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A miniature cylindrical ion trap mass spectrometer is
described, and preliminary data are presented. Function-
ality and performance of laboratory-scale instruments
have been maintained to the extent possible in this
battery-operated mass spectrometer. Capabilities include
tandem mass spectrometry experiments. Custom-de-
signed electronic components include the RF scanning
and amplification system, data acquisition components,
and lens power supplies, as well as a custom-software
application. Direct leak and membrane introduction inlet
systems are used for sample introduction. A mass/charge
range of ∼250 Th with unit mass resolution has been
demonstrated.

Field-portable analytical instrumentation is of increasing
importance.1-3 In situ analysis is required to preserve chemical
information and save time, particularly for applications, such as
chemical warfare agent detection and toxic pollutant measurement.
Developing field-portable instrumentation requires miniaturization
of all the individual components of the instrument.

The first step in the process of building a miniature mass
spectrometer involves the miniaturization of the mass analyzer
itself. A recent review covers miniaturization of a variety of mass
analyzer types.4 A cylindrical ion trap (CIT) mass analyzer was
chosen for the effort described here. This analyzer can readily
be fabricated in an appropriately small size; it provides tandem
MS capabilities, gives good sensitivity, and is capable of trapping
ions covering an adequate mass range for field applications.5

Moreover, this mass analyzer has other characteristics that further
facilitate the miniaturization process. For instance, the amplitude
of the applied RF trapping potential (and the size of the amplifier
used to generate the trapping signal) is directly related to the
size of the ion trap, making smaller traps more attractive. Ion trap
mass analyzers can also be operated at relatively higher pressure
than other mass analyzers, thus easing the requirements for the
vacuum system.

Ion traps with cylindrical geometry have been described
previously, both in the form of Paul (quadrupole) ion traps,5-8

and as ion cyclotron resonance (ICR) traps.9,10 Mass analysis via
the mass-selective instability scan in a CIT mass analyzer (Paul
type) was first described by Wells et al. in 1998.5 The performance
of this analyzer is similar to that of the commercially available
hyperbolic ion trap. Sequential product scans (one of the MS3

experiments) were demonstrated, as was baseline resolution of
adjacent ion signals; the mass range was comparable to that
available using an ion trap with hyperbolic electrodes operated
under the same experimental conditions. The cylindrical geometry
is physically simple to construct in a range of sizes, and the
experimental data taken so far5-8 demonstrate that it generates a
field that is an adequate approximation to the quadrupolar field
required for mass analysis.

The performance of an ion trap mass spectrometer depends
strongly on the analyzer electrode geometry. Each of the dimen-
sions of the cylindrical ion trap used in this miniaturization effort
was chosen to provide the highest performance in a small ion
trap volume. For a detailed description of the relationship of
instrument performance to electrode geometry, see Badman et
al.8 Briefly, the end-cap electrode spacing was chosen so as to
add a small positive octapolar field in order to compensate for
the local field defects associated with the 1.0-mm radius holes in
the end-cap electrodes. Resonance ejection using a frequency that
corresponds to the octapolar resonance results in fast ion ejection
and produces narrow peaks.11 The electrode dimensions were also
chosen to provide a mass/charge range of ∼250 Thomson (Th;
units of mass/charge12) when using an applied RF of 2 MHz and
1000 V0-P. This choice of CIT size represents a compromise
between smaller sizes that would increase relative field faults due
to machining errors and larger analyzers, which would add to the
power consumption and weight of the overall instrument. A trap-
ping amplitude and frequency were chosen to provide adequate
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ion trapping. Ions are trapped in a pseudopotential well, D, the
depth of which (eq. eq 1)

depends on the Mathieu stability parameter, q, and V, the
amplitude of the applied RF. Under typical conditions in this
device, it is under 10 volts.

Instrument Description. The description of the instrument
is divided into subsections on the basis of the relationship of each
component to the overall miniaturization effort. Custom-written
software is used to control the instrument and acquire data, and
this is also described here. The instrument was designed in
separate modules to facilitate its continued development. This
modular approach is of particular importance for the ion source,
because the timing electronics and power supplies required by
each type of ion source may be different. An electron impact
ionization source is described here, but the system also includes
the capability to control an atmospheric sampling glow discharge
ionization source, to be fitted in the future.

Since building and characterizing the instrument, a new much
smaller version (16 vs 55 kg) has also been built and partially
characterized. This paper describes the original form (version 5),

unless a specific reference is made to the new smaller version 7
instrument. Table 1 includes all of the major components in the
miniature mass spectrometer, along with the component manu-
facturer, purpose, and defining characteristics. Each of these
components is described in the following text. Figure 2 is a
schematic representation of the interconnectivity of the major
components.

It should be noted that only a limited discussion on the
development and miniaturization of the cylindrical ion trap mass
analyzer is given here, since a more thorough description has
appeared elsewhere.8 The mass analyzer accounts for <1% of the
total volume and weight of the instrument, thus forcing attention
during the miniaturization effort on the ancillary components.
Further miniaturization of the mass analyzer would not necessarily
result in a smaller mass spectrometer unless these ancillary
systems were reduced in size, too. Further analyzer miniaturiza-
tion could even result in poorer performance, due to decreased
ion trapping capacity, decreased potential well depth (eq 1), and
increased field perturbations as a result of the increased relative
size of the orifices in the end-cap electrodes.

