the grid is restored to the
otential associated with the voltage gradient in the spectrome-
er. Meanwhile, the second grid is set to the potential associated
ith its position within the drift cell.
The Bradbury-Nielsen shutter functions much like the Tyn-

all design but consists of a plane of repeating parallel wires with
otentials alternating above and below an average potential [57].
n IMS applications, this gate is arranged so that the plane of
he wires is perpendicular to the ion flow with an average grid
otential chosen to coincide with the potential associated with its
osition within the ion/drift tube arrangement, V0. When poten-
ials of V0 ± �V are alternately applied to adjacent wires of the
hutter, ions approaching the wires are diverted by the electric
eld created by the alternating potentials on the interdigitated
ires. The shutter is opened by setting the potentials on all wires
f the grid to V0.
Of these two designs, the Bradbury-Nielsen grid is generally
onsidered the best in performance though more complicated
o construct. In order to optimize performance, the wires in the
rid must be kept parallel, closely spaced and thin.
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In order to avoid the need for wire meshes and grids when
onstructing ion gates, Blanchard et al. [58] investigated using
eld gradient ion barriers (FGIB) or ion wells as the gating
echanism. In this scheme, the ring shaped electrodes of the

tandard IMS design are used to create a potential well along
he radial direction of the flight tube by applying appropriate
otentials. Ions are then released by replacing the potentials on
he gate electrodes so the well is replaced with a smooth potential
radient. Although attractive in simplicity, ion motion in this
njector is dynamic and refinements in the control and design of
his approach are needed [58].

.5. Utilities for analyzer operation

The drift tube is the central element in an IMS measurement
nd must be provided with certain utilities to form a complete
nalyzer. As with any chemical instrument, a few parameters
ust be controlled, often within a range of values, for reli-

ble operation of the analyzer. In a mobility spectrometer, the
ritical parameters are moisture, temperature and purity of the
upporting gas atmosphere; both ion formation and ion behavior
n the drift region will be repeatable in a well-engineered instru-

ent. Control of these can be found in any commercial IMS
nalyzer in levels of sophistication. Although analytical IMS is
ow over 30 years old, no standard conditions for these exist,
erhaps due to suitable performance over a wide range of these
arameters.

The gas atmosphere in a drift tube is usually exchanged
ontinuously with a flow of gas (the drift gas) from 100 to
00 ml min−1 of air or nitrogen pre-treated over molecular sieves
o remove impurities and provide a level of moisture governed
y the amount, history, and age of the adsorbant. In commer-
ial instruments, the adsorbants are found in cartridges that
re replaceable, with lifetimes of months in a routine service
chedule. Purity of the gas atmosphere inside the drift region is
ssential and any impurities or diffusion of sample vapors into
he drift region will render response of an analyzer confusing
r irreproducible or both. This can be prevented through care-
ul control of flows inside the analyzer and two arrangements
xist. Flows of purified gas can be introduced at both ends of the
rift tube with sample introduced into the flow entering the ion
ource and reaction region. Purified gas, entering at the detec-
or (the drift gas), and the gas flow from the reaction region are
emoved on the source side of the ion shutter. An alternative
nd robust design is where purified gas is introduced only at
he detector and pushed through the entire drift tube, including
he reaction region, and is vented to a trap or ambient air. Sam-
le introduced in the reaction region, is swept with the drift gas
ow through the ion source to vent. This design was intended
s a detector for capillary gas chromatography [21] where high
peed clearance from the drift tube was desired.

Heat for the analyzer is another utility that factors in engi-
eering constraints and analytical response and is governed by

he thermal mass of the analyzer and the operating tempera-
ure. Temperatures need to be above that where condensation of
ample occurs. For volatile organic compounds below carbon
umbers often to fifteen, temperatures of 150 ◦C are suitable

fl
r
a
t
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nd lower temperature may be used with degraded clearance
f sample from the analyzer through surface adsorption. High
emperatures have a direct though often unintended effect on
usceptibility of a measurement to variations in moisture in
he gas atmosphere. Increases in temperature tend to decluster
ons of adducts of water or other polar or polarizable molecules
ound in the drift gas. Thus, small variations in moisture that
ight change ion mobility coefficients slightly, are minimized

r eliminated. However, high temperature in a drift tube is costly
n power and has secondary effects with ion fragmentation and
nwanted reactivity.

At temperatures above 125 ◦C, product ions for some alco-
ols may undergo dehydration reactions and product ions for
ll alcohols are totally decomposed to fragment ions at 175 ◦C.
imilar reactions occur for other organic compounds though

emperatures of decomposition are characteristic of chemical
amilies [59,60]. Thus, control of temperature is a compromise
f performance with a broad optimum in analytical response
etween temperatures too high where ions decompose and too
ow where sample vapors condense. Heat can be provided to a
rift tube with a resistive heater placed in an insulating shell
urrounding the drift tube.

. IMS in manned space flight

The only sustained application of IMS in space exploration to
ate has been air quality monitoring aboard the Space Shuttle and
he International Space Station. The environments on manned
pacecraft are inherently susceptible to contamination by harm-
ul compounds; a problem that is exacerbated by the semi-closed
ature of these environments. Therefore, all spacecraft employ
ystems which clean and re-circulate the air in conjunction with
ir quality monitoring to ensure astronaut safety. Among the
ources of contamination that may pollute spacecraft environ-
ents are human metabolites (e.g., CO, CO2, NH3, and H2S),

ffgassing from materials on board, thermal degradation by
roducts, and containment breaches of payload and utility chem-
cals (fuels, coolants, on-board experiments). The importance of
nvironmental monitoring on manned spacecraft is emphasized
y studies of archived Space Shuttle air samples which have
hown the presence of over sixty volatile organic compounds
VOCs) [61].

