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Low power, robust technologies are appealing for in situ planetary science throughout the Solar System.
The VAPoR (Volatile Analysis by Pyrolysis of Regolith) instrument is under development toward studying
soil composition, volatiles, and trapped noble gases in the polar regions of the Moon and on the surface of
other airless bodies. VAPoR will ingest a soil sample and conduct analysis by pyrolysis and time-of-flight
mass spectrometry (ToF-MS). Two components of the system have been characterized in parallel devel-
opment: a field-tested sample heater design and a laboratory-based time-of-flight mass spectrometer
ime-of-flight
yrolysis
lanetary science
ass spectrometry

ield emission
arbon nanotube

that emphasizes reduced mass and power through the use of micro- and nanotechnology. The pyrolysis
field unit, vacuum-coupled to a commercial residual gas analyzer, has been used in Hawaii to analyze
Mauna Kea soils. Water was detected, as were key inorganic pyrolysis products, including CO2 and SO2,
and organic volatiles, including methane, benzene, toluene, and various hydrocarbon fragments. In paral-
lel development, a laboratory reflectron time-of-flight mass spectrometer has been designed, assembled,
and tested using electron impact ionization from a carbon nanotube electron gun. Preliminary testing
reveals a mass resolution of 270.
. Introduction

Measuring the chemical composition of solid bodies in our Solar
ystem is key to understanding the formation and evolution of the
lanets and their moons. One possible instrument for in situ chemi-
al analysis of planetary atmospheres and surface regolith is VAPoR,
olatile Analysis by Pyrolysis of Regolith [1]. As part of a landed or
oving mission to the surface of a solid body, VAPoR enables compo-

itional and isotopic measurements of volatiles released from solid
urface samples on airless bodies including the Moon, asteroids,
omets, and the icy moons of the Outer Planets. With the addition
f a miniature turbo-pump, VAPoR could also operate in higher
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pressure environments including Mars and Titan. As depicted in
Fig. 1, VAPoR combines a sample carousel of 6 individually heated
pyrolysis ovens with a miniaturized, low-power and low-mass
time-of-flight mass spectrometer (ToF-MS). Powdered or ground
soil samples collected by a rover or lander sample acquisition
system and delivered to the VAPoR ovens can be heated to temper-
atures up to 1200 ◦C to liberate the volatile constituents for direct
measurement by the ToF-MS. Two independent units have been
built and tested to understand the performance of the different
instrument components. A laboratory breadboard was developed
to test and calibrate the ToF-MS, and a portable field unit consist-
ing of a custom made high temperature pyrolysis oven, coupled
to a commercial RGA mass spectrometer via a vacuum system, was
built to demonstrate the feasibility of conducting vacuum pyrolysis
evolved gas measurements in the field.

Calibration of the VAPoR field unit can help to identify the bulk

chemistry of the soil samples, including the presence of water,
hydrocarbons, noble gases, and evolved gas signatures correspond-
ing to carbonates, sulfates, and nitrates. Evidence for aqueous
alteration and the presence of water and hydrocarbons in planetary
regolith will provide insight into the occurrence of astrobiology-
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ig. 1. The VAPoR instrument will combine a sample pyrolysis carousel containing
olatile analyses on the surface of planetary bodies throughout the Solar System.

elevant constituents on planetary bodies. To reach some of these
emote destinations, the instrument payload will be necessarily
ompact and low power; therefore, one of the objectives of the
APoR development is to reduce the power and mass required to
erform these measurements. To this end, the ToF-MS component
f VAPoR is designed to employ a number of technological advances
o allow power and mass reduction in a high performance instru-

ent. Micro- and nanotechnology have been used to design and
uild a ToF-MS prototype that has undergone preliminary testing
nd calibration. This instrument development will be discussed in
ection 3.