Cylindrical Ion Trap Analyzer. The mass analyzer mounted
in the miniature mass spectrometer vacuum housing (Figure 1)
is based on a design described earlier.8,13 The inscribed radius,
r0, of the trap is 2.5 mm, the distance between the end-caps, 2z0,
is 5.77 mm. The distance between the ring electrode and the end-
cap electrodes is 0.78 mm and is established by a Delrin spacer

(13) Badman, E. R.; Cooks, R. G. Anal. Chem. 2000, 72, 5079-5086.

Table 1. Major Components of the Miniature Mass Spectrometer (Version 5.0)

item manufacturer purpose defining characteristic

turbo pump Pfeiffer Vacuum primary vacuum high flow, small size
diaphragm pump KNF Neuberger roughing pump small size, low power consumption
vacuum manifold Finnigan readily available (modified)
CPU ASUS on-board processor off-the-shelf
timing card National Instruments timing sequence high resolution
waveform generation National Instruments (X2) RF modulation, end-cap waveforms high sample rate
DC supplies EMCO lens supplies small size
multiplier K&M signal amplification readily available, high gain
current amplifier Keithley signal amplification off-the-shelf item
RF amplifier Custom small size, low power consumption
filament SIS electron generation off-the-shelf item

Figure 1. Schematic representation showing the ion source, ion
optics, mass analyzer, and detector. The filament, mounting hardware,
and gate electrode are based on those used in the Finnigan ITS-40
instrument.

Figure 2. Schematic representation of the major components of
the miniature mass spectrometer (verison 5.0) depicting their inter-
connections
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of that dimension. The orifices in each of the end-cap electrodes
to allow for the entrance of electrons or ions and ejection of ions
for their detection are 1.0 mm radius.

The choice of r0 and z0 dimensions was made to provide the
largest mass range for the chosen operating voltage and frequency
while not compromising performance (resolution, dynamic mass
range, and sensitivity) by unnecessary reduction in the trap
volume. To increase the transfer efficiency of the ions into and
out of the trap, the apertures in the end-cap electrodes are
proportionately slightly larger than those in full-sized commercially
available ion traps. Ouyang et al. described the use of mesh end-
cap electrodes to allow for the maximum transfer efficiency of
ions.14 Mesh was not used here, because it is difficult to maintain
dimensions and uniformity of mesh electrodes.

Vacuum System. The design of the vacuum system for a
miniature mass spectrometer is important because this can be
one of the largest and heaviest components, and one that
consumes considerable power. The vacuum requirements for
quadrupole ion traps are less stringent than they are for other
mass analyzers, particularly ion cyclotron resonance (ICR) and
even time-of-flight (TOF) instruments. Of further importance is
the fact that, given the same ion secular frequency, the ion
oscillation amplitude is smaller in a miniaturized trap than in one
of standard size. Ions therefore experience fewer collisions and
lower energy collisions per cycle at a given pressure. It is therefore
possible to operate the analyzer at even higher pressures.

Turbomolecular pumps were chosen to establish the vacuum,
because they can provide the required flow and end vacuum and
can be oriented in any direction. Manufacturers are now offering
a variety of turbo pumps that have been specifically designed for
small devices. Notable examples are pumps available from Pfeiffer
Vacuum (Nashua, NH, models TPH/U071 and TPD011) and
Alcatel Vacuum Technology (Hingham, MA, ATH 30 series).
Miniature controllers operating on 24 VDC can provide power
for each of these pumps. The TPH/U071 was employed in the
instrument described here. Pfeiffer Vacuum model TPH/U071 is
capable of pumping nitrogen at ∼60 L/s (in the pressure range
of operation of the CIT) through the primary port and can pump
an estimated 3 L/s through a secondary port that is drawn
between the turbo and drag sections of the pump (not a standard
option). The ATH30+ pump is slightly smaller than the Pfeiffer
and offers three pumping ports; it was used in the smaller verison
7 system.

There are no turbo pumps currently available that can exhaust
directly to atmosphere. Therefore, secondary backing pumps are
required. Diaphragm pumps are obvious candidates, since they
are oil-free and, thus, can be used in any orientation, and they
are readily available in small packages. A KNF Neuberger
(Trenton, NJ) model 813.4 ANDC four-stage diaphragm pump was
used as the secondary pump. This pump is capable of providing
∼400 mTorr ultimate pressure at a flow rate of 13 L/min. The
pump is 14 × 14 × 30 cm and consumes ∼15 W of power when
no sample is being introduced into the vacuum system. The power
control unit can also be cycled on and off during times when the
exhaust pressure of the turbo pump is lower than that required
for operation. During no-load operation, the pump operates at

approximately a one-third duty cycle. This cycling feature was
implemented here, significantly reducing the instrument’s total
power consumption.

The vacuum manifold that was used for this instrument was
taken from a Finnigan (ThermoFinnigan, San Jose, CA) ITS-40
ion trap mass spectrometer. This manifold was chosen because
it had the appropriate flange connections for the pump and
adequate gas and electrical feedthroughs. (version 7 used a
custom manifold.) All vacuum measurements were made with a
Granville-Phillips series 354 micro ionization gauge module (Helix
Technology Corporation, Longmont, CO). The pressures reported
here are uncorrected for ion gauge response.

