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a b s t r a c t

A compact, low power quadrupole ion trap mass spectrometer is being developed that will achieve a mass
range of 2000 Da at low voltage (0–300 V0–p) using a lower frequency fundamental voltage and supple-
mental excitation to very low qexcitation parameter. The instrument is a prototype for a spacecraft hardware
design referred to as the Mars Organic Mass Analyzer (MOMA) that is currently scheduled for flight to
Mars in 2013 as part of the European Space Agency ExoMars mission. MOMA is one of two “life detection”
instruments that are being sponsored by NASA. MOMA will accommodate both an atmospheric pressure
laser desorption ionization source that will provide direct sampling of core samples for the detection
of organics over a broad mass range and an electron ionization source coupled to a gas chromatograph
for the detection of atmospheric gases and specific biomarkers (e.g., amino acids, nucleobases, etc.). The
instrument reported herein is an early prototype used to demonstrate the basic design concepts for a low
power instrument with high mass range, including the use of supplemental frequency scans to record

mass spectra. In addition, mass spectra are obtained using CO2 (the major constituent of the Mars atmo-
sphere) as the bath gas, and a novel internal electron ionization source has been developed in which the
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. Introduction

Mass spectrometers have now flown in several planetary explo-
ation missions including the Viking missions to Mars [1,2], the
ioneer mission to Venus [3], and the Galileo [4] and Cassini [5]
issions to Saturn. The magnetic sector analyzers of the Viking
issions to Mars [6,7] utilized a permanent magnet system that

equired little power, though miniaturization did limit their mass
ange. The so-called neutral mass spectrometer (NMS) designed
y Alfred O. Nier and launched August 20, 1975 was a double-
ocusing (electrostatic and magnetic) mass spectrometer used to

easure the concentrations of species in the Mars atmosphere. It
mployed electron ionization and had two collectors monitoring
he mass ranges 1–7 Da and 7–49 Da. The GCMS designed by Klaus
iemann and launched September 9, 1975 was designed to exam-
ne organics that evolved from heating soil samples to 600 ◦C with
mass range of 12–200 Da. Unfortunately the Viking GCMS did not
etect any definitive organic compounds, likely due to the harsh
nvironment (H2O2) and highly oxidizing conditions that charac-
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erize the Martian surface today [8,9]. However, the Viking NMS
id make several key atmospheric measurements on the surface
f Mars that have led to the discovery of some 2 dozen Martian
eteorites on Earth. All of these meteorites contained glass inclu-

ions with trapped gases (noble gases) that are identical to the
tmospheric gases that NMS measured on the surface of Mars in
976 [10]. Miniaturized quadrupoles were used in the ion/neutral
ass spectrometer (INMS) in the orbiter launched in 1997 as part

f the Cassini Mission to Saturn/Titan, and in the Huygens Probe
erosol pyrolyzer GCMS. The mass range on these instruments was
rom 1 Da to 99 Da. Several mass spectrometers are on board the
osetta mission that will rendezvous with the comet Churyumov-
erasimenko in 2014. The COSIMA (cometary dust secondary ion
ass analyzer) is a TOF-SIMS instrument, and two sensors on the

OSINA (Rosetta orbiter spectrometer for ion and neutral analy-
is) include a reflectron TOF mass spectrometer and a quadrupole
on trap. The ion trap is of reduced size using low voltage (300 V),
ow frequency RF to achieve a mass range of around 150 Da. Recent

nd upcoming missions seeking more conclusive proof of life on
ars include the Phoenix TEGA mission [11] (recently landed on

uly 4), and the Mars Science Laboratory [12] (launch scheduled
or 2009)—all of which employ mass spectrometers for their well-
ecognized sensitivity.

http://www.sciencedirect.com/science/journal/13873806
mailto:rcotter@jhmi.edu
dx.doi.org/10.1016/j.ijms.2008.09.002
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Table 1
Quadrupole and cylindrical ion trap parameters