VAPoR is a new descendant in a well-established family of
oth spaceflight mass spectrometers and evolved gas analyzers.
s early as 1975, the Viking landers each carried pyrolysis-gas
hromatograph–mass spectrometer (GC–MS) instruments to the
urface of Mars. The Viking oven design heated soils in one of
hree pyrolysis ovens to a temperature of 500 ◦C, delivered the
olatiles to a GC column for chromatographic separation, and used a
uadrupole mass filter to acquire a mass spectrum. More recently,
n evolved gas analyzer (EGA) was integrated with a differential
canning calorimeter (DSC) on the Phoenix lander that arrived at
he Mars northern latitudes in 2008. Soil was introduced into one
f the eight nickel ovens, and detection of major constituents of
he evolved gases was conducted by a miniature magnetic sector

ass spectrometer [2]. To continue the study of the Martian sur-
ace, the Sample Analysis at Mars (SAM) instrument suite [3] has
een developed for the Mars Science Laboratory rover [4], currently
cheduled for launched in 2011. The instrument suite will provide
yrolysis capability up to a temperature of 1000 ◦C for 74 indi-
idual sample cups located in a two-ringed carousel developed by
oneybee Robotics. Nine of these 74 cups are hermetically sealed
etal wet chemistry cups, containing a derivatization fluid that

ill react with the soil and enhance the detection capability of

rganics in surface materials such as amino and carboxylic acids
hat would not otherwise be detected by pyrolysis GC–MS alone.
nalysis of evolved species and atmospheric gases will be sepa-
ated by one of 6 gas chromatography (GC) columns and can be
parate ovens with a low-power, miniaturized time-of-flight mass spectrometer for

detected by thermal conductivity (TCD) and the quadrupole mass
spectrometer (QMS). The QMS exhibits unit mass resolution over
a mass range of 2–535 Da. A tunable laser spectrometer (TLS) is
also included in the instrument suite to determine isotopic ratios
of carbon and oxygen in atmospheric CH4 and CO2. Slated to land
at one of several candidate sites suggesting past water activity
and possible preservation of organics, the SAM instrument suite is
expected to greatly enhance our understanding of the habitability
of Mars.

Mass spectrometers have furthermore been deployed on orbit-
ing spacecraft, such as the Cassini–Huygens mission, which
targeted the compositions of Saturn and its hydrocarbon-rich moon
Titan. The Cassini orbiter sampled ions and neutrals while orbit-
ing Saturn [5], and the Huygens probe descended through the
thick Titan atmosphere to the surface while analyzing atmospheric
and volatile constituents with a gas chromatograph–quadrupole
mass spectrometer [6]. Quadrupole mass spectrometers have a
strong heritage for spaceflight, but recently, time-of-flight instru-
ments have been the focus of spaceflight development as well. For
example, a time-of-flight mass spectrometer was developed for the
ROSINA instrument [7] of the ROSETTA mission to the surface of a
comet. Coupled to a double-focusing magnetic sector MS with mass
range of 12–150 Da and resolution of m/�m = 3000, the ROSINA
ToF-MS features a mass range of 1–300 Da, with mass resolution of
500 Da, and is geared to understanding the chemical and isotopic
composition of a cometary atmosphere.

Upcoming missions to remote planetary surfaces will require
smaller and simpler instruments than some of these predeces-
sors. The resources available on future robotic missions to the
Moon, comets and asteroids, and icy moons will likely not be
able to support a complex instrument. Therefore, the development
of lower mass, power, and volume evolved gas mass spectrom-

eters for these resource-constrained missions is essential. For
this reason, our development efforts focus on achieving suffi-
cient performance to achieve the following science objectives:
(1) detect and measure the presence of water and noble gases,
and (2) determine the presence of aliphatic and aromatic hydro-
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arbons, and small O- and N-containing organics. The VAPoR
nstrument in development consists of two major components:
he pyrolysis ovens and the reflectron time-of-flight mass spec-
rometer, with a sub-development on the field emission electron
un. These components are currently the subject of parallel devel-
pment efforts and therefore will be discussed in three different
ections.

. Pyrolysis mass spectrometry and evolved gas analysis

Evolved gas analysis by vacuum pyrolysis is the most efficient
echnique to release and analyze the widest range of volatiles from a
olid sample [8]. Pyrolysis mass spectrometry and evolved gas anal-
sis techniques have been studied since over a century [9–12] and
re widely used in planetary science missions [3,8,13–16]. The tech-
ique relies on the thermal release and breakdown of volatiles and
ifferent constituents of a solid sample’s mineralogy and organic
omposition at different temperatures. The pyrolysis temperature
f each chemical compound depends on various factors, such as
he tendency of the species to sublimate, the binding energy of a
olatile molecule to a host matrix, the energy required to break a
ritical bond (conversion of carbonate to CO2, for example), and
ven the microstructure of a sample, i.e., the location of encap-
ulated phases with respect to the sample surface. Calibration is
herefore a key development step toward interpreting the ther-

al profile of evolved gases from a variety of different mineral
tandards.