Ionization Sources. The ionization source chosen will neces-
sarily depend on the task addressed. The source can provide
specificity and sensitivity, as well as determine the nature of the
mass spectrum (the form the molecular ion takes and the degree
to which it undergoes fragmentation) and the power consumption.
Typically, liquid samples require different sample inlet and
ionization techniques than do gaseous samples, although mem-
brane interfaces have been constructed to handle both gaseous
and liquid samples. The instrument was designed for use with
two types of ionization sources, electron ionization (EI) and glow
discharge ionization. All of the data presented here (and in the
succeeding paper15) were recorded using the EI source. Electron
ionization has historically been important as a universally ap-
plicable ionization source for volatile compounds. This universality
is valuable when dealing with ions of unknown origin, but may
be detrimental when attempting to identify very specific com-
pounds or classes of compounds in complex mixtures.

The design considerations for the development of the electron
impact source mainly revolve around the design of the power
supply used to apply the necessary potential to the filament, rather
than to the design of the source itself. Standard commercial
filament and EI source assemblies are quite small, and the design
and operating conditions for these components are well-estab-
lished. The filament assembly used in this research is based on
the electron source used in the commercial Finnigan ITS-40
instrument. The filament-mounting block is attached to a 2
3/8-in. conflat flange that in turn is mounted to the flange to which
the ion trap and gate are mounted (Figure 1). This arrangement
ensures proper alignment of the filament, gate electrode, and ion
trap.

The power supply used for the internal EI filament is based
on a 24 V variable current power unit (model VI-J1R-EX, Vicor
Corporation, Andover MA). The negative supply voltage from the
main power backbone is used as the float voltage. The module is
capable of providing ∼4 A of current. Two trim pots are included
to control bias voltage and emission current. The main advantage
of this unit is that the power supply is contained in a 3 × 3 ×
1-cm package. The entire circuit, including test points for emission
current and bias voltage, is ∼5 × 5 × 1 cm.

A gate electrode is included to provide a means by which to
stop electrons from entering the ion trap during the cooling and
analysis times in the scan function. The electrode is gated (from
ca. +100 V, the value used during ionization, to a nominal -100
V at all other times) rather than gating the filament. This has

(14) Ouyang, Z.; Badman, E. R.; Cooks, R. G. Rapid Commun. Mass Spectrom.
1999, 13, 2444-2449.
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G. Anal. Chem. 2002, 24, 6154-6162.
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beneficial effects on the lifetime and stability of the filament
compared to turning the filament on and off. The gate electrode
is embedded in and isolated from a spacer, included to allow use
of the standard mount for the commercially available gate
electrode provided with the Finnigan ITS-40 ion trap.

The power supply designed for the gate electrode uses two
DC-to-DC converters so that it can be switched to a positive or
negative potential during the ionization and analysis periods, re-
spectively. The potential is switched from one polarity to the other
in ∼50 µs. EMCO modules, models C02 and C02N (EMCO High
Voltage Corporation, Sutter Creek, CA), are used to provide the
required potentials. These modules are capable of providing 200
and -200 VDC, respectively, at up to 5 mA. While the amplitude
can be varied, both the supplies provide signals of the same abso-
lute value. Differential control over this output can be achieved
by including another control trim potentiometer in the circuit.

System Processor and Control Computer. The control
computer encompasses the arbitrary waveform generation, RF
modulation, data acquisition, network connectivity, and the timing
control systems. The control system was therefore designed for
maximum flexibility so that it is capable of providing all of the
necessary I/O signals. The control computer is based on a
conventional PC (800 MHz Pentium III, ATX Asus motherboard
(ASUSTeK Computer, Inc.), 256 MB RAM). The PCI system bus
included with the standard PC is important in that most signal
generation and data acquisition cards (discussed below) are based
on PCI bus architecture. The LabVIEW programming language,
National Instruments Corporation (Austin, TX, version 6.02i), used
here to provide the user interface and computer control, is
designed to operate directly under a Windows-based user inter-
face, also available for the PC. The computer can be connected
directly to a display unit via the onboard video controller. The
computer also provides Ethernet connectivity so that the instru-
ment can be controlled remotely. A Linksys (Linksys Group Inc.
Irvine, CA) USB wireless network adapter (model no. WUSB11)
has been used to communicate with a laptop computer operated
remotely from the instrument. The software written to control the
instrument can also be installed on a separate computer so that
the instrument can be controlled from and data can be transferred
to a remote location.

There are two primary limitations to the full PCI bus computer.
The first, and most noticeable, is the size and power consumption
of the computer. (The PXI computer used in version 7 is much
smaller and uses much less power.) The second and even more
serious limitation is the nature of the PCI backbone itself. It is
difficult to attach more than four PCI cards to the same PCI bus
without having timing complications, because a PCI bridge is
required for additional cards.

A National Instruments PCI timer board (model NI PCI-6602)
was included to establish the timing relationship between each
of the other components. This board is directly attached to the
data acquisition and waveform generation boards described below.