Parameter Finnigan Cooks [20] Rosetta [21] Cylindrical [22] MOMA

Fundamental ω/2� (MHz) 1.1 1.1 0.6 1.1 0.8
Maximum amplitude Vmax (0–p) 7.5 kV 7.5 kV 300 V 7.5 kV 300 V
Radius, r0 (cm) 1.0 0.5 0.8 1.0 0.5
Axis 2z0 (cm) 1.57 0.78 1.13 1.79 0.71
Mass range (Da) in mass-selective instability mode qeject = 0.908 650 2,600 150 600 200
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upplemental RF frequency (kHz) 69.9
eject 0.182
ass range (Da) in resonance ejection mode 3,250

The renewed interest in the exploration of extant or extinct life
n Mars has emerged because of several factors including the recent
iscovery of water—critical to the theories of the origin of life [13].
urthermore, analysis of the Martian meteorite ALH84001 revealed
everal polycyclic aromatic hydrocarbons [14] and carbonate nod-
les [15,16] dating back over 3.85 billion years, from a time in the
eological record when life on Earth began [13]. Both current (the
ars Exploration Rovers or MRO, Phoenix) and future missions

Mars Science Laboratory, MSL ExoMars) have keyed on evidence
f abundant water and water ‘ice’, an essential ingredient to life on
arth. Both MSL and ExoMars will concentrate on the detection of
ey biomarkers and organics to directly address whether or not life
ver occurred on Mars.

For mass spectrometers aboard planetary missions, severe
ower and mass constraints are uncompromising. Because Mars
as an atmosphere of 5–10 Torr, some form of pumping is required.
he quadrupole ion trap is an attractive choice of mass analyzer
ecause of its relative resilience to moderately high pressures but

s, unfortunately, historically limited in mass range. The mass range
f most space-flight mass spectrometers has in fact been limited to
he study of small masses (<600 Da), with the exception of COSAC
17,18] which featured a TOF-MS (with a mass range of 5000 Da).
owever, it is the detection of high mass organic species (>1000 Da),

uch as the highly cross-linked organic polymers known as kero-
ens that would be indicative of life.

With mass range directly proportional to the fundamental RF
mplitude, commercial traps reach voltages of 8500 V0–p to achieve
/z ranges up to 2 kDa. In fact, 8500 V0–p has been an upper limit

ue to dielectric breakdown. As is well characterized by the Mini-
eries of ion traps pioneered by Cooks and co-workers [19], RF
ower is of great concern and has prompted the movement to
iniaturization which makes use of lower RF voltages in field

ortable ion trap instruments. To achieve a reasonable mass range
nder low power constraints, we are developing a low-voltage RF
rap which makes use of resonance ejection for mass range exten-
ion, a relatively small r0, and a low fundamental driving frequency
o allow operation of the fundamental RF no higher than 500 V0–p.
recedent for such an ion trap lies in the operation of the Ptolemy
omet Chaser GC–MS system [18]. The unique feature of our instru-
ent is the addition of resonance ejection to such a low voltage

nstrument to achieve mass range extension beyond the 150 Da of
tolemy.

In this report we describe the initial development of a low power
uadrupole ion trap mass spectrometer for space flight specifi-
ally designed for the analysis of organic species on Mars using
he Mars Organic Molecule Analyzer (MOMA). The ion trap was the
nstrument of choice for a number of reasons: (1) it could more
onveniently be interfaced to an external (Mars) atmospheric ion-

zation source, (2) it could provide the opportunity for carrying out

S/MS analyses and (3) most of its parameters are scalable, mak-
ng it possible to achieve the target 2000 Da mass range using low
oltage and low power. Specifically, in the mass-selective instabil-
ty mode of operation (which uses only the fundamental frequency

u
f
f

f

NA NA 425 34.4
NA NA NA 0.089
NA NA NA 2,000

applied to the ring electrode), the maximum mass that can be
canned out of the ion trap is:

m/z)max = 4 Vmaxe

qeject˝2(r0
2 + 2z0

2)
(1)

here Vmax is the maximum amplitude of the fundamental RF volt-
ge, r0 is the inside radius of the ring electrode, z0 is the distance
rom the trap center to endcap, and qeject is the ejection parameter.