The dangers and risks associated with environmental contam-
nation are substantially increased with the duration of a mission.
ot only does the total amount of contaminant released into the

nvironment increase with time, but so does the probability of
ncidents or mishaps. Since astronauts are continuously exposed
o this semi-closed environment over the life of a mission, the
roblem is compounding in effects. This is reflected in the NASA
tandards, termed Spacecraft Maximum Allowable Concentra-
ions (SMACs) of contaminants, which give decreasing exposure
imits with increasing mission duration. Therefore, the need for
ensitive and reliable monitoring systems are essential on extend

ights so that crew members can be alerted to dangers and
espond before any adverse effects on health and performance
re suffered. As NASA follows its “vision for space exploration”
oward manned missions to the moon by 2020 and eventually to
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Table 2
Compounds targeted for detection and quantification by the VOA on the ISS
[2,121] along with the expected concentration ranges of each

Compound Concentration
(mg m−3)

Compound Concentration
(mg m−3)

Methanol 0.1–1.5 Ethanol 0.2–3.5
1-Butanol 0.3–4.0 2-Methyl-2-propanol 0.1–2.0
Ethanal 0.1–1.2 Benzene 0.1–1.5
m,p-Xylene 0.4–5.0 Chlorodifluoromethane 0.3–5.0
o-Xylene 0.2–2.7 1,1,1-Trichloroethane 0.1–1.6
Toluene 0.2–2.6 1,1,2-Trichloro-1,2,2-

trifluoroethane
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
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thyl acetate 0.2–2.4 Trifluorobromomethane 0.1–2.2
-Propanol 0.2–3.2

ars, the demands on air quality control and monitoring can be
xpected to increase.

.1. The International Space Station Volatile Organic
nalyzer (VOA)

Development of the Volatile Organic Analyzer (VOA) dates
o the planning of Space Station Freedom (SSF; the American
redecessor to the International Space Station). The vision of
space station housing a large number of experiments, which
ould require the long term storage of chemical wastes with

n overall projected life of 30 years, spurred the development
f the VOA and related technologies. Although the SSF project
as eventually cancelled, development of the VOA as a risk mit-

gation experiment on the Space Shuttle continued to a full-time
resence on the ISS. The role of the VOA is to monitor the cabin
ir for contaminants of concern and to track the effectiveness of
econtamination efforts. A list of compounds that the VOA was
eveloped to detect aboard the ISS is given in Table 2.

Originally, the development of a VOA was based on gas
hromatography–mass spectrometry (GC–MS) in order to capi-
alize on the proven analytical capabilities, wide acceptance and
he heritage of GC–MS in space flight, e.g., the Viking landers. A
odified commercial version of the Viking GC–MS was at one
oint the prime candidate for a VOA development. However,
he growing refinement of IMS hardware for on-site applica-
ions such as battlefields and airport security screening points

c
i
a
R

ig. 3. Schematic diagram of the GC–IMS based VOA developed for monitoring VO
he U.S. Space Program, by Peter T. Palmer and Thomas F. Limero, Journal of the A
merican Society for Mass Spectrometry).
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ed to a reconsideration of IMS and eventually a decision to
evelop GC-IMS as the VOA. The primary advantage of GC-
MS over GC–MS is that IMS operates at ambient atmosphere
ithout vacuum pumps. Therefore, a considerable advantage in

ize, mass, power, cost and reliability was achieved by elimi-
ating a vacuum system. The development of the VOA was an
xample of technology development initiated and sustained by
ASA. These efforts led to the first construction of a GC-IMS
ith the capabilities of a benchtop gas chromatograph and a
eated drift tube in a fully integrated instrument. Though this
ioneering endeavor was contemporary with the development of
hand-held GC-IMS [62] derived from military analyzers, the

equirements for operation and measurements with the VOA
ere unprecedented.
A schematic of the VOA system in Fig. 3 shows the instru-

ent consisting of two independent GC-IMS analyzers with a
ommon timing cycle and shared sampling inlet. Ambient air,
ontaining VOCs if any, is drawn into the inlet over a period
nd diverted into pre-concentrators which are multi-sorbent bed
raps. Volatile organic compounds retained by the traps are
eleased from the traps when heated and are passed to the GC
olumns as a concentrated sample. Different columns are used
n each of the two analyzers providing a dimension of selectivity
hrough retention of analytes on two stationary phases. Effluent
s introduced into the ion source of the drift tube where mobility
pectra are generated throughout the temperature ramp for the
olumns. Further description of the GC-end of the instrument is
eyond the scope of this review; however, a detailed description
s given by Limero et al. [61].