Detection System. As discussed above, the miniature cylin-
drical ion trap is capable of operating at pressures higher than
those typical of other mass spectrometers. There are, however,
three concerns when operating the instrument at high pressure:
the lifetime of the vacuum pumps, the lifetime of the filament,
and the lifetime of the detector.

K and M Electronics, Inc. (West Springfield, MA) provides a
channel electron multiplier detector that can operate at 7 × 10-4

Torr. Because of its performance at relatively high pressure, this
detector was used for these experiments. The detector is 3.6 ×
0.6 cm, making it difficult to mount it off-axis in a small vacuum
manifold. The detector is mounted on-axis in the version 5
instrument, but the smaller version 7 instrument uses an off-axis
orientation. An EMCO DC-to-DC converter (model K30N) pro-
vides the bias for the electron multiplier.

The electron multiplier used in this experiment produces a
current that is proportional to the ion count. Although the detector
amplifies the ion current, the output level is still lower than the
noise floor of standard digitization circuits. A preamplifier must
therefore be used to allow the signal to be measured. A com-
mercial amplifier that has variable gain, noise suppression, and
bandwidth control is used. Keithley Instruments, Inc. (Cleveland,
OH) model 427 current amplifier has a gain control that varies
from 104 to 1011. Variable gain is important for instrument
development so that very high level events, like multiplier
gating, can be monitored, while very low level events, like low-
abundance ion signals, can also be measured (although not
simultaneously).

The model 427 current amplifier has a variable time constant
that can be set from 0.01 to 300 ms. It is useful to decrease the
time constant when making sensitive measurements and increase
it when the signal is strong. This change cannot be made during
the time required for one analytical scan. At higher settings, the
peak width increases but the noise decreases as a result of the
narrower bandwidth and reduced slew rate. A choice between
peak width and sensitivity may therefore need to be made when
recording mass spectra.

The current amplifier buffers the signal and amplifies it so that
the signal can be digitized and stored. A National Instruments
Corporation PCI card, model NI PCI-6070E (PCI-MIO-16E-1),
then digitizes the signal. This card has 16 analogue inputs (8
differential) that can sample data (and spool it to a hard drive) at
1.25 Msamples/sec. The signal intensity is limited to (10 V with
a (25 V protection circuit. Upon digitization, the data is presented
to the user in graphical form via the instrument control software,
discussed below. Data are stored as ASCII text and can be
imported by any major software data analysis program.

Waveform Generation. Waveforms are used for four different
purposes in this instrument: RF trapping signal, RF amplitude
modulation, arbitrary waveform generation for isolation of ions
of a given m/z range, and single frequency generation for
resonance ejection and for excitation for tandem mass spectrom-
etry experiments (MS/MS and MS/MS/MS). Each of these
signals is independent of the others and must be generated and
applied appropriately. The two primary concerns when generating
these signals are the bandwidth and jitter of the signal generators.
There are three functions of the RF circuitry: generation,
modulation, and amplification. Discussion of the generation,
amplification, and application of these signals follows.

RF Trapping Signal Generation. The RF used for trapping
is generated from a crystal oscillator circuit that is operated at a
single frequency of 2.000 MHz. The amplification circuit (dis-
cussed below) is frequency tuned and is therefore limited to only
one RF frequency. The crystal oscillator is board-mounted to
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control the temperature and to provide a stable output. The
trapping frequency was chosen as 2.000 MHz because this
provides for the best compromise between competing analytical
performance criteria, specifically resolution and mass range, as
discussed in the Experimental Section above.

RF Waveform Modulation. The waveform used for amplitude
modulation of the trapping RF signal is generated by an arbitrary
waveform (arb) PCI card (model NI PCI-5411) supplied by
National Instruments Corporation. The arb card can output signal
into a 50-ohm load at 40 M samples/sec with 12-bit accuracy up
to a maximum amplitude of (5 V. The card has a 4-MB storage
capacity which, at the maximum sampling frequency, can provide
100 ms of output. The capability (and cost) of this card exceeds
that required for the modulation waveform in this experiment.
For this reason, a secondary method for amplitude modulation is
currently being pursued, described in the future development
section below.

RF Voltage Amplification. The mass range of an ion trap is
proportional to the amplitude of the applied RF trapping potential.
It is therefore important to be able to use an amplitude that will
yield an appropriate mass/charge range. For an ion trap with an
inscribed radius of 2.5 mm and an RF frequency of 2 MHz, a mass
range of ∼250 Th requires ∼800 V0-P RF. The output of the crystal
oscillator circuit described above is only 5 V0-P. Two stages of
amplification are used to produce the desired RF amplitude. The
first is an RF power amplification circuit that uses an Apex (Apex
Microtechnology, Corporation, Tucson, AZ) power amplifier
(PA-09) that has a maximum output of 34 V0-P. The output of this
circuit then drives a tuned inductive/capacitive (IC or LC) tank
circuit. The LC circuit is a high-voltage low-power amplifier that
is capable of generating enough amplitude to operate the ion trap
while consuming minimal power. A ferrite toroidal inductor, in
which the primary coil has 5 turns and the secondary coil has
∼100 turns, establishes the inductance of the circuit. A higher
voltage can be achieved by removing turns from the primary coil,
but this creates instability in the power amplifier.