The commercial ion trap mass spectrometers developed by
innigan Corporation (now Thermo, Sunnyvale, CA), utilize a fun-
amental RF frequency of 1.1 MHz at a maximum amplitude of
.5 kV0–p on a 1.0 cm trap to achieve a mass range (in the mass selec-
ive instability mode) of 650 Da (see column 2 in Table 1). The mass
ange is extended by the addition of a supplementary RF voltage
n the trap endcaps; in the example below a supplemental RF fre-
uency of 69.9 kHz shifts the ejection parameter (normally 0.908 in
he mass selective instability mode) to qeject = 0.182. In the so-called
esonance ejection mode the amplitude of the fundamental RF is
canned in the same fashion up to 7.5 kV0–p, but the mass range is
xtended to 3250 Da.

A number of other configurations, including the target configu-
ation for the MOMA instrument, are also shown in Table 1. Cooks
nd co-workers [20] described a method for mass extension that
tilized a 0.5 cm trap. Operated in the mass selective instability mode
nly, this resulted in a mass range of 2600 (column 3 in Table 1). The
osetta mission (column 4) uses a low voltage (300 V0–p) 600 kHz

on trap with r0 = 0.8 cm, 2z0 = 1.13 cm to achieve a mass range of
50 [18]. While this is a considerably smaller mass range, it was
ompatible with the planned GCMS experiments and illustrates the
se of the scalability of these parameters to achieve a low volt-
ge, low power configuration for space applications. An interesting
ylindrical geometry ion trap has also been described by Cooks and
o-workers [22] having parameters and mass range (600 Da) simi-
ar to the commercial quadrupole traps (column 5). A supplemental
oltage at relatively high frequency (425 kHz) does not produce an
ppreciable change in the ejection parameter, but allows the instru-
ent to be scanned in the resonance ejection mode, producing better
ass resolution. The target mass range for the MOMA mass spec-

rometer is 2000 Da using a low fundamental RF voltage. One set of
arameters, using lowered frequency, smaller radius and a supple-
ental RF voltage to achieve a very low qeject parameter, is shown

n column 6 of Table 1.
Resonance ejection is typically performed at a fixed qz value

ith a fixed supplemental frequency and the mass scan achieved
y sweeping the fundamental RF amplitude. For MS/MS applica-
ions, various supplemental frequencies are applied as a means of

ass isolation, by resonantly ejecting ions of all secular frequencies
ther than the mass of interest. The trap described herein makes

se of frequency scanning of the supplemental waveform to per-
orm the analytical mass scan while maintaining a low but constant
undamental RF voltage and frequency.

Frequency scanning of fundamental waveforms has been per-
ormed sparingly by Schlunegger et al. [23] for high mass ions
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up to 150 kDa) and more recently in digital ion traps [24,25] and
icroparticle [26] and nanoparticle [27] analysis. Scanning a wide

ange of sinusoidal RF frequencies at moderate amplitudes can be
lectronically challenging. However, frequency scanning of digital
aveforms, pioneered recently by Ding and Kumashiro [24], has
een used to analyze masses up to 17 kDa. Typical driving frequen-
ies are maintained from 200 kHz to 1 MHz at voltages from ±250 V
o ±1000 V [25]. Unfortunately, the specialized driving circuitry

ay consume more power than sinusoidal waveforms to achieve
uch high duty cycle, high voltage digital waveforms. Notably, Wang
nd Johnston [26] use a commercially available digital pulser driven
y a function generator to supply driving frequencies below 150 kHz
o analyze nanoparticles. Nie et al. [27] use a home built sinu-
oidal RF generator at even lower frequencies (<1 kHz) to analyze
icroparticles. While such low frequencies are suitable for high
asses, access to a range of frequencies is desirable to achieve a

easonable dynamic mass range.
In our current configuration, we are able to show an achiev-

ble mass range above 1000 Da using frequency scanning of the
esonant ejection frequency while maintaining a low amplitude of
he fundamental waveform. The clear advantage of such a tech-
ique is that the frequency control of the relatively high amplitude

undamental waveform is unnecessary. Precise control of the sup-
lemental waveform frequency with amplitudes no greater than
Vpp is all that is required. Such a configuration is driven by the
eed for the simplest of electronic controls aboard a space flight
odule.