The ion source for the VOA is the conventional radioactive
oil of 63Ni. Both positive and negative ions are generated simul-
aneously; however, only ions of one polarity can be determined
t a time in a single drift tube with the time-of-flight configura-
ion. Thus, each drift tube could be operated in either positive
r negative polarity for each of the stationary phases making the
OA capable of large flow of analytical information. In prac-

ice, the calculated mobility values (or 1/K0) and retention time
or a chromatographic peak allows reliable identification of con-
tituents in the air sample. Intensities of the product ion peaks
n the IMS spectra permit quantitative determinations with pre-

ision considered high even for a laboratory grade analytical
nstrument. Fig. 4 shows the results of a GC-IMS analysis taken
s part of a prototype VOA risk mitigation experiment (VOA-
ME) flown on the Space Shuttle mission STS-89. Here, the

Cs on the ISS (Reprinted by permission of Elsevier from Mass Spectrometry in
merican Society for Mass Spectrometry, 12, 656–675, Copyright 2001, by the
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Fig. 4. Results of a GC-IMS analysis taken as part of a prototype risk mitigation
experiment on board Space Shuttle mission STS-89. Here, the reactant ion peak is
plotted as a function of GC retention time. (Reprinted by permission of Elsevier
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rom Mass Spectrometry in the U.S. Space Program, by Peter T. Palmer and
homas F. Limero, Journal of the American Society for Mass Spectrometry, 12,
56–675, Copyright 2001, by the American Society for Mass Spectrometry).

eactant ion peak is plotted as a function of GC retention time.
he chromatogram illustrates the chromatographic performance
nd response to a range of chemical classes.

Metal oxide or Metox canisters are reusable scrubbers used
o clean the recirculated air inhaled by astronauts during “space
alks” or “extravehicular activities” (EVAs). In these canisters,
O2 and trace contaminants are removed with a combination
f metal oxide and charcoal filters. Canisters are regenerated by
assing a flow of ISS cabin air through the canister when heated.
he contaminants and the rate released during this process are

quivalent to that generated by an additional crew member and
an be easily accommodated by the Environmental Control and
ife Support System (ECLSS) [63]. In Table 3, results are shown

rom the real time analyses of the air quality in the ISS using

able 3
omparison of grab sample container (GSC) analysis and real-time VOA data

rom the April 2002 Metox canister regeneration on board the ISS [63]

arget compound VOA (mg m−3) GSC (mg m−3)

ethanol 0.23 0.29
-Propanol 0.13 0.10
-Methyl-2-propanol 0.05 Trace
thanal 0.06 0.16
thanol ∼2.3 2.50
-Butanol 0.11 0.09
,p-Xylene Trace Trace
-Xylene 0.12 0.23
oluene Trace Trace
soprene Trace 0.00
-Butanone Trace Trace
thyl ethanoate Trace Trace
ropanone 0.09 0.20
enzene 0.00 Trace
ichloromethane 0.10 0.20

able entries of “Trace” indicate that the compound was identifiable but not
uantifiable by the method of detection.
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OA during the regeneration of a Metox canister in April 2002.
lso shown are GC–MS results of archival air samples taken dur-

ng the regeneration and returned to Earth for analysis in grab
ample containers (GSCs). The ground based analysis affirmed
he performance and utility of the VOA as a real time air con-
aminant monitor and the implications of speed and convenience
f the VOA are understood in contrast to the delays and costs of
eturning samples to Earth for analyses.

.2. Hydrazine detection

Hydrazine (N2H4), monomethylhydrazine (N2H3–CH3),
nd unsymmetrical dimethylhdrazine (N2H2–CH3–CH3), often
bbreviated as HZ, MMZ and UDMH, respectively, are com-
on components as fuels for spacecraft, rockets and satellites.
ydrazines are hypergolic fuels (i.e., they combust upon con-

act with an oxidant without an external ignition source), are
ighly toxic and are known or suspected carcinogens. The Amer-
can Conference on Governmental Industrial Hygienists has set
he threshold limit values for these compounds at 10 parts-per-
illion (ppb) while NASA has established 2 ppb as its maximum
llowable concentration in spacecraft. A particular concern with
huttle missions is the accidental introduction of hydrazines

nto the atmosphere of the Shuttle following EVAs. In an EVA,
ydrazines might be absorbed on spacesuits through malfunction
f Shuttle thrusters, also powered with hydrazines, and the con-
amination would be volatilized upon re-entry into the Shuttle
nvironment. Thus, the valuable role hydrazines have in space-
raft flight and the dangers of human contact with hydrazines
ean that human exposure should be prevented through mon-

toring of the on-board spacecraft environment (and perhaps
n-ground during spacecraft servicing) with highly selective,
ensitive and fast analyzers.

A particular challenge in developing an IMS analyzer for
ydrazines was the resolution of ammonia, hydrazine and MMH
n a hand-held military grade instrument operated at ambient
emperature. Laboratory studies at New Mexico State Univer-
ity demonstrated that when the supporting atmosphere was
odified with a 1 ppm vapor level of a ketone, 5-nonanone,

he ion clusters of each of these could be reliably determined
ith low ppb detection limits [64]. A military grade IMS ana-

yzer termed an Airborne Vapor Monitor (AVM) for commercial
arkets from Graseby Ionics Ltd. (Watford, Herts, U.K.) was
odified with 5-nonanone in the internal gas supply and was
own in April 1991 on the Space Shuttle Atlantis mission
TS-37. This exercise demonstrated the feasibility of operat-

ng IMS technology in space and details of the instrumentation
re summarized in Table 4. The analyzer was calibrated for
Z and MMZ at the Kennedy Space Center both before and

fter the Shuttle mission spanning nearly 6 months including
he launch, use on flight, landing and prolonged storage after
anding before final calibration. Results of these calibrations
re summarized in Table 5 illustrating from similarity of the

re- and post-flight calibrations the inherent rugged and stable
haracter of the AVM. There were clearly no obvious failures
ue to the extremes experienced during the mission, including
aunch.
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Table 4
Instrumentation details of the Graseby Ionics, Ltd. AVM which flew on the Space
Shuttle Atlantis in April 1991 (STS-37) [64]