The capacitance of the LC circuit described above is estab-
lished primarily by the ion trap (∼25 pF), an adjustable capacitor
(5-10 pF) used for tuning, and a secondary capacitor (10 pF)
that is used as a sensing circuit to allow the amplitude of the
applied RF to be measured. The adjustable capacitor is included
so that the circuit can be “tuned” to compensate for any
environmental conditions that may affect the inductance or
capacitance. In most commercially available ion trap mass spec-
trometers, tuning is accomplished by adjusting the inductance by
changing the position of a copper bell that sits inside the
secondary air coil.

End-Cap Waveforms. The RF potential is typically applied
to the ring electrode in commercial ion traps, and secondary
signals used for further ion manipulation are applied to the end-
cap electrodes. There are typically three signals applied to the
end-caps: arbitrary waveforms (for example, SWIFT signals,
defined and described below) used for ion isolation, AC signals
used for ion excitation during collision-induced dissociation (CID),
and AC signals (not necessarily of the same frequency) used for
resonance ejection.

The secondary waveform used for ion isolation is typically
calculated using a method described by Marshall and co-

workers,16 termed SWIFT (stored waveform inverse Fourier
transform). This waveform is generated by first determining the
secular frequencies of the ions that are to be ejected from the ion
trap. Then an inverse Fourier transform, including a phase shift
term, is performed on the determined frequency waveform to yield
the appropriate time domain signal. The phase shift is included
to lower the peak amplitude of the signal. The waveform is
calculated such that the amplitude at the frequency corresponding
to the secular frequency of ions that are to remain trapped is 0.
This ensures that these ions will not be excited to the point of
ejection from the trap, while all other ions will be.

CID is performed by application of a secondary frequency that
corresponds to the secular frequency of ion motion, but is of lower
amplitude than that necessary to cause ion ejection. The mass-
selected ion is excited by this signal, and therefore, its kinetic
energy increases. Given the presence of a relatively high pressure
of bath gas, the ion collides with neutral molecules, and a fraction
of the kinetic energy is converted into internal energy. If enough
energy is converted and deposited into the ion as internal energy,
then the ion will fragment.

In an effort to compare the operation of the cylindrical ion trap
to that of a conventional hyperbolic device, multiple stage mass
analysis has been demonstrated in a cylindrical ion trap5 and,
recently, in a miniature cylindrical ion trap.17 The frequency that
is used for exciting the ions for CID can be varied, but is typically
set to a value that corresponds to qz = 0.4, where the ion potential
well is relatively deep, decreasing the likelihood of ion ejection
for a given excitation amplitude. The excitation amplitude is
strongly dependent on the bath gas pressure, the chemical
characteristics of the analyte, and the dimensions of the trap (the
amplitude of the AC must be kept low enough to avoid ejecting
the ions from a miniature device). Typical AC amplitudes used in
a standard ion trap are <10 V0-P, and in the miniature device
described here, they are roughly 2 V0-P. MSn experiments
performed using this instrument are discussed in the accompany-
ing publication.15

Secondary waveforms are also applied to the end-cap electrodes
in the resonance ejection experiment used to hasten ion ejection
from the trap and so improve resolution.18 This form of excitation
is performed by applying a dipolar AC signal to the end-caps at a
frequency that corresponds to some point within the stability
region described by the Mathieu equations and with an amplitude
great enough to cause ion ejection. Depending on the choice of
the resonance ejection point, ejection can be facilitated by the
nonlinear resonances associated with higher-order field compo-
nents.19 The choice of resonance point also determines the mass
range extension,20 which is a necessary consequence of resonance
ejection.

Application of each of these waveforms is accomplished by
generating the sequential combination of the waveforms and
applying the waveforms from an arbitrary waveform generator.

(16) Guan, S.; Marshall, A. G. Int. J. Mass Spectrom. Ion Processes 1996, 157/
158, 5-37.

(17) Meaker, T. F.; Lynn, B. C., Proceedings of the 49th ASMS Conference on
Mass Spectrometry and Allied Topics, Chicago, IL, 2001.

(18) Goeringer, D. E.; Whitten, W. B.; Ramsey, J. M.; Glish, G. L. Anal. Chem.
1992, 64, 1434.

(19) Franzen, J. Int. J. Mass Spectrom. Ion Processes 1994, 130, 15-40.
(20) Kaiser, R. E.; Cooks, R. G.; Moss, J.; Hemberger, P. H. Rapid Comm. Mass

Spectrom. 1989, 3, 50-53.
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Typically, the SWIFT waveform is followed by the excitation
waveform used for CID, followed by the resonance ejection signal
with some amount of cooling time between each step. Each
waveform is calculated independently and then applied in se-
quence with proper delay times between each. SWIFT pulses are
calculated using ITSIM21 and then transferred to the user interface
software. These files are then spooled to an arbitrary waveform
PCI computer card, model NI PCI-5411 (National Instruments
Corporation) where the output is amplified before being applied
to the end-caps. This arbitrary waveform generator is not the same
unit used to generate the RF modulation signal described above.
The card used for waveform generation for the end-caps is
equipped with 16 MB of memory to ensure that there is enough
memory to store all three of the waveforms. The arbitrary wave-
form is split into two separate wires, and one of the signals is
inverted to provide the dipolar excitation signal. Both signals are
amplified using circuits designed in this lab that are capable of
outputting approximately 34 VP-P. These circuits can also float
with respect to ground and are also capable of providing a DC
offset to the end-caps so that the trap can be biased (by up to
-500 VDC) to compensate for the kinetic energy provided by ioni-
zation sources, such as the glow discharge source mentioned
above.