. Experimental

.1. Basic design parameters

Commercial trap electrodes, ion optics, and the electron source
ere removed from a Thermo Electron GCQ Plus mass spectrometer

nd used inside a home-built vacuum chamber. The trap retained
he commercial stretched geometry, that is an r0 = 0.707 cm and a
0 = 0.783 cm. It is important to note that this configuration does not
omply with the final trap dimensions of MOMA which will make
se of an even smaller r0 of 0.5 cm to extend the mass range. Rather,
he readily available commercial hardware was used in this work
o demonstrate the concepts of supplemental frequency scanning,

ass range extension with low RF voltages, and internal electron
onization. The rhenium filament of the electron filament assembly
as powered by an HP1050 constant current power supply (Agilent,

anta Clara, CA). Electron emission was maintained from 1 �A to
0 �A on the electron lens. No means of automatic gain control
as employed. Ions were injected by the ion gate lens for 1–10 ms

nd allowed to cool inside the trap for 30–39 ms before the scan
as applied.

A prototype radiofrequency generator from MassTech, Inc.
Columbia, MD) was used to apply a constant RF voltage
50–500 V0–p depending on the scan) to the ring electrode with
frequency of 760 kHz. A Stanford Research Systems (Sunnyvale,
A) Model DS345 Function Generator through a balun transformer
North Hills, Syosset, NY) produced a variable amplitude bipolar
requency sweep to opposite endcap electrodes. No phase cou-
ling was maintained between the fundamental and supplemental
F power supplies. Triggering of each scan was maintained by a
tanford Research Systems (Sunnyvale, CA) DG535 delayed pulse

enerator, which was also used to control the gates of the elec-
ron lens, filament bias, and the ion optics lens. Frequency scan
engths lasted ∼270 ms. Amplitude modulation of both the sup-
lemental and fundamental waveform was achieved by a National

nstruments (Austin TX) PCI-6221 DAQ card.

w
f

ω

ig. 1. (a) Applied logarithmic sweep of frequency with time and (b) the theoretical
ecular frequency as a function of mass.

Microchannel plates from Hamamatsu Corporation (Hama-
atsu City, JP) were used for ion detection and operated in a pulse

ounting mode. Approximately 500 scans were accumulated for
ach spectrum by a multi-channel scaler (SR430, Stanford Research
ystems) and collected through a GPIB connection (National Instru-
ents, Austin, TX) for subsequent processing.

.2. Calibration and instrument operation

Perfluorotributylamine (PFTBA), a common calibrant for EI mass
pectra, was used in most experiments, while Xe isotopes and PSS-
ctakis(dimethylsyliloxy)-substituted silsesquioxane (Sigma) were
sed for mass resolution and mass range measurements, respec-
ively. Volatile samples were introduced via a Teflon gas line to the
on source volume through a leak valve (Granville Phillips) with
ample pressures typically maintained around 2 × 10−6 Torr. Solid
amples were introduced to the external ion source volume with a
ome-built assembly employing a cartridge heater (Hotwatt, Dan-
ers, MA). Both helium and carbon dioxide were used as buffer
ases and maintained at approximately 2 × 10−5 Torr (uncorrected
utside of the trap).

Two sweep modes are possible on the DS345 frequency gener-
tor, linear and logarithmic in time. Most scans were performed

ith the logarithmic sweep (Fig. 1a). However, the formula for the

undamental supplemental frequency:

z = 1
2

ˇz˝ (2)
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Fig. 2. Schematic diagram of the low voltage ion trap mass spectrometer illustrating
the external ionization source and internal ionization using an electron source on the
ring electrode. Both means of ionization use identical electron sources consisting of
a filament assembly in a cylindrical insert with an exit hole for the electron beam. In
the external EI source, the filament is biased at −70 V with respect to the cylindrical
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nd the Dehmelt approximation of the parameter ˇz for qz < 0.4