Experimental parameter Value

Methylsilicone inlet membrane 75–150 �m thick
Ionization source 10 mCi 63Ni
Drift length 12 mm
Electric field strength 244 V cm−1

Drift gas flow rate 200 mL min−1

Inlet sample flow rate 0.5 L min−1

Shutter pulse width 180 �s
Shutter repetition rate 40 Hz
Drift tube temperature Ambient

Table 5
Hydrazine calibration results of the Graseby AVM which flew on the Space
Shuttle Atlantis in April 1991 (STS-37) [64]

Concentration (ppb) Peak Height (mV) Difference in
percent relativePreflight Postflight

HZ 0 0 0 0
40 6.3 4.6 −27
96 14.8 13.7 −7.4

296 33.3 39.2 17
601 61.5 60.8 −1.1

Average 13.1

MMH 0 0 0 0
9 26 18 −31

42 63 64 1.6
94 118 120 1.7

304 438 440 0.46
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617 805 772 −4.1

Average 7.8

Though successful, this hydrazine based analyzer was lim-
ted by the size and shape of the AVM making use inside the
ir lock uncomfortable and unwieldy. Clearly a smaller package
ith similar performance would have been an attractive detec-

or for hydrazines. A second limitation of the AVM was a subtle
ngineering compromise. The device used to deliver vapor of
-nonanone to the drift gas was based upon a permeation tube
riginally developed for another reagent for military applica-
ions. This design and the vapor pressure of 5-nonanone caused
he release of poorly controlled and excessive levels of ketone
apor into the analyzer, necessitating tens of minutes for sta-
ilization after power on and a frequent maintenance schedule.
more sophisticated vapor delivery system would have solved

oth of these issues in a single iteration but was unavailable in
he early 1990s. The story of ion separation of hydrazines by

obility in ketone rich atmospheres was recently clarified and
ompleted with IMS/MS studies [65].

. IMS in robotic space exploration
While no IMS has yet flown on an in situ robotic mission,
here are mission opportunities where IMS may eventually be
n integral part of the analytical payload. Such potential mis-
ion opportunities fall under the following mission categories.

n
r
M
s
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lagship missions are large (cost cap of >$1 billion) directed
issions that are sent to targets specifically chosen for their

igh scientific value as identified by NRC Decadal Surveys.
ther potential mission opportunities are in the form of NASA
rincipal Investigator (PI) led peer-reviewed selections in the
ars Scout program (cost cap of <$500 million), Discovery pro-

ram (cost cap of <$500 million) and New Frontiers program
cost cap of <$800 million). While the goals of these missions
ill, of course, be dependent on the destination, a number of
bjectives are common to many of the likely targets. These
oals include understanding the chemical environment where
he probe is exploring and to determine the past and present bio-
ogical potential of these bodies. The determination of biological
otential can include the direct search for biological molecules
r furthering our knowledge of organic chemistry throughout the
olar System, both of which will help develop our understanding
f the pre-biotic Earth.

In support of the search for life or the precursors to life
hroughout the Solar System, we offer the following arguments.
n Earth, life emerged in or a relatively short period of time,

arly in its history [66,67]. Therefore, conditions suitable to the
rigin of life may only need to be present for a short period
or pre-biotic chemistry or even life to develop. Further, the
esilience of extant life on Earth indicates that life is capa-
le of existing in remarkable array of varied environments. On
arth, life has been found to occupy virtually every environ-
ent where food and energy exist including so called ‘extreme’

nvironments where conditions would seem unsuitable for life.
or example, life is now known to exist at great depths within

he ocean near hydrothermal vents where pressures and temper-
tures were once considered too extreme for life [68]. A further
xample is in the dry valleys of Antarctica where extreme tem-
eratures and high UV flux, at first glance, seem unfavorable to
ife [69]. However, various microorganisms, including lichens,
lgae and fungi, have evolved to live within porous rocks where
hey are protected from the UV and remain dormant except for
hort periods during the summer. Finally, one can point to the
arth’s subsurface biosphere (at depths >1 km) as an extreme
nvironment where methanogenic bacteria are known to exist in
wide variety of locations [70–75].

.1. Potential destinations for future in situ space missions

Here we discuss several potential destinations for robotic
pace missions which would benefit from having IMS as part
f the payload. Given that IMS operates at elevated pressures,
MS naturally lends itself to Solar System bodies which retain
n appreciable atmosphere (i.e., Mars, Titan, etc.). However, this
oes not preclude consideration of IMS instruments on scien-
ific payloads to bodies with minimal, tenuous or no atmosphere
i.e., comets, Europa). In these cases, a sealed, pressurized drift
ell would be a design requirement. In contemplating the util-
ty of IMS in these situations, a careful cost-benefit analysis is

eeded to balance the benefits of IMS described here with the
equirement of carrying a fixed amount of consumable drift gas.

ars, Europa and Titan are arguably the three most interesting
olar system bodies from an astrobiological perspective. Given
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he application of IMS to astrobiological investigations for evi-
ence of life in the form of organic compounds, these bodies
ave been singled out for individual attention.