The VAPoR prototype pyrolysis oven, derived from the SAM
yrolysis ovens, consists of a resistively heated sample cup
nclosed in radiation shielding. The sample cup is made of coni-
al single-stranded tungsten wire conformally coated with zirconia
eramic (R. D. Mathis Co.) that can accept ∼0.4 cm3 of solid sample
nd heat the contents to at least 1200 ◦C, higher than the current
aximum temperature for SAM. The higher target temperature

or VAPoR is required to release oxygen from silicate minerals and
ome noble gas species that are only released from high temper-
ture mineral phases above 1200 ◦C. Seven concentric radiation
hields surround the cup to mitigate heat loss to the outside. A con-
at housing encloses the oven and shielding to maintain a vacuum
nd is interfaced directly to the inlet of the mass spectrometer via a
acuum manifold. Power is supplied to the heater coil and ramped
o increase regolith temperature at a controlled rate. Recent lab-
ratory tests have demonstrated a linear ramp from ambient up
o a temperature of 1200 ◦C, requiring a power of 144 W at max-
mum temperature. Future optimization of the crucible design is
urrently underway to reduce the current and power usage of the
APoR oven crucible. For these experiments a commercial resid-
al gas analyzer (RGA) from Stanford Research Systems was used
o acquire mass spectra and measure volatile outgassing as a func-
ion of time/heater temperature. Similar measurements are also
lanned for the miniature ToF-MS when it is integrated to the
APoR unit. Alternatively, atmospheric sample gas can bypass the
yrolysis stage by being sampled through an inlet valve for direct
ass analysis.
In future instrument development, six pyrolysis heaters will be

ntegrated into a robotic sample carousel, currently in development
t Honeybee Robotics, NY, that will allow the acquisition and anal-
sis of at least six different regolith samples during an autonomous
obotic mission to a planetary surface. During a pyrolysis exper-

ment, the heater assembly is robotically elevated in the housing
o form a vacuum seal with the mass spectrometer inlet. A known
olume of regolith will be introduced through a solid sample inlet
ube that can be ultrasonically modulated and heated to mitigate
he risk of sample clogging.
ss Spectrometry 295 (2010) 124–132

3. Time-of-flight mass spectrometer

Important features of the ToF-MS under development for VAPoR
applications include sufficiently high beam current for efficient ion-
ization, sufficiently long lifetime for autonomous in situ operation
during a planetary mission, and low power operation to meet the
requirements of a resource-constrained mission opportunity.

During design and fabrication of the ToF-MS components, an
emphasis was placed on miniaturization, ultra-clean packaging,
and low power operation. The time-of-flight mass spectrometer
operates by ionizing a sample gas by electron impact, accelerating
the ions to a known kinetic energy using an electric field, and allow-
ing the ions to separate in time along a single trajectory according
to their masses, as described by classical mechanics. For a known
kinetic energy, KE, and flight path length, L, we can describe the
time-of-flight, t, as a function of mass, m:

t = L

√
m

2KE

Heavier masses will exhibit a longer time-of-flight than lighter
masses, from which a mass spectrum can be derived. The longer
the flight path, L, the better the (temporal) separation between two
adjacent masses. As a result, there is a competition between mass
resolution and instrument size in the miniaturization of a ToF-MS.
The use of a reflectron can compensate for this limited mass reso-
lution. Using an electrostatic ion mirror, ion packets traveling from
the ion source into the reflectron are impeded by “uphill” electric
potential contours and each ion’s motion is reversed (Fig. 2).

When the detector is placed at the appropriate focal plane, the
use of a reflectron can double the flight path while maintaining
a small instrument footprint. Extensive simulations of the perfor-
mance of the ToF-MS instrument prototype have been conducted
using a commercial electrodynamics package, SIMION. A model
has been constructed that incorporates the electron gun, ion lens
assembly, reflectron, and position of the detector plane. A model
based on the current geometry of the ToF-MS instrument, as shown
in Fig. 3, predicts unit mass resolution at 600 Da.

In the VAPoR ToF-MS, the ion source consists of a field emission
electron gun for electron impact ionization and an ion lens assem-
bly. The electron gun is positioned such that the electron beam is
perpendicular to the ion trajectories. Ions are then accelerated into
a reflectron analyzer with a short voltage pulse on the extraction
lens, marking t = 0. The detector is positioned either at the end of the
reflectron (for linear mode operation) or beneath the ion source (for
reflected mode operation). The detector is a commercial chevron
microchannel plate device (Photonis, Inc.).