z ≈
√

1
2

q2
u (3)

ith Eq. (1), yield the relation

∝ 1
m

(4)

uggesting that an inverse frequency sweep in time would simplify
he interpretation of the raw mass spectrum. Calculated secular
requencies from ITSIM 5.0 (Aston Labs, Purdue OH) for various

asses use a more robust formula for ˇz in Fig. 1b for an RF volt-
ge amplitude of 300 V0–p. These points are then used to produce a
olynomial fit between frequency and mass. For different RF volt-
ge amplitudes, a different fit must be calculated. The conversion
rom time to secular frequency (the fit of Fig. 1a) and then from
ecular frequency to mass (the fit of Fig. 1b) permits the theoretical
ass assignments of the frequency scanned spectra. When cover-

ng a small range of masses, a linear sweep could suffice. However,
o scan a reasonably wide mass range, the practical application of

supplemental frequency sweep would scan the frequency in a
on-linear fashion and preferably inversely with respect to time to
aintain consistent mass scanning rates. Such an inverse frequency

weep may be performed in the future with an arbitrary waveform
enerator but was approximated by the logarithmic sweep for the
ata presented herein.

.3. External and internal electron ionization modes

The MOMA mass spectrometer is designed to accommodate
oth an LD and an EI source. While a number of instrumental
onfigurations can be envisioned to satisfy this requirement, one
pproach is to utilize one of the endcap electrodes as the means
o admit ions formed externally by laser desorption and to form
ons by electron ionization internally using an electron beam admit-
ed into the ion trap through the ring electrode. Internal ionization
y electron impact was utilized in early ion trap mass spectrome-
ers, but was carried out by mounting an electron source on one of
he endcap electrodes, which in those instruments were at ground
otential. Fig. 2 is a schematic drawing of our current prototype

nstrument which shows the placement of both the conventional
xternal EI source and an electron source for internal ionization
ounted on the ring electrode. The electron source mounted on

he ring electrode utilizes a duplicate electron gun assembly iden-
ical to that on the external ion source. However, because the ring
lectrode carries the fundamental frequency during the ionization
eriod some accommodation must be made for biasing the electron
ource and switching the electron beam on and off. One approach is
o float the electron source at the RF voltage to maintain constant
lectron energy with respect to the ring electrode. The approach
sed here, however, recognizes the fact that trapping voltages for

nternal ionization in the mass range for GCMS will be of the order
f 100–200 V0–p. The filament is then biased at −60 V (with respect
o ground) when the electron beam is turned ON, and +160 V to
240 V when the electron beam is OFF. When turned ON this bias-
ng scheme results in a train of electron beam pulses entering the
rap (synchronous with the fundamental RF frequency), but does
ot appear to adversely affect ionization.

. Results and discussion
.1. PFTBA and xenon using external EI source

In our first experiments the external EI source was used, the
eadspace gas from a PFTBA sample was introduced into the ion

a
o
s
f
c

nsert (and the source block), and the ions are pulsed into the trap using the repeller
nd ion extraction lenses. In the internal EI mode, the electron beam is pulsed from
typically) −60 V (ON) to +240 V (OFF).

ource, and ions were injected through the grounded endcap of the
rap with a trapping voltage of 300 V0–p. After ∼30 ms of cooling, a
ipolar 2 Vpp waveform was applied to opposite endcaps with the
requency scanned logarithmically from 350 kHz to 15 kHz, repre-
enting a mass range from the low mass cut-off (LMCO) limit of
4–1045 Da. Fig. 3(a) shows the raw spectrum of PFTBA, which

s then transformed into the frequency spectrum (b) and finally
ransformed into the mass spectrum (c). The frequency spectrum
s measured over the length of the scan and fit with a third-order
olynomial. The mass scale is derived from the primary secular
requencies calculated in ITSIM 5.0. The mass spectrum shows the
lear mass range extension from 64 Da using a 300 V, 760 kHz RF
upply to up to 600 Da by incorporation of the resonance ejection
requency scanning mode.