.1.1. Mars
There is direct physical evidence in the form of geomorpho-

ogical, mineralogical and surface elemental abundances that at
ne time there were large amounts of liquid water on the sur-
ace of Mars. Images taken by orbiting spacecraft such at Mars
dyssey, the Mars Global Surveyor and the Mars Reconnais-

ance Orbiter, suggest that this water was present on the surface
n sufficient quantities and on sufficient time scales to create river
eltas, river beds with tributaries, lakes, and seas [76–80]. It has
een suggested that at the time liquid water was present on the
urface [81], conditions on Mars were similar to the conditions
n the early Earth [82] (i.e., when life first appeared) and hence
onducive to the origin of life. It is therefore possible that either
ife or the pre-cursor, pre-biotic chemistry that lead to life on
arth may have existed on Mars. If so, there may still be chem-

cal evidence surviving within sedimentary rock formations on
he surface. If life did arise on Mars, it is possible that it could still
xist in protected niches such as sulfur-rich sub-surface areas for
hemoautotrophic communities, rocks for endolithic communi-
ies, permafrost regions, hydrothermal vents, soil, or evaporate
rystals [83].

The search for organic molecules as traces of extinct or
xtant life is an important scientific objective of future mis-
ions to Mars. In 1976, the two Viking landers performed the
nly in situ search for organics on Mars to date. However, the
iking GC–MS failed to detect organic molecules on the Mar-

ian surface. The two Viking landers took regolith samples into
pyrolysis oven where they were heated to 200, 350 and 500 ◦C

or 30 s, respectively. The released gas phase materials were
ntroduced into a GC–MS for detection and identification of
olatilized species. There was no detectable organic material in
he regolith analyzed at either landing site [84,85] except for
he detection of the solvent used to clean the spacecraft. This
esult is not consistent with the estimated ∼2 × l05 kg of reduced
arbon expected to be deposited on Mars each year through
eteoric sources and through the accumulation of interplane-

ary dust particles (IDPs) [86]. Many forms of carbon found in
hese sources should have easily been detected given the capa-
ilities of the Viking GC–MS [87,88]. This Viking null-result
as been attributed to the oxidizing conditions on the surface of
ars which converts organics into carbon dioxide [84,85].
Recently, the Viking experimental results have come under

ome scrutiny. Benner et al. [89] have hypothesized that ben-
enecarboxylic acids would be stable in the highly oxidizing
nvironment that Viking characterized. These carboxylic acid-
alts would not have been detectable given the Viking GC–MS
xperimental parameters. In addition, Navaro-Gonzelze [90] has
dentified organic molecules in Atacoma desert samples using
pyrolysis–GC–MS technique, but needed to raise the temper-
ture of the pyrolysis oven to over 700 ◦C before detectable
uantities of organic material evolved from the samples. Finally,
iking only analyzed unconsolidated surface samples, not the

nteriors of rock samples. Meteorites have been shown to con-
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ain organic material under a protective outer shell while life
as evolved to exist within rock interiors found in the Antarctic
ry valleys. In aqueous environments evidence of life can be
rapped in deposits as the material becomes lithified. Samples
epresenting either of these scenarios have yet to be analyzed on
he Martian surface.

For any analyzer (IMS, GC-MS, etc.) to be part of an in
itu analytical laboratory on a future Mars mission, it must be
ble to analyze samples taken from rock interiors, or through
ubsurface drilling [91,92]. The samples can be prepared either
hrough traditional pyrolysis or through liquid extraction and
lectrospray ionization. Analysis of the organic component of
urface and sub-surface material is a priority for the understand-
ng of the chemical nature of the surface. In the case of amino
cids, the liquid extraction step would enable them to be ana-
yzed as intact molecules, while they may become fragmented
n pyrolysis. On a more cautionary note, the large presence of
alts on the Martian surface must be carefully considered as
arge amounts of solvated ions can interfere with electrospray
onization of analytes.

.1.2. Europa
Europa has recently generated increased interest in the

lanetary science community because of the ever increasing
vidence for the existence of a liquid ocean buried beneath the
ater–ice surface. The possibility of an ocean’s existence has
een strengthened by observational data from the Galileo space-
raft [93–97]. Models of the Europan interior support the notion
hat liquid water can exist beneath the surface as a result of heat-
ng due to tidal interactions within the Jovian system [97]. Such
idal interactions, which are responsible for the spectacular vol-
anic eruptions of Io, make the existence of hydrothermal vents
eneath the encapsulating ice layer a distinct possibility.

It is generally thought that organic molecules were not
riginally incorporated into any of the Jovian satellites since
emperatures in the circum-Jovian nebula were too high dur-
ng the formation of the parent bodies [98]. Therefore, any
rganic material that is present must be explained by gravita-
ional capture [99]. While the surface of Europa is relatively
oung, visual evidence on Callisto, along with the fate of Comet
hoemaker-Levy 9, suggests that Europa should have undergone
eavy bombardment by comets and carbonaceous meteorites
oth of which contain relatively large percentages of organic
aterial. Even though these impacting events cause a loss of

he initial organic material through gravitational escape, it is
easonable to assume that a fraction would survive [100,101].
lank et al. [102] have performed an experiment in which sev-
ral amino acids (lysine, norvaline, aminobutyric acid, proline,
nd phenylalanine) were subject to shocks that simulate the
ntry of cometary material into the Earth’s atmosphere (approx-
mate equivalent of 200 kbars and 600 ◦C). They found that
0–70% of the amino acids survived; some of them paired to
orm dipeptides, the first step towards amino acid chains. In

ddition, the accumulation of IDPs, which have the highest
roportion of organic material of any sampled objects in the
olar System [103], on Europa should be substantial due to the

mmense Jovian gravity well’s ability to capture them. Although
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he amounts of exogenic organics delivered at any one time are
elatively small, they would accumulate over time due to the
ncreased number of impacts as a result of Jupiter’s gravitational
nfluence. This exogenic material can act as the input of organic

aterial to the sub surface ocean. Given the possible existence
f an internal energy source, it is within the realm of possibility
hat life may be present in the subsurface ocean.