Modular ion source and reflectron components were con-
structed from distinct sections of dissipative substrate. This
dissipative substrate (Photonis, Inc.) is sufficiently resistive to sup-
port a smoothly varying potential difference between adjacent
lens traces with low current draw, while providing a sufficiently
conductive surface to dissipate charge build-up that can lead to
spurious and unpredictable electric fields that can adversely affect
the charged particle trajectories within the instrument. Transient
charging effects can lead to reduced instrument sensitivity and
diminished mass resolution.

Both ion source and reflectron used parallel plate configura-
tions to achieve electric field uniformity in the “sweet spot” of the
instrument. To form the electrostatic lenses, thin film metal traces
were defined using electron beam deposition in a base vacuum of
10−7 Torr. Machinable Rescor© ceramic was used to retain each

plate, and press-fit pogo pins were then used to electrically con-
nect each lens trace. Threaded rod hardware was used to maintain
separation between the lens plates.

To produce the electric potential profiles needed for ionization
and analysis, a monolithic lens architecture was used. Instead of



of Ma

p
e
u

t
t

F
w
t
t

F
d

S.A. Getty et al. / International Journal

recision assembly of discrete electrostatic lens elements, a planar,

lectrically dissipative substrate was patterned with metal traces
sing silicon microfabrication techniques.

The ion source parallel plates are spaced by only a few millime-
ers; as a result, fringing fields are minimal and confined primarily
o the remote edges of the ion lens assembly. The reflectron plates,

ig. 2. Sample heater in development for solid sample pyrolysis and subsequent analys
ith zirconia, layered radiation shielding, and electrical feedthroughs for operation unde

emperature with applied power under relevant vacuum conditions. (c) Power, voltage, an
o 1000 ◦C with a constant ramp of 20 ◦C/min.

ig. 3. SIMION model of the reflectron ToF-MS. Simulated ions are generated in the ioniz
eflectors, and the reflectron electrodes. This approach was used during instrument design
ss Spectrometry 295 (2010) 124–132 127

in contrast, are spaced by a distance that is comparable to the plate

dimensions. Therefore, discrete metal sidewalls were installed to
mitigate fringing fields bleeding into the bulk of the analyzer. A
consequence of using these discrete plates is that the electric field
profile is approximated by a six-segment structure, and the efficacy
of non-linear reflectron operation [17] is likely degraded.

is by MS. (a) The design of the heater includes a conical coil-wound boat, coated
r ultra-high vacuum. (b) Extensive testing has been conducted to measure sample
d current consumption for a typical oven run. Approximately 10 mg soil was heated

ation region, and electric potentials are set for the ion source, the steering plates or
to predict performance based on physical geometry and operational configuration.
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Fig. 4. (a) The electron gun is constructed from ultra-clean materials, including silicon, glass, metal, and Rescor© machinable ceramic. The cathode-grid component is
positioned at the base of the housing, and a stack of silicon lenses is assembled at the output of the grid. The cylindrical metal aperture interfaces to the ionization region of
t tric fi
i non-
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he ion source. (b) Field emission current vs. applied grid voltage (bottom) and elec
s obtained near 175 V (11 V/�m). Fowler–Nordheim tunneling theory describes the

. Field emission electron gun

The field emission electron gun under development for VAPoR
Fig. 4) consists of a cathode-grid assembly to generate electrons
hat are focused using a series of discrete electrostatic lenses. The
lectrons then enter the ionization region through a cylindrical
perture to shield the lens packaging at the outlet of the electron
un and at the interface to the ionization region from the charged
article beam. An anode is positioned at the base of the ioniza-
ion region to monitor electron beam current during operation.
he cathode, grid, and electron lens elements are manufactured
f silicon. For efficient ionization of gaseous species, low voltage
70–100 eV) electron emission is desirable. This corresponds to a
mall spacing between the cathode and extraction grid, such that
he electric field (=voltage/spacing) is adequate to produce the
equired beam current. Pyrex© spacers are used to achieve the

esired spacing while electrically isolating the cathode from the
rid, because of its compatibility with the anodic bonding silicon
ssembly techniques used to fix the grid to the spacer. The lens are
eparated by Rescor© packaging. The outlet aperture is fabricated
rom non-magnetic stainless steel and spot welded to an electrical
eld (top). The turn-on threshold for this cathode is near 100 V (5 V/�m), and 10 �A
linear behavior of current emission in this device.

lead, for control of the electric field profile throughout the stack.
Electrical connections are formed by spring-loaded, gold-coated
pins in contact with each of the lens tabs and the grid, and the
cathode is contacted at the base with a metal plate.