A direct consequence of logarithmically sweeping the supple-
ental resonance ejection frequency may be seen in the change in

esolution across the mass spectrum. As only an approximation to
he inverse frequency sweep, the logarithmic sweep still amounts
o a non-uniform scan rate. Slow mass scan rates are well known
o improve resolution. The fitted polynomial relation of mass over
ime was derivatized to produce the almost linear increase in mass
can rates shown on the right side of Fig. 3c. Early in the spectrum,
he peaks are very tight, owing to the relatively slow mass scan
ate but toward the end of the spectrum much faster scan rates
revail indicated by the wide peak widths. For instance, at the peak
ssignment of m/z 70 with a resolution of ∼300, the instantaneous
can rate is 340 Da/s but at m/z 591, the resolution is ∼130 and the
nstantaneous scan rate is approximately 6800 Da/s.

The major peaks of the spectrum were assigned to the character-
stic EI spectral peaks of PFTBA, namely masses of 69, 131, 264, 414,
02, and 614 shown in parentheses. For example, the last visible
eak, appearing theoretically at 591 Da is presumed to be the m/z
14 peak of PFTBA. Assuming the correct assignment of the peaks,
he mass spectrum notably exhibits several dramatic mass “shifts”
s noted in Fig. 3. While some small (<1 Da) mass shifting can be

wed to space charge and/or buffer gas effects, the extremely large
hifts are remarkable in the high mass region reaching up to −23 Da
or m/z 614. This can probably be explained by different ejection
onditions for ions having different masses (as will be illustrated



174 T. Evans-Nguyen et al. / International Journal of Mass Spectrometry 278 (2008) 170–177

Fig. 3. Mass spectrum of PFTBA: (a) raw spectrum in time, (b) frequency spec-
trum and (c) theoretical transformed linear scale mass spectrum. The characteristic
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Such shallow well depths prove to be a limiting factor as it decreases
with higher mass. Unlike the frequency scans of Ding et al. [25] in
which the instability point remains constant across the scan, main-
taining a single potential well depth, our configuration scans the
ass peaks of PFTBA are marked in parentheses above which is provided the mass
shift” based on the theoretical peak assignments. The right axis of plot c shows the
orresponding mass scan rate imposed by the logarithmic frequency sweep.

ater in Fig. 4). Such a large degree of mass shifting emphasizes
he need for calibration standards in practical operation of the fre-
uency scanning mode.

The amplitude of the supplemental waveform is varied in Fig. 4
or PFTBA. Frequencies were scanned logarithmically in time from
75 to 15 kHz, in a “forward” scanning manner from low to high
ass, while the fundamental RF voltage is held constant at 151 V0–p.

ons clearly eject earlier at higher frequencies with higher AC

mplitudes. This means that the ejection conditions (namely, the
mplitude of the supplemental excitation voltage) can affect the
jection time. The “optimal” excitation voltage amplitude should
ot be very different from the “threshold” value, thus, leaving us

F
o
f

ig. 4. Mass spectra obtained using a logarithmic scan of the supplemental wave-
orm from 375 kHz to 15 kHz with varying amplitudes of 2, 3, 4, 5 and 7 Vp–p. Peaks
merge earlier at higher frequencies with increasing supplemental waveform ampli-
ude.

he room for amplitude optimization in the future. In Fig. 5, the
ffect of higher order electric fields on the resolution dependence
n the forward and reverse scan directions is shown. The raw spec-
ra are shown for both scan directions for a sample of xenon gas.
n the forward scan (red), the isotopes of xenon are noticeably
istinguishable. The positive octopole component of the commer-
ial configuration causes the ions approaching the endcaps (high
mplitude) to increase their secular frequency. The ions thus expe-
ience the higher secular frequencies with the decreasing applied
upplemental AC frequency, helping to quickly push the ions into
esonance in the forward scanning mode. In the reverse scan (black)
oing from 15 kHz to 350 kHz, a blurred peak denotes the waffling
f the ions’ secular frequency approaching the endcaps.