If life exists on Europa, evidence of its existence such as
rganic material should be present in the ice and within the
iquid ocean. Currently, there are plans to send an orbiter to
uropa to study the surface and subsurface [122]. Because of

he intense surface radiation, any probe to the surface must
ither have radiation shielding, or quickly get into the sub-
urface. A single instrument capable of identifying both small
nd large molecules, such as an IMS, would greatly reduce the
equired analytical payload and increase the feasibility of an in
itu Europa mission.

.1.3. Titan
Titan is the second largest satellite in the Solar System and

s the only satellite with a significant atmosphere. In fact, the
tmospheric pressure is ∼1.5 bar at the surface, more then 50%
reater than on Earth. The atmosphere consists of predomi-
antly nitrogen with ∼1.6% methane, and trace amounts of gases
uch as hydrocarbons (including ethane, diacetylene, acetylene,
ropane and over 10 other documented organic compounds),
rgon, carbon dioxide, carbon monoxide, cyanogen, hydrogen
yanide and helium. The rich hydrocarbon inventory of the
tmosphere and surface [104] is formed when methane in the
tmosphere is photodissociated by UV radiation and resulting
hemical reactions with the radical species produced. This sup-
ly of radical producing UV radiation is augment by exposure to
he strong solar wind as the satellite moves in and out of Saturn’s

agnetic field.
The lifetime of methane in the atmosphere is limited by pho-

ochemistry to the order of 10–100 million years [105,106]. The
tmospheric 12C/13C isotope ratio measured by the recent Huy-
ens probe indicates that a continuous or periodic replenishment
f methane is ongoing [107]. In addition, the nitrogen isotopic
atio is enriched in 15N suggesting that the early atmosphere
as most likely 5 times denser then at the present time [123].
inally, the low abundance of noble gases, especially argon, indi-
ates that the atmosphere was most likely captured as ammonia
as instead of molecular nitrogen. Argon 40 was also detected
t the surface and its presence indicates that Titan has in the past
xperienced, and is most likely still experiencing today, internal
eological activity.

The surface temperature on Titan is about 94 K, right at
he triple point of methane. This could lead to hydrocarbon
akes, where organic material may accumulate over time. Upon
anding, the Huygens probe measured an increase of methane
ndicating that the surface is saturated with methane either as a
iquid or solid and was evaporated as the cold surface was heated

y the spacecraft. Finally surface material was found to be rich in
rganic material indicating a complex organic chemistry [123].

The organic material on Titan is usually referred to as Tholin.
his term was coined by Carl Sagan to describe the highly

t
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efractory material created in a Miller-Urey type experiment
n atmospheric gases resembling the known constituents of
he atmosphere. The result of these series of experiments is a
eddish-brown “goo” that is an analogue of the organic compo-
ent of the planetary surface. This material can be considered to
e an analogue of the material present on the early Earth. Iden-
ifying the chemicals present on the surface, in lakes and in the
ubsurface could indicate what molecules were present when
ife first started on the Earth. While no (new) in situ missions to
itan are currently planned in the near future, it is a high priority

arget in terms of understanding organic chemistry and potential
rebiotic chemical pathways.

.1.4. Other solar system bodies
Of course there are many other targets of investigation that

ight benefit from IMS based instrumentation. Among these are
omets and other icy bodies in the outer solar system. In fact, as
iscussed in Section 4.2, GC–IMS instruments have been devel-
ped with comet investigations in mind. Of all the remaining
odies, perhaps Enceladus remains the most enticing.

On July 14, 2005, the Cassini spacecraft flew by Saturn’s
oon Enceladus and made what is likely to be the most unex-

ected discovery of the Cassini mission. Specifically, evidence
rom a variety of on-board instruments found plumes of water
rupting for the ‘tiger stripe’ region near the South Pole. Cur-
ently, the presence of these vapor plumes has been attributed
o trapped pockets of near surface liquid water. Given NASA’s
follow the water” exploration strategy, Enceladus has quickly
ecome a target of great interest.

.2. IMS instruments

There have been a number of IMS instruments that have been
eveloped and proposed as Astrobiology mission experiments
nd have been included in the proposed instrument payloads of
nmanned, Solar System exploration spacecraft. Although none
f these instruments has yet to fly on a space mission, the instru-
ents in question were developed with a range of Solar System

argets in mind. Unfortunately, most details of these instruments
re held as proprietary information or are otherwise not avail-
ble in the open literature. Therefore, we present only a brief
ummary and description of the evolution of these instruments.