The cathode consists of an array of highly redundant tow-
ers of carbon nanotubes (CNTs) that generate the electron beam
using field emission. A description of the microfabrication proce-
dure of these CNTs is described in detail elsewhere [18]. Briefly,
a doped silicon wafer is etched to produce a mesa, or platform,
for CNT array placement. The mesa height determines the ulti-
mate spacing between the cathode and grid. On top of each
mesa, an array of CNT catalyst islands is deposited; the loca-
tion of these islands serves to template CNT growth by thermal
chemical vapor deposition. Each tower measures 5 �m × 5 �m
in cross-section. The tower height is determined by the cata-
lyst thickness [19] and can vary between 15 �m and 30 �m. It

is important to note that CNT height within a given device is
highly uniform, however. Each tower contains approximately 1000
CNTs, and the tower array contains 54 × 54 elements spaced by
50 �m within a 3 mm × 3 mm area. This large degree of redun-
dancy is intended to prolong the lifetime of the overall device,
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Fig. 5. (a) Selected inorganic volatiles released from the Mauna Kea soil sample
as function of sample temperature. CO and N2 cannot be separated with the RGA
used and are therefore plotted together. H2O, CO/N2, and CO2 are plotted on the
right y-axis, SO2 on the left y-axis. Mass 17 is used to represent H2O, because of
the high water content of the sample. Mass 18 has an ∼4× higher partial pressure.
S.A. Getty et al. / International Journal

ven when single CNTs are degraded by ion bombardment and
xidation.

The grid is microfabricated from a silicon-on-insulator (SOI)
afer. A 10-�m thick device layer is etched into a pattern commen-

urate with the CNT tower array, with through-holes measuring
0 �m × 50 �m and bar width measuring 5 �m. The thick handle

ayer of the SOI wafer is through-etched from the back side to form
large aperture for beam transmission to the silicon lens stack. For
fficient transmission of the electron beam, the cathode towers are
ligned to the perforations in the grid wafer to within 2–3 �m in the
lane. The assembled cathode-grid element is then integrated with
he lens elements and aperture into a Rescor© housing for electrical
ontact and ToF-MS integration.

Laboratory testing and characterization of the ToF-MS prototype
s performed in a vacuum chamber with base pressure 10−7 Torr,
quipped with high voltage (low current) electrical feedthroughs.
igh voltage power supplies (EMCO) provide voltages during ToF-
S operation, while a LabVIEW interface provides DC voltage

ontrol and fast voltage switching is provided by high voltage
ulsers. The ion detector is a microchannel plate chevron assem-
ly (Photonis, Inc.), and ion counts are read out by a time-of-flight
oard (FAST ComTec P7887), configured for a 1 ns time bin width
or the experiments discussed here, and data are acquired by com-

ercial software.

. Preliminary pyrolysis and ToF-MS experiments and
esults

The two major components of VAPoR, the pyrolysis unit and
he time-of-flight mass spectrometer, are the subject of parallel
evelopment and testing efforts. Each component is housed in a
edicated vacuum test facility for characterization and preliminary
esults are described below.

.1. The pyrolysis unit

Pyrolysis experiments were conducted by inserting soil sam-
les into the RD Mathis zirconia coated tungsten wire crucible,
hich was mounted by knife edge seal onto a stainless steel vac-
um cross. This cross was equipped with a turbo-pumping station
Pfeiffer Vacuum TSU071E, TC600) to maintain ultra-high vacuum
∼10−8 mbar) and a commercial residual gas analyzer (Stanford
esearch Systems RGA 300, 1–300 amu) to analyze the evolved
ases. Approximately 10 mg of soil sample was weighed out in a
uartz sleeve and placed inside the zirconia crucible. The crucible
as then heated from ambient temperature to 1000 ◦C at a rate of

0 ◦C/min using a high voltage power supply (Kikusui PAN70-5A),
nd the voltage and current were recorded as a function of temper-
ture. The temperature was controlled and monitored using a type
thermocouple and an Omega temperature controller. Fig. 2(c)

hows a typical voltage and current profile as a function of cup tem-
erature. Fig. 5(a) and (b) shows the inorganic and organic evolved
as results, respectively, of a lunar analog soil sample from Mauna
ea heated under the same conditions.