The highest observed mass in Fig. 4 is a peak at a frequency of
9.26 kHz, assigned to the 414 Da fragment of PFTBA. Larger peaks
ncluding the 614 and 502 Da peaks are conspicuously absent pre-
umably due to the shallow potential energy well depth which
omplicates trapping. According to the Dehmelt approximation,
he pseudopotential well depth of an ion of mass 502 Da is ∼1.1 eV
q = 0.059), while that of the observed ∼414 Da is 1.3 eV (q = 0.072).
ig. 5. A forward (red) and reverse (black) scans show a marked difference in res-
lution for a sample of xenon gas. The isotopes of xenon are clearly visible in the
orward scan which benefits from non-linear effects.
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directly into the external EI source, and its mass spectrum recorded
as in Fig. 8. Such an observation shows a promising mass range
extension using q values as low as 0.037.
ig. 6. The fundamental RF trapping voltage is adjusted to 248 Vp–p (black), 341 Vp–p

red), and 391 Vp–p (green).

nstability point and thus the potential well depth is not constant
cross all masses. However, such a calculation does provide some
nsight on the limitation of resonance ejection to extend our mass
ange.

To increase the well depth for higher masses (lower q), we
ay raise the trapping voltage. In Fig. 6, the consequence of using

igher trapping voltages is a higher low mass cut-off as evidenced
y the loss of the ∼69 m/z peak at voltages above 248 V0–p. The
igher trapping voltages do not result in noticeably increased high
ass sensitivity though this may simply reflect the relatively low

ntensity of the high mass region of PFTBA. An optimization of the
perating mass modes (by varied trapping voltage) must balance
igh mass sensitivity with the low mass cut-off.

In Fig. 5, the relatively poor resolution of even the forward
canned spectrum is achieved with a scan rate of approximately
400 Da/s, already four times slower than the commercial scan
ates of ∼5000 Da/s. Even slower scan rates were employed to
emonstrate the capacity for enhanced resolution in Fig. 7. Some
oderate gains in resolution were achieved with scan rates 1000,

00, and 250 Da/s by simply increasing the length of the scan.
he isotopes 131 and 132 are baseline resolved in the slowest

can. We believe further improvements in the resolution may be
ccomplished with a more stable fundamental RF power supply.
nstability in the amplitude of the fundamental RF power sup-
ly employed have been observed as high as 6 Vp–p which for

ig. 7. A series of slow scans is performed with the resulting mass spectra for scan
ates of ∼1000 Da/s (black), ∼500 Da/s (red), and 250 Da/s (green) by doubling and
hen quadrupling the scan duration.

F
s
s
a
e
a
1

ig. 8. EI mass spectrum of PSS-octakis(dimethylsyliloxy)-substituted silsesquiox-
ne in the region of m/z 1000.

igh q values like the instability boundary of 0.908 evokes a mass
ssignment error of ∼0.7 Da but at a q value as low as 0.2, pro-
uces an error of 3 Da. Notably, the commercial RF power supply
sed was originally developed for simpler quadrupole mass filter
pplications.

.2. Higher mass ranges

PSS-octakis(dimethylsyliloxy)-substituted silsesquioxane, a
igher mass compound (MW 1017) which is mildly volatile at
oom temperature, was chosen for the relative large high mass
o low mass ion abundance in its EI spectrum to examine higher

ass ranges. In this case, a fundamental RF amplitude of 300 V0–p
as used on the ring electrode, while the supplemental RF on

he endcaps of 4 Vp–p was scanned logarithmically from 100 KHz
o 10 KHz. Solid sample was desorbed from a heater at ∼52 ◦C
ig. 9. Mass spectra with CO2 as the bath gas. (a) Internal ionization using an electron
ource mounted on the ring electrode, and (b) electron ionization in an external
ource. In plot a demonstrating the use of internal ionization, the black trace employs
n “OFF” bias of +160 V for the 166 V0–p fundamental RF amplitude while the red trace
mploys an “off” bias of +240 V for a 238 V0–p fundamental RF amplitude. The black
nd red traces in plot (b) demonstrate the corresponding fundamental RF amplitudes
66 V0–p and 238 V0–p (respectively) used for the external ionization mode.
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ig. 10. Concentration study of CO2 as bath gas on the internal EI signal of PFTBA.