Electron/Ion Optics. A series of DC-to-DC converters were
used to provide DC potentials for electron/ion generation, lens
elements (for external ionization), the electron gate, and the
multiplier (all of which are described above). Other supplies are
included for future experiments, including a supply for a trap float
potential, a conversion dynode, and a guard ring electrode. All of
these sources are based on the same series of DC-to-DC converter
power supplies, so the description of the individual elements will
follow the general description of the circuit used to provide the
DC components.

Typically, DC-to-DC power supplies do not have variable output
currents. The current provided is established by the impedance
of the component that the converter supplies. The maximum
current that such a circuit can provide is listed in the text below
for each individual supply. EMCO High Voltage Corporation
provides a series of DC-to-DC power supplies that can provide up
to 10 kV of switchable DC power. The required DC input levels
vary for each hardware component; therefore, an appropriate
supply was chosen for each. The circuits to which these units
are mounted include short protection.

The computer described above communicates directly with the
DC control unit and provides gating signals for the components
that require them, including the gating lens (lens 2 when an
external ionization source is used) and the multiplier bias (controls
are also included to switch the dynode and the glow discharge
source). These gating signals can be manually overridden so that
each power supply is always in its on state. The control unit has
a trimming potentiometer for each supply so that the output
amplitude for each unit can be adjusted separately. There is also
a digital voltmeter that displays the measured amplitude of each.

Float Potential. All three electrodes of the ion trap can be
floated to a negative potential of up to -500 VDC (or +500 VDC
with a simple component change for negative ion experiments).
During mass analysis, the electrodes are held at the same DC

potential so that the az value (Mathieu parameter) for all ions is
zero. The float is included to decrease the potential difference
between the ion source and the ion trap (when the glow discharge
ionization source is used, data from which are not included in
this publication) so that the ions are trapped in and do not simply
pass through the trap. The potential well depth of the ion trap is
dependent on the amplitude of the applied RF, but is relatively
low (<10 V) compared to the potential well depth experienced
by an ion of the same mass-to-charge ratio in a full size commercial
ion trap (tens of volts).

The float potential is generated by an EMCO model C05N
power supply that is capable of providing up to -500 VDC at 2
mA. The maximum voltage of this supply was chosen to be equal
to the maximum voltage of the supply that is used to power the
glow discharge ionization source. This would therefore compen-
sate for ion energies up to this value. It is unlikely that the ions
would require deceleration by such a high potential, because their
kinetic energy is typically dictated by the gas dynamics out of
the ion source rather than the formal potential difference.

Guard Ring. A power supply was used to provide a potential
for a guard ring (an electrode typically used to protect the detector
during ionization and/or used to accelerate the ions ejected from
the ion trap during analysis) as needed. This power supply was
included in case a mass-dependent detection efficiency problem
arose. An EMCO model C30 power supply that is capable of
providing 3000 VDC and 0.33 mA was included for use with the
guard ring. A guard ring was not included for these experiments
because no mass-dependent efficiency differences were noted.
Typically, the mass dependence is only noticed at higher mass-
to-charge ratios.

Conversion Dynode. The dynode power supply is an EMCO
model K40 power supply that is capable of providing 4000 VDC
at 0.75 mA. The dynode is required for detection of negative ions;
the multiplier bias is negative relative to ground, so it cannot be
used for direct negative ion detection. The dynode was not used
when using the EI ion source.

System Power. Since the instrument described here was
designed to be small and portable, a power distribution system
was designed to satisfy this consideration. There are components
of the system that have special requirements that complicate
power management, however. The Keithley model 427 amplifier
and the control computer require 115 VAC at 60 Hz. The RF power
amplifiers used a 40 VDC supply (Lambda Electronics Inc., San
Diego, CA, series scc-048) that was also powered by the AC power
of the battery system. The remaining components were designed
to use 24 VDC power so that they could easily be run using battery
power. An uninterruptible power supply (UPS), designed to protect
personal computers from power failure, provides battery generated
115 VAC at 60 Hz and is therefore appropriate for this experiment.
The UPS uses 24 V batteries as storage, so one can also obtain
24 VDC from the UPS as well.

An American Power Conversion Corporation (APC, West
Kinston, RI) UPS, model Back-UPS Pro 1000VA, was modified to
allow distribution of 24 VDC and 120 VAC simultaneously. This
power supply can provide 670 W of power and can run for ∼18
min at one-half load (see comments about pump cycling above).
All of the instrument components are powered directly through
the UPS. The instrument must be powered on with the UPS(21) Bui, H. A.; Cooks, R. G. J. Mass Spectrom. 1998, 33, 297-304.
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plugged into the power mains (when the monitor is on), but data
can be collected for at least 30 min on battery power alone. The
computer system and monitor used for this experiment consumes
the majority of the power. The UPS can provide enough power to
maintain a vacuum, providing no other components are turned
on, for up to 3 days. (Note that in the version 7 instrument, much
smaller batteries and longer operating times were possible.)