.2. The time-of-flight mass spectrometer

Prior to integrating the electron gun with the ToF-MS prototype,
aseline field emission measurements are performed in a diode or
riode configuration, i.e., measuring current collected at the grid
r placing an anode at the grid output, respectively. All elements

an be voltage biased independently using high voltage DC power
upplies (SRS PS350), and current is measured at the grid and anode
sing a dropping resistor method.

In contrast to thermionic emission using hot filaments, field
mitters use only electric field to extract an electron beam from a
(b) Selected alkane and aromatic hydrocarbons released from the Mauna Kea soil
sample as function of sample temperature. Mass 15 corresponds to a fragment of
CH4; masses 39, 43, and 57 correspond to various alkane fragments, and masses 78
and 91 correspond to benzene, and alkylbenzene (toluene), respectively.

conductive, low work-function material. In the case of CNTs [20,21],
as well as micromachined emission tips [22] and a number of
other materials [23,24], a sharp conductive tip can be used to focus
the local electric field lines, producing a field enhancement effect.
The field enhancement effectively reduces the global electric field
needed for emission and therefore the voltage for a fixed gap. This
phenomenon is described by Fowler–Nordheim tunneling:

J = K1E2 exp
(

−K2

E

)

where J is the current density, K1 is a constant, E is the global elec-
tric field, and K2 is a constant that reflects the work function of
the material and the geometrical field enhancement factor. We
have determined that our CNT field emission devices are charac-
terized by a field enhancement factor of approximately 900 [25
and references therein], which is consistent with values for similar
materials that have been previously reported in the literature.

An example of the CNT field emission characteristic is shown
in Fig. 4(b). As a negative voltage on the cathode is varied, the
emission current is observed to modulate according to the mod-

ified exponential behavior predicted by Fowler–Nordheim theory.
A current–voltage characteristic is obtained for each cathode prior
to integrating with the ToF-MS for instrument testing.

We have found that the field emission properties of the CNT
arrayed cathode are consistent between devices. Each device has
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Fig. 6. Detector counts vs. mass-to-charge ratio for linear mode of the prototype

in Fig. 7. The inset reveals that the peak separation between the
hydroxyl and water peaks is improved by 25% compared to linear
mode, owing to the increased flight path with the use of the reflec-
tron. Furthermore, the peak width is sharpened by a factor of 5,
30 S.A. Getty et al. / International Journal

ominally identical tower cross-section, spacing, and outer array
imensions. Variability in the x–y grid alignment to the cathode
ower array is ±3 �m or less. Accounting for slight differences in
athode-grid spacing, due to variability in CNT tower height, we can
alculate the global electric field needed to produce a given electron
eam current density. The Fowler–Nordheim tunneling behavior

s seen to be in good agreement between the devices, suggesting
hat the nano- and microfabrication techniques employed in this
evice development enable manufacturability of nanostructured
eld emitters.

After baseline testing to characterize the field emission from the
athode, a cathode-grid component of the type shown in Fig. 4 was
ounted into the lens assembly housing for integration with the

ime-of-flight mass spectrometer prototype. Once the cathode-grid
omponent and electron beam lenses are mounted into the mod-
lar electron gun housing, the assembly is inverted and installed
nto the ion lens assembly. The aperture is press-fit into a through-
ole in the ion lens housing, and this serves to align the electron
eam with respect to the acceleration electrodes that are voltage-
odulated in ion extraction mode. The aperture’s length does not

rotrude into the ionization region, in order to prevent perturba-
ions on the ion population during formation and extraction. In
he following experiments, the ionization current supplied by the
lectron gun is approximately 0.05 �A at the anode. The beam cur-
ent supplied by the cathode is nearly 100 times greater than this,
ut the geometrical constraints imposed by the aspect ratio of the
perture reduce the transmitted current significantly.