The Comet Rendezvous Asteroid Flyby (CRAF) was a
ission, proposed to launch in the early 1990’s, to send an

nmanned spacecraft to rendezvous with comet Tempel-2, fly
n formation with it for 3 years and fire an instrumented pen-
trator into the comet’s nucleus. Close flybys of two asteroids
Malautra and Hestia) were also planned to take place on its
ay to the comet encounter. The CRAF mission was to conduct
etailed studies of the composition and physical properties of
he comet nucleus and observe changes that occur as the comet
pproaches the sun. It was also to determine the size, shape and
urface properties of the Malautra and Hestia asteroids. Amongst

he proposed instruments was the GC–IMS Comet Ice and Dust
xperiment (CIDEX).

The CIDEX instrument later evolved into a more advanced
nd streamlined version, the mini-CIDEX [108], that was
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ncluded in the proposed Hummingbird (commentary) Dis-
overy Mission. This instrument was to include an X-ray
luorescence spectrometer to determine the composition of
ometary dust grains and a GC–IMS to determine the molecular
omposition of dust and ices.

The mini-CIDEX then evolved to be included in the Titan
ce and Dust Experiment (TIDE) that was part of the Titan
rbiter Aerorover Mission (TOAM) [109] proposed to NASA’s
ew Vision’s program. The TOAM concept is to combine an
rbiter and aerorover to conduct both in situ and remote sensing
f Titan’s surface, atmosphere, ionosphere and magnetospheric
nteraction. The TIDE instrument would obtain molecular and
lemental assays of volatile organics in the atmosphere. For the
IDE application, a Micro-Mechanical System (MEMS) GC
nd mini-cell helium IMS have been developed to replace their
espective mini-CIDEX components with similar to advanced
nalytical capability [110].

The latest evolution of this development effort is the Mars
eochemical Instrument (MARGI) which was proposed to be

ncluded (but not selected) in the science package aboard the
ars Science Laboratory which is set to launch in 2009. All

f the above instruments incorporate sealed gas tight drift cells
ith dry helium as the drift gas due to its universal response

nd common use as a GC carrier gas [D.R. Kojiro (personal
ommunication, 2006).

Currently, an IMS is part of an instrument package that is
eing developed to analyze inorganic and organic compounds
rom Martian surface and sub-surface samples and to search
or biosignatures on Mars called the “Wet Chemistry Exper-
ment at Mars (WetChem)” [111]. As its name implies, the
xperimental approach being developed utilizes wet chemical
nalysis and extraction. Specifically, WetChem consists of an
ntegrated suite of instruments including the Robotic Chemistry
nalysis Laboratory (RCAL) and an electrospray ionization-ion
obility spectrometer in tandem with a cylindrical ion trap mass

pectrometer.
RCAL is the evolution of the Mars Environmental Compat-

bility Assessment (MECA) Wet Chemistry Lab (WCL) that
as flight qualified for the Mars 2001 Odyssey Lander prior

o its cancellation after the crash of the Mars 1999 Polar Lan-
er [112]. MECA is now set to fly on the 2007 Mars Scout
ission: the Phoenix Mars Lander. Like its predecessor, RCAL

s designed to provide information on bulk salt content and to
haracterize the salts and minerals that are present in Martian
oil using an array of electrochemical sensors. The sensor array
onsists mainly of potentiometric ion selective electrodes but
lso includes conductivity, and voltammetric microelectrodes
or determination of heavy metals. In addition, RCAL will serve
s the front-end instrument to extract volatiles, inorganic and
rganic compounds from Martian regolith to be fed to the ESI
nit for further analysis of the samples by the IMS-MS instru-
ent. As part of this development effort, a broad survey of

ypes and abundance of carbon containing molecules includ-

ng complex organic molecules is being performed in an effort
o identify potential chemical biosignatures (i.e., amino acids,
arboxylic acids) in solid phase materials using the IMS-MS
ystem. Finally, a prototype instrument will be used to conduct

c
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eld studies at evaporate sites in the Deep Springs Playa and the
eath Valley Salt Pan which are considered to be extreme envi-

onments (i.e., very dry, highly alkaline with pH levels up to 11)
nd represent excellent analogs for putative Martian evaporites.

. Current/future directions and development

.1. IMS-MS (mass-mobility correlations)

Recently, the correlation between mass and mobility has been
evisited with the intention of improving specificity in a tan-
em IMS-MS measurement. For years, mass and mobility were
nown to be well-correlated among structurally similar com-
ounds. However, as reported by Johnson et al. [15], amino acids
isplay a high degree of mass-mobility correlation despite the
ide variation in amino acid structures. This led to the specula-

ion that a common charge location on stable hydrogen bonded
ings between the amine and carboxylic groups were the source
f the correlation. A second study of carboxylic acids found sim-
lar correlations among structurally dissimilar compounds [16].
ere the analysis was expanded to include chemical modeling of

he gas phase ion conformations which supported the assertion
hat charge location on stable hydrogen bonded ring structures is
esponsible for the degree of correlation between the mass and
obility of these compounds.
Ultimately, a tandem IMS-MS instrument, yielding both the

obility and mass of an ion, could locate an unknown ion on
he mass-mobility plane. By comparing an ion’s location on
his plane with pre-determined regions characteristic of various
ompound classifications (i.e., known mass-mobility correla-
ion curves), one could identify the family of compounds to
hich the unknown belongs. Such ability would be of tremen-
ous value if a tandem IMS-MS system was used to analyze
nknown samples in a complex chemical environment (e.g.,
etChem on Mars). To this end, a JPL-Caltech group is cur-

ently working toward accurate theoretical predictions of mass
obility correlation curves [113].