Control Software. Essentially all of the electronics used for
this experiment require custom-software control. The user inter-
face was custom-designed as well, due to the interrelationship of
the firmware and user interface in standard commercially available
mass spectrometry software. As discussed above, many of the
components were purchased from National Instruments Corpora-
tion. National Instruments provides support for a proprietary
programming language, LabVIEW. LabVIEW drivers are avail-
able for all of the components that were purchased from
National Instruments. The basic software/firmware was there-
fore largely prewritten. The software drivers included with the
boards have the dynamic link library (dll) files that are needed to
address the boards, as well as the basic control and user interface
that are needed to use the board. The compilation of the drivers
and the internal timing code were written specifically for this
experiment.

The user interface was designed to run within the LabVIEW
(LabVIEW version 6.02i) program window. The data are displayed
automatically as the average of a selected number of scans (a user-
defined variable). The display window also has options for saving
data as a text file or loading scan parameters from previous
experiments. The instrument panels are addressed in subwindows
that are used to modify all of the computer-controlled parameters.
There are three such subwindows that control the waveforms and
potentials applied to the ring electrode and the end-cap electrodes
as well as the ionization parameters and data acquisition.

The subwindow that controls the ring electrode waveforms
allows user-defined timing sequences and application of arbitrary
or standard waveforms. The timing sequence is not dependent
on the sequences employed in either of the other two subwindows.
This independence allows much more flexibility than is available

in any commercial ion trap control software. The user can establish
the RF amplitude as a relative value of the maximum RF
amplitude. The software also has available a built-in ramp function
to be used for the ion ejection event. Inputs for the amplitude of
the RF can set the start and stop points of the ramp, the ramp
length, and therefore, the ramp rate. The user can define an

Figure 4. (a) PFTBA mass spectrum in the lower mass range
recorded using the miniature mass spectrometer (version 5.0). A
correlation coefficient (r2) of 0.9999 was calculated for the mass
calibration of this spectrum. Note the slight peak fronting. (b) PTFBA
mass spectrum in the higher mass range recorded using version 7.0.

Figure 3. Timing diagram for miniature mass spectrometer. RF modulation controls the ring voltage; the ring RF amplitude is ramped during
the mass analysis period. AC waveforms are applied to the endcaps for ion isolation (Iso.) ion activation (CID) and for resonance ejection during
mass analysis. The gate electrode is set positive (i.e., opened) to allow electrons into the trap during the ionization period. The multiplier voltage
is set to negative, turning on the multiplier, only during the analysis period.
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arbitrary modulation waveform, too, so that during ionization,
isolation, CID, and cooling, the amplitude of the applied RF can
be optimized for each condition.

The waveforms applied to the end-cap electrodes are defined
separately, in both type and time. The user can therefore isolate
ions using any type of isolation waveform desired and can also
excite ions using single-frequency or arbitrary waveforms and can
apply a waveform for resonance ejection. The amplitude of each
event is established as a fraction of the maximum output of the
amplifier. The third subwindow controls the ionization time, the
time that the second lens element, which serves as the gate
electrode, is held at a positive potential, the time that the detector
is on, and the time for data acquisition. One can therefore acquire
data at times other than during the ramp sequence to test for
faults in ion generation, lens switching, etc. This capability is not
normally available in commercial instruments. Figure 3 shows a
typical timing diagram used to record an EI mass spectrum,
showing the period of application of each of the signals.

System Performance. The data presented here and in the
accompanying paper15 were collected with the version 5 instru-
ment fitted with an EI ion source, although one spectrum showing
preliminary version 7 performance is also included. The EI source
was chosen to test the instrument because it is not technically
complex and because filament assemblies are available com-
mercially. This filament assembly provides adequate filament
current (µA) and is quite compact.

Two sample-introduction methods were used: (i) direct leak
introduction through a variable leak valve (Granville-Phillips,
model 203) and (ii) membrane introduction. The latter experiment
was performed using a capillary membrane enclosed in a stainless
steel tube that is open to full vacuum and operated at ambient
temperature. The sample is passed through the membrane and
diffuses directly into the vacuum manifold. A full description of
the membrane interface is provided in the accompanying paper.15

As configured with the EI ionization source and fitted with a
direct inlet system, the instrument consumes ∼200-300 W of
power (150 W for version 7). The computer accounts for ∼50-

60% of the power consumption. The instrument is ∼45 × 60 × 71
cm and weighs 55 kg, including the computer and battery pack.
The system battery weighs ∼20 kg and therefore accounts for
more than one-third of the weight. Weight is of concern for field-
deployable instrumentation, and further miniaturization is desir-
able and indeed is underway, with the new version 7 instrument
being only 28 × 70 × 18 cm in size and weighing 16 kg.