There are eight ion lenses that control the electric field gradients
xperienced by the ions that result from electron impact processes.
wo are positioned on either side of the electron beam along the
on trajectory to define the pulsed extraction potential. For the mea-
urements discussed here, the ion extraction voltage is pulsed by
00 V to accelerate the ions toward the detector. The remaining
our ion lenses are seen by the ions as they exit the ion source into
he analyzer and can be used for focusing or acceleration. In addi-
ion, there is a set of steering plates at the output of the ion source
o allow deflections of the ion beam for signal optimization at the
etector.

It should be noted that the electron beam itself is not pulsed on
nd off during the ionization and extraction processes, respectively.
his has the effect of contributing “untimed” ions to the packet; that
s, after the majority of the ions have been accelerated from the
onization region, a trickle of ions is generated and continuously
xtracted toward the analyzer. The severity of the effect is miti-
ated by the deflection of the electron beam toward the back plane
f the ionization region during pulsed extraction, thereby limiting
he number of ions that are ultimately transmitted to the detector.
owever, the effect is expected to be detrimental to the signal to
oise ratio of the instrument, and approaches to beam pulsing are
nder consideration for future work. One straightforward method

s the incorporation of deflection plates at the output of the electron
un. A more elegant approach would be to pulse the emission volt-
ge directly, and we intend to investigate this possibility in future
esting.

The sample ions exit the ion lens assembly with a well defined
inetic energy and travel through a field-free region into the ana-
yzer. In linear mode, the analyzer acts simply as a field-free flight
ube, allowing the ion packets to separate according to mass.
hroughout the following discussion, we do not treat the sensi-
ivity of the instrument, as this is the subject of continuing work.
s a result, the detector counts shown for each spectrum do not

epresent constant signal accumulation duration. We emphasize,
herefore, that detector counts cannot be compared quantitatively
etween spectra.

With the chamber pressure at 4 × 10−7 Torr, we obtained a base-
ine mass spectrum in linear mode using the chamber background
ToF-MS. This spectrum was acquired using a carbon nanotube field emission cathode
with ionization current of 0.05 �A. Residual chamber gases were used for these
measurements. (Inset) Separation of hydroxyl and water peaks is evident, though it
should be noted that the prototype is not optimized for linear mode.

gases as the sample, as shown in Fig. 6. It is important to note
that the mass resolution presented here for linear detection is
not optimized because the ion lens voltages were approximately
configured for reflectron mode. As a result, the linear mode mass
spectra do not represent the best case for ion packet focusing.

A residual gas analyzer (SRS RGA300) is mounted onto the
chamber for the purpose of a control measurement, allowing
corroboration of mass calibration parameters with experimental
time-of-flight peak positions. Using the RGA, the dominant back-
ground species in the vacuum chamber were determined to be
nitrogen and water, as expected. These peaks are easily identified
in our mass spectrum at masses 18 and 28 Da.1 The OH peak is also
seen at 17 Da, and it is clearly resolved from the H2O peak, even in
the case of diminished ion focusing in linear mode.

We have also characterized reflected mode operation of the ToF-
MS prototype. Instead of using the analyzer region as a field-free
flight volume, the reflectron lenses are voltage biased to produce
a decelerating field profile. The direction of the ion packets is
reversed, and the ions are registered at a second detector posi-
tion beneath the ion source. To accomplish this ion mirror effect,
the five-segment reflectron was biased with a curved field profile
approximating one quadrant of a circle to achieve the increased
path length and enhanced focus described above.

Here, a curved-field reflectron configuration is used in order to
explore the resolution capabilities of the instrument. It should be
recognized, however, that using a non-linear reflectron profile of
this type will reduce ion transmission though the analyzer. Some
sensitivity may be regained by using a linear reflectron, and this
“intermediate” regime will be investigated in future instrument
characterization efforts.

An early mass spectrum acquired in reflectron mode is shown
1 We acknowledge that the 28 Da peak represents a mixture of N2 and carbon
monoxide, since the lower mass resolution shown here (∼200m/�m) is insufficient
to resolve the slight mass difference between the two species which would require
a mass resolution ∼2500m/�m. Owing to the low partial pressure of CO2, however,
as determined by the RGA, we infer that the dominant constituent here is N2.
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Fig. 7. Detector counts vs. mass-to-charge ratio for reflectron mode of the prototype
ToF-MS. The hydroxyl and water peaks are reproduced here, but the nitrogen has low
partial pressure, relative to the dominant water signal. This is attributed to a recent
venting of the chamber and high pumping efficiency of N2. (Inset) Detector signal vs.
t
t
u
u

w
t
f

r
N
c
o
t
e

i
v
l
m

F
(
a
c
t
T
r

ime-of-flight is shown for reflectron (upper) and linear (lower) modes. Note that
hese data are offset in Y for clarity. Therefore, the y-axis is expressed in arbitrary
nits (a.u.). Improvements in peak separation and peak width are noticeable with
se of the reflectron.

hich indicates the improved ion focus obtained at the plane of
he detector. This is due to design considerations and is expected
rom SIMION simulations.