.2. Differential mobility spectrometers

Recently, a variation on traditional IMS was introduced as
eld asymmetric waveform ion mobility spectrometry (FAIMS)
r differential mobility spectrometry (DMS) and is based upon
he dependence of mobility on electric field. Planar micro-
abricated configurations of DMS are inherently amenable to
pacecraft due to enhanced analytical capability, small size and
eight, and low thermal mass. Configurations of GC-DMS ana-

yzers are now routine in research laboratories [114–117] and
vailable in a commercial package (CP-4900 Differential Mobil-
ty Detector, Varian Inc.).

In DMS, ions are characterized in an oscillating electric field
ith high frequency where mobility coefficients are no longer

onstant with respect to electric field but where K actually

hanges with the electric field. Plots of K versus E were known
rom the early part of the 1900s to be flat until a certain point
fter which the plot increased in ways characteristic for each
on. Thus, Eq. (1) is still valid in DMS except that K should be
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ig. 5. Schematic diagram of a differential mobility spectrometer (DMS). The
ymbols tl and th represent the time intervals associated with the low and high
eld portions of the applied waveform, respectively.

ritten as K(E/N) where N is number density of molecules in the
upporting atmosphere. The values for E where ions of organic
ompounds become field dependent are 20,000 to 30,000 V/cm
o ordinary time-of-flight drift tubes are unworkable. Instead,
ons can be characterized for field dependence and separated
rom a difference in such dependences by moving ions in a flow
f gas between two parallel plates with one plate held at ground
hile a waveform V(t) is applied to the other (see Fig. 5). The

pplied waveform consists of a high voltage component and a
elatively long low voltage component of opposite polarity. Dur-
ng the high field component, ions travel a transverse distance
f K(E/N)hEhth, where Eh is the applied electric (high) field
nd th is the period for with the high field is applied. Similarly,
he ion will travel a distance K(E/N)lEltl in the opposite direc-
ion over the time, tl, that the low-field, El, is applied. Since
he integration of each waveform cycle is zero, the relative val-
es of Kl and Kh determine if the net transverse motion is zero
when K(E/N)h = K(E/N)l) or in one direction or the other (when
(E/N)h/K(E/N)l �= 1). If so, then a DC voltage can be applied

o compensate for the transverse drift to give zero net transverse
isplacement (i.e., the ion does not strike a plate). If the ions
erived from different compounds do not have the same ratio
f mobilities, then different compensation voltages are required
o pass ions through the analyzer. Therefore, the DMS instru-

ent acts as an ion filter which separates ions with different
ependences of mobility on E/N. By scanning the compensa-
ion voltage, a differential mobility spectrum is generated and
ll ions in a mixture can be determined. All of the ion character-
zation and separation occurs in a distance of 13 mm or smaller
n the micro-fabricated configurations [118] making the size of
he analyzer very attractive for space applications.

The first demonstration of DMS was given by Buryakov et al.
119]. Since its inception, a new configuration with concentric
ylinders have been described and commercialized [120]. How-
ver, the planar configuration has intrinsic advantages of low cost

or manufacture. In either design, reliability is afforded through
he simplicity of the drift tube without ion shutters and stacked
ing assemblies. A last advantage of DMS which portends favor-
ble development as a GC-DMS instrument for exploration with
Mass Spectrometry 262 (2007) 1–15 13

pacecraft is the simultaneous determination of ions of positive
nd negative polarity in a single analyzer. Since ions are car-
ied by flow through the gap between the plates, positive and
egative ions pushed with gas flow from the ion source are also
ushed simultaneously through the analyzers. Ion characteriza-
ion perpendicular to gas flow is independent of polarity and
ependent only upon differences in K(E/N) for an ion, positive
f negative. At the end of an analyzer, detector plates for negative
nd positive ions are set to a slight DC bias yielding differential
obility spectra using parallel amplifiers and a common scan

or compensation voltage.

. Conclusion

Ion mobility spectrometers possess a number of properties
hich make then intrinsically well suited to space exploration

small, low mass, low power, rugged, etc.). As such they have
een, and continue to be, developed for application in both
anned and robotic space exploration. Indeed, IMS has a tech-

ical pedigree in space applications as part of the environmental
onitoring on board the International Space Station. As NASA’s

vision for space exploration” unfolds with manned missions to
he moon expected by 2020 and planning for eventual manned

issions to Mars, the need for reliable air quality monitoring is
xpected to increase with the duration and scope of these endeav-
rs. Given its flight heritage and past success in this arena, IMS
s likely to remain a key technology on board future manned
pacecraft.

In terms of robotic exploration, IMS has so far been consid-
red mainly with astrobiological objectives in mind. Despite not
aving flown on this type of mission to date, groups at NASA
mes Research Center and the Jet Propulsion Laboratory con-

inue to investigate the utility of IMS instrumentation as part of
he analytical payload on missions to study the chemical com-
osition of comets, Mars, Titan and other solar system bodies.
iven the size and scope of Mars exploration programs (both
ASA and ESA), Mars is perhaps the most likely target for
n IMS based in situ experimental investigation. For example,
mission such as the proposed Astrobiology Field Laboratory
ould benefit from IMS based assays of organic and chemical

ompositions of samples collected from protected environments
uch as rock interiors and subsurface environments.
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