Typical Data. Perfluorotri-n-butylamine (FC43) (molecular
weight, 671 Da) is often used as a mass calibration compound. It
provides numerous peaks in the region from 69 Th to 614 Th.
Figure 4A shows a mass spectrum of FC43 leaked directly into
the vacuum manifold to an indicated pressure of 4 × 10-6 Torr. A
scan function was configured using a 25-ms ionization time with
a 30-ms cooling time. The RF amplitude was held constant at a
level of 12% of maximum, which corresponds to a low-mass cutoff
(LMCO, the common method of quoting RF amplitude in ion
traps) of ∼48 Th and then ramped to its maximum amplitude over
a period of 15 ms. The maximum amplitude corresponds to 285
Th at the RF frequency chosen, although this value is not quite
obtainable because of the nonlinearity of the RF ramp at high
amplitude (a common problem with LC circuits at high ampli-
tudes). The actual achievable high limit is ∼250 Th (800 V0-P). A
resonance ejection frequency of 700 kHz was applied to the end-
cap electrodes at an amplitude of ∼15% of its maximum amplitude,
∼34 V0-P. The multiplier bias voltage was set to -1500 V. The
data were imported to the Excel spreadsheet program, and a linear
calibration was calculated. Mass calibration data were linear (R2

) 0.9999). For comparison, Figure 4B shows the higher mass
region of the spectrum of FC43 as recorded using the smaller
verison 7 instrument. This spectrum exhibits the expected peaks
for FC43, but also displays some background peaks, for example,
197 Th.

Figure 5 shows the mass spectrum of o-dichlorobenzene,
including a significant background signal due to FC43 to allow
for internal mass calibration. The sample was leaked directly into
the vacuum manifold to establish a final pressure of 6.1 × 10-6

Torr, as read using an ionization gauge. A 35-ms ionization time
was used with a 15-ms cooling time. Other parameters were as
stated above. The peaks corresponding to the isotopes of the
molecular ion of o-dichlorobenzene are clearly resolved. It is
important to note that in this type of instrument, the resolution is
strongly affected by the ion density (space charge) in the ion trap.
The signal intensity of the peaks from the FC43 fragments is
relatively high, thus suggesting that the ion count has not been
artificially reduced to obtain the resolution of the isotopic peaks.

Future Developments. As already noted at several points in
the text, a second-generation version of the instrument described
here that uses a custom manifold, operates on 24 V power, and
uses a smaller computer has been constructed and is being tested.
It will be fitted with an atmospheric pressure source, and its
performance in direct atmospheric monitoring will be described
in the future.

Future instrumentation of this type may include RF frequency
generation from using an arbitrary-generated waveform. This
source would be the most flexible type of RF source, in that
amplitude modulation of the RF signal could be combined directly
with variable frequency generation. The number of data points
that could be stored and spooled out by the waveform generator

Figure 5. o-Dichlorobenzene mass spectrum recorded using the
miniature mass spectrometer (version 5.0) with a direct leak inlet, an
ionization time of 35 ms, a 15-ms RF ramp, and resonance ejection
at 700 kHz. The isotopic peaks of the molecular ion of dichloroben-
zene are resolved even in the presence of the large background signal
at 131 Th as a result of the fluorocarbon mass calibration compound.
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would, however, limit this method. A second method of RF
generation would be to use a simple waveform generator that is
capable of outputting sine waves at variable frequencies. This
would allow the flexibility of having any desired RF frequency
without having the limitation of the arbitrarily generated waveform
data storage capacity. The modulation waveform would need to
be generated externally.

The data acquisition PCI card described above has a 12-bit
output that is capable of generating the modulation waveform.
The timing requirements of synchronizing the start of the RF ramp
and the data acquisition would be alleviated, because both timing
sequences would be on the same card. By using the data
acquisition card as a waveform generator, one PCI slot could be
dedicated to another purpose, such as the RF frequency generator
discussed above as an alternative to the crystal oscillator currently
used to generate the signal.

The nature of the ferrite core coil, currently used in this
experiment for the LC amplifier circuit in RF generation, prohibits
one from tuning the inductance. One reason to include the
waveform generator card for the RF signal generation (discussed
above) would be to tune the circuit using frequency. The Teledyne
3DQ instrument (Teledyne Scientific Instruments, Mountain View,
CA) is tuned by changing the frequency of the trapping RF
generated by the computer, rather than through adjustment of
the capacitance or inductance. Future developments in the RF
generation method will focus on this point, because the necessity
of the tunable capacitor would then be alleviated and the total
capacitance of the circuit would be reduced. A reduction in total
capacitance, either by removing the tuning capacitor or by
reducing the surface area of the ion trap, would result in an
increase in RF amplitude, with its most notable advantage’s being
an increased mass range.

CONCLUSION
Historically, mass spectrometers have seen limited use in field

applications, although there are important exceptions.1,4,22-25 Size
and power consumption of the individual components have limited
the miniaturization process, though manufacturers of components,
for example, turbo pump manufacturers, are now offering more
products that are specifically designed for instruments suitable
for fieldable applications. The instrument described here takes
advantage of these advances as well as the development of the
cylindrical ion trap mass analyzer to provide a battery-powered
portable instrument capable of providing multidimensional mass
analysis. To date, no other instrument with these capabilities has
been described. Further miniaturization is required to provide a
person-portable instrument. Design and construction of a smaller
instrument with the same capabilities is underway.
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