.3. Internal electron ionization through the ring electrode with
O2 as the bath gas

This prototype enabled us to develop the capability for internal
onization using an electron beam entering through the ring elec-
rode and to test the possibility for using carbon dioxide (the major
onstituent of the Mars atmosphere) as a bath gas for cooling and
rapping the ions. Fig. 9 compares spectra of PFTBA obtained with
he internal and external EI sources using CO2 as the bath gas. In the
nternal ionization mode shown in Fig. 9(a), the filament “Off” bias
ondition is set to be approximately consistent with the trapping
oltage amplitude. Thus, the red trace of plot (a) shows the mass
pectra with trapping voltage at 237.5 V0−p and the ON/OFF bias
et at −60/+240 V. In the black trace of (a) the trapping voltage is
educed to 166.5 V0−p and the filament ON/OFF bias to −60/+160 V.
n this case, the higher mass ion signal is reduced while the low

ass cut-off is also reduced to include ions at the low mass end
f the spectrum. In the external ionization mode in Fig. 9(b) sim-
lar results are observed at trapping voltages of 166.5 V0−p and
37.5 V0−p in the black and red traces, respectively. Many of the
ajor mass peaks are observed in both external and internal con-

gurations using CO2. Some additional peaks in the case of internal
onization may be related to the ionization of CO2 itself inside the
rap at least in the case of the sample of perfluorotributylamine. As
xpected, the internal ionization method results in better overall
ignal intensities.

The pressure of CO2 inside the ion trap, when used as the bath
as, cannot be directly determined in our instrument. We there-
ore performed a series of experiments in which the CO2 pressure
as varied and measured in the vacuum chamber outside the ion

rap. As shown in Fig. 10 the pressure ranged from 7.2 × 10−6 Torr to
.9 × 10−5 Torr. In general, higher CO2 pressures showed an increase

n the intensity of the ion signal at m/z 414 relative to the signal at
/z 131.

. Conclusions

The constraints of size, weight and power for the upcoming
ars mission dictated the need for the development of a com-

act instrument operated at low voltage and low RF power. In this

ase miniaturization is not the goal, the ability to record masses
n a range that might suggest the existence of organic or biolog-
cal molecules is. In the current prototype we have been able to
how that the use of a supplemental RF frequency on the endcaps

[

[
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an extend the mass range on a 300 V instrument just as it does
n higher voltage (generally 7.5 kV0–p) instruments. The choice of
00 V as the fundamental RF amplitude in this case reflects the
00 volts used earlier in the Rosetta mission [21] where a mass
ange of 150 was achieved using the mass selective instability mode
nly. Scanning the supplementary frequency (rather than the fun-
amental RF amplitude) also helps to reduce the need for high
oltage and power, as ions can be ejected at voltages just sufficient
o trap the ions. Supplemental frequency scanning also decouples
he power–mass range relationship by obviating the need for pre-
ise amplitude control of a high voltage RF. While different mass
canning modes are anticipated, the electronics are still greatly sim-
lified requiring only precise frequency control of the low voltage
aveforms. In addition, a novel design that enables input of the

lectron beam through the ring electrode offers the practical pos-
ibility of incorporating up to four redundant filaments. We do note
hat one disadvantage of an internal source is the potential build
p of contamination from the effluent flow of the gas chromato-
raph. However, the limited number of GC runs that are planned
n this scenario limit the extent of contamination anticipated. Fur-
hermore, calibrations are expected to be performed at frequent
ntervals to account for mass shift complications. While our cur-
ent prototype makes use of an r0 = 0.707 cm geometry, future work
ill include the use of a trap with smaller radius (0.5 cm) to further

xtend the mass range up to 2000 Da and enable the detection of
high” mass organics on Mars as part of the scientific payload of
xoMars. Should these high mass organics be detected, the question
f life on Mars could soon be addressed.
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