The dominant peaks of OH and H2O are again observed in the
eflected spectrum, as in the linear spectrum discussed above.
itrogen is absent, and although we have not identified the exact
ause, it may be potentially due to a higher relative partial pressure
f water vapor from a prolonged exposure of the chamber walls
o ambient air prior to the measurements, which is due to higher
fficiency of turbo molecular pump for N2.
In an effort to maintain N2 pressure in subsequent tests, we
ntroduced high-purity N2 gas into the chamber through a metered
alve. We can therefore make a direct comparison between the
inear- and reflectron-mode mass spectra, as shown in Fig. 8. Agree-

ent between peak positions is seen to be very good.

ig. 8. Detector counts vs. mass-to-charge ratio the prototype ToF-MS. Linear mode
lower) and reflectron mode (upper) show reproducible peak locations for OH, H2O,
nd N2, the major constituents in the chamber. Note that these data are offset in Y for
larity. Therefore, the y-axis is expressed in arbitrary units (a.u.). Vast improvements
o mass resolution are evident in the sharper peaks produced by reflectron mode.
his is expected from longer path length and improved ion focus at the plane of the
eflected detector.
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As expected from SIMION simulations, the mass resolution is
improved significantly with the use of the reflectron. A direct com-
parison of the temporal separation between mass 17 and mass 18
is shown in the inset of Fig. 8. Since the instrument mass resolution,
described in the mass or time domain, is given by

Resolution = m

�m
= t

2�t

we can determine the linear mass resolution to be a value of approx-
imately 19. The reflected mass resolution, in contrast, is improved
by over an order of magnitude at approximately 270.

As discussed briefly above, the sensitivity of the ToF-MS proto-
type is currently not adequate to meet our performance goals. This
is largely due to the attenuation of electron beam current trans-
mission into the ionization region. One culprit of reduced electron
transmission is the cylindrical aperture that forms the interface
between the electron gun and the ion lens assembly.

The length of the aperture is driven by the combined thickness
of the electron gun lid and the ion lens assembly entry point, which
is a through-hole in a Macor insulating plate. This length (approx-
imately 5 mm) is therefore comparable to the electron beam path
through the lens assembly (3 mm), rendering the lensing system
ineffective. In other words, higher voltages are required in the pres-
ence of the long aperture, than would be required in its absence,
to accelerate and focus the electrons into the ionization region, by
virtue of the distance between the lens stack and the mid-point
in the ion lens structure. Because the present design emphasizes
modularity, the transmission efficiency and final kinetic energy
of the electron beam during ionization are not optimized. Here,
the transmission is only a few percent of the electron beam cur-
rent, severely limiting the sensitivity of the mass spectrometer. The
kinetic energy, in turn, is approximately 500 eV, at least 5 times
higher than the desired electron beam energy for most efficient
gas-phase ionization.

Improvements to this design are presently under considera-
tion. In future development efforts, the aperture will be eliminated
and the ion lens assembly and electron gun assembly will be
closely integrated. SIMION simulations of this structure indicate
that significant improvements can be made to the electron beam
transmission efficiency, as well as the terminal kinetic energy of
the electrons.

6. Conclusions

We have demonstrated the design, simulation, fabrication, and
testing of two components of VAPoR, a pyrolysis oven and a minia-
ture ToF-MS for use in mass- and power-constrained planetary
science missions to study the mineralogy and geochemistry of plan-
etary surfaces.

The VAPoR prototype, in both laboratory and field testing, has
demonstrated characterization of analog samples relevant to plan-
etary science, including volcanic rock samples from the Mauna Kea
volcano in Hawaii.

In parallel prototype development, we have employed micro-
and nanofabrication techniques to develop a miniaturized mass
spectrometer that exhibits a mass resolution of 270 at mass 18
(water). With further integration of our field emission cathode with
the ion source and time-of-flight analyzer, we anticipate sensitivity
improvements to achieve higher performance